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Abstract 
 
 
The accelerator-driven system (ADS) is recognized as a promising system for the purpose of 
nuclear waste transmutation and minimization of spent fuel radiotoxicity. The primary cause 
for this derives from its accelerator-driven, sub-critical operating state, which introduces 
beneficial safety-related features allowing for application of cores employing fuel systems 
containing pure transuranics or minor actinides, thereby offering increased incineration rate of 
waste products and minimal deployment of advanced (and expensive) partitioning and 
transmutation technologies. The main theme of the thesis is safety and kinetics performance 
of accelerator-driven nuclear reactors. The studies are confined to the examination of ADS 
design proposals employing fast neutron spectrum, uranium-free lattice fuels, and liquid-
metal cooling, with emphasis on lead-bismuth coolant. The thesis consists of computational 
studies under normal operation and hypothetical accidents, and of evaluation and 
identification of safety design features. 
By itself, subcritical operation provides a distinct safety advantage over critical reactor 
operation, distinguished by high operational stability and additional margins for positive 
reactivity insertion. For a uranium-free minor actinide based fuel important safety parameters 
deteriorate. Specific analyses suggest that operation of such cores in a critical state would be 
very difficult. The studies of unprotected transients indicate that lead-bismuth cooled 
accelerator-driven reactors can be effective in addressing the low effective delayed neutron 
fraction and the high coolant void reactivity that comes with the minor actinide fuel, but some 
supportive prompt negative feedback mechanism might be considered necessary to 
compensate for a weak Doppler effect in case of a prompt critical transient. Although lead-
bismuth features a high boiling point, the work underlines the importance of maintaining a 
low coolant void reactivity value. The transient design studies identified a molybdenum-based 
Ceramic-Metal (CerMet) fuel with favourable inherent safety features. A higher lattice pitch 
is suggested to avoid mechanical failure during unprotected loss-of-flow. Detailed coupled 
neutron kinetics and thermal hydraulic analyses demonstrated that the point kinetics 
approximation is capable of providing highly accurate transient calculations of subcritical 
systems. The results suggest better precision at lower keff levels, which is an effect of the 
reduced sensitivity to system reactivity perturbations in a subcritical state resulting in small 
spatial distortions. In the course of a beam reliability study, the accelerator was identified as 
responsible for frequent beam interruptions. It is clear that extensive improvement in the 
mean-time between beam failures is required. 
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experimentally by Galileo when he threatened to cut his grad student’s funding! 
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Chapter 1: 
 
Nuclear Waste 

Introduction 
Nuclear energy is used throughout the world and radioactive waste is an unavoidable by-
product of its utilization. It is generated in every stage of the nuclear fuel cycle, but by far the 
largest amount of radioactivity is contained in the spent nuclear fuel produced in connection 
with nuclear power operation. Although the radioactive wastes arising from other steps of the 
nuclear fuel cycle are not to be neglected quantitatively, these wastes play only a minor role 
because of their low activity levels. The radioactivity contained in the spent fuel is typically 
several orders of magnitude higher than in wastes from other steps of the fuel cycle [1]. The 
radioactivity of the spent fuel after reactor service is due primarily to the radioisotopes 
generated by fission; however, because of the relatively short half-lives of many fission 
products, the activity levels of the fission products rapidly decrease with time. In comparison, 
a small amount of transuranic waste (∼1 % of initial actinide loading) is generated by 
successive neutron capture in uranium. While the fission products are β- and λ-emitters, the 
transuranic elements are mainly α-emitters. The transuranic waste raises special problems 
because of the high radiotoxicity and long half-life in comparison with the fission products. 
From a global radiotoxicity point of view, the transuranic waste presents the greatest obstacle, 
an aspect that suggests special waste management treatment. This chapter discusses the types, 
composition, and hazards involved in the spent nuclear fuel produced by light-water reactors, 
which serves as the reference case. 

Classification of radioactive wastes 
A reasonable starting point for discussions on nuclear waste management might be to try to 
define the term “radioactive waste”. The Swedish Radiation Protection Authority (SSI) [2] 
has a definition according to “a material which contains or is contaminated with radionuclides 
and for which there is no use”, which traces back to the definition considered in EU Directive 
92/3/Euratom [3]. The Department of Energy [4] in the U.S. has a definition of radioactive 
waste as “Solid, liquid, or gaseous material that contains radionuclides regulated under the 
Atomic Energy Act of 1954, as amended, and of negligible economic value considering costs 
of recovery." These definitions are quite ambiguous and subjective in nature, which open for 
different interpretations of the meaning of radioactive waste. What is considered as waste 
under one set of assumptions and in one place may be of use or value under another set of 
assumptions or in another place. For example, what is the appropriate declaration of spent 
nuclear fuel? If the fuel is disposed directly without reprocessing, spent nuclear fuel is 
considered to be radioactive waste. With reprocessing, spent nuclear fuel is considered to be a 
resource. With the latter definition the spent nuclear fuel is not ‘spent’ in a true sense. 
Dictionary meanings offer little further clarification on the interpretation of radioactive waste. 
While the Swedish Environmental Act [5], also known as “Miljöbalken”, defines “waste” as a 
material “that the owner disposes of or intends to, or is bound to dispose of” and this is 
regardless of whether the material has an economic value or can be reused, it does not clearly 
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specify the meaning of the term “radioactive waste”. So far the usefulness or the economic 
value of the waste material remain as our only definitions, yet the SSI has given consideration 
[6] to adopt a similar definition of radioactive waste as defined for general wastes under the 
Environmental Act. Nevertheless, from a radiation protection viewpoint, radioactive waste 
products are all products whose radioactivity exceeds certain levels, and which, for this reason 
must be managed in order to protect humans and the environment. 
 Radioactive waste may be classified in a variety of ways according to the specific 
radioactivity, half-life of the radionuclides, type of ionizing radiation emitted, physical state 
of the waste, i.e., whether it is in a gaseous, liquid, or solid form. With respect to the activity 
concentration, radioactive wastes are commonly classified as high-, intermediate-, and low-
level wastes, but no strict distinction between these categories exists that is accepted world-
wide. Low level waste (LLW) is generally characterized by low radioactivity levels that can 
be handled without shielding. It includes both short-lived and long-lived radionuclides. 
Intermediate level waste (ILW), however, requires special shielding measures but no cooling 
during handling, transportation, and storage. High-level waste (HLW), finally, generates a 
considerable amount of heat and requires cooling, as well as shielding because of its high 
intensity of ionizing radiation. Based on the decay heat emitted, a lower value of 2 kW/m3 is 
used to distinguish between high level radioactive wastes from other radioactive waste 
classes. Handling this waste requires special procedures to manage both the heat and the 
radioactivity. Based on the time required for the nuclei of the radioactive material to decay, 
the waste is often described as short-lived or long-lived. Short-lived radioactive waste usually 
includes radionuclides that have a half-life of less than thirty years. As noted in TABLE 1, the 
International Atomic Energy Agency (IAEA) suggests a set of 4 classes based on a 
combination of the activity concentration and the half-life [7]. Practically, HLW is produced 
only in connection with the operation of nuclear reactors and therefore it is often synonymous 
with the spent nuclear fuel. HLW also arises in the reprocessing of spent nuclear fuel in the 
form of concentrated liquid solutions containing fission products. In the process, transuranic 
radionuclides (also called the alpha-bearing waste) are extracted, which represents special 
problems because of its long half-life and high radiotoxicity, aspects that are very important 
with regard to waste management. These implications will be discussed furthermore in the 
following sections. Most nations apply a similar classification system as indicated by the 
IAEA, however, variations occur. In the U.S. [8], radioactive waste classes are source-defined 
(as in spent nuclear fuel, uranium mill tailings, transuranic waste, etc.) rather than defined by 
some measurable quality of the waste. In that classification, high-level waste is per definition 
the highly radioactive material created from the reprocessing of the spent fuel that contains 
the fission products. Irradiated reactor fuel is, however, for the purpose of the repository also 
regulated as high-level waste. 
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TABLE 1   

Classification of radioactive waste according to IAEA [7] 
Waste class Definition 

Low level Contains enough radioactive material to require action
for the protection of people, but not so much that it
requires shielding during handling, storage or
transportation. The activity clearance level is based on an 
annual dose to members of the public of less than 0.01
mSv. 

Intermediate, short lived Waste which requires shielding, but needs little or no
provision for heat dissipation and contains low
concentrations of long-lived radionuclides (less than 
4000 Bq/g of alpha-emitters). The radionuclides 
generally have a half-life of less than 30 years. 

Intermediate, long lived Waste that requires shielding, but needs little or no
provision for heat dissipation. The radionuclides
generally have a half life of more than 30 years. 

High level Waste which contains large concentrations of both short-
and long-lived radionuclides and is sufficiently 
radioactive to require both shielding and cooling. The
waste generates more than 2 kilowatts of heat per cubic 
metre. 

Spent nuclear fuel 
The bulk of all spent fuel results from the operation of light water reactors (LWR). The fuel 
material of LWRs consists of ceramic uranium dioxide (UO2) in the form of compacted (and 
sintered) pellets. The pellets are stacked inside metallic tubes, which are then bundled and 
collected in a metal case, referred to as an assembly or subassembly. The subassemblies are 
loaded into the reactor core and irradiated for a period of several years. During this period 
energy is released as the heavy atoms undergo fission and the fuel is said to be burned. After 
irradiation the spent fuel is removed from the core and stored in water pools for several 
months to allow the short-lived fission products to decay. Depending on national policy, the 
spent fuel is sent directly to storage facilities without reprocessing or shipped to reprocessing 
facilities in order to recycle plutonium and unused uranium. Today, a smaller fraction (20-
30%) of the spent fuel is reprocessed while the majority is sent to direct disposal. 

Production facts 
As of October 2004, there were 440 nuclear reactors (commercial power producing) in 
operation worldwide with a total net installed capacity of 366 GWe [9]. Of these 207 are 
located in Europe (173 GWe), including Russia and Ukraine, and 104 (76 GWe) reactors in 
the Far East (mainly in Japan, South Korea, and China). The United States has 104 operating 
nuclear reactors that produce 98 GWe and 17 reactors (12 GWe) are in operation in Canada, 
the remaining 8 (6 GWe) reactors are located in South America (Brazil, Argentina, and 
Mexico) and South Africa. They provide about 2800 TWh of electricity in total, which 
correspond to approximately 16% of the global electricity supply [10]. TABLE 2 shows the 
operational reactors by type. Over 87% of the electricity production is produced by reactors of 
the light water reactor (LWR) type, i.e., PWR, BWR, ABWR, and VVER. It may be noted 
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that three fast breeder reactors (FBR) are in operation worldwide (BN-600 in Russia, Phenix 
in France, and Monjua in Japan) with a total electrical output of 1 GW. 
A standard light water reactor generates 1 GW of electric power and produces some 23 tons 
HM (oxygen not accounted for) of spent nuclear fuel annually [11], assuming an average 
burnup of 40 MWdays/ton U. Based on this figure, together with electricity production data, a 
rough estimate of the annual production of spent fuel can be made. TABLE 3gives an idea of 
the regional quantities involved. The estimated global spent nuclear fuel production is 
approximately 8,400 tons per year. This number does not include spent fuel of military origin 
(e.g. spent naval fuel, weapons production) or from research establishments. It should be kept 
in mind that the actual discharge rate of spent fuel (tons/year) depends on the burnup, which 
varies between reactors. Higher burnup essentially increases fuel utilization and generates less 
waste per unit electric capacity. According to a recent report by the IAEA [10], the global 
spent fuel generation is around 10,500 tons HM/year, which should then include spent fuel of 
all origins. According to the same report, the total amount of spent fuel cumulatively 
generated worldwide by the beginning of 2003 was close to 255,000 tons HM. The projected 
quantity for the year 2010 is close to 340,000 tons HM. By the year 2020, the time when most 
of the presently operated nuclear power reactors approach the end of their current licensed 
operational life time, the total amount of spent nuclear fuel will be around 445,000 tons HM. 
These figures are given in TABLE 4. 

TABLE 2   
Operational reactors by type, according to the IAEA [9] 

Reactor type 
(abbreviation) 

No. of 
units 

Electric capacity
(GWe) 

%-electric 
capacity 

PWR 214 204 55.9% 
BWR 90 78 21.3% 
VVER 52 35 9.6% 
PHWR 39 20 5.5% 
LWGR 17 13 3.4% 
AGR 14 8 2.3% 
GCR 8 2 0.6% 
ABWR 3 4 1.1% 
FBR 3 1 0.3% 
Total: 440 366 100.0% 

 
TABLE 3   

Estimated annual production (tons/year) of spent nuclear fuel. Based on production rate of 23 
tons HM/GWe [10] 

Region Generating 
capacity 
(GWe) 

Estimated production of spent 
fuel from nuclear power plants 

(tons HM) 
Europe (including Russia 
and Ukraine) 

173 3990 

North America (U.S. and 
Canda) 

110 2540 

Far East (mainly Japan, S. 
Korea, China) 

76 1740 

Others (South America, 
South Africa) 

6 140 

Worldwide 366 8410 

 
aAlthough Monju has been shutdown since an accident in 1995, it is categorized as ‘operational’ according 
to the IAEA since no permanent decision has been taken for its closure. 
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TABLE 4   
Present and projected inventory (tons HM) of spent nuclear fuel accumulated worldwide [10]. 

Year Worldwide inventory 
(ktons HM) 

2003 255 
2010 projected 340 
2020 projected 445 

Composition 
The spent fuel is a multi-component system consisting of radionuclides with very different 
half-lives and toxicities. Besides the original components, i.e., uranium and oxygen, the spent 
fuel contains highly radioactive fission products, and transuranic elements. Fission products 
are created from the fission of heavy atoms (U,Pu) and transuranic elements (Pu, Am, Cm, 
etc.) are formed by capture reactions in heavy atoms. In addition, activation products are 
created by neutron capture in metal parts of the fuel element. There are many possible fission 
reactions, all producing different fission products. The amount of radioactivity and 
composition of the spent fuel is largely determined by the burnup and to limited degree on the 
burnup history, i.e., neutron spectrum, flux level, irradiation time, and cooling time after 
removal from the reactor. The term ‘burnup’ is a measure of the energy produced in the fuel 
(MWd per kg heavy atoms) or the fraction of heavy atoms that has fissioned. Increased 
burnup increases the concentration of fission products and transuranic elements. The local 
burnup depends on the position of the fuel rod in the core and varies also for each pin along 
its length. For this reason, burnup is usually reported as an average over local burnup levels. 
As a rule of thumb, 1% fission fraction corresponds to an energy production of 10 MWd per 
kg heavy atoms. Spectrum hardening in a LWR increases the formation of plutonium as it 
leads to more resonance capture. Although a higher neutron flux permits more secondary 
neutron capture reactions, the build-up of heavy actinides is less efficient. Since most 
actinides formed are fissile or fissionable but have a short lifetime relatively more will 
disappear by decay than will fission in a low flux. Long irradiation time tend to increase the 
proportion of long-lived products, while increased cooling time reduces the fraction of short-
lived products. Because of these effects, the spent fuel varies in composition between reactor 
types but also between different fuel batches from the same reactor. TABLE 5 gives the 
composition of PWR fuel with an average burnup of 35 MWd/kg and 60 MWd/kg, three years 
after unloading [12]. The composition is normalized to the amount of initially present heavy 
atoms. 

TABLE 5   
Composition of spent PWR fuel in %-weight of initial heavy atoms (3 y of cooling) [12] 

Average burnup Family 
35 MWd/kg U 

3.25% initial 235U 
60 MWd/kg U 

4.95% initial 235U 
Uranium 95.3% 92.4% 
Plutonium 1.0% 1.3% 
Minor actinides 0.08% 0.16% 
Fission products 3.6% 6.1% 

 
One can see that the fission product content increases from 3.6% for 35 MWd/kg to 6.1% for 
60 MWd/kg. The plutonium (TRU) content increases slightly with burnup, from 1.0% for 35 
MWd/kg to 1.3% for 60 MWd/kg. In addition, the minor actinide (Np, Am, Cm) content 
increases with burnup, where the production of 244Cm is problematic because of its neutron 
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emitting properties and its relatively short half-life of 18 years. The isotopic composition for 
plutonium changes with burnup [12], as shown in TABLE 6. The increase in burnup is 
accompanied by a decrease in fissile isotopes (239Pu and 241Pu) and build-up of even neutron 
numbered plutonium isotopes (which is well known from weapons plutonium production). 
240Pu and 242Pu act as neutron absorbers. 238Pu is produced through neutron capture in 237Np 
and subsequent beta decay of 238Np. It is a neutron emitter (from spontaneous fission) and 
strong heat source because of alpha emission. 240Pu is also a neutron source because of its 
spontaneous fission. This has an adverse effect in handling high-burnup or multi-recycled 
spent fuel and also, reduces the fissile potential of the recycled fuel. 

TABLE 6   
Isotopic composition of plutonium in spent PWR fuel (in %-weight) 3 years of cooling [12]. 

Burnup 238Pu 239Pu 240Pu 241Pu 242Pu 
33 MWd/kg 
3.25% initial 235U 

1.7% 57.2% 22.8% 12.2% 6.0% 

60 MWd/kg 
4.95% initial 235U 

3.9% 49.5% 24.8% 12.9% 8.9% 

 
In high burnup fuel, the irradiation time is usually limited by material stability, e.g., due to 
fuel swelling, embrittlement of cladding or structural materials, rather than by reactivity 
limitations. A typical LWR fuel reaches an average burnup level in the range 40-50 MWd per 
kg U., which implies that 4-5% of the heavy atoms, undergoes fission in standard LWR fuel. 
TABLE 7 lists the composition of the transuranic elements contained in spent fuel with an 
average burnup of 40 MWd/kg U after 15 years of decay [11]. The cooling time has an 
immediate effect on the content of the shorter lived isotopes, primarily 241Pu, 238Pu, and 
244Cm, and on the concentration of 241Am. The amount of 241Am increases with burnup 
because it is the daughter of 241Pu with a half-life of 14.4 years. Reduction of the inventory of 
238Pu and 244Cm simplifies reprocessing and waste handling. Small amounts of elements 
heavier than curium are formed. 

TABLE 7   
TRU composition in LWR spent fuel (40 MWd/kg) 15 years after unloading [11] 

Nuclide %-weight Half-life (y) 
237Np 5.60% 2.1⋅106 

238Pu 1.98% 8.8⋅101 
239Pu 50.8% 2.4⋅104 
240Pu 22.4% 6.6⋅103 
241Pu 5.86% 1.4⋅101 
242Pu 5.17% 3.8⋅105 
241Am 6.63% 4.3⋅102 
242mAm 0.02% 1.4⋅102 
243Am 1.21% 7.4⋅103 
244Cm 0.27% 1.8⋅101 
245Cm 0.02% 8.5⋅103 
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Radiotoxicity 
The activity of a radioactive substance is expressed in Bequerels (Bq) or Curies (1 
Ci=3.7·1010 Bq). It is simply the number of disintegrations in a sample per unit time without 
regard to the properties of the radiation or the induced biological effects. Although 
comparisons involving radioactivity sometimes appear in the literature, it is generally 
recognized as a poor measure of the hazard. The most common way of measuring the risk 
associated with a radioactive substance, that gives a better measure of the biological harm to 
the body, is through the concept of “radiotoxicity”. It takes into account the sensitivity of the 
human body to a particular radioisotope after intake. The radiotoxicity is determined by the 
product of the activity (Bq) and an effective dose coefficient, e, for a given isotope: 
 Radiotoxicity= Activitye ⋅  
While the activity is given by the number of atoms present in the sample multiplied with the 
decay constant of the radioactive nuclei, the effective dose coefficient depends on the type 
and energy of emitted particle, mode of intake (inhalation or ingestion), metabolism of the 
substance in the body, and sensitivity of the exposed organs. The effective dose coefficient 
corresponds to the committed dose (integrated over the life expectancy) resulting from the 
intake of 1 Bq of the specific radionuclide. Relevant data are regularly published by the 
International Commission on Radiological Protection (ICRP) [13]. The dose coefficients 
depend on the mode of intake. Plutonium, for example, is far more hazardous if inhaled than 
if ingested, because it is more readily absorbed into the blood stream via the lungs than via the 
stomach and intestines [14]. Before being transported to other organs, inhaled plutonium will 
deliver a radiation dose to the lungs, increasing the risk for lung cancer; ingested plutonium 
will deliver a radiation dose to the walls of the intestines. The uptake fraction in the gut is low 
because plutonium is not very soluble in the body fluids. To evaluate the hazard risk of a 
radioactive substance it must also be taken into account the particular pathway by which the 
substance reaches man. The transportation of radionuclides in the environment is not 
explicitly considered in the concept of the effective dose coefficients. But, in comparing the 
radiotoxicity of buried wastes in a repository, the inhalation pathway is less likely. The 
principal route of intake for members of the public is through water or food. Thus, in most 
hazard comparisons ingestion toxicity is in favour for inhalation [15]. Effective Dose 
Coefficients for ingestion of radionuclides are listed in TABLE 8. The effective dose 
coefficient is age dependent as it corresponds to the committed dose per unit intake (Bq). The 
integration time depends on the time from intake to age 70 y; for an adult it is taken to be 50 
years. Depending on the absorption fraction of radionuclides in the adult, the uptake fraction 
may be 2-10 times higher in the infant. This is reflected in the effective dose coefficients, as 
shown in TABLE 8. 
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TABLE 8   
Effective dose coefficients, e (Sv/Bq), for ingestion of radionuclides and their associated half-

life [13]. 
Isotope Half-life 

(years) 
Uptake 
fraction 
(adults) 

Uptake 
fraction 
(infant) 

e, adults 
(Sv/Bq)

e, infants 
(Sv/Bq) 

Minimum amount 
for acquiring fatal 

cancer* (g) 
Actinides:       
 235U 7.0⋅108 0.02 0.04 4.7⋅10-8 3.5⋅10-7 5.3⋅103 
 238U 4.5⋅109 0.02 0.04 4.5⋅10-8 3.4⋅10-7 3.6⋅104 
 237Np 2.1⋅106 5.0⋅10-4 5.0⋅10-3 1.1⋅10-7 2.0⋅10-6 6.8⋅100 

 238Pu 8.8⋅101 5.0⋅10-4 5.0⋅10-3 2.3⋅10-7 4.0⋅10-6 1.4⋅10-4 
 239Pu 2.4⋅104 5.0⋅10-4 5.0⋅10-3 2.5⋅10-7 4.2⋅10-6 3.5⋅10-2 
 240Pu 6.6⋅103 5.0⋅10-4 5.0⋅10-3 2.5⋅10-7 4.2⋅10-6 9.6⋅10-3 
 241Pu 1.4⋅101 5.0⋅10-4 5.0⋅10-3 4.8⋅10-9 5.6⋅10-8 1.1⋅10-3 

 242Pu 3.8⋅105 5.0⋅10-4 5.0⋅10-3 2.4⋅10-7 4.0⋅10-6 5.8⋅10-1 

 241Am 4.3⋅102 5.0⋅10-4 5.0⋅10-3 2.0⋅10-7 3.7⋅10-6 7.8⋅10-4 

 243Am 7.4⋅103 5.0⋅10-4 5.0⋅10-3 2.0⋅10-7 3.6⋅10-6 1.4⋅10-2 

 244Cm 1.8⋅101 5.0⋅10-4 5.0⋅10-3 1.2⋅10-7 2.9⋅10-6 5.5⋅10-5 
 245Cm 8.5⋅103 5.0⋅10-4 5.0⋅10-3 2.1⋅10-7 3.7⋅10-6 1.5⋅10-2 
Fission products:       
 90Sr 2.9⋅101 0.3 0.6 2.8⋅10-8 2.3⋅10-7 1.4⋅10-4 
 99Tc 2.1⋅105 0.5 1.0 6.4⋅10-10 1.0⋅10-8 4.9⋅101 
 129I 1.6⋅107 1.0 1.0 1.1⋅10-7 1.8⋅10-7 2.8⋅101 

 135Cs 2.0⋅106 1.0 1.0 2.0⋅10-9 4.1⋅10-9 2.0⋅102 
 137Cs 3.0⋅101 1.0 1.0 1.3⋅10-8 2.1⋅10-8 4.8⋅10-4 
*Based on a dose of 20 Sv to acquire mortal cancer with 100% certainty (chemical toxicity not 
accounted for). 

 
In terms of the level radiotoxicity per Bq, the plutonium isotopes belong to the most 
hazardous elements, despite that these are not easily absorbed from gastrointestinal tract. One 
may note that the effective dose coefficients are generally many times higher for the 
transuranic elements than for the fission products, which is principally due to their high alpha 
activity. One exception is 241Pu, which is a β-emitter. Once transferred into the blood stream, 
the heavy elements are often concentrated in the bone, liver, and kidneys, where their α-
emissions provide essentially lifetime irradiation since the biological exchange-rate in these 
organs is low [15]. Once inside the body, α-emitters are far more hazardous than β- and λ-
emitters. The energy of the α-particle is dissipated in a small volume where the radionuclide 
is located and considerably increases the local biological damage. Beta particles are generally 
much less energetic and dissipate their energy over a larger volume than that of the alpha-
particles. Elements such as strontium, iodine and cesium are hazardous because they are 
readily absorbed and their body chemistry tends to localize them and retain them in a 
particular critical organ (strontium is incorporated in the bone and iodine is enriched in the 
thyroid gland). 
An illustrative example can be made, which gives a relative measure of the intrinsic 
radiotoxic properties of a particular nuclide. According to the ICRP, the risk of fatal cancer 
induction is 5% per Sv (committed effective dose) [16]. This risk is on top of the natural 
lifetime risk of fatal cancer, which is around 24% for males and 20% for females in the U.S 
[17]. The usual assumption is that the risk of getting cancer is linearly related to the exposure 
[15]. Thus, based on this rule, there is a 100% chance for an individual to acquire (and die) of 
cancer if exposed to a dose of 20 Sv. For perspective, the average background dose is 
typically in the range 1-2 mSv per year, depending on the geographical location and ground 
properties (the largest contribution to the background radiation comes from the daughters of 
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radon). With this information it is possible to calculate the minimum ingested mass of a 
particular radionuclide to acquire fatal cancer with 100% probability. Results are shown in the 
last column in TABLE 8. It is seen that, among the listed elements, the most radiotoxic 
isotopes are 244Cm followed by 238Pu, 90Sr, and 137Cs. The common property of these nuclides 
is that they are rather short-lived and hence, deliver the greatest activity per unit mass, in 
combination with a high effective dose coefficient. 239Pu is hazardous, but it is not 
immediately as hazardous as many other transuranic isotopes because of its long half-life. As 
outlined in TABLE 8, ingestion of about 35 mg of 239Pu would be necessary to result in the 
expectation of 100% risk of cancer mortality. The calculated amounts should not be regarded 
as a sharp line between death and survival as the actual lethal amount would depend on a 
variety of circumstances, e.g., the uptake fraction varies strongly with chemical form of the 
radionuclide. It is noted that ingestion of a radionuclide induces a long-term health-effect 
primarily, as cancer may take several years or decades to appear. Relatively high doses are 
required to deliver an acutely lethal dose. According to one report [18], ingestion of about 500 
mg of plutonium would be necessary to produce acute sickness. (For comparison, the acute 
lethal dose of arsenic is around 100 mg). There are obviously all sorts of alternatives to this 
calculation; the values presented in TABLE 8 are intended to provide a frame of comparison 
about the hazard for a particular radionuclide as given by its radiotoxicity value. It is stressed 
that the ICRP dose limit apply to softly-ionizing radiation, i.e., primarily β- and γ-rays, 
administered to a person over a long time-period. In fact, there are several arguments for the 
assumption that the response to low dose-rates and softly-ionizing radiation may not be 
extrapolated to a high dose-rate and highly-ionizing radiation. For example, the value 20 Sv is 
twice as large as the lethal dose for instantaneous exposure [15], i.e., acute radiation sickness, 
which is a result of the fact that the biological harm is related to the dose-rate. 
From the activity concentration and the effective dose coefficients, each radionuclide in the 
spent fuel can be assigned a radiotoxicity value. Fig. 1 shows the evolution of the ingestion 
radiotoxicity of spent uranium at a burnup of 40 MWd/kg as function of cooling time, where 
the results are grouped according to fission products and transuranic elements. The values are 
normalized to 1 g of initially present heavy metal (IHM). It is emphasized that the 
radiotoxicity corresponds to the committed dose that would be received over a time period of 
50 years. This dose decreases over time as the radioactivity of the fission products and 
actinides decreases by time. 
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Fig. 1 Radiotoxic inventory of the fission products and transuranic elements in spent 

nuclear fuel (3.7% 235U, 42 MWd/kgIHM). 

In the diagram, the horizontal lines refer to the total ingestion radiotoxicity for 7.8 g and 1 g 
of natural uranium, respectively. The 7.8 g of natural uranium correspond to the amount that 
must be recovered from the ore to produce 1 g of uranium fuel enriched to 4.2% in 235U (0.2% 
tails assay). Notice that these figures include not only the uranium isotopes but the uranium 
daughters that are in natural mixture with the uranium recovered from the mine. The use of 
the radiotoxicity value for an equal amount of natural uranium is easy to relate to in terms of 
the risk associated with the storage of spent fuel in an underground facility. It may be argued 
that when the radiotoxicity value for the spent fuel products crosses this reference level, it 
does not constitute a greater risk than natural uranium contained in the orea (provided that the 
waste product is as equally fixed as the original ore). An alternative approach is to compare 
with the amount of uranium that must be recovered from the ore to produce the nuclear fuel. 
This way of comparison is often used by waste management people to provide a comparison 
with the risk if the wastes not been produced at all. The idea here is that disposal need not to 
provide any greater safety than if the uranium had never been mined in the first place. 
Fig. 1 indicates the extreme difference in the long-term radiotoxicity associated with the 
fission products and the transuranic elements. During the first 20-30 years after discharge the 
fission products (primarily 90Sr and 137Cs) determine the total radiotoxicity of the spent 
nuclear fuel. At later time the transuranic elements dominate the hazard. According to Fig. 1, 
it would take approximately 300,000 years before the radiotoxicity of the transuranic elements 
reaches natural levels. The cross over point for the fission products radiotoxicity curve is 
around 300 years. Obviously, if the transuranic elements could be eliminated, the long-term 
hazard would be considerably reduced. This is the basic motivation for partitioning and 
transmutation strategies, and for the deployment of dedicated reactor systems, which will be 
discussed in the following chapter. 

aAs Koplik [19] has pointed out, this analogy is not entirely satisfactory since the release probability for buried 
waste may be quite different to that of average material of the uranium-ore. Firstly, the nuclear waste form 
differ both chemically and physically from the ores and thus their mobility in the ground may be different. 
Secondly, it overlooks the fact that the nuclear wastes will be buried at great depths in a well-chosen location 
surrounded by engineered barriers, which suggests lower release probability than average material in an ore. 
The latter may be located at or near the surface with flowing ground water present. 
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It is also of interest to see how the individual transuranic elements contribute to the total TRU 
radiotoxicity. This is shown in Fig. 2. In the time span between 50 and 2000 years after 
unloading, the radiotoxicity is determined by 241Am. Beyond that, 240Pu and 239Pu dominates 
the radiotoxicity. Although 241Am has a half-life of 430 years, it is a very important 
contributor to the radiotoxicity during the first few thousand years because it is the radioactive 
daughter of 241Pu. It is understood that, in order to relax the time period over which the waste 
must be confined to a few hundreds of years rather than a few hundreds of thousands of years, 
the minor actinides must be eliminated together with the plutonium. 

 
Fig. 2 Radiotoxic inventory of the main transuranic isotopes in spent nuclear fuel 

(3.7% 235U, 42 MWd/kgIHM). 

Options for spent fuel management 
So far, the high-level wastes (reprocessing wastes or spent fuel) are stored in facilities above 
ground or shallow repositories, usually in close connection with the production site itself 
(nuclear power plants or reprocessing plants) and sometimes in a centralized storage. The idea 
is that these are interim procedures while awaiting a permanent solution. While the disposal 
issue is not urgent from a technical viewpoint, it is recognized that extended storage in the 
existing facilities is not acceptable since these facilities cannot provide sufficient isolation in 
the long term and neither is it ethical to leave the waste problem to future generations. No 
permanent waste disposal has yet occurred, but a number of methods have been proposed, a 
few which are listed below: 

• Geologic repository 
• Partitioning and transmutation 
• Disposal in outer space 
• Disposal in a remote place (e.g. in ocean floor or polar ice caps) 
• Dispersion into air and sea 

The most developed concept is emplacement in deep underground cavities, called 
repositories, in a suitable geologic media (e.g. granite, tuff, clay, salt bed). If the spent fuel is 
reprocessed, the wastes will emerge in a liquid form and the intention is then to solidify these 
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prior to disposal. The most commonly suggested solidification scheme is to vitrify the waste 
into an insoluble glass material. If the spent fuel is not reprocessed, the material to be 
disposed of is contained within the spent fuel itself (UO2). Before final deposition, the waste 
matrix (either the spent unreprocessed fuel or the vitrified high-level waste) is encapsulated in 
a metal canister. The spent fuel elements may be placed as intact assemblies or the fuel rods 
may be removed from the assembly and framed inside the canister. The objective for 
rearranging the rods is to reduce the volume to be stored and improve heat removal 
characteristics. There is no essential difference between the repositories for vitrified high-
level waste or spent fuel. Only the canisters differ somewhat between the two concepts. 
Waste treatment by partitioning followed by transmutation is also being seriously considered. 
This is the subject of the remaining chapters. It may be added that partitioning and 
transmutation does not completely eliminate the need for a storage facility, but it may 
significantly reduce the risk of storing the remaining waste and also simplify the conditions 
for the final storage. Over the years, several other disposal methods have been suggested. 
These are mentioned here for completeness, but it should be noted that these are not being 
seriously considered at present. In theory, all radionuclides could be dispersed into the global 
air and sea volumes to reach acceptable concentrations, but the limitations are practical (no 
process for uniform dispersal exist), together with the social/moral and political difficulties 
involved. Another proposal is to launch the high-level waste into outer space, either by 
sending waste packages in an orbit around the earth or transportation to the sun or solar 
escape. The argument against this method is the obvious risk for an accident during launch 
(considering the large number of launches necessary) and the high cost. Other methods 
include: burial of waste containers under the ocean floor between tectonic plates, or placing 
them in deep bore holes in the ground, or even lowered into holes in the polar ice-sheet where 
they would begin propelling downwards through the melting ice. The problems shared by 
these proposals are the highly uncertain disposal processes (e.g. uncertain movement of 
canisters) and difficulty of inspection and retrievability/reversibility, which forecloses the 
possibility of future adjustments. It is possible that the environmental conditions changes 
which could motivate relocating the waste at a later stage or it could be decided to recover its 
resource value as a result of scientific progress. 

Safety performance of a geologic repository 
The principal safety issue of a repository is the risk of spread of radionuclides to the 
biosphere, where they can cause harm to humans. In the typical case in which the post-closure 
safety performance of the waste repository is analyzed [20], two distinct release scenarios can 
be identified (it should be noted that other definitions of “scenario” from that adopted here are 
in use, but essentially these can be grouped into the following two categories): 

• Indirect release scenarios, via groundwater transport. 
• Direct release to surface (by some natural event or human intrusion 

It is generally agreed, among waste management experts, that by a combination of physical 
barriers and environmental conditions, a carefully chosen repository can guarantee isolation 
for at least one thousand years and probably much longer. This conclusion is supported partly 
by the results of radioactive materials behaviour in natural analogues (e.g. Oklo) and findings 
of man-made objects which have withstood degradation since ancient times (e.g. The 
Egyptian pyramids and the bronze cannons of the Swedish warship Kronan which were found 
buried in seabed after the ship had been sunk in 1676). Beyond 10,000 years, however, it is 
recognized that the impact of major climate changes (e.g., glaciations) could affect the 
evolution of the repository system and canister containment cannot be guaranteed in general 
(although the SKB concludes that it is realistic to expect canister lifetime of 100,000 years or 
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even a million-year in the Swedish repository system [20]). For hazard assessment related to 
the natural break down of a canister, it is important to consider the processes involved in the 
pathway of the radioactive substance from the repository to man. Once the released from the 
repository, the waste products can only be carried to the surface via the groundwater. Under 
these circumstances, the solubility of the radionuclides in the groundwater, and their adhesion 
in the ground, and dispersion or buildup in the biosphere (food, water, background radiation) 
are the major factors determining the potential exposure to man. The actual transport rate of 
nuclides depend on many factors (geologic media, water composition, ground water velocity, 
etc.) and are site specific, but in general the actinide species move much slower in the ground 
water system compared with certain fission products (mainly technetium, iodine, cesium, and 
tin), and thus are not easily transported to the surface. Therefore, from the viewpoint of 
release scenarios associated with leakage through defective canisters, the risk is dominated by 
the long-lived fission products. The dominant contribution would then come from fission 
products such as 99Tc, 129I, 135C, 126Sn, and 79Se. 
As was shown in Fig. 1, some fission products (90Sr and 137Cs) dominate the radiotoxic 
inventory in the spent fuel during the first 30 years or so after discharge. However, after a few 
hundreds of years, the fission products are small contributors to the radiotoxicity being many 
orders of magnitude below that of the actinides (239Pu, 240Pu, and 241Am). Thus, from the 
standpoint of the radiotoxicity contained in a repository, the risk is dominated by the 
transuranic elements. Considering their much lower mobility, release of actinides to the 
biosphere involves events that can bring some of the waste directly to the surface. Direct 
release to the surface, whether by natural phenomena or human activity, circumvents the 
pathway between the waste and the biosphere. Natural phenomena, such as earthquakes, 
volcanic eruptions, or impact of a giant meteorite, could lead to direct release of buried waste, 
but repeated studies have shown that the probability of these events (with the potential of 
lifting up the waste to the surface) is sufficiently low to be neglected [19, 21]. In the Swedish 
study of a granite repository [20], it was concluded that canister damage by seismic activity 
can be avoided in connection with the siting of the repository. Thus, causes for direct release 
of buried waste have focused on human intrusion scenarios. 
Fig. 3 presents the calculated annual dose following the release from defective waste canisters 
for four repository cases of interest: 63,000 tons of spent fuel in oxidizing environment 
(volcanic rock in Yucca Mountain, U.S.), 2,600 tons of spent fuel in reducing environment 
(deep bedrock in Finland), 3,600 tons of vitrified high-level waste in granite (Switzerland), 
and 4,200 tons of vitrified high-level waste in clay (Belgium). The figure illustrates 
schematically the fact that the long-term risk is dominated by those nuclides that have high 
mobility in the ground (129I, 99Tc, 79Se, and 135Cs). The quality of the groundwater greatly 
influences the migration properties from the repository. An oxidizing environment increases 
the solubility of many radioactive substances (and promotes early deterioration of the 
canister). For example, Tc-99 is a major contributor to dose in the Yucca Mountain within the 
first 10,000 yr after closure. This is due in large part to its high mobility under the prevailing 
conditions. In a reducing environment, technetium is remarkably stable. With regards to the 
Swedish repository concept (granite repository containing spent fuel elements), the dominant 
isotopes for the release to the biosphere are 129I and 79Se and some activation products: 36Cl, 
and 59Ni [20]. The iodine, for example, has very high solubility and is not adhered in the 
granite. During reprocessing it is released to the off-gases and discharged into the sea and for 
that reason it is not present in any significant quantities in vitrified high-level waste. In 
general, the actinides have a negligible influence to the release to the biosphere for a canister 
break down scenario. An important exception is the mobility of 237Np in oxidising 
groundwater conditions, which makes it an important isotope for the long-term performance 
of Yucca Mountain. Groundwater release scenarios similar to the ones presented in Fig. 3 are 
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often used in repository safety analysis. In these scenarios the long-term risk is mainly 
associated with long-lived fission products not with the actinides. As a result, it has been 
reasoned [22, 23] that there is no real strong incentive for reducing the actinide inventory 
from the point of view repository performance. Yet, one should bear in mind that such 
account disregards human intrusion into the repository (malicious or accidental) and also 
overlooks the possibility for unanticipated natural events. These events are by their very 
nature extremely difficult to predict. A striking feature in the groundwater transportation 
scenarios is the complete absence of the most radiotoxic materials – plutonium, americium, 
and curium – since the retarding capacity of the repository is very good for these nuclides. 
Beyond 300 years the radiotoxicity of the transuranic elements is significantly higher than of 
the fission products. In a human intrusion scenario these elements are a major concern. We 
believe it is fair to consider the radiotoxicity of the spent fuel waste also from global point of 
view. 

 
Fig. 3 Predicted annual individual dose from indirect release of defective waste 

canisters (adapted from OECD/NEA report [24]). 
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Chapter 2: 
 
Partitioning & Transmutation 

Partitioning and transmutation (P&T) is the general term for the techniques involved in the 
conversion process of long-lived radiotoxic isotopes into shorter-lived nuclides. In the 
following Chapter we will briefly describe the partitioning and transmutation operations 
considered with comments on their merits and limitations. The aqueous separation techniques, 
corresponding to the PUREX process, are briefly described together with the possible and 
desirable extensions to recover the minor actinides. Pyro-processing is another technique 
being investigated. The remainder of the chapter is devoted to describing the basic 
transmutation processes involved. 

Partitioning 
Partitioning refers to the chemical operations applied for the separation and extraction of 
selected elements from the spent nuclear fuel. It is closely related to the conventional 
reprocessing techniques of spent fuel, but embraces further separation operations to extract 
the minor actinides (MA) and the fission products (FP). Partitioning is a prerequisite for 
preparation of the spent nuclear fuel to realize further transmutation steps. 
Plutonium separation technologies were developed in the United States during the Manhattan 
Project. Most plutonium reprocessing methods make use of the ‘oxidation-reduction 
principle’ in which plutonium is placed in different oxidation states whose chemical 
properties differ. The earliest attempts were based on “carrier” techniques, which were later 
replaced by the solvent extraction process that also forms the basis for the REDOX process 
and the PUREX process. The carrier technique was used to isolate the first amounts of 
plutonium to power the Fat Man bomb [25]. Today, all commercial reprocessing plants make 
use of the PUREX process, which is short for Plutonium Uranium Redox EXtraction. Major 
PUREX plants exist at La Hague, France, with a total capacity around 1600 tons IHM/y (two 
800 t/yr units), the Magnox plant and the THORP reprocessing plant at Sellafield, United 
Kingdom, with capacities of 1500 and 850 tons IHM/y, respectively. At Marcoule in France 
one 400 t/yr reprocessing plant is operating for metal fuels from gas-cooled reactors. India has 
a 100 t/yr oxide fuel plant operating at Tarapur, and Japan is constructing a 800 t/y PUREX 
reprocessing plant at Rokkasho. Russia has a 400 t/yr oxide fuel reprocessing plant at Ozersk, 
Chelyabinsk. The worldwide annual capacity for civilian spent fuel reprocessing is around 
5000 tons. 

PUREX 
According to a DOE historical overview [26], the solvent extraction processes (first the 
REDOX followed by the PUREX process) replaced the bismuth phosphate (carrier) method 
for plutonium production at the Hanford Site in the 1950s. The solvent extractions method is a 
wet (aqueous) process involving the dissolving of the fuel in nitric acid (nitric acid diluted 
with water). As it includes using a liquid-mixture of aqueous and organic solvents the 
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separations process is also known as liquid-liquid extraction. The solvent extraction process is 
adaptable to continuous operation, whereas the carrier technique operates in separate stages, 
meaning that only a limited amount of material can be treated in every stage. From an 
industrial production standpoint, processing a continuous stream of materials is generally 
preferred over batch processing. The solvent extraction processes make use of an alteration 
between the oxidation states of plutonium (IV, VI and III) whose chemical properties differ. 
Advantage is taken by the relative stability of the oxidation state of uranium and most fission 
products, while plutonium is easily reduced. Successive solvent extraction cycles are carried 
out until the desired decontamination and purification is achieved. The PUREX process was 
developed by Knolls Atomic Power Laboratory [26] in the United States and it is presented 
schematically in Fig. 4. 

 

Fig. 4 Schematic flowsheet of the PUREX process. Adopted from textbook by G. 
Choppin, J. O. Liljenzin, and J. Rydberg [15]. 

As shown in Fig. 4, the first step of the PUREX process is to cut or saw the fuel pins into 
pieces, 3-5 cm long. This is usually done under water or inert gas. Gaseous fission products 
are collected and taken off in a separate stream. The chopped fuel pieces (oxide + cladding) 
are then dissolved in hot nitric acid. Remaining fission gas is released and transferred to the 
off-gas treatment. The cladding material is not dissolved in the nitric acid. The product 
solution is cooled and transferred to the separation section (the section enclosed in the dotted 
box in Fig. 4). At this point the uranium is in the hexavalent state, and plutonium in the 
tetravalent. Three purification cycles are conducted for both U and Pu. The first cycle consists 
of three solvent extraction stages (extraction stage, U-Pu partitioning stage, U stripping stage). 
In the first extraction stage, the aqueous fuel solution is contacted with an organic solution in 
special extraction columns. Presently, tributyl phosphate (TBP) is the chemical extractant 
used in all PUREX plants. It is normally used as a 30% solution in kerosene. The aqueous and 
the organic liquids will form separate layers in the extraction column with the aqueous 
flowing downward, while the organic flows up. This is the solvent extraction process and is 
the chemical basis for the PUREX method. The organic compound carries along the 4- and 6-
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valent actinides (U, Np, Pu), leaving most fission products (I, II, III, V, and VII-valent 
species) and the trivalent actinides (Am and Cm) in the aqueous nitric acid solution. Thus, the 
uranium and plutonium are stripped out of the solution. More than 99.8% of the U and Pu are 
extracted into organic phase, leaving >99% of the fission products including most of the Am 
and Cm in the aqueous. Np exist in nitric medium in oxidation states V and VI, of which only 
the higher oxidation state (~60%) is extracted. The FP and MAs are transferred to the high-
level waste residue. The HNO3 concentration influences the extraction performance. In a 
second stage, plutonium is separated from the uranium by reducing it to its trivalent state 
which is insoluble in TBP. By adding fresh kerosene-TBP solvent, the plutonium is then 
stripped to a new aqueous phase and sent to the plutonium purification line. The uranium, 
which is in the tetravalent state, stays in the organic phase. In the third stage, the uranium is 
washed out of the TBP with dilute HNO3. The uranium and plutonium products are then 
subject to further purification cycles to reach higher purity. The 2nd and 3rd separation cycles 
are essentially based upon the same chemical reactions as in the first cycle. The separations 
process end with purified and separated plutonium and uranium in the form of nitrate paste, 
which is further refined into plutonium- and uranium-oxides or uranium hexaflourides. The 
high-level liquid waste contains the fission products including the Am, Cm, and some Np in 
nitric acid solution. 

Partitioning of Np, Am, and Cm 
As mentioned in Chapter 1, after plutonium, the minor actinides (Np, Am, and Cm) are the 
next most radiotoxic elements in the spent fuel. If they could be transmuted, the radiotoxic 
inventory would be considerably reduced. Transmutation of Am and Cm is a prerequisite for a 
significant reduction of the long-term radiotoxic inventory. The purpose for transmutation of 
Np is mainly to reduce the radiotoxic risk (mobility in the certain geological repository 
conditions) associated with the spent fuel repository in the very long term. 
Before the minor actinides could be subject to transmutation operations, they must first be 
partitioned. In the conventional PUREX cycle, the minor actinides are left together with the 
fission products in the high-level waste. Neptunium is distributed between the oxidation states 
V and VI and is therefore partly discharged with the fission products and partly transferred 
with U and Pu. Recovery of separated neptunium is technically possible in a slightly modified 
version of the PUREX process. New processes are however necessary to separate Am and 
Cm. It is difficult to separate these from the lanthanides (Ln) as they have similar chemical 
properties (both are present in trivalent oxidation state). Depending on the burnup, the 
concentration of the lanthanides may be 30 times higher than Am and Cm in the high-level 
waste. A high purity of minor actinides is required in order to avoid neutron capture processes 
by the lanthanides in later reactor operations. The general scheme for separation of Am and 
Cm from the spent nuclear fuel is shown in Fig. 5. Firstly, the PUREX process is applied to 
recover U and Pu. Secondly, a process (e.g. TRUEX, DIAMEX, TALSPEAK/DIDPA) is used 
to co-extract the minor actinides and the lanthanides from the rest of the fission products. The 
processes require additional steps to extract the minor actinides from the Ln. A two step 
partitioning process is suggested, as described below. The techniques are not yet operational 
on an industrial scale. 
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Fig. 5 General flow sheet for partitioning of Am and Cm from the spent nuclear fuel. 
(with permission by P. Seltborg [27]) 

The TRUEX (TransUranic Extraction) [28] process was developed by the U.S. Department of 
Energy (DOE) in the 1980s for separating actinides (and the lanthanides) from the high-level 
wastes generated by defence related reprocessing plant operations or during plutonium 
production and purification operations (at the Hanford, INEEL, Oak Ridge, and Savannah 
River Site sites). Complemented with the SREX (Strontium Extraction) process it can be used 
to remove strontium and cesium. An overall removal efficiency of 99.79% has been obtained 
for the actinides using TRUEX [29]. The CEA in France is developing the DIAMEX process 
(DIAMide EXtraction) as a method for combined extraction of actinides and lanthanides. It 
has been demonstrated on actual waste. In contrast to the TRUEX process, no secondary solid 
wastes are expected. The DIAMEX process has demonstrated recovery efficiencies of more 
than 99.9% of the Am and Cm, and very high decontamination factors were achieved for both 
Ln and An [30]. Difficulties are related to the partial co-extraction of palladium and 
ruthenium with the MAs. Subsequent separation of Am and Cm from lanthanides can be 
carried out in various versions of the SANEX processes (CYANEX 301, ALINA, BTP). 
Reasonably good separation efficiency of americium has been achieved (>99%), but further 
improvement is required for the recovery of curium (97.6% at present). Methods for selective 
separation of Am and Cm are under investigation. The current reference process is the 
SESAME process based on oxidation of Am(III) to Am(VI) and selective extraction of 
Am(VI) from Cm(III) by solvent extraction. In principle, a high extraction efficiency of Am is 
possible. But, it appears to be difficult to realize on a larger scale because of the instability of 
the higher oxidation states of Am in aqueous medium [31]. The use of stabilising agent 
increases the waste volume. 

Dry techniques 
The challenges anticipated by the aqueous partitioning processes with regards to MA-fuels 
include: 1) degradation of organic solvents at high radiation doses restricting the recycle 
potential, 2) Possibility of criticality which limits the concentrations which can be handled, 
and 3) Low solubility in nitric acid of many of the fuel forms considered. 
As alternative to aqueous separation, dry fuel cycle processes have been investigated. These 
generally aim at pyroprocess methods. Opposite to conventional aqueous processing, 
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pyroprocessing does not involve dissolving the spent fuel in nitric acid. Refining is carried out 
in molten salt (fluorides, chlorides) and at high temperatures, around 500ºC. As a result, these 
processes are often called “dry” processes. Instead of a solvent extraction principle, the 
recovery of individual actinides from the liquid mixture is achieved by electrorefining 
operation. The major advantages of pyrochemical techniques, in comparison to aqueous 
techniques, are that the materials used in the pyrochemical process are much more radiation 
resistant compared to the organic solutions used in the aqueous processes. Thus, pyrochemical 
techniques offer potential for the treatment of highly active spent fuel. This is a significant 
advantage when dealing with multi-recycled and high-burnup minor actinide fuels. In 
combination with the high solubility of most fuel forms in molten salts and less strict 
criticality constraints due to the absence of water, pyrochemical reprocessing can handle 
higher concentrations than aqueous solutions, and thus reduce the process volumes and also 
the size of the plant. Several process steps can be performed in a single vessel both reducing 
the size of equipments and the need for transportation of nuclear materials. It is often 
advocated that pyrochemistry is more economical than hydrochemical processes and that 
waste treatment is easier (small waste volumes and solid waste forms). Presently, actinide 
recovery in pyrochemical processing is limited to about 99% and thus multi-stage operation 
will be necessary. 
Although several pyrochemical separations processes are known, two methods have been 
investigated extensively and developed up to industrial scale. One is the molten salt 
electrorefining method of metallic fuel developed by Argonne National Laboratory (ANL) for 
the treatment of spent EBR-II fuel and in connection with the Integral Fast Reactor (IFR) 
project [32]. The other route developed is the pyroelectrochemical method for oxide fuels 
(UOX and MOX) developed by the Research Institute for Atomic Reactors (RIAR), Russia 
[33]. 
The basic ANL method [34] was developed for the treatment of the sodium bonded U-Pu-Zr 
fuel. The first step is the dismantling of the fuel assemblies and removal of the cladding. The 
second step is dissolution of the fuel in a molten salt (LiCl-KCl) and molten metal (Cd) bath 
and the third step is the electrorefining of this liquid mixture. A schematic diagram of the 
electrorefining of U-Pu-Zr based minor actinide fuel involved using a molten eutectic of 
LiCl+KCl as electrolyte is shown in Fig. 6 [35]. The fuel is placed inside a basket where it is 
dissolved in the electrolyte. The uranium and transuranic elements are deposited on different 
cathodes. The fission products are not dissolved and remain in the basket or sink down to the 
bottom (although some remain dissolved in the molten salt). Uranium is partially deposited on 
a solid cathode (metal) and the transuranic elements together with the remaining uranium and 
a small amount of lanthanides are recovered into a liquid cadmium cathode. Whereas metallic 
alloy type fuel can be treated directly, oxide cycle must be first reduced to the metallic state 
before it can serve as feed material for the metal cycle. So far the oxide reduction technology 
has been experimentally demonstrated, but only at the laboratory level. Selective recovery of 
actinides beyond uranium and plutonium still needs to be demonstrated. 
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Fig. 6 Schematic picture of the pyroprocess treatment of U-Pu-Zr based minor actinide 

fuel [35] 

Transmutation 

Physics of transmutation 
The term “transmutation” is used in reference to nuclear transformation processes in which 
one nuclide is converted into another. Transmutation of atomic nuclei can be artificially 
induced by collisions with neutrons, protons, alpha particles, and gamma quantum, or by 
natural disintegration processes such as α- and β-decay, and spontaneous fission decay 
resulting in changes in the nuclear composition. In all cases, transmutation involves a change 
in the constitution of the atomic nuclei, i.e., change to the number of protons and/or neutrons, 
and is accompanied with a change to its properties. 
In order to induce a nuclear reaction between charged particles, the incoming particle must 
possess sufficient kinetic energy to overcome the Coulomb barrier (there is a chance of 
tunnelling but the probability is very small unless the kinetic energy is close to the threshold 
energy). If the energy of the incoming nuclei is small, nuclear reaction is limited to elements 
of low atomic number. Nuclear reaction with heavy nuclei requires the largest kinetic energy. 
Nuclear interactions involving neutrons and photons are not subject to the coulomb repulsion, 
and hence may occur at any energy. In principle, a photon can transfer sufficient energy to a 
nucleus for a transmutation reaction to occur, but the energy required is still quite high and the 
probability for reaction is low in comparison with neutron-induced reactions. For example, 
the photofission threshold in uranium (around 6 MeV) is much higher than the neutron 
induced fission threshold (0-1 MeV), which is a consequence of the binding energy of the 
neutron added to the target nucleus. Such energetic gamma rays are rarely emitted in 
radioactive decay and even if they are the potential intensities are limited. As a result, large-
scale transmutation by photonuclear reactions or bombardment by charged-particles can be 
dismissed on practical and economical grounds. Neutron induced transmutation is yet the only 
feasible means for transmutation at industrial scale. There are many ways of producing 
neutron sources of moderate intensity, but high neutron fluxes are most conveniently 
produced in a nuclear reactor. 
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Neutron induced transmutation encompasses two principle nuclear transformation processesa: 
fission and neutron capture. Besides the fission fragments, the reaction products of fission are 
several neutrons (between zero and five) as well as gamma radiation, beta particles, neutrinos, 
and of course energy. The exact identities of the two lighter nuclei vary from fission to 
fission, but a typical reaction can look like: 

 

Fig. 7 Example of neutron-induced fission reaction in 235U 

The fission products are neutron-rich and will therefore decay mainly by beta particle 
emission. The half lives of the fission products are usually much shorter than the half life of 
the initial heavy nuclei. The second transmutation reaction is neutron capture, or “radiative 
capture” since the neutron is trapped inside the nucleus and only a gamma ray comes out 
(n,γ). Neutron capture increases the mass number by one and the reaction is often 
accompanied by beta-decay. Neutron capture is the cause for build-up of transuranic elements 
from natural uranium. This is shown in Fig. 8. 

 
Fig. 8 Heavy-isotope build-up by neutron capture in natural uranium 

aAlthough other transmutation reactions also occur, e.g., (n,p), (n,2n), and (n,α), these are of secondary 
importance for P&T purposes. 
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From the viewpoint of reducing the long-term radiotoxicity of the actinides, the most efficient 
reaction is fission since capture merely builds-up other heavier long-lived elements. It may be 
noted that fission results in higher radiotoxicity in the very short term (<100 years) because of 
the generation of the highly active fission products, but the resulting material will be much 
less radiotoxic in the long-term. In addition, a significant amount of energy is generated. 
However there is no guarantee that a neutron absorbed in a heavy nucleus causes fission. Both 
fission and capture take place simultaneously during irradiation. The probability of 
occurrence depends on the nucleus and on the energy of the incident neutron. The principal 
isotopes that are responsible for fission in a nuclear reactor are the heavy elements with odd 
number of neutrons, such as 233U, 235U, 239Pu, 241Pu, and 242mAm. In these nuclides fission can 
be induced by neutrons of any energy. Such nuclides are referred to as fissile. Yet, it is still 
possible that the nuclei formed in the neutron absorption process in fissile isotopes will decay 
to its ground state by the emission of gamma, but it is less likely. For most heavy nuclides, 
however, absorption of low-energy neutrons is not likely to cause fission. Examples are the 
even-neutron numbered actinides (238U, 237Np, 238Pu, 240Pu, 242Pu, 241Am, etc.). These nuclides 
can only be fissioned by neutrons above a certain threshold (roughly 1 MeV). Such isotopes 
are referred to as fissionable. The fission probability upon neutron absorption is the ratio 
between the fission cross section and absorption cross section (fission + capture). It is of great 
importance in the discussion on transmutation. Its value depends on the properties of the 
reacting nucleus as well as on the energy of the incoming neutron. TABLE 9 compares this 
ratio for some actinides of particular interest, together with spectrum averaged cross-sections 
for fission and capture in a thermal spectrum and in a typical fast reactor spectrum. It can be 
seen that, for all nuclides the fission probability is higher in a fast spectrum than in a thermal 
spectrum, but the largest relative increase occurs for the even neutron numbered nuclei. It is 
further seen (Fig. 9) that the fission probability increases markedly for the even neutron 
numbered isotopes at energies above 0.1 MeV, which is a result of a significant energy 
variation of the fission cross section in this range. The conclusion to be drawn is that the 
spectrum should be as hard as possible to realize a high probability for direct fission. It ought 
to be mentioned that, in principle, transmutation of the minor actinides is possible in a thermal 
spectrum through breeding into fissile nuclides and successive build-up of heavier short-lived 
isotopes (Cm, Bk, Cf). However, limitations are set by the low burnup potential and 
insufficient neutron economy in a thermal spectrum, which require long irradiations, multiple-
recycling, and high fissile loading. In practice, recycling is made difficult because of high 
neutron dose rates and the residence time is limited by helium generation in the fuel. This will 
later impact our choice for reactor system for transmutation purposes. 

TABLE 9  
Effective cross-sections of actinides for thermal systems and fast systems [31] 

Nuclide Thermal spectrum (PWR) Fast spectrum (FBR) 
 σf σc σf/(σf+σc) σf σc σf/(σf+σc) 
 238U 0.10 0.94 0.10 0.04 0.30 0.12 
 237Np 0.52 33 0.02 0.32 1.70 0.16 
 238Pu 2.4 27.7 0.08 1.10 0.58 0.65 
 239Pu 102 58.7 0.63 1.86 0.56 0.77 
 240Pu 0.50 110.6 0.00 0.36 0.57 0.39 
 241Pu 95 36.7 0.72 2.49 0.47 0.84 
 242Pu 0.43 29.0 0.01 0.23 0.44 0.34 
 241Am 1.10 110 0.01 0.27 2.00 0.12 
 242mAm 595 137 0.81 3.30 0.60 0.85 
 243Am 0.44 49.0 0.01 0.21 1.80 0.10 
 244Cm 1.0 16.0 0.06 0.42 0.60 0.41 
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Fig. 9 Variation of fission probability (σf/σa) with energy of some transuranic isotopes 

(ENDF/B-VI). 
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Chapter 3: 
 
Transmutation Strategies 

In this section we shall review the different P&T strategies and discuss their essential 
differences, mainly with respect to the achievable global waste radiotoxicity reduction. 
Numerous evaluations of transmutation scenarios have been performed. Much use has been 
made of available material on the subject with appropriate attribution. A comprehensive 
evaluation of P&T strategies was performed in a recent OECD/NEA study [24]. 

Introduction 
The goal of P&T is to achieve a hundredfold reduction of the radiotoxicity in the medium- 
and long-term (beyond a few hundreds of years), which would considerably ease the 
performance requirements for an underground repository. Most likely an underground storage 
can provide confinement for at least 1000 years, during which the most radiotoxic fission 
products have decayed. The conditions for a hundredfold reduction require management of 
both plutonium and minor actinides. In addition a few long-lived fission products (mainly 
99Tc and 129I) are being considered for transmutation. Although their contribution to the global 
radiotoxicity is small some of them are mobile in the geosphere and may pose a radiological 
hazard under certain repository conditions. Various reactor concepts and fuel cycle strategies 
could be envisaged for transmutation purposes, incorporating both conventional light water 
reactors and fast fission reactors with conventional MOX-recycling and dedicated critical or 
sub-critical reactors with advanced reprocessing schemes. Fig. 10 provides an overview of the 
transmutation scenarios most commonly considered. 
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Fig. 10 Overview of principle fuel cycle scenarios (adapted from OECD/NEA report 
[24]). 

Transmutation of plutonium 
In the once-through cycle (scenario 1 in Fig. 10) the spent fuel is sent directly to long-term 
storage with no recycling (the once-through cycle is in fact not a cycle at all but an open-
ended process). The fissile material content (approx. 1% Pu and 0.8% 235U) and the remaining 
fertile material (238U) are considered as waste and excluded for further use. At present time, 
the once-through cycle is the main alternative for countries in which reprocessing is not 
practiced (for different reasons) such as Sweden, United States, Spain, and Canada. In the 
once-through cycle a geologic waste repository must be provided including demonstration of 
its long-term safety. In this scenario, the transuranic elements dominate the long-term 
radiotoxicity and it takes about 100,000-300,000 years (depending on the level of reference) 
before the radiotoxicity decays to natural levels. 
In a LWR(MOX) recycling scenario, the spent fuel is reprocessed and the uranium and 
plutonium is recovered. In principle, both the uranium and plutonium could be recycled in 
LWRs but in practice, this is done only for plutonium. Nearly all of the uranium recovered 
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from reprocessing is sent into storage because fresh uranium is comparatively cheap and 
depleted uranium (from enrichment processes) is available in large quantities. Besides, the 
uranium recovered from reprocessing is less desirable for reactor use (higher neutron 
absorption and radiation levels) than fresh uranium because of the presence of troublesome 
isotopes like 232U, 234U, and 236U, which necessitates re-enrichment and makes the 
reprocessed uranium more difficult to manage (due to radiotoxic daughters nuclides). Thus, 
nearly all of the uranium recovered from reprocessing remains in storage. After successive 
reactor cycles, the plutonium involved will become depleted in fissile isotopes (239Pu and 
241Pu). Furthermore, the fuel will build-up minor actinides, especially 244Cm, as the irradiation 
increases because of the very low fission probability of fertile isotopes in a thermal spectrum. 
Obviously, this increases neutron emission rates and heat generation levels, which makes the 
fuel more difficult to reprocess with the PUREX method. The reduction of fissile plutonium 
also requires successively increased plutonium concentrations (or alternatively increased 235U 
enrichment) for reactivity compensation in subsequent cycles. But the amount of plutonium in 
the core is limited by reactor safety concerns (e.g., deterioration of moderator coefficient and 
lower delayed neutron fraction). According to one report [36], the plutonium content in a 
standard PWR core must not exceed 12 wt% on similar grounds. While the technical issues 
are important factors, they are not the only ones affecting decisions on plutonium recycling. 
Other subjects which have a critical impact include: environmental concerns, resource 
utilization, waste issues, cost, and proliferation aspects, and these are debated with 
considerable controversy. As of today, plutonium reprocessing operations has not kept pace 
with its use in reactors and this has led to a growing amount of separated civilian reactor-
grade plutonium in storage around the world. According to the Washington based Institute for 
Science and International Security (ISIS) [37], roughly 235 tonnes of separated reactor-grade 
plutonium were available world-wide at the end of 2003, which may be compared with 155 
tonnes of weapon-grade plutonium in military stocks. In the U.S., reprocessing of civilian 
nuclear fuel is not permitted because of proliferation concerns. It is advocated that as long as 
the plutonium remains in the spent fuel, it remains inaccessible and the risk of being used for 
weapons is reduced. On the other hand, this non-separated plutonium, while more 
proliferation resistant than separated, is not permanently inaccessible in the spent fuel. After a 
few hundreds of years, when the fission products have decayed, extraction processes are much 
easier to perform. In terms of cost, the advantages of reprocessing uranium and plutonium are 
reduced need for mining new uranium and decrease in enrichment works. However, there is 
the added cost for reprocessing and also increased cost for fabrication and transportation of 
MOX fuel compared to freshly mined uranium. According to a recent comparative study [38], 
reprocessing and recycling of plutonium in LWRs will be more expensive than direct disposal 
of spent fuel until the uranium price reaches over $360 per kilogram of uranium (kgU), which 
is significantly higher than the current uranium price of $40/kgU. From a waste management 
point of view, the volume of the residual high-level waste aimed for disposal is reduced since 
the uranium and plutonium are separated from the spent fuel, but the effect on the long-term 
radiotoxicity is marginal [35]. For reasons mentioned above, the number of recycles is limited 
to one or maybe two. In the first cycle around 25% of the recycled plutonium may be 
consumed and 10% is transformed into heavier nuclei (Am, Cm, and higher actinides) [24]. 
The use of fast reactors was discussed in the early days of nuclear energy. It deserves to be 
mentioned that the first fast reactor was Clementine, built at Los Alamos in 1946, and the first 
reactor to produce usable quantities of electricity from nuclear energy was the Experimental 
Breeder Reactor I (December 20, 1951). As early as 1944, the plan was to build reactors “to 
breed fissile materials from natural uranium or thorium”, according to minutes from the 
meetings of the “New Piles Committee”, which was formed to explore the peaceful uses of 
nuclear energy in the United States after the second-world war [39]. At that time the main 
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motivation was the limited supply of uranium. It was projected that the number of reactors 
would grow rapidly, and as a result the price of uranium would increase quickly. Since fast 
breeder reactors (FBR) could offer superior usage of uranium resources, representing a 
hundred-fold increase in utilization factor than that of thermal reactors, these were considered 
necessary not to run out of resources very soon. Undoubtedly, the early considerations lay the 
foundation for the nuclear energy research in the United States for many decades ahead and 
influenced the development in many other countries as well. However, uranium turned out to 
be abundant and inexpensive and mastering the fast reactor technology was more problematic 
than expected [40]. In the nineteen-sixties the FBRs were challenged by the cheap and 
technically attractive light-water reactors. Although much research work continued to be 
invested into the breeder technology, the expected transition to FBRs slowed considerably 
and in some cases even halted. In the 1990s, large-scale development programmes on FBRs 
essentially terminated in the United States, France, Britain, and Germany, though some 
longer-term research work continued. Plutonium recovered in reprocessing operations, which 
were initially intended for FBR use, became redundant and was reused in LWRs. More 
recently, as part of the transmutation strategies and the “Generation IV” initiative, and quite 
opposite to the initial purpose of breeding, it is the burning characteristic of fast neutron 
spectrum in which fast reactors see a possible future redeployment. In these new reactor 
strategies, the fast reactor can demonstrate a distinct advantage over the light water reactor. In 
contrast to plutonium recycling in LWRs, which is limited by safety concerns, complete 
plutonium burning is possible by integration of fast reactors. This option could be envisaged 
in special fast burner reactors (FBuR) operated in symbiosis with a park of LWRs. For 
example, in the French CAPRA project, MOX fuel with very high concentrations of 
plutonium oxide (up to 45%) and core designs without blanket region are investigated to 
achieve as high plutonium consumption as possible. However, aqueous reprocessing is valid 
only for MOX fuel with Pu-enrichment below 25%. Any higher Pu-concentrations would 
require the dissolution yield of the PUREX process to be improved or some other 
reprocessing scheme or alternative fuel material is required, e.g. nitride. Although recycling 
of plutonium in LWRs and FRs (with limited plutonium concentrations) is conceptually 
possible with current technology, rapid expansion of a large park of fast reactors is not a 
realistic scenario. It is estimated that 36% of the park power must be produced by fast reactors 
in order to achieve zero plutonium build-up at equilibrium conditions [41]. Capital costs are 
not in favor of FBRs. Traditionally, the estimated FBR/LWR plant capital cost ratio has been 
in the range 1.25-1.50 [42]. Theoretically, if all plutonium would be eliminated (without 
losses) from the spent fuel, the long-term radiotoxicity would decrease by a factor of ten 
relative to the once-through cycle. But in practice, due to the continuous build-up of Am and 
Cm, multi-recycling of plutonium in LWR/FR facilities only reduces the radiotoxicity by a 
factor of five (see Fig. 12) in the time frame >1000 years. Thus, from a radiotoxic point of 
view, multiple recycling of plutonium alone does not qualify as a transmutation strategy. In 
order to reduce further the radiotoxic inventory, it is necessary to recycle also the remaining 
TRU content, i.e. the minor actinides, which is the purpose of the advanced fuel cycle. 

Transmutation of minor actinides 
Recycling of the plutonium is a first, but not sufficient step in a transmutation strategy. Only 
by a fully closed fuel cycle, i.e., close the stream of all transuranic materials (plutonium + 
minor actinides) to the waste, is it possible to achieve a significant reduction (by a factor of 
one hundred or more) of the long-term radiotoxicity (>300 years), which is the main goal of a 
transmutation strategy. The minor actinides considered for transmutation are americium, 
curium, and neptunium. Americium is responsible for the second highest contribution to the 
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radiotoxicity in the spent fuel after plutonium, see Fig. 2. It dominates the radiotoxicity during 
the first 2000 years after discharge and it is produced in large amounts during multi-recycling 
of plutonium. Various types of reactors could be considered for transmutation of minor 
actinides, such as light-water reactors (LWR), fast reactors (FR), and dedicated critical or sub-
critical reactors (ADS), either in homogeneous or heterogeneous mode. In the heterogeneous 
mode the minor actinides are diluted at low concentration in the standard fuel material. In the 
heterogeneous mode the MAs are separated from the conventional fuel and concentrated in 
special fuel elements known as “targets”. 
Generally speaking, addition of minor actinides to the fuel leads to deterioration of the reactor 
safety parameters (less negative reactivity coefficients, lower delayed neutron fraction) and 
degradation of physical characteristics of the fuel (thermal properties, helium generation). The 
addition of americium also decreases the reactivity of the fuel due to higher capture losses and 
hence higher fissile enrichment is required. In a thermal system the introduction of minor 
actinides leads to a less negative moderator coefficient. In homogeneous mode, the MA 
content is restricted to 1% in a MOX-fuelled PWR [31]. Studies have shown that a somewhat 
higher MA content (2%) is possible in high moderation reactors (in which the ratio of 
moderator volume to fuel volume is greater than 3, compared to standard PWR with a ratio of 
2). Heterogeneous recycling avoids dilution of nuclides with high alpha activity in the larger 
volume of spent LWR-MOX fuel, which later complicates chemical reprocessing and fuel 
fabrication operations. From fuel cycle point of view, it is advantageous to confine the 
treatment of the minor actinides to a separate side-stream. Moreover, in heterogeneous 
recycling, the negative effects on the reactor are somewhat reduced, if the targets are placed at 
the core periphery. However, transmutation of americium targets in a thermal spectrum leads 
to formation of 242Cm and 244Cm through neutron capture in 241Am and 243Am, see Fig. 11. 
Since 242Cm decays rapidly (162 days) into 238Pu, the proportion of 238Pu and 244Cm increases 
during successive recycles. Reprocessing and recycling of fuels containing high quantities of 
238Pu and 244Cm is problematic because of their strong alpha activity and neutron emission 
rates. Multi-recycling is not possible with aqueous techniques because of the high density of 
radiation and fuel fabrication operations are made difficult by the need for remote control and 
cooling in shielded compartments. Because of these difficulties the so-called “once-through” 
recycling of americium targets in thermal systems has been suggested. Instead of multi-
recycling, the targets would be subject to a single extended irradiation cycle and then sent for 
disposal. In this case, the incineration rate is limited by the residence time as the fertile 
actinides gradually convert into fissile nuclides. It has been shown that very long residence 
periods are required to achieve a significant americium destruction rate. Since the residence 
time is limited by fuel swelling and cladding irradiation damage, a high incineration fraction 
is not possible with once-through recycling. In principle a high incineration rate is achievable 
in a thermal system through secondary fission reactions [43,44], but in practice the 
transmutation capability is constrained by the performance and safety parameters, such as the 
reactivity swing during burn-up which require very high initial 235U enrichment. 
Transmutation in a thermal spectrum is generally not attractive from neutron-economics point 
of view (since most thermal neutrons are spent on conversion into higher TRU isotopes) and 
due to the much lower fluxes. In a recent IAEA report [35] it was concluded that neither 
conventional nor dedicated transmutation LWRs qualify for transmutation of minor actinides 
on the basis of the reasons mentioned above and other practical considerations. It should be 
noted that even a small amount (1%) of americium in the fuel produces sufficient curium in a 
thermal spectrum to cause serious transportation problems. Preferably, americium 
transmutation should be completed in a fast spectrum with its higher fission-to-capture 
probability, either in a dedicated fast burner or in symbioses with LWRs. It has also been 
suggested that transmutation in a thermal system could serve as an intermediate irradiation 
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step which is later finished in a fast reactor system. Another option, which has received some 
attention, is to use moderated zones of a fast reactor to take advantage of the high thermal 
cross section with the better economy and higher flux of a fast system. 

 
Fig. 11 Reaction path of 241Am and 243Am under thermal neutron irradiation. Of 

importance is the production of 238Pu and 244Cm which increases the radioactivity and decay 
heat of the fuel. The alpha-decay of 242Cm is a source for helium production and swelling of 

the fuel during irradiation. (Reaction path data from [44]). 

It can be noted that all transmutation strategies recycling both MA and Pu in fast-spectrum 
systems (FR and/or ADS) could achieve high reductions (by a factor of one hundred) in the 
actinide radiotoxic inventory compared to the once-through cycle in the time frame of 103-105 
years. This is shown in Fig. 12. In that respect all the strategies are comparable. In practice, 
however, the selection needs to be balanced against the safety, cost-effectiveness, and 
technological feasibility of the systems. Central issues are the reactor safety aspects associated 
with MA-enrichment. Several studies have shown that the addition of minor actinides to the 
fuel leads to unfavourable reactor safety parameters. The effects of most immediate 
importance are: 

• reduced effective delayed neutron fraction (βeff) 
• smaller Doppler coefficient 
• larger positive coolant void- and density coefficient in a liquid-metal cooled reactor 

The Doppler coefficient is of major importance for terminating reactivity driven accidents. 
The effective delayed neutron fraction establishes the margin to prompt criticality (in a critical 
system) and also determines the sensitivity to reactivity changes. The coolant void coefficient 
plays a crucial role in accidents involving coolant expulsion. Needles to say, they are 
fundamental factors in the design and safety evaluation of a nuclear reactor, and in particular 
vital for the safety performance of a critical reactor. Taking the deteriorated safety parameters 
of minor actinide cores into account, it is necessary to limit the MA-enrichment in critical 
reactor cores. With attention to the increase in void reactivity coefficient and decrease in the 
Doppler coefficient, a limit of 2.5%a of minor actinides in MA-MOX fuel is often used for 
sodium-cooled fast reactors [43, 45]. This necessarily calls for a very large power park of fast 
reactors (25-50%) for MA burning at equilibrium [35]. 

aThis is by no means a closed subject. Many design parameters work in combination to make a reactor safe, 
and it is difficult to judge the safety performance simply based on the Doppler coefficient and void coefficient. 
These issues are further discussed in the next chapter (see also Paper 2). Besides the constraints deriving from 
reactor safety considerations, there are other problems related to MA-based fuels. The effect on fuel 
fabrication and reprocessing operations must also take into account the handling problems involved. 
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In order to overcome the safety issues associated with highly enriched MA cores (or MA and 
Pu), accelerator-driven systems (ADS) with a fast spectrum have been proposed. Since these 
systems would operate in a sub-critical mode they could more easily address the adverse 
safety characteristics of MA-based fuels. While a critical system requires a substantial 
fraction of fertile materials in the fuel to ensure acceptable core safety characteristics, 
accelerator-driven systems offer higher flexibility in fuel composition. In the extreme case an 
ADS could permit pure minor actinide fuels (or MA mixed with some Pu). The great 
advantage is that the MA transmutation rate per unit of power is maximised and so the 
fraction of specialised burners can be kept to a minimum. It would also confine the treatment 
of the MA to a small side-stream of the nuclear power park. Hence, the safety performance of 
the conventional reactors need not be affected and the effect on the fuel fabrication and 
reprocessing steps in the main cycle would be minimal. The cost analysis indicates that the 
ADS-based strategies can be made very competitive through minimal usage of innovative 
technology. 
Various fuel cycle strategies could be foreseen involving ADS, FRs, and LWRs. ADSs could 
be used to burn transuranics in a two component strategy (3b in Fig. 10), “TRU burning in 
ADS” or as pure minor actinide burner in the so-called “double-strata scheme” (4 in Fig. 10). 
In the two-component strategy, the FR is replaced by an ADS and the transuranics are 
recycled in a sub-critical burner with a closed fuel cycle using pyrochemical reprocessing 
without MA-Pu separation. This approach was adopted in the USA [46], since it reduces the 
proliferation risk as the plutonium is always together with the minor actinides. Alternatively 
the ADS could operate in symbiosis with LWRs for Pu recycling (not shown specifically in 
Fig. 10). The capability of the latter to burn Pu reduces the LWR-to-ADS support ratio from 
21% (no MOX recycling in LWRs) to 15%. In the double-strata cycle, first suggested in 
Japan in 1984 [47], the ADS would operate together with both LWRs and FRs. In the first 
stratum, plutonium is recycled in commercial LWRs and FRs using conventional reprocessing 
and MOX fuel technology. The MAs (mixture from LWRs and FRs) and some Pu (for 
reactivity management) are later transferred to the second stratum for final destruction. The 
double-strata scheme is sometimes considered to be an evolutionary approach as the fuel 
cycle is basically closed in successive steps, first Pu in LWRs and then in FRs, and last 
MA+Pu in ADS. Economically, it is more competitive since it reduces the number of ADSs 
by a factor of four relative to the TRU burning strategy (without MOX-recycling). The ADS 
support ratio in the double-strata scheme is around 5-10%. It is worth noticing that recycling 
of americium and curium alone could reduce the ADS support ratio even further, as we show 
in Paper II. 
At first sight, the hazard of neptunium evaluated from its radiotoxicity value seems to be of 
little concern. However, the long half life (2.1⋅106 yr) and the build-up with time due to decay 
of 241Am and potential mobility of 237Np in groundwater is of concern for the long-term 
disposal of spent nuclear fuel under certain geological disposal conditions. This can to some 
extent counteract its far lower radiotoxicity and make it a greater risk in the overall risk 
assessment. For that reason many P&T strategies includes Np in the recycling scheme. From 
the global radiotoxicity point of view, however, Np is of little concern. 



 31

 

Fig. 12 Actinide waste radiotoxicity reduction relative to the once-through fuel cycle 
(adapted from OECD/NEA report [24]). 

Transmutation of fission products 
The fission products are small contributors to the radiotoxicity contained in the spent fuel, 
being many orders of magnitude below that of the transuranic elements after a few hundreds 
of years. Thus, from the viewpoint of reducing radiotoxicity, transmuting fission products 
would appear to be of little interest. However, as mentioned before, some fission products are 
mobile in groundwater and therefore can contribute significantly to the surface dose rate 
under certain repository leakage conditions, i.e. groundwater release scenarios. The fission 
products that are relevant in this respect are primarily 99Tc, 129I, 135Cs, 79Se, and possibly 
126Sn, depending on the type of repository considered. It is theoretically possible to transmute 
fission products to shorter-lived or stable nuclides by means of neutron capturea. But, taking 
into account the small neutron capture cross sections for many of the long-lived fission 
products rather long irradiation times are required. Transmutation of fission products is only 
reasonable if the neutron capture cross-section of the targeted isotope is sufficiently high to 
allow transmutation rates which are high in relation to the natural decay [24]. This 
immediately excludes 90Sr and 137Cs for potential transmutation purposes because of their 
short half-life (~30 years) and limited transmutability. The only reasonable route for these 
nuclides appears to be disposal, special separation could be employed to reduce the heat load 
in the repository. 

aIt may be added that, in a quite opposite way to neutron capture, laser-driven gamma generation for photo-
transmutation [49], through (γ,n) reactions, has been demonstrated for transmutation of 129I into 128I (with a half-
life of 25 min). However, the technology is still at the fundamental level and considering the low transmutation 
rate achievable with present-day lasers it is not a realistic alternative for transmutation of industrial quantities. 
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79Se (T1/2=6.5·104 years) and 126Sn (T1/2~1·105 years) are rather long-lived but their capture 
cross sections are very small, and thus the potential transmutation rate is limited. 135Cs is 
long-lived (T1/2~2.3·106 years) and has moderate thermal capture cross-section, but Cs occurs 
in many isotopic forms in the high-level waste and would require isotopic separation to isolate 
135Cs in order prevent neutron capture in 133Cs and 134Cs [35]. This is an unrealistic 
undertaking from an economical and technical point of view. So far, the isotopes that have 
received the highest transmutation priorities, considering both their practical ability to 
transmute and in terms of their potential impact on the long-term radiological risk, are 99Tc 
(T1/2~2.1·105 years) and 129I (T1/2~1.6·107 years). 99Tc is present as single isotopic species and 
can be transmuted into 100Tc, which beta-decays rapidly (T1/2~16 seconds) into stable 100Ru. 
Iodine separated from spent fuel is a mixture of 127I and 129I, but the former is present to an 
extent of 16%, which is tolerable [31]. Hence, 129I can be transformed to 130I, which decays 
with a half-life of 12 h to stable 130Xe. It is noteworthy that reactions involving successive 
neutron capture in 99Tc and 129I will still yield stable nuclides after beta-decay. Although the 
lower flux level in a thermal system is partly compensated by high capture cross sections, 
neutron economy requirements favor the use of fast systems. One must consider that fission 
products act as poisons without compensating neutron production. Fast systems offer better 
neutron economy which can be utilized for transmutation while a LWR system would require 
higher enrichment [31]. An optimal strategy, for transmutation of 99Tc and 129I, is to use 
moderated target assemblies of fast reactors, which could then combine the high flux of a fast 
system with the high cross-sections in a thermal system [48]. 

 

Fig. 13 Transmutation path of 99Tc 

 

Fig. 14 Transmutation path of 129I 



 33

Chapter 4: 
 
Accelerator-driven Systems 

In the previous chapters we have given brief accounts of the spent fuel composition, waste 
management strategies, chemical separation operations, and an overview of various 
transmutation strategies. The purpose was to provide background information on the general 
problems of spent fuel management and to explore possible means for reducing the radiotoxic 
inventory. It was found that the actinides, mainly plutonium, americium, and curium, are 
responsible for the majority of the radiotoxicity and the most efficient way to reduce the 
radiotoxic inventory is to fission them. Of the many transmutation schemes suggested, one is 
recognized as being the most promising: the accelerator-driven system. We shall now present 
the design principles upon which this system is based. The first part provides a brief 
description of the general principles, the remaining of the chapter deals with the safety and 
kinetics performance of ADS. A brief description will also be given of the reliability of the 
accelerator built to provide high-energy protons for the system. 

General principles 
A vital feature of the fission reaction is that it generates neutrons that can cause further 
fission. If the fission reaction repeats itself the process that occurs is called a “chain reaction”. 
The fission chain-reaction is common to all nuclear reactors. If the neutrons from one fission 
cause on the average one more fission a “self-sustained chain reaction” is accomplished and 
the reactor is said to be “critical”. The neutrons in the first fission are said to belong to the 
first generation and the neutrons from the second fission which they caused belong to the next 
generation and so on. The effective multiplication factora, keff, gives the ratio of the number of 
neutrons of one generation to the preceding generation (taking all losses into account): 

 number of neutrons in one generation
number of neutrons in the previous generationeffk =  

It is obvious that a self-sustained reactor will continue to operate at a constant fission rate as 
long as the effective multiplication factor remains unity. If keff is smaller than one, there are 
fewer neutrons produced in each generation than in the previous generation and the reactor is 
said to be subcritical. Without any help from an outside source of neutrons the chain-reaction 
will eventually die. In contrast, if keff is greater than 1, the neutron population will increase 
with or without the presence of an external source, and the reactor is supercritical. It should be 
realized that the value of keff depends solely upon the properties of the reactor core (size, 
shape, material composition, and temperature) not on the characteristics of the source. The 
material composition consists of a mixture of nuclear fuel, coolant, structural, and control 
material. To establish a self-sustained chain-reaction the material must be arranged in a 
suitable configuration of sufficient size and right shape. 
aStatic multiplication factor for a reactor in the eigenstate. The index “eff” refers to the multiplicative properties 
of a reactor of finite size as opposed to the infinite multiplication factor, k∞, assuming an infinite system. The 
latter neglects neutron leakage effects. 



 34

Source multiplication in a subcritical reactor 
In operator formulation, the steady-state Boltzmann neutron balance equation for a subcritical 
reactor including a neutron source reads: 
 ( ) s S− Φ =M F  (1) 

Where F is the fission operator, M is the migration and loss operator, Φs(r,E,Ω) is the angle-
dependent inhomogeneous neutron flux, and S(r,E,Ω) is the independent neutron source. 
From the above neutron balance formulation, it is seen that in a subcritical reactor, fewer 
neutrons are produced through fission (FΦ) than lost (MΦ), and the difference is compensated 
by neutrons from the outside source, S. The fundamental mode flux is defined as: 

 1 0
effk

⎛ ⎞
− Φ =⎜ ⎟⎜ ⎟

⎝ ⎠
M F  (1) 

The subcritical multiplication factor, ks, is defined as the ratio of the fission neutrons to the 
total neutron source as: 
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where < > denotes phase-space integration. Unlike the effective multiplication factor, keff, 
which is a characteristic of the core, the subcritical multiplication factor depends on the 
characteristics of the external source neutrons (spatial position, energy, angular distribution). 
It is a local multiplication factor in that sense that it describes the multiplication of source 
neutrons from the point of where they are inserted. Using the inhomogeneous flux in Eq. (1), 
the fission neutrons per external source neutron can be related according to: 
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The fission power of the inhomogeneous system can be represented as 

 fission f f sP E= Σ Φ  (4) 

Where Ef is the energy recovered per fission. If we now combine Eq. (3) and (4), the fission 
power can be written as: 
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Where the average number of neutrons per fission is defined as 
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Definition of an accelerator-driven system 
Conventional power reactors generally do not require external neutron sources for normal 
operation. These reactors are based on the self-multiplication of neutrons in a critical state. In 
a critical reactor the fission reactions alone are able to maintain a steady-state. In contrast, the 
accelerator-driven system (ADS) is a subcritical reactor driven by an external neutron source. 
The external source is maintained by a spallation neutron target (as explained below) driven 
by a high power proton accelerator thereby the leading adjective “accelerator-driven”. Taken 
by itself, critical or near-critical reactor operation would seem like the optimum solution, 
since it eliminates the need for an external source. But safety and controllability are the main 



 35

issues for the ADS. The main purpose is to minimize the risk for uncontrolled reactivity 
excursions. Among the advantages of subcritical operation is the stable nature of operation, 
increased margin to prompt criticality, and reduced influence of reactivity feedbacks. 

External neutron source intensity 
Spallation is a nuclear reaction that may occur when a high energy particle strikes a heavy 
element, in which the nucleon(s) struck by the incoming particle may collide with other 
nucleons inside the nucleus causing an “intra-nuclear cascade”. In the process, the incoming 
particle may “spall” the target nucleus, breaking it into smaller pieces, releasing protons, 
neutrons and other nuclear fragments. The incoming particle may be a proton, and the target 
material may, for example, be tungsten, lead or lead-bismuth. High-energy secondary 
particles (neutron, protons, or pions) may be knocked out in the initial collision. The 
remaining nucleus is left in an excited state. In the de-excitation process (evaporation stage) 
the nucleus may emit additional nucleons or it may fission. Most of the particles emitted in 
the de-excitation process are neutrons which are emitted isotropically. The neutron yield 
depends on the energy of the incident proton, as shown in Fig. 15. The yield increases almost 
linearly in the range 1-4 GeV. 
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Fig. 15 Spallation neutron yield as function of incident neutron energy (by courtesy of 

P. Seltborg) 

In order to produce a spallation neutron source of sufficient intensity the accelerator must be 
capable of delivering energetic protons at high current. As we saw in the previous paragraph, 
the total system power depends on both the source strength and the multiplication factor. 
Increasing the system power requires either reduced subcriticality or stronger source. To 
reduce the cost of the source it may seem desirable to increase the multiplication. This will, 
on the other hand, reduce reactivity safety margins. The degree of criticality offset is a 
fundamental design parameter of ADS systems. The choice of multiplication involves trade-
off among various design goals such as reactor safety performance, core characteristics, and 
desired power rating, and at the same time remain consistent with current accelerator 
performance and cost goals. For typical industrial-scale ADS designs, it is envisioned that the 
thermal rating would be of the order of 500 MWth to 1500 MWth and employ keff values in 
the range 0.95-0.98. A legitimate question to ask then is what source intensity is required to 
drive this type of ADS? Consider a subcritical reactor operating at steady-state at 800 MWth 
with a keff=0.95. The required source intensity to maintain a fission power of 800 MWth is 
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given by the source multiplication formula (for the sake of simplicity let’s assume that ks is 
close keff which is almost true): 

[ ] [ ]
[ ]

6
18

-10

800 10 W 2.5 neutrons/fission 1 0.95 3 10  neutrons released per second
0.35 10 W s/fission 0.95

S
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Considering that the neutron production rate in 252Cf is 2.3·1012 n/s·gram, the required source 
intensity seems tremendous. The next question that comes to mind is whether an accelerator 
can produce a spallation neutron source of this intensity and what would the resulting beam 
power amount to? As we saw in Fig. 15, the spallation neutron yield depends on the incoming 
proton energy and the yield curve increases almost linearly in the range 1-4 GeV. However, 
most studies suggest optimum proton energy for an industrial ADS plant, in terms of cost and 
system efficiency, somewhere in the range 0.8-1 GeV. At 1 GeV each proton will on the 
average expel 25 neutrons, according to Fig. 15. Thus, the required proton intensity would 
roughly amount to 1.2·1017 protons/sec, which equals a beam current of roughly 20 mA 
(1.2·1017 protons/sec*1.6·10-19 C/proton) or expressed in different units, 20 MW of beam 
power (1·109*1.6·10-19 J/proton*1.2·1017 protons/sec). Although a beam power of 20 MW is 
an ambitious goal (such powerful machines do not exist today), it is not without reach with 
existing accelerator technology. Recent advances in accelerator technology have confirmed 
that a linear accelerator capable of delivering up to 100 MW at 1 GeV is a relatively direct 
extension of existing technology. Well-supported designs for this class of accelerator were 
completed several years ago at Los Alamos National Lab [50]. So the answer to the last 
question is: -Yes, high power proton accelerators can be built and they can be used to produce 
neutron sources of very high intensities, sufficient to drive an industrial sized ADS. The beam 
power required will be in the range 10-30 MW. 
As a comparison, around one tonne of 252Cf would be necessary to deliver similar source 
intensities. The annual sales of 252Cf is less than 100 mg with a cost around $60/μg (CRC 
Handbook, 2004-2005), and it would decay with a half-life 2.6 years. The heat generated in 
this source would be close to 30 MW. Thus, the neutron intensity required for an industrial 
ADS plant is well beyond the capabilities of any radioactive-decay type of source. It should 
be clear at this point that only a spallation neutron source driven by a high-power proton 
accelerator can produce neutron intensities of sufficient strength. 

Safety features of uranium-free cores 

Delayed neutron fraction 
Just as most fission neutrons appear instantaneously in the fission reaction, it happens that a 
few neutrons are released in the subsequent radioactive decay of certain fission products. 
These neutrons are referred to as delayed. Although the fraction of delayed neutrons in the 
reactor is small in comparison with the total number of neutrons, their presence is extremely 
important for the control of the chain reaction. The time delay for the delayed neutron 
emission is essentially determined by the time it took to undergo beta decay for the specific 
parent nuclei (e.g. delayed neutron precursor). The precursor nuclei usually disintegrates 
within a minute after fission (the longest-lived delayed neutron precursor has a 54-second 
half-life). If the delayed neutrons are considered along with the prompt neutrons, the weighted 
mean lifetime of all neutrons is considerably longer (~10 sec) than the prompt neutron 
lifetime (~1·10-6 sec in fast spectrum). Without the contribution from the delayed neutrons the 
reactor period following reactivity insertion (and removal) would be very small. 
Since the isotopic fission yield will vary for different isotopes, the decay scheme leading to 
delayed neutron emission will be isotope-dependent. The two main delayed neutron 
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precursors are 87Br and 137I. One may recall that these nuclides have similar mass numbers as 
the two peaks in the fission-yield curve. The average number of prompt neutrons released in 
the fission event is denoted νp and the corresponding yield of delayed neutrons is νd. The 
delayed neutron fraction, β, then appears as: 

 
d

p d

νβ
ν ν

=
+  

In TABLE 10 we have tabulated prompt neutron yield, delayed neutron yield, and delayed 
neutron fraction characteristic for some principle fuel isotopes. The nuclides are listed in 
order of decreasing delayed neutron fraction. As noted by Keepin [51], the delayed neutron 
yield tends to increase with increasing number of neutrons for a given element, but decrease 
with increasing number of protons. This regularity is not that surprising since the fission yield 
of the most important delayed neutron precursor, 87Br, decreases with increasing mass 
number. The formation of 137I is roughly constant, however. Also the prompt neutron yield, 
νp, tend to increase with increasing mass number, which lowers the β value even further. The 
effect is particularly pronounced in 241Am and 244Cm. The delayed neutron yield in 238U is 
about 7 times larger than 239Pu and for that reason it may contribute significantly in an FBR 
although its fission rate is lower (238U may contribute with around 10% of the fissions). The 
dependence of the delayed neutron yield on the initiating neutron energy appears to be small 
up to 4 MeV [52]. The variation of the number of prompt neutrons emitted in fission is also 
small up to a few hundred keV, but increases thereafter. Therefore the energy dependence of 
the delayed neutron fraction is not very pronounced up to a few hundred keV. In general the 
isotope dependence of the delayed neutron precursor decay constants is not strong. 

TABLE 10  
Comparison delayed neutron yield (νd), prompt neutron yield (νp), and delayed neutron 

fraction (β) for thermal induced fission (ENDF/B-VI.8). 
Nuclide th

dν  
th
pν  β 

238U 0.0440 2.45 1.77% 
242Pu 0.0197 2.79 0.70% 
235U 0.0167 2.42 0.69% 
241Pu 0.0162 2.93 0.55% 
237Np 0.0108 2.63 0.41% 
240Pu 0.0090 2.79 0.32% 
243Am 0.0080 3.26 0.24% 
239Pu 0.0065 2.87 0.22% 
245Cm* 0.0064 3.59 0.18% 
238Pu 0.0042 2.89 0.14% 
244Cm* 0.0044 3.24 0.13% 
241Am 0.0043 3.23 0.13% 

  *JENDL 3.3 data 
Since the difference in the excitation energy and the neutron separation energy in the delayed 
neutron emitter is normally much smaller than in the prompt neutron emitter (i.e. direct 
fission product), the delayed neutrons are generally emitted with a much smaller average 
energy than prompt neutrons. Whereas the average fission neutron energy is roughly 2 MeV, 
the delayed neutrons are born at energies around (~0.5 MeV). This is illustrated in Fig. 16 for 
the thermal fission of 239Pu. 
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Fig. 16 Delayed neutron spectra vs. prompt neutron spectra for thermal neutron induced 

fission in 239Pu. Delayed neutron spectra is the weighted average of all six delay groups. 

As the delayed neutrons emerge at lower energies than prompt neutrons, they are subject to 
different absorption, leakage, and neutron production properties. A more refined 
representation of the delayed neutron fraction, that takes into account the emission spectra 
influence, is the concept of the effective delayed neutron fraction, βeff,. The effective delayed 
neutron fraction can be interpreted as the number of delayed neutrons inducing fission in the 
system compared to the number of all neutrons inducing fission [53]. Depending on the core 
characteristics this value may be smaller or larger than the actual delayed neutron fraction. 
TABLE 11 gives the β and βeff, values for some oxide fuels of principle interest in a sodium 
cooled fast reactor. The table is extracted from Paper II. As can be observed, the effective 
delayed neutron fraction is 14% smaller than the delayed neutron fraction for the conventional 
fast reactor fuel (U0.8Pu0.2). This is the usual situation in fast reactors as the delayed neutrons 
are emitted with average energies below the fast fission threshold in 238U (~1 MeV). The 
prompt neutron yield also decreases with energy, which further reduces the efficiency of 
delayed neutrons and suppresses the βeff. Note that the relative drop in βeff strongly increases 
with the addition of americium. For the fuels containing 30% Am, the effective β is 30-35% 
lower then the physical β. This is an effect of the higher capture probability of delayed 
neutrons in americium, as compared to prompt fission neutrons. Although the presence of 
uranium may contribute to some degree to the physical β, it has a limited effect on the 
effective delayed neutron fraction. TABLE 11 shows that even with 50% 238U in the fuel, the 
βeff remains at 200 pcm. Not only does americium posses a low physical β, it reduces the 
advantage of adding uranium to the fuel. The effective delayed neutron fraction for the 
uranium-free zirconium-matrix fuel containing plutonium and americium is in the range 140 
to 200 pcm, which is about half the value for the conventional FBR, and about a fifth the 
value for a LWR. Clearly, such a low beta value leaves a very small margin to prompt 
criticality. This feature combined with the enhanced neutron-kinetics response that follows 
with a small βeff would make critical reactor control very difficult. 
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TABLE 11  
The delayed neutron fraction (β) and the effective delayed neutron fraction (βeff) for some 

oxide fuels in sodium cooled reactor. Results reproduced from Paper II. 

 

Void reactivity 
Considerable attention is given to the reduction of the coolant void worth in current ADS 
designs. Coolant voiding could introduce reactivities that may override the subcritical 
reactivity for certain combinations of fuel and liquid-metal coolants [54]. It was shown in 
Paper II that the void reactivity effect increases with the americium content. The use of lead-
bismuth yields lower void worths than sodium for a wide range of fuel types and core sizes 
[55, 56]. The low void worth and high boiling point in comparison with sodium are principal 
advantages that favour the selection of lead-bismuth, see Paper IV. The higher sodium void 
worth is partly due to its higher moderating power, which causes a larger spectrum shift 
during voiding. In general, hardening of the neutron spectrum and increased neutron leakage 
are the two dominating physical phenomena contributing to the void reactivity effect in 
liquid-metal cooled reactors [57]. Hardening of the spectrum leads to a positive reactivity 
effect due to an increase in the fission probability and an increase in the number of neutrons 
released per fission (see Fig. 9) while increased leakage gives rise to a reactivity loss since 
more neutrons may escape the core. Lead-bismuth void worths for a molybdenum-based 
Ceramic-Metal (CerMet) fuel, a magnesia-based Ceramic-Ceramic (CerCer) fuel, and a 
zirconium-nitride based fuel are reported in Paper II. For convenience, these results are 
tabulated in TABLE 12.. 

TABLE 12  
Lead-bismuth void reactivity worth (in pcm) computed for the examined fuels in various 

lattice configurations. Results adapted from Paper II. 
P/D=1.50, 

Do=5.7 mm 
P/D=1.75, 

Do=5.7 mm 
P/D=1.50,

Do=6.8 mm
Fuel 

Core Core+
plenum Core Core+

plenum Core Core+
plenum

CerCer 4060 1790 5300 2300 4570 2250 
CerMet 2460 220 3580 470 2990 520 
Nitride 2960 680 4150 880 3610 1080 

 
The effect of changing the core size and pin diameter is shown. The negative leakage 
component tends to decrease with increasing reactor size, while the spectrum hardening effect 
increases for higher coolant volume fractions. The net effect is that the void effect becomes 
more positive when the core size increases. The calculations indicate an increase in void 
worth for larger pin diameters. The effect of separately voiding the core region and plenum 
region was investigated. The spectral contribution to the void reactivity is closely related to 
the flux spatial distribution (and the spatial distribution of the adjoint flux) and is usually 
more positive near the center of the core, while the leakage component is more negative near 
the edges where the flux gradient is stronger. As a result, expulsion of coolant from the 
central region results in a positive reactivity gain. However, if the plenum region is voided 
simultaneously, the reactivity effect may decrease considerably. Evidently, the CerMet fuel 
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offers low void worths. For tight lattice configurations with this fuel, even central voiding can 
be accommodated. The void worth of the CerCer core is considerably higher than the CerMet 
and nitride. The reason is the larger core size (more fuel pins) of the CerCer core, which is an 
effect of the lower linear rating requirement of this fuel. It is noted, however, that all three 
fuels provide acceptable Lead-bismuth void values when the core and plenum is voided 
simultaneously. 

Doppler coefficient 
The presence of a strong Doppler effect produced by resonance absorption in 238U greatly 
contributes to the stability in thermal reactors as well as fast reactors. If in a power transient 
the temperature should increase, the Doppler feedback provides a prompt negative reactivity 
reduction. The Doppler broadening of resonances follows the fuel temperature 
instantaneously (increases as the temperature of the fuel rises, making fewer neutrons 
available to continue the chain-reaction). The Doppler effects is especially valuable under 
super prompt critical accidents, in which it will advance the shutdown process and thus reduce 
the energy release and limit the destructive force on the containment [58]. Its effectiveness in 
terms of “turning around” prompt-critical transients in the fast reactor was experimentally 
demonstrated in the SEFOR reactor tests [59]. The effect of uranium and americium content 
on the Doppler constant was investigated in Paper II for oxide fuels in a sodium-cooled core. 
It was found that the Doppler constant decreases drastically with increasing Am-content. The 
relatively high capture cross section of americium in the energy range of 10-500 keV leads to 
a decrease in Doppler feedback. As shown in figure 1, the capture cross section of 241Am is 10 
times higher than that of 238U in the important energy range. 241Am exhibits no sharp resolved 
resonances above 100 eV and thus, in a fast spectrum there are few exposed resonances. Not 
only is 241Am a poor resonance absorber in itself, it prevents absorption in other possible 
resonant absorber nuclides, like 238U or 240Pu. Even with a large fraction of 238U in the fuel, 
most captures will take place in 241Am, at energies above the resolved resonance region. It is 
evident that the Doppler effect will be very small in fuels containing high concentrations of 
241Am. 
In the absence of a prompt negative reactivity feedback mechanism when passing through 
prompt criticality, the power will essentially continue to rise until the fuel vaporizes, which 
will disperse the core and eventually bring the reactor below critical. Consequent hazards are 
potential damage to the containment, internal structures, and heat-removal equipment. The 
absence of a significant negative Doppler effect requires greater care in the design to prevent 
accidents that might lead to prompt-critical conditions. For an ADS, the built-in subcritical 
margin is the first step in this direction. Other means include minimization of material 
reactivity potentials. To some degree thermal expansion of fuel can compensate for a small 
Doppler coefficient in a fast reactor, but it is not as reliable or as prompt as the Doppler effect. 
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Fig. 17 Capture cross sections of 238U and 241Am as function of energy (ENDF/B-VI) 

Clad reactivity 
Significant amounts of reactivity could be inserted if molten cladding would be ejected into 
the coolant and swept upwards out of the core. The effect is important if the cladding leaves 
the core ahead of the fuel. It is most likely to be associated with undercooling events if the 
cladding melts. Phenomenological studies of sodium systems [60] suggested that major clad 
relocation was not to be expected due to sodium-vapor streaming effects (which is the result 
of an alternating flooding and bypass process of sodium vapor in the channel). This may not 
be the case for a lead/bismuth-cooled reactor since clad melting will advance lead-bismuth 
boiling. On a longer timescale, positive reactivity could be inserted because of dissolution of 
structural materials in lead-bismuth. The reactivity effect of removing the cladding from the 
core is presented in Paper I. It was found that cladding removal leads to a net positive 
reactivity insertion around 3000 pcm. This value was more or less the independent of the fuel 
type. Use of a thinner cladding could further reduce the positive reactivity effect, but it would 
also degrade mechanical strength. 

Fuel relocation and recriticality 
Reactivity might be introduced in a fast spectrum reactor if the fuel would collect in a denser 
configuration. Such redistribution of the fuel might result from a meltdown accident or 
structural collapse of the core. Fuel densification essentially allows fewer neutrons to leak out 
of the core. This is a fundamental distinction between reactors operating on a fast neutron 
spectrum and thermal systems. The latter is arranged in nearly an optimum configuration to 
maximize neutron multiplication and any change to the configuration will shut down the 
chain reaction. By comparison, if the core of an ADS melts the issue of recriticality must be 
addressed. The recriticality problem is aggravated by the lack of a negative Doppler effect. 
Neutronic calculations were performed in Paper I to determine critical fuel geometries. These 
results are shown TABLE 13. The critical mass is sensitive to the material composition 
(additions of steel, neutron absorbing materials, reflective conditions, etc.) and the fuel 
geometry. Calculations for standard fast reactor fuel (U0.8Pu0.2O2 surrounded by Na) were 
also performed to enable comparison. It is seen that the critical mass of the minor actinide 
fuels is quite small in comparison with standard fast reactor fuel, however, variations occur. 
The nitride fuel has the smallest critical mass (70 kg), which is approximately 20 times 
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smaller than classical MOX-fuel surrounded by sodium. This corresponds to the fuel mass 
contained in three subassemblies (127-pin bundles). The critical mass of the CerMet fuel is 
340 kg, which is a factor of 5 larger than the nitride fuel. The critical mass of the CerCer fuel 
is somewhat smaller than for the CerMet. Clearly, an ADS core contains sufficient fuel to 
assemble several critical masses. About 69 critical masses were calculated for the nitride core 
while the oxide cores contain 18 critical masses each. By comparison, Super-Phénix held 
about 17 critical masses. Given that the total fuel mass in the French reactor is about 4 times 
larger than for the present ADS cores, a direct comparison is not appropriate. Based solely on 
the critical mass, it would seem desirable to use a neutron absorbing matrix material, such as 
molybdenum or magnesia. However, the recriticality question is complex and in comparison 
with fast reactors, the behavior of an ADS under these conditions is not well known. It is 
possible that the recriticality problem may be relaxed in lead-bismuth system where the fuel 
would tend to rise and possibly disperse at the surface rather than collect at the bottom. 
Moreover, the enhanced fission gas retention in americium based fuels may also provide a 
natural dispersive mechanism, although this remains to be demonstrated. The critical size of 
the fuel is merely one element affecting the recriticality potential. 

TABLE 13   
Critical mass studies for simple fuel geometry* 

Fuel Critical mass
(kg) 

Critical volume
(dm3) 

Reactor total 
(critical masses) 

CerCer 290 47 18 
CerMet 340 33 18 
Nitride 70 9 69 
Super-Phénix 1370 130 17** 

 *Cylindrical volume element (H/D=1) surrounded by lead-bismuth. 
 **Based on (U0.8Pu0.2)O2, 3000 MWth (23 tons of fuel). 

Motivation for subcritical operation 
The reactivity burnup swing influences the safety characteristics in many aspects. A low 
burnup reactivity swing lowers the power peaking during burnup and minimizes the built-in 
excess reactivity for burnup compensation. In an ADS it reduces the proton beam current 
capability. In a recent design study of a lead/bismuth-cooled ADS [61] it was shown that 
initial plutonium loading around 40% and 60% MA may provide optimum internal conversion 
and thus minimum reactivity swing when approaching equilibrium. It is then of interest to 
determine whether or not such a fuel could be operated in a critical mode. The previous 
analyses indicate that the addition of minor actinides to a fast spectrum reactor lowers the 
Doppler coefficient and reduces the effective delayed neutron fraction. Critical fast reactors 
rely heavily on the delayed neutrons and on the Doppler effects to achieve smooth power 
control during normal operation and protection against severe reactivity insertion accidents. In 
addition, the void reactivity effect becomes increasingly positive in uranium-free and liquid-
metal cooled minor actinide cores, especially using sodium coolant. 
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The possibility of operating a uranium-free minor actinide oxide fuel in a sodium cooled fast 
reactor was investigated in Paper II. The analysis took advantage of a balance-of-reactivity 
approacha as suggested by Wade and Fujita [62] to determine the asymptotic core outlet 
temperature rise following unprotected transient events (loss-of-flow, loss-of-heat-sink, 
transient overpower). The method is useful to extract passive safety trends for slow transients 
(equilibrium conditions) from a quasi-static balance of all reactivity coefficients (Doppler, 
axial expansion, radial expansion, and sodium density). In the case of a total loss-of-heat sink 
accident, it was found that the minor actinide core featured a distinct positive inlet 
temperature coefficient. While structural expansion feedback was similar in the conventional 
core and the dedicated core, the dedicated core presented a marked positive void coefficient 
together with a non-existing Doppler effect. A positive inlet temperature coefficient is 
unacceptable from a passive safety viewpoint since it will eventually drive a sodium cooled 
core to boiling. The calculations also indicated a low value of the maximum acceptable 
reactivity insertion (dictated by the resulting increase in core outlet temperature), which 
effectively limits the control rod worth to a small value, a complication which is of practical 
importance. From these survey analyses it appears that operation of a critical uranium-free 
minor-actinide core would be difficult. It should be recognized that the survey analysis did not 
consider fast reactivity insertion transients, in which a critical minor actinide core would 
perform poorly due to the small effective delayed neutron fraction and weak Doppler effect, 
as discussed in a later section. 
From an inherent safety standpoint, the Nuclear Regulatory Commission (NRC) requires [63] 
that “The reactor core and associated coolant systems shall be designed so that in the power 
operating range the net effect of the prompt inherent nuclear feedback characteristics tends to 
compensate for a rapid increase in reactivity.” In a conventional metal or oxide sodium-
cooled design ($3 to $5 voiding worth) with a nominal Doppler coefficient (around -0.5 
pcm/K), the Doppler feedback is sufficient to retard the reactivity addition to avoid super-
prompt criticality for a boiling initiator [64]. Clearly, compensating reactivity at this level will 
be difficult to achieve in a sodium-cooled minor actinide based core. In the preliminary safety 
evaluation report of the PRISM design [65], the commission issued the following statement 
“The existence of a positive sodium void coefficient, or any reactivity feedback effect that 
tends to make a postulated accident more severe, is a significant concern”, which indicates the 
great importance attached to this issue. 
With a subcritical reactor, one can adjust the initial level of subcriticality with regards to the 
void value and thus prevent progression into prompt critical conditions in voiding scenarios 
(one may note that there are other ways of voiding the reactor besides coolant boil-out). In 
that case the probability for core disruptive accidents could perhaps be made sufficiently low 
(<10-6 per reactor-year) to be excluded in the formal licensing process, similar to the approach 
adopted in the design and licensing of the FBRs [66]. 
 
 
 
 

aAs cautioned by Wade and Fujita, the quasi-static reactivity balance approach is a blunt method to obtain 
precise safety data and cannot be used to extract transient effects. The list of design variables would also have to 
include power and flow distributions in the reactor, the pump flow coast-down characteristic, the reactivity 
feedback coefficients (Doppler, axial exp., radial exp., coolant density), the corresponding core pressure drop, 
and in the long term, the decay heat removal performance is important and the natural circulation capability. 
However, the conditions considered in the reactivity balance proved to be useful to evaluate safety trends in the 
frame of modular-sized liquid-metal cooled reactor concepts and the issue here is whether similar characteristics 
could be achieved in sodium-cooled minor actinide cores. 
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Responsiveness of the ADS 
The kinetics behaviour of an ADS differs substantially from a conventional (critical) reactor. 
The critical operating state represents a sensitive balance between the production rate of 
neutrons through fission and the neutron loss rate (through absorption and leakage) and a 
relatively small off-balance in these two quantities can lead to large deviations in the fission 
rate. In contrast, a subcritical reactor is inherently stable to reactivity changes within the 
subcritical range or changes in the external neutron source. If a subcritical reactor is subject to 
a change in the strength of the external source, or a change in reactivity within the subcritical 
range, the neutron population will adjust to a new stationary level. This is quite the contrary 
of critical reactors. In the absence of reactivity feedbacks the response in a critical reactor will 
either diverge exponentially or decay to zero depending on the sign of the reactivity 
disturbance. In the response to a reactivity insertion accident this feature provides to a distinct 
safety advantage over critical reactor operation, distinguished by high operational stability 
and additional margins for positive reactivity insertion. An example is shown in Fig. 18a for a 
linear reactivity-ramp-induced transient ($1 in 1 sec.) in a lead-bismuth cooled critical reactor 
and in similar reactors made subcritical by -1β, -5β, and -10β. The cores (800 MWth, 
βeff=0.19%, MA-oxide fuel) are identical except for the initial reactivity. The reactivity 
feedbacks consist of coolant density (+0.53 pcm/K), axial fuel expansion (-0.28 pcm/K), 
radial core expansion (-1.0 pcm/K), and a small Doppler effect (-0.05 pcm/K). The increase in 
power is significantly weaker in the subcritical systems. The closer to criticality, the larger the 
power increase. For the power to double in a subcritical reactor, half of the reactivity required 
for criticality must be added. In response to negative reactivity feedbacks, however, 
subcritical operation is less favourable since the power will not drop as much as in a critical 
reactor. In Fig. 18b, an unprotected loss-of-flow is exercised for the same cores (featuring 
overall negative feedbacks) as in the previous example, which shows that the influence of 
such feedbacks will be much smaller in an ADS compared to any critical system. 
Critical systems rely on delayed neutrons and smoothly varying feedbacks to level out 
reactivity disturbances. Since the operating point of a subcritical reactor is largely offset from 
prompt criticality both the delayed neutrons as well as reactivity feedbacks have a weak 
influence on the kinetics behaviour. The response is dominated by the prompt neutrons which 
follows the external neutron source. Hence, the time constant of change is essentially 
determined by the prompt period. Thus source changes and reactivity changes lead to abrupt 
power changes in the subcritical reactor. Delayed neutrons play an increasing role when the 
system approaches critical conditions. It should also be recognized that, an almost critical 
reactor behaves, for all practical purposes, nearly like a critical reactor. The essential 
difference is that for keff > 1, power continues to rise; for a reactivity increase that leaves keff < 
1 the power stops rising at a level that depends on reactivity. 
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  (a) (b) 

Fig. 18 Relative power vs. time following (a) linear reactivity-ramp insertion ($1 in 1 
sec) and (b) unprotected loss-of-flow in subcritical systems and critical system. 

Accident performance 

Transient computational modelling 
The SAS4A/SASSYS-1 [69] computer code is applied to the analysis of accident sequences. 
A detailed description of the SAS code is outside the scope. However, a brief background and 
overview of the basic features is provided in Appendix B. The primary system includes 
models of the core, primary pumps, shell side of the steam generators, connecting piping, and 
compressible pool volumes with cover-gas surfaces. Reactivity feedbacks are calculated for 
coolant expansion, fuel elongation, radial core expansion, and Doppler effect. Changes in 
power level are computed with point kinetics theory. The performance of the point kinetics 
approximation for transient analysis of ADS’s is discussed in Paper III and found adequate 
for similar problems. 

Accelerator beam overpower 
In an ADS, the traditional reactivity based shutdown system is replaced with a beam 
regulating system that controls the intensity of the external neutron source. The magnitude of 
the external neutron source is adjusted by changing the proton beam intensity. It is relevant to 
consider system disturbances in which the source strength suddenly changes. This could for 
example happen due to a control system failure, accelerator malfunction, or operator error. It 
may be noted that the source strength in an ADS may change abruptly while transients in a 
traditional reactor are limited by mechanical speeds. Since the prompt adjustment time in an 
ADS is very short (tens of Λ), the power will instantaneously respond to any source variation, 
which permits accidents with very short initial ramp times in comparison with transients in 
critical reactors. No safety system can act instantaneously; there are always time delays 
involved. For a traditional safety rod based shutdown system, there is typically a 200 ms 
delay from detection to control rod motion [70], and then an insertion time of the order of a 
second. This is fast enough to detect all accident initiators identified for fast reactors [71], 
which always appear as gradual changes. A beam overpower accident, however, can produce 
a considerable power change before the malfunction has been detected. Hence, failure 
prevention should be precluded by the design, and not simply rely on proper control system 
action. 
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Fig. 19 compares the response in a sodium cooled and a lead-bismuth cooled ADS when the 
external source strength is multiplied by a factor of 2 (see Paper IV). The ramp is initiated at 
t=1 second and halted at 1.001 seconds. The source is held constant thereafter. The fuel is 
diluted in zirconium oxide (Pu/TRU ratio is 0.4). The initial keff is 0.97 and the beta effective 
is 0.2%. The P/D ratio is 1.50 for the case shown. Following the initial jump the power 
changes as a result of reactivity feedbacks. The steam generators are assumed to remove heat 
at a rate of nominal power, resulting in increasing core inlet temperature as the transient 
proceeds. Coolant void reactivity feedbacks contribute to the course of the accident by adding 
reactivity. The void value for the sodium core is 6500 pcm ($32.5) and in the case of Pb/Bi it 
is 3700 pcm ($18.5). Differences in transient behaviour between lead/bismuth and sodium 
result primarily from the difference in boiling point and void reactivity effect. Coolant density 
changes provide modest changes in reactivity compared to the full void reactivity effect, 
which may introduce significant positive reactivity values. This causes the reactivity insertion 
rate to be considerable larger in the sodium-cooled core. Void generation, and thus positive 
reactivity insertion, is abrupt in the vicinity when boiling starts. Sodium boiling begins at the 
core outlet and develops axially downward. In the sodium-cooled core, the void effect adds 
enough reactivity to bring the reactor to a prompt critical state, with possible severe safety 
consequences. The small negative reactivity feedback associated with the Doppler effect does 
not influence the course of the accident, which is contrary to the situation in a boiling 
transient in a conventional FBR. Prompt critical conditions are established about 400 seconds 
after accident initiation. Large positive reactivity insertions are potentially possible due to 
lead/bismuth voiding as well. But the high boiling temperature for lead/bismuth (1943 K) 
compared to sodium (1154 K) makes voiding less probable even though there are other ways 
of voiding the coolant besides boiling, i.e. large scale steam generator failure or possibly 
sudden gas release from ruptured pins. The results point to a distinct advantage of using lead-
bismuth as coolant. 

 
Fig. 19 Comparison of a beam overpower accident for sodium cooled and lead-bismuth 

cooled ADS. 
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Unprotected loss-of-flow 
The safety performance of a lead-bismuth cooled ADS in response to unprotected loss-of-
flow is investigated in Paper I. The results are presented here in a condensed form. The 
studies encompass three inert matrix fuel systems: a molybdenum-based Ceramic-Metal 
(CerMet) fuel, a magnesia-based Ceramic-Ceramic (CerCer) fuel, and a zirconium-nitride 
based fuel. Major plant specifications are presented in TABLE 14. A pool system is used to 
take advantage of a simple tank design and to avoid any nozzles and pipes of a loop system. 
Due to high corrosion activity, coolant temperatures and velocities are limited. The coolant 
flow velocity in the pin bundle is limited to 2.5 m/s and the reactor inlet temperature is set at 
573 K. Lead-bismuth is chemically inert with water/steam. Hence, a two-circuit system is 
utilized, with the steam generator located in the primary system, which simplifies the overall 
plant design and reduces the cost. The primary system includes four centrifugal pumps (two 
for each loop) and four steam generators (two for each loop). Based on a seismic analysis, a 
vessel height of 10 m is selected. The separation distance between the core midplane and the 
thermal center of the steam generators is 5.5 m. The pump design includes flywheels to 
prolong the coast-down time in the event of a loss of pumping power accident. 

TABLE 14   
ADS plant specifications 

General 
 Type of plant 
 Reactor power 
 Coolant 
 Reactor inlet temperature 
 Coolant inlet velocity 

 
Pool type 
800 MWth 
LBE (44.5%Pb+55.5%Bi) 
573 K 
2.5 m/s 

Reactor vessel 
 Height 
 Diameter 
 Wall thickness 
 Weight (incl. coolant) 

 
10 m 
6 m 
13 cm 
~2500 ton 

Primary system 
 Steam generators 
 No. of pumps 
 Pump mass of inertia 
 Distance between thermal 
 centers of core and SG’s 

 
4 (integrated) 
4 
400 kg·m2 
5.5 m 

 
It is assumed that all primary pumps are tripped in conjunction with failure of the shutdown 
system, i.e., the proton beam remains on. It is further assumed that the heat rejection system 
maintains core inlet temperature at the pre-transient value. During the transition to natural 
circulation condition, the flow rate is determined by the inertia of the pump and the thermal 
buoyant drive, which is counterbalanced by the system pressure losses. The pump moment of 
inertia has been optimized to soften the cladding-heating rate following pump trip. In 
principle, slower cladding heating rates and longer grace periods can be achieved with ever 
increasing pump inertia. There are, however, operational problems associated with high 
inertia pumps that impose an upper limit on the pump mass. Besides mechanical problems on 
the pump shaft, an adverse negative effect is sluggish speed control. In a controlled shutdown 
event, it is desirable to match the flow and power to avoid thermal cold shock in reactor 
components. This problem is of particular concern for ADS’s because of the possibility for 
frequent beam interruptions, as discussed in Paper VI. Therefore, a balance must be struck in 
the selection of the flywheel size. The pitch-to-diameter (P/D) ratio and the pin diameter are 



 48

design parameters. The reference configuration uses a P/D equal 1.50 and a pin diameter of 
5.72 mm. In a second configuration, the P/D value is increased to 1.75 by changing the pin 
pitch. In a third modification, the pin diameter is increased to 6.8 mm while holding the P/D 
ratio at 1.50. Matrix fractions are adjusted to obtain an initial keff equal 0.97 and a radial peak-
to-average power ratio factor of 1.3. The βeff is around 180 pcm for all three fuels. The 
plutonium fraction is fixed at 40% Pu and 50% MA. Because of lower thermal conductivity, 
the CerCer fuel is required to operate at lower linear powers; 25 kW/m compared to 35 kW/m 
for the CerMet and the nitride fuel. The calculational model used in this study employs two 
thermal-hydraulic channels. One channel represents an average pin within the core and a 
second channel represents the hottest pin in the core (with a power peaking factor of 1.3). The 
fuel-cladding gap conductance model accounts for gas conduction, radiative heat-transfer, 
surface roughness, and differential thermal expansion of fuel and cladding during transient 
conditions. Reactivity feedbacks are calculated for coolant expansion, fuel elongation, radial 
core expansion, and Doppler effect. Maximum temperatures during transients are determined 
and compared with design limits. Preliminary design limits are listed in TABLE 15, with 
detailed motivation given in Paper I. Si-modified 15-15Ti austenitic stainless steel (Phénix 
type) is the reference cladding material [72, 73]. 

TABLE 15   
Summary of thermal limits for fuel and cladding. 

Component Failure temp. (K) Failure mechanism 
Fuel 
 CerCer 
 CerMet 
 Nitride 

 
2200-2300 
2640 
2400 

 
Eutectic melt 
Oxide melting 
AmN dissociation 

Cladding (type 15-15Ti) 
 Surface (steady-state) 
 Midwall (steady-state) 
 Midwall (transient) 

 
840 
920 
1330 

 
Corrosive thinning 
Creep rupture 
Mech. burst limit 

 
Fig. 20a shows the coolant flow rate and the power history for a core configuration with pitch-
to-diameter ratio equal 1.75. It is seen that the natural circulation flow reaches a quasi-steady 
value of 23-27% of initial flow at 50-60 seconds after the pump trip. The power decreases 
steadily during the entire transition to natural circulation conditions. Reactivity feedbacks are 
illustrated in Fig. 20b. For simplicity only the case with CerCer fuel is shown. All three cores 
feature overall negative temperature-induced reactivity feedbacks. Reactivity feedback from 
radial expansion of the core is the dominant negative feedback mechanism – it contributes 
about minus one dollar at equilibrium conditions. Axial fuel expansion reactivity differs 
somewhat between the fuels. As the coolant temperature increases it produces a positive 
reactivity effect. The resulting reactivity increment due to coolant expansion amounts to 
+0.5$ for the CerCer core and +0.4$ for the nitride. The coolant reactivity is however 
exceeded by the reactivity losses due to radial expansion and fuel elongation. The positive 
coolant expansion effect is largely compensated by the negative feedback from fuel 
elongation. The Doppler effect is insignificant. The overall effect of the reactivity feedbacks 
is not great, however. The power falls to approximately 95% of the initial value of 800 MWth 
when equilibrium is reached. The power response behaviour is similar among the cores. 
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  (a) (b) 

 
  (c) 

Fig. 20 Transient results for an ADS subject to unprotect loss-of-flow. (a) transient 
power and flow (b) associated reactivity feedbacks for the CerCer fuel (c) cladding 

temperatures. 

The immediate effect of the flow reduction is a temperature rise in the coolant, and this in turn 
leads to higher cladding and fuel temperatures. Coolant boilout is not an issue with 
lead/bismuth. The primary concern is whether the cladding exceeds design limits. Lower 
cladding temperatures are promoted by higher coolant volume fractions. Larger distance 
between the fuel pins reduces the core pressure drop and in turn increases contribution from 
natural circulation. As a result, less forced flow is lost in a pump failure event. A comparison 
of cladding temperatures for these cores corresponding to P/D=1.50 and P/D=1.75 is shown in 
Fig. 20c. Cladding temperature is highest for the CerMet and nitride cores because of their 
higher power rating. The burst temperature for the cladding is 1330 K, as shown in TABLE 
15. Thus, for the smaller pitch design, the cladding exceeds the failure point within 30-40 
seconds after pump failure, which leaves small safety margins. On the other hand, increasing 
the P/D ratio to 1.75 reduces cladding temperatures by more than 200 degrees. In that case, 
early cladding failure can be avoided. It is noted however, that a safe state cannot be assured 
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indefinitely. The burst limit is applicable in transients in which the cladding is heated, without 
interruption, until failure. Thermal creep rates increase rapidly at high temperatures. Based on 
creep rupture data for D9 alloy [75], the lifetime at 1280 K is in the minute-scale. Thus, 
damage prevention will eventually require the need for shutdown and restored cooling 
capability. Maximum fuel and cladding temperatures as function of pitch-to-diameter ratio 
and pin diameter are presented in TABLE 16. Since the fuel temperature increases along with 
the coolant temperature, the potential for fuel damage must also be considered. The 
temperature of the CerMet fuel reaches 2120 K for the reference configuration (P/D=1.50 and 
D0=5.7 mm), which corresponds to a margin to melting of 500 degrees. The nitride fuel, 
which has lower thermal conductivity than the CerMet fuel but smaller gap size, is slightly 
colder (2080 K) leaving a margin to dissociation of 320 degrees. The CerCer temperature 
reaches close to the damage limit for the same configuration. Increasing the pin diameter 
should be considered in this case. 

TABLE 16   
Peak fuel and cladding temperatures at a time t=100 seconds during unprotected loss-of-flow 

transient as function of P/D and pin diameter. 
P/D=1.50 

Do=5.7 mm 
P/D=1.75 

Do=5.7 mm 
P/D=1.50 

Do=6.8 mm Fuel 
Fuel Clad Fuel Clad Fuel Clad 

CerCer 2160 1330 2130 1160 1970 1200 
CerMet 2120 1490 2030 1280 1920 1340 
Nitride 2080 1490 1980 1280 1920 1340 

 

Coolant voiding 
Extensive voiding in a liquid-metal reactor (LMR) may be caused by a leak in the primary 
system, sudden release of fission gases, failure in the heat-transport system that causes gas 
bubbles to enter the coolant, or coolant overheating and vaporization. Usually, LMR plant 
designs are arranged with backup protection to mitigate the impact of vessel leakage or 
rupture, to the degree that large-scale loss-of-coolant accidents (LOCA) are extremely 
unlikely. Pool systems typically have a second guard vessel, and loop systems are normally 
double pipe and tank designs. Since the liquid-metal coolant is not pressurized under normal 
operation, a leak in the primary system will not automatically result in coolant boiling, as 
opposed to the situation in LWR’s. In a sodium-cooled reactor, voiding may arise due to 
boiling out of coolant. This is prevented in a lead-bismuth system. In order for the lead-
bismuth to get hot enough to boil (Tb=1940 K), temperatures have to be above the melting 
point of steel (Tm=1700 K). In that case, much larger reactivity changes may become 
available due to fuel or cladding relocation. Coolant can be expelled by the rapid escape of 
fission gases from ruptured fuel pins. Fission gas release is of concern for unvented and high 
burnup ADS fuels. Another possible mechanism for coolant voiding, without the precondition 
of steel melting, is the possibility of entrainment of air into the core from the cover gas region 
or steam/water during a failure in the steam generator, i.e., a so-called steam generator tube 
rupture (SGTR) event. In sodium plants, intermediate sodium-loops are introduced as a 
second physical barrier to minimize the consequences of SGTRs and to avoid violent 
chemical reactions between water and sodium in the primary system. Because lead/bismuth is 
chemically inert with water/steam, two-circuit designs are suggested, with the steam 
generators located in the primary system. In such designs, there will only be one barrier to fail 
in order to get high-pressure steam into the primary system. It is noted that the pressure on the 
steam side can be as high as 100-150 bars and low pressure on the metal side, about 1 bar. 
Thus, a significant head is available to push steam into the primary system or cause 
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overpressurization in the circuit, which could open further leakage paths. Normally, steam 
generator tube failures have a high enough probability occurrence to be considered in the 
licensing procedure. It is noteworthy that a steam-generator failure was the cause of a LOCA 
and radioactive contamination in a Russian lead/bismuth-cooled nuclear submarine in 1982 
[76]. 
Results for a transient test case study of a postulated steam generator tube rupture event 
leading to extensive cooling voiding were presented in Paper I. The core model and fuels are 
the same as the previous study of the unprotected loss-of-flow event. In the following 
analysis, it is assumed that that the coolant is swept upwards through the core, beginning at 
the lower cold-leg region, and the void front moves at the average coolant velocity through 
the core (2.5 m/s). Since the total height of the core plus plenum regions is 2.5 m, the passage 
occurs in 1 second. The transient calculation uses a reactivity history based on progressive 
axial voiding of the core. It is assumed that the void spreads axially and simultaneously in all 
subassemblies. The reactivity effect, as function of axial void level, is illustrated in Fig. 21a. 
Note that the reactivity effect is strongest for the CerCer fuel and most positive when the core 
has been voided up to slightly below the top of the active fuel region. The reactivity insertion 
rate is highest at core midlevel. As a coincidence, the maximum reactivity insertion due to 
coolant void corresponded to the initial subcritical reactivity of the CerCer core. 

   
  (a) (b) 

Fig. 21 Transient results for a postulated steam generator tube rupture accident. (a) 
shows the reactivity effect ($) following progressive axial voiding of coolant beginning at the 

lower plenum.transient power. (b) Illustrates the transient power for the same accident. 

The resulting power history is presented in Fig. 21b. The steam bubble reaches the lower 
plenum at 1 second after the steam generator failure. Initially, the bubble passage produces a 
negative reactivity effect due to increased neutron leakage, as the lower plenum is voided 
first. The power will find its peak as the reactivity reaches its maximum. The reactivity at 
peak power, is –0.2$, -12.3$, and –6.8$, respectively for the CerCer, CerMet, and nitride 
cores, the corresponding peak power is 15.3, 1.3, and 2.1, times the initial power. The power 
rise in the nitride and CerMet fueled cores is quite modest. The CerCer core, on the other 
hand, suffers from a sharp power peak. Except from coolant void, axial fuel expansion is the 
only feedback effect that has some impact on the transient. At peak conditions, the 
contribution from axial expansion provided an extra reactivity margin, which was sufficient to 
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maintain the reactor in the subcritical state, thereby limiting the magnitude of the peak. Radial 
core expansion is too slow to be of any significance. It was found that the flux shape in the 
voided state was similar to the initial shape, and power peaking factors were even lower. The 
power rise is halted when the void has extended to the top of the core and begins to void the 
upper plenum region. Judging from Fig. 21b, voiding of the upper plenum plays a vital role in 
reversing the accident. It is assumed that the beam is shutdown after 2 seconds. 
Due to the strong positive reactivity effect, the CerCer system is subject to a sharp power 
peak, while the power rise in the nitride and CerMet fueled cores is quite modest, which 
simply confirms the importance of a having a low coolant void reactivity value in a 
lead/bismuth system, despite of its high boiling temperatures. 

Safety performance in super-prompt critical transients 
Even if the probability for prompt critical transients can be made very low, the safety analyses 
usually require them to be investigated. Considering the high reactivity potentials available by 
core compaction (see TABLE 13) it is always possible to postulate an accident that will 
proceed into a prompt critical state. The resolution for the large FBR’s was to demonstrate a 
low energetic potential (within the capabilities of the containment) of such accidents [66]. The 
large oxide cores relied on the presence of a strong Doppler effect to limit the energy yield 
(and pressure buildup) in a prompt critical reactivity transient. In such cores, the negative 
reactivity is provided by the Doppler broadening of resonances in primarily 238U resulting in a 
relative increase in resonance capture over resonance fission. Since the Doppler effect is 
inherent in the fuel, the feedback mechanism is completely passive. The resulting reactivity 
effect is applied immediately since the Doppler broadening occurs simultaneously with the 
temperature change. As is well-known, the Doppler effect is small for fuels dominated by 
MA. Hence, the prompt negative effects, might be insufficient to stop an excursion before 
energetic disassembly occurs. Here we treat a classical problem of reactor excursions, induced 
by a rapid reactivity ramp in systems with different prompt negative feedbacks. It may be 
postulated that the accident is caused by a loss-of-coolant (e.g. as a result of a major break in 
the primary system) and that some fuel is melted and the core collapses by gravity forming a 
supercritical configuration (traditional Bethe-Tait scenario). 
Fig. 22 illustrates the essential characteristics of the transient in a MA-fueled ADS. The 
results are compared with calculations for a conventional sodium-cooled and MOX-fueled 
fast reactor (U0.8Pu0.2) presented in the same graph. Consider at first the ADS with initial 
keff=0.97. The transient is driven by a linear reactivity insertion, 100 $/s (0.167 Δk/s), a value 
which is frequently related to core compaction/meltdown phenomena. It is further assumed 
that this reactivity ramp continues unterminated. The value for the Doppler constant 
(T*dk/dT) as well as the effective delayed neutron fraction are chosen to simulate the 
conditions in the respective cores. The Doppler constant in the fast spectrum MA core 
(Pu0.4Am0.6) is taken as 2.0·10-4 with a βeff=0.167 %. The Doppler constant for the oxide fast 
reactor is 8.1·10-3 (see TABLE 11), which is about 40 times larger than the MA core. The 
corresponding ramp rate for the fast reactor is 50 $/s since the effective delayed neutron 
fraction (βeff=0.34 %) is about two times larger than the MA core. The Doppler effect 
contribution is assumed proportional to 1/T, as in the case of large oxide-fueled fast reactor, 
where T is the average fuel temperature in the core. As comparison the Doppler coefficient 
decreases somewhat faster with temperature (T-3/2) in the smaller, highly enriched FR’s. For 
the LWR’s it approaches T-1/2. The fuel heat-up is treated for the simple case of adiabatic 
boundary conditions for any additional heating above steady-state levels. This is a reasonable 
approximation considering the overall speed of the transient. The steady-state operational 
power density is ~1.3 W/mm3, which is fairly typical for the FBR as well an ADS employing 
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oxide fuel. During the transient, around 86% of the additionally produced  fission energy is 
deposited in the fuel (~8% of the heat is deposited outside the fuel and 6% appears as decay 
heat which is not immediately affected by the transient). For simplicity, equal prompt neutron 
generations times (Λ=0.81 μs) are applied for both cores. Reactivity contributions from core 
disassembly are not treated. The reactor behavior is described by the standard point kinetics 
equations with six delayed neutron groups coupled with a temperature dependent Doppler 
feedback. 

 
Fig. 22 Effect of Doppler feedback on prompt critical transients induced by a reactivity 
ramp insertion. Transients initiated from operating conditions in a conventional fast reactor 

with a large Doppler constant (T*dk/dT=8.1·10-3) and an ADS (keff=0.97) with a small 
Doppler feedback (T*dk/dT=2.0·10-4). Core disassembly is neglected. 

In the fast reactor the reactivity quickly reaches a prompt critical state. Prompt criticality is 
established around 20 ms after the onset of the transient. It follows that the power increases 
rapidly at first. However, as the temperature in the fuel increases, the negative Doppler 
feedback compensates the ramp-induced reactivity; this causes a decrease in reactivity and a 
corresponding power reduction. In the example given, the fast reactor is superprompt critical 
for 6 ms in connection with the first pulse. After the power is reduced, the rate of reactivity 
reduction by Doppler feedback slows down while the ramp drives the reactor to prompt 
criticality again, allowing for a second power surge. This causes the familiar damped 
oscillation in reactor power, where the maxima and minima occur when the reactivity passes 
through β. As the oscillations die-away, in the given example, the reactivity finds a balance at 
a level slightly below β. Since the Doppler effect contribution decreases with temperature 
(1/T dependence), the power tends to increase with time, but at a much slower rate than if the 
Doppler effect had not been present. It should be noted that progression with ever increasing 
power is physically unrealistic. At some point the ramp is terminated and the excursion is 
turned around by fuel displacement, possibly involving some vaporization. As first discussed 
by Bethe and Tait [67], rapid fuel motion is resisted by inertial effects and this may prolong 
the shutdown process, in which additional energy can be produced to enhance the very fast 
excursion. Under these conditions the Doppler effect is very effective [58], by reactivity 
reduction to subprompt critical values resulting in substantially lower energy releases. 
The transient in the ADS is quite different according to the magnitude of the Doppler 
reactivity effect and the level of subcriticality. Since the reactivity in the ADS starts at a low 
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value (-$18.5), the power increases slowly initially. Prompt criticality is reached at 195 ms. 
Because of the weak Doppler feedback the reactor settles on a fast period above prompt 
critical ($1.4). As can been seen from the figure, the Doppler effect has an overall small effect 
on the transient. While no attempt has been made to calculate the disassembly process in this 
study, it is well-known [58] that a small Doppler can pose a serious threat to the containment 
structure in a maximum accident. At this point, it may be added that core disassembly 
generally starts when fuel boiling begins. The energy released during core disassembly is 
sensitive to the fuel boiling point [68], which may differ between the investigated fuels, but 
depends also on the fuel temperature at the start of the excursion. Higher starting temperature 
together with a low Doppler coefficient generally causes a reduction in the energy release as 
less reactivity is inserted [58]. One may realize that, starting from a highly subcritical state, 
the additionally produced heating during the subcritical reactivity insertion phase will cause 
higher fuel temperatures at the start of the excursion. Thus, subcriticality may in principle 
advance the shutdown process and limit the energy release. Nevertheless, it was found that for 
the rapid reactivity ramp (100 $/s) the fuel temperature rise prior to approaching prompt 
criticality was rather small ( ~ 170 KfTΔ ). Hence, the majority of the temperature rise occured 
in the prompt critical burst which suggests that the potential benefit may be small for rapid 
reactivity ramps (~100 $/s). The subsequent fuel displacement would then mainly occur 
during the excursion phase and hence differences in the Doppler feedback plays a crucial role. 
It was found that the subcriticality is more effective in raising the starting temperature for 
slower reactivity ramps. For example, a reduction of the ramp rate from 100 $/s to 10 $/s 
increases the average fuel temperature by ~2700 K at the onset of prompt criticality. 
Longitudinal thermal expansion of the fuel column is a second feedback effect that may 
contribute with negative reactivity in a fast power excursion. This was not taken into account 
in the examples presented above. In most cases, fuel expansion may be considered as a 
prompt reactivity effect, although it is subject to certain time delay conceivably of some 
importance under disassembly conditions. It is a neutron leakage effect caused by a change in 
fuel density. Expansion coefficients for a standard MOX-fueled fast reactor and MA oxide-
fueled ADS were calculated in Paper II. It was found to be similar for both cores and equal to 
-0.2·10-5 Δk/T. This number refers to uniform temperature increase and axial expansion 
throughout the reactor. It is calculated for the intact core. Hence, it is well-defined during the 
startup period of the accident, but could be very misleading during the excursion phase 
involving partial melting. A partly melted core cannot be expected to possess the usual 
negative reactivity feedbacks from solid fuel expansion, so direct application to the meltdown 
problem may not be applicable. It is still of some interest to investigate the basic influence, 
partly due to its traditional usage in fast reactors. It may be noted that, thermal expansion 
effects were frequently included in the prompt excursion analyses of the early fast reactors 
(GODIVA, Fermi, EBR-I and EBR-II). These small and highly-enriched reactors essentially 
relied on this mechanism for early shutdown. Its effect on the present cores is illustrated in 
Fig. 23. Apparently, when axial expansion is included in the feedback description the 
characteristics of the transient are quite similar in the fast reactor core and the ADS. The 
essential difference is then the timing of the prompt critical burst. The results indicate that 
axial fuel expansion can stabilize a prompt critical accident in the ADS. But, a word of 
caution is added as the results are based on the simplified assumption of axial expansion 
reactivity feedback calculated for an intact core and as being proportional to the temperature 
rise during the entire accident. 
To summarize, the analyses add to the statement that Doppler feedback in the typical minor 
actinide fueled ADS is too small to influence the development of a prompt critical accident. 
For slower reactivity insertions, subcriticality could possibly facilitate faster shutdown, but 
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may be less effective for fast insertions. To some degree axial expansion of the fuel can 
compensate for a small Doppler coefficient, but it cannot be considered as reliable as the 
Doppler effect in the general case. It depends on the engineering design and is subject to 
uncertainties in the thermo-mechanical behaviour of the fuel and overall conditions in the 
core. 

 
Fig. 23 Prompt critical transients in a conventional fast reactor and ADS (keff=0.97) with 
axial expansion reactivity feedback included from the beginning through the entire transient. 

Computational performance of the point kinetics method 
The so-called “point kinetics approximation” is a widely used method for performing 
preliminary analyses of dynamic phenomena in nuclear reactors. It has been extensively 
applied for the transient design analysis of existing reactors and it forms the basis of many 
transient analysis computational codes. It is based on kinetics theory developed for critical 
reactor studies. While the utility of the point kinetics methodology for critical reactor analysis 
is well known, its applicability to source-driven subcritical systems is subject to investigation 
[77, 78]. Because the neutron balance equations that describe the response in source-driven 
reactors are fundamentally different from the problem characterizing critical reactors, it has 
been suggested [79] that the point kinetics technique may be inappropriate for ADS studies; it 
is nonetheless very popular and often used for analysing such systems. The computational 
performance of the point model in its application to ADS was investigated in Paper III. 

Point kinetics theory 
The point kinetics equations were first derived by Henry [80]. Their limitations and 
capabilities for critical reactor analysis have been investigated in great detail [81-83]. The 
purpose behind the formulation of the kinetics equations is to derive a lumped model that 
describes the change in the average level of the flux, i.e., the integral of the neutron flux over 
the energy and the spatial domain. The point-kinetics equations for a source-driven system are 
derived in Appendix A. The equations are obtained by recasting the time-dependent diffusion 
(or transport) equation into: 
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The above equations are usually referred to as the “point kinetics equations” or sometimes the 
“exact point kinetics equations” in a way to distinguish them from the simplifying 
assumptions applied in the point kinetics approximation. The new quantities, β, Λ, ρ, s, and ck 
that emerge in point kinetics equations are integral quantities and they arise only in the 
derivation of the point kinetics equations (more rigorous definitions of these quantities are 
given in Appendix A). This is realized since the basic time-dependent neutron diffusion 
equations do not involve these concepts. As pointed out by Ott [52], that as long as the exact 
definitions are applied in the calculation of the kinetics parameters (that implies full solution 
of the space-energy-time problem), the point kinetics equation is exact and completely 
equivalent to the basic, time-dependent diffusion (or transport) equation, but in a different 
form. This is true for critical as well as for subcritical systems. The error is introduced when 
an approximate representation of the time-dependent flux shape, e.g., the point kinetics 
approximation, is applied. In that case, a prefixed shape representation of the flux is used 
throughout the entire transient, only the “level” of that flux shape changes, i.e., first-order 
perturbation theory approach. 

Computational model 
Numerical testing was performed with coupled core dynamics calculations using the 
SAS4A/DIF3D-K code [84], see also Appendix B. The “exact” results are obtained from a 
direct numerical solution of the time-, space-, and energy-dependent multigroup diffusion 
equation. The direct solution is used as a standard of comparison for the point kinetics 
solution. One advantage of using the SAS4A/DIF3D-K program for the current task is that the 
direct solution method and the point kinetics procedure are implemented within the same 
code. This makes it straightforward to compare the underlying methods without worrying 
about consistency among different computational procedures and models. For example, the 
initial steady-state solutions, cross sections, thermal- and hydraulics treatments, and model 
specifications are all identical. More detailed specifications of the computational methods 
involved are given in Paper III. 
The test model used in the present study is based on a previous OECD/NEA benchmark 
model [85]. The model pertains to an accelerator-driven, lead-bismuth cooled, and minor-
actinide loaded transmuter core. The core consists of a central lead-bismuth target region and 
a homogenized fuel region surrounded by radial and axial reflectors (70% steel and 30% 
coolant). 114 fuel assemblies are included in the hexagonal-z representation; Fig 1 contains a 
plan view of a one-sixth symmetry section of the core. The height of the active core is 100 
cm. The fuel consists of 2/3 minor actinides and 1/3 plutonium with a ZrN diluent; 
(Pu0.1,MA0.2,Zr0.7)N, where MA represents minor actinides such as Np, Am, and Cm. Fuel 
compositions correspond to plutonium discharge from UOX-fueled LWRs mixed with MA 
from a “double strata” strategy. Start-up core loading is used in the simulations. The fuel is 
further diluted with 71% ZrN. 
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Fig. 24 One-Sixth Core Subassembly and Channel Assignment. 

Numerical results 
Numerical solutions for three different categories of transients were analyzed. The test 
problems pertain to accident-type events in ADS’s. The first category concerns alterations of 
the proton beam intensity, i.e., changes in the magnitude of the external neutron source (the 
spatial and energy distributions for the source neutrons are invariant). Secondly, localized 
reactivity insertions were examined. Finally, a flow reduction event is analyzed. The total 
power is extracted as a function of time, i.e., fission power plus decay power, as obtained in 
the direct solution and in the point kinetics solution. The transients are followed for 20.0 
seconds. We further perform calculations at different subcritical levels, i.e., keff values, to 
reveal any trends concerning performance characteristics. The initial effective multiplication 
constant is altered by changing the concentration of fuel diluents (ZrN). It will provide 
information on the numerical accuracy of the point kinetics solution as function of the level of 
subcriticality. 
For accidents involving external source perturbations (both the source overpower transient 
and the source trip transient) the point method provided extremely accurate results. In fact, the 
results are indistinguishable as illustrated in Fig. 25a and Fig. 25b. The maximal deviations 
are 0.2% and 0.9% for the source overpowers and source trip transients, respectively. 
Maximum deviation occurs shortly after the source has been fully inserted/removed, followed 
by better agreement from that point and forward. Deviation from the point kinetics solution is 
an indication of flux shape changes. An external source perturbation, by itself, does not affect 
the reactivity. Hence, the only source for spatial distortion is due to reactivity feedbacks. The 
good agreement implies that the thermal feedbacks are small and/or distributed such that no 
noticeable flux deformation develops. Based on these results, it is expected that source 
disturbances can be described accurately by point kinetics. 
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  (a) (b) 

  

  (c) (d) 

Fig. 25 Source overpower transient problem (a). Source trip transient (b). Reactivity 
insertion near core-center for cases with initial keff=0.9356 (c) and keff=0.9558 (c) and 

keff=0.9746 (d). 

Next, we consider the effect of local reactivity insertions, i.e., transients in which the point 
treatment is expected to be a poor approximation. It is assumed that a fuel subassembly is 
fully withdrawn at initial conditions and subsequently drops into the core during operation. 
Despite the somewhat remote likelihood of this scenario, it is useful for evaluating the 
performance of the underlying kinetics methods. The effect of reactivity insertion is 
investigated at two different positions; in one instant we move a subassembly close to core-
center (subassembly no. 4 in accordance with the core map in Fig. 24) and in a second study it 
is inserted close to the core boundary (subassembly no. 16). The reactivity worth of the fuel 
subassembly near the core-center is approximately $13 and $4 for the subassembly at the core 
boundary. It is assumed that the region representing the absent subassembly is occupied with 
coolant at initial conditions. It is well known, from critical system analysis that for local 
reactivity insertion events, using the point kinetics technique to calculate the response can 
lead to significant errors. This is because the basic assumption is that the flux shape remains 



 59

constant. Comparison with the exact results shows that this is indeed the case. The point 
approximation severely underestimates the excursion for the case that is closest to the critical 
state, shown in Fig. 25d, but the results indicate better precision at lower keff levels, Fig. 25c. 
While the amount of reactivity insertion is essentially the same for all test configurations, it 
appears as if the flux spatial distortion decreases when the system is more subcritical. This 
behavior seems reasonable considering the reduced sensitivity to reactivity inputs in the 
subcritical state. When the fuel subassembly falls into the reactor, the neutron flux increases 
near this location due to a local increase in the fission rate. In the near-critical reactor, the 
neutrons are strongly multiplied, and the increase in the fission source produces a local 
deformation of the flux shape. In a deeply subcritical core, the neutrons are weakly multiplied 
therefore; the insertion of the subassembly has an overall smaller effect. Due to this lower 
sensitivity, flux distortions following a reactivity disturbance diminish as the keff decreases. In 
TABLE 17, the relative root-mean-square (RelRMS) deviation of the local peak-to-average 
flux (for all three-dimensional spatial nodes) with respect to the initial distribution is 
presented. Obviously, the RelRMS variation of the flux shape decreases as the core 
multiplication constant decreases, which gives further support to the previous argument. 

TABLE 17   
Relative root-mean-square (RelRMS) difference of the peak-to-average flux distribution with 
respect to the initial flux distribution following insertion of the subassembly near the core-

center. 

Initial 
keff=0.9356

Initial 
keff=0.9558

Initial 
keff=0.9746

1.2 0.9% 1.0% 1.2%
1.4 1.8% 2.2% 2.6%
1.6 2.8% 3.4% 4.1%
1.8 4.0% 4.7% 5.7%
2.0 5.2% 6.2% 7.4%
3.0 5.2% 6.3% 7.8%

20.0 5.4% 6.6% -
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and p is the local peak-to-average flux in each node. The subscript 0 denotes the initial state. 

Concluding remarks on the point kinetics approximation 
The results indicate that the point kinetics approximation is capable of providing highly 
accurate calculations in subcritical systems. The results suggest improved precision at lower 
keff levels. The reduced sensitivity to system reactivity perturbations in a subcritical state 
effectively mitigates any spatial distortions. Because a source-driven subcritical reactor 
approaches a stationary state (in response to source or reactivity changes), the error of the 
point kinetics method becomes essentially bounded. Prompt adjustment of the flux shape 
prevails since the delayed neutrons are less influential (in a critical reactor the delayed 
neutrons tend to retard the shape transition). In general, the flux shape in a fast neutron 
spectrum shows strong space-time coupling, i.e., local perturbations will quickly spread 
throughout the reactor. This is usually attributed to the relatively large mean free path of fast 
neutrons and to the comparatively compact core size of a fast reactor. All together these 
characteristics are favorable from a point kinetics view of application to fast spectrum ADS 
systems. 
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Accelerator reliability 
In accelerator-driven system designs, the neutron source is the controller of the chain reaction. 
Power fluctuations caused by accelerator beam interruptions (trips) enforces thermal 
transients to structures. Multiple shutdown events may result in thermal fatigue [86], which 
can cause premature failure. This problem is of particular concern for ADS’s because of the 
possibility for frequent beam interruptions. ADS applications impose a new requirement on 
the design and operation of high-power proton accelerators, namely that of extremely high 
reliability of the beam. 
Paper VI examines the reliability and availability of the proton accelerator facility at the Los 
Alamos Neutron Science Center (LANSCE). Beam trips and failure causes were collected 
based operational data records, accelerator logbook and beam monitor data. Mean Time 
Between Failure and Mean Down Time estimates are obtained for typical accelerator 
components. The availability is expressed as the ratio of the achieved beam time to the 
scheduled beam time. Reliability has to do with the number and durations of beam interrupts 
in that interval. It is typically determined by the mean time between failure and the mean 
down time of a trip. In the case of thermal cycling the reliability to beam trips and fluctuations 
has a critical influence. The LANSCE system is a linear proton accelerator. The accelerator 
delivers two proton beams at 800 MeV: the H+ and the H- beam. The H+ beam may deliver 
1.25 mA current (routine operation is at 1 mA) and the H- beam delivers 70 µA. Each injector 
system includes a 750 keV Cockcroft-Walton type generator. Both ions are accelerated 
simultaneously in one and the same structure. The low energy section of the accelerator is an 
Alvarez Drift Tube Linac (DTL). The drift tube linac accelerate the protons from 750 keV to 
100 MeV. The high energy section is a Side Coupled Linac (SCL). The SCL may accelerate 
protons up to 800 MeV. After acceleration the H+ and H- beams are separated and divereted 
into different target areas. 
Beam operational data is reported in Fig. 26. The reliability of the H+ and the H- beams are 
investigated separately. The analysis considers scheduled accelerator operation of the H+ 
beam for 1997 and of the H- beam for 1996 and 1997. From the figure it is obvious that the 
accelerator is exposed to many beam trips with short duration. The main cause for failure is 
electric breakdown in the high-voltage column of the injector. The characteristic of injector 
failure is short outage time, often in the order of 15-20 seconds, the time it takes to reset the 
trip and re-energize the generator. The annual interrupttion rate in the LANSCE linac is 
typically on the order of 104 per year. But that includes many interruptions of very short 
duration. Most of these trips are momentary effects, for which the beam has to be interrupted 
only for a very short period, while the offending system is restored to operation by automated 
recovery systems. Interruptions with duration shorter than 1 second are not detrimental 
because the thermal transients in the reactor are then very small. This leaves perhaps 103 
annual interrupts of duration longer than 1 minut, which require some kind of operator 
intervention. What beam trip rate is the maximum acceptable limit for a high power 
subcritical reactor? If we compare the above performance data with an average of 2-3 
unscheduled shutdowns per year in LWRs, the necessary reliability improvement appears to 
be tremendous. On the other hand, if the maximum acceptable trip rate can be relaxed to 10-
100 trips/year, the goal seems to be more realistic. One should take into account that current 
operating proton linacs were designed with high beam availability as a key goal, but the 
frequency of beam interrupts was not a major issue. 
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Fig. 26 Beam failure statistics of the LANSCE accelerator facility 
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Conclusions 

The thesis analysed and discussed the safety performance of accelerator-driven nuclear 
reactors, with emphasis on design features and safety characteristics under normal operation 
and hypothetical accident sequences. The studies concerned mainly lead-bismuth cooled 
accelerator-driven reactors operating on a fast neutron spectrum and employing transuranic 
fuel. Major consideration was given to the potential threat of coolant voiding. The thesis 
examined the performance of the point kinetics approximation in subcritical systems and also 
included a study of the proton beam reliability in accelerator facilities. 
The ADS is a non-self-sustaining, subcritical reactor driven by an external neutron source, 
whose kinetics characteristics differ significantly from conventional (critical) nuclear reactors. 
The critical operating state represents a sensitive balance between the production rate of 
neutrons through fission and the neutron loss rate and a relatively small off-balance in these 
two quantities can lead to large deviations in power. In contrast, a subcritical reactor is 
inherently stable to reactivity changes within the subcritical range or changes in the external 
neutron source. Under such conditions, the neutron population will adjust to a new stationary 
level. In the response to a reactivity insertion accident this feature leads to a distinct safety 
advantage over critical reactor operation, distinguished by high operational stability and 
additional margins for positive reactivity insertion. In response to accidents featuring negative 
reactivity feedbacks, however, subcritical operation is less favourable since the power will not 
drop as much as in a critical reactor. 
Given a uranium-free fuel based on minor actinides, the inherent core safety characteristics 
deteriorate. Parametric analyses indicate that the addition of minor actinides to a fast spectrum 
reactor lowers the Doppler coefficient and reduces the effective delayed neutron fraction. 
Critical fast reactors rely heavily on the delayed neutrons and the Doppler effect to achieve 
smooth power control during normal operation and protection against severe reactivity 
insertion accidents. In addition, the void reactivity effect becomes increasingly positive in 
uranium-free and liquid-metal cooled minor actinide cores, especially using sodium coolant. It 
thus appears that operation of such cores in a critical state would be very difficult. The 
specific studies of transient operating characteristics and unprotected accident sequences 
indicate that lead-bismuth cooled accelerator-driven reactors can be effective in addressing 
the low effective delayed neutron fraction and the high coolant void reactivity that comes with 
the minor actinide fuel. Here, the elementary factor in preventing supercritical excursion is the 
built-in subcritical margin. Adjustment of the initial level of subcriticality with regards to the 
magnitude of the inserted reactivity provides an effective means to overcome the deteriorated 
effective delayed neutron fraction and the high void value. 
The situation with the absent prompt negative Doppler feedback is more complicated. In a 
conventional fast reactor, the Doppler effect is especially valuable under super prompt critical 
accidents, in which it will advance the shutdown process and thus reduce the energy release 
and limit the destructive force on the containment. The first counteractive measure would be 
to somehow preclude accidents that might lead to prompt-critical conditions from beginning. 
Obviously, adjustment of initial subcriticality is a step in the right direction. Minimization of 
the intrinsic reactivity potentials is a second step to preclude prompt critical conditions. Other 
means could involve adjustment of the fuel design and composition or changes in the 
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geometrical arrangement of the core to minimize the risk for core compaction and 
accommodate early dispersal mechanisms. But even beyond such measures, a large negative 
Doppler effect or some other inherent prompt negative feedback mechanism might ultimately 
be considered necessary to assure public safety even in the extremely unlikely event of core 
disruptive accident. Considering the large reactivity vested in a minor actinide core it is 
always possible to postulate an accident that will proceed into prompt critical conditions, that 
is a principal difficulty. 
The thesis further underlined the importance of a having a low coolant void reactivity value in 
a lead-bismuth system, despite the high boiling temperature of the coolant. A steam generator 
tube rupture event was identified as a potential threat, which could lead to extensive voiding 
in current accelerator-driven design proposals. The design studies found favorable inherent 
safety features for a molybdenum-based Ceramic-Metal (CerMet) fuel. Detailed analyses 
found that the point kinetics approximation is capable of providing highly accurate transient 
calculations of subcritical systems. The results suggest better precision at lower keff levels, 
which is an effect of the reduced sensitivity to system reactivity perturbations in a subcritical 
state. It is recognized that the accelerator is responsible for frequent beam interruptions and 
this is of concern for accelerator-driven nuclear reactors because of the risk for thermal 
cycling and premature failure. It is clear that extensive improvement in the mean-time 
between beam failures is required. 
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Appendix A: 
 
Reactor Kinetics Equations 

Here we review shortly the derivation of the conventional kinetics equations. These were first 
derived by Henry [80]. The derivation is presented here to serve as a basis for discussion of 
applications to source-driven systems. For convenience, the derivation proceeds along the 
lines suggested by Henry [87] with minor modification. An independent source term is 
incorporated to include neutrons supplied by the external source. The starting-point is the 
time-dependent continuous energy diffusion equation1. In shorthand operator notation it can 
be written as: 
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and completed with the balance equation for the delayed-neutron precursors 
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( ), ,E tφΦ = r  is the time-dependent neutron flux. For simplicity of notation, the functional 
dependence in Eq (1a) and (1b) has been suppressed. M and Fp are the usual “migration and 
loss operator” and the “prompt neutron production operator”, respectively. These correspond 
to: 

 ( ) ( )
0

( ) , , , ,p p p fE E t E t dEχ ν φ
∞

′ ′ ′Φ = Σ∫F r r  

 

( ) ( ) ( ) ( )

( ) ( )
0

, , , , , , , ,

, , , ,

t

s

D E t E t E t E t

E E t E t dE

φ φ

φ
∞

Φ = −∇ ⋅ ∇ + Σ

′ ′ ′− Σ →∫

M r r r r

r r  

 
 
1In his original work, Henry derived the reactor kinetics equations starting from the time 
dependent neutron transport equation, we chose not to proceed along this path, but rather to 
utilize the diffusion approach as outlined in his textbook. 
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The purpose behind the formulation of the kinetics equations is to derive a lumped model that 
describes the change in the average level of the flux, i.e., the integral of ( ), ,E tφ r  over the 
energy and the spatial domain. For that reason, the neutron flux is factorized in the form 
( ) ( ) ( ), , , ,E t p t E tφ ψ= ⋅r r  It is noted that flux factorization is not an approximation, in 

contrast to separation of variables. In the former case, the neutron spatial and energy 
distributions may still depend on time. However, it is necessary to impose a constraint 
condition to define precisely the two new functions, p(t) and ψ (r,E,t), that arise in the 
factorization procedure: 

 
( ) ( )

( )0

, , ,
1

V

w E E t
dEdV

v E
ψ∞

=∫ ∫
r r

 (2) 

The constraint condition states that the shape function, ψ (r,E,t), is normalized, for all t, in 
such a manner that the integral, Eq. (2), over all energy and space is held constant (normally 
taken as unity) in time. Prior to integration over space and energy, Eq. (1a) and (1b) is 
multiplied with a weight function, w(r,E). Introducing a weight function is not a requirement, 
but it allows manipulation of the kinetics equations in a way that simplifying assumptions 
(such as the point kinetics approximation) can be applied more effectively. It is emphasized, 
that the weight function can be any function that is defined over the same energy and spatial 
domain as the flux. To preserve generality, the following derivation will not employ a specific 
weight function. 
p(t) is sometimes called the amplitude function and it is defined according to: 

 
( ) ( )

( )0

, , ,
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w E E t
p t dEdV
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r r

 (3) 

Thus, under the constraint condition given in Eq. (2), p(t) can be represented as in Eq. (3) and 
hence it is proportional to the total number of neutrons present in the reactor at any time. 
Next, Eq. (1a) and (1b) are multiplied with the weight function and the neutron flux is 
substituted with the factorized functions. The equations are then integrated with respect to 
space and energy. After some manipulations, we arrive at the conventional point kinetics 
equations: 
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k
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ρ β
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= + +
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( ) ( )

( ) ( ) ( )k k
k k

dc t t
p t c t

dt t
β

λ= −
Λ  (4b) 

The new quantities, ρ, β, Λ, , s, and ck that emerge in Eqs. (4) are the integral quantities 
identified with the following definitions: 
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The definition of F(t) is: 

 ( ) ( )p dk
k

F t w dEdVψ= +∑∫ ∫ F F  

where the delayed neutron production operators Fdk are defined similar to the prompt neutron 
production operator. 
Henry [80], called Eqs. (4) the “conventional kinetics equations”. Today they are usually 
referred to as the “point kinetics equations” or sometimes the “exact point kinetics equations” 
in a way to distinguish them from the simplifying assumptions applied in the point kinetics 
approximation. 
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Appendix B: 
 
Short Summary of the SAS4A Code 

The SAS4A/SASSYS-1 [69] code is an integrated safety analysis computer code for the 
analysis of reactor plant transients in liquid-metal cooled reactors. The development of the 
SAS family of computer codes began at Argonne National Laboratory in the middle of the 
1960’s. The acronym SAS is an abbreviation for the Safety Analysis Section of the Reactor 
Analysis Division at Argonne. Over the years, SASSYS-1 has been employed extensively in 
the U.S. liquid metal reactor development programs. It has been the principal tool for the 
analysis of accidents in the licensing of the Fast Flux Test Facility (FFTF) and the Clinch 
River Breeder Reactor Plant (CRBRP) and in the passive safety design evaluation of the 
Integral Fast Reactor (IFR). Traditionally, the SAS code is used to track the initial phase of a 
core disruptive accident, through coolant heat-up and boiling, fuel element failure, and fuel 
melting and relocation. The information obtained can then be used to determine whether a 
noncritical and permanently cooled configuration could be established or whether there is a 
remote possibility for recriticality, and in that case provide the initial conditions for the 
disassembly phase. 
The SAS4A code is built on a multiple-channel thermal-hydraulics core treatment coupled 
with a point kinetics neutronics model with reactivity feedbacks. Reactivity feedbacks are 
calculated from each channel. A channel contains a fuel pin, its associated coolant, and a 
fraction of the structure of the subassembly casing. Usually a channel represents an average 
pin within a subassembly or a group of similar subassemblies. The SASSYS-1 core treatment 
is built on the same models as SAS4A. In addition, SASSYS-1 is combined with detailed 
thermal-hydraulic models of the primary system and secondary coolant circuits and balance-
of-plant steam/water circuit, including pumps, plena, pipes, valves, heat exchangers and steam 
generators. Models for two-phase coolant thermal-hydraulics, fuel and clad melting and 
relocation events were developed for sodium-cooled reactors with oxide fuel and stainless 
steel clad or specialized metallic fuel. Many of these models were validated with experimental 
test data from the EBR-II, FFTF, and TREAT reactors [88-90]. More recently, the code has 
been adapted to enable the analysis of heavy liquid-metal cooled reactor designs and 
accelerator-driven systems. The SAS4A has been coupled to the DIF3D-K [91] and 
VARIANT-K [92, 93] nodal spatial kinetics codes to provide accurate analysis of coupled 
spatial kinetics and thermal-hydraulics problems [94]. 
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