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Abstract 
Transmutation of plutonium and minor actinides in accelerator-driven systems 
(ADS) is being envisaged for the purpose of reducing the long-term radiotoxic in-
ventory of spent nuclear reactor fuel. For this reason, the physics of sub-critical sys-
tems are being studied in several different experimental programs across the world. 
Three of these experiments have been studied within the scope of the present thesis; 
the MUSE experiments in France, the Yalina experiments in Belarus and the SAD 
experiments in Russia. 

The investigations of the MUSE experiments have focused on three different 
neutronic parameters; the neutron energy spectrum, the external neutron source effi-
ciency and the dynamic neutron source response. It has been shown that the choice 
of external neutron source has negligible effect on the neutron energy spectrum in 
the core. Therefore, from this point of view, the MUSE experiments can be consid-
ered representative of an ADS. From the analyses of different reactivity determina-
tion methods in the Yalina experiments, it can be concluded that the slope fit method 
gives results in good agreement with the results obtained by the Monte Carlo 
method MCNP. Moreover, it was found that the Sjöstrand method underestimates 
keff slightly, in comparison with MCNP and the other investigated methods. In the 
radiation shielding studies of the SAD experiments, it was shown that the entire part 
of the effective dose detected at the top of the biological shielding originates from 
the proton-induced spallation reactions in the target. Thus, it can be concluded that 
the effective dose is directly proportional to the proton beam power, but independent 
of the reactivity of the sub-critical core. 

In order to study the energy gain of an ADS, i.e., the core power divided by the 
proton beam power, the proton source efficiency, ψ*, has been studied for various 
ADS models. ψ* is defined in analogy with the neutron source efficiency, ϕ*, but 
relates the core power directly to the source protons instead of to the source neu-
trons. ϕ* is commonly used in the physics of sub-critical systems, driven by any ex-
ternal neutron source (spallation source, (D,D), (D,T), 252Cf spontaneous fission 
etc.). On the contrary, ψ* has been defined only for ADS studies, where the system 
is driven by a proton-induced spallation source. The main advantages of using ψ* 
instead of ϕ* are that the way of defining the external source is unique and that ψ* 
is proportional to the energy gain. An important part of this thesis has been devoted 
to studies of ψ* as a function of different system parameters, thereby providing a 
basis for an ADS design with optimal properties for obtaining a high core power 
over beam power ratio. For instance, ψ* was found to decrease considerably with 
increasing spallation target radius. 
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Chapter 1  

Introduction 
 

The growing stockpiles of radiotoxic nuclear waste accumulated over the years by 
the operation of existing nuclear reactors are a matter of public concern. Different 
options of how to deal with this growing problem are investigated, transmutation in 
accelerator-driven systems (ADS) being one of them [1,2,3,4]. In principle, the sub-
criticality of ADS allows for much higher concentrations of minor actinides (MA) in 
the core than is acceptable in critical reactors. In combination with appropriate re-
processing of the spent fuel, the use of ADS could become an efficient mean for re-
ducing the long-term radiotoxicity of the nuclear waste. Calculations show that by 
recycling of plutonium, americium and curium, a reduction factor of about 100 is 
theoretically possible [5]. 

In an ADS, a sub-critical core is coupled to a high-power proton accelerator. The 
high-energy protons (E ∼1000 MeV) impinge on a target of heavy metal, generating 
a large number of neutrons via spallation reactions. The produced spallation neu-
trons leak out from the target, thus providing the surrounding sub-critical core with a 
strong external neutron source. The new and advanced technologies of accelerator-
driven systems are being thoroughly investigated worldwide and the optimal choices 
among many design options are still open questions. Several independent areas, such 
as core coolant studies, the spallation module, the accelerator technology and the 
reprocessing and fuel fabrication technologies will need many years of development 
before they could be implemented in a large-scale industrial ADS. A general intro-
duction to transmutation of nuclear waste and accelerator-driven systems, as well as 
a description of the status of some of the related research areas under development 
are presented in Chapter 2 and Chapter 3. In Chapter 4, a brief description of the 
simulation tools used in this thesis, primarily the Monte Carlo codes MCNP [6] and 
MCNPX [7], is given. 

One of the objectives when designing an ADS is to strive for as high power as 
possible to be produced in the core, using as low proton beam power as possible. 
Since the construction of a reliable high-power proton accelerator is an extremely 
difficult technical task and its operation is very expensive, the optimisation of the 
energy gain could have an important impact on the overall design of a future ADS 
and on the economy of its operation. Naturally, this optimisation must be achieved 
in conjunction with the various safety constraints as well as other technical and 
physical conditions. The neutron source efficiency parameter [8,9], ϕ*, is related to 
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the total energy released by fission in the core and, for constant neutron source in-
tensity and a fixed reactivity level, it is proportional to the core power. Therefore, ϕ* 
is commonly used to study the ratio of the core power over the external source 
power. The source efficiency is dependent on several different system parameters, 
such as target radius, coolant material, fuel composition and proton energy. 

In an ADS, the source particles are protons, which produce neutrons in the target 
via spallation reactions. In order to calculate ϕ* in such a system, the external neu-
tron source first has to be defined and then the efficiency of this neutron source can 
be determined. A problem associated with ϕ* in this context is that the external neu-
tron source can be defined in different ways, leading to different results. Indeed, dif-
ferent groups in the ADS field studying ϕ* do use different source definitions [Pa-
per VII,10,11,12], which in many cases makes results from different studies diffi-
cult to compare. Another drawback with ϕ* may appear when it is studied as a func-
tion of different system parameters. If a certain system parameter, e.g., the target 
radius, is changed, the neutron source distribution and the number of source neu-
trons per incident proton, Z, may also change, which consequently would alter the 
initial conditions for the study. In order to represent the energy gain in this case, ϕ* 
needs to be multiplied by Z. 

In contrast to the source neutrons, which have no uniquely defined beginning of 
life, the appearance of the source protons can only be approached in one way. For 
the purpose of studying the source efficiency and the energy gain in ADS, a new pa-
rameter, ψ*, which refers to the source protons instead of to the source neutrons, has 
been introduced [Paper II]. ψ* thus relates the core power directly to the proton 
beam. The advantages of using the proton source efficiency instead of the neutron 
source efficiency is that there is no ambiguity in how to define the external source 
and that it is proportional to the energy gain, without the need of a weighting factor 
(Z). In Chapter 5, the basics of neutron transport theory providing the underlying 
theoretical framework for the concepts of source efficiency in an ADS is presented. 
The definitions of the neutron source efficiency and the proton source efficiency are 
then described and discussed in Chapter 6. ψ* has been studied as a function of sev-
eral different system parameters, such as target radius, coolant material, axial proton 
beam impact, proton energy, fuel composition, geometrical distribution of actinides 
and choice of inert matrix. In the end of the present thesis, in Chapter 10, a summary 
of the most important investigations of the proton source efficiency of an ADS, per-
formed within the scope of this thesis, is given. 

Several different experimental programs around the world are devoted to the de-
velopment of ADS, one of them being the MUSE (MUltiplication of External 
Source) experiments carried out in Cadarache, France. The recently completed phase 
of this project was the MUSE-4 program [13,14], which started in 2000 via the 5th 
Framework Programme of the European Community and where detailed analyses of 
the neutronics of a source-driven sub-critical system were performed. The accurate 
measurements that have been carried out were made possible by the coupling of the 
(D,D)- and (D,T)-neutron generator GENEPI [15] and the zero-power MASURCA 
facility, in which different sub-critical configurations could be loaded. One of the 
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objectives of the present thesis has been to investigate, by Monte Carlo simulation, 
different neutronical aspects of the sub-critical fast neutron MUSE-4 core, coupled 
to the external neutron source. Apart from the presence of the (D,D)- and the (D,T)-
sources, a spallation source has also been simulated in order to compare some of the 
source characteristics of the MUSE experiments with a future spallation-driven 
ADS. In Chapter 7, the MUSE experiments are described and the investigations of 
the neutronic properties of the MUSE-4 core, in terms of energy spectrum, neutron 
source efficiency and dynamic neutron source response, are presented. 

Another experimental program devoted to the studies of sub-critical systems, 
similar to MUSE, is the Yalina experiments [16,17], carried out at Minsk, Belarus. 
The Yalina facility consists of a thermal zero-power sub-critical core, which is also 
driven by a (D,D)- or a (D,T)-neutron generator. In Chapter 8, the Yalina facility 
and the dynamic experiments performed are presented, together with the investiga-
tions of different reactivity determination methods. 

The third ADS-related experimental program that the author of this thesis has 
been involved in is the upcoming SAD (Sub-critical Assembly in Dubna) experi-
ments in Dubna, Russia, which is currently in its late preparation phase [18,19]. 
SAD is the first medium-power (maximum 100 kWth) facility in the world coupling 
a high-energy proton accelerator to a sub-critical core, and with the realisation of 
these experiments, one step further will be taken towards the development of a 
large-scale industrial ADS. The numerical studies of the SAD system performed 
within the scope of this thesis have been focused on core neutronics, source effi-
ciency and radiation shielding of high-energy neutrons. The SAD experimental pro-
gram and some of the investigations performed for it are presented in Chapter 9. 
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Chapter 2  

Transmutation of nuclear waste 
 

2.1 Nuclear waste 

2.1.1 Composition of the nuclear waste 
According to the Code of Practice issued by the International Atomic Energy 
Agency (IAEA) [20], “radioactive waste is any material that contains or is contami-
nated with radionuclides at concentrations or radioactivity levels greater than the 
exempt quantities established by the competent authorities and for which no use is 
foreseen”. In the world, there are 441 operating nuclear reactors producing a total 
power of about 368 GW electric power, which annually generates about 8500 tons 
of spent fuel [21]. The estimated annual production of waste was based on a produc-
tion rate of 23 tons per GWe [22]. In Appendix A, production facts of global nuclear 
power, sorted by reactor type and by country, are given [23]. Most of the produced 
nuclear waste still consists of the original uranium (∼95%), while about 4% has been 
converted to fission products and about 1% to transuranic elements (TRU, the ele-
ments with atomic number higher than 92). The relative composition, together with 
the half-lives and the effective ingestion dose coefficients (EDC) [24], of uranium 
and the transuranic elements in representative spent light-water reactor (LWR) ura-
nium oxide (UOX) fuel after four years of cooling are listed in Table 1. The exact 
amount and composition of the spent fuel varies somewhat between different dis-
charged spent fuel assemblies, depending on the initial uranium enrichment and on 
the discharge burn-up. However, the magnitudes are similar for all LWR fuels, ex-
cept for those containing recycled plutonium (MOX fuels). 

There are mainly two families of nuclear waste that have to be disposed of; fis-
sion products and the transuranic elements. The transuranic elements are produced 
in nuclear reactors by neutron absorption in heavy nuclides, primarily in 238U. All 
transuranic nuclides are unstable and will disintegrate via alpha, beta or gamma de-
cay. Further neutron captures and successive disintegrations during reactor operation 
generate a wide spectrum of nuclides. As an example, 239Pu is produced by the ab-
sorption of a neutron in 238U, followed by two successive -decays. An example of 
a chain of reactions starting with 

−β
238U and producing plutonium and americium is 
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Table 1. Relative mass abundances of uranium, the main transuranic elements and the 
most important fission products in a UOX-fuel (41.2 GWd/tHM and 3.7% initial enrich-
ment of 235U) after 4 years of cooling [25], together with the half-lives and the effective 
ingestion dose coefficients for each nuclide [24]. 

Element/Nuclide Relative mass Half-life 
[Years] 

Effective ingestion 
dose coefficient 

[10-8 Sv/Bq] 
Uranium 94.6%   

235U 0.8% 7.04⋅108 4.7 
236U 0.6% 2.34⋅107 4.7 
238U 98.6% 4.47⋅109 4.5 

Neptunium 0.06%   
237Np 100% 2.14⋅106 11 

Plutonium 1.1%   
238Pu 2.5% 87.7 23 
239Pu 54.2% 2.41⋅104 25 
240Pu 23.8% 6.56⋅103 25 
241Pu 12.6% 14.4 0.47 
242Pu 6.8% 3.75⋅105 24 

Americium 0.05%   
241Am 63.8% 432 20 
243Am 36.0% 7.37⋅103 19 

Curium 0.01%   
243Cm 1.0% 29.1 15 
244Cm 92.2% 18.1 12 
245Cm 5.7% 8.50⋅103 21 
246Cm 1.1% 4.76⋅103 21 

Fission products 4.2%   
93Zr 30.6% 1.53⋅106 0.11 
99Tc 35.2% 2.11⋅105 0.078 

107Pd 9.5% 6.50⋅106 0.004 
126Sn 1.1% ∼1⋅105 0.47 

129I 7.4% 1.57⋅107 11 
135Cs 16.2% 2.30⋅106 0.2 
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The transuranic nuclides constituting the most hazardous part of the spent fuel in the 
long term are generally long-lived with half-lives of up to several hundred thousand 
years. 

The fission products, on the other hand, are created when a heavy nucleus under-
goes fission and is disintegrated into two fission fragments, also releasing two or 
three (up to six) prompt neutrons. These fission products are generally short-lived 
and most of them disappear rapidly after the reactor has been shut off.  However, a 
number of them has relatively long half-lives and remain toxic for an extended pe-
riod of time. 90Sr and 137Cs have half-lives of about 30 years and are the most radio-
toxic isotopes of the spent fuel during the first decades after discharge. 99Tc, 129I and 
135Cs have half-lives longer than 100 000 years and, although much less toxic, might 
possibly turn out to be a potential problem in the very long run. The half-lives and 
effective ingestion dose coefficients of the most hazardous fission products are listed 
in Table 1. 

2.1.2 Radiotoxic inventory 
The activity of an unstable isotope is defined as the number of disintegrations per 
second and is measured in units of Becquerel (Bq). However, in order to better ex-
press the harmful potential of the uptake of certain isotopes by humans, the concept 
of radiotoxicity is used. To convert the activity of the inhaled or ingested radionu-
clide, it has to be multiplied by a so-called effective dose coefficient (EDC), ex-
pressed in Sieverts per Becquerel (Sv/Bq), where Sv is the unit describing the bio-
logical effect of radiation deposited in an organism. The EDC is thus a measure of 
the damage a radionuclide would do to the body, taking into account factors such as 
the metabolism of the nuclides in the organism, the type and energy of the radiation 
emitted in the body, tissue-weighting factors etc. In general, the EDC are several 
orders of magnitude higher for the actinides than for the fission products. The EDC 
are published and regularly updated by the International Commission on Radiologi-
cal Protection (ICRP) [24]. 

The overall radiotoxicity of the spent fuel obviously decreases with time, as the 
radioactive nuclides decay. The evolution over time of the radiotoxic inventory is 
depicted in Fig. 1, showing the different contributions from the transuranic nuclides 
and the fission products. It is seen that the contribution from the fission products 
dominates the radiotoxicity during the first 30 or 40 years after discharge. Thereaf-
ter, it decreases relatively rapidly, along with the decay of 90Sr and 137Cs, and be-
comes negligible after a few hundred years. For time periods longer than that, the 
transuranic elements govern completely the radiotoxicity, with the largest contribu-
tion coming from the plutonium isotopes and 241Am. 241Am is the decay product of 
241Pu and represents the major part of the radiotoxic inventory in the time span be-
tween about 50 and 2000 years. After that, 239Pu and 240Pu are the main contributors 
to the radiotoxicity. 

As a reference, the radiotoxicity of the spent fuel can be compared with the ra-
diotoxicity of the amount of material in a uranium ore needed to produce the fuel. In 
order to produce 1 g of 3.7% 235U-enriched uranium oxide, approximately 7.8 g of 
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natural uranium is typically needed, which corresponds to a radiotoxicity level of 
about 20 mSv/g [25]. When deriving this number, not only the uranium isotopes 
have been included, but also their radioactive daughters in equilibrium concentra-
tions. It is seen in Fig. 1 that it would take about 300 000 years for the spent fuel to 
decay to this level. It should be noted, though, that the abovementioned reference 
level of 20 mSv/g is only one of several possible ways of defining a reference radio-
toxicity level and that it should not be used as an absolute measure of how long the 
waste will be “dangerous”. Nevertheless, it may provide a useful mean when making 
estimations and comparisons of the risks associated with the nuclear waste at differ-
ent times. It is also indicated that the radiotoxicity of the very long-lived fission 
products, e.g., 99Tc, 129I and 135Cs, is well below the reference level at all times. 
However, while the solubility of the actinides in water is generally very low (except 
for 237Np), these fission products show relatively high mobilities in the geosphere 
and therefore need to be taken into account in the study of the nuclear waste dis-
posal. 
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Fig. 1. Radiotoxic inventory, in Sv per gram spent fuel, of the most im-
portant actinides, compared with the radiotoxicity of the amount of natu-
ral uranium needed to produce 1 g of 3.7% 235U-enriched uranium oxide 
(∼20 mSv/g). 

2.2 Partitioning and transmutation 
A prerequisite for transmutation is partitioning of the spent nuclear fuel. Partitioning 
means handling and separation of the actinides that are subject to transmutation, and 
fabrication of new fuels that will be dedicated to transmutation. Transmutation refers 
to the transformation of a long-lived radiotoxic nuclide into one or more short-lived 
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or stable products. As the transuranic elements (Np, Pu, Am and Cm) represent the 
largest part of the radiotoxic inventory in the long term, these elements are the main 
subjects of most transmutation studies. The transmutation of waste is relevant, both 
in the case of the continuous use of nuclear power as an important contributor to a 
country’s electricity production, as well as in the scenario of a nuclear power phase-
out. 

2.2.1 Requirements for efficient actinide-burning 
The best way to transmute the actinides is to fission them. This can be done effi-
ciently and on a large-scale only in nuclear reactors. In principle, all types of nuclear 
reactors (thermal and fast, critical and sub-critical) can be used to burn the actinides, 
although fast reactors (FR) have some fundamental advantages over thermal reac-
tors. The main purpose of a transmutation reactor is to reduce as much as possible 
the net radiotoxic inventory of the spent fuel in the long-time perspective. The basic 
requirements for such a reactor to be efficient are therefore maximal fissioning of 
actinides combined with minimal production of new actinides (via neutron capture 
reactions). This can be achieved by adapting the following two objectives; 
 The amount of fertile material, e.g., 238U, should be minimised in order to limit 

further TRU breeding. 
 The neutron energy spectrum should be as hard as possible in order to favour 

fission over capture for the actinides.  
Many of the actinides to be transmuted, those with even number of neutrons (even-
N), have very low fission cross-sections for slow neutrons. This is due to the ab-
sence of the pairing binding energy effect in odd-N nuclides, which is the intermedi-
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Fig. 2. Fission probability, i.e., microscopic fission cross-section over 
total microscopic absorption cross-section, )( cff σσσ + , as a function of 
neutron energy for 239Pu, 241Am and 244Cm (JEFF-3.0 [26]). 
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ate step when an even-N nuclide is fissioned by a neutron. This means that the fis-
sion probability is essentially zero for these nuclides for thermal and epi-thermal 
neutrons and capture is thus strongly favoured over fission. However, in the energy 
range between about 0.1 and 1.0 MeV, the fission cross-sections for these isotopes 
increase drastically, which is illustrated in Fig. 2, where the fission over absorption 
cross-section is displayed for 239Pu (even number of neutrons), 241Am and 244Cm 
(odd number of neutrons). The obvious conclusion from this is that fast neutron re-
actors enhance the burning of the transuranic elements, while thermal reactors fa-
vour the breeding of them. Another important advantage of fast reactor systems over 
thermal reactors is that the neutron economy is improved as the fission probability 
increases. 

2.2.2 Adverse safety effects for minor actinide fuel 
The removal of uranium from the fuel and the adding of minor actinides have seri-
ous negative impacts on several safety parameters. This is true for most reactor 
types, in particular for fast reactors. Firstly, the negative Doppler feedback, which is 
essential for the power control of a reactor, is significantly reduced. Secondly, the 
effective fraction of delayed neutrons, effβ , is much lower for uranium-free fuels, in 
particular for those containing high fractions of MA. This parameter is crucial for 
the safe operation of a reactor, since it establishes the margin to prompt criticality. A 
third adverse effect, an increase in void worth, arises when the coolant material 
(lead, sodium or gas) in an FR is combined with high fractions of americium in the 
fuel. 

Doppler feedback 
It is of vital importance for the safe operation of a nuclear reactor that the fuel tem-
perature reactivity feedback, which acts with immediate response to a power in-
crease, is negative. All reactors existing today do have negative fuel temperature co-
efficients, due to the Doppler reactivity feedback. The Doppler feedback is caused 
by the broadening of the resonance peaks in the neutron capture cross-sections as the 
temperature increases and the average energy of the fuel nuclei increases. A broad-
ening of the capture resonances leads to an altogether higher probability for capture. 
Thus, an increase in fuel temperature due to an increase in fission heating will cause 
an increase in the capture rate, which will reduce the reactivity. The Doppler feed-
back is primarily due to the epithermal capture resonances in the non-fissionable 
fuel nuclides, and it is particularly important in 238U (Fig. 3). Consequently, it de-
creases when uranium is removed from the fuel. 

To solve this problem, it has been proposed to add materials with absorbing reso-
nances in the fast neutron energy spectrum in order to restore, to some extent, the 
negative Doppler effect. However, if the fraction of americium is significant, this 
will have limited effect, even with the addition of 238U. The explanation of this is 
that, due to the high absorption cross-sections of both 241Am and 243Am for fast neu-
trons, most of the neutrons would be absorbed by the americium before they reach 
the absorption resonances in 238U [27], which is illustrated in Fig. 3. 
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Fig. 3. Microscopic cross-section for neutron capture in 238U and 241Am 
(JEFF-3.0). 

Delayed neutrons 
A small fraction of the neutrons produced in a multiplying medium comes from the 
decay of certain fission products, the delayed neutron precursors. These neutrons are 
emitted with a significant delay, compared to the prompt neutrons emitted in the fis-
sion process itself, and are therefore called delayed neutrons. Due to this delay, the 
dynamics of a reactor is under normal operation determined primarily by the delayed 
neutrons. For instance, when the fission product 87Br decays to 87Kr, the latter will 
immediately release one of its neutrons, which appears to be emitted with a delay of 
the 55.7-second half-life of 87Br. The delayed neutron precursors are usually divided 
into 6 different groups, each with its own characteristic half-life. In Table 2, the half-
lives, the delayed neutron yield (per fission) for each neutron precursor group, ,d gν , 
and the delayed neutron fractions for each group, gβ , for thermal fission in 235U are 
listed. gβ  is defined as the fraction of all neutrons released in fission that appear as 
delayed neutrons in group g, i.e., the absolute delayed neutron yield in group g 
( ,d gν ) divided by the total neutron yield, tν . 

The fraction of delayed neutrons over the total number of neutrons for an indi-
vidual nuclide, iβ , is defined as 

 ,

,

d i
i

t i

νβ
ν

=  , (1) 

where ,d iν  is the average number of delayed neutrons emitted after a fission event in 
a specific nuclide and ,t iν  is the total number of neutrons emitted ( t p dν ν ν= + ). In 
Table 3, ,d iν , ,t iν  and iβ  for thermal neutrons are displayed for the most important 
actinide nuclides. It can be observed that the delayed neutron yield increases with 
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the atomic mass of a specific element, whereas it decreases with increasing proton 
number. Moreover, the average number of neutrons emitted in a fission reaction, ν, 
is a nearly linearly increasing function of the energy of the incident neutron for all 
fissile nuclides and can in general be described by the following relation; 

 ( ) aEE += 0νν  , (2) 

where 0ν and a are constants determined experimentally for each nuclide. In Fig. 4, 
ν  is plotted for 239Pu, 241Am and 244Cm as a function of neutron energy. 

Table 2. Delayed neutron data for thermal fission in 235U [28] for each delayed neutron 
precursor group g. The total average neutron yield, , for 235U is 2.43. tν

Group Half-life 
[sec] 

Yield a

( ,d gν ) 
Fraction 

( gβ ) 
1 55.72 0.00052 0.000215 
2 22.72 0.00346 0.001424 
3 6.22 0.00310 0.001274 
4 2.30 0.00624 0.002568 
5 0.610 0.00182 0.000748 
6 0.230 0.00066 0.000273 
 

 
Total yield 

( dν ) 
Total fraction 

( β ) 
  0.0158 0.0065 

a Delayed neutron yield per fission. 
 

 

2

3

4

5

6

7

8

0.001 0.01 0.1 1 10 100
Neutron energy [Mev]

Fi
ss

io
n 

ne
ut

ro
n 

yi
el

d,
 ν

Pu-239
Am-241
Cm-244

 
Fig. 4. Average number of neutrons emitted in a fission reaction, ν, as a 
function of neutron energy for 239Pu, 241Am and 244Cm (JEFF-3.0). 

 12 
 



 

Table 3. Thermal delayed and total neutron yields together with delayed neutron frac-
tions for the most important nuclides. The data are taken from the evaluated nuclear data 
libraries ENDF/B-6.8, JEFF-3.0 and JENDL-3.3 [29]. 

,d iν  ,t iν  iβ  [pcm] Nuclide 
ENDF JEFF JENDL ENDF JEFF JENDL ENDF JEFF JENDL

232Th 0.0527 - - 1.949 - - 2704 - - 
235U 0.0167 0.0167 0.0159 2.437 2.437 2.436 685 685 651 
238U 0.0440 0.0478 0.0463 2.492 2.489 2.488 1766 1920 1863 

237Np 0.0108 0.0108 0.0120 2.636 2.636 2.601 410 410 461 
238Pu 0.0042 0.0047 0.0047 2.895 2.895 2.845 144 163 165 
239Pu 0.0065 0.0065 0.0062 2.881 2.880 2.884 224 224 216 
240Pu 0.0090 0.0091 0.0091 2.803 2.784 2.784 321 327 327 
241Pu 0.0162 0.0160 0.0160 2.945 2.931 2.931 550 546 546 
242Pu 0.0197 0.0183 0.0183 2.810 2.860 2.859 701 640 640 

241Am 0.0043 - 0.0049 3.239 3.330 3.060 132 - 160 
242mAm 0.0069 0.0069 0.0065 3.264 3.264 3.271 211 211 199 
243Am 0.0080 - 0.0085 3.273 3.062 3.209 243 - 265 
242Cm 0.0014 0.0014 0.0021 3.440 3.440 3.252 40 40 64 
243Cm 0.0030 0.0030 0.0030 3.432 3.433 3.432 88 88 88 
244Cm - - 0.0044 3.460 3.240 3.244 - - 134 
245Cm 0.0064 0.0063 0.0064 3.596 3.531 3.596 178 178 178 
246Cm 0.0092 0.0092 0.0092 3.614 3.614 3.614 253 253 253 

 
 
Moreover, the fraction of delayed neutrons averaged over the whole reactor is de-
fined as the ratio of the number of all delayed neutrons emitted in the core, ,n dN , 
over the number of all neutrons emitted, ,n tN  ( , ,n t n p n d,N N N= + ), according to 

 ,

,

n d

n t

N
N

β =  . (3) 

As iβ  is different for different nuclides, it is evident that β  in a reactor core can 
vary considerably for different nuclide compositions. For instance, replacing the 
uranium in a core by americium may reduce β  by a factor of about 2 to 3. 

The prompt neutrons produced in fission reactions are emitted with a Watt-
distributed energy spectrum, with the maximum density at about 0.7 MeV and the 
mean energy at about 2 MeV. The typical prompt neutron fission spectrum, illus-
trated in Fig. 5, can be represented by a simple empirical expression, which, for 
235U, is given by [30] 

 ( ) 1.0360.453 sinh 2.29Ee EEχ −= ⋅  . (4) 
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Fig. 5. Prompt neutron fission spectrum, ( )Eχ , for 235U induced by 
thermal neutrons. 

However, the energy spectrum of the delayed neutrons is considerably softer than 
that of the prompt fission neutrons, the maximum being located at about one or a 
few hundred keV, depending on the precursor energy group [31]. Since the micro-
scopic cross-sections for all nuclides are highly energy-dependent, this may have a 
significant effect on the probabilities for the neutrons to induce fission. For this rea-
son, it becomes necessary to introduce the effective delayed neutron fraction, effβ , 
which is defined as the number of fission events induced by delayed neutrons, ,f dN , 
over the total number of fission events in the reactor, ,f tN  ( , , ,f t f p fN N N= + d ), 
i.e., 

,

,

f d
eff

f t

N
N

β =  . (5) 

In a thermal reactor, the delayed neutrons have higher probabilities to induce fission 
than the prompt fission neutrons, since they are emitted with energies closer to the 
thermal region and, thus, have smaller probability of being captured before becom-
ing thermalised. Therefore, in that case, effβ  is larger than β . On the other hand, in 
a fast reactor, the situation may be the inversed, primarily due to the fact that the fis-
sion probability of the even-N nuclides increases considerably in the energy region 
between about 0.1 and 1.0 MeV. In order to analyse, by a more mathematical ap-
proach, the efficiency of the delayed neutrons relative to the efficiency of the prompt 
fission neutrons, one may introduce the importance function, ( , , E+ )Φ r Ω , which is 
a measure of the probability that a neutron emitted at position r with direction Ω and 
energy E will eventually result in a fission. The importance function, or the adjoint 
function, will be further treated in Chapter 5. 
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2.2.3 Different transmutation strategies 
The dedicated reactors envisaged to burn the plutonium and the minor actinides 
could be either critical fast reactor systems or sub-critical accelerator-driven sys-
tems. However, in a critical fast reactor, even for innovative systems, the maximum 
fraction of MA would be limited to a few percent, the limit being determined by the 
safety margins. This implies that a large part of the nuclear reactor park would have 
to be contaminated by minor actinides. In order to overcome the safety deterioration 
for minor actinide-burning cores and to minimise the number of required dedicated 
reactors, the ADS concept has been proposed. In an ADS, a sub-critical reactor core 
is coupled to an intense external neutron source [1,2,3]. The fact that the reactor is 
sub-critical, without the self-sustained neutron multiplication chain reaction, in-
creases considerably the margin to prompt criticality and, hence, the safety of the 
reactor. Thanks to the sub-criticality, the safe operation of the reactor is less depend-
ent on the reactivity feedbacks and the delayed neutron fraction, and this allows for a 
much higher flexibility in choosing the desired proportions of actinides in the fuel. 
As the fraction of minor actinides in the fuel is more or less unlimited, the number 
of dedicated MA-burning reactors in the reactor park can be kept relatively small. 
Accelerator-driven systems will be further treated in Chapter 3. 

Several different concepts concerning the handling of the nuclear waste have 
been proposed [22]. Six of them, depicted in Fig. 6, are briefly treated here. Some 
countries, including Sweden, have adopted the “once-through” cycle (Strategy 1), in 
which all of the discharged spent fuel is considered as waste and must be disposed of 
in geological repositories, although the possibility to transmute the waste at a later 
time, if the national policies are changed, may remain. Other countries, such as 
France and Japan, reprocess their spent fuel and recycle the plutonium and the ura-
nium in LWR-reactors. Only the minor actinides and the fission products are consid-
ered as waste, which is planned to be deposited in geological repositories, or, alter-
natively, to be transmuted. An extension of this strategy is the plutonium-burning 
concept (Strategy 2), where the plutonium reprocessed from the MOX-LWR cycle is 
recycled indefinitely in a closed loop in fast reactors. 

Concerning the transmutation of also the minor actinides, two major types of 
strategies have emerged. In the “mono-stratum” fuel cycle (Strategy 3), all of the 
waste is recycled and transmuted in conventional, albeit modified and possibly in-
novative, critical reactors. The other alternative is to burn the minor actinides in 
dedicated transmutation reactors, e.g., ADS, as in the “double strata” concept (Strat-
egy 4). The main advantage of the double-strata fuel cycle is that only a limited 
number of dedicated MA-burning reactors would be needed, as low as 5-10% of an 
entire nuclear power plant population, whereas a significantly higher fraction of 
conventional critical reactors would be needed to burn the waste in the mono-
stratum concept. 

In the original double-strata concept, initially proposed by JAERI in 1984 [32], 
the plutonium (and uranium) alone is recycled in critical reactors (LWR and FR) in 
the first stratum, while the minor actinides are directed to the second stratum to be
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Fig. 6. Different fuel cycle strategies. Percentage in parentheses indi-
cates the fraction of a nuclear power park corresponding to ADS. 

burned in dedicated reactors. Stated simply, the first stratum would be dedicated 
mainly to electricity production and waste mass reduction, while the primary objec-
tive of the second stratum would be radiotoxicity reduction. Moreover, the first stra-
tum is based both on conventional types of reactors and well-known reprocessing 
technologies. The second stratum, on the other hand, has to deal with far more com-
plicated challenges, such as the development of the dedicated MA-burners (ADS or 
advanced FR), as well as the techniques of reprocessing americium and curium (in-
volving preferably pyrochemical methods). As depicted in Fig. 6, the plutonium 
from the standard LWR-UOX reactors is first reprocessed and recycled (once or 
twice) in conventional LWR-MOX reactors. In the final stage of the first stratum, 
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the plutonium is recycled indefinitely in fast reactor systems in a closed cycle. All 
the minor actinides reprocessed in the first stratum are transferred to the second stra-
tum, where they are recycled indefinitely. All losses from the reprocessing are con-
sidered as high-level waste and are sent to geological repositories. Calculations 
show that, if accelerator-driven systems are used in the second stratum, only about 
5-7% of the reactor park will have to consist of dedicated MA-burning systems [1]. 
In the first stratum, approximately 70% of the electricity produced would be gener-
ated by conventional UOX-LWR, whereas ∼11% by MOX-LWR and ∼19% by FR. 

Alternatively, the possibility of recycling neptunium together with plutonium in 
FR in the first stratum has also been considered [1]. Neptunium is a less problematic 
fuel material than americium and curium and could probably be burned in critical 
reactors. It is also more easily reprocessed and can be separated in the well-
established PUREX process [33] together with plutonium. However, as the radiotox-
icity of neptunium is very low (Fig. 1) (although the mobility of neptunium is higher 
than for the other actinides), it could also be omitted and directly disposed of.  

Several variations of the double-strata concept have been considered, diverging 
somewhat from the original proposal, depending on factors such as national policies 
and interests. The following two-component strategies, employing ADS in the sec-
ond stratum, are possible scenarios [22]; 
 The plutonium produced in the LWR could be recycled once in MOX-LWR and 

then sent to the ADS together with the MA (Strategy 5). In this case, a fraction 
of 15% ADS of the reactor park would be required. As approximately 6 UOX-
LWR produce the necessary actinide inventory to fabricate 1 MOX-LWR, about 
12% of the reactor park would be of MOX type and the rest (∼73%) of UOX 
type. 

 All of the plutonium and the MA produced in the conventional LWR are trans-
ferred directly to the ADS (Strategy 6). This scenario would require a slightly 
higher fraction of ADS (∼21%) than the previous scenario. 

Apart from choosing the type of reactor in which to transmute the radiotoxic inven-
tory of the spent fuel, the options of how the elements to be transmuted should be 
added to the rest of the fuel have to be considered. Generally, two ways to incinerate 
the actinides into the reactor core are investigated. Either they could be dispersed 
homogeneously with the rest of the fuel (homogeneous mode) or they could be iso-
lated in specialised fuel assemblies (targets) positioned in strategic places through-
out the core (heterogeneous mode). In the former case, the actinides are mixed with 
standard fuels. In a dedicated ADS burner, the fuel would consist of mainly (or only) 
TRU, which would probably be distributed homogeneously. If a strategy of the 
mono-stratum type is chosen, using FR to burn all TRU, the heterogeneous mode 
offers the advantage of reprocessing the standard fuel and the TRU-fuel separately. 
As a result, the target fuels could reach very high burn-up, since they do not have to 
be recycled with the rest of the core. 
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2.2.4 Radiotoxicity reduction 
The transmutation efficiency of a nuclide is determined mainly by two basic factors, 
namely the burn-up in each fuel cycle and the losses from the reprocessing of the 
spent fuel. Assuming a maximum burn-up of 10-20% implies that, on average, each 
waste atom has to pass through 5-10 transmutation cycles. If, for example, a separa-
tion loss of 0.1% is assumed, which is realistic for plutonium, this means that the 
total cumulative losses amount to 0.5-1.0%. Consequently, the mass is reduced by a 
factor of 100-200. For americium and curium, the reprocessing methods are more 
complicated and larger separation losses can be expected. 

Many different studies on transmutation scenarios have been performed, assum-
ing different types of reactors and different fuel cycle strategies. When plutonium is 
recycled in LWR, as in the first step of the double-strata fuel cycle, a large amount 
of minor actinides are built up. Therefore, the radiotoxicity is actually increased. 
Considering also the indefinite recycling of plutonium in FR (but without the recy-
cling of MA), a total radiotoxicity reduction factor of 3-6 can be achieved [5]. 
Hence, the plutonium recycling in the first stratum is, apart from the economical 
utilisation of the initial uranium resources, mainly an efficient way to reduce the 
mass of the spent fuel, and thus to keep the number of required MA-burning ADS 
low. 

Recycling of also americium reduces the total radiotoxicity by a factor of about 
10, but produces significant amounts of plutonium and curium. The curium produc-
tion is the reason why the radiotoxicity reduction is limited by a factor of 10. In or-
der to reach reduction factors of up to 100, curium also has to be transmuted [5]. 
However, the main problem with recycling of curium is that it is strongly radioactive 
and very hot, which complicates the reprocessing and the fuel fabrication methods. 
When deriving the estimated reduction factor of 100, reprocessing losses of 0.1% for 
plutonium and 1.0% for the MA were assumed. The radiotoxicity reduction is 
strongly dependent on the reprocessing losses and if they could be decreased for the 
MA, a reduction factor of a few hundred could possibly be achieved. 

2.3 Reprocessing technologies 
Reprocessing of nuclear spent fuel is being carried out on an industrial basis in sev-
eral countries, e.g., France, United Kingdom, Japan, India and Russia. The purpose 
of the reprocessing is to extract the uranium and the plutonium from the discharged 
UOX-fuel and to recycle it as MOX-fuel. The remaining elements, the minor acti-
nides, the fission products and the reprocessing losses, are incorporated into the vit-
rified high-level waste, destined for interim storage or final disposal. Discharged 
MOX fuel can also be reprocessed if it is diluted with standard UOX fuel. The tech-
nique used in all industrial reprocessing plants existing today is the PUREX process, 
which is a hydrochemical method. However, in order to recover also the minor acti-
nides, and possibly also some of the fission products, new reprocessing technologies 
are required. Generally, there are two types of processes that can be applied to the 
reprocessing of nuclear waste; hydrochemical methods, also referred to as aqueous 
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or wet methods, and pyrochemical methods, also referred to as molten salt or dry 
methods [25,34,35]. 

2.3.1 Hydrochemical methods 

The PUREX process 
The most important hydrochemical reprocessing technique to separate uranium and 
plutonium, and the only one used today on a commercial basis, is the PUREX proc-
ess. It applies the organic extractant molecule, tri-butyl-phosphate (TBP) to extract 
uranium and plutonium from the spent fuel, which has been dissolved in nitric acid 
(HNO3). The TBP molecule has the property of extracting actinides with even oxida-
tion states IV and VI from an acidic medium. The stable oxidation states in nitric 
acid of uranium and plutonium are VI and IV, respectively, and they are thus sepa-
rated into the organic phase, while the rest of the dissolved nuclear waste remains in 
the aqueous phase. By changing the oxidation state of plutonium from IV to III, it 
can then be separated from uranium in a second purification cycle. This process is 
referred to as the “standard PUREX process”. The recovery yield of uranium and 
plutonium is high, close to 99.9%. 

Neptunium has similar chemical properties to those of uranium and plutonium, 
but it exists in the nitric acid as a mixture of oxidation states V and VI, of which 
only the latter can be extracted by TBP. Hence, neptunium is only partly separated 
(∼60%) together with the uranium and plutonium stream. This fraction is then sepa-
rated from the uranium and the plutonium in the second purification cycle and added 
to the rest of the high-level liquid waste (HLLW). The “improved PUREX process”, 
on the other hand, is based on the standard process, but with improved separation of 
neptunium. One method of recovering all neptunium consists of using an oxidising 
reagent to change the oxidation state of the whole neptunium inventory to VI, allow-
ing it to be extracted by TBP. Neptunium recovery yields of 95% have been demon-
strated and improvements towards 99% are under development. Research has also 
shown that it is possible to extract the long-lived fission products iodine and techne-
tium in the PUREX process. 

Separation of americium and curium 
Americium and curium are both trivalent ions, their stable oxidation state being III, 
and since they cannot be extracted by TBP in the standard PUREX process, they re-
main in the aqueous phase. In order to separate these elements using hydrochemical 
methods, new extractant molecules are needed and several innovative processes are 
under development. The current approach to recover americium and curium is usu-
ally divided into a three-stage process, also called the “extended PUREX process”. 
A flow sheet including the different processes separating the individual actinides is 
shown in Fig. 7. The first stage is based on the co-extraction of actinides (An) and 
lanthanides (Ln) from the rest of the fission products in the PUREX waste stream. 
One way of doing this is by using extractant agents of diamide type, which has been 
applied in the DIAMEX process [36], developed by CEA (France). It has been dem-
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onstrated that recovery yields of 99.9% can be achieved in this process. Other proc-
esses developed (or under development) for this purpose are TALSPEAK (USA), 
DIDPA (Japan), TRUEX (USA) and TRPO (China). 

The second stage aims at separating the actinides from the lanthanides. This 
separation is difficult for two main reasons. Firstly, the chemical properties of the 
two series of elements are very similar; importantly, they exist in nitric acid in the 
same oxidation state (III). Secondly, the mass ratio of Ln/An is high (in the order of 
20 or higher), which indicates the need for a strongly selective mechanism in order 
to keep the Ln contamination low. One of the methods that has been developed to 
separate An from Ln is the SANEX process [37]. It utilises the fact that An(III) ions 
present a slightly larger extension of their electron clouds than do Ln(III) ions. It has 
been found that bis-triazinyl-pyridine (BTP) molecules are among the most suitable 
extractants for the An-Ln separation. BTP has an affinity for An(III) ions of more 
than a hundred times larger than that for Ln(III) ions, and the SANEX process has 
demonstrated a recovery yield of the actinides of up to 99.9%. Other extractants with 
high selectivity for actinides are used in the CYANEX 301 [38] and the ALINA 
processes. 
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Fig. 7. Flow sheet of advanced hydrochemical reprocessing [34]. 

The separation of americium from curium can be accomplished in the third stage, if 
it is intended to manage these elements separately. The separation is based on the 
fact that americium can exist in nitric solutions in several different oxidation states, 
whereas this property is not shared by curium, which exists only as a trivalent ion. In 
the SESAME process [39], americium is oxidised to IV or VI by an electrochemical 
method, after which it can be selectively extracted by the TBP molecule (same ex-
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tractant as in the standard PUREX process). Alternatively, the SESAME process 
could be used to extract americium directly from the PUREX waste stream or after 
the co-extraction of An and Ln. This is technically more complicated, due to the lar-
ger quantities of waste and the larger amount of different elements that have to be 
managed. 

Advantages and disadvantages of hydrochemical reprocessing 
Hydrochemical reprocessing is particularly suited for large quantities of standard 
LWR-UOX fuels, where long cooling times are allowed. Indeed, it is being success-
fully used worldwide on an industrial basis, utilising the PUREX process to separate 
the uranium and plutonium from the nuclear waste. Moreover, the recovery yield of 
the other transuranic elements, using the different processes described above, have 
been demonstrated to be as high as up to 99.9% for both americium and curium. 

However, there are some important drawbacks connected to the hydrochemical 
reprocessing of MA-containing fuels. The first is the limited solubility in nitric acid 
for many fuel forms. This is especially the case for fuels dispersed with a non-fissile 
metal, such as zirconium, but also for oxide fuels with high fractions of plutonium. 
It has been shown that the solubility for plutonium-containing fuels starts to deterio-
rate for concentrations higher than about 30%. On the other hand, nitride fuels pose 
no problems for the PUREX reprocessing technique, which also enables the recov-
ery of 15N. The other shortcoming of the hydrochemical methods is the low radiation 
stability of the organic extractant molecules used in the processes. This is particu-
larly unfavourable when dealing with highly radioactive TRU fuels and when multi-
recycling is required, implying the need for short cooling times. 

2.3.2 Pyrochemical methods 
A promising alternative to hydrochemical reprocessing is the pyrochemical method, 
in which molten salts are used as solvents in the waste refining. Pyrochemistry has 
been used within the metallurgical industry for several decades and has also been 
investigated for the purpose of nuclear waste reprocessing, mainly in the USA, Ja-
pan and Russia. The high radiation resistance of the molten salts and the absence of 
neutron-moderating water make the solvent suitable for spent fuel separation. Pyro-
chemical methods for fast reactor fuel reprocessing are applied on a pilot scale at the 
Idaho National Laboratory (INL) (U.S.) and in Dimitrovgrad (Russia). 

In the pyrochemical processes, the spent fuel is dissolved at high temperatures 
(500-800°C) in molten salt, preferably fluorides or chlorides. Separation of the acti-
nides by electro-refining is the process that is primarily considered for nuclear waste 
reprocessing, although several different pyrotechnical methods are under develop-
ment. One of the major advantages of pyrochemical reprocessing, compared to hy-
drochemical methods, is the much higher radiation resistance of the inorganic reac-
tants used in the process. This allows for the possibility to reprocess high-burnup 
ADS fuels, including large fractions of minor actinides, with minimum cooling time, 
possibly as short as one or two years to allow for the decay of 242Cm. In addition to 
this, pyrochemical methods offer good solubility for most types of fuels. Another 
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advantage, thanks to the radiation stability, is the higher compactness of equipment 
and the possibility of forming an integrated system between the irradiation and the 
reprocessing facilities. This would considerably reduce the expenses and the 
difficulties associated with the transport of the highly radioactive fuel. Finally, the 
absence of water in the solvent reduces the criticality risks during separation and 
pyrochemical processes are also more proliferation-resistant than hydrochemical 
methods. 

Due to the advantages of the pyrochemical processes stated above, these methods 
are considered to be well suited for the second stratum fuel cycles, dedicated to the 
recycling of minor actinides. The hydrochemical methods, on the other hand, seem 
to offer the best solutions for uranium and plutonium recycling in the first stratum. 
However, pyrochemical methods involve far more complex challenges, in terms of 
theory and technical implementation, than hydrochemical methods. Several decades 
of research will probably be required before they can be implemented on an indus-
trial scale as a mature technology. Among the drawbacks of pyrochemical methods 
are the difficulty of separating the individual actinides and the somewhat higher de-
gree of fission product contamination. If the reprocessed fuel is planned to be recy-
cled in a fast reactor spectrum, however, the contamination is of less importance. 
Another challenge is the management of the very hot and highly corrosive process-
ing medium. 
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Chapter 3  

Accelerator-driven systems 
 

3.1 Introduction 
The basic idea of accelerator-driven systems is to operate a sub-critical reactor 
driven by an intense high-power proton accelerator. The fact that the reactor core is 
sub-critical compensates for the several adverse effects on the safety that the ura-
nium-free MA-containing fuel introduces. In most cases, a sub-criticality level in the 
order of keff = 0.95 is assumed to be sufficient to compensate for the deteriorated 
safety, caused mainly by the loss in Doppler reactivity feedback, the decrease in de-
layed neutron fraction and the positive void worth. Since the fission multiplication 
chain reaction in a sub-critical core is not self-sustained, an external neutron source 
must be supplied to the core. This neutron source is sought to be produced by an in-
tense proton beam impinging on a heavy-metal target, thereby generating a large 
number of neutrons via spallation reactions. A high-power proton accelerator is used 
to accelerate the protons to energies in the order of 1000 MeV and to guide them 
towards the spallation target, as depicted in Fig. 8. The spallation neutrons leak out 
from the target, after different kinds of interactions with the target nuclei, and are 
subsequently multiplied in the surrounding sub-critical core. 
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Fig. 8. Schematic picture of an accelerator-driven system. 
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As was mentioned earlier, a fast neutron spectrum is needed in order to achieve high 
fission rates. For this purpose, liquid metals, such as sodium, lead or lead-bismuth 
eutectic (LBE), or gas are eligible candidates as coolant materials. The most promis-
ing materials for the spallation target are liquid lead and LBE, due to their favour-
able spallation-neutron production characteristics and their suitable thermal proper-
ties. Several different fuel forms are also being studied, of which some of the most 
promising are oxides, nitrides and metal fuels. These different design options will be 
further treated below. 

3.2 Fuel options 
The choice of fuel form envisaged for the transmutation of spent fuel in accelerator-
driven systems is still an open question. These fuels, preferably uranium-free, will 
contain high fractions of plutonium and minor actinides and will be irradiated to 
high burn-up in order to achieve a high degree of transmutation. These new circum-
stances, compared to conventional reactors, imply the need for evaluating and de-
veloping alternative fuel materials. There is much experience and know-how about 
uranium-based fuel forms, but much less about the characteristics and fabrication 
technology of the corresponding plutonium- and MA-based ones. Several different 
options of advanced fuels are being investigated, oxides, nitrides and possibly metal 
fuels being the most promising [35]. Other fuel forms under investigation (not pre-
sented here) are carbide fuels, composite fuels and coated particle fuels. 

There are currently two facilities in Europe that can be used for the handling and 
fabrication of americium- and curium-containing fuels; ATALANTE in Marcoule, 
France (CEA), and the MA-laboratory at the Institute for Transuranium Elements 
(ITU-JRC) in Karlsruhe, Germany. The capacity is currently limited to a few grams 
of curium and to about 150 g of americium (at the MA-lab). Other facilities also ex-
ist in the U.S., Japan and in Russia. 

3.2.1 Oxide fuels 
Compared to other advanced fuel options, oxide fuels have the advantage that their 
characteristics are known from the current industrial MOX fuel operation and fabri-
cation technology. This advantage is limited, however, due to the significant differ-
ences that can be expected for MA-containing oxide fuels. The physico-chemical 
properties of uranium-free fuels are generally inferior to the corresponding uranium-
based fuel forms. Among the negative consequences of going from a uranium-based 
fuel to fuels containing high fractions of plutonium and MA are lower melting point 
(decreases with increasing atom number, from UO2 (3113 K) to AmO2 (2448 K)), 
lower thermal conductivity and poorer chemical stability. Moreover, a general prob-
lem for all fuel forms with high MA content is the helium gas production, leading to 
intolerable swelling of the fuel. This has been demonstrated in the EFTTRA experi-
ment, where uranium-free MA-containing fuels have been irradiated. The helium is 
produced primarily as 242Cm (created from 241Am) disintegrates via alpha-decay. 
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Despite the degradation of the transuranium oxide fuel properties, compared to 
standard UOX or MOX fuels, they still exhibit the important advantage over other 
advanced fuel options of having comparatively high chemical stability. This implies 
relatively simple handling and fuel fabrication, which is very important when deal-
ing with MA-containing materials. Oxide fuels are also stable in air, which makes 
the safety requirements for the fabrication process less demanding. The major draw-
back connected to oxide fuels is the low thermal conductivity, leading to high oper-
ating temperatures. Therefore, a shift of emphasis towards CERMET (ceramic-
metal) oxides has recently been made, where the actinide oxide is dispersed in a me-
tallic matrix, e.g., molybdenum. Two different types of oxide fuels are currently be-
ing considered in Europe as candidates for the ADS fuel cycle; CERCER (ceramic-
ceramic) oxides (e.g., (Pu,MA)O2-MgO) and CERMET oxides (e.g., (Pu,MA)O2-
Mo). 

3.2.2 Nitride fuels 
The major advantage of nitride fuels is their favourable thermal properties (up to 
five times higher thermal conductivity for UN than for UO2), whereas the melting 
temperatures are similar. This implies lower operating temperature, and/or higher 
linear power rating. The actinide nitrides also show good mutual miscibility and it is 
therefore expected that the solid solution (Np, Pu, Am, Cm)N exists over a wide 
range of compositions. Other advantages associated with nitride fuels are the com-
patibility with the PUREX reprocessing method, which has some limitations for ox-
ide fuels, and the reasonable chemical compatibility with water, air and stainless 
steel cladding materials. 

However, nitride fuels exhibit poorer chemical and thermal stability, which 
makes them more difficult to fabricate and which may lead to safety problems dur-
ing power-temperature excursions, such as pressurisation of the reactor vessel 
(caused by dissociation of the nitride and production of N2 gas). Further, the addition 
of an inert matrix, e.g., ZrN, is expected to improve the thermal stability of nitride 
fuels. Another disadvantage of nitride fuels is the production of 14C from 14N. This 
may require the enrichment of 15N [40], which has been proven feasible, but which 
will make the fuel fabrication process more difficult and more expensive. 

3.2.3 Metal fuels  
The main advantage of metallic fuels is that the thermal conductivity is high. For 
uranium-based alloys, the melting temperature is also reasonably high, about 1620 
K. However, moving to uranium-free fuels with high contents of plutonium and mi-
nor actinides, the thermal properties are considerably deteriorated, both with respect 
to the melting point and the thermal conductivity. Consequently, in order to increase 
the margin to melting, the addition of an inert matrix is required, of which the most 
promising candidate is zirconium with a melting point of 2128 K. Another disadvan-
tage of metallic fuels is their incompatibility with LBE.  
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3.3 Coolant options 
Since the neutron energy spectrum in an ADS must be hard in order to achieve high 
transmutation rates, the choice of core coolant is restricted to liquid metals (e.g., Pb, 
LBE or Na) or gas (e.g., He or CO2) [22,41]. Water, for instance, cannot be used, 
because of its strong moderating properties. The main advantages of liquid metals 
are their attractive thermal properties and the possibility of operating close to atmos-
pheric pressure, while the major drawbacks are the opacity (makes inspections and 
repair more difficult), the positive void worth [42] and the adverse chemical proper-
ties. Gas, on the other hand, is not chemically reactive and allows easy in-service, 
but needs very high pressure for efficient cooling. The molten salt concept, which 
exhibits many attractive properties, is also being investigated. However, this tech-
nique lies well beyond the state of the art and is not a realistic option for a demon-
strator ADS within the near future. 

3.3.1 Lead or lead-bismuth eutectic 
Lead or lead-bismuth eutectic as coolant medium may have the advantage of being 
the same material as the spallation target, which will most probably consist of one of 
these two materials. This would avoid the physical separation of the spallation target 
and the sub-critical system. Moreover, the very high boiling point (∼1700 °C) is fa-
vourable in order to prevent or delay the core cooling problems that may arise in the 
unlikely event of a loss of heat removal accident (loss of coolant due to boiling is 
thus very unlikely). Lead and bismuth also possess comparatively good neutronic 
properties, such as very low capture cross-sections, which is favourable for the neu-
tron economy of the multiplying system. The physical properties of lead, LBE and 
sodium are listed in Table 4. Their relatively high melting point, on the other hand, 
places constraints on the operating temperatures during shutdown and refuelling in 
order to avoid solidification of the coolant. Using pure lead with a melting point of 
327 °C would require operating temperatures of 400-600 °C, with no drop below 
400 °C at any time. These high temperatures also further aggravate the structural 
material corrosion problems. However, using LBE as coolant, with a melting point 
of only 123.5 °C, would enable the operating temperature to be reduced by about 
200 °C, facilitating the shutdown procedure and relaxing the corrosion strains. The 
presence of bismuth, however, leads to the production of the alpha emitter 210Po 
(half-life of 138 days) and the related radioactivity confinement concerns need to be 

Table 4. Physical properties of the main liquid metal coolant options. 
 ρ 

[g/cm3] 
(∼400 °C) 

Tmelt

[°C] 
Tboil

[°C] 
k 

[W/m K] 
(∼400 °C) 

Cp
[J/kg K] 

Pb 11.07 327.5 1749 16 150 
LBE 10.24 123.5 1670 12.9 147 
Na 0.857 97.7 883 71.6 1300 

 

 26 
 



managed. Moreover, the availability of bismuth is limited and would probably allow 
only a smaller number of ADS cooled with LBE. Experience of LBE-cooled reactors 
is available in Russia (submarines), although the application in ADS needs more 
thorough research. 

3.3.2 Sodium 
Sodium is the most well-known liquid metal coolant for fast reactor systems. There 
is extensive experience and knowledge from system design and operation of fast 
critical sodium-cooled reactors, e.g., Phenix, Superphenix, Bor-60 and BN600, and 
most of the required compatible reactor components are available. Sodium has very 
good thermal properties, e.g., high thermal inertia and thermal conductivity, leading 
to efficient cooling and reducing the core cooling problems in the case of a loss of 
heat removal accident. Drawbacks connected to this choice of coolant are the violent 
chemical reactivity with air and water as well as the positive void worth, which is 
particularly high when combined with a minor actinide-containing fuel [42]. 

3.3.3  Gas 
One of the main advantages of gas is the hard neutron spectrum it induces. Using 
gas (He or CO2) as coolant would facilitate in-service inspection and repair of the 
reactor core significantly, due to its transparency.  Another advantage is that the void 
worth is close to zero, as the gases are more or less transparent to neutrons. More-
over, helium is inert and does therefore not exhibit adverse effects concerning 
chemical compatibility with structural materials. The major drawback associated 
with gas as coolant is that the system needs high pressure, in the order of 50-70 bars, 
with the related consequences on vessel loading and increased risk of failures, possi-
bly leading to loss of coolant. In the event of loss of coolant, the decay heat removal 
is expected to be more troublesome than with liquid metal cooling. Finally, as the 
core is pressurised, the physical separation of the spallation target and the sub-
critical system is a disadvantage. 

3.4 The spallation target 
The design of the spallation target module should be based on the optimisation of 
neutronic efficiency (maximum neutron yield), while ensuring the removal of the 
heat released in the spallation process as well as the physical and chemical integrity 
of the structural and target materials. The spallation target, for which only limited 
experience exists, constitutes the physical interface between the proton accelerator 
and the sub-critical core and it is one of the most innovative components of the 
ADS. It will be subject to severe radiation and thermal stresses, induced both by the 
high power gradients generated by the intense proton beam (possibly up to 30 MW 
for a future commercial ADS) and by the material damage caused by high-energy 
particles and spallation products. The neutron production in the spallation process is 
most efficient for large nuclei and several heavy metals, e.g., Ta, W, Hg, Pb, LBE 
and U, have been considered as possible target material candidates.  
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3.4.1 Heavy liquid metal target 
Two main options for the spallation target material are being considered; solid or 
liquid metal. While all current spallation sources operate with a solid metal target, 
the heavy liquid metal (HLM) choice appears to be the only realistic one for a large-
scale ADS, due to the extremely high power densities. The main advantages of 
liquid metals are the superior heat removal capabilities and the significant reduction 
of the radiation damage to the target. However, the corrosion and erosion of the 
structural materials, the risk for release of volatile spallation products and the 
possible need for a beam window separating the beam tube from the target region 
are associated problems that have to be dealt with. 

Among the studied heavy liquid metals, lead and LBE have emerged as the 
primary candidates. LBE has the clear advantage of having a low melting 
temperature, which would simplify the heating of the system before operation, as 
well as reducing the risk of target solidification in case of beam interruption or 
reactor shutdown. If LBE is chosen as core coolant material, full compatibility 
between the target loop and the core coolant primary loop could also be achieved. 
The main drawback with LBE, as mentioned in the previous section, is the 
production of the alpha emitter, 210Po. 

A third target material that is being considered is mercury, with the main 
advantages being the absence of 210Po-activity and the possibility of not having to 
heat up the system before operation. Mercury is studied in the frame of the 
Spallation Neutron Source (SNS) [43], currently under construction at Oak Ridge, 
U.S. The spallation experiments are based on a pulsed proton beam of 1.4 MW (1.4 
mA and 1000 MeV proton beam) impinging on a target of liquid mercury. However, 
the high volatility of mercury imposes very strict requirements on the integrity of the 
system and the boiling point of 356 °C is probably not high enough for the operation 
temperatures required for a large-scale ADS. Another disadvantage of mercury is the 
high neutron absorption cross-section. 

3.4.2 Window or windowless option 
Another major choice that has to be made concerning the spallation target module is 
whether to connect the accelerator channel to the spallation target via a solid win-
dow, or to let the beam impinge directly on the HLM (windowless option). If a win-
dow is used, it has to consist of a material of high strength and high radiation resis-
tance, as it will be exposed to very high proton irradiation doses and high tempera-
tures. Only limited experience from window irradiation is currently available, but it 
is estimated that the window would have a life-time not longer than 6 months, due to 
the heavy radiation damage. In the MEGAPIE project, carried out at the PSI, an 
LBE target will be irradiated by the SINQ proton beam (590 MeV and 1.8 mA) [44]. 
The beam and the target will be separated by a beam window, which is expected to 
reach an irradiation dose of about 10 DPA (displacement per atom) during a period 
of six months. While a neutron dose of 10 DPA usually not constitutes a problem, 
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the concomitant production of hydrogen and helium in proton irradiation causes in-
creased embrittlement of the window. 

A windowless design avoids the problems associated with high-temperature win-
dow stresses (although there has to be a cold window higher up in the accelerator 
channel), but involves other technical difficulties. The main challenge is to manage 
the metal and the spallation product evaporation contaminating the beam line vac-
uum. This option will be experimentally investigated in the MYRRHA project 
[45,46], where a windowless LBE target will be irradiated by a 350 MeV and 5 mA 
proton beam. The proton beam will drive a sub-critical core of about 30 MW ther-
mal power. 

3.4.3 The spallation process 
The nuclear process of spallation can be divided into two stages, which is illustrated 
in Fig. 9. In the first stage, called the “intranuclear cascade”, a high-energy particle 
impinging on a target nucleus interacts directly with the individual nucleons inside 
the nucleus, the interactions being described by particle-particle cross-sections. 
High-energy neutrons, protons and pions may be emitted as a result of this interac-
tion. The nucleus is left in a highly excited state, the energy being distributed 
throughout all the nucleons of the nucleus. In the second stage, which is much 
slower, the highly excited nucleus undergoes “evaporation”, releasing nucleons or 
light ions with an energy of typically about 1 MeV. The nucleus might also undergo 
fission in this stage. When the nucleus reaches an energy level that is less than about 
8 MeV above its ground state, further de-excitation occurs by gamma ray emission. 
 

 
Fig. 9. The different stages of the spallation process. 
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In a single spallation reaction, about 15 neutrons are created from a 1000 MeV pro-
ton impinging on a lead nucleus. However, some of these emitted neutrons are ener-
getic enough to induce further spallation reactions or (n,xn)-reactions in other target 
nuclei. This multiplication thus gradually leads to a larger number of neutrons leav-
ing the spallation target. In a large lead spallation target, typically about 30 neutrons 
are created altogether for each 1000 MeV proton. 

3.5 Accelerator technology 
The operation of an ADS will require a high-power proton accelerator (HPPA) and 
the two types of accelerators that are being considered are linacs and cyclotrons 
[22,47,48]. The most powerful linac existing today is the LANSCE accelerator at the 
Los Alamos National Laboratory (LANL), U.S., operating with a maximum proton 
energy of 800 MeV and a mean beam current of 1 mA, whereas the biggest cyclo-
tron is the separated sector unit at the Paul Scherrer Institute (PSI), Switzerland, with 
maximum 590 MeV and an average current of 1.8 mA. There are also several large 
accelerators that are currently being planned or are under construction, some of the 
most important projects being the Spallation Neutron Source (SNS) (1.4 mA and 1.0 
GeV pulsed linac) [43], the KEK/JAERI project (600 MeV linac coupled to a 3 GeV 
and a 50 GeV synchrotron) and the European Spallation Source (ESS) (1.33 GeV 
pulsed linac) [49,50]. Furthermore, the LEDA (Low Energy Demonstration Accel-
erator) accelerator in Los Alamos, U.S., which has operated without beam trips at a 
current of about 100 mA for many hours [51], is an important proof that an accelera-
tor of such strength can be built. 

However, all of these accelerators are far from meeting the requirements that will 
be imposed by the operation of a future large-scale ADS. The most important areas 
for accelerators envisaged for ADS application, where significant development and 
technological improvement are needed, concern performance, reliability and avail-
ability, as well as operation and safety. 

3.5.1 Accelerator performance 

The proton beam characteristics 
A proton energy in the order of about 1 GeV combined with an accelerator current 
of 20-30 mA (20-30 MW power) will probably be required for a large-scale indus-
trial ADS with a power in the order of 1000 MWth, while about 5 mA using 600 
MeV protons (∼3 MW power) is estimated to be enough for an experimental facility 
with a power of about 100 MWth, such as the XADS demonstrator [22]. The re-
quired proton energy lies well within the present capabilities of accelerator technol-
ogy, but the high currents require significant improvement. Using super-conducting 
linacs, it has been shown that accelerator powers of up to 100 MW (100 mA, 1 GeV) 
are feasible, constructional costs being the main limiting factor. On the other hand, 1 
GeV and a few mA (possibly up to 10 mA) are considered as the upper limits of 
what is achievable for cyclotrons. Consequently, both linacs and cyclotrons could be 
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used for a 100 MW experimental facility, while only linacs can be eventually up-
graded to a future commercial ADS. 

One of the main characteristics of the proton beam, that is, its energy, will be de-
termined mainly by two physical quantities; the number of neutrons produced per 
proton and per GeV and the amount of energy deposited in the target window. The 
first quantity is an approximate measure of the efficiency of the proton beam, in 
terms of number of produced spallation neutrons for a given amount of accelerator 
power. This is an increasing function of proton energy and reaches its optimum level 
at about 1000-1500 MeV, which is illustrated in a later chapter (Fig. 14). The second 
quantity, the energy deposited in the target window, which is due to ionisation 
losses, is a decreasing function of proton beam energy. Since the required current is 
also lower for higher proton energies, the window damage is significantly reduced 
by increasing the proton energy. Hence, considering the physical properties of the 
beam-window-target interactions, a proton energy in the order of 1 GeV or higher is 
clearly favoured. 

Reliability and availability 
The reliability and continuity of the accelerator beam is a new and challenging con-
straint on the accelerator technology and will require considerable improvement of a 
large number of accelerator components. A reduction of beam interruptions of a few 
orders of magnitude is needed in order to meet the requirements for the coupling of 
an accelerator to an industrial sub-critical reactor [52]. 

The beam trips are generally divided into two categories; those shorter and those 
longer than one second. Current research shows that the beam interruptions shorter 
than about one second do not significantly affect the thermodynamics of the reactor 
or other plant parameters, e.g., thermal power, temperature, primary flow and pres-
sure. Therefore, no specific limit on the frequency of trips is required for this cate-
gory. On the contrary, beam trips longer than one second will lead to a variation of 
these parameters or even to a plant shutdown and a frequent repetition of such trips 
can significantly damage the reactor structures. The number of allowable long-
duration beam trips depends on the properties of the structural components, but it is 
generally considered that some hundreds per year would be acceptable. However, 
considering the availability and the cost-efficiency of the reactor operation, the limit 
of beam trips long enough to cause a shutdown will be much lower, maybe in the 
order of 10 per year. This value, which is still significantly higher than the average 
number of shutdowns for present industrial nuclear power plants, is acceptable, since 
the main purpose of ADS is transmutation rather than electricity production. Hence, 
the major challenge within accelerator technology, in terms of improving reliability 
and availability, is the reduction of long-term beam interruptions. 

Operation and safety 
The control of the power and the monitoring of the reactivity level of the core pose 
other challenges for the operation of a source-driven sub-critical reactor. Concerning 
the time structure of the proton beam, a pulsed mode operation may be advantageous 
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for this purpose, since it allows for a repeated beam interruption (∼1 ms). For in-
stance, using different reactivity determination methods, the sub-criticality can be 
determined by monitoring the prompt neutron flux decay subsequent to a source 
pulse. As long as the frequency is high enough, no penalties in terms of thermal 
stresses are expected. Different methods for determining the reactivity are treated in 
Chapter 8. Other safety functions that have to be taken into account are the contain-
ment of radioactive materials and the radiological protection of the working person-
nel under normal operating conditions. 

3.5.2 Linear accelerators 

Basic technology 
The basic principle of a linear accelerator, commonly called linac, is that the charged 
particles are accelerated, either by electrostatic fields or oscillating radio-frequency 
(RF) fields, along a straight line. The particles travel through a series of hollow 
“drift tubes”, alternately connected to the opposite poles of an AC voltage source 
(Fig. 10). The energy transfer to the particles occurs in the electric field between the 
tubes, whereas the inside of the tubes are field-free (hence the name, “drift tube”). 
The polarity of the voltage is reversed while the particles are travelling inside the 
tubes and the lengths of the tubes are chosen so that the particles reach the gap be-
tween the tubes at the moment when the electric field is accelerating. As the velocity 
of the particles increases, the length of the tubes must also increase, approaching a 
constant value as the particles become relativistic. In order to reach high energies, 
since the final energy of the particles is equal to the sum of the voltages to which 
they have been exposed, either the number of tube segments or the voltage of the 
RF-source may be increased. As the velocity of the particles quickly becomes high, 
it is desirable that the RF-frequency is high in order to keep the tube lengths rea-
sonably short. 
 

 
Fig. 10. Principle design of a linear accelerator. 
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The linac envisaged for ADS 
The HPPA linac envisaged for ADS can schematically be divided into three differ-
ent parts; the injector, the intermediate section and the super-conducting high-energy 
section. In a typical design proposal, depicted in Fig. 11 [53], the injector consists of 
three parts with the first stage being the ion source, producing a high-intensity pro-
ton beam. The ECR (electron-cyclotron resonance) ion sources have proved very 
suitable for producing intense proton beams and to be highly reliable. The source is 
followed by an RFQ (radio-frequency quadrupole), accelerating (to 5 MeV), focus-
ing and bunching the beam, and a DTL (drift tube linac) accelerating the protons to 
about 10 MeV. 

The intermediate section consists of a number of classical normal-conducting 
copper structure DTL, in which the particles reach an energy of about 85 MeV. At 
higher energies, in the last section of the linac, super-conducting cavities and focus-
ing quadrupoles are needed. This is the longest section and brings the protons up to 
their final energy, possibly 450-600 MeV for a demonstrator or about 1000 MeV for 
a prototype ADS. In addition to the first 100 m of the two first parts, approximately 
180 m are needed to reach 450 MeV, while about 300 m are needed to reach 1000 
MeV. Alternatively, a transition to super-conducting technology at lower energies 
(∼20 MeV) has been considered, e.g., in the TRASCO project and in the US road-
map for ATW [54]. 

 

 
Fig. 11. Typical layout for a super-conducting HPPA linac [53]. 

The main advantage of super-conducting radio-frequency-cavities (SCRF) compared 
to normal-conductors is the very high efficiency of the power transferred from the 
RF-transmitters to the proton beam. Using classical copper structure cavities, about 
half of the power is dissipated in the walls, while for SCRF cavities almost 100% 
efficiency can be obtained. This leads to considerable economical advantages as 
well as relaxed constraints on the construction of the RF-source. Besides this obvi-
ous economical impetus for using SCRF cavities, they are also favoured for several 
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technical reasons. One is that large beam openings, not achievable in classical linacs, 
drastically reduce the problems associated with the activation in the structural com-
ponents induced by beam halo. Another reason is that stronger accelerating fields are 
possible (10 MeV/m is foreseen, compared to 1.6 MeV/m for classical copper cavi-
ties), which considerably reduces the length (and costs) of the high-energy section. 

3.5.3 Cyclotron accelerators 
A cyclotron is a circular accelerator consisting of two large dipole magnets and two 
semi-circular metal chambers, called Dee:s because of their shape, in which the par-
ticles orbit (Fig. 12). The Dee:s are connected to an oscillating voltage, generating 
an alternating electric field in the gap between the two Dee:s, in which the particles 
are accelerated. When they are inside the Dee:s, however, they sense no electric 
field and follow a circular path until they reach the gap and are accelerated again. In 
this way, the particles that are emitted at the centre of the device follow a spiral path, 
gaining a certain amount of energy each cycle, until they become energetic enough 
to leave the accelerator. 
 

 
Fig. 12. Schematic design of a cyclotron. 

A difficulty with this type of classical cyclotron arises when the particles become 
relativistic, which causes them to become out of phase with the alternating voltage. 
For protons, the maximum achievable energy due to this effect is about 40 MeV (γ = 
1.04). In order to overcome this problem, either the frequency must be modulated or 
the magnetic field must increase with the orbital radius. This has been accomplished, 
for example, by the development of the frequency-modulated synchro-cyclotron. On 
the other hand, increasing the magnetic field by increasing the radius has the unde-
sirable effect of defocusing the beam. However, focusing can be restored by divid-
ing the dipole magnets into sectors with alternating high and low magnetic fields 
(isochronous cyclotron). The strongest focusing effect is obtained in a separated sec-
tor cyclotron. This is the principle for the 590 MeV PSI cyclotron, which is con-
structed using 8 separate magnet sectors. 
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Cyclotrons may be a realistic alternative to linacs as the accelerator to drive an 
ADS, provided that a relatively small reactor is envisaged. The maximum achievable 
beam power is estimated to be 5-10 MW, so a thermal output power of about 100-
200 MW appears to be the upper limit for a cyclotron-driven ADS. An alternative 
that has been considered is to operate several independent cyclotrons. In this sce-
nario, a 500 MW core could possibly be managed. This would also increase the reli-
ability of the proton beam and, given the lower unit cost of a cyclotron compared to 
a linac, it could equally be an economically favourable option. Most of the concep-
tual design proposals of ADS cyclotrons are based on a version of the PSI ring cy-
clotron upgraded to about 1 GeV and 10 mA, thus yielding a maximum power of 10 
MW.  

3.6 The European Roadmap for the development of 
ADS technologies 

The main goals of the European Roadmap are to propose a technological route for 
the transmutation of nuclear waste in accelerator-driven systems and to prepare a 
detailed plan for its first phase; the realisation of an experimental ADS (XADS) 
[22,55] of thermal power in the order of 100 MW. The XADS program, which is 
envisaged to cover the time-period of the 6th and the 7th European Framework Pro-
grams, is the first step in the European Roadmap for the development towards a 
large-scale and industrial application of ADS. During the operation of the XADS, 
which will use conventional MOX fuel, the basic physical principles of an accelera-
tor-driven system, mainly the coupling between the proton accelerator and the sub-
critical core, will be studied and demonstrated. The MOX fuel could be either exist-
ing fuels from the SNR300 or Superphenix (SPX) reactors, or new MOX fuels spe-
cifically constructed for the XADS. The latter choice has the advantage that the fuel 
design can be adapted to the design of the reactor system. 

It has been agreed that a thermal power of about 30-100 MW is suitable for the 
XADS. A power level of 100 MW would require a maximum accelerator current of 
about 2-5 mA and an accelerator power in the order of 2-3 MW, assuming a proton 
beam energy between 600 and 1000 MeV. It has also been agreed that the spallation 
module should be separated from the primary coolant, whereas the choices of many 
other system parameters, such as coolant and spallation target materials, are still un-
resolved. For the spallation module, the choice between the window and windowless 
concept will be based on the results from the MEGAPIE and the MYRRHA pre-
liminary experiments, respectively. The XADS will also have the role of an irradia-
tion tool and a limited number of dedicated MA-based fuel assemblies will be in-
serted in the reactor for irradiation studies. These advanced fuels, characterised by a 
high content of plutonium and minor actinides and preferably uranium-free, will be 
irradiated to relatively high burn-up in order to achieve high transmutation rates. 

The preparations for the development of the XADS have been carried out during 
the European 5th Framework Program within the frame of the PDS-XADS program 
(Preliminary Design Studies of an XADS) [56]. The following three different ADS 
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concepts, developed by different EU member countries, have been comprised by the 
program; 
 The Ansaldo design (∼80 MWth), cooled by LBE. 
 The Framatome design, cooled by gas. 
 MYRRHA (∼30 MWth), windowless and cooled by LBE. 

In the second phase of the roadmap for ADS development, the MOX fuel is planned 
to be replaced by dedicated fertile-free fuel, thereby allowing full demonstration of 
the transmutation process. This may be realised either by converting the XADS to an 
experimental accelerator-driven transmuter (XADT) or, should this not be feasible, 
by constructing a new facility. A high priority with the XADS design phase will be 
to provide the maximum practical flexibility in order to make it possible to convert 
the plant to XADT without major modifications. 

Possibly around 2030, the construction of a prototype ADS, which should be 
based on the same technology as the XADT, except that it would be larger, could be 
started. This prototype must have all the features of an industrial ADS deployed at a 
later stage (power, coolant, fuel, spallation module etc.). Until this time, a spallation 
module, including an accelerator of about 20 to 30 MW power and with availability 
far beyond its current status, must be developed and constructed. Apart from the ac-
celerator technology, the realisation of a large-scale ADS will also rely on several 
other independent factors, such as the development and construction of advanced 
processing and fabrication plants, various safety issues and many different techno-
logical challenges. Eventually, if the operation of the prototype is successful, accel-
erator-driven transmutation systems could possibly be applied on a large and indus-
trial scale from around 2040. 
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Chapter 4  

The simulation tools 
 
The major part of the numerical simulations performed within the scope of this the-
sis was performed with the Monte Carlo codes MCNP [6] and MCNPX [7]. For 
comparison, the deterministic fast reactor code ERANOS [57] was used as model-
ling tool in some of the studies [Paper VII]. 

4.1 The Monte Carlo method 
The Monte Carlo method is a stochastic process, which allows for simulating parti-
cle transport in any arbitrary geometry. While deterministic codes solve the neutron 
transport equation for an average particle, Monte Carlo obtains a solution by simu-
lating individual particles and then inferring their average behaviour. It is particu-
larly useful for complex problems that cannot be modelled by deterministic codes. 
The problem description is often relatively short and easily constructed. The method 
consists of following each particle, created somewhere in the geometry, throughout 
its life (from birth to death, e.g., via absorption or escape) and its interactions with 
other particles (fission, capture, scattering etc.). The process is run for a large num-
ber of source particles to obtain a statistically reliable result and the program records 
the average behaviour of the simulated particles. 

To simulate the particle interaction with matter using a Monte Carlo method, 
such as MCNP, nuclear data libraries, e.g., JEFF, JENDL, ENDF/B, containing 
cross-section information for all relevant isotopes and processes, are used. This data 
is then processed into a format appropriate for MCNP (so-called ACER format) by 
the code, NJOY [58], which produces new data files and a “directory” file, XSDIR, 
which is directly used by MCNP. A flow sheet describing the nuclear data treatment 
procedure is depicted in Fig. 13. 

The basic advantage of Monte Carlo codes over deterministic codes is that they 
require no averaging approximations in space, energy and time. One disadvantage of 
Monte Carlo, however, is that the solution contains statistical errors. All results in 
Monte Carlo represent estimates with associated uncertainties and the calculations 
can be rather time consuming as the required precision of the results increases. 
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Fig. 13. Flow sheet of nuclear data treatment, finally applied by a simu-
lation tool such as MCNP. 

4.2 MCNP and MCNPX 
MCNP has the capability of transporting neutrons, electrons and photons, the neu-
tron energy range being limited to 20 MeV. These features are sufficient for classi-
cal reactor simulations and most other neutron transport problems. However, this 
limitation is a problem when simulating an accelerator-driven system involving 
high-energy transport of both neutrons and protons, and high-energy interactions, 
such as proton-induced spallation. 

MCNPX on the other hand, is an extended version of MCNP, in which the major 
capabilities of the high-energy transport code, LAHET [59], and MCNP have been 
merged together. In MCNP, particle transport relies entirely on nuclear data con-
tained in externally supplied cross-section tables, which are derived from evaluated 
nuclear data files. In LAHET, on the other hand, particle transport is accomplished 
by using various theoretical physical models embedded in the code, covering the 
energy range up to several GeV. In MCNPX, the table-based data are used whenever 
they exist, as such data are known to yield the best results. When they do not exist, 
the code built-in physical models are used. LAHET and MCNPX also have the pos-
sibility to transport many particles other than neutrons, the most important in the 
context of ADS simulations being protons. The nuclear data libraries used by MCNP 
and MCNPX have traditionally been limited to 20 MeV. However, progress is un-
derway with the development of cross-section tables covering the important energy 
range from 20 up to 150 or 200 MeV, e.g., LA150 [60]. 

4.3 ERANOS 
ERANOS is a deterministic fast reactor code system using cross-section libraries 
based on the JEF-2.2 [61] or the JEFF-3.0 evaluated files. ERANOS is well vali-
dated for classical sodium-cooled fast reactors. This validation has recently been ex-
tended to plutonium-burning cores with steel-sodium reflectors and high plutonium 
content. However, the code is not yet fully validated for systems characterised by 
large sub-criticalities and the presence of high-energy neutrons from spallation. 

In ERANOS, 1D cell or 2D sub-assembly calculations are performed with the 
ECCO code, while core calculations can be performed with different 2D, e.g., 
BISTRO [62], or 3D diffusion or transport theory modules. Two basic sets of nu-
clear data libraries are available with ERANOS, both of them based on the JEFF 
evaluated file. The first one is directly derived from JEFF, whereas the other one, 
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called ERALIB1 [63], has been generated in a nuclear data statistical adjustment 
procedure. The energy range in ERANOS is limited to 20 MeV and it thus needs to 
be combined with a high-energy code in order to be able to simulate high-energy 
spallation-driven systems. 

4.4 High-energy codes and models 
High-energy particle transport, e.g., in spallation interactions, is usually performed 
by a high-energy Monte Carlo code, based on several different physical models. For 
reactor problems, these codes are generally coupled, below a certain cut-off energy 
(usually 20 MeV), to a neutron transport code, such as MCNP. There are presently a 
number of different models and computation codes for simulating high-energy parti-
cle transport, of which HETC [64,65] and LAHET are two of the most widely used. 
The physical models used for high-energy interactions are in most codes divided 
into the following different categories; intranuclear cascade models (INC), multi-
stage pre-equilibrium models (MPM) [66], evaporation and break-up models and 
high-energy fission models. 

4.4.1 Intranuclear cascade and pre-equilibrium models 
The concept of the INC model was developed several decades ago in the early stages 
of high-energy nuclear interaction modelling. It is a relatively fast model, in terms of 
computation speed, and within some energy ranges it is the only available tool for 
simulating hadron-nucleus interactions. As a result, several different INC models 
have emerged and have become more and more refined and widespread.  

In the INC models, the incoming particle interacts directly with individual nucle-
ons inside the nucleus. The nucleus is assumed to be a cold, free gas of nucleons, 
confined within a potential that describes the nucleon binding energies and the nu-
clear density as a function of the radius. Standard Wood-Saxon potentials are used 
and the quantum effects of Pauli blocking are generally taken into account. Some of 
the INC models available today are Bertini [67,68], ISABEL [69,70], the Cugnon 
INCL models [71,72], CEM (Cascade-Exciton Model) [73] and FLUKA [74]. Ber-
tini is the oldest and most widely used INC model and it is the default in MCNPX. 
Nevertheless, the Bertini model has shown some disagreement with experimental 
results, obtained at the SATURNE accelerator at Saclay (France) [75]. For instance, 
it was found to over-predict the low-energy neutron production resulting from high-
energy protons impinging on different heavy-metal targets. The Cugnon INCL 
model used by the TIERCE code [76], on the other hand, yields neutron production 
rates in good agreement with the experiments, although this model has some other 
deficiencies that have yet to be overcome. 

After the termination of the INC model, a multistage pre-equilibrium model may 
optionally be applied for sub-sequent de-excitation of the residual nucleus. During 
this intermediate stage, the excited nucleus may emit nucleons or light nuclei. When 
the Bertini INC model is used in the LAHET code system, the use of this pre-
equilibrium model is recommended for most cases. It was also shown in the 
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SATURNE experiments that the Bertini model followed by the MPM clearly im-
proves the performances. 

4.4.2 Evaporation and breakup models 
At the completion of the INC model (and the MPM, if used), an evaporation model 
or, for lighter nuclei, the Fermi-breakup model may be applied for the de-excitation 
of the nucleus. The energy of the highly excited residual nucleus is dissipated by 
evaporation of neutrons, protons, deuterons, tritons, 3He- and 4He-particles. The 
most widely used evaporation model is the Dresner model [77], usually associated 
with the Atchison fission model [78], but the GSI model [79], for example, also ap-
pears to be a promising alternative. 

For the disintegration of light nuclei (A≤22), the Fermi-breakup model [80] has 
replaced the evaporation model. The de-excitation process is treated as a sequence of 
simultaneous breakups of the nucleus into two or more products. The products may 
be a stable or unstable nucleus, or a nucleon. Any unstable nucleus is subject to fur-
ther breakups until all products are stable. 

4.4.3 High-energy fission models 
Instead of undergoing evaporation after the intranuclear cascade, the highly excited 
nucleus may also fission. There are two main models for fission induced by high-
energy interactions; the Rutherford Appleton Laboratory (RAL) model [81] and the 
ORNL model [82]. The RAL model, which is the default in MCNPX, covers fission 
for nuclei larger than Z=71, whereas the ORNL model only treats actinides. 
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Chapter 5  

Neutron transport theory 
 

A major part of this thesis has been devoted to the study of source efficiency in ac-
celerator-driven systems. In this chapter, the basic theoretical framework of neutron 
transport theory, providing the basis for the source efficiency concepts, is briefly 
presented.  

5.1 The neutron transport equation 
The neutron transport equation, when no distinction is made between prompt and 
delayed neutrons, can be expressed as [83] 
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where  is the neutron angular flux. The following short-notations have 
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The five different terms in Eq. (6), counted from the left, have the following physi-
cal meanings; 
1. Time rate of change of the neutron angular density at the fixed position r. 
2. Rate of change of the neutron angular density at the position r due to streaming 

of the neutrons, i.e., motion of the neutrons in a straight line without any colli-
sions. 

3. Number of neutrons disappearing as a result of interactions with the background 
medium.  is the total macroscopic cross-section. Σ
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4. Number of neutrons appearing as a result of interactions with the background 
medium. 

5. Number of neutrons appearing from the source term S. 
 
Moreover, by separating the fission cross-section from the total transfer probability, 
the neutron transport equation can also be expressed as 
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where the normalised fission spectrum, ( )Eχ , was expressed by Eq. (4). In order to 
guarantee a unique solution, a boundary condition must be specified. From now on, 
we assume the free surface boundary condition 

 ( ) 0, , 0E ⋅ <Φ =n Ωr Ω  . (8) 

It should be noted that the homogeneous transport equation (source free) is linear, 
which implies that if  and  are solutions, then 1Φ 2Φ 1 2Φ + Φ  is also a solution. For 
the inhomogeneous equation we have that, if 1Φ  corresponds to a source  and a 
solution  to a source , then, provided that the appropriate boundary conditions 
are satisfied,  is the solution for the source 

1S
2Φ 2S

1Φ + Φ2 21S S+ . Moreover, it can be 
shown that unique time-independent solutions to the transport equation exist for a 
critical system without a source and for a sub-critical system with the presence of a 
source. 

5.2 Criticality 
Physically, the concept of criticality can be described by the following descriptions. 
If the neutron population in a system will die out at late times unless it is sustained 
by a neutron source, the system is said to be sub-critical. Similarly, if it diverges at 
late times, the system is described as being super-critical. Finally, the system is de-
fined to be critical if the neutron population remains constant in the absence of a 
neutron source or any other external influence. 

5.2.1 The α-eigenvalue 
Since , the homogeneous neutron transport equation, Eq. (6) with , is 
equivalent to 

vNΦ = 0S =
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where the operator  has just been defined. Now we consider the solution to the 
equation 

L̂
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of the following form 

 ( ) ( ), , , , , tN E t N E eαα=r Ω r Ω  . 

It then follows that 

 ( ) ( )ˆ, , , ,N E N Eα αα =r Ω L r Ω  . (11) 

It can be shown that, at late times, the solution is determined by the eigenvalue hav-
ing the largest real part, 0α , i.e., ( ) ( ) 00, , , , , tN E t N E eα=r Ω r Ω . It can thus be con-
cluded that, when 0 0α <  the system is sub-critical, when 0 0α =  it is critical and 
when 0 0α >  it is super-critical.  

5.2.2 The k-eigenvalue 
From a physical understanding of criticality, any system containing fissile material 
could be made critical by arbitrarily varying the number of neutrons emitted in fis-
sion, ν. In particular, ν may be replaced by ν/k and k could then be varied to obtain 
the criticality condition 0 0α =  with effk k= . It will therefore be assumed, on physi-
cal grounds, that for such a system, there will always exist a unique positive eigen-
value, . By definition, is the unique positive eigenvalue of the neutron 
transport equation 

0effk > effk
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where , E Eν ν ′= →r  and where  and kN kN ′  are the corresponding eigenfunc-
tions. 

5.3 The adjoint equation 

5.3.1 Self-adjoint and adjoint operators 
Let ( )ψ ξ  and ( )φ ξ  be functions of the same variables. The inner product of these 
two functions is then defined by 

 ( ) ( ) ( ), dψ φ ψ ξ φ ξ= ∫ ξ  . (13) 

In the case of the transport equation, the phase variable ξ  stands for ( ), , Eξ = r Ω  
and dEddd Ωr=ξ . For a hermitian, or self-adjoint operator, , we have that M̂

 ( ) (ˆ ˆ, , )ψ φ ψ=M M φ  . (14) 
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The eigenfunctions of hermitian operators are orthogonal and the eigenvalues are 
always real. However, in neutron transport theory, the operator associated with the 
transport equation, L , is not self-adjoint, which requires the introduction of an op-
erator, , that is adjoint to . The adjoint operator 

ˆ
ˆ+L L̂ ˆ+L  will operate on adjoint func-

tions ψ +  and φ+ , and is defined by the requirement that 

 ( ) ( )ˆ ˆ, ,φ φ φ+ + +=L L φ  . (15) 

The eigenfunctions of  are orthogonal to those of . Indeed, if ˆ+L L̂

  and λφφ =L̂ ˆ φ λ φ+ + + +=L  , 

then, Eq. (15) gives 

    ( )( ), 0λ λ φ φ+ +− =  . (16) 

Hence, if λλ ≠ , then ( ),φ φ+ = 0 , i.e., eigenfunctions of  and  corresponding to 
the different eigenvalues, 

L̂ ˆ+L
λ  and λ+ , are orthogonal. On the other hand, if 

( ),φ φ+ ≠ 0 , then λ λ+= . 

5.3.2 The transport operator 
The transport operator L  can be defined by writing the inhomogeneous and time-
independent transport equation (Eq. 6) as 

ˆ
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where 
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In this expression, the short-notation 
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was used. As  is not self-adjoint, we have that L̂

 ( ) (ˆ ˆ, ,ψ φ ψ≠L L φ  . 

5.3.3 The adjoint to the transport operator 
The direct operator  operates on the neutron angular flux, L̂ ( ), , EΦ r Ω . In contrast, 
the adjoint operator  operates on adjoint functions, ˆ+L ( ), , E+Φ r Ω . By definition, 

 obeys ˆ+L
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  , (19) ( ) (ˆ ˆ, ,+ + +Φ Φ = Φ ΦL L )
)where  is the adjoint angular flux. Similarly to Eq. (18),  is proved to 

be defined as 
( , , E+Φ r Ω ˆ+L

 
0 4

ˆ f d dE
π

∞
+ + + + ′ ′ ′Φ = ⋅ ∇Φ − ΣΦ + Σ Φ∫ ∫L Ω Ω  . (20) 

Here, 

 ( ), , ,f f E E′ ′= →r Ω Ω  . 

The following two differences between the direct operator L  (Eq. 18) and the ad-
joint operator  (Eq. 20) should be noted; 

ˆ
ˆ+L

 The gradient terms,  and ⋅ ∇ΦΩ +⋅ ∇ΦΩ , have opposite signs. 
 The before-state and the after-state of the scattering function  have been inter-

changed, i.e., 
f

( ), ,E E′ ′→Ω Ω  in  becomes L̂ ( ), ,E E′ ′ →Ω Ω  in . ˆ+L
The boundary condition of no incoming neutrons for the direct flux results in no 
outgoing neutrons for the adjoint flux, i.e., 

 ( ) 0, , 0E ⋅ <Φ =n Ωr Ω  

( ) 0, , 0E ⋅ >Φ =n Ωr Ω+

)E

 .  

5.4 Neutron importance 
It can be shown that the adjoint function can be used as a measure of neutron impor-
tance. Consider a steady-state sub-critical system containing a steady source 

 and suppose that there is a neutron detector present with a response pro-
portional to the macroscopic cross-section, 

( , ,S r Ω
( ),d EΣ r , of the detector material. The 

inhomogeneous time-independent transport equation can be written as 

  (21) ˆ SΦ = −L

with the boundary condition of no incoming neutron flux. Consider also an inhomo-
geneous adjoint equation with the source ( ),d EΣ r , i.e., 

  (22) ˆ d+ +Φ = −ΣL

with the boundary condition of no outgoing adjoint flux. By multiplying Eq. (21) by 
 and Eq. (22) by Φ , subtracting the resulting expressions and integrating the dif-

ference over all variables, the following expression can be obtained; 
+Φ
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      ( ) ( ) ( ) ( ), , , , , , , ,dS E E d d dE E E d d dE+Φ = Σ Φ∫ ∫ ∫ ∫ ∫ ∫r Ω r Ω r Ω r Ω r Ω r Ω  . (23) 

In the last step, the definition of the adjoint operator in Eq. (19) was used. The right-
hand side of Eq. (23) is proportional to the response of the detector to the source S. 
Assuming a steady state unit source, S, at the location  emitting one neutron per 
second with energy  in the direction , i.e., 

0r
0E 0Ω

 ( ) ( ) ( ) ( )0 0, ,S E E E0δ δ δ= − − −r Ω r r Ω Ω  , 

the left-hand side of Eq. (23) reduces to the adjoint flux. We thus obtain the follow-
ing useful representation; 

 ( ) ( ) ( )0 0 0, , , , , ,dE E E d+Φ = Σ Φ∫ ∫ ∫r Ω r Ω r Ω r Ωd dE

)

. (24) 

Hence,  is proportional to the detector response to the unit source S 
and the adjoint flux is thus a measure of the importance of a neutron in contributing 
to the response of the detector. From this, it can also be understood that the adjoint 
flux with the values ,  and  may be defined to be proportional to the average 
flux in the system, as well as to the total power produced. 

( 0 0 0, , E+Φ r Ω

0r 0Ω 0E

5.5 Definition of keff and ks 
The time-independent neutron transport equation can also be expressed using the 
fission production operator, , and the net neutron loss operator, , according to F̂ Â

  . (25) ˆ ˆ SΦ = Φ +A F

Here, 

 
0 4

ˆ x x
x f

f d dE
π

∞

≠
′ ′ ′Φ = ⋅ ∇Φ + ΣΦ − Σ Φ∑∫ ∫A Ω ′Ω  (26) 

 ( )

0 4

ˆ
4 f

E d dE
π

χ υ
π

∞
′ ′ ′Φ = Σ Φ∫ ∫F Ω ′  . (27) 

For the corresponding homogeneous system, we have for the direct and the adjoint 
fluxes that 

 1ˆ ˆ
λ

Φ = ΦA F  (28) 

 ˆ ˆ
λ

+ + + +
+

Φ ΦA = F1  . (29) 
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By multiplying Eq. (28) by  and integrating over all variables, multiplying Eq. 
(29) by Φ  and integrating, and then using the definition of the adjoint operator (Eq. 
19), it can also be shown that the two eigenvalues, 

+Φ

λ  and λ+ , are identical, i.e., 

 
ˆ ˆ, ,
ˆ ˆ, ,

λ λ
+ + +

+
+ + +

Φ Φ Φ Φ= =
Φ Φ Φ Φ

F F
A A

=  . (30) 

Assuming that  is the solution corresponding to the largest eigenvalue, i.e., 0Φ
0 effkλ = , the direct and the adjoint balance equations become 

 0
1ˆ ˆ
effk

Φ = ΦA 0F  (31) 

 0 0
ˆ ˆ

effk
1+ ++ +Φ = ΦA F  . (32) 

Thus, 

 0 0

0 0

ˆˆ
ˆ ˆeffk

++

++

ΦΦ
= =

Φ Φ
FF

A A
 . (33) 

Here, the both ratios do not depend on the phase point ( ), , Er Ω . If we now multiply 
Eq. (31) by , integrating and recalling Eq. (19), we obtain 0

+Φ

 0 0

0 0

ˆ,
ˆ,

effk
+

+

Φ Φ
=

Φ Φ

F
A

 . (34) 

Moreover, by using the orthogonality relation between eigenmodes, 

 , 0i j
+Φ Φ =     i j≠  , (35) 

and assuming that the solution to Eq. 25 may be cast into a series, 

 0 1 ...i n
n

Φ = Φ = Φ +Φ + + Φ∑  , (36) 

0Φ  in Eq. (34) can be replaced by Φ . We thus have that 

 0 0

0 00

ˆ ˆ, ,
ˆ ˆ, ,,

effk
S

+ +

+ ++

Φ Φ Φ Φ
= =

Φ Φ + ΦΦ Φ

F F
FA

 . (37) 

We can also define a source multiplication factor, sk , as 
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ˆ ˆ
ˆ ˆsk

S
Φ Φ

= =
Φ +Φ

F F
FA

 , (38) 

which represents the ratio of fission neutrons produced over the total neutrons pro-
duced (fission plus external source). This also allows us to introduce the parameter, 

sρ , as 

 1
ˆ

s
s

s

k S
k

ρ −
= = −

ΦF
 , (39) 

which is sometimes called the inhomogeneous reactivity or the source reactivity, 
because of the analogy to the homogeneous reactivity, ( )1eff eff effk kρ = − . When 

 approaches unity ( ), we also note that effk 1effk → 0Φ → Φ , s effk k→  and that 
s effρ ρ→ . 
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Chapter 6  

Source efficiency and energy gain 
 

6.1 Neutron source efficiency 

6.1.1 Definition of ϕ* 
The neutron source efficiency [8,9], usually denoted ϕ*, represents the average im-
portance of external source neutrons over the average importance of fission neu-
trons. It can be defined as 

 

0

0

,

* ˆ,
ˆ

S
Sϕ

+

+

Φ

=
Φ Φ

Φ

F
F

 , (40) 

where 

 00 , S d d dES
S Sd d d

++ ΦΦ
= ∫

∫
r Ω

r Ω E
 (41) 

is the average importance of source neutrons, and 

 00
ˆˆ,

ˆˆ
d d dE

d d dE

++ ΦΦΦ Φ
=

ΦΦ
∫

∫
F r ΩF

F r ΩF
 (42) 

is the average importance of fission neutrons in the fundamental mode. Using Eq. 
(25) and Eq. (37), Eq. (40) can be decomposed and reformulated, according to 

 
( )00 0

0 0 0

ˆˆ ˆ,, , 1
1ˆ ˆ ˆ, , ,

eff

eff

S k
k

++ +

+ + +

Φ ΦΦ Φ Φ −−= = − =
Φ Φ Φ Φ Φ Φ

AA F
F F F

 

and 
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ˆ ˆˆ 11ˆ ˆˆ
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s

kS
k

Φ − Φ Φ −
= = − =

Φ ΦΦ

A F A
F FF

 . 

Consequently, ϕ* can also be expressed as 

 

1

*
1

eff

eff eff

s s

s

k
k

k
k

ρ
ϕ

ρ

⎛ ⎞−
⎜ ⎟
⎝ ⎠= =

−⎛ ⎞
⎜ ⎟
⎝ ⎠

 , (43) 

or equivalently, as [84] 

 
ˆ1

* eff

eff

k
k S

ϕ
−⎛ ⎞ Φ

= ⋅⎜ ⎟
⎝ ⎠

F  . (44) 

The expression for ϕ* is valid in the range 0 1effk< < . Eq. (44) is the expression 
that has been used for all calculations determining the source efficiency. ˆ ΦF  is the 
total production of neutrons by fission and S  is the total production of neutrons by 
the external source. In the above formula, the brackets imply integration over space, 
angle and energy. Eq. (44) shows that, for given values of  and the external 
source intensity, the larger ϕ* is, the larger is the fission power produced in the sys-
tem. The quantities on the right hand side of Eq. (44) are standard outputs in the 
Monte Carlo codes MCNP and MCNPX. 

effk

6.1.2 Estimation of the statistical error in ϕ* 
In order to estimate the statistical uncertainty of ϕ*, the formula for “propagation of 
error” was applied (Eq. 45), assuming that the errors of ˆ ΦF  and S  are ˆ∆ ΦF  
and S∆ . 

     
2 2

1 2 1 2 12 1 2
1 2 1 2

( , ,...) ... ...f f f ff x x x x x x
x x x x

ρ∂ ∂ ∂ ∂⎛ ⎞ ⎛ ⎞∆ = ∆ + ∆ + + ⋅ ∆ ⋅ ∆⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠
+  . (45) 

The correlation constant ρ could be either positive or negative; negative if keff and 
ˆ ΦF  are correlated and positive if they are anti-correlated. However, as a first ap-

proximation, ρ was assumed to be zero. With the derivatives * effkϕ∂ ∂ , 
ˆ*ϕ∂ ∂ ΦF  and * Sϕ∂ ∂  inserted in Eq. (45), the following expression for the 

relative error in ϕ* can be obtained; 

 
222 2ˆ* 1

ˆ* 1
eff

eff eff

k S
k k S

ϕ
ϕ

⎛ ⎞⎛ ⎞∆⎛ ⎞∆ ∆ Φ ⎛ ⎞≈ ⋅ + +⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟− Φ ⎝ ⎠⎝ ⎠ ⎝ ⎠ ⎝ ⎠

F
F

∆  . (46) 
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Eq. (46) was used in all calculations presented in this thesis to estimate the statistical 
uncertainty of ϕ*. 

6.1.3 Definition of the external neutron source in ADS 
Since the actual source particles in a system coupled to a proton-induced spallation 
source are protons rather than neutrons, it is not obvious which is the most appropri-
ate way to define the external neutron source. The procedure to calculate ϕ* in an 
ADS is usually divided into two steps, the first one generating the source neutrons 
produced as the incident protons interact with the target nuclei and the second step 
determining the efficiency of these source neutrons. Different source definitions are 
possible and they will result in different values and meanings of ϕ* [Paper 
VII,11,12]. A brief summary of four different definitions of the external neutron 
source that have been used in the ADS field is given by Klein Meulekamp and Ho-
genbirk [10]. Among these, the two most frequently used definitions, the target neu-
tron leakage source and the energy cut-off source, as well as the primary neutron 
source, are described in the following. The fourth definition is the fission source, 
consisting of the first generation of fission neutrons. 

The target neutron leakage source 
In the approach of the target neutron leakage source, the neutrons that leak out ra-
dially from the target are defined as source neutrons [11,85]. The method consists 
of, in the first step, transporting, with a high-energy code (e.g., MCNPX), the high-
energy protons and the secondary particles that they produce in the target. The neu-
trons that leak out from the target are defined as the source and their properties, in 
terms of position, direction and energy, are written to a source file. Only the target is 
present in the first simulation, so no once-leaked neutrons reentering the target are 
included in the source definition. In the second step, the leakage neutrons are re-
emitted as fixed source neutrons in a separate run and the efficiency of them, i.e., 
ϕ*, is determined. Since the target neutron leakage spectrum includes a high-energy 
tail, both step 1 and step 2 should preferably be simulated with a high-energy trans-
port code, which has the capability of transporting neutrons with energy up to the 
incident proton energy. 

The energy cut-off neutron source 
Another way to define the neutron source is to collect the neutrons that fall below a 
certain cut-off energy, usually 20 or 150 MeV [12,86,87]. In the first step, a high-
energy code is used to transport the incident protons and the secondary high-energy 
particles. The neutrons that are produced are either killed if they are born below the 
cut-off energy or transported until they fall below this energy. The properties of the 
killed neutrons are written to a source file, which is followed by their reemission in 
the second-step run and the calculation of ϕ*. An advantage of this approach is that 
the second step can be simulated with a low-energy transport code. The cut-off en-
ergy is set to the upper energy limit of the cross-section library that will be used in 
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the second-step calculation. This is desirable since many reactor code systems are 
limited to the energy range covered by the cross-section data library (generally 20 or 
150 MeV). 

The primary neutron source 
The source neutrons produced from spallation are in this case defined as the neu-
trons produced directly in a spallation reaction induced by a proton, or by any other 
particle, except neutrons [Paper VII]. These neutrons are called “primary neutrons”, 
in contrast to “secondary” neutrons, which are the neutrons created by the primary 
neutrons, e.g., via neutron-induced spallation or (n,xn)-reactions. In this approach, 
the starting point for the chain of neutron multiplication is the moment when a neu-
tron is born in a non-neutron-induced reaction. The primary neutron may be multi-
plied, if its energy is sufficiently high, by secondary spallation and/or (n,xn)-
reactions in the lead target, followed by fission reactions in the fuel. The end point 
of the neutron multiplication chain is the absorption or escape of the last neutron 
originating from the initial primary source neutron. 

In the computational procedure, the properties of the neutrons that are created di-
rectly in the spallation interactions are recorded. After that, the neutron trajectories 
are immediately terminated. This procedure produces a spectrum of primary spalla-
tion neutrons, i.e., no secondary neutrons are included. In the second step, these pri-
mary spallation neutrons are supplied to the computation code as fixed source neu-
trons for separate simulations determining ϕ*. 

6.1.4 Neutron importance 
The importance of a neutron in a system can be described analytically by determin-
ing the adjoint flux, , which is dependent on the position, direction and 
energy of the neutron. The adjoint flux is a measure of the importance of a neutron 
in contributing to the response of a detector located somewhere in the core, and con-
sequently also to the neutron flux in the core. Considering the source neutrons that 
leak out radially from the spallation target and enter into the core, it can therefore be 
assumed that the average importance of these neutrons will be different from the av-
erage importance of the fission neutrons, since they are emitted at different posi-
tions, in different directions and with different energy distributions than are the fis-
sion neutrons. Thus, the efficiency of the source neutrons can be expected to differ 
from unity, i.e., ϕ*≠1.  

( , , E+Φ r Ω )

When changing some of the properties of the inner part of the core, e.g., the 
composition of nuclides, the multiplicative conditions for both the source neutrons 
and the fission neutrons may change, mainly due to the differences in the micro-
scopic cross-sections between different nuclides. The change in the source efficiency 
is dependent on whether the nuclide substitution in the core changes the importance 
of the source neutrons more than the importance of the fission neutrons, or not. If the 
importance of the source neutrons increases more than that of the fission neutrons, 
the source efficiency will increase, and vice versa. Since the cross-sections are af-
fected mainly by the energy of the neutrons, the major cause for the source effi-
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ciency to change is therefore if the spectra of the source neutrons and/or that of the 
fission neutrons change. 

6.2 Proton source efficiency 
An important factor when designing an ADS is to optimise the energy gain of the 
system, i.e., the core power over the accelerator power, given that the reactor is op-
erating at a certain sub-critical reactivity level. Optimising the source efficiency and 
thereby minimising the proton beam requirements can have an important impact on 
the overall design of an ADS and on the economy of its operation. The neutron 
source efficiency is commonly used to study this quantity, since it is related to the 
energy production in the core induced by an average external source neutron.  

However, calculating ϕ* for an ADS introduces some complications. Since the 
neutron source is generated by a proton beam/target simulation, the distribution of 
the source neutrons is dependent on the target properties and the proton beam prop-
erties. Apart from the drawback that the neutron source can be defined in different 
ways, another complication associated with ϕ* is that varying certain system pa-
rameters, when studying ϕ*, may change the neutron source distribution and, thus, 
Z. If a change in the studied system parameter changes the distribution of the neu-
tron source, ϕ* has to be weighted by Z. Adopting the target neutron leakage defini-
tion, examples of parameters affecting the source distribution are the target dimen-
sion, the proton beam energy and the axial proton beam impact position. Other sys-
tem parameters, such as the core coolant material, the fuel composition and the core 
dimensions, are independent of the target region and do not affect the neutron 
source. In contrast to the target neutron leakage source, it has been shown that using 
the energy cut-off definition, the neutron source distribution is rather insensitive to 
changes in the target radius [12]. However, substituting the coolant material or 
changing the fuel composition in this case might affect the distribution of the neu-
tron source, in particular for small target radii. 

With the aim of providing a simple mean for studying the core power over the 
beam power, a new parameter, the proton source efficiency, ψ*, has been introduced 
[Paper II]. ψ* refers to the number of fission neutrons produced in the system by 
each source proton. The advantages of using the proton source efficiency instead of 
the neutron source efficiency is that there is no ambiguity in how to define the exter-
nal source and that it is proportional to the energy gain. Extensive MCNPX calcula-
tions of ψ* as a function of many different target/core properties have been per-
formed in order to provide a basis for the optimisation of the energy gain of an ADS. 
A summary of these studies is given in Chapter 10. 

6.2.1 Definition of ψ* 
The proton source efficiency is defined in analogy with the definition of ϕ* and can 
be expressed in terms of the k-eigenvalue, , and the total number of neutrons 
produced by fission in the core for each source proton, 

effk
ˆ pSΦF , according to 
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⎛ ⎞− Φ
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⎝ ⎠
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Since ˆ ΦF  is approximately proportional to the total power produced in the core, 
for a given , ψ* is thus proportional to the core power divided by the proton 
beam power. Since ψ* is also equal to the product of ϕ* and the number of source 
neutrons generated per source proton, Z, we have the following relation between the 
proton source efficiency and the neutron source efficiency; 

effk

 * * Zψ ϕ= ⋅  . (48) 

Here, pZ S S= , and S  and pS  are the total numbers of emitted source neu-
trons and source protons, respectively. For a fixed system, i.e., Z is constant, it fol-
lows that ψ* is proportional to ϕ*. However, when studying a change in a system 
design, Z may change. Therefore, in such a case, only ψ* (not ϕ*) remains propor-
tional to the ratio between the core power and the proton beam power. 

6.2.2 Comparison of ψ* and ϕ* 
Investigating ψ* and ϕ* as functions of the target radius and of coolant material il-
lustrates the differences between system parameters that affect and do not affect the 
neutron source distribution. Using the target neutron leakage definition as an exam-
ple and changing the coolant material, the target and the neutron source distribution 
are unaffected and Z does not change, so ψ* and ϕ* vary in exactly the same way. 
Hence, for a fixed target radius, but with different coolant materials (LBE and Na), it 
follows from Eq. (48) that 

 * *
* *
LBE LBE

Na Na

ψ ϕ
ψ ϕ

=  . (49) 

When varying the target radius, on the other hand, Z changes, so ψ* and ϕ* vary in 
different ways. For a fixed coolant material, but with different target radii (R1 and 
R2), we thus have that 

 1 1

2 2

* *
* *

R R

R R

ψ ϕ
ψ ϕ

≠  . (50) 

Consequently, if one wants to use the ϕ* parameter, it needs to be multiplied by Z 
when studying the energy gain as a function of the target radius, whereas this is not 
necessary when comparing different coolant materials. However, applying the pro-
ton source efficiency and always referring to ψ*, none of this has to be considered. 
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6.3 Energy gain 
Calculations determining some different energy-related parameters have been per-
formed with the high-energy Monte Carlo code MCNPX for an LBE-cooled ADS-
model similar to the model described in Paper II and in Section 10.1. The data li-
brary ENDF/B-6.8 and the Bertini intranuclear cascade model were used in the 
simulations. 

6.3.1 Relationship between the source efficiency and the energy 
gain 

Assuming that the proton beam current needed to drive the sub-critical core, ip, and 
the reactivity of the sub-critical core have been fixed, the total core power, Ptot, can 
be determined, according to [88] 

 *
1

eff p f
tot

eff

k i E
P Z

k
ϕ

ν
= ⋅ ⋅

−
 , (51) 

where ν  is the average neutron yield per fission, fE  is the average recoverable en-
ergy released in a fission and Z is the number of source neutrons produced in the 
target per incident proton. Eq. (51) is valid in the range 0 1effk< < . If ip is expressed 
in mA and fE  in MeV in Eq. (51), Ptot is given in kW. For the model studied in this 
section, it was found that 2.97ν =  and 187 MeVfE = . The source efficiency is 
treated in more detail in a later chapter and Eq. (51) is derived in Appendix B. Eq. 
(51) shows that, apart from the strong dependence on the reactivity level, the core 
power is proportional to the product of the number of neutrons per proton (Z) and 
the efficiency of these neutrons (ϕ*).  

Let us now define the energy gain, G, as the ratio between the total power pro-
duced in the core and the power of the accelerator beam, accP . Since , 
where  is the proton energy, 

/p acci P E= p

pE

 *
1

eff ftot

acc eff p

k EP ZG
P k E

ϕ
ν

= = ⋅ ⋅
−

 . (52) 

For a given fuel composition, fE  and ν  can be considered to be constant. Even 
though there are high-energy neutrons entering into the fuel (the neutron yield ν  is 
not constant with respect to neutron energy), the fraction of fissions in the core that 
are induced by high-energy neutrons is very small. Therefore, a change in the neu-
tron yield for these fission events will have very little impact on ν . The variations 
of fE  and ν  have been calculated for the series of different studies presented in this 
thesis and were found to be much smaller than the statistical errors in the simula-
tions (except in the case where the fuel composition was modified). When the fuel 
composition changes, ν might also change, which should be kept in mind if differ-
ent fuel types are compared. 
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Moreover, replacing * Zϕ ⋅  by ψ* in Eq. (51) and Eq. (52), the following rela-
tions between the total core power and ψ*; 

 *
1

eff p f
tot

eff

k i E
P

k
ψ

ν
= ⋅ ⋅

−
  (53) 

and between the energy gain and ψ*; 

 *
1

eff ftot

acc eff p

k EPG
P k E

ψ
ν

= = ⋅ ⋅
−

 , (54) 

can also be obtained. 

6.3.2 Varying the proton energy 
In Fig. 14, the number of neutrons produced in the target per proton, divided by the 
proton energy, / pZ E , is plotted as a function of proton energy. It is shown that 

/ pZ E  increases rapidly with increasing proton energy up to about 1000 MeV and 
that the maximum is reached at about 1400 MeV. The values of Z and / pZ E  are 
also listed in Table 5. According to Eq. (52), it appears that, in order to obtain the 
exact relationship between the neutron production and the energy gain, / pZ E  
should be multiplied by ϕ*, which can vary considerably for different target and 
core designs. However, when varying only the proton energy, as is the case in Fig. 
14, the change in ϕ* is relatively small, 1.41 for 600 MeV protons compared to 1.47
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Fig. 14. Neutron yield per proton energy, / pZ E , as function of proton 
energy for proton beams impinging on a LBE target with radius 20 cm. 
For comparison, the energy gain, G, determined in the FEAT experi-
ments performed at CERN [89] for a set-up configuration of = 0.895 
is also displayed. 

effk
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Table 5. Different neutronic parameters computed for different proton beam energies for 
an LBE-cooled ADS with target radius of 20 cm and k = 0.95. eff

Proton energy Z Z/Ep ϕ* a ψ* G 
400 5.9 14.7 1.37 8.1 25 
600 11.8 19.7 1.41 16.8 35 
800 18.2 22.7 1.42 25.8 41 

1000 24.2 24.2 1.47 35.5 45 
1400 34.6 24.7 1.47 50.9 46 
2000 47.6 23.8 1.47 69.8 44 

a ϕ* was calculated according to the target neutron leakage definition. 
 
for 1000 MeV protons, as is shown in Table 5. Thus, the energy gain appears to be 
fairly well represented by the / pZ E  ratio. The reason why ϕ* is only weakly de-
pendent on the proton energy is that the energy spectrum of the neutrons leaking out 
from the target changes only marginally with the proton energy, which is shown in 
Fig. 15. The product of Z and ϕ*, ψ*, is also displayed in Table 5. 
In the FEAT experiments performed at CERN [89], the energy gain was studied as 
function of the proton beam energy for a sub-critical multiplying medium consisting 
of depleted uranium. The results are re-plotted in Fig. 14. We see in the figure that 
the MCNPX-simulated values of / pZ E  have similar relative dependence on the 
proton energy as the results from the CERN experiments. The small deviation at 
higher proton energies is a result of the limited height of the target in the MCNPX 
simulations. This comparison confirms that / pZ E  (provided that ϕ* does not 
change significantly), as well as ψ*, represent well the energy gain of an ADS. The 
keff of the sub-critical assembly in the CERN experiments was 0.895. In order to ob-
tain G for keff = 0.95, the values have to be multiplied by (1-0.895)/(1-0.95) = 2.1. 
For Ep = 1000 MeV, the energy gain thus becomes 61. 
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Fig. 15. Energy spectra for the source neutrons leaking out into the core, 
for proton energies of 600 and 1000 MeV. 
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6.3.3 Varying the target radius 
Both Z and ϕ* are dependent on the system design, in particular on the target dimen-
sions. In this section, Z has been defined as the number of neutrons leaking out ra-
dially from the spallation target and entering into the fuel. This definition is some-
what different to the one applied in Section 10.1 and in Paper II, where all neutrons 
leaking out radially, i.e., also those leaving the target above and below the core and 
never enter into the fuel, are included. In particular for large target radii (R>10 cm), 
the difference becomes large, since the axial leakage increases with increasing target 
radius. In Fig. 16 and in Table 6, where Z and ϕ* are displayed for different target 
radii, it is seen that Z increases when the target radius increases from 10 cm to 20 
cm, as the high-energy neutrons are multiplied on their way out into the fuel. At 
about 20-30 cm target radius, the increasing effect on Z from the neutron multiplica-
tion in the target is cancelled out by the increasing axial leakage of the source neu-
trons and increasing the radius further decreases Z. 
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Fig. 16. Proton source efficiency, ψ*, neutron source efficiency, ϕ*, 
(calculated according to the target neutron leakage definition) and num-
ber of source neutrons per incident proton, Z, for different target radii. 

Table 6. Different neutronic parameters computed for different target radii for an ADS 
of k = 0.95, driven by proton beams of energy 600 and 1000 MeV. eff

pE = 600 MeV pE = 1000 MeV Target 
radius Z ϕ* a ψ* G Z ϕ* a ψ* G 

10 10.9 1.75 19.1 40 21.3 1.82 39.0 49 
20 11.8 1.41 16.8 35 24.2 1.46 35.6 45 
30 11.9 1.29 15.4 32 24.5 1.31 32.1 41 
40 11.4 1.24 14.2 30 23.6 1.22 29.1 37 
50 10.7 1.19 12.7 27 22.1 1.19 26.5 34 

a ϕ* was calculated according to the target neutron leakage definition. 
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Moreover, ϕ* decreases considerably as the target radius increases, which is due to 
the softening of the energy spectrum of the source neutrons entering into the target. 
The probability for neutrons to induce fission decreases with decreasing energy, in 
particular when the core is loaded with even-N nuclides (Fig. 2). The dependence of 
the source neutron spectrum on the target radius is illustrated in Fig. 17. The maxi-
mum of the neutron spectrum is located at about 1.7, 1.1 and 0.7 MeV for the 10 cm, 
the 20 cm and the 40 cm target radii, respectively. The differences in energy spec-
trum are also quantified by calculating the fraction of source neutrons above some 
energy thresholds (Table 7). We can thus conclude that, with increasing target ra-
dius, the efficiency of the source neutrons is strongly reduced. Accordingly, ψ*, 
which is equal to *Z ϕ⋅ , as well as the energy gain, which is, for a given proton en-
ergy and reactivity, proportional to *Z ϕ⋅ , decrease considerably with increasing 
target radius. 
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Fig. 17. Energy spectra for the source neutrons leaking out into the core, 
for target radii of 10, 20 and 40 cm. 

Table 7. Fraction of source neutrons with energy higher than 1, 20 and 150 MeV, to-
gether with the location of the maximum of the energy spectrum. 

Target radius >1 MeV >20 MeV >150 MeV Spectrum peak 
at [MeV] 

10 64% 6.9% 1.1% 1.7 
20 48% 3.3% 0.5% 1.1 
30 34% 1.8% 0.25% 0.9 
40 23% 1.0% 0.14% 0.7 
50 16% 0.6% 0.08% 0.5 
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6.3.4 Required proton beam current 
Rearranging Eq. (53), we can also express the proton beam current as 

 
1

*
effacc tot

p
p eff f

kP Pi
E k E

ν
ψ

−
= = ⋅ ⋅  . (55) 

Assuming a total core power of 1000 MWth, a keff of 0.95 and a proton energy of 
1000 MeV, and using the values of ψ* listed in Table 6, a required proton beam cur-
rent of 22 mA is obtained, which corresponds to a beam power of 22 MW. Such 
large beam powers will be possible to achieve only with a super-conducting linac. 
The required proton current, the beam power and the energy gain for some different 
reactivity levels of a 1000 MWth core are given for 600 MeV and 1000 MeV proton 
energies in Table 8.  

Table 8. Required proton beam current, ip, proton beam power, Pacc, and energy gain, G, 
for a 1000 MWth core. 

pE = 600 MeV pE = 1000 MeV 
keff pi  

[mA] 
accP  

[MW] 
G pi  

[mA] 
accP  

[MW] 
G 

0.90 100 60 17 47 47 21 
0.95 47 28 35 22 22 45 
0.98 18 11 91 9 9 116 
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Chapter 7  

The MUSE experiments 
Investigation of core neutronics 

As a step towards the development of a future ADS, the MUSE experiments have 
provided a valuable mean for investigating the physics of sub-critical systems in the 
presence of an external neutron source, and for validating experimentally the 
theoretical methods and calculation tools developed to characterise such a system. 
An important part of this thesis has been devoted to numerical Monte Carlo 
simulations investigating the neutronics and the neutron source effects for a model 
representative of the sub-critical MUSE-4 experiments. Most of the results from 
these studies have been presented in Paper I and Paper VII. 

15], is 
shown in Fig. 18. 

7.1 The MUSE experiments 

7.1.1 The MASURCA facility 
MASURCA is the experimental reactor at CEA/Cadarache that has been dedicated 
to neutronic studies of sub-critical systems in the framework of the MUSE program. 
The MASURCA core has a height of about 60 cm and a width of about 100 cm. The 
reactor power is low (maximum 5 kW) and the core cooling is provided by air. 

The MASURCA reactor has a flexible design and several different core 
configurations are possible. The core can be loaded with different fuels, e.g., 
thorium, uranium and plutonium, different coolants can be simulated, e.g., sodium, 
lead and gas, and different reactivity levels are possible, both critical and sub-
critical. The core of MASURCA is composed of a number of quadratic sub-
assemblies (10.6×10.6 cm), each of them being composed of 32 (U,Pu)O2 rodlets 
and 32 sodium rodlets (simulating the coolant medium) with a diameter of 1.27 cm. 
A schematic view of MASURCA, coupled to the GENEPI neutron generator [

7.1.2 The MUSE experimental programs 
In order to validate experimentally the main physical principles of a sub-critical re-
actor, the basic idea in the MUSE experiments has been to separate the sub-critical 
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multiplication process from the external source characteristics. This can be done by 
using a well-defined, in terms of energy and position, neutron source to drive the 
sub-critical core. The methodology is a step-wise approach, starting from a known 
and tested critical reference configuration. In the first step, the characterisation of 
the multiplying medium alone is performed, after which the insertion of an external 
ource and the investigation of the response in the medium is accomplished. 

 
s

 
Fig. 18. Schematic view of the MASURCA reactor, coupled to the 
GENEPI neutron generator. 

experiments with different buffer zones, 
con

The MUSE program started at CEA/Cadarache in 1995 with the short MUSE-1 
experiment [90]. In MUSE-2 (1996) [9], diffusing materials (sodium and stainless 
steel) were placed around the external source in order to modify its neutron 
importance and to study the effects from it. In both MUSE-1 and MUSE-2, an 
intense 252Cf neutron source was used as the external source. In MUSE-3 (1998) 
[91], the californium source was replaced by the neutron generator, 
SODERN/GENIE26, producing 14 MeV neutrons by (D,T)-reactions. Several levels 
of reactivity were investigated and 

sisting of sodium, stainless steel or lead, were performed. 
In the recently completed MUSE-4 experiments [13], which started in 2000 in in-

ternational collaboration via the 5th Framework Program of the European Commu-
nity, the neutron generator, GENEPI, especially developed for the MUSE-4 experi-
ments, was introduced. With its improved performances, in terms of source intensity 
and quality of the neutron pulse, and the use of both (D,D)- and (D,T)-reactions, it 
extended the range of experimental possibilities and considerably improved the ac-
curacy of the measurements. For example, the accurate dynamic measurements, 
based on the pulsed mode operation of GENEPI, have enabled experimental reactiv-
ity determination of the sub-critical multiplying media. Some of the techniques that 
were investigated [14,92] for this purpose were the slope fit method (pulsed neutron 
source method), the inverse kinetics method, the Sjöstrand method (area method), 
the Rossi-α method and the Feynman-α method. One of the objectives of the 
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MUSE-4 experiments was to propose a validated experimental technique, including 
experimental uncertainties, for the development of a reactivity meter that can be en-
visaged for a future ADS. The conclusions from these investigations were that the 
method based on the ratio between the source intensity and the neutron flux in the 
core appears to be the most promising technique for on-line reactivity monitoring. 
This method, called the current-to-flux reactivity indicator, is briefly described in 
Section 7.4.2. The other reactivity determination methods are further treated in Sec-
tion

m is sodium. A more detailed description of MUSE-4 is given by Soule et al. 
[93

 

 7.4 and in Chapter 8. 
The horizontal cross-sectional geometry of the second sub-critical configuration 

of MUSE-4 (SC2) is shown in Fig. 19. The GENEPI deuteron accelerator tube is 
introduced horizontally at the core mid-plane and the deuterium or tritium target is 
located at the core centre. The neutron source is surrounded by a lead buffer medium 
in order to achieve a spectrum of the source neutrons similar to the spectrum of 
spallation neutrons. The fuel is MOX fuel with 72% 238U, 21% 239Pu and 5% 240Pu, 
with the addition of small amounts of some other actinides. The simulated coolant 
mediu

]. 

 

ons where the neutron energy 
spectra have been calculated (Section 7.2.2). 

of them with sodium as coolant 

 as 

Fig. 19. Horizontal cross-sectional view of the second sub-critical 
configuration, SC2 (keff ∼0.97) of the MUSE-4 experiments. The core is 
composed of a number of sub-assemblies with the dimension 10.6×10.6 
cm. The black dots indicate the positi

The following experimental configurations, all 
medium, were studied in the MUSE-4 experiments; 

One critical reference configuration (GENEPI shut off). The reactivity w
experimentally determined by classical pilot rod shutdown measurements. 
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 Three sub-critical configurations, SC0 with keff ∼0.994, SC2 with keff ∼0.97 an
SC3 with k

d 

 metrical configurations with k  of about 0.95 and 

ds. 
It w

chmark was to define a 
methods and calculation codes, 
 an ADS. 

e focusing of the beam. The target consists of a thin layer of 
deuterium/tritium dissolved in titanium, placed on a 1.5 mm thick cylindrical plate 
(φ = 30 mm) of natural copper. 

eff ∼0.95. 
Two complementary asym eff
0.93, obtained from the reference configuration and SC1, by complete insertion 
of one of the safety ro
as also decided to include, in an extended phase of MUSE-4, a configuration 

partially cooled by lead. 
Most neutron transport computational tools and most data libraries existing today 

have not yet been sufficiently validated for accelerator-driven systems coupled to an 
intense external neutron source. In the MUSE-4 collaboration, relatively large 
discrepancies between various codes used to compute the reactivity of a MUSE-type 
core have been observed. However, the MASURCA reactor used in the MUSE 
experiments, together with the introduction of GENEPI, has offered a good 
opportunity for tests and validation of available standard and new reactor codes. For 
this purpose, a benchmark on computer simulation of MASURCA critical and sub-
critical experiments, particularly concentrated on the MUSE-4 experiments, was 
proposed by the OECD Nuclear Energy Agency [94] and performed by the MUSE-4 
collaboration partners. One of the objectives of the ben
reference calculation route, including nuclear data, 
for the prediction of various neutronic parameters of

7.1.3 The GENEPI neutron generator 
GENEPI (GEnerateur de NEutrons Pulsés Intenses), schematically depicted in Fig. 
20, is a high-intensity pulsed neutron generator constructed by CNRS/ISN in 
Grenoble that has been especially developed for the MUSE experiments in the 
MASURCA facility. A duo-plasmatron providing short pulses of deuterons and a 
high-intensity electrostatic accelerator are combined to create the 240 keV deuteron 
beam, which is guided towards either a deuterium or a tritium target at the centre of 
the core. The (D,D)- and the (D,T)-reactions produce neutrons of, on average, 2.67 
MeV and 14.1 MeV, respectively. The main characteristics of GENEPI in the (D,T)-
mode are given in Table 9. The special features of GENEPI are the rather high 
intensity (∼50 mA peak) and a pure and very short (1 µs) and sharp-edged pulse. 
This is desirable in order to be able to study the pure neutron propagation out into 
the fuel of the reactor, independently of the influence of the neutron source. The 
frequency can be varied from 10 Hz to 5 kHz and each pulse comprises 25 million 
neutrons, which corresponds to about 1011 neutrons per second for the maximum 
frequency. GENEPI can be operated in either continuous or pulsed mode. The beam 
has a Gaussian profile with a diameter of 20 mm at half maximum. In order to keep 
the deuterons together while they are propagating the distance of 2-3 m into the 
centre of the core, electrostatic planar electrodes are placed in the beam tube, 
creating effectiv
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Fig. 20. The GENEPI neutron generator. The HV terminal (1), the 
duoplasmatron (2), the accelerating tube (3), three electrostatic 
quadropoles (4,6,7), the dipole (5), the beam line (8) inside the reactor 
(9) towards the tritium target (10). 

Table 9. Characteristics of the GENEPI neutron generator in the (D,T)-mode. 
Peak current ∼50 mA 
Mean current < 200 µA 
Pulse length 1 µs 
Deuteron energy 240 keV 
Frequency 10-5000 Hz 
Beam diameter 20 mm (half max) 
Target Tritium + titanium 
Activity of target 12 Ci (4.4⋅1011 Bq) 
Neutron energy (mean) 14.1 MeV 
Neutron production (peak) ∼25⋅106 n/pulse 
Neutron production (mean) ∼109-1011 n/sec 

 

7.1.4 The GENEPI-generated external neutron sources 
The reaction induced by the GENEPI generator, in the (D,T)-mode, is a deuterium-
tritium nuclear reaction, creating a neutron and an alpha particle. The energy re-
leased is 17.6 MeV, of which the neutron obtains on average 14.1 MeV. The Cou-
lomb barrier for this reaction is about 400 keV and the deuterons thus have to tunnel 
through this barrier. The probability for this kind of reaction to occur is a combina-
tion of the penetration probability and the cross-section of the (D,T)-interaction, and 
in this case it is maximal at about 100 keV. If the incoming deuteron energy is low, 
the angular distribution of neutrons is essentially isotropic and the neutrons will 
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have energy close to 14.1 MeV. However, with increasing deuteron energy, the neu-
tron density and the neutron energy are higher in the forward direction than in the 
backward direction. 

In the MUSE-4 studies presented in this thesis, the (D,D)- and the (D,T)-
reactions themselves have not been simulated. Instead, the double-differential cross-
section and the energy dependence of the neutron emission angle are taken from the 
Handbook on nuclear activation data [95]. These distributions are plotted in Fig. 21 
and Fig. 22. The energy of the emitted neutrons in the laboratory system ranges from
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Fig. 21. Energy dependence and double-differential cross-section as 
functions of neutron emission angle for the (D,D)-reaction. 
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Fig. 22. Energy dependence and double-differential cross-section as 
functions of neutron emission angle for the (D,T)-reaction. 
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about 2.0 to 3.1 MeV for the (D,D)-neutrons and from about 13.1 to 15.2 MeV for 
the (D,T)-neutrons, with a maximum emission probability density peaking in the 
forward direction (0 degrees). For the (D,T)-reaction, the double-differential cross-
section has similar shape as the energy dependence, with the maximum at 0 degrees 
and minimum at 180 degrees. For the (D,D)-reaction, however, the double-
differential cross-section has a minimum at 90 degrees. The reason for this 
behaviour is a quantum effect from the interference of the incoming and outgoing 
wave functions of the particles involved in the reaction. 

ed spallation 
source. 

 extra sub-

energy spectrum below ∼10 MeV as those originating from the spallation source, 

7.2 Neutron energy spectra 
One of the objectives of the studies presented in this section was to compare the 
effects from the GENEPI-generated (D,D)- and (D,T)-neutron sources with the 
effects from a spallation source, representative of a future ADS. All of the sources 
were coupled to the same sub-critical MUSE-4 core. MCNP was used for all 
calculations with the (D,D)- and the (D,T)-sources, while MCNPX was used to 
simulate the configurations involving the 1000 MeV proton-induc

7.2.1 Neutron leakage spectra from the lead buffer 
One way to investigate the neutron source effects is to first study the sources without 
the multiplicative medium present and to compare the different spectra of the 
neutrons leaking out from the target. For this purpose, the surrounding fuel and 
shielding were temporarily removed, as shown in Fig. 23. For the simulation of the 
spallation source, the lead buffer/target in the model was extended by one
assembly towards the proton beam, replacing part of the accelerator tube. 
The energy spectra of the neutrons exiting the lead buffer are displayed in Fig. 24 
and it is seen that the spectrum from the (D,D)-source has a large peak between 2 
and 3 MeV, which is the energy range with which the neutrons are emitted by the 
GENEPI generator. Hence, only a limited fraction of the source neutrons have lost 
their initial energy. This is an expected result, since the energy loss by elastic scat-
tering of neutrons in lead is quite small. However, for the (D,T)-source, the average 
energy of the neutron spectrum has decreased a little more, which is explained by 
the (n,2n)-reactions in the lead buffer, induced by the 14 MeV neutrons. The (n,2n)-
reaction in lead has a threshold at about 7 MeV (Fig. 25), explaining why there is no 
such effect for the (D,D)-source. Nevertheless, about 35% of the neutrons exiting the 
lead buffer have not interacted with the lead and are still in the 14 MeV peak. In the 
case of the spallation source, most of the source neutrons have rather low energy 
compared to the initial proton energy, with the maximum density at a little less than 
2 MeV. This is a typical neutron leakage spectrum for 1000 MeV protons impinging 
on a lead target of this size. About 7% of the spallation neutrons, however, still have 
energy higher than 20 MeV. The comparison of the neutron leakage spectra shows 
that the neutrons originating from the (D,T)-source in MUSE-4 have a rather similar 

 67 
 



and can from this point of view be considered more representative for a spallation-
driven system than the (D,D)-source. 

 

                  
Fig. 23. Configurations of only the lead buffer region. To the left; (D,D)- 
or (D,T)-source neutrons emitted at the centre of the core. To the right; 
1000 MeV protons accelerated towards the extended lead buffer. 
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Fig. 24. Neutron leakage spectrum from the lead buffer/target for a 
(D,D)-source, a (D,T)-source and a spallation source (1000 MeV 
protons). 

7.2.2 Neutron spectra in the core 
The neutron energy spectra for the three different sources have been computed with 
the entire core present, including target, fuel, reflector and shields. The three posi-
tions where the spectra have been calculated, one in the target, one in the fuel and 
one in the reflector, are marked with the black dots in Fig. 19. The calculations were 
performed for the second sub-critical state of MUSE-4, SC2 (keff ∼0.97). The spectra 
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Fig. 25. Neutron microscopic cross-sections for (n,2n)-reactions in 206Pb, 
207Pb and 208Pb, compared to fission cross-sections in 238U and 239Pu 
(ENDF/B-VI). 

for the other sub-critical states, SC0 (keff ∼0.994) and SC3 (keff ∼0.95) are not shown 
here, since they are very similar to the spectra of SC2. However, as there is less 
fission multiplication for larger sub-criticalities, the origin of the sources becomes a 
little more pronounced in SC3 and vice versa in SC0. 

In Fig. 26, the neutron energy spectra for the three different sources calculated in 
the lead buffer are plotted. The spectra below ∼10 MeV are very similar to each 
other, the neutron density being maximal at about 500 keV. Several spectrum 
characteristics of the multiplying fuel can be recognised, for example, the dip in the 
neutron flux at ∼3 keV, caused by a large scattering resonance in sodium. This 
indicates that the neutron spectrum at this position is dominated by the fission 
multiplication in the fuel. However, a small fraction of the neutrons have energies 
different from the average behaviour and the two peaks representing the origins of 
the GENEPI-generated neutron sources, as well as the high-energy tail of the 
spallation source, are very clear. It should be noted, though, that the position in the 
lead buffer where the energy spectra have been calculated is only about 5 cm from 
the position where the GENEPI source neutrons are emitted. 

 in the fuel.  

In Fig. 27, the neutron spectra in the fuel, at a point located 21 cm from the 
centre of the core and about 10 cm into the fuel, are depicted. Naturally, the fuel 
spectrum characteristics in this case are even more pronounced than in the lead 
buffer. The three different curves are very similar and merely minor traces from the 
origins of the external neutron sources can be observed. Only about 0.15% of the 
(D,T)-source neutrons are still in the 14 MeV peak and about 0.04% of the neutrons 
in the spallation-driven system have energies higher than 20 MeV. Finally, the 
spectra in the reflector have been calculated (Fig. 28) and, as expected, they are 
considerably softer than in the target and

 

 69 
 



1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

1.E-04 1.E-03 1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03
Energy [MeV]

N
eu

tr
on

 fl
ux

 (n
or

m
al

is
ed

)

(D,D)-source
(D,T)-source
Spallation source

100

10-3

10-2

10-1

10-5

10-4

10-3

10210110010-110-210-4 103

 
Fig. 26. Neutron energy spectra in the lead buffer. 
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Fig. 27. Neutron energy spectra in the fuel. 

The computed neutron spectra show that the spectra in the core, originating from the 
three different external sources, are very similar to each other. These results indicate 
the validity of one of the basic hypotheses of the MUSE experiments, namely that 
the choice of using a spallation source or the source neutrons produced by the (D,D)- 
or the (D,T)-reactions, will affect only marginally the neutron spectrum in the fuel. 
Only inside the lead buffer and at the buffer/core interface some significant differ-
ences are observed. We therefore conclude that, for the purpose of computing neu-
tron spectrum-weighted quantities, the properties of the external source can be ne-
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glected beyond a few centimetres into the fuel, whatever the neutron source energy 
distribution. 

Finally, in Fig. 29, the energy spectra for the system driven by the spallation 
source, calculated in the target, the core and the reflector have been displayed 
together. It appears that the spectra in the target and the core are very similar, except 
for the much stronger contribution from the high-energy source neutrons in the 
target. 
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Fig. 28. Neutron energy spectra in the reflector. 
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Fig. 29. Neutron energy spectra for the spallation source calculated in 
the target, the core and the reflector. 
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7.2.3 Distribution of the spallation neutrons 
The distribution of the neutrons produced in the spallation target was calculated for 
1000 MeV protons impinging on the extended MUSE-4 target. The properties, in 
terms of energy and space, of the neutrons emerging from the proton-induced 
spallation reactions were recorded. These emitted neutrons have been called 
“primary neutrons”, as they include only the first neutron in each neutron chain 
reaction. No neutrons generated in reactions induced by other neutrons (secondary 
neutrons) are included. The definition of primary neutrons has been further treated in 
Section 6.1 and in Paper VII. 

beam. 

The spatial distribution of the positions where the primary neutrons were created 
was found to be rather limited. Axially, most of the neutrons were created in the 
upper part of the lead target (77% within the first 20 cm), as shown in Fig. 30. It was 
also found that the neutron density, which in addition to the primary neutrons 
include also secondary neutrons, has a different shape with its maximum about 10 
cm below the top of the target. The radial distribution was found to be very peaked 
around the axis of the incident proton beam, about 98% of the neutrons were created 
within a 3 cm radius. In this case, the radius of the uniformly distributed proton 
beam was 2 cm. The energy distribution of the primary neutrons produced by the 
1000 MeV protons is displayed in Fig. 31 and, as expected, it is considerably harder 
than the spectrum of the neutrons leaking out from the target. For instance, it can be 
noted that 16.8% of the neutrons have energies higher than 20 MeV, compared to 
∼7% for the target leakage neutrons, and 3.3% of them higher than 150 MeV. 
Moreover, the maximum of the energy spectra are located at ∼3.5 MeV for the 
primary spallation neutrons, whereas at ∼1.4 MeV for the target leakage neutrons. 
The neutrons with very high energy were mainly emitted in the forward direction of 
the proton 
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Fig. 30. To the left; 1000 MeV protons impinging on the extended 
MUSE-4 lead buffer/target. In the middle; Axial distribution of the 
primary spallation neutrons. To the right; Radial distribution of the 
primary spallation neutrons. 
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Fig. 31. Energy spectrum of the primary spallation neutrons created by 
the 1000 MeV protons, compared to the spectrum of the neutrons leaking 
out from the target. 

On average, there were about 14.5 primary neutrons produced in each proton-
induced spallation reaction. This value may be compared with the total number of 
neutrons produced in the lead target, i.e., about 21 neutrons per incident proton. 
Thus, almost a third of the neutrons that exit the lead target and enter into the fuel 
are secondary neutrons, most of them created in neutron-induced spallation reactions 
and (n,xn)-reactions. In a large cylindrical target, this fraction is about 50%, the total 
number of neutrons created per proton being about 25-30, while the number of 
primary spallation neutrons is the same, independently of the target size. 

7.3 Neutron source efficiency 
The neutron source efficiency, ϕ*, was determined for the GENEPI-generated 
neutron sources and for the spallation source, all of them coupled to SC2 of the 
MUSE-4 experiments. The multiplication factor keff and the total number of neutrons 
produced by fission in the core, ˆ ΦF , were calculated for the three different 
sources. Knowing these two parameters, ϕ* can be determined, according to Eq. 
(44). ˆ ΦF  is automatically normalised per source neutron in MCNP, as well as in 
MCNPX if the source particles are neutrons, so S  was always equal to 1 in the 
calculations. The corresponding statistical errors (±1 standard deviation) were 
calculated using Eq. (46). The results, including error estimates, are listed in Table 
10. For the calculations of the spallation source, the primary neutron source 
definition was used. 

The energy of the emitted (D,D)-source neutrons (2-3 MeV) is only slightly lar-
ger than the average energy of a neutron produced by fission. Since ϕ* is 1.0 for an 
average fission neutron, the value for the (D,D)-source is therefore expected to be 
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equal or slightly larger than 1, which is indeed the case. For the (D,T)-source, the 
reason for the higher values of ϕ* is the larger fission rate, part of which coming 
from fissions induced by the neutrons multiplied by (n,2n)-reactions in the lead 
buffer. It is seen in Table 10 that the number of fission neutrons per source neutron 
is large, approximately 59% larger than for the (D,D)-source. The (n,2n)-
multiplication of the 14 MeV neutrons increases the number of neutrons leaking out 
into the fuel and inducing fission chain reactions, thus enhancing the neutron source 
effi

ey enter into the fuel. Each of them gives birth to a 
number of lower-energy neutrons, which then leak out of the lead and induce fission 

Table 1 ron source effic ncy, ϕ*, and the total number of neutrons produced by 
fission in the core for each source neutron, 

ciency. On average, about 1.5 neutrons per initial 14 MeV neutron leave the lead 
buffer, compared to about 1 neutron for each 2.7 MeV (D,D)-source neutron. 

Concerning the spallation source neutrons, the values of ϕ* obtained in the 
simulations are somewhat higher than for the (D,T)-source. This is due to the 
fraction of primary neutrons having very high energy (Fig. 31). Most of the neutrons 
from the spallation process are born with an energy lower than the (n,2n)-cross-
section threshold in lead (i.e., no (n,2n)-multiplication occurs), but the neutrons with 
very high energy contribute significantly to ϕ*. Additional calculations investigating 
the contribution to ϕ* by the high-energy fraction of the spallation source show that 
the primary source neutrons with energies higher than 20 MeV (16.8% of all source 
neutrons) contribute for about 50% to the total ϕ* [Paper VII]. The explanation for 
this is that most of the high-energy neutrons from the spallation source have already 
been multiplied in the lead (most of them via secondary neutron spallation and 
(n,xn)-reactions) before th

chain reactions in the fuel. 

0. Neut ie
ˆ ΦF , for the MUSE-4 SC2 configuration. 

Source keff ˆ ΦF  ϕ* 
(D,D)-Source 48.8 (± 0.4%) 1.36 (± 0.010) 
(D,T)-Source 77.6 (± 0.5%) 0.97285 

(± 18 pcm) 2.17 (± 0.020) 
Spallation Source 80.6 (± 1.0%) 2.25a (± 0.030) 

a Calculated according to the primary neutron source definition. 

ing for experimental reactivity determination of the 
sub

 

7.4 Reactivity determination 
Different techniques to monitor the sub-criticality level during operation in a source-
driven sub-critical system were studied within the MUSE-4 program. With the 
introduction of GENEPI into MASURCA, it was possible to perform accurate 
dynamic measurements, allow

-critical multiplying medium. The dynamic measurements were based on the 
pulsed mode operation of GENEPI. 

In the experiments, after the reactivity calibration by the rod drop technique, the 
sub-critical level of the different configurations was first precisely determined by the 
well-known static modified source method (MSM) [14,96]. In the next step, based 

 74 
 



on reactor kinetics and neutron noise theory, different dynamic techniques were ap-
plied in order to determine the reactivity level. The studied methods, as well as re-
sults and interpretations from the dynamic experiments, have been presented in sev-

hree sub-critical 
states, SC0, SC2 and SC3 of the MUSE-4 experiments. It is clear from Fig. 32 that 
the more sub-critical the core is, the faster is the prompt decay rate. 

 

eral documents [13,14,92,97,98,99]. 

7.4.1 Dynamic neutron source response 
The time response in one of the detectors in MASURCA has been simulated with 
MCNP for a GENEPI-generated (D,T)-neutron source pulse for the t
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Fig. 32. Neutron source response after a (D,T)-source pulse for the three 
 and SC3. 

for on-line 
monitoring [14]. The ratio between the neutron flux, φ, monitored in a detector in 

 

different sub-critical configurations in MUSE-4, SC0, SC2

7.4.2 The current-to-flux reactivity indicator 
In the profound study of different measurement techniques for reactivity monitoring 
in an ADS performed within the MUSE-4 program, the method based on the 
current-to-flux reactivity indicator has appeared to be the major candidate 

the core and the proton beam current, ip, can be expressed by the relation; 

*φ ψ 
pi ρ

∝  (56) 

According to Eq. (56), assuming that the reactor is operating at a constant reactivity, 
ψ* is the proportionality factor between the monitored neutron flux and the proton 
beam current. By studying the dependence of ψ* on different possible variations of 
the target-core properties, a good estimation of the stability of the current-to-flux 
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reactivity indicator can be obtained. Possible transients that might affect ψ* are, for 
instance, a change in the beam direction or the beam impact location, the proton en-
ergy or the target temperature. Over longer periods, the change in isotopic composi-
tion of the fuel due to burnup, or the modification of the core geometry during re-
loading, might change the source efficiency. In order to assure the reliability of the 
reactivity indicator, these factors, potentially able to affect the proton source effi-

-cooled configuration. The neutron 
sou

y important for the 
comparison of the neutron source response, some of the peripheral fuel sub-

ately 0.974 in both cases (Table 11). 

stem, it can be concluded that the replacement of sodium coolant 
by lead coolant in the 22 central fuel sub-assemblies increases the energy gain by 

Table 1 rce efficiency, ϕ*, for the sodium-cooled and the centrally lead-
cooled MUSE-4 configurations. 

ciency, should be monitored continually or calibrated on a regular basis. 

7.5 Replacement of sodium coolant by lead coolant 
It was decided within the MUSE community to include, in an extended phase of the 
MUSE-4 experiments, a new configuration, in which 22 of the central sodium-
cooled fuel sub-assemblies were replaced by lead-cooled sub-assemblies. Three 
parameters; keff, the source neutron efficiency and the dynamic neutron source 
response were studied for this centrally lead

rce used in the study comparing this configuration with the original sodium-
cooled configuration was the GENEPI-generated (D,T)-source. 

When calculating keff for the new lead-cooled configuration, it was found that it 
increases with about 1600 pcm. The reason for this is that there is less absorption in 
lead and that the energy spectrum is different. In order to maintain the same 
reactivity for the two configurations, which is particularl

assemblies were removed. keff was approxim

7.5.1 Neutron source efficiency 
The results from the comparison of ϕ* for the two configurations are listed in Table 
11. As is shown, the value for the lead-cooled configuration is significantly higher 
than for the sodium-cooled configuration, 2.39 compared to 2.13. The reason for this 
difference is again the (n,2n)-multiplicative effect in lead, the same effect that 
caused the large difference in ϕ* between the (D,D)- and the (D,T)-source. Since 
there is more lead in the central part of the core in the lead-cooled configuration, 
where there are still many neutrons with energy higher than about 7 MeV, there is 
more (n,2n)-reactions. These circumstances enhance the neutron multiplication, as 
well as ϕ*. Since the source efficiency relates the source intensity to the power 
produced in the sy

approximately 12%. 

1. Neutron sou

Configuration keff ϕ* 
Sodium-cooled 0.97428 (± 20 pcm) 2.13 (± 0.02) 

Centrally lead-cooled 0.97382 (± 27 pcm) 2.39 (± 0.03) 
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7.5.2 Dynamic neutron source response 
Finally, the neutron source response from a pulse insertion from the (D,T)-source, 
registered by a detector in the core, was calculated and it is seen in Fig. 33 that the 
intensity is somewhat higher (∼15%) for the lead-cooled configuration. The 
explanation for this is the same as for the difference in ϕ*, namely the multiplicative 
effect of the (n,2n)-reactions in the lead. Since the neutron multiplication is higher in 
the second case, the intensity registered by the detector will also be higher. It was 
also observed that the prompt decay rate is more or less the same for the two 
ystems. 
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Fig. 33. Neutron source response in one of the detectors for the sodium-
cooled and the partially lead-cooled configuration. 
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Chapter 8  

The Yalina experiments 
Investigation of reactivity determination methods 

In addition to the MUSE experiments, another similar European experimental 
program devoted to ADS studies has been performed at the Yalina facility outside 
Minsk, Belarus [16,17]. Yalina is based on the same principles as MUSE, i.e., an 
external neutron generator, based on the (D,D)- and the (D,T)-fusion reactions, 
coupled to a zero-power sub-critical core. The major difference between Yalina and 
MUSE, however, is that the neutron energy spectrum in Yalina is thermal. 

There are several different techniques available for reactivity determination and 
they can be divided into three different types of methods; static methods, dynamic 
methods and noise methods. In the present study, only the dynamic methods, based 
on the pulsed neutron source experiments and the source jerk experiments, have 
been investigated. The dynamic methods are all based on the point kinetic equations. 
The idea is to investigate the time-dependent flux and to find different parameters 
derived from the point kinetics. The dynamic methods studied within the scope of 
this thesis are the slope fit method [100], the Sjöstrand method [101] and the source 
jerk method [100]. The basic principles of the static methods; the rod drop method 
[100] and the modified source method (MSM) [14,96], and the noise methods; the 
Rossi-α method [100,102] and the Feynman-α method [100], are briefly presented in 
the end of this chapter. 

8.1 The Yalina facility 
The external neutron generator used in the Yalina experiments, coupled to the sub-
critical core, is similar to the GENEPI generator devoted to the MUSE experiments, 
as it also consists of a beam of deuterons impinging on a target of Ti-D or Ti-T, 
thereby creating spectra of neutrons characteristic of the (D,D)- and the (D,T)-fusion 
reactions. In the experiments performed, only the tritium target was used. The main 
characteristics of the neutron generator in the (D,T)-mode are presented in Table 12. 

The fuel that was used in the experiments is of oxide fuel type, with 10% en-
riched uranium. The fuel rods were placed in a lattice of polyethylene blocks, which 
have the purpose of moderating the neutrons to thermal energies. However, in the 
region around the target, the polyethylene lattice was replaced by a lead lattice. The 
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purpose of the lead is to diffuse the energy spectrum of the (D,T)-neutrons so that it 
resembles a spallation spectrum. In the nominal design, the core is loaded with 280 
fuel rods, but this number can easily be modified in order to alter the reactivity level. 
The low power of the core makes the natural convection of the surrounding air suffi-
cient for cooling. The core is surrounded by a graphite reflector with a thickness of 
approximately 40 cm. Five axial experimental channels (EC) with a diameter of 25 
mm are located inside the core and the reflector [103]. A schematic view of the sub-
critical assembly is depicted in Fig. 34. 

 
 

 
Fig. 34. Vertical cross-sectional view of the Yalina core. The deuteron 
beam is entering the core from the side (into the paper). 

 

Table 12. Main characteristics of the neutron generator in the (D,T)-mode. 
Beam current 1-12 mA 
Pulse length 0.5-100 µs 
Deuteron energy 100-250 keV 
Frequency 1-10 000 Hz 
Beam diameter 20 mm (half max) 
Target Tritium + titanium 
Neutron energy (mean) 14.1 MeV 
Maximum neutron yield ∼1⋅1011 n/sec 
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8.2 Dynamic experiments performed at Yalina 

8.2.1 Pulsed neutron source experiments 
By studying the prompt neutron decay after a neutron pulse insertion, it is possible 
to determine the reactivity of the core. This can be done in two different ways, either 
by applying the slope fit method or the Sjöstrand method. These two methods have 
been used to analyse the data collected from the pulsed neutron source experiment. 
In Fig. 35, the accumulated detector counts in the five different detectors after 
40 000 source pulses injected at the Yalina core are displayed. During the 
experiment, the neutron generator was operating at 43 Hz, thus corresponding to a 
pulse period of about 23 ms. The intensity of the inherent source was negligible 
compared to the external neutron source.  
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Fig. 35. Data collected from the pulsed neutron source experiments. The 
counts were accumulated in the five different detectors from 40 000 pulse 
insertions. 

The slope fit method 
When a multiplying medium is sub-critical, the neutron density will decay 
exponentially and the pulse response will quickly disappear, according to basic 
point-kinetic theory. Neglecting the delayed neutrons, the point-kinetic equation, for 
a reactor without sources, can be expressed as [100,104] 

 
( ) ( )dn t n t

dt
α=  , (57) 

where  is the neutron density and α is the prompt neutron decay constant, given 
by 

( )n t
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 effρ β
α

−
=

Λ
 . (58) 

Eq. (57) has an exponential solution of the following form; 

 ( ) 0 tn t n eα=  . (59) 

In a sub-critical reactor, α is negative and the neutron flux thus decays 
exponentially. In the short time-scale, there is no contribution from the delayed 
neutrons and the decay is mainly described by the prompt neutron decay constant. 
By measuring α experimentally, the reactivity, ρ, can be determined, provided that 
the mean neutron generation time, Λ, and the effective delayed neutron fraction, βeff, 
are

nstant level (within the 
stu

nsient mathematically by a series of exponentials. By fitting a 
function of the form 

 iti

 known. 
The neutron flux transient induced by a neutron pulse injection, which is 

illustrated in Fig. 35, can be decomposed into a number of time periods with 
different characteristics. In the present case, the following four periods were 
identified; the injection period, the adjustment period, the fundamental decay period 
and the delayed neutron period. When a neutron pulse is injected into a sub-critical 
multiplying medium, the source neutrons initialise fission chain reactions. As a 
result, the neutron flux is suddenly increased. This rapid increase of the neutron flux 
is called the injection period. In the three detectors located in the core, the injection 
period is very short and cannot be identified in Fig. 35. Naturally, it takes a longer 
time for the neutrons to reach the reflector and in the two detectors located there, the 
injection period is in the order of 1 ms. Subsequent to the injection period, the 
adjustment period follows, where the neutron flux adjusts its shape and approaches 
the prompt fundamental decay rate. After a few ms, the neutron flux reaches the 
prompt fundamental decay mode, characteristic of the inherent reactor properties 
and approximately described by the point-kinetic equations. During this process, the 
decay rate of the neutron flux is the same for all positions in the system and Eq. (59) 
can be applied. Finally, the neutron flux reaches a nearly co

died time-scale), determined by the delayed neutron background. 
Due to the exponential behaviour of the neutron flux transient, it is appropriate to 

describe the tra

( )
1i

f t Aeα
∞

= ∑  (60) 
=

to all data points, it is possible to determine the exponential component that repre-
sents the fundamental decay mode, which is described by the prompt neutron decay 
constant α. It turns out that four terms are necessary to describe the response func-
tion with satisfactory statistical agreement. Two fast exponential terms are required 
for the injection and adjustment periods, one exponential term for the fundamental 
decay mode and one constant term for the delayed neutron background. The prompt 
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fundamental decay rate, determined by the α-value obtained for EC3, is displayed 
together with the fitted function in Fig. 36. The results from the analyses of the ex-
perimental data, including the obtained values of keff, Λ, and βeff in the different ex-
perimental channels, are presented in Paper V. 
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manipulation be expressed as 

 

 
Fig. 36. Fit of exponentials to the experimental data in the experimental 
channels in th

The Sjöstrand method 
The Sjöstrand method, also called the area method, is based on the decomposition of 
the neutron flux transient into two components; the prompt part and the delayed part, 
which is illustrated in Fig. 37. The delayed neutrons are represented by the “delayed 
area”, Ad, and the prompt neutrons by the “prompt area”, Ap. Starting with the point 
kinetics equations for the prompt neutrons, the delayed neutrons and the delayed 
neutron precursors, the reactiv

deff
 . (61) 

racy of the results somewhat. The results of the 
analyses are presented in Paper V. 

 

p

A
A

−=
β
ρ

This method has the advantage that the involved parameters are integrals, which 
reduces the statistical errors. The approximation that the prompt and the delayed 
neutrons are emitted with the same energy spectrum was made in the derivation of 
Eq. (61), which may affect the accu
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Fig. 37. Illustration of the prompt (Ap) and the delayed (Ad) neutron 
areas used in the Sjöstrand method. 

8.2.2 The source jerk experiments 

The source jerk method 
Consider a sub-critical system that is maintained at equilibrium neutron density, , 
and equilibrium delayed neutron precursor population, , by an external source, S, 
when the source is suddenly removed. The neutron balance equation of the system 
before the source removal is 

0n
,0iC

 
6

0 0
1

0i i
i

n C Sρ β λ
=

−⎛ ⎞ + +⎜ ⎟Λ⎝ ⎠
∑ =  . (62) 

Within a few prompt neutron lifetimes after the removal of the source, the system 
will adjust to a lower level 1n , determined by the multiplication of the delayed 
neutrons. However, immediately after the source jerk, the delayed neutron precursor 
population will still be the same as before the source jerk. Thus, the neutron balance 
equation after the source removal will be expressed by 

, 

 
6

1 0
1

0i i
i

n Cρ β λ
=

−⎛ ⎞ + =⎜ ⎟Λ⎝ ⎠
∑  . (63) 

Using Eq. (62) and Eq. (63), together with the relation between the delayed 
precursor concentrations and the delayed neutron fractions, 0i i iC β λ= , the 
reactivity of the sub-critical system can be expressed as 
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eff

−
=

β
ρ  . (64) 

The neutron levels  and  can be obtained from the measurements. The collected 
data from the source jerk experiments are displayed in Fig. 38. The results of the 
analyses are presented in Paper V. 
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Fig. 38. Data collected from the source jerk experiments at Yalina. 

8.3 Other reactivity determination methods 

8.3.1 Static methods 

The rod drop method 
The static methods are based on the fact that, close to criticality, the inverse of the 
neutron count rate is proportional to the multiplication constant. In a first step, the 
rod drop method [100] may be used to calibrate the control rod worth in order to 
determine a reference reactivity level. This should be done at a near-critical level. 
By using a point kinetics relation for the reactivity and determining the source term 
by a linear fit to the measured data, the absolute reactivity of the reference level can 
be determined. 

The modified source method 
In a second step, using the value of the reference reactivity determined by the rod 
drop method, all other sub-critical states can be determined by the modified source 
method, which is based on inverse kinetics. In a sub-critical system, the source 
neutrons will be multiplied according to ( )1 efS k f− . Thus, the number of counts, C, 
that a detector will record can be expressed as [14] 
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1 eff

SC
k

ε
=

−
 . (65) 

Hence, taking the ratio of count rates between two sub-critical states, any other sub-
critical state can be determined according to [88] 

 
( )
( )

1 1 ,21

2 2 2 ,1

1
1

eff

eff

S kC
C S k

ε
ε

−
=

−
 . (66) 

The fact that the detector efficiency ε and the effective source strength S may change 
when the reactivity level is changed, can be compensated for by determining the so-
called MSM correction factor [14]. 

8.3.2 Noise methods 
The noise methods are statistical methods used to analyse the inherent statistical 
behaviour of the reactor, based on the fact that the number of radioactive decays 
emitted by a radioactive medium per unit time is Poisson distributed. However, 
when a neutron is emitted in a fission process in a reactor, a number of chain-related 
neutrons will follow due to the multiplicative properties of the fuel. This implies that 
the Poisson distribution is disturbed. By investigating the deviation from the pure 
Poisson distribution, it is possible to obtain information about the sub-criticality of 
the core. 

Q

The Rossi-α method 
The Rossi-α method [100,102] is based on the statistical probability of detecting 
neutrons originating from the same fission chain reaction, using a coincidence 
acquisition system. Assuming that a neutron count from a decay chain is observed at 
t = 0, the probability of another neutron count being observed in a small time 
interval at a later time t can be expressed as the sum of the probability of a count 
from a chain-related ne te tα−utron, ∆ , plus the probability of a count of a neutron 
from another chain, C t∆ , where C is the average counting rate, according to 

 ( ) tP t dt Cdt Qe dtα−= +  . (67) 

In a Rossi-α experiment, ( )P t  is measured by a time analyser and the random count 
rate  is subtracted. α can then be determined from the remaining chain-
correlated term . 

Cdt
tQe dtα−

The Feynman-α method 
The Feynman-α method [100], or the variance-to-mean method, is based on the sta-
tistical fluctuations of neutron counts during a fixed counting interval. If the number 
of counts during ∆t in a multiplying system, critical or sub-critical, is determined 
repeatedly, the result will deviate somewhat from a Poisson distribution. The reason 
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for this is the fluctuations of the neutron population driven by the fission chain reac-
tions. Applying the Feynman-α method, one determines the ratio of variance of the 
number of counts to the mean, C , according to 

 
22

1C C Y
C
−

≡ +  . (68) 

For a pure Poission distribution, Y is zero. Hence, Y is a measure of the additional 
fluctuations corresponding to the fission chain process. Moreover, Y is related to α 
by the following equation; 

 ( )
2 2

11
tD eY t

t

αε
α α

− ∆−⎛ ⎞∆ = −⎜ ⎟Λ ∆⎝ ⎠
 , (69) 

where D is the Diven factor. 

8.4 Conclusions 
From the analyses of the experiments performed at the Yalina facility, it can be 
concluded that the slope fit method is somewhat inconvenient to apply to deep sub-
critical configurations, such as Yalina, but gives reliable results in comparison with 
those results obtained by MCNP. Moreover, it was found that the Sjöstrand method 
underestimates keff slightly, in comparison with MCNP and the other methods. This 
tendency was also observed in the MUSE experiments [98,99]. The probable reason 
for these discrepancies is that when analysing the experimental data with the 
Sjöstrand method, all data from the pulse insertion to the end of the pulse response 
are used. However, only the data representative for the fundamental decay mode, 
used in the slope fit method analysis, is valid according to the point-kinetics. Since 
the fundamental decay mode will be more and more dominating closer to criticality, 
the gap between the two methods is expected to decrease when approaching 
criticality, which was indeed observed in the MUSE-4 experiments [99]. Finally, it 
was found that the source jerk method overestimates keff, in comparison with MCNP 
and the other methods. However, due to the large uncertainty of the lower neutron 
flux level, these results are connected with large statistical errors and must therefore 
be considered less reliable than the results obtained with the other methods. 

ments. 

None of the methods investigated in this study have the capability of determining 
the reactivity satisfactorily during on-line operation of a system. However, the 
methods can be used to estimate the sub-criticality during loading and for calibration 
of other possible measurement techniques, for instance, the current-to-flux reactivity 
indicator, which appears to be the major candidate for on-line reactivity 
measure
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Chapter 9  

The SAD experiments 
Investigation of core neutronics and high-energy 
neutron radiation shielding 

The SAD (Sub-critical Assembly in Dubna) experimental reactor system is 
composed of the three main components characteristic of an accelerator-driven 
system; a proton accelerator, a spallation target and a sub-critical core, which makes 
it the first prototype of a medium-power ADS in the world. The project will be a 
natural step on the way from the zero-power experiments, e.g., MUSE and Yalina, 
where the sub-critical assemblies are driven by an external neutron generator, to the 
large-scale semi-industrial installations driven by proton beams, e.g., MYRRHA, 
which are now in the conceptual design phase in Europe. 

9.1 The SAD experiments 

9.1.1 System design 
In the upcoming SAD experiments [18,19], set up at the Joint Institute for Nuclear 
Research (JINR) in Dubna in collaboration with CEA (Cadarache), CIEMAT 
(Madrid), FZK (Karlsruhe) and KTH (Stockholm), the various concepts and the 
basic physical principles of accelerator-driven systems will be studied extensively. 
In these experiments, a 660 MeV proton accelerator is coupled to a sub-critical core, 
loaded with fast reactor MOX fuel assemblies. 

The protons are generated by the JINR phasotron proton accelerator, in which 
they reach an energy of 660 MeV. The maximum current of the accelerator is 3.2 
µA (2.0⋅1013 protons/s). The protons are guided into the core from below, where 
they impinge on a target of heavy metal. The target is replaceable, with two possible 
materials; lead and tungsten. In the present study, lead was used as reference target 
material. The target consists of 19 hexagonal rods, each with a distance between two 
opposite sides of 3.6 cm, and the height of the target is 60 cm. However, in order to 
obtain a maximal neutron density in the centre of the core and therefore maximising 
the proton source efficiency, the impact position of the proton beam is located 10 cm 
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above the bottom of the active part of the fuel. The radius of the radially uniform 
proton beam is 1.5 cm. A cross-sectional view of the SAD core is given in Fig. 39. 

MOX fuel assemblies, based on experimental fuel elements used in the Russian 
fast rector type BN-600, will be used as fuel for the SAD assembly. The fuel 
contains about 30% PuO2 and 70% UO2, with the average fuel density of 10.4 g/cm2. 
The fraction of 239Pu in the plutonium vector is in the order of 95%. The active part 
of the core consists of about 141 hexagonal sub-assemblies, the exact number 
depending on the desired reactivity level, adding up to a total core radius of about 25 
cm. The height of the active core is 51 cm. The core is surrounded by a lead 
reflector, which is covered with a thick biological shielding of heavy concrete. The 
sub-critical level of the SAD core can be easily changed by adding or removing 
some of the fuel sub-assemblies. The Russian licensing regulations allow sub-
critical experiments without control rods provided that keff does not exceed 0.98. The 
main characteristics of the SAD facility are listed in Table 13. 

 

 
Fig. 39. Horizontal cross-sectional view of SAD core. The distance 
between two opposite sides of the hexagonal sub-assemblies is 3.6 cm. 
The black dots indicate the positions where the neutron energy spectra 
have been calculated (Section 9.2.3). 

owing; 

 

9.1.2 Experimental program 
The main objective of the SAD experiments is to investigate the basic physical 
principles of an ADS and thereby validating the theoretical predictions and 
estimations of the technological features of such systems. The most important issues 
to be addressed are the foll
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Table 13. The main design characteristics of SAD. 
Thermal core power (maximum) Up to 100 kW 
Proton energy 660 MeV 
Proton current (maximum) 3.2 µA (2⋅1013 protons/s) 
Proton beam power (maximum) 2.0 kW 
Multiplication coefficient, keff 0.95 – 0.98 
Fuel composition MOX (30% PuO2 + 70% UO2) 
239Pu fraction in Pu vector > 95% 
Number of fuel sub-assemblies ∼141 
Flat-to-flat thickness of sub-assemblies 3.6 cm 
Number of fuel pins in one sub-assembly 18 
Core radius ∼25 cm 
Core height 51 cm 
Pin pitch/pin diameter 7.95/6.9 mm (P/D = 1.15) 
Target radius ∼8.5 cm 
Spallation target Pb or W 
Reflector Pb 
Coolant Air 
Biological shielding Heavy concrete 

 

1. Development of reliable methods for reactivity monitoring 
The operation of an ADS will require novel methods for monitoring the reactivity of 
the sub-critical core. Experience from previous experimental programs, such as 
MUSE and Yalina, has been accumulated and will provide the basis for the present 
studies. The already developed techniques for studying the various reactivity 
determination methods will be directly transferred to the SAD facility and applied in 
an early stage of the experiments. Some of the methods that will be investigated are 
the slope fit method, the Sjöstrand method and the source jerk method. Other 
methods, such as Rossi-α and Feynman-α, will also be studied and evaluated. 

sensors. 

2. Validation of the core power and the proton beam current relationship 
The current-to-flux reactivity indicator, which appeared to be the most promising 
method for on-line monitoring of the reactivity level during the MUSE experiments 
[14], will be validated experimentally. The beam current and beam shape will be 
monitored at different locations with high precision using inductive sensors, 
ionisation chambers and profilemeters. The power level will be monitored in two 
channels with three different neutron 

3. Validation of nuclear data and calculation codes 
The SAD experiments offer a good opportunity to validate and benchmark the vari-
ous reactor simulation tools, the nuclear data and the available high-energy physical 
models relevant for the modelling of an ADS. An important activity will thus be to 
prepare and carry out the relevant benchmark specifications. Extensive computer 
modelling will also be performed in order to predict and to help interpreting the ex-
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perimental results. Experience from the computer simulation benchmark performed 
within the MUSE program will be taken advantage of. 

4. Radiation shielding 
The presence of the 660 MeV proton accelerator in SAD introduces a new 
dimension to the radiation shielding concerns, compared to the operation of 
conventional critical reactors. The cause of this is the long range in the biological 
shielding of the high-energy neutrons created in the spallation reactions. Extensive 
simulations have been performed to estimate the radiation fields and the radiation 
doses at various places outside the biological shielding [Paper III] in order to verify 
that they do not exceed the maximal allowed doses. In the experiments, the radiation 
doses will be measured at some of these locations. In particular, the contribution 
from the high-energy neutrons (E >10 MeV), which is the determining factor for the 
constraints on the biological shielding, should be measured and studied. 

. 

d. 

n. 

5. Thermal reactivity feedbacks 
In the original SAD design, with a nominal power of about 15-20 kW, the thermal 
reactivity feedbacks would have been negligible, due to the low power densities and 
the low temperatures. However, the upgrade of the power to about 100 kW is 
expected to allow for some limited measurements of the reactivity feedbacks

6. Measurements of the neutron core physics characteristics 
Various neutronic parameters characteristic of the sub-critical core, such as spectral 
flux densities, prompt neutron lifetimes and effective fraction of the delayed 
neutrons, will be measure

7. Design choices 
The experiments will provide valuable knowledge concerning the different design 
options of the construction of a future large-scale ADS, for instance, the choice of 
fuel type, coolant material, target material and reflector material. 

8. Calculation and measurements of the power gain 
The energy gain of the SAD facility will be determined by monitoring the total core 
power and the accelerator power. Some of the performed pre-calculations will be 
validated. 

9. Start-up and shutdown procedures 
The start-up and shutdown procedures will be investigated, including testing of 
specific dedicated equipment and instrumentatio

10. Qualification of the reliability of the proton beam and the spallation target 
The qualification of the reliability of the proton beam, the beam transport line and 
the spallation target will be assessed. 
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9.2 Core simulations 
Calculations determining different core parameters have been performed with 
MCNPX for a model of the SAD experiments. The data libraries ENDF/B-6.8 and 
LA150 in combination, and the Bertini intranuclear cascade model were used in the 
simulations. 

9.2.1 Energy gain 
By calculating the power deposition in the core and the target for a configuration 
with = 0.95, it was found that about 22.0 GeV was deposited for each 660 MeV 
proton, of which about 98% in the core and the rest in the target. We have the 
following relation for the total power produced in the cor toP

effk

e, t ; 

 ( ) ( ) ( )GeVEAikWP depptot ⋅= µ  , (70) 

where  is the proton current and  is the energy deposited in the system for 
each source proton. Hence, assuming a proton beam power and current of 2.0 kW 
and 3.0 µA, the total power deposited in the system is 67 kW and the energy gain, 
i.e., 

pi depE

tot accG P P= , is thus about 33. The total power and the energy gain have been 
calculated for some different reactivity levels, the results being displayed in Table 
14 and in Fig. 40. The energy gain as a function of  is approximately described 
by the known relation 

effk
( )1eff effk k− , according to Eq. (52). 

Table 14. Total core power, , and energy gain, G, for a proton beam power of 2.0 kW, 
calculated for the 660 MeV proton beam coupled to the SAD core. For comparison, the 
same parameters were also calculated for a proton beam of 1000 MeV, coupled to the same 
core. The power of 2.0 kW corresponds to a proton current of 3.0 µA for the 660 MeV 
protons and of 2.0 µA for the 1000 MeV proton

totP

s. 
660 MeVpE =  (SAD) 1000 MeVpE =  

effk  
totP  [kW] G totP  [kW] G 

0.90 32 16 35 18 
0.95 67 33 74 37 
0.98 172 86 190 96 

 

9.2.2 Proton source efficiency 
The proton source efficiency, ψ*, as well as the neutron source efficiency, ϕ*, has 
been calculated for the reference SAD design. ϕ* was calculated according to the 
target leakage source definition (Section 6.1.3). The number of source neutrons 
leaking out radially from the target, Z, was found to be about 12.5, which is also the 
ratio between ψ* and ϕ*. For comparison, the same parameters were also calculated 
for a proton beam of 1000 MeV, coupled to the same sub-critical system. The values 
of   
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Fig. 40. Total core power and energy gain as functions effk  for a 
proton beam power and current of 2.0 kW and 3.0 µA, calculated for the 
660 MeV proton beam coupled to the SAD co

of 

re. 

ψ*, ϕ* and Z are displayed in Table 15. It was found that ψ* was higher for the 
1000 MeV protons than for the 660 MeV protons by about 70%. This corresponds to 
a difference of about 11% in * pEψ , which is identical to the difference observed 
for the energy gain, since * pEψ  is proportional to G for a given eff  (Eq. 52). 
Worth noting is also that ϕ* is the same for the two different proton energies. The 
reason why ϕ* is almost independent of the proton energy is that the energy 
spectrum of the target leakage neutrons changes only marginally with the proton 
energy, which is shown in F

k

ig. 41. 
ψ* has also been studied as a function of the proton beam impact position, which 

has been varied from the bottom of the target (Z = 0 cm), to 30 cm above the bottom 
of the target (Z = 30 cm). It is seen in Fig. 42 that it has a maximum at about 10 cm 
above the bottom of the core, which is indeed where the impact position has been 
located in the current SAD design. This location of the beam impact position thus 
gives an energy gain higher by about 12% than an impact position at the bottom of 
the target. 

Table 15. Proton source efficiency, ψ*, number of source neutrons per incident proton, Z, 
and neutron source efficiency, ϕ*, for proton energies of 660 MeV (SAD) and 1000 MeV. 

Ep (MeV) ψ* Z ϕ* a

660 17.1 12.5 1.38 
1000 28.8 21.0 1.38 

a ϕ* was calculated according to the target leakage source definition. 
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Fig. 41. Energy spectrum of the source neutrons leaking out from the 
target, for proton energies of 660 MeV (SAD) and 1000 MeV. 
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Fig. 42. Proton source efficiency, ψ*, versus axial proton beam impact 
position (cm above the bottom of the core). 

9.2.3 Core energy spectra 
The neutron energy spectrum has been calculated at three positions in the SAD sys-
tem, one in the target, one in the core and one in the reflector, these positions being 
indicated by the black dots in Fig. 39. The three spectra displayed in Fig. 43 are 
typical for a fast reactor, with the maximum flux located slightly below 1 MeV. The 
spectra are also similar to the spectra calculated for the MUSE experiments (Fig. 
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29). As expected, it appears that the high-energy spallation source neutrons consti-
tute a non-negligible fraction of the total neutron flux inside the target. In the core 
and in the reflector, on the other hand, their intensity is about an order of magnitude 
lower. 
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Fig. 43. Neutron energy spectra calculated in the target, the core and the 
reflector. 

9.3 Radiation shielding of high-energy neutrons in SAD 
A major concern before licensing the operation of SAD is to accurately determine 
the radiation fields outside the reactor system. The surrounding building is shielded 
from the radiation emerging from the accelerator beam and the reactor by thick walls 
of concrete. In the present work, the effective dose induced in the rooms above the 
reactor, i.e., in the direction of the incident proton beam, have been determined in 
order to verify that they do not exceed the limits determined by the Russian radiation 
protection regulations. The studies have been quantified by first calculating, with the 
Monte Carlo code MCNPX, the flux of the particles leaking out through the 
shielding and then by converting the obtained fluxes to effective dose. The effective 
doses have been obtained by using fluence-to-effective dose conversion coefficients, 
provided mainly by the International Commission for Radiological Protection 
(ICRP) [105] and the International Commission on Radiation Units (ICRU) [106]. 

The shielding problems in a system coupled to a high-energy proton beam are 
mainly connected to the deeply penetrating high-energy neutrons. These neutrons, 
released in the spallation process by direct head-on collisions between the source 
protons and the target nuclei (the intranuclear cascade phase), have a strong angular 
dependence and can, in the forward direction, reach energies up to the level of the 
incident protons [107,108]. The lower-energy neutrons, on the other hand, created in 
the subsequent evaporation stage and emitted nearly isotropically, constitute only a 
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minor shielding concern, due to their comparatively short range in most shielding 
materials. For this reason, the largest radiation doses will appear in the forward di-
rection of the incident proton beam [Paper X] and the design of the biological 
shielding in this direction will generally be of largest importance. The issues treated 
in this section have been analysed in detail in Paper III. 

9.3.1 Conversion coefficients for use in radiological protection 

Radiological protection quantities 
There are three principal protection quantities currently recommended for use in 
radiological protection [105,106]; the mean absorbed dose in an organ or tissue, DT, 
the equivalent dose in an organ or tissue, HT, and the effective dose, E. 

The absorbed dose, DT [J/kg or Gy], in a particular organ or tissue, T, in the 
human body is given by 

 ∫ ⋅⋅=
TT

T dmD
m

D 1  , (71) 

where mT is the mass of the organ or tissue and D is the absorbed dose in the mass 
element dm.  

In order to calculate the equivalent dose in an organ or tissue, HT, the radiation 
field in which the organ is present must be divided into energy bins and into the 
different types of radiation that the field consists of. The absorbed dose in the organ 
of each radiation bin, DT,R, must then be multiplied by a radiation-weighting factor, 
wR, and summed over the different radiations, R, i.e., 

 ∑ ⋅=
R

RTRT DwH ,  . (72) 

The effective dose, E, was introduced for the quantification of the medical risk from 
a given radiation exposure. E is defined as the sum of the tissue-weighted equivalent 
doses in all the tissues and organs of the body, 

 ∑ ⋅=
T

TT HwE  , (73) 

where wT is the tissue-weighting factor for tissue T. For the purpose of radiological 
protection calculations, the human body is in the ICRP Publication 60 [109] defined 
by 12 designated tissues and organs plus the remainder, which consists of 10 
additional tissues and organs. 

Fluence-to-effective dose conversion coefficients 
In order to calculate the effective dose induced by any particle flux, the fluence-to-
effective dose conversion coefficients for all energies of all particle types that may 
be present in the radiation field should be known. Using this set of conversion coef-
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ficients together with the specific particle flux that a person may be exposed to, the 
effective dose received by that person could be determined. The fluence-to-effective 
dose conversion coefficients are determined by calculating the total effective dose in 
an anthropomorphic model representing the human body, for mono-energetic fields 
of all particles of interest. The resulting effective dose for each energy bin is then 
divided by the total fluence of each radiation. 

A number of studies determining these conversion coefficients have been 
performed by different research groups, using different simulation tools (mainly 
Monte Carlo codes) and different anthropomorphic models for the radiation 
transport calculations. In the ICRU Report 57, the results from many of the relevant 
studies are summarised. Most of the calculations of protection quantities reviewed 
were made with an adult model using either hermaphrodite models [110] or models 
with sex-specific differences, e.g., ADAM and EVA [111]. The data points from 
each group of authors were combined into one data set for each organ as a function 
of particle energy, resulting in one combined data set for each organ and for each 
gender. The conversion coefficients for the effective dose per unit fluence for whole-
body irradiation by neutrons in isotropic irradiation geometry (ISO), recommended 
by the ICRU Report 57, cover the range from thermal energies up to 20 MeV. 
However, for dose calculations around an ADS driven by high-energy protons, such 
as the SAD experiments, conversion coefficients up to the energy of the incident 
protons are needed. 

d in Appendix C. 

ulations. 

In the present study, the fluence-to-effective dose coefficients for neutrons from 
thermal neutrons up to 20 MeV are taken from the ICRU Report 57. For neutrons 
with energy from 20 up to 500 MeV, as well as for photons and protons of all 
energies, the coefficients are taken from a study by V. Mares and H. Schraube [112]. 
The results from Mares and Schraube were found to be in good agreement with the 
overview of fluence-to-effective dose conversion coefficients for high-energy 
radiation performed by M. Pelliccioni [113]. All fluence-to-effective dose 
conversion coefficients used in the study were based on the ISO geometry and are 
liste

9.3.2 System modelling 
In Fig. 44, a schematic view of the target, the core, the reflector and the upper part of 
the biological shielding is depicted. The core is surrounded by a lead reflector, 
which is 30 cm thick in the axial directions. In the present SAD design, the 
biological shielding above the reactor consists of a 100 cm thick section of heavy 
concrete, followed by 340 cm of standard concrete. Since the particles that leak out 
radially from the reflector do not contribute significantly to the effective dose at the 
top of the shielding, the radial and the lower sections of the shielding have been 
neglected in the sim

In order to determine the total effective dose, the flux of the particles that leak 
out at the detector area at the top of the biological shielding was calculated with 
MCNPX, with the energy spectrum divided into the appropriate energy bins. Know-
ing the flux, ,E Pφ , and the fluence-to-effective dose conversion coefficients, 
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( ) ,E PE φ , for each energy bin and each particle type, the total effective dose per unit 
time, E, can then be determined as 

 ( ) ,, E PE P
P E

E E φ φ⎛= ⎜
⎝ ⎠

∑ ∑ ⎞⋅ ⎟

67,68]. 

. (74) 

The summation is over all energy bins and all particles. MCNPX (version 2.5.e) was 
used in coupled neutron, proton and photon mode and the evaluated nuclear data 
library used in the simulations was LA150 [60] for those isotopes included in this 
library and ENDF/B-6.8 for the remaining isotopes. The high-energy physics 
package used by MCNPX was the Bertini model [

 

 
Fig. 44. Vertical cross-sectional view of the present design of the SAD 
reactor system, including the target, the core, the lead reflector and the 
upper part of the biological shielding. The shielding consists of a 100 cm 
thick section of heavy concrete plus 340 cm of standard concrete. The 
effective dose was calculated at the detector area at the upper surface of 
the biological shielding. 

9.3.3 Attenuation 

Effective dose 
The separate fluxes for neutrons, photons and protons calculated at the detector area 
at the top of the biological shielding, as well as the corresponding effective doses 
and the total effective dose, are displayed in Table 16. The total effective dose was 
found to be about 190 µSv/h, with a statistical uncertainty of about 5%. According 
to radiation protection rules in Russia, the maximal allowed effective dose for civil 
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personnel is 12 µSv/h. However, provided that access for working personnel to the 
rooms above the shielding will be prohibited during operation, the radiation dose 
obtained for the present design of the biological shielding is in agreement with the 
radiation regulations. 

Table 16. Separate flux, φ, and effective dose, E, of neutrons, photons and protons, 
together with the total effective dose, at the detector area at the top of the biological 
shielding. 

Neutrons Photons Protons Total 
φ 

[cm-2s-1] 
E 

[µSv/h] 
φ 

[cm-2s-1] 
E 

[µSv/h] 
φ 

[cm-2s-1] 
E 

[µSv/h] 
E 

[µSv/h] 
1σ-error 

[%] 
174 172 114 1.9 2.0 18 192 ∼5 
 

Apparently, the neutrons contribute for the major part of the effective dose, ∼89%, 
but, a non-negligible part of the effective dose is also induced by photons and 
protons, which contribute for ∼1% and ∼10%, respectively. The reason why the 
contribution from photons is only 1%, although the fluxes of neutrons and photons 
are in the same order of magnitude, is that the conversion coefficients of the 
photons, of which the major part have energy between 0.1 and 10 MeV, are about 
100 times smaller than those of the neutrons, of which an important fraction have 
energy around 100 MeV. Similarly, the conversion coefficients for the protons, 
which all have energy in the order of 100 MeV, are about 10 times higher than those 
for the neutrons, which explains the relatively high contribution to the effective dose 
induced by the much lower flux. 

e 
detector area. 

The explanation to why there is such a considerable flux of photons and protons 
detected, although it has been found that they have comparatively short range in the 
shielding, and that those entering into the concrete are not expected to penetrate the 
entire shielding, is that the high-energy neutrons create, apart from secondary 
neutrons with lower energy, also secondary photons and protons. The high-energy 
neutrons will thus be followed through the concrete by cascades of neutrons, 
photons and protons. Hence, all protons and photons detected at the top of the 
shielding have been created by neutrons inside the standard concrete. The minimum 
energy of neutrons required to create protons is in the order of a few MeV, while 
thermal neutrons have the highest probability to create photons. Since both photons, 
protons and low-energy neutrons have limited range in the concrete, it can moreover 
be assumed that the major part of the detected particles have been created nearby th

Attenuation 
In the following sub-section, the effective dose in the SAD biological shielding as a 
function of the distance from the reflector-shielding boundary has been studied. In 
Fig. 45, it is shown that, during the first ∼50 cm in the heavy concrete, the decay of 
the effective dose is very fast and cannot be described by a single exponential. The 
reason for this is that the effective dose close to the reflector is induced mainly by 
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the low-energy neutrons leaking out from the reflector, which have a large variety in 
energy. Since neutrons with different energy are attenuated at different rates, the to-
tal decay can be described by the sum of many exponentials. However, all of these 
low-energy neutrons are efficiently attenuated in the heavy concrete and, beyond 
about half a meter, the decay of the effective dose is largely dominated by the at-
tenuation of the high-energy neutrons. The particle spectra have almost reached their 
equilibrium and the decrease of the effective dose is very close to exponential. How-
ever, entering into the standard concrete, the decay switches into another mode, with 
less efficient attenuation. Since the energy spectra of the transported particles 
changes at this boundary, some distance is required before the decay curve becomes 
single-exponential again.  

In order to determine the linear attenuation coefficients and the attenuation 
lengths in the two shielding materials, two exponential curves have been fitted to the 
calculated data points, one for the heavy concrete and one for the standard concrete. 
In the heavy concrete, the purely exponential decay appears first after about 150 cm 
(although it is close to exponential already after 50 cm), so additional simulations, 
extending the heavy concrete, had to be performed to determine the attenuation 
coefficient (data points from 150 to 250 cm were used for the curve fitting). In the 
standard concrete, the equilibrium of the particle spectra is reached after a few tens 
of cm from the boundary and the data points from 150 to 400 cm were used for the 
curve fitting. The tenth-valued attenuation lengths, 10λ , i.e., the thickness required to 
reduce the effective dose by a factor of 10, obtained from the exponential fits were 
found to be about 58 cm in heavy concrete and 93 cm in standard concrete. 
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Fig. 45. Total effective dose induced by the particles leaking out from 
the SAD reactor system as a function of the distance from the reflector-
shielding boundary. Exponential curves have been fitted to the MCNPX-
calcula
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High-energy contribution 
As was shown above, low-energy neutrons have very short attenuation lengths in 
concrete compared to high-energy neutrons, which indicates that only the high-
energy neutrons have long enough range to penetrate the full length of the shielding 
and to induce any significant effective dose at the top of it. In order to calculate the 
separate contributions to the effective dose from neutrons of different energies, the 
flux of the neutrons entering into the biological shielding from the reflector was 
divided into four energy bins (0-1, 1-10, 10-100 and 100-660 MeV). As expected, 
the relative contribution from the two low-energy bins is zero (<10-14). The 
contribution from the third energy bin (10-100 MeV) is also limited (∼0.3%), 
whereas the last energy bin (100-660 MeV) contributes for nearly the entire part of 
the effective dose. It was also found that the contributions from photons and protons 
are negligible. The small contribution originating from the source protons is induced 
by the secondary neutrons created as the incident high-energy protons are moderated 
in the heavy concrete. 

ervals. 

The maximal energy of the neutrons released in the fission processes in the 
reactor core is in the order of 10 MeV. It can therefore be assumed that the entire 
part of the effective dose detected at the top of the shielding originates from the 
proton-induced spallation reactions in the target and practically nothing from the 
fission multiplication in the core. Thus, it can be concluded that the effective dose is 
directly proportional to the proton beam power and that it is completely independent 
of the reactivity of the sub-critical core. 

 

Table 17. Relative contribution to the total effective dose originating from the source 
particles that enter into the biological shielding from the reflector. The neutrons were 
divided into four different energy int

Source particle Energy interval 
[MeV] 

Relative contribution to E 

0-1 0 
1-10 0 

10-100 0.3% Neutrons 

100-660 99.7% 
Photons All 0 
Protons All 0.01% 
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Chapter 10  

Summary of studies of proton source 
efficiency  
 
In order to find an optimal system design that maximises the energy gain, and 
thereby minimises the proton current needs, the proton source efficiency, ψ*, was 
studied as a function of several different system parameters for a large-scale ADS. 
In the following chapter, a brief summary of the most important studies of ψ* 
performed within the framework of this thesis is given. Three different basic ADS-
models have been used. 

10.1 Model I 

10.1.1 Model design 
A homogenised model representing a nitride-fuelled and LBE-cooled ADS 
(maximum 800 MWth) was first studied. The height of the active core in the 
reference model (Fig. 46) was 100 cm and the outer radius was 70 cm. The inner 
radius was 20 cm, which was also the boundary of the LBE target. The accelerator 
tube had a radius of 15 cm and the axial position of the proton beam impact was 25 
cm below the top of the core. The radius of the radially uniform 1000 MeV proton 
beam was 7.5 cm. The actinide nitride fuel was in solid solution with ZrN with a 
volume fraction adjusted to 83% in order to obtain a keff of about 0.95. The relative 
fraction of actinides was 80% plutonium and 20% americium. The Monte Carlo 
code MCNPX (Version 2.3.0) in coupled neutron and proton mode was used for all 
simulations, relying on the evaluated nuclear data library ENDF/B-VI.8. The 
intranuclear cascade model used by MCNPX was the Bertini package. ψ* was 
studied for the following parameters; target radius, coolant material, axial beam 
impact position, proton beam energy, fuel composition and inert matrix material. 
The studied model and the analyses performed are presented in detail in Paper II, 

III and IX. 
 
V
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Fig. 46. Vertical cross-sectional view of the studied homogeneous LBE-
cooled ADS reference model (Model I). The radius of the spallation 
target is 20 cm. 

ce definition. 

10.1.2 ψ* as function of target radius 
ψ*, as well as ϕ*, was computed for the LBE-cooled ADS model for different target 
radii. The results are listed in Table 18, together with the number of source neutrons 
per incident proton, Z, and the energy gain, G. ψ*, ϕ* and Z are also plotted as 
functions of target radius in Fig. 47 and Fig. 48. ϕ* was calculated using the target 
neutron leakage definition (Section 6.1.3), although applied in a slightly different 
way than it was in Section 6.3. In this section, the source neutrons were defined as 
all neutrons leaking out radially from the target from the height of 150 cm below to 
250 cm above the core mid-plane. Hence, also those neutrons leaving the target 
above and below the core and never entering the fuel were included. This 
modification in source definition results in a larger value of Z and a smaller value of 
ϕ*, the differences being particularly large for large target radii. Of course, ψ* is 
unaffected by the choice of neutron sour

Table 18. Computed values of ψ*, ϕ*, Z and G for different target radii, determined for 
the LBE-cooled ADS model of keff 0.95. 

Target Radius ϕ* a Z ψ* G 

  10 b 1.81 21.9 39.6 50 
20 1.35 26.8 35.9 45 
30 1.13 29.0 32.4 41 
40 0.99 30.0 29.5 37 
50 0.89 30.2 27.0 34 

a ϕ* was calculated according to the target neutron leakage definition. 
b For the 10 cm target radius, the radius of the accelerator tube was decreased to 10 cm. 
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Concerning the dependence on the target radius, it is seen that ψ* decreases 
considerably when the radius increases. There are mainly two reasons for this 
behaviour, one of them being the softening of the radial neutron leakage spectrum 
from the target as the target is enlarged (Fig. 17). The probability to induce fission 
for the neutrons entering the active part of the core drastically decreases with 
decreasing energy, in particular when the core is loaded with even-N nuclides. The 
other reason for the decrease in ψ* is that the axial target neutron leakage increases 
with increasing target radius. 

i

ndeed found to be the case. 

On the other hand, increasing the target radius increases the neutron 
multiplication inside the lead target, which leads to a higher number of neutrons 
created per source proton, i.e., Z increases. The multiplicative effect of (n,xn)-
reactions and secondary spallation in the lead target thus enhances ψ*. 
Consequently, with increasing target radius, there are more neutrons for each source 
proton entering into the fuel, although the efficiency of these neutrons is strongly 
reduced. Accordingly, it is shown in Table 18 that ψ* decreases less rapidly with 
ncreasing target radius than ϕ* does, due to the increase in Z. These two competing 

factors in ψ* are thus well represented by Eq. (48). Since the reactivity and the 
proton energy were fixed in this study, it follows that the energy gain is proportional 
to ψ* (Eq. 54), which was i
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Fig. 47. Proton source efficiency, ψ*, as function target radius for the 
LBE-cooled (reference model) and the sodium-cooled model. 

Replacing the LBE coolant with sodium, it is shown in Fig. 47 that ψ* decreases for 
small target radii, while it remains about the same for large radii. For the 20 cm tar-
get radius, the difference is about 8%. The main reason for this is that there is no 
neutron multiplication in the sodium coolant, in contrast to LBE. The differences 
between the two curves indicate that the contribution from (n,xn)-multiplication in 
the LBE coolant is significant for target radii smaller than about 30 cm. As long as 
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there is a fraction of leakage neutrons with energy higher than about 7 MeV, which 
is the (n,2n)-threshold in lead and bismuth, there will be (n,xn)-neutron multiplica-
tion in LBE. When the target radius is small, this high-energy fraction is rather high 
(6.1% have energies higher than 7 MeV for R=20 cm, compared to 0.8% for R=50 
cm). When the target radius increases, the fraction of high-energy leakage neutrons 
decreases and at radii above 40 cm, the ψ* values are essentially the same. The dif-
ference between the LBE and the sodium coolant are further illustrated in Fig. 48, 
where the values of ϕ* are depicted together with those of Z. 
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Fig. 48. Neutron source efficiency, ϕ*, (calculated according to the 
target neutron leakage definition) for the LBE-cooled and the sodium-
cooled model, together with the number of source neutrons per incident 
proton, Z, as functions of target radius. 

We conclude that, in order to optimise the proton source efficiency and the energy 
gain, a target radius as small as possible should be chosen. For instance, increasing 
the radius from 20 cm to 50 cm decreases ψ* by about 25% for the LBE-cooled 
core. These results are in good agreement with other similar studies [12]. However, 
it has also been shown that reducing the target radius has some undesirable effects, 
for example, higher fluence/burn-up ratio (lower maximum burn-up) and more 
severe high-energy neutron damage. Moreover, for a large-scale ADS, the target 
must be sufficiently large to be able to remove the massive heat deposited by the 
high-power accelerator beam. 

10.1.3 ψ* as function of axial beam impact position 
It was found that the axial position of the proton beam impact that maximises ψ* 
was located approximately 20 cm above the core centre for the reference model (ac-
celerator tube radius = 15 cm), the variations between 0 and about 35 cm being rela-
tively small (Fig. 49). However, the dependence of ψ* on the impact position is sen-
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sitive to the accelerator tube radius and for a tube radius of 10 cm the maximum was 
found at about 13 cm above the core centre. Reducing the tube radius from 15 to 10 
cm also increases the maximum of ψ* by 3%. 
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Fig. 49. Proton source efficiency, ψ*, as function of axial beam impact 
position (cm above the core centre) for a tube radius of 15 cm and of 10 
cm (1σ-error ∼ 0.50 %). 

10.1.4 ψ* as function of proton beam energy 
Investigating the proton source efficiency divided by the proton energy, * pEψ , as 
a function of the proton energy showed that a maximal core power over beam power 
ratio is obtained for proton energies of about 1200 to 1400 MeV, but with relatively 
small changes in the region between 1000 and 2000 MeV (Fig. 50). These results are 
in good agreement with those presented in Fig. 14, where / pZ E  was plotted as a 
function of the proton energy. The comparison of the relative dependence of * pEψ  
with that of the energy gain, G, obtained in the FEAT experiments performed at 
CERN [89], confirms the relationship between * pEψ  and G expressed by Eq. (54). 

10.1.5 ψ* for an americium-based fuel 
Increasing the americium content in the fuel from 20% to 60% decreases ψ* 
considerably, in particular for larger target radii (Fig. 51). Due to the sharp decrease 
in fission cross-section below 1 MeV, americium is more sensitive than plutonium 
to the softening of the energy spectrum of the neutrons that enter into the fuel, which 
appears when the target radius increases. The smaller fission probability directly 
inhibits the fission multiplication and, thus, decreases ψ*. 
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Fig. 50. Proton source efficiency divided by the proton energy in GeV, 

* pEψ , as function of proton beam energy, for target radii of 20 cm and 
50 cm. The energy gain, G, determined in the FEAT experiments 
performed at CERN [89] for a set-up configuration effk = 0.895 was 
also display

 of 
ed. 
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Fig. 51. Proton source efficiency, ψ*, as function of target radius for an 
americium-based fuel, compared with the plutonium-based reference 
model. 
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10.1.6 ψ* as function of inert matrix material 
In order to guarantee the stability of uranium-free fuels at high temperatures, the use 
of inert matrices is foreseen. Different safety parameters of several possible inert 
matrix fuels have been studied [42]. In Paper VIII, three inert matrices, ZrN, YN 
and HfN, dispersed with a plutonium- and americium-mixed nitride fuel have been 
investigated in terms of ψ*. ψ* has been studied as a function of target radius (Fig. 
52) and has been compared for a single-zone core and a power-flattened double-
zone core (Table 19). It was found that the HfN matrix fuel yields a lower ψ* than 
the ZrN and the YN matrix fuels. However, for the americium-based fuel and in par-
ticular for small target radii, the difference is relatively small. Due to other favour-
able properties of HfN, e.g., the combination of a hard neutron spectrum with an ac-
ceptable void worth, it is still an interesting option of inert matrix material, despite 
the loss in proton source efficiency. It was also shown that ψ* is lower for a power-
flattened double-zone core, compared to a single-zone core. The differences are 
about 5% for the ZrN matrix fuels, while about 10% for the HfN matrix fuels. Com-
paring the ZrN matrix with the HfN matrix, assuming a double-zone core, the differ-
ence in ψ* is larger for the plutonium-based fuel (∼12%) than for the americium-
based fuel (∼8%). 

Table 19. ψ* calculated for a single-zone core (1Z) and a double-zone core (2Z). Target 
radius = 20 cm. 

ψ* Fuel Matrix 1Z 2Z Rel. diff. 
ZrN 36.0 34.3 -4.8% Pu/Am = 80/20 HfN 34.0 30.3 -10.7% 
ZrN 32.0 30.1 -5.9% Pu/Am = 40/60 HfN 30.7 27.6 -9.9% 

 
 

10.1.7 ψ* as function of actinide distribution in the core 
ψ* has been studied for two different double-zone core configurations. In the 

first configuration, americium and curium were distributed homogeneously together 
with plutonium over the entire core, while in the second one, all of the curium was 
concentrated to the inner zone and the americium to the outer zone. It is seen in Fig. 
53 that, heterogenising the fuel distribution by moving curium to the inner zone and 
americium to the outer zone, increases ψ*, compared to when the two materials are 
homogeneously mixed with each other. The relative increase ranges from ∼5% for 
the 10 cm target radius to ∼16% for the 50 cm target radius. 
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Fig. 52. Proton source efficiency, ψ*, as function of target radius for 
different inert matrices (80% Pu + 20% Am). 
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Fig. 53. Proton source efficiency, ψ*, as function of target radius of the 
homogeneous and the heterogeneous configurations. 
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10.2 Model II 

10.2.1 Model design 
In order to investigate the possibilities of increasing ψ* by distributing the actinides 
heterogeneously over the core, four different heterogeneous triple-zone configura-
tions of an ADS model were studied (Fig. 54). The ADS model used in the simula-
tions was defined in a previous work, where different neutronic properties of an 
LBE-cooled ADS with minor actinide-based fuels were investigated [27]. The dif-
ferent configurations were geometrically identical, but had the actinides distributed 
in different ways over the three core zones. In the first configuration, the same 
relative fractions of the actinides, Pu/Am/Cm = 0.4/0.5/0.1, in all three zones were 
used. In the second configuration, all of the americium in zone 1 was moved to the 
two outer zones and was replaced by curium. In the last two configurations, zone 1 
was loaded with one element only, plutonium in configuration III and curium in 
configuration IV. All simulations performed in the present study were made with 
MCNPX (version 2.5.e), using the JEFF-3.0 nuclear data library. The high-energy 
physics package used by MCNPX was the cascade-exciton model (CEM). The 
studied model and the analyses are presented in detail in Paper IV. 

 

               
Fig. 54. Horizontal cross-sectional view of the studied heterogeneous 
LBE-cooled ADS model (Model II). The target radius is 21 cm and the 
subassembly pitch is 10 cm. 

10.2.2 ψ* for heterogeneous distribution of actinides 
It was found that, compared to the first configuration, where the plutonium, 
americium and curium were distributed homogeneously in the core, loading the 
inner zone with only curium increases ψ* by about 7% (Table 20). 
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Table 20. Proton source efficiency, ψ*, for the four studied configurations, together with 
the relative differences of configuration II, III and IV compared to configuration I. 

Configuration ψ* Relative 
difference 

I 31.2  
II 32.0 3% 
III 30.8 -1% 
IV 33.4 7% 

  
The neutron energy spectrum in zone 1 was found to be harder for the source 
neutrons than for the average fission neutrons in the fundamental mode, as is shown 
in Fig. 55. This spectrum difference affects several parameters that are directly 
connected to the magnitude of ψ* and is the underlying reason for the differences in 
ψ* that were observed for the different configurations. Three parameters, the 
average macroscopic fission and capture cross-sections, fΣ and cΣ , and the average 
fission neutron yield in zone 1, zν , which are affected in different ways for the 
source neutrons and the fission neutrons by the substitution of actinides in zone 1, 
have been identified as mainly responsible for the differences in ψ*. 
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Fig. 55. Energy spectra for the source neutrons and the fission neutrons 
in zone 1 for configuration I. 

It was shown that the even-N nuclides in general and 241Am and 244Cm in particular 
are the most favourable nuclides in respect of improving ψ*. The reasons for the 
better properties of the even-N nuclides than those of the odd-N nuclides are the fol-
lowing. Firstly, the harder spectrum in zone 1 for the source neutrons than for the 
fission neutrons leads to a larger flux-weighted average microscopic fission cross-
section, fσ , for the even-N nuclides, whereas a smaller one is obtained for the odd-
N nuclides. The second effect of the harder spectrum is a considerably higher aver-
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age fission neutron yield for separate nuclides in zone 1, nν , for the even-N nu-
clides, while it is only marginally higher for the odd-N nuclides. Both these effects 
enhance the neutron multiplication in zone 1 as well as ψ*. On the other hand, the 
effect on cσ  is that it decreases considerably for all nuclides, but more strongly for 
239Pu than for the remaining nuclides. This property of 239Pu compensates partly for 
the negative effects from fσ and nν .  

Comparing the different configurations, it can be concluded that a larger relative 
increase in fΣ and in zν  for the source neutrons than for the fission neutrons can be 
expected to enhance ψ*, while the opposite effect can be expected for changes in 

cΣ . Consequently, when loading zone 1 with plutonium only (configuration III), ψ* 
changes only marginally, compared to configuration I, while loading zone 1 with 
only curium increases it considerably (configuration IV). It can thus be concluded 
that plutonium, in particular that of high quality consisting mainly of 239Pu and 
241Pu, is a source inefficient material, compared to curium. The minor increase in ψ* 
when substituting the americium in zone 1 by curium (configuration II) indicates 
that curium is a slightly better element than americium from this point of view. 

The idea of concentrating all of the curium in zone 1 only (comprising 17% of 
the subassemblies) has both advantages and disadvantages. The fabrication and 
handling of a fuel consisting of curium only (32% CmN and 68% ZrN) would 
involve serious technical problems due to intense radiation and heat generation. On 
the other hand, only a minor fraction of the fuel subassemblies would have to be 
contaminated by curium, as the remaining 83% would consist of plutonium and 
americium only. Hence, there is a trade-off between these factors and the gain in ψ*. 

Finally, one of the general assumptions of the study, that the actinide 
composition of the innermost zone is of much larger importance for the magnitude 
of ψ* than the two outer zones, was confirmed. By studying the neutron balance in 
zone 1, it was shown that ψ* is directly connected to the neutron multiplication in 
this zone. The conclusions that the differences in ψ* between the different 
configurations are the results of changes in the ratios of fΣ , cΣ and zν  between the 
source neutrons and the fission neutrons, were also firmed. 

ctor. 

con

10.3 Model III 

10.3.1 Model design 
ψ* has been studied for two heterogeneous models based on the PDS-XADS LBE- 
and gas-cooled concepts [114,115]. For both models, the radius of the target was 21 
cm and the outer radii of the cores were adjusted, to 64.5 cm for the helium model 
and to 83 cm for the LBE model, in order to obtain a keff close to 0.97. The core 
heights were 150 cm and 87 cm, respectively. Two different fuel types were studied 
for each of the two core designs. The first one was based on the MOX fuel used in 
the PDS-XADS design, whereas the second one represented a TRU-based fuel with 
a Pu/Am/Cm relative ratio of 0.4/0.5/0.1. This fuel was chosen as a possible 
candidate for use in a future full-scale accelerator-driven transmutation rea
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Fig. 56. Horizontal cross-sectional views of the studied heterogeneous 
PDS-XADS core models (Model III). The helium-cooled core is 
displayed to the left, the LBE-cooled core to the right. The target radius 
is 21 cm in both cases. 

10.3.2 LBE-cooled versus gas-cooled core 
Comparing the coolant materials, it was found that, for the MOX case, LBE yields a 
value of ψ* lower by about 13% than for helium (Table 21). For the TRU-based 
fuel, the corresponding difference is about 10%. The main reason for the lower 
proton source efficiency in LBE-cooled cores is that the relative difference in 
macroscopic capture cross-section, cΣ , between source neutrons and fission 
neutrons is higher, which inhibits the fission multiplication and therefore decreases 
ψ*. The differences in the cross-sections arise from differences in the energy spectra 
of the source neutrons and of the fission neutrons. The dominating contributors to 
the observed changes in macroscopic capture cross-sections are 238U in MOX-fuel 
and 241Am and 243Am in the TRU fuel. These nuclides have the common property 
that the microscopic capture cross-sections decrease rapidly with neutron energy in 
the 1 MeV range. The conclusion is that the increased moderation in the LBE-
coolant reduces the average neutron energy of the source neutrons more than of the 
fission neutrons, which increases the capture cross-sections more for the former. The 
results of this study are in line with a previous study by Pelloni [116], where a 
considerably lower source efficiency was observed for the LBE-cooled core than for 
the helium-cooled core. 

Table 21. ψ*, calculated for the four studied models and the relative differences to the 
He-MOX-case. 

 He-cooled 
MOX-fuel 

LBE-cooled 
MOX 

He-cooled 
TRU 

LBE-cooled 
TRU 

ψ* 19.4 16.8 16.8 15.2 
Rel. difference  -13% -13% -22% 

  
Comparing the two different fuel types, it appears that ψ* decreases when replacing 
the MOX fuel by the TRU-fuel, by 13% for the helium-cooled model and by 10% 
for the LBE-cooled model. In this case, the main reason for the observed differences 
in ψ* is that the relative difference in macroscopic fission cross-section, fΣ , be-
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tween source neutrons and fission neutrons, decreases for the TRU-based fuel, 
which results in a decrease in ψ*. The explanation of this behaviour is that the fis-
sion probability of the americium isotopes in the fast energy region (∼0.1 to ∼1 
MeV) is very sensitive to a softening of the neutron spectrum. 
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Chapter 11  

Abstracts of papers 
 

11.1 Paper I 
Monte Carlo simulations have been performed to investigate the neutron source ef-
fects in a sub-critical media successively coupled to a (D,D)-source, a (D,T)-source 
and a spallation source. The investigations have focused on the neutron energy spec-
tra in the fuel and on the source relative efficiency ϕ*. The calculations have been 
performed for three sub-critical configurations, representative of the coming MUSE-
4 experiments. 

The Monte Carlo codes MCNP and MCNPX have been used to compute ϕ*. ϕ* 
has been found to be low for the (D,D)-source (∼1.35 compared to 1.0 for an aver-
age fission neutron), while considerably higher for the (D,T)-source (∼2.15) and the 
spallation source (∼2.35). The high value of ϕ* for the spallation source has been 
shown to be due to the fraction of high-energy neutrons (17 % of total source with 
En > 20 MeV) born from spallation, which contribute for 50 % to the total number of 
fission neutrons produced in the core. The variations of ϕ* with neutron importance 
have also been studied for some spherical configurations with a (D,D)- and a (D,T)-
source. For the class of variations considered here, ϕ* was found to remain constant 
or increase only slightly in the interval 0.70 < keff  < 0.996. 

11.2 Paper II 
In order to study the energy gain of an accelerator driven system (ADS), a new pa-
rameter, the proton source efficiency, ψ*, is introduced. ψ* represents the average 
importance of the external proton source, relative to the average importance of the 
eigenmode production, and is closely related to the neutron source efficiency, ϕ*, 
which is frequently used in the ADS field. ϕ* is commonly used in the physics of 
sub-critical systems driven by any external source (spallation source, (D,D), (D,T), 
Cf-252 spontaneous fissions etc.). On the contrary, ψ* has been defined in this paper 
exclusively for ADS studies, where the system is driven by a spallation source. The 
main advantage of using ψ* instead of ϕ* for ADS is that the way of defining the 
external source is unique and that it is proportional to the core power divided by the 
proton beam power, independently of the neutron source distribution. 
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Numerical simulations have been performed with the Monte Carlo code MCNPX 
in order to study ψ* as a function of different design parameters. It was found that, 
in order to maximise ψ*, and therefore minimising the proton current needs, a target 
radius as small as possible should be chosen. For target radii smaller than about 30 
cm, LBE is a better choice of coolant material than sodium, regarding the proton 
source efficiency, while for larger target radii the two materials are equally good. 
The optimal axial proton beam impact was found to be located approximately 20 cm 
above the core centre. Varying the proton energy, ψ*/Ep was found to have a maxi-
mum for proton energies between 1200 and 1400 MeV. Increasing the americium 
content in the fuel decreases ψ* considerably, in particular when the target radius is 
large. 

11.3 Paper III 
The radiation fields and the effective dose at the Sub-critical Assembly in Dubna 
(SAD) have been studied with the Monte Carlo code MCNPX. The effective dose 
above the shielding, i.e., in the direction of the incident proton beam of 3.0 µA, was 
found to be about 190 µSv/h. This value meets the dose limits according to Russian 
radiation protection regulations, provided that access to the rooms in this area is not 
allowed for working personnel during operation. 

By separating the radiation fields into a spallation-induced and a fission-induced 
part, it was shown that the neutrons with energy higher than 10 MeV, originating 
exclusively from the proton-induced spallation reactions in the target, contribute for 
the entire part of the radiation fields and the effective dose at the top of the shield-
ing. Consequently, the effective dose above the SAD reactor system is merely de-
pendent on the proton beam properties and not on the reactivity of the core. 

11.4 Paper IV 
The distribution of actinides in the core of an accelerator-driven system (ADS) 
loaded with plutonium, americium and curium has been studied in order to optimise 
the proton source efficiency, ψ*. One of the basic assumptions of the study, that the 
actinide composition in the inner part of the core is of much larger importance for 
the magnitude of ψ* than in the rest of the core, has been confirmed. It has been 
shown that the odd-N nuclides in general and 241Am and 244Cm in particular have 
favourable properties in respect of improving ψ* if they are placed in the innermost 
part of the core. The underlying reason for this phenomenon is that the energy spec-
trum of the source neutrons in the inner part of the core is harder than that of the av-
erage fission neutrons. Moreover, it has been shown that loading the inner part of the 
core with only curium increases ψ* by about 7%. Plutonium, on the other hand, in 
particular high-quality plutonium consisting mainly of 239Pu and 241Pu, was found to 
be a comparatively source inefficient element and is preferably located in the outer 
part of the core. The differences in ψ* are due to combined effects from relative 
changes in the average fission and capture cross-sections and in the average fission 
neutron yield. 
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11.5 Paper V 
Different reactivity determination methods have been investigated, based on ex-
periments performed at the sub-critical assembly Yalina in Minsk, Belarus. The 
knowledge about on-line monitoring of the reactivity level in a future accelerator-
driven system (ADS) is of major importance for safe operation. Since an ADS is op-
erating in a sub-critical mode, the safety margin to criticality must be sufficiently 
large. The investigated methods are the slope fit method, the Sjöstrand method and 
the source jerk method. The results are compared with Monte Carlo simulations per-
formed with different nuclear data libraries. The slope fit method compares well 
with the Monte Carlo simulation results, whereas the Sjöstrand method underesti-
mates the criticality somewhat. The source jerk method is subject to inadequate sta-
tistical accuracy. 

11.6 Paper VI 
The efficiency of a spallation neutron source, in an accelerator-driven system (ADS) 
dedicated to actinide transmutation, is dependent on a series of variables, one of 
them being the nature of the coolant, another one being the composition of the fuel. 
In the present study, the proton source efficiency, ψ*, has been studied with the 
Monte Carlo code MCNPX for two heterogeneous models based on the PDS-XADS 
LBE- and gas-cooled concepts. Minor actinide fuels have also been studied. The 
main conclusion from the study is that there are important variations in the source 
efficiency arising both from the choice of fuel and from the choice of coolant. Re-
placing the MOX-fuel in the core by MA-containing fuel decreases ψ* by more than 
10% for both coolant options. The explanation for this behaviour is the large differ-
ence in fission cross-sections for neutrons in americium, resulting in low macro-
scopic cross-sections for source neutrons in americium rich fuels. The spectrum 
change resulting from a substitution of coolant has a large impact on the macro-
scopic cross-sections of even-N nuclides, leading to a lower ψ* for LBE than for 
helium coolant. Utilising simplified homogenous models yield significantly different 
results in the helium-cooled case. The result of changing the coolant found in this 
study is in agreement with a previous study by Pelloni. 
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Chapter 12  

Conclusions 
 

Accelerator-driven systems have been proposed as an important component in a nu-
clear reactor park optimised for reducing the large amount of the radiotoxic nuclear 
waste produced by the many nuclear power plants in operation over the world. The 
chief of the work presented in this thesis has been devoted to Monte Carlo simula-
tions investigating the neutronics and various source effects in sub-critical systems, 
driven by an external neutron source. 

In order to estimate the ratio between the total power produced in the core and 
the power supplied by the external source in a sub-critical system, the neutron 
source efficiency parameter, ϕ*, is commonly used. However, with the aim of study-
ing the energy gain in an ADS, i.e., the core power over beam power, the proton 
source efficiency, ψ*, has been introduced. For different reasons, ψ* is better suited 
than ϕ* for this purpose when the external source consists of protons, which is in-
deed the case in an ADS. Importantly, using ψ* instead of ϕ* avoids ambiguities 
connected to the definition of the external neutron source. When studying ψ* as a 
function of different system parameters it becomes clear that, choosing a system de-
sign that optimises ψ* may increase significantly the energy gain and can thus have 
an important impact on the performance of an ADS. One of the results from the 
simulations of an ADS model with the high-energy Monte Carlo code MCNPX was 
that ψ* decreases strongly with increasing target radius. Hence, in order to maximise 
the energy gain, and thereby minimising the proton current needs, a target radius as 
small as possible should be chosen, without exceeding the limits determined by 
safety constraints, thermal hydraulics and other target-core characteristics. ψ* was 
also studied as a function of many other system parameters for different models of 
an ADS. From these studies, we conclude that, in order to optimally design an effi-
cient ADS with high fuel performances, there is a trade-off arising between several 
different aspects. Various system parameters, e.g., target radius, axial beam impact 
position, proton beam energy, choice of coolant medium, fuel composition and inert 
matrix material, together with other target-core characteristics and different safety 
limitations, have to be weighted against the advantage of optimising ψ* and the en-
ergy gain. 

Calculations have been performed with MCNP and MCNPX for a model repre-
sentative of the recently completed MUSE-4 experiments. Neutronic parameters, 
such as neutron energy spectrum, neutron source efficiency and dynamic neutron 
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source response have been investigated for different sub-critical configurations. The 
effects from the (D,D)- and the (D,T)-sources produced by the GENEPI neutron 
generator have been studied and compared with the effects from a 1000 MeV pro-
ton-induced spallation source, coupled to the same sub-critical core. The computed 
neutron spectra show that fission multiplication dominates at distances past a few 
centimetres into the fuel. This implies that, for the purpose of ADS core studies, the 
properties of the source may be ignored when calculating spectrum-weighted quanti-
ties, except possibly in the immediate vicinity of the external source. The calcula-
tions of ϕ* for the different sources yield a much higher value for the (D,T)-source 
(E ∼14 MeV) than for the (D,D)-source (E ∼2.7 MeV), which is explained by the 
(n,2n)-multiplications of the 14 MeV neutrons in lead. In the case of the spallation 
source, the possibility of choosing different neutron source definitions and the con-
sequences of this choice have been emphasised. 

In the Yalina experiments, accurate dynamic measurements have enabled inves-
tigations of different techniques for reactivity determination in sub-critical systems. 
Three dynamic methods were investigated; the slope fit method, the Sjöstrand 
method and the source jerk method. It was found that the results of keff obtained with 
the slope fit method are in good agreement with those obtained by MCNP simula-
tions. The Sjöstrand method, on the other hand, appears to underestimate keff 
slightly, in comparison with MCNP and the slope fit method. Finally, the results of 
keff obtained with the source jerk method were found to be higher than those of the 
other methods, although this method is connected with large uncertainties. 

The main objective of the MCNPX-based investigations of the upcoming SAD 
experiments was to determine the radiation doses above the biological shielding 
covering the upper part of the core. It was found that the shielding concerns are 
mainly caused by the deeply penetrating high-energy neutrons created in the spalla-
tion process. The fact that 100% of the dose originates from neutrons with energy 
higher than 10 MeV, which are exclusively produced in the spallation target, shows 
that the effective dose at the top of the SAD shielding is directly proportional to the 
proton beam current and that it is independent of the reactivity of the sub-critical 
core. 
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Appendix A  

Production facts of nuclear power 
 

Table A1. Production facts for operational reactors and reactors under construction, sorted 
by reactor type (last updated on 2005/08/17) [23]. 

Operational Under construction 
Country No. of units Total power 

[GWe] 
No. of units Total power 

[GWe] 
PWR 214 205 2 2.5 
BWR 89 78 1 1.1 
WWER 53 36 10 9.5 
PHWR 40 20 7 2.6 
LWGR 16 11 1 0.9 
AGR 14 8.4 - - 
GCR 8 2.3 - - 
ABWR 4 5.3 2 2.6 
FBR 3 1.0 1 0.5 
Total 441 368 24 19.7 
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Table A2. Production facts for operational reactors and reactors under construction, sorted 
by country (last updated on 2005/08/17) [23]. 

Operational Under construction 
Country No. of units Total power 

[GWe] 
Share a

[%] 
No. of units Total power 

[GWe] 
USA 104 99.2 19.9 - - 
France 59 63.4 78.1 - - 
Japan 55 46.8 29.3 2 1.9 
Russia 31 21.7 15.6 4 3.8 
United Kingdom 23 11.9 19.4 - - 
Korea, Rep. of 20 16.8 37.9 - - 
Canada 17 12.1 15.0 - - 
Germany 17 20.3 32.1 - - 
India 15 3.0 2.8 8 3.6 
Ukraine 15 13.1 51.1 2 1.9 
Sweden 10 8.9 51.8 - - 
China 9 6.6 2.2 2 2.0 
Spain 9 7.6 22.9 - - 
Belgium 7 5.8 55.1 - - 
Czech Rep. 6 3.5 31.2 - - 
Slovak Rep. 6 2.4 55.2 - - 
Taiwan/China 6 4.9  2 2.6 
Switzerland 5 3.2 40.0 - - 
Bulgaria 4 2.7 41.6 - - 
Finland 4 2.7 26.6 1 1.6 
Hungary 4 1.8 33.8 - - 
Argentina 2 0.9 8.2 1 0.7 
Brazil 2 1.9 3.0 - - 
Mexico 2 1.3 5.2 - - 
Pakistan 2 0.4 2.4 - - 
South Africa 2 1.8 6.6 - - 
Armenia 1 0.4 38.8 - - 
Lithuania 1 1.2 72.1 - - 
Netherlands 1 0.4 3.8 - - 
Romania 1 0.7 10.1 1 0.7 
Slovenia 1 0.7 38.8 - - 
Iran 0 0.0  1 0.9 
Total 441 368 16 24 19.7 

a Nuclear share of electricity production 
 

 124 
 



Appendix B  

Derivation of an equation for the to-
tal core power in ADS 

 
The total recoverable energy produced by fission in the core, W, can be approxi-
mately expressed as the product of the total number of fission events and the average 
available energy released in a fission, according to the following relation; 

 
ˆ

fW E
ν

= ⋅
FΦ  , (B.1) 

where F̂Φ  is the total production of neutrons by fission, ν  is the average neutron 
yield per fission and fE  is the average recoverable energy released in a fission. The 
neutron source efficiency, ϕ*, can be expressed according to [84] 

 
ˆ1* 1

eff nk S
ϕ

⎛ ⎞
= − ⋅⎜ ⎟

⎝ ⎠

FΦ  , (B.2) 

where nS  is the total production of source neutrons. Inserting Eq. (B.2) into Eq. 
(B.1), an expression for the energy produced per source neutron is obtained, 

 *
1

f eff

n ef

E kW
S k f

ϕ
ν

= ⋅ ⋅
−

 . (B.3) 

Now defining the number of source neutrons produced per incident source proton as 

 n

p

SZ
S

=  , (B.4) 

where pS  is the total number of source protons, we obtain 

 *
1

f eff

p eff

kW E Z
S kν

ϕ= ⋅ ⋅
−

 . (B.5) 
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Eq. (B.5) expresses the energy produced per incident source proton, which can also 
be expressed as 

 tot

p p

W P
S i

=  . (B.6) 

We thus finally obtain the following expression for the total power produced in the 
core, totP , as 

 *
1

eff p f
tot

eff

k i E
P Z

k
ϕ

ν
= ⋅ ⋅

−
 , (B.7) 

which is valid in the range 0 . 1effk< <
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Appendix C  

Fluence-to-effective dose conversion 
coefficients 

 
Table C1. Effective dose per unit fluence, E/φ, for neutrons, photons and protons (ISO ge-
ometry) used in the present study. The conversion coefficients for neutrons in the energy 
range from 1⋅10-9 MeV to 20 MeV are taken from [106], while the coefficients for neutrons 
from 30 to 500 MeV, as well as all coefficients for photons and protons, are taken from 
[112]. 

Neutrons Photons Protons 
Energy 
[MeV] 

E/φ 
[pSv⋅cm2] 

Energy 
[MeV] 

E/φ 
[pSv⋅cm2] 

Energy 
[MeV] 

E/φ 
[pSv⋅cm2] 

1⋅10-9 2.40 0.02 0.093 10 20.6 
1⋅10-8 2.89 0.05 0.21 20 173.9 

2.5⋅10-8 3.30 0.1 0.31 30 423.8 
1⋅10-7 4.13 0.2 0.61 50 1346.0 
2⋅10-7 4.59 0.5 1.65 100 2953.8 
5⋅10-7 5.20 1 3.30 150 4648.0 
1⋅10-6 5.63 2 6.02 200 4577.4 
2⋅10-6 5.96 5 12.15 300 3445.6 
5⋅10-6 6.28 10 20.63 500 2965.6 
1⋅10-5 6.44 20 32.40   
2⋅10-5 6.51 50 62.16   
5⋅10-5 6.51 100 96.63   
1⋅10-4 6.45 200 133.5   
2⋅10-4 6.32 500 190.2   
5⋅10-4 6.14     
1⋅10-3 6.04    
2⋅10-3 6.05     
5⋅10-3 6.52     
0.01 7.70     
0.02 10.2     
0.03 12.7     
0.05 17.3     
0.07 21.5     
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Table C1 (cont.)     
Neutrons Photons Protons 

Energy 
[MeV] 

E/φ 
[pSv⋅cm2] 

Energy 
[MeV] 

E/φ 
[pSv⋅cm2] 

Energy 
[MeV] 

E/φ 
[pSv⋅cm2] 

0.1 27.2     
0.15 35.2     
0.2 42.4     
0.3 54.7     
0.5 75.0     
0.7 92.8     
0.9 108     
1.0 116     
1.2 130     
2 178     
3 220     
4 250     
5 272     
6 282     
7 290     
8 297     
9 303     

10 309     
12 322     
14 333     
15 338     
16 342     
18 345     
20 343     
30 356     
50 389     

100 412     
150 527     
200 526     
500 791     
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