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The research on safety of Accelerator-Driven Transmutation Systems (ADS) at the 
Department of Nuclear and Reactor Physics reported here has been focused on different 
aspects of safety of the Accelerator-Driven Transmutation Systems and on 
Transmutation research in more general terms. An overview of the topics of our 
research is given in the Summary which is followed by detailed reports as separate 
chapters or subchapters. 

Some of the research topics reported in this report are referred to appendices, which 
have been published in the open literature. Topics, which are not yet published, are 
described with more details in the main part of this report. The main report is also 
included in a PDF-format on a CD-ROM attached to this report. The Appendices are 
only included in the CD-ROM disc.  

Blue text color in a PDF version of this report implies links which can take a reader by a 
mouse click to the referred part of the report or to a referred Appendix. 

Abbreviations and acronyms are explained in a table on pages 16-20. The appendices 
are submitted with the printed report on a CD-ROM. 

A summary in Swedish is given in the very early chapter called “SAMMAN-
FATTNING”. 
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SUMMARY 

The results of the research activities on safety of Accelerator-Driven Transmutation 
Systems (ADS) at the Department of Nuclear and Reactor Physics have been 
extensively described in the number of papers published in 2003. All the papers are 
attached in Appendices. In particular a PhD dissertation of Johan Carlsson “Inherent 
Safety Features and Passive Prevention Approaches for Pb/Bi-cooled Accelerator-
Driven Systems” (Appendix 1) and licentiate dissertation of Per Seltborg “External 
Source Effects and Neutronics in Accelerator-Driven Systems” (Appendix 2) have been 
finished and defended in 2003. Main focus has been as before largely determined by the 
programme of the European projects of the 5th Framework Programme in which KTH is 
actively participating. In particular: 

a) ADS core design and development of advanced nuclear fuel optimised for 
high transmutation rates and good safety features. This activity includes even 
computer modeling of nuclear fuel production. Three different ADS-core 
concept are being investigated: 

• Conceptual design of Pb-Bi cooled core with nitride fuel – so called 
Sing-Sing Core developed at KTH 

• Pb-Bi cooled core with oxide fuel – so called ANSALDO design for 
the European Project PDS-XADS 

• Gas cooled core with oxide fuel – a design investigated for the 
European Project PDS-XADS. 

b) analysis of potential of advance fuels, in particular nitrides with high content 
of minor actinides 

c) analysis of ADS-dynamics and assessment of major reactivity feedbacks; 
d) emergency heat removal from ADS; 
e) participation in ADS: MUSE (CEA-Cadarache), YALINA subcritical 

experiment in Minsk and designing of the subcritical experiment SAD in 
Dubna; 

f) theoretical and simulation studies of radiation damage in high neutron (and/or 
proton) fluxes ; 

g) computer code and nuclear data development relevant for simulation and 
optimization of ADS, validation of the MCB code and sensitivity analysis;  

h) studies of transmutation potential of critical reactors in particular High 
Temperature Gas Cooled Reactor. 

 

Most important findings and conclusions from our studies are 

ADS-cores: 

o Reactor cores with high minor actinide content fuel exhibit generally higher void 
worth than cores fueled primarily with plutonium. A disadvantage of sodium 
versus lead/bismuth in terms of larger positive coolant void worth is apparent for 
all transmutation type fuels investigated. 
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o For an FBR with (U,Pu)O2 fuel, Pb/Bi yields larger void worth than sodium 
when P/D ≥ 1.4. While in sodium cooled FBRs the negative reactivity is 
introduced upon coolant voiding by both increase of neutron capture in 
structural material and coolant (in the reflectors and plena), in Pb/Bi-cooled 
reactors the reactivity contribution is negative only from the former. 

o In lead/bismuth-cooled systems, a radial steel pin reflector has to be applied, if 
coolant void worth is to be significantly reduced. 

o Enlarging the pitch-to-diameter ratio P/D lowers the coolant void worth in ADS 
burners operating in two-component scenario, while ADS burners with MA 
based fuel should be designed with minimum allowable P/D. 

o Pins with small diameters and non-absorbing fuel matrices are preferable with 
respect to the coolant void worth. However, even an application of strongly 
absorbing matrix (HfN), does not have to deteriorate the void worth critically; 
large amount of negative reactivity still being introduced into the reactor upon 
voiding both core & upper plenum, as e.g. in TRU-fueled ADS 

o The excess of neutrons in a plutonium fueled fast reactor may be used to 
increase the pin pitch to diameter ratio. By doing this it is possible to design a 
gas cooled fast core where cooling is sufficient even during a severe loss of 
pressure accident, while maintaining a high burnup 

o Actinide transmutation was demonstrated in the simulated gas cooled XADS 
core. However, the masses possible to transmute in this facility are small.  

o Transmutation of technetium is very questionable. Even with a large 
introduction of technetium, the build-up in the driver fuel will be in the same 
order of magnitude as the actual destruction. In fact also for most actinide 
isotopes, the build-up in the fuel is larger than the transmutation in the special 
assemblies. Large-scale transmutation will require dedicated cores with far 
higher contents of the nuclei to be transmuted. In addition, the neutron fluence 
should be significantly higher in order to achieve high transmutation 
efficiencies. Inserting special transmutation assemblies into the XADS may 
show valuable for proving technology 

Core Reference Cycle Analysis for the Gas-Cooled XADS: 

o The cycle length is limited by the criticality of 0.97 at Beginning of Life and by 
the current of 5mA at End of Life. In the MCB burn-up calculation in single 
batch cycle the limiting current is reached after cycle length of 993 full power 
days 

o Three-batch cycle requires higher fuel enrichment than in single batch case what 
could raise the critical above unity when the whole core was loaded with the 
fresh fuel. Therefore in pre-equilibrium state a few sub-assemblies must be 
voided to keep the criticality within its constraints 

o Differences between MCB and ERANOS/ECCO code systems have been 
assessed and in principle understood.  

o Evaluation of Radiation Damage and Circuit Activation of the Gas-Cooled XADS shows: 
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 Activation of spallation target loop is dominated by the nuclides 
produced with core flux neutron. Predominant here are 210Po, 
210Bi, 209Pb, 207Bi and 210mBi. 

 The overall activity after 1 year of full power is about 1.1*1016 
Bq and it grows modestly after that time since 210Po reached its 
equilibrium. The peak value could be about 10 % higher if 
irradiation time will be extended to 10 years. Quoted values refer 
to full power operation. If the beam availability were 50% the 
activity at equilibrium would be also 50% of that for full power. 
The accumulated mass of 210Po, the most hazardous nuclide is 
about 34 grams but it could be responsible for intake risks of 
6.8*1017Sv 

The LBE-Cooled XADS 

Core Reference Cycle Analysis  
The core cycle analysis was performed for two cases of fuel enrichments: the single 
enrichment and the dual enrichment. Comparative analysis of obtained results shows 
that with the introduction of the dual enrichment fuel the core has: 

o higher Pu and MA load, 
o smaller reactivity and proton beam current change rate, 
o the radial form factor lowered by about 12% from 1.26 to 1.11. 
o the source neutron multiplication factor ks ~ 500 pcm smaller as compared to 

the single enrichment case for the same level of criticality keff.  

 

Nuclear Data Sensitivity Analysis 

o The difference in reactivity at BOC between JEF and ENDF is about 4000 pcm, 
for gas-cooled XADS loaded with 50% MA fuel. This indicates that uncertainty 
in nuclear data for MA are still large and must be improved.   

o The differences associated with the applied calculation method or an 
introduction of heterogeneous fuel distribution can increase that gap further, 
possibly exceeding 5000 pcm.  

o A faster transmutation of americium in the JEF case, and its lower fission cross 
sections, compared to the ENDF case, are responsible for the observed 
difference in reactivity swing. 

 

Radiotoxicity Assessment of the Spallation Target Module  

• Nuclides predominant for radiotoxicity build-up originated from interaction with 
core neutrons are: 210Po, 210Bi, 209Pb, 207Bi,  210mBi and 206Bi, 205Bi.  

• The major contributions from spallation process are: 194Hg, 204Tl, 198Au, 203Pb, 
203Bi. 
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• The list of most volatile and radiotoxic nuclides is the following: 194Hg, 197Hg, 
203Hg, 195Hg, 193Hg, 125I, 126I, 124I, 130I, 123I, 120I, 82Br, 76Br, 84Br, 83Br, 77Br, 80Br. 

• 194Hg predominates the toxicity of that group and due to its physical and 
chemical properties and substantially long half-life time it should bring much 
attention for further research of its migration and prevention against 
contamination of accelerator vacuum tube. 

 

Advanced fuels for ADS 

• The Mo-cermet fuel is clearly superior with regard to thermal conductivity, 
which indicates much better the thermal performance, but yet very little 
information is available on its irradiation performance. Under normal operating 
conditions, the primary design constraint is due to the cladding temperature 
limits.  

• The ferritic steels do not posses sufficient strength at high temperature operation 
whereas the austenitic steels are limited by radiation damage and coolant 
corrosion attack. Compared to austenitic stainless steel, ferritic/martensitic steels 
demand lower operating temperatures in return for improved cladding operating 
life.  

• Standard 316 austenitic steel is not expected to survive the neutron doses and the 
corrosive environment anticipated for a lead/bismuth-cooled reactor. The CW 
15-15Ti stainless steel is selected as cladding material because it has a proven 
irradiation resistance and reasonable knowledge is available on the mechanical 
performance of this type of steel.  

• The maximum fluence of this steel may still remain below some goals and the 
Pb/Bi corrosion resistance is not known, so the choice may change as more data 
becomes available.  

 

MUSE experiment: 

• Experiments with a limited replacement of sodium coolant by lead coolant gives 
significantly higher source efficiency than for the sodium-cooled configuration, 
2.39 compared to 2.13. There are significant differences for the dynamic neutron 
source response in both cases. 

• MUSE experiment indicates proton importance monitoring as one of the 
methods for subcriticality monitoring. 

 

Point kinetic model for ADS: 

• MUSE experiments has revealed significant difficulties in describing details of 
MUSE-kinetic with a point model. However, the point kinetics approximation is 
capable of producing highly accurate results for many types of transients in 
ADS’s. 
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The passive emergency decay heat removal during severe cooling accidents in 
Pb/Bi-cooled ADS  

• A large accelerator-driven system of 800 MWth with a 17 m tall vessel may 
eventually become a standard engineering size. For this high power ADS, the 
location of the heat-exchangers has great impact on the natural convection 
capability. The design with heat-exchangers in the downcomers, the long-term 
vessel temperature peaks at 996 K during a loss-of-flow accident with the beam 
on. This does not pose a threat of creep rupture for the vessel. The location of 
the heat-exchangers in the downcomers will probably require secondary coolant 
other than water, like for example oil (for temperatures not higher than 673 K) 
or Pb/Bi coolant. 

Better understanding of radiation damage mechanisms: 

• A  need to introduce a many-body potential into the Embedded Atom Method 
(EAM), dependent on the local Cr concentration in order to predict a correct 
cluster size distribution. 

• Potentials for Fe-C and Cr-C are needed, with the purpose of simulating 
formation of metal-carbide precipitates, which are known to govern the 
mechanical properties of real steels. 

The Deep Burn - Modular Helium Reactor (DB-MHR) may effectively and safely 
burn LWRs wastes. Neutronic parameters of this reactor are very favorable: both the 
fuel and moderator temperature coefficients are negative; in addition, the temperature 
coefficient of moderator is very large (about 4000-9000 pcm) and it is one order of 
magnitude higher than the value of the fuel coefficient. The temperature coefficients 
allow this reactor to shutdown automatically in an accident scenario. 

MCB-code needs some extra attention and development to handle 135Xe oscillations 
for PWR-like simulations. MCB validation simulations revealed that a special Monte 
Carlo routine has to be developed to handle properly oscillations of 135Xe. The same 
approach may also be applied for void oscillations in simulations of BWRs. 
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SAMMANFATTNING 

Avdelningen för Kärn- och reaktorfysik på KTH har under år 2003 forskat om  
avancerade reaktorsystem, särskilt acceleratordrivna sådana, för transmutation av 
kärnavfall. Forskningen har haft särskilt fokus på följande områden: 

• Utformning och utveckling av flera modeller av underkritiska reaktorhärdar 

• Datormodellering av produktionsmetoder för uranfria nitridbränslen 

• Datormodellering av egenskaper hos nitridbränslen med hög americiumhalt 

• Underkritisk reaktordynamik 

• Nödkylning av acceleratordrivna reaktorer 

• Deltagande i och planering av flera internationella reaktorfysikaliska experiment 

• Simulering av strålskador i konstruktionsmaterial 

• Utveckling av simuleringskoder och kärndatabibliotek 

• Utvärdering av avancerade kritiska reaktorer ur transmutationssynpunkt. 

 

Avdelningen är aktiv i en rad EU-projekt och deltar i internationell 
experimentverksamhet. Arbetet har under året redovisats i 15 vetenskapliga artiklar, 
konferensbidrag och tekniska rapporter, vilka redovisas i appendici. Bland dessa märks 
även en doktors- och en licenciatavhandling som framgångsrikt försvarats av på 
avdelningen verksamma forskarstuderande. 

 

Till de mer intressanta resultaten hör följande: 

Reaktorhärdar med stort innehåll av högre aktinider har högre voidkoefficient än 
utpräglade plutoniumhärdar. Detta kan begränsas genom användande av flytande bly-
vismut som kylmedel i stället för flytande natrium. Reaktorn bör då omges med en 
neutronreflektor av stål. I snabba bridreaktorer gäller däremot under vissa betingelser 
det motsatta förhållandet att bly-vismut ger högre voidkoefficient än natrium. 

Det lämpligaste förhållandet mellan bränslestavarnas diameter och avstånd är starkt 
beroende av ett flertal faktorer såsom reaktortyp, kylmedel och bränsle, och är möjlig att 
anpassa för de olika fallen så att en kombination av driftsäkerhet och effektivitet 
erhålles. 

Det kan ifrågasättas huruvida det är realistiskt att transmutera teknetium, emedan de 
mängder som konsumeras är i samma storleksordning som nybildningen i det klyvbara 
materialet i härden. I vart fall kräver detta specialiserade härdar med mycket högt 
teknetiuminnehåll för att ge en väsentlig reduktion av teknetiummängderna. 

Simulering av transmutation i en gaskyld acceleratordriven reaktor visar att 
transmutation är genomförbar med denna design, som dock har tämligen begränsad 
kapacitet. Utbränningen av bränslet begränsas av den maximala reaktivitet som härden 
kan laddas med och den effekt som acceleratorn kan leverera, och har beräknats 
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motsvara 993 driftsdagar. Om nytt bränsle tillförs i intervaller istället för att allt bränsle 
byts på samma gång är en högre anrikning möjlig, och därmed en effektivare 
utbränning. 

I spallationsmålet bildas radioaktiva isotoper av huvudsakligen polonium, vismut och 
bly. Efter ett års drift har aktiviteten nått ungefär 90 % av den maximala, eller 11000 
TBq, eftersom den i sammanhanget viktigaste isotopen 210Po nått jämvikt mellan 
sönderfall och nybildning vid en mängd av cirka 34 gram. 

För en simulerad bly-vismutkyld acceleratordriven reaktor har vidare visats att andelen 
flyktiga, radiotoxiska ämnen som bildas domineras av kvicksilver-, jod- och 
bromisotoper, i synnerhet 194Hg. Med anledning av dess livslängd (520 år) och 
fysikalisk-kemiska egenskaper så bör det läggas stor vikt vid att förhindra spridning till 
och kontamination av andra delar av acceleratoranläggningen. 

Molybdenbaserade keram-metallkompositbränslen uppvisar en överlägsen värme-
ledningsförmåga, men många frågor kvarstår om hur väl de motstår strålning. 

Valet av kapslingsmaterial står mellan olika rostfria specialstål, som alla uppvisar 
fördelar och nackdelar vad rör temperaturgreänser, strålningstålighet, mekanisk styrka 
och korrosionsbenägenhet. Den bästa kandidaten är för tillfället ett strålningsresistent 
stål betecknat CW15-15Ti, men eftersom alla dess relevanta parametrar ännu inte blivit 
bestämda  kan detta komma att ändras. 

En tänkt standardkonstruktion för acceleratordrivna reaktorer har 800 MW termisk 
effekt och en reaktortank av 17 meters höjd. Den ska i nödfall kunna kylas genom 
naturlig konvektion, och placeringen värmeväxlarna har därvid stor betydelse. Med 
dessa belägna i nedström (”downcomers”) planar temperaturen vid kylningsbortfall ut 
vid 996 K, vilket är inom toleransgränserna för reaktortanken. Med denna konstruktion 
behövs troligen ett sekundärt kylmedel med högre kokpunkt än vatten, exempelvis olja 
eller bly-vismut. 

En alternativ, heliumkyld typ av transmutationsreaktor som studerats uppvisar mycket 
lovande egenskaper, i synnerhet ur säkerhetssynpunkt i och med att kärnreaktionen 
avstannar av sig själv om temperaturen överskrider 1800 K i bränsle respektive 1500 K 
i moderatorn.  
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HM Heavy Metal 

HT-9 High quality stainless steel 

H451  Symbol of the nuclear-grade graphite 

ISOTX A format of string/representing of multigroup data neutron cross-sections 

ITU  Institute of Transuranium Elements, Karlsruhe 

JEF Joint Evaluated (Nuclear Data) File, suffix indicates a version of the file 
e.g. JEF2.2 

JENDL Japanese Evaluated nuclear Data Library, suffix indicates a version of the 
file e.g. JENDL3.2 

keV kilo-electron-Volt – energy unit 

KCODE A MCNP module for keff (eigenvalue) calculations 

KMC Kinetic Monte Carlo  

LA150 Nuclear data cross section library up to 150 MeV for the MCNPX-code, 
standard release of the Los Alamos (LA) National Laboratory 

LBE Lead Bismuth Eutectic 

LOCA Loss of Coolant Accident 

LOF Loss of Flow 

LOHS Loss of Heat Sink 

LWR Light Water Reactor 

MA Minor Actinides 

MASURCA Fast reactor at Cadarache, hosting MUSE-experiments 

MCB Monte Carlo based computer program for burnup calculations 

MCNP Monte Carlo Neutron Photon transport code 

MCNPX Monte Carlo Neutron Photon and Light Ion transport code 

MC2 A computer program for nuclear data evaluation and multigroup structure 
derivation 

MeV Mega-electron-Volt, energy unit 
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MHTGR Modular High Temperature Gas Cooled Reactor 

MOX Mixed Oxide (fuel) 

NEA Nuclear Energy Agency 

NJOY A computer program for processing evaluated nuclear data files 

NNC NNC Holdings Limited, an international engineering support company, 
participant of the PDS-XADS Project 

P/D Pitch to Diameter ratio 

pcm pro centimille, a reactivity unit equal to 10-5 

PPS Plant Protection System 

PRISM Advanced fast reactor concept 

P0, P1 Approximation symbols of the nodal transport theory 

RSC Reserve Shutdown Control Rods 

SA, S/A SubAssembly (of the nuclear fuel) 

SAS4 Reactor kinetic calculation code 

SAS/DIFF-K Reactor kinetic calculation code system 

SNR300 SNR, Schneller Natriumgekühlter Reaktor - fast sodium-cooled reactor, 
the German fast breeder reactor prototype of 300 MW power 

SS Stainless Steel 

SSC Sing-Sing Core, an accelerator driven system concept of KTH 

STAR-CD Computer program for fluid dynamics problems 

TF Transmutation Fuel (for the high temperature gas cooled reactors) 

TOP Transient Overpower 

TRADE Triga Acclerator Driven Experiment, ADS-related experiment in Italy 

TRISO Triple isotropic coated fuel particles, fuel particles for gas cooled high 
temperature reactor 

TRU TRansUranium elements 

TWODANT A deterministic neutron transport code 

UREX URanium and fission products Extraction, nuclear fuel reprocessing 
technology 

UTOP Unprotected Transient Overpower 

VARIANT-K A Nodal transport and diffusion module for the DIF3D 

WP Workpackage 
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1 INTRODUCTION 

Primary goal of partitioning and transmutation technology is to limit radiotoxic 
inventory of nuclear wastes destined to geological repository.  

The research programme in accelerator-driven nuclear transmutation at the Department 
of Nuclear and Reactor Physics of the Royal Institute of Technology in Stockholm is 
focused on safety aspects of transmutation systems. In order to cover this broad and 
complicated topic and to harmonize our activities with international projects in which 
we actively participate, our research has put emphasis on the following major working 
areas: 

o ADS system studies, in particular design of high-performance ADS-
cores and analysis of their parameters. Safety studies focused on kinetics 
and dynamics of ADS, emergency cooling systems, radiation stability of 
materials and development of advanced fuel for ADS 

o Development of simulation tools and nuclear data libraries necessary for 
advanced ADS-simulations 

o Participation in ADS-related experiments, with a special attention to 
important components of ADS (e.g.  construction of the spallation target) 
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2 ADS SYSTEM STUDIES 

A number of innovative reactor systems for transmutation of plutonium and minor 
actinides were proposed in last decades. Fuels utilized in these reactors have low 
uranium content or are completely U-free. The presence of americium leads to a 
decrease in Doppler reactivity coefficient and delayed neutron fractions, raising 
significant safety concerns. It was therefore suggested that sub-critical accelerator-
driven systems (ADS) should be implemented in fuel cycles involving recycling of 
minor actinides. Additional reactivity margin is hence provided, limiting the influence 
of reactivity coefficients and allowing steady-state operation of the system. 

Accelerator-driven reactors are usually conceived to operate on fast neutron spectrum to 
avoid further build-up of minor actinides during irradiation. To maintain the fast 
spectrum, two types of coolant candidates can be considered – liquid metals (Na, Pb/Bi, 
Pb) and gases (He, CO2). 

In recent years, work has been under way on the design of lead-bismuth and helium 
cooled sub-critical transuranium ADS burners at the department [1]. In the case of lead-
bismuth cooled system (Sing-Sing core concept), we identified a potential for rapid 
reactivity excursions of the reactor following loss of coolant from the core, which may 
lead to fuel failure and core disruption.  

In this chapter, we first summarize premises and results of parametric, scoping study 
investigating coolant void worth for several model fast breeder reactors and accelerator-
driven systems. We identify a set of fuel and core design parameters minimizing 
conceivable reactivity insertion in the standard set of design basis accidents. Thereafter, 
we discuss neutronic and burnup characteristics of helium cooled TRU ADS burner. 
Finally, we mention some results obtained in the frame of PDS-XADS project, a part of 
the 5th EU framework program.  

 
 
2.1   PARAMETRIC DESIGN STUDIES OF ACCELERATOR-

DRIVEN TRANSURANIUM AND MINOR-ACTINIDE 
BURNERS 

 
In our recent study [2], we analysed coolant void reactivity as a function of fuel 
composition and core geometry for series of fast breeder and accelerator-driven system 
configurations. First, scoping studies of ∆k∞ were performed in two-dimensional pin 
lattices for several fuel compositions and wide range of pitches. Then, we investigated 
the coolant void worth in various types of model critical & ADS transmutation systems, 
employing nitride and oxide fuel, different types of inert matrices and two types of 
coolants - lead/bismuth and sodium. Void reactivity was studied as a function of core 
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geometry parameters as e.g. reactor lattice pin pitch and fuel pin design. The optimal 
pin pitch was then identified for each configuration. Finally, we discussed the 
implications of our results for ADS core design in general. 

We found that reactor cores with high minor actinide content fuel exhibit generally 
higher void worth than cores fueled primarily with plutonium. A disadvantage of 
sodium versus lead/bismuth in terms of larger positive coolant void worth is apparent 
for all transmutation type fuels investigated. 

For an FBR with (U,Pu)O2 fuel, on the contrary, Pb/Bi yields larger void worth than 
sodium when P/D ≥ 1.4. While in sodium cooled FBRs the negative reactivity is 
introduced upon coolant voiding by both increase of neutron capture in structural 
material and coolant (in the reflectors and plena), in Pb/Bi-cooled reactors the reactivity 
contribution is negative only from the former. 

We further show that in lead/bismuth-cooled systems, a radial steel pin reflector has to 
be applied, if coolant void worth is to be significantly reduced. 

Enlarging the pitch-to-diameter ratio lowers the coolant void worth in ADS burners 
operating in two-component scenario, while ADS burners with MA based fuel should 
be designed with minimum allowable P/D. 

Pins with small diameters and non-absorbing fuel matrices are preferable with respect to 
the coolant void worth. However, even an application of strongly absorbing matrix 
(HfN), does not have to deteriorate the void worth critically; large amount of negative 
reactivity still being introduced into the reactor upon voiding both core & upper 
plenum, as e.g. in TRU-fueled ADS. 

 
 
2.2   A GAS COOLED ACCELERATOR-DRIVEN 

TRANSMUTATION SYSTEM 

2.2.1 Designing a gas cooled transmutation core 
The liquid metal coolant used in the Sing-Sing core design has a moderating effect on 
the neutrons decreasing the theoretical upper limit of transmutation efficiency. We are 
interested in examining the consequences of hardening the neutron spectrum further. 
This may be achieved by using helium coolant, minimizing the neutron moderation. 

During the last year, work has been underway aiming at designing a gas-cooled ADS 
burner, which meets the safety requirements while showing better transmutation 
efficiency than the Sing-Sing core. Similarly as in the Sing-Sing core, we use uranium 
free plutonium-americium-curium fuel. 
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2.2.2 Achieving decay heat removal at ambient pressure 
In conventional fast reactor designs, achieving a high breeding ratio has been the 
primary concern. Consequently, the reduction of neutron leakage has been an important 
design parameter. In contrast, uranium free fuels dedicated to waste transmutation 
feature a neutron surplus that may be used to improve transmutation performance and 
core safety. 

The core height is designed to minimize the axial power peaking factor. This leads to 
axial neutron leakage, which however may be afforded due to the excellent neutron 
balance caused by the plutonium rich fuel. 

Our main design criterion has been the avoiding of severe consequences in the case of a 
loss of pressure accident. By increasing the coolant fraction, the working pressure may 
be lowered, minimizing the consequences of loosing core pressure. In order to achieve 
reasonable burnup rates, we adopt an average power in the hottest pin equal to 36 kW/m 
for the design work. It was required that the corresponding decay heat (1.8 kW/m) 
should be possible to remove at ambient pressure and a coolant velocity of 70 m/s. 

2.2.3 Core design 
In an ADS design with hexagonal fuel bundles, the choices for hexcan flat-to-flat (FTF) 
are dictated by the space occupied by the spallation target. In the present study, we 
adopt a spallation target radius of 21.4 cm being a compromise between heat removal 
capacity and proton source efficiency. Assuming the seven central assemblies were 
removed to make room for the target, we arrive at an outer FTF of 185 mm. For a given 
pin pitch to diameter ratio (P/D), there are only discrete values of pin diameters 
possible. Details of a core geometry are given in Table 2.1 

P/D equal to 2.0 gives a good trade off between the neutronic and thermo-hydraulic 
boundary conditions. The cladding temperature at one atmosphere for a decay heat 
power of 1.5 kW/m with P/D=2.0 is displayed in Figure 2.1. At a pin diameter of 7.8 
mm, P/D=2.0 is sufficient to keep cladding temperature below the rapid burst limit of 
1330 K for austenitic steels. To stay conservative, we do not let the cladding 
temperature rise over 1300 K. 
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Figure 2.1: During a loss of pressure accident, the cladding temperature does not rise 
over the rapid burst limit of 1330 K elvin at ambient coolant pressure. 

 

The pin diameter chosen is a trade-off between burnup and working pressure. At a 
constant pin linear power, increasing the pin diameter leads to better cooling, meaning 
that a lower working pressure is needed. Consequently, the increase in temperature 
during a loss of pressure transient is smaller. However, the power density is also 
decreased implying lower transmutation ratios. 

Having fixed P/D, we may calculate the core working pressure. A lower limit is given 
by the hottest pin upper temperature limit set to 1000 K. In order to assure sufficient 
cooling of this pin, the helium pressure must exceed 4.3 MPa, see Figure 2.2. 
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Figure 2.2: At normal operation a working pressure of 4.3 MPa is required to assure 
sufficient cooling. 

In the beginning of the fuel cycle (BOC), the highest linear power in a fuel rod is 45 
kW/m. Allowing a maximum radial power peaking of 1.3 and a maximum axial power 
peaking of 1.24, this means the average pin linear power is 27.9 kW/m giving a total 
core power of 566 MWth. 

We summarize the thermal characteristics of the core in Table 2.1. 

Table 2.1: Core thermal hydraulics 

Total core power 566 MWth 

Average linear power 27.9 kW/m 

Operating pressure 4.3⋅106 Pa 

Coolant flow speed 70 m/s 

Max cladding temperature – operation 1000 K 

Max cladding temperature – accident 1330 K 
 

2.2.4 Fuel composition 
There are 120 fuel assemblies in the core. We select nitride fuel because of its high 
power to melt and the relative ease of reprocessing. An inert matrix is required to 
stabilize the fuel at high temperatures. Tests of (Pu,Zr)N fabrication have shown that a 
solid solution can be obtained for matrix fractions in the order of sixty atomic percent. 
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We keep the ZrN fraction of the fuel constant at a level of 60% in the entire core and 
adjust the Pu/MA ratio in the fuel to obtain a k-eigenvalue of 0.97 at BOL. The actinide 
vector adopted corresponds to the spent MOX-fuel composition as shown in Table 2.2. 

 

Table 2.2: Composition of the fuel heavy metals 

Element isotope compositions used 
238Pu  5.1%  241Am  66.6% 
239Pu 37.9%  243Am 33.4% 
240Pu 30.3%    

241Pu 13.2%  244Cm  87.3% 
242Pu 13.5%  245Cm 12.7% 

 

In order to minimize the radial power peaking, the core has been divided into four fuel 
zones each with a unique Pu/MA composition. 

The contribution of neptunium to the radiotoxic inventory of spent LWR fuel is less 
than the radiotoxicity in natural uranium (20 mSv/g) and is hence not significant. For 
this reason, we chose not to include neptunium in our transmutation strategy. Enriched 
nitrogen-15 has been used in the fuel to avoid the production of 14C. The 15N content is 
taken as 99.5 percent. The fuel porosity was assumed to be 15 percent to allow for solid 
fission product swelling. Gaseous fission products and helium are expected to be 
released into the gas-plenum. 

2.2.5 Neutronic parameters 
Some neutronic parameters have been calculated. The coolant void coefficient is a 
measure of the reactivity effect of loosing the helium pressure. This was calculated in 
two subsequent MCB-runs, the first one with normal He-density, and the second with 
the He-density at ambient pressure. The calculations show the k-eigenvalue increase by 
870(±40) pcm at a pressure drop accident. 

Another important neutronics parameter is the k-eigenvalue response to a temperature 
change. We calculated this by comparing the k-eigenvalues at fuel temperatures of 300 
K and 1800 K. The difference was calculated to -0.02(±0.01) pcm per Kelvin 
temperature increase. 

Delayed neutrons are a very important for the controllability of reactors. Thus deciding 
the delayed neutron content and the amount of fissions induced by delayed neutrons is 
important. Two measures are of interest concerning delayed neutrons. β expresses the 



 

 

 

 

 

29

reactivity delayed neutrons would insert if they would have the same energy spectrum 
as fission neutrons have. βeff is the reactivity effect actually caused by delayed neutron 
induced fissions. The resulting β has been calculated to 240(±21) pcm and βeff to 
138(±21) pcm. 

2.2.6 Fuel cycle 
For safety reasons, we do not allow the accelerator current to increase more than a 
factor two during the fuel cycle. With a k-eigenvalue of 0.97 in the beginning of the fuel 
cycle, this leads to a k-eigenvalue of 0.94 in the end of the cycle. This sets the cycle 
length. In order to avoid refueling and reprocessing, we suggest using the same fuel for 
several fuel cycles, raising the k-eigenvalue by altering the reflector. In the first cycle, 
we will use boron assemblies next to the outer most fuel assemblies. The k-eigenvalue 
may be raised by replacing boron assemblies for reflecting steel assemblies. This way it 
is possible to burn the same fuel for at least five cycles after which the radiation damage 
to the fuel cladding limits burnup. 

The burnup is limited by radiation damage to the cladding material. After 1400 days of 
full power operation the highest dose received by the cladding anywhere in the core is 
170 dpa. At this time, 21.2 percent of the original actinide mass has fissioned. 

2.2.7 Results 
Preliminary calculations show that we may go as far as P/D = 2.6 before it is impossible 
to maintain reactor in operation. There are several reasons not to go that far though. 
Mainly, it becomes problematic to maintain constant criticality in the system. The 
higher the Pu content, the faster criticality drops. Long periods of constant criticality 
reduce the need for reprocessing of the fuel and are thus beneficial for actinide burnup. 

At a P/D ratio of 2.0, a fuel pin diameter of 7.8 mm is sufficient to assure decay heat 
removal at ambient pressure for a 566 MWth core. With this design, a working pressure 
of 4.3 MPa is sufficient during normal operation. 

Keeping the radial and axial power profiles of the core as flat as possible is important 
since there is an upper limit to the local power production. With power peakings small, 
the total power may be higher implying better transmutation efficiency. We have been 
looking for the optimal Pu-fraction in the different zones in both a three and four fuel 
zone strategy. It shows that with a three-zone strategy it is hard to achieve a radial 
power peaking lower than 1.4. However, with a four-zone strategy, 1.2 is achievable. 
Apart from finding as flat a power profile as possible, we have also chosen the Pu-
concentrations to give a k-eigenvalue of 0.97 at BOC. In each case the fraction of the 
heavy metals in the fuel not consisting of Pu is 5/6 Am and 1/6 Cm. 

The fuel assembly row closest to the spallation target consists of twelve fuel assemblies 
with the lowest plutonium content equal to 28 atom-percent, while the minor actinide 
content is quite high. The next core region (zone 2) constitutes of 18 assemblies. These 
are more reactive, containing 34 percent Pu, compensating for the lower neutron flux in 
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this region. Zone three is the largest with 54 assemblies containing 45 percent Pu. The 
furthest away from the spallation source (zone 4) there is a filled row of 36 assemblies, 
where the Pu content is as high as 99.5 percent. With 169 fuel rods in each assembly, 
this gives a total of 20280 fuel rods in the core. 

The neutronic parameters of the core have been calculated in accordance with Table  
2.3. 

 Table  2.3 : Neutronic parameters 

Neutronic parameters  St. dev. 

Void coefficient 873 pcm 36 pcm 

Temperature feedback -0.02 pcm/K 0.01 pcm/K 

β 240 pcm 21 pcm 

βeff 138 pcm 21 pcm 

 

In 1400 days 21.2 percent burnup is reached. 

2.2.7.1 Conclusions 
The excess of neutrons in a plutonium fueled fast reactor may be used to increase the 
pin pitch to diameter ratio. By doing this it is possible to design a gas cooled fast core 
where cooling is sufficient even during a severe loss of pressure accident, while 
maintaining a high burnup. 

 

2.3   A GAS COOLED CONCEPT OF THE PDS-XADS CORE 
A gas cooled Accelerator Driven System has also been investigated in details in the 
frame of  the European Project “Preliminary Design Studies of the eXperimental 
Accelerator Driven System” – PDS-XADS. This work has been performed as a joint 
effort of KTH Stockholm and UMM Krakow. 

2.3.1 Assessment of the Possibility to Adopt Special Assemblies with MA and 
LLFP in the Gas-Cooled XADS Core  

A possibility of introducing tailored assemblies for the transmutation of minor actinides 
(MA) and long-lived fission products (LLFP) into the gas-cooled XADS core in order to 
demonstrate the feasibility of ADS for waste transmutation has been investigated. Apart 
from that short-term goal also a long-term goal that is the transmutation demonstration 
with a large number of MA-based fuel assemblies (phase 2) is being discussed.  
Several studies have been done on ADS demonstration for waste transmutation, but 
their constraints have been taken in a simplified way for:  
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• Fuel behaviour (thermal constraints and gaseous releases) 

• Reactivity feedbacks (and reactivity margins required for a safe design) 

• Size of the plant(to provide substantial transmutation efficiency and accepted 
reactivity coefficients) 

Similar thermal conductibility as the MOX pin can be provided using a MA/Pu fuel pin 
(Oxide on MgO matrix) with adjusted Fuel/MgO ratio. For the feasibility demonstration 
the adopted limited number of MA subassemblies will keep reactivity coefficients not 
significantly changed.  

In order to demonstrate the transmutation capabilities of the XADS core, a different 
approach should be taken with more issues need to be considered. The main problem 
concerns introduction of a positive contribution to the Doppler coefficient when 
substantial amount of MA is loaded. Other important issue is concerned with 
discrepancies in cross section data that can lead up to 4000 pcm difference in criticality 
level, what further can be increased due to calculation uncertainties of neutron transport 
methods (Monte-Carlo versus deterministic). Those problem need to be strongly 
addressed and investigated in the near future. Possible ways of dealing with that 
problem were discussed. 

As for the near term goal several different assembly designs and geometrical core 
arrangements have been studied. The actinides have been placed in the same fuel 
elements as adopted for the reference core. These have been placed in the core centre, 
located close to the spallation target where they receive as high a fast neutron flux as 
possible.  

Transmutation performance of 99Tc and 129I has been studied in the assemblies having a 
different design than the actinide assemblies. Since efficient transmutation of the long-
lived fission products 99Tc and 129I requires an intense thermal flux, only one large rod 
is used in each assembly with its centre filled with graphite as a moderator. It turned out 
that graphite shows better performance than zirconium hydride. The FP assemblies have 
been placed in the periphery of the core for two reasons: to utilise neutrons that are 
leaking from the core and to avoid moderating of neutrons in the core. It was shown that 
the introduction of these tailored transmutation assemblies is possible without violating 
core design parameters such as linear power, accelerator current, radiation damage or 
linear power.  

An actinide vector consisting of plutonium and americium (40/60 atom fraction) was 
used in the actinide assemblies. The composition is actinide oxide with the oxygen 
content of 1.93 oxygen atoms per atom heavy metal. Magnesium oxide is used as matrix 
for the transuranium oxides. The MgO constitutes sixty percent of the final volume. It is 
chosen mainly because of its rather high thermal conductivity (8 W/(K⋅m)) and because 
of its high melting temperature. 
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The plutonium vector corresponds to the plutonium from MOX-fuel, which has cooled 
for seven years. The relation between plutonium and americium is chosen to the 
equilibrium composition reached after many recycles in a transmutation system  

To assure an intense fast flux, the MA special assemblies are placed in the core centre 
as close as possible to the spallation target.  

The burn-up calculations were performed using the Monte Carlo Continuous Energy 
Burn-up code – MCB [4]-[7], with an extensive temperature dependent cross section 
library that is included in the MCB system. For the most isotopes the neutron transport 
cross sections of JEF2.2 were used whereas for isotopes of lead JENDL3.2 was 
adopted. The system gets also support from activation cross section library that is based 
on EAF99 data. MCB allows for a complete treatment of fuel burn-up, distributed on 
twenty-three axially divided burn-up cells. The transport calculation is performed on 
fully heterogeneous geometry model on the level of fuel pins. Introduction of S/A with 
MA reduces the reactivity swing due to the burnup allowing for irradiation over 3-year 
period of full power without refueling. 

The design limit for radiation damage is 150 dpa. This criterion potentially limits the 
length of the irradiation periods and also the system lifetime. The calculated cycle 
average peaking values of about 10 dpa/year would allow for irradiation over 15 years 
of full power. 

The linear power distribution has been calculated to ensure that the design constraint of 
25 kW/m is preserved. The peak linear power in MA pins are 20 kW/m and it remains 
below that limit. The power profile remains rather constant during the entire cycle. This 
is due to compensating effects; increasing beam power compensates burn-up of the fuel. 

Several different technetium loads have been tested for the FP special assemblies. Due 
to smaller neutron flux suppression, the thinner, the technetium shell is made, the higher 
the relative transmutation efficiency gets. However, the absolute amount of technetium 
transmuted decreases sharply with decreasing technetium load. In order to find the 
optimum design we should consider other parameters of nuclear waste treatment. Most 
of all the effort of reprocessing the rods is an important issue. In a situation where 
reprocessing is difficult (expensive), high relative transmutation is desirable. When 
reprocessing is a simple task (cheap), a high absolute transmutation becomes more 
important. It should be noted that only a tiny fraction of the technetium is transmuted in 
the case where 50% of the rod volume is FP. Only 63 grams out of 3.4 kg are destroyed 
when the technetium content is that high. 

The obtained transmutation ratios show that some isotopes are transmuted rather 
efficiently in the transmutation assemblies with the exception for 238Pu, 242Pu and 
242mAm, which are being accumulated. However, for most isotopes, six special MA 
assemblies are not enough to compensate for the build up of those isotopes in the core 
fuel. In order to obtain an efficient transmutation a reduction of fertile material 238U will 
be required what means an increment of MA fraction.  
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Actinide transmutation could be demonstrated in the XADS core. However the masses 
possible to transmute in this facility are small. For the technetium transmutation the 
situation looks worse. Even with a large introduction of technetium, the build-up in the 
driver fuel will be in the same order of magnitude as the actual destruction. In fact also 
for most actinide isotopes, the build-up in the fuel is larger than the transmutation in the 
special assemblies. Large-scale transmutation will require dedicated cores with far 
higher contents of the nuclei to be transmuted. In addition, the neutron fluence should 
be significantly higher in order to achieve high transmutation efficiencies. However 
inserting special transmutation assemblies into the XADS may show valuable for 
demonstrating technology. 

For details look into Appendix 13 

2.3.2 Core Reference Cycle Analysis for the Gas-Cooled XADS 
Performance of XADS core in fuel cycle is strongly influenced by the definition of core 
configuration and the refueling approach whether we assume single or multi-batch 
refueling. A three batches refueling of gas-cooled XADS core was proposed by NNC to 
meet peek pin burnup at targeted level of 40GWd/Tme. This option leads to an 
equilibrium stage when a new fuel cycle replicates its performance pattern from the 
previous cycle. In the equilibrium cycle the fuel enrichment and the reactor core 
criticality level are to be controlled by the length of the cycle period not only at the end 
of life (EOL) as it is in the single batch cycle but also at the start of life (SOL). It makes 
this option more complex than the single batch refueling one and brings more 
uncertainty to the design and making it more sensitive to the embedded nuclear data 
uncertainties. Yet, an introduction of fuel shuffling would further increase its 
complexity. Therefore the two options were carefully examine in order to better 
understand the physics of XADS thus increasing its safety. The application of different 
design tools can allow us to learn more about sources of the uncertainties and to make a 
better choice of designed parameters like fuel enrichment, cycle length or fuel shuffling 
pattern. Fuel cycle analysis has been performed by a Monte Carlo approach using the 
MCB system and compared to the results of deterministic calculations based on 
ERANOS code system.  

The cycle length is limited by the criticality of 0.97 at SOL and by the current of 5mA 
at EOL. In the MCB burn-up calculation in single batch cycle the limiting current occur 
after cycle length of 993 full power days. 

Time derivatives of the criticality and proton current have following values: 
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They are a few percent lower than in deterministic calculation that partially can be 
explained by differences in enrichments to produce required criticality at SOC in both 
methods. 

Three-batch cycle requires higher fuel enrichment than in single batch case that could 
raise the criticality above unity when the whole core is loaded with the fresh fuel. 
Therefore in pre-equilibrium state a few sub-assemblies must be voided to keep the 
criticality within its constraints. Simulation of pre-equilibrium phase was performed. 
Taking the cycle length value (limited by constrained burnup) around 620 days the 
resultant enrichment of 23.83% by volume of Pu+MA has been obtained by 
ERANOS/ECCO system. That enrichment gives us higher criticality levels while using 
MCB. To meet criticality constraints of 0.97 at SOC the cycle length had to be 
increased to above 800 days leading to an overflow the current level at EOL. Therefore 
the enrichment of fresh fuel had to be lowered in MCB model. The estimated value of 
23.6% was used for detailed cycle analysis.  

Time derivatives of the criticality and proton current at the equilibrium have following 
values: 

3.17 /

2.65 /

dk pcm day
dt
dI A day
dt

µ

= −

=
, 

which is about 10% lower than values assessed in deterministic model but still slightly 
higher than in single enrichment case. 
The power distributions that are to be used in thermo-hydraulic analysis were calculated 
on pin level at SOC and EOC of every batch in a search for peaking values. 

Unsurprisingly the highest ratings occur in the first fuel subassembly surrouinding the 
spallation target, particularly at the EOC. In case of single enrichment pin form factor in 
hottest S/A is 1.035 and the overall (axial, radial and pin) form factor was found 1.705. 
For 3-batch case the largest pin from factor equals 1.072 but it does not occur in the 
hottest S/A. In the hottest S/A it is equal to 1.042 and the overall (axial, radial and pin) 
form factor is 1.759. Detailed power characteristics were presented for both refueling 
options. The 3-batch option presents only modestly worse power peaking and still 
remains in the range of feasibility.  

Evaluation of reactivity coefficients was performed using single batch refueling. The 
results are presented in Table  2.4. Since the differences between the data at SOC and 
EOC are small there is no real need to calculate the data for the middle of cycle. If those 
data were required they can be obtained as the simple average of SOC and EOC results. 
All reactivity coefficients were calculated using full geometry model of XADS reactor 
prepared for MCB system with adequately modified relevant parameters. The 
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coefficient for expansion of fuel pin concerns the actual physical expansion of the pin 
both in axial and radial direction with associated density dilution. 

 

Table  2.4 Reactivity coefficients of Gas-cooled XADS in 1-batch cycle 

Coefficient Unit SOC  EOC 

Doppler feedback1  [pcm/oC] -0.33 ±0.004 -0.32 ±0.005 

Fuel pin expansion [pcm/oC] -0.326 ±0.016 -0.323 ±0.016 

Diagrid expansion [pcm/oC] -1.12 ±0.07 -1.11 ±0.07 

Clad expansion [pcm/oC] -0.04 ±0.03 -0.04 ±0.03 

Wrapper expansion [pcm/oC] -0.06 ±0.05 -0.05 ±0.05 

Reflector and target 
expansion 

[pcm/oC] -0.20 ±0.05 -0.24 ±0.05 

 

2.3.3 Evaluation of Radiation Damage and Circuit Activation of the Gas-Cooled 
XADS  

This task hes been concerned with evaluation of radiation damage and activation of the 
Gas-Cooled XADS over the fuel cycle. It includes evaluation of neutron flux and 
damage as well as activation and spallation products in target loop. Since the primary 
system is cooled by helium no activation of coolant will occur. 

Calculation of DPA was preformed by using MCB code (which incorporates neutron 
transport modules of MCNP4C [3])  in a heterogeneous model of XADS reactor using 
damage energy cross section present in the neutron transport cross-section libraries of 
the MCB system. Cross section libraries from evaluated data files JEF2.2 supported for 
lacking nuclides of lead from JENDL3.2 were used in calculations. Cross section tables 
at power temperatures were applied. For assessing DPA values a conservative approach 
was applied as follows: 

DPA = Ea / 2Ed,  

where Ea is available damage energy calculated from damage energy cross section and 
Ed is threshold displacement energy of 40eV for main steel components: Fe, Cr, Ni.  
The conservative approach in calculation of DPA was employed here due to neglecting 

                                                 
1 Doppler feedback originates from a temperature enhancement of neutron capture cross sections  
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in current assessment the damage effects that occur due to recoil of atoms in case of 
their alpha decay which process can add about 15 % to DPA obtained from recoils after 
direct kinetic interaction with neutrons.  

The results obtained for SOC and EOC in single batch cycle show that peak damage on 
cladding equals 9,7 dpa/year at SOC and it slightly grows to 10,6 dpa/year at EOC. 

Activation of target loop is dominated by the nuclides produced with core flux neutron. 
Predominant here are 210Po, 210Bi, 209Pb, 207Bi and 210mBi. 

The overall activity after 1 year of full power is about 1.1*1016 Bq and it grows 
modestly after that time since 210Po reached its equilibrium. The peak value could be 
about 10 % higher if irradiation time will be extended to 10 years. Quoted values refer 
to full power operation. If the beam availability were 50% the activity at equilibrium 
would be also 50% of that for full power. The accumulated mass of 210Po, the most 
hazardous nuclide is about 34 grams and poses a risk for intake of 6.8*1017Sv. 

 

2.4   PDS-XADS LBE-COOLED CONCEPT CORE DESIGN 

2.4.1 Assessment of the Possibility to Use Existing Highly Enriched MOX Fuel 
Burnup modeling with MCB system for XADS with SNR300 fuel were performed in 
order to make a comparison with results obtained when using a deterministic method. 
Applied model was simplified by the homogenisation of the assemblies since this is 
generally required by the deterministic code. The system evolution over 3 years period 
was assessed while using the JEF2.2 cross-section libraries and power temperatures 
1200K for fuel and 900K for target. Important parameters that characterize the core 
performance like keff, ks, source effectiveness, reactivity loss and nuclide transmutations 
were obtained and then compared with the results obtained by multi group deterministic 
method based on FZK KAPROS/KARBUS system. The external source multiplication 
factor – ks is slightly higher than the actual reactivity or effective neutron multiplication 
factor - keff implying the source effectiveness greater than one. The criticality level and 
its time evolution remain in a margin of 300 pcm that can be considered a good 
agreement taking into account the differences in the compared calculation system. The 
nuclide density evolutions show reasonable agreement for uranium and 239Pu and 240Pu 
whereas for nuclides with more complex transmutation chains the differences in 
transmuted mass calculated in both approaches show larger differences. This effect can 
be caused firstly by the differences in the cross section applied and furthermore by the 
differences in the applied neutron transport methods. Nuclides that are being reduced in 
mass are 238U, 239Pu, 235U and 241Am. Other nuclides of plutonium are being build-up, 
what reduces to some extent the pace of the reactivity swing.  See Appendices 10 and 
14 for details. 
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2.4.2 Neutronic Source Characterization of the LBE-Cooled XADS -  Evaluation 
of the Relationship between Multiplication Factor and Intrinsic Core 
Criticality 

The process of neutron multiplication in fissionable systems can be quantitatively 
described with a few different parameters depending on their physical meaning as well 
as their applicability constrained by the system criticality. Special attention has been 
paid to the applicability of derived parameters to the Monte-Carlo simulations of  
subcritical ADS. A definition of k-source - ks – has been introduced as a ratio of neutron 
production to losses averaged over the neutron flux from the fixed source. This is a 
straightforward extrapolation of the definition of the eigenvalue k-effective - keff. 
Substitution of the neutron flux in eigenstate with the flux in the source problem leads 
to following: 

  

 (2.1) 

   

 

 (2.2) 

 

An alternative formula for k-source was derived, that can be useful to calculate k-source 
in terms of the total number of fission neutrons born in the system per one source 
neutron or by using the estimators of production and loss terms due to various events, 
which are readily available from MCNP. This approach has an advantage for MCNP 
users because it does not require a direct specification of the source term since the 
system assesses it using the balance equation. The physical meaning of derived 
definition is discussed in the document.  

A direct extrapolation of the k-eigenvalue definition in the eigenvalue problem for the 
fixed source problem leads to an unambiguous definition of k-source that has a clear 
physical meaning in terms of fission neutron multiplications. The presented approach 
allows the user of MCNP code for application of a convenient formulas for calculation 
of k-source expressed by the parameters delivered by MCNP by default in the summary 
table of the output file. While the definition of the fixed neutron source still influences 
the value of k-source it is possible to avoid normalization problems by applying the 
equation in a source-free form. 

2.4.3 Neutronic Source Characterization of the LBE-Cooled XADS - Evaluation 
of the Delayed Neutron Fraction 

Special investigations have been performed to assess precisely a delayed neutron 
fraction in MCNP neutron transport simulation. It is possible using the current version – 
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MCNP4C, which uses cross section libraries taking into account, delayed neutron 
spectra. Taking advantage of this new feature one can assess βeff, by taking the 
difference between the reactivity calculated with the prompt and delayed neutrons 
considered and the reactivity with only the prompt neutrons considered. This approach 
requires a fast calculation system in order to lower statistical fluctuation. The advantage 
of it is that the above approach follows the simulation path of neutron transport process 
as it is performed by MCNP code thus obtained results will reflect the one that served 
for evolution of the criticality level. The results obtained with JENDL3.2 and 
ENDFB6.8 are consistent whereas results based on JEF files show some kind of 
systematic bias. In a search for a reason of this bias we have checked both new and 
previous releases of the data files – respectively JEF2.2 and JEF3 as well as the Pb cross 
section (JEF files contain only cross section data for natural Pb). The difference 
between JENDL/ENDF and JEF results lowers a bit in the case of natural Pb but still in 
the range of one standard deviation. The version of JEF file does not make any 
difference.  

The fraction of delayed neutrons - β - varies from 311 pcm to 351 pcm generally in the 
range of statistical uncertainty when different libraries are applied. The βeff obtained 
varies from 295 pcm to 409 pcm. It can be greater or less than β depending on the 
applied library. This cannot be simply explained by the statistical fluctuations since both 
parameters are strongly correlated. Probably, different libraries vary in terms of delayed 
neutron spectra as well as Pb cross sections. The importance of the Pb cross section is 
visible when the JEF libraries are combined with the Pb cross section from JENDL. In 
such cases βeff varies much bigger probably due to some incompatibilities between both 
libraries at this point. This needs to be investigated further concerning the procedure 
applied in MCNP. 

Fluctuations of keff for different data libraries exceed significantly statistical level of 
fluctuations. As it was observed before, a relatively high keff value for ENDFB6.8 is 
caused by inelastic neutron scattering on lead. Special attention should be also paid for 
the difference in keff between JEF2.2 and JEF3. This difference may be caused by 
differences in Pb cross sections. In cases of applying delayed neutron spectra treatment 
in MCNP neutron transport calculations there is no need for correction due to βeff of 
obtained values of reactivity and other neutron multiplication related parameters. 

2.4.4 Core Reference Cycle Analysis for the LBE-Cooled XADS 
The core cycle analysis was performed using the MCB system for two cases of fuel 
enrichments: the single enrichment and the dual enrichment. In the first case the 
Pu+MA enrichment was 23.5% (atomic fraction) where in the second case the inner S/A 
are filled with fuel enriched to 21.8% whereas the remaining ones with fuel enriched to 
28,25%. The enrichment levels provide the criticality level at BOC close to 0.97 in both 
cases. Comparative analysis of obtained results shows that with the introduction of the 
dual enrichment fuel the core has: 

a) higher Pu and MA load, 
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b) smaller reactivity and proton beam current change rate, 
c) the radial form factor lowered by about 12% from 1.26 to 1.11. 
d) the source neutron multiplication factor ks ~ 500 pcm smaller than in the 

single enrichment case for the same level of criticality keff.  

This also causes a lowering of the neutron source effectiveness below unity whereas it 
was above unity in the single enrichment case. This effect should not be considered 
disadvantageous since it leads to lowering the reactivity swing along the fuel cycle. The 
lower neutron source efficiency with the higher load increases fuel cycle length when 
permissible beam current level is limited. This however would be considered 
disadvantageous if one is focused on the transmutation efficiency since the longer fuel 
cycle with higher Pu and MA load results in lower transmutation efficiency for the 
thermal power constrained. Taking into account that XADS is dedicated for 
transmutation in special assemblies only the dual enrichment option can be a proper 
choice since it can maintain the criticality in required range for a longer time than in the 
single enrichment option. 

Analysis of statistical fluctuation of neutron transport simulation in Monte-Carlo 
process was performed in order to quantitatively assess the statistical uncertainty that is 
added here to the results at EOC. Analysed parameters are: criticality, neutron 
multiplication, proton beam current, and transmutation rate of plutonium. The results 
show that the highest fluctuations occur for fission neutrons and the proton current 
(required to maintain constant power). This however does not propagate strongly to the 
ks and transmutation rates. It has been observed that statistical fluctuations are rather 
stable and showing even some decrease of its magnitude with increasing burnup. 

 

2.5   INITIAL ANALYSIS OF SENSITIVITY TO CROSS 
SECTIONS FOR XADS AS MINOR ACTINIDE 
TRANSMUTER 

The analysis of sensitivity to applied cross section in the XADS system design. Results 
of this analysis might be important for the long-term goal of ADS development for 
nuclear waste transmutation; that is, the transmutation demonstration with a large 
number of minor actinides (MA)-based fuel assemblies. A Monte Carlo burn-up 
simulation of the gas-cooled XADS, with a 50% homogeneous load of MA in the core, 
was performed using two major evaluated nuclear data files, JEF2.2 and ENDF/B-IV, in 
order to examine the sensitivity of the calculated criticality level and transmutation 
performance to the choice of library. 

2.5.1 Calculation model 
The burn-up calculations for this analysis were performed using the Monte Carlo 
Continuous Energy Burn-up code – MCB, with extensive temperature dependent cross 
section libraries that are included in the MCB system. In the first run we have used 
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JEF2.2 files with cross sections for isotopes of lead adopted from JENDL3.2 due to the 
lack of such cross sections in JEF2.2. In the second run, while using exactly the same 
system and calculation model, the ENDF/B-IV files were applied. The transport 
calculations were performed on a fully heterogeneous geometry model on the level of 
fuel pins, the same as was used for the gas-cooled XADS reference core with 90 fuel 
subassemblies. The composition of the heavy metal with a 50% load of MA actinide 
that was used in calculations is shown in Table 2.5. The core was divided into fifteen 
burnable regions; five in axial dimension times three in radial. An assumption of 
homogenous distribution of uranium, plutonium and MA fuel was made to simplify 
considerations. A five-year period of XADS system operation at full power of 80 MWth 
has been simulated.  

In this initial analysis of fuel cycle and MA transmutations we focused on comparing 
calculation results of criticality and transmutation ratios of MA and plutonium, as well 
as their time functions, since these parameters and functions are strongly sensitive to the 
differences between the compared cross sections.   

 

Table 2.5: Composition of the heavy metal in the fuel 

Nuclide Molar fraction Total mass at BOC  
[kg] 

235U 0.0017 7.59 
238U 0.3383 1530 

Total U  0.34 1538 
238Pu 0.00496 22.43 
239Pu 0.084 381.4 
240Pu 0.0392 178.8 
241Pu 0.01952 89.38 
242Pu 0.01232 56.65 

Total Pu 0.16 728.7 
241Am  0.289 1323 
243Am 0.1565 722.6 
244Cm  0.052 241.1 
245Cm 0.0025 11.64 

Total MA  0.5 2298 
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2.5.2 Criticality 
Figure 2.3 plots the system criticality evolution JEF versus ENDF data files. A large 
gap between obtained values is clearly visible, particularly in BOC. The gap of about 
3600 pcm for keff or about 4100 pcm for the reactivity due solely to the cross sections 
should be considered a large value, especially in ADS without compensation rods. The 
corresponding reactivity gap in the reference core case with MOX fuel is only 430 pcm, 
also with the value obtained with ENDF being higher than the one with JEF. Altogether 
it shows that the uncertainties in the MA cross sections will be responsible for the most 
of the calculation uncertainty of the reactivity in cores with substantial MA loads. 

A demonstration of transmutation, with substantial loads of MA, will require substantial 
improvement of the available neutron cross sections in the materials and physical 
conditions that will be present in accelerator driven systems. For an early design of an 
ADS system, with large MA loads and lack of reactivity compensation measures, a 
design system need to be flexible with regard to the number of loaded fuel 
subassemblies (with all of the consequences this brings to the design). An adjustment of 
the criticality required for the real system could be achieved by reducing or increasing 
the number of loaded fuel assemblies. Another important issue concerns the reactivity 
swing. In systems with large MA loads a substantially smaller reactivity swing is 
observed compared to the Figure 2.3. 

XADS reference design, which allows the system to work in much longer fuel cycles 
and, also owing to a smaller Doppler effect, it allows designers to reduce the 
subcriticality level in order to increase the system power for a constrained proton beam 
current. However, this nice feature might be jeopardised by a reactivity change with 
burnup which is different from that projected. The possibility of such scenario exists as 
is demonstrated here since the calculated reactivity time derivatives obtained in two 
cases have opposite signs, although, fortunately, they both have a small absolute value. 
Therefore the observed result of narrowing of the reactivity gap with burn-up does not 
actually reduce the uncertainty but rather increases it. 
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Figure 2.3 Comparison of criticality evolution in XADS with 50% load of MA obtained 
with different cross section data files 

2.5.3 Transmutation efficiency  
The comparison of transmuted mass for nuclides experiencing a net destruction is 
shown in Figure 2.4. Those with a net production are illustrated in Figure 2.5. A good 
agreement is obtained only for 239Pu, probably due to the vast experimental and 
industrial experience with it. For the other nuclides larger uncertainties are apparent. 
The amount of transmuted mass after 3 years is shown in Table  2.6. The period of 3 
years was chosen in order to compare the results with the calculations made for the 
references XADS core with special assemblies Figure 2.4. A faster destruction of 
americium in the JEF case implies a faster production of plutonium, particularly 238Pu, 
thus sustaining the criticality more strongly than in the ENDF case. The conversion of 
curium isotope 244 into 245 is about twice as fast as in the case of JEF. The main 
reasons for the observed difference in reactivity swing are faster transmutation of 
americium in the JEF case and their lower fission cross sections, compared to the ENDF 
case, by about 10%. The fission cross sections of plutonium in both libraries are very 
close to each other; for 238Pu the difference is 1.3% while for 239Pu and 241Pu it is below 
1%.  This again proves our earlier conclusion about the uncertainties in MA cross 
sections as the main source of the reactivity uncertainties.   
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Figure 2.4 Comparison of destructed nuclide mass as calculated with different cross 
sections: JEF versus ENDF. 

 

Table  2.6: Transmutation of isotopes after 3 years 

Nuclide Jef2.2 ENDFB6.8 

238Pu 33.9 kg 151 % 28.3 kg 126 % 

239Pu -16.9 kg -4.44 % -16.6 kg -4.36 % 

241Am -85.2 kg -6.44 % -76.8 kg -5.80 % 

242mAm 14.7 kg N.A. 12.3 kg N.A. 

243Am -40.1 kg -5.55 % -37.6 kg -5.21 % 

244Cm -4.74 kg -1.97 % -9.2 kg -3.83 % 

245Cm 2.4 kg 20.6 % 5.53 kg 47.5 % 
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Figure 2.5. Comparison of produced nuclide mass as calculated with different cross 
sections: JEF versus ENDF. 

2.5.4 Conclusions 
The difference in reactivity observed at BOC between using JEF and ENDF data files, 
is about 4000 pcm, for gas-cooled XADS loaded with 50% MA fuel. This difference is 
associated solely with cross section differences in evaluated nuclear data files, where 
the uncertainties of MA cross sections are about ten times higher than those of uranium 
and plutonium. The differences associated with the applied calculation method or an 
introduction of heterogeneous fuel distribution can increase that gap further, possibly 
exceeding 5000 pcm. The transition in ADS technology development into the second 
phase, that is the demonstration of transmutation with substantial loads of MA, will 
require a substantial improvement of available neutron cross sections for the physical 
conditions existing in ADS. For the early design of an ADS system with larger MA 
loads and lack of reactivity compensation measures, the design system would need to be 
flexible with regard to the number of loaded fuel subassemblies (with all of the 
consequences and constraints that this brings to the design). Since time evolution of 
criticality is much less sensitive to the available cross sections a required adjustment of 
the criticality in the real system can be made possible by reducing or increasing the 
number of loaded fuel assemblies. 
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A possible reduction of subcriticality level in order to increase the system power for a 
constrained proton beam current might be jeopardised by a reactivity change with 
burnup which is different from that projected. The risk of such a scenario apparently 
exists,  as is demonstrated here, since the calculated reactivity time derivatives obtained 
in the two cases have opposite signs although fortunately they have a small absolute 
value. The effect of narrowing the reactivity gap with the burn-up, observed in the 
calculations, does not reduce the uncertainty since the errors on the cross sections 
propagate.  

A faster transmutation of americium in the JEF case, and its lower fission cross 
sections, compared to the ENDF case, are  responsible for the observed difference in 
reactivity swing. 
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2.6   ADS TARGET UNIT DESIGN - RADIOTOXICITY 
ASSESSMENT OF THE TARGET MODULE  

Calculation of radiotoxicity in the target of an ADS covers several areas of radiation 
transport simulation. It starts from high-energy particle transport – were protons, in this 
project of energy 600MeV, from accelerator initiate spallation process in the target 
modules. The further radiotoxicity build-up occurs due to neutron yield from the reactor 
core causing transmutation of nuclides from initial target composition as well as of 
already emerged transmutation products – both due to spallation and low energy 
neutron interaction. Transmutation calculation is performed by MCB system on the 
basis of estimated in neutron transport calculation values of transmutation reaction rates 
for all nuclides virtually emerging in the transmutation zone. Every active nuclide 
contributes to the radiotoxicity by its dose per intake ratio, which can be thought of as a 
radiotoxicity index. Those values are taken from EURATOM directive for radiation 
protection [8].   

 Analysis of radiotoxicity accumulation in the target lead to following conclusions:  

• Nuclides predominant for radiotoxicity build-up originated from interaction with 
core neutrons are: 210Po, 210Bi, 206Bi, 207Bi, 205Bi.  

• The major contributions from spallation process are: 194Hg, 204Tl, 198Au, 203Pb, 
203Bi. 

Analysis of transmutation process of the radiotoxic nuclides after their productions 
shows that the influence of the neutron or proton flux on their destruction is very limited 
and by orders of magnitude is overshadowed by the decay term.  

What can be important from radioprotection point of view is the analysis of the 
migration potential of the radiotoxic nuclides.    

The list of most volatile and radiotoxic nuclides is the following: 194Hg, 197Hg, 203Hg, 
195Hg, 193Hg, 125I, 126I, 124I, 130I, 123I, 120I, 82Br, 76Br, 84Br, 83Br, 77Br, 80Br. 
It should be noted that 194Hg predominates the toxicity of that group and due to its 
physical and chemical properties and substantially long half-life time it should bring 
much attention for further research of its migration and prevention against 
contamination of accelerator vacuum tube. 
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3 SUBCRITICAL EXPERIMENTS – MUSE - 
EXPERIMENT 

One of the objectives of our studies in the frame of the MUSE project 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-induced spallation source. 

3.1   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 neutron leakage spectra. 
For this purpose, the surrounding fuel and shielding were temporarily removed, as 
shown in Figure 3.1. For the simulation of the spallation source, the lead buffer/target in 
the model was extended by one extra sub-assembly towards the proton beam, replacing 
part of the accelerator tube. Using MCNPX, 1000 MeV protons were directed towards 
the lead target, generating the spallation source. 

The energy spectra of the neutrons exiting the lead buffer are plotted in Figure 3.2 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. 

 

                  

Figure 3.1 Configuration of only the lead buffer region. To the left: (d,d)- or (d,t)-
source neutrons emitted at the center of the core. To the right: 1000 MeV protons 
accelerated towards the extended lead buffer creating a large number of spallation 
source neutrons. 
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Figure 3.2 Neutron leakage spectrum from the lead buffer/target for a (d,d)-source, a 
(d,t)-source and a spallation source (1000 MeV protons). 

Hence, only a small fraction of the source neutrons have lost their initial energy. This is 
an expected result, since the energy loss by elastic scattering of neutrons in lead is quite 
small. However, for the (d,t)-source, the energy of the neutron spectrum has decreased 
significantly, 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 
(Figure 3.3), explaining why there is no such effect for the (d,d)-source. However, about 
35 % of the neutrons exiting the lead buffer have not interacted with the lead and are 
still in the 14-MeV peak. For 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. 
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Figure 3.3 Neutron microscopic cross-sections for 239Pu fission, 238U fission and (n,2n)-
reactions in 206Pb, 207Pb and 208Pb (ENDF/B-VI). 

The GENEPI-generated neutron sources in the MUSE experiments were surrounded by 
a lead buffer with the purpose to simulate the neutron diffusion of an actual lead (or 
lead-bismuth) target in an ADS. The comparison of the neutron leakage spectra shows 
that the neutrons from the (d,t)-source in MUSE-4 have a rather similar energy 
spectrum as the neutrons from the spallation source have, and can from this point of 
view be considered more representative for a spallation-driven system than the (d,d)-
source. 

 

3.2   NEUTRON SPECTRA IN THE CORE 
The neutron energy spectra for the three different sources have been computed with the 
entire core present (including fuel, reflector and shields), according to Figure 3.4. As in 
the case of the neutron leakage calculations in the previous section, the target/buffer 
was extended by one extra sub-assembly for the calculations with the spallation source 
(Figure 3.1). The spectra were calculated in two different positions; one in the lead 
buffer and one in the fuel (marked with black dots in Figure 3.4). The calculations were 
performed for the second sub-critical state of MUSE-4 (SC2, keff ∼0.97). The spectra for 
the other sub-critical states (SC0, keff ∼0.994 and SC3, keff ∼0.95) are not shown here, 
since they are rather 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. 
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Figure 3.4 The two positions (marked with the black dots) where the neutron energy 
spectra have been calculated. 

In Figure 3.5, the neutron energy spectra for the three different sources calculated in the 
lead buffer are plotted. The spectra are very similar to each other, the energy density 
being maximal at about 500 keV. Several spectrum characteristics of the multiplying 
fuel can be recognized, for example the two dips in the neutron fluxes caused by the 
scattering resonances in sodium (∼3 keV) and oxygen (∼0.4 MeV). This indicates that 
the neutron spectrum in this position is rather dominated by the fission multiplication in 
the fuel and that many of the neutrons from the fuel enter into the lead buffer. However, 
a smaller fraction of the neutrons have energies different from the average behavior and 
the two peaks representing the origins of the GENEPI-generated neutron sources and 
the high-energy tail of the spallation source are very clear in this position. It should be 
noted 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. 
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Figure 3.5 Neutron energy spectra in the lead buffer. 

In Figure 3.6, the neutron spectra in the fuel at a point located 21 cm from the center 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 almost no 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. 

 

 

Figure 3.6 Neutron energy spectra in the fuel. 



 

 

 

 

 

52

The computed neutron spectra show that the energy 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 hypothesis of the 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 very little the neutron spectrum in the fuel. Only inside the lead 
buffer and at the buffer/core interface some differences are observed. We therefore 
conclude that, for the purpose of computing neutron spectrum-weighted quantities, the 
presence of the external source can be neglected beyond a few centimeters into the fuel, 
whatever the neutron source energy distribution. 

3.3   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 is further treated in Appendix 2 and 3 and in Section 3.4  
. 

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 Figure 3.7. It is also seen 
that the neutron density, which in addition to the primary neutrons include 
 

              

Figure 3.7 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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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 
Figure 3.8. We note that 16.8% of the neutrons have energies higher than 20 MeV and 
3.3% of them higher than 150 MeV. The neutrons with very high energy were mainly 
emitted in the forward direction of the proton beam. 

 

Figure 3.8 Energy spectrum of the primary spallation neutrons created by the 1000 
MeV protons. 

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 (r≥30 cm), this fraction is about 50%, the total 
number of neutrons created per proton being as large as 30, while the number of 
primary spallation neutrons are the same, independently of the target size. 

3.4   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 the second sub-critical state 
(SC2) of the MUSE-4 experiments. 

3.4.1 Definition of ϕ* 
The neutron flux distribution φs in a sub-critical core is the solution to the 
inhomogeneous steady-state neutron transport equation 
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Sss += φφ FA  , (3.1) 

where 
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π

φ ;
4
1

 (3.3) 

F is the fission production operator, A is the net neutron loss operator and S is the 
external source. The neutron source efficiency, usually denoted ϕ*, represents the 
relative efficiency of the external source neutrons and can be expressed according to the 
following equation; 
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which is valid in the range 10 << effk .0. <Fφs> is the total production of neutrons by 
fission and <Sn> is the total production of neutrons by the external source. In the above 
formula, the brackets imply integration over space, angle and energy. Eq. (3.4) relates 
the total fission neutron production <Fφs> to the external neutron source, ϕ* and the 
reactivity (1 – 1/ keff). It shows that, for given values of keff and <Sn>, the larger ϕ* the 
larger the fission power produced in the system. The quantities on the right hand side of 
Eq. (3.3.4) are standard outputs from MCNP and MCNPX. 

3.4.2 Estimation of the Statistical Error in ϕ* 
In order to estimate the statistical uncertainty in ϕ*, the formula for “propagation of 
error” was applied (Eq. (3.5)), assuming that the errors of <Fφs> and <Sn> (labeled F 
and S in this sub-section) are ∆F and ∆S. 
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The correlation constant ρ could be either positive or negative; negative if keff and F are 
correlated and positive if they are anti-correlated. However, as a first approximation, ρ 

was assumed to be zero. With the derivatives 
effk∂

∂ *ϕ
, 

F∂
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 and 
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∂ *ϕ
 inserted in Eq. 

(3.5), an expression for the relative error in ϕ* can be obtained, 
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Eq. (3.6) was used in all simulations to estimate the statistical uncertainty in ϕ*. 

3.4.3 Definition of the External Neutron Source in Spallation-driven Systems 
Since the actual source particles in a system coupled to a proton-induced spallation 
source are protons and not neutrons, it is not obvious which is the best way to define the 
external neutron source. The procedure to calculate ϕ* is usually divided into two steps, 
the first generating the source neutrons produced from the proton beam interacting with 
the target 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*. A brief summary of four different definitions of the external neutron 
source that have been used in the ADS field is given in [9] and [10]. Among these, the 
two most frequently used definitions, the target neutron 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. 

3.4.3.1 The Target Neutron Leakage Source 
The approach of the target neutron leakage source uses the neutrons that leak out 
radially from the target as source neutrons [10]. The method consists of, in the first step, 
transporting the high-energy protons and the secondary particles that they produce in 
the target. The neutrons 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 re-entering the 
target are included in the source definition. In the second step, the leakage neutrons are 
reemitted as fixed source neutrons in a separate run and the efficiency (ϕ*) of them is 
determined. Since the target neutron leakage spectrum includes a high-energy tail, both 
step 1 and 2 need to be simulated with a high-energy transport code (which can simulate 
neutrons with energy up to the incident proton energy). 

3.4.4 The Energy Cut-off Neutron Source 

The other way to define the neutron source is to collect the neutrons that fall below a 
certain cut-off energy (usually 20 or 150 MeV) (see Appendix 2). In the first step, a 
high-energy code is used to transport the accelerated 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 
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second step can be simulated with a low-energy transport code. The cut-off energy is set 
to the upper energy limit of the cross-section library that will be used in 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). 

3.4.5 The Primary Neutron Source 
The source neutrons produced from spallation are here defined as the neutrons produced 
directly in a spallation reaction induced by a proton (or by any other particle, except 
neutrons), see [11]. They 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 neutron is born in a non-neutron-
induced spallation reaction. The primary neutron might be multiplied by secondary 
spallation (if its energy is very high) and/or (n,xn)-reactions in the lead target, followed 
by fission reactions in the fuel, the end point of the neutron multiplication chain being 
the absorption or escape of the last neutron originating from the initial primary source 
neutron. 

3.4.6 Calculations of ϕ* for the MUSE-4 Model 
The multiplication factor keff and the total number of neutrons produced by fission 
(<Fφs>) were calculated for the three different sources. Knowing these two parameters 
ϕ* can be determined according to Eq. (3.4). <Fφs> is automatically normalized per 
source neutron in MCNP (and in MCNPX if the source particles are neutrons), so <Sn> 
was always equal to 1 in the calculations. The corresponding statistical errors (±1 
standard deviation) were calculated using Eq. (3.3.6). The results, including error 
estimates, are listed in Table  3.1. 

For the calculations of the spallation source, the primary neutron source definition was 
used and the MCNPX simulations calculating ϕ* were divided into two steps. In the 
first simulation, a large number of protons were accelerated (to 1000 MeV) towards the 
lead target. The protons were uniformly distributed across the beam of radius 2 cm. The 
angular, energy and spatial distributions of all neutrons that were created directly in the 
spallation interactions (primary spallation neutrons) were recorded. After that, the 
neutron trajectories were immediately terminated. This procedure produces a spectrum 
of primary spallation neutrons, i.e. no secondary neutrons are included. In the second 
step, these primary spallation neutrons were supplied to the MCNPX code as fixed 
source neutrons for separate simulations and ϕ* was determined.  
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Table  3.1: Source Efficiency for the MUSE-4 SC2 Configuration 

Source keff >< sφF  ϕ* 

(D,D)-Source 48.8 (± 0.4 %) 1.36 (± 0.010) 

(D,T)-Source 77.6 (± 0.5 %) 2.17 (± 0.020) 

Spallation Source 

 

0.97285 

(± 18 pcm) 80.6 (± 1.0 %) 2.25 (± 0.030) 
 

The energy of the emitted (d,d)-source neutrons (2-3 MeV) is only slightly larger 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 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  3.1 
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 efficiency. In average, about 1.5 neutrons 
leave the lead buffer per initial 14 MeV neutron, compared to 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. 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*. 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 they 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 chain reactions in the fuel. 
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3.5   DYNAMIC NEUTRON SOURCE RESPONSE 

Techniques to monitor the sub-criticality level during operation in ADS are under 
development within the MUSE-4 program. With the introduction of GENEPI into 
MASURCA, it is now possible to perform accurate dynamic measurements, allowing 
for experimental reactivity determination of the sub-critical multiplying medium. The 
dynamic measurements are 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 will first be precisely determined by the 
well-known static Modified Source Method (MSM). In the next step, based on reactor 
kinetics and neutron noise theory, different dynamic techniques are applied, in order to 
determine the reactivity level. The methods being studied are the pulsed neutron source 
method, the inverse kinetics method, the Rossi-α method and the Feynman-α method. 
These methods, as well as results and interpretations from the dynamic experiments 
have been presented in several documents. 

3.5.1 The Pulsed Neutron Source Method 
When a multiplying medium is sub-critical, the neutron density will decay 
exponentially and the pulse will quickly disappear, according to basic point-kinetic 
theory. The decay process after a neutron pulse in a sub-critical medium is governed by 
the following relation; 

      ( ) teNtN α−= 0  , (3.7) 

where 
Λ

−
= promptk1

α  and Λ = neutron generation time. Hence, α is the slope of the 

decaying curve and it is directly related to the reactivity. Eq. (3.7) is derived from the 
reactor kinetics equation, not taking the delayed neutrons into account. Within this time 
scale there is no contribution from delayed neutrons, which is the reason why α is 
directly proportional to kprompt and not to keff. 

The “Pulsed Neutron Source Method” is one of the most promising techniques for the 
experimental reactivity determination of the sub-critical core in a future ADS. The 
procedure consists of, after having registered the neutron intensity decay after a neutron 
pulse, determining the slope of the curve (α) and then determine kprompt, according to 

Λ⋅−= α1promptk  (3.8) 

The neutron generation time, Λ first has to be calculated and does not change much with 
reactivity. In order to obtain the effective reactivity, you also need to determine the 
effective delayed neutron fraction (keff = kprompt + βeff). 
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The time response in one of the detectors in MASURCA has been simulated for a 
GENEPI-generated (d,t)-neutron source pulse for the three sub-critical states, SC0, SC2 
and SC3 of the MUSE-4 experiments. The generation time Λ was approximately 0.60 
microseconds. The results computed by MCNP are plotted in Figure 3.9. It is clear from 
the figure that the more sub-critical the core is, the faster is the prompt decay rate. The 
α-values corresponding to the sub-critical states (determined graphically from the 
plotted curves) are for SC0; α0 ≈ 1⋅104 (kprompt ≈ 0.995), for SC2; α2 ≈ 5⋅104 (kprompt ≈ 
0.97) and for SC3; α3 ≈ 8⋅104 (kprompt ≈ 0.95). The results are in good agreement with 
Eq. (3.7). 

 

Figure 3.9 Neutron source response after a (d,t)-source pulse for the three different 
sub-critical configurations in MUSE-4, SC0, SC2 and SC3. 

3.6   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 (the limit of the lead-
cooled region being marked by the black line in Figure 3.10). Three parameters; keff, the 
source efficiency ϕ* and the dynamic neutron source response were studied for this 
centrally lead-cooled configuration. The neutron source used in the study comparing 
this configuration with the original sodium-cooled configuration was the GENEPI-
generated (d,t)-source. 
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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 particularly important for the comparison of the neutron 
source response, some of the peripheral fuel sub-assemblies were removed. keff was 
approximately 0.974 in both cases. 

 

 

Figure 3.10 Configuration where 22 of the sodium-cooled sub-assemblies were 
replaced by lead-cooled sub-assemblies (the limit of the lead-cooled sub-assemblies is 
marked by the black line). 

3.6.1 Source Efficiency 
The results from the comparison of ϕ*, for the two configurations, are listed in Table 
3.2. 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 system, we conclude 
that the replacement of sodium coolant by lead coolant in the 22 central fuel sub-
assemblies increases the power by approximately 12%. 
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Table 3.2: Source Efficiency ϕ* for the Sodium-cooled and the Centrally Lead-cooled 
MUSE-4 Configurations 

Configuration keff ϕ* 

Sodium-cooled 0.97428 (± 20 pcm) 2.13 (± 0.02) 

Centrally lead-cooled 0.97382 (± 27 pcm) 2.39 (± 0.03) 

3.6.2 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 Figure 3.11 that the 
intensity is somewhat higher (on average ∼15%) for the lead-cooled configuration. The 
explanation for this is the same as for the difference in source efficiency, 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. 
We also observe that the prompt decay rate is more or less the same for the two 
systems. The neutron generation time Λ, calculated by MCNP, changes very little and 
since keff is the same, the α-value and the decay rate must also be the same. 

 

Figure 3.11 Neutron source response in one of the detectors from a neutron source 
pulse. 
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 4 ADS SAFETY STUDIES - KINETICS STUDIES 

4.1   POINT KINETICS ANALYSIS OF ACCELERATOR 
DRIVEN SYSTEMS 

4.1.1 Introduction 
Appropriate neutron kinetics models are required for predicting transient behaviour in 
nuclear reactor systems. The so-called “point kinetics approximation” is a widely used 
method for analysing dynamic phenomena. It has been extensively applied for the 
transient design analysis of existing reactors and it forms the basis of many transient 
analysis computational codes. It is based on kinetics theory developed for critical 
reactor studies. The ADS is a non-self-sustaining, subcritical reactor driven by an 
external neutron source that is maintained by a charged-particle accelerator. While the 
utility of the point kinetics methodology for critical reactor analysis is well known, its 
applicability to source-driven subcritical systems is subject to discussion [11]. Because 
the neutron balance equations that describe the response in source-driven reactors are 
fundamentally different from the conditions in a critical reactor, it has been suggested 
[12] that the point kinetics technique may be inappropriate for ADS studies; it is 
nonetheless very popular and often used for analysis of such systems. 

In this chapter the precision of the point kinetics approximation in its application to 
ADS is investigated. The basic approach is by comparison with an “exact” numerical 
solution as obtained using full three-dimensional energy-space-time dependent 
calculations, coupled with thermal- and hydraulic feedback effects. Results are obtained 
as a function of keff to provide insight into the dependence of the performance on the 
subcritical level. The work was performed in collaboration with Argonne National 
Laboratory (ANL). 

4.1.2 Point Kinetics Theory 
The point kinetics equations were first derived by Henry [13]. Their limitations and 
capabilities for critical reactor analysis have been investigated in great detail [14]-[16]. 
The purpose behind the formulation of the kinetics equations is to derive a lumped 
model that describes the change in the average level of the flux, i.e., the integral of the 
neutron flux over the energy and the spatial domain. The point kinetics equations are 
obtained by recasting the time-dependent diffusion (or transport) equation into: 
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The above equations are usually referred to as the “point kinetics equations” or 
sometimes the “exact point kinetics equations” in a way to distinguish them from the 
simplifying assumptions applied in the point kinetics approximation. The new 
quantities, ρ, β, Λ, s, and ck that emerge in point kinetics equations are the point kinetics 
parameters. They are integral quantities and they arise only in the derivation of the point 
kinetics equations. This is realized since the basic time-dependent neutron diffusion 
equations do not involve these concepts. It should be recognized that, as long as the 
exact definitions are applied in the calculation of the kinetics parameters (that implies 
full solution of the space-energy-time problem), the point kinetics equation is exact and 
completely equivalent to the basic, time-dependent diffusion (or transport) equation, but 
in a different form. This is true for critical as well as for subcritical systems. The error is 
introduced when an approximate representation of the time-dependent flux shape, e.g., 
the point kinetics approximation, is applied. In that case, a prefixed shape representation 
of the flux is used throughout the entire transient, only the “level” of that flux shape 
changes, i.e., first-order perturbation theory approach. In the point kinetics 
approximation, the basic assumption is that the time dependence is separable from the 
(r,E) dependence, i.e, the space-energy flux shape is fixed at all times. For a critical 
reactor, it permits the use of first-order perturbation theory to calculate the reactivity 
changes. The neutron balance equation for a reactor with an independent source is 
mathematically an inhomogeneous problem. In strict terms, separation of variables is 
not possible for such cases. Thus, the point kinetics approximation becomes 
questionable. Moreover, the adjoint flux, which is normally used as a flux weighting 
function in the perturbation theory approach for a critical system, is not uniquely 
defined for a source-driven system. This invalidates the use of the standard first-order 
perturbation formula. The usual procedure for generating a weight function for a source-
driven reactor is to employ an artificial initial λ-mode adjoint weighting function, i.e., 
the solution to the source-free adjoint equation. 

4.1.3 Computational Models 
The test model used in the present study is based on a previous OECD/NEA benchmark 
model [17]. The model pertains to an accelerator-driven, lead-bismuth cooled, and 
minor-actinide loaded transmuter core. The core consists of a central lead-bismuth 
target region and a homogenized fuel region surrounded by radial and axial reflectors 
(70% steel and 30% coolant). 114 fuel assemblies are included in the hexagonal-z 
representation; Figure 4.1contains a plan view of a one-sixth symmetry section of the 
core. The height of the active core is 100 cm. The fuel consists of 2/3 minor actinides 
and 1/3 plutonium with a ZrN diluent; (Pu0.1,MA0.2,Zr0.7)N, where MA represents minor 
actinides such as Np, Am, and Cm. Fuel compositions correspond to plutonium 
discharge from UOX-fueled LWRs mixed with MA from a “double strata” strategy 
[18]. Start-up core loading is used in the simulations. The fuel is further diluted with 
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71% ZrN. Core material compositions are summarized in Table 4.1. Additional lattice 
parameters are included in Table  4.2. 
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Figure 4.1 One-Sixth Core Subassembly and Channel Assignment. 

 

Table 4.1: Material Specification of the 
Reference Core Configuration 

Core Volume Fractions: 
 30 vol% Fuel 
 48 vol% Coolant (Pb/Bi eutectic) 
 22 vol% Clad + Structure (stainless steel) 
Reflector Volume Fractions: 
 30 vol% Coolant 
 70 vol% Stainless Steel 
Fuel: 
 Fuel Material: (Pu0.1,MA0.2,Zr0.7)N 
 Theoretical density (300°C): 9.19 g/cm3 
 Fuel smear density: 84 % of theoretical 
 68% MA/TRU ratio 
 71% molar fraction ZrN 
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Table  4.2: Lattice parameters 

Number of pins per assembly 217
Pitch/diameter ratio 1.6
Pin diameter [mm] 7.366
Cladding thickness [mm] 0.787
Ducts flat-to-flat distance [cm] 15.956

 

Numerical testing was performed with coupled core dynamics calculations using the 
SAS4A/DIF3D-K code [19]. The “exact” results are obtained from a direct numerical 
solution of the time-, space-, and energy-dependent multigroup diffusion equation. The 
direct solution is used as a standard of comparison for the point kinetics solution. One 
advantage of using the SAS4A/DIF3D-K program for the current task is that the direct 
solution method and the point kinetics procedure are implemented within the same 
code. This makes it straightforward to compare the underlying methods without 
worrying about consistency among different computational procedures and models. For 
example, the initial steady-state solutions, cross sections, thermal- and hydraulics 
treatments, and model specifications are all identical. 

The spatial flux solutions are based on a three-dimensional nodal diffusion theory 
method [20]. The core is partitioned into assembly-sized hexagonal unit cells in the 
horizontal planar direction and axially subdivided into twenty-one axial nodes, each 
with a mesh spacing of 4.76 cm. In reflector regions, axial mesh sizes of 12.5 cm are 
employed. The radial distance between the assembly vertical centerlines is 16 cm. The 
solution takes advantage of one-sixth core symmetry by solving for a single sextant 
section of the core. Uniform nuclear cross sections are used within each node. In the 
direct method, the time-dependent component is solved using a fully implicit finite-
difference approximation (the DIF3D-K [21] code uses a specified θ-method [22] of 
time differencing). The theta (θ=1) method consists of representing the time differential 
operators with their implicit finite-difference formulation. Thermal- and hydraulic 
calculations are performed for 13 channels, each representative of an average pin within 
individual subassemblies (See Figure 4.1 for channel to subassembly assignments). 
Feedback effects (due to Doppler and coolant density variations) are included as 
necessary to reproduce the physical situation as closely as possible. Feedbacks are 
accounted for through temperature-dependent microscopic and macroscopic cross 
sections. The cross sections are updated with time as local temperatures and densities 
changes. In the point kinetics solution, the initial flux shape is used throughout the 
entire transient calculation. Time-dependent point kinetics parameters are computed by 
means of first-order perturbation theory. The initial flux shape, determined with a given 
external source distribution, and the initial λ-mode adjoint flux are used along with 
macroscopic cross sections to compute time-dependent kinetics parameters, especially 
the reactivity parameter which reflects the thermal feedbacks. The adjoint flux is 
required in the evaluation of the scalar products used in the calculation of the time-
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dependent kinetics parameters. It corresponds to the initial source-free mathematical 
nodal adjoint solution [23]. The direct solution technique does not require the 
formulation of kinetics parameters and adjoint fluxes. The great advantage of the direct 
solution is that an unambiguous and “exact” solution of the inhomogeneous time-
dependent group diffusion equation is obtained, in that sense that no approximations is 
introduced other than space nodalization and time differencing. 

4.1.4 Numerical Results 
Numerical experiments were carried out on a minor-actinide loaded and lead-bismuth 
cooled ADS. The test results suggest that the point kinetics approximation is capable of 
producing highly accurate results for many types of transients in ADS’s. For accidents 
involving external source perturbations the point method provided extremely accurate 
results, see Figure 4.2 and Figure 4.3. Such changes are associated with spatially 
uniform reactivity feedbacks that produce little flux deformation. It is expected that 
source disturbances be rather well described by point kinetics. 
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Figure 4.2 Beam overpower transient 
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Figure 4.3 Beam trip transient 

When applied to the analysis of localized reactivity perturbations - a condition when the 
point treatment is expected to be a poor approximation - the results indicated better 
precision at lower keff levels, see Figure 4.4 and Figure 4.5. This behaviour appears to 
be due to the lower reactivity sensitiveness in the subcritical operating state, which 
effectively weakens the response and mitigates any spatial distortions. 
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Figure 4.4 Reactivity insertion near core-center (keff=0.9987). Subassembly no. 4, in 
accordance with Figure 4.1, is fully withdrawn at initial conditions and is suddently 
inserted during operation. 
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Figure 4.5 Reactivity insertion near core-center (keff=0.9594 and keff=0.9798). 
Subassembly no. 4, in accordance with Figure 4.1, is fully withdrawn at initial 
conditions and is suddently inserted during operation. 

The situation in a loss-of-flow scenario was also studied. Here again, the point method 
was capable of very accurate calculations. The reasons are similar to those previously 
discussed. It was also found that the point kinetics model has a tendency to 
underestimate the severity of reactivity insertion accidents, see Figure 4.6 and Figure 
4.7. The same nonconservative behaviour is observed in critical systems, but it ought to 
be recognized for subcritical systems as well because of its overriding importance in 
reactor safety considerations. 
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Figure 4.6 Loss-of-flow (keff=0.9594 and keff=0.9798) 
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Figure 4.7 Loss-of- flow (keff=0.9987) 

4.1.5 Concluding Remarks 
The point kinetics approximation is capable of providing highly accurate calculations in 
subcritical systems. The results suggest better precision at lower keff levels. It was found 
that subcritical operation provides features that are favorable from a point kinetics view 
of application. Reduced sensitivity to system reactivity perturbations effectively 
mitigates any spatial distortions. Because a source-driven subcritical reactor approaches 
a stable level rather than exponential response behaviour, the error of the point kinetics 
method becomes essentially bounded. These characteristics, together with an overall 
smaller influence of delayed neutrons, and a typically strong space-time coupling in 
ADS’s are all favourable from a point kinetics view of application. A possible non-
favourable feature, but not apparent in these simulations, is that proposed ADS designs 
generally have large reactivity potential vested in the core [24]. Changes in lattice 
geometry or coolant density [25] may contribute with significant reactivity values. Such 
feedbacks are potential sources of spatial effects, and therefore, possible deviation from 
the point kinetics model. The essential requirements for an accurate point kinetics 
treatment of subcritical as well as critical reactors are symmetric reactivity insertion, 
small and tightly coupled core. Thus, favourable point kinetics performance in an ADS 
appears to be possible as long as the transient does not involve significant shape 
distortions. While the current study suggests that subcritical operation may provide for 
improved point kinetics performance and enhanced tolerance to system reactivity 
perturbations, the results showed that it should still be used with care for local reactivity 
perturbation studies and in situations involving strong feedback phenomena. 
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5 ADS SAFETY STUDIES ADS SAFETY 
STUDIES – PASSIVE AND INHERENT 
SAFETY MECHANISMS 

OVERVIEW 
The doctoral dissertation called ‘Passive and Inherent Safety Mechanisms applied on a 
Pb/Bi-cooled Accelerator-Driven System’ has been defended in May 2003 – see 
Appendix 1. 

Two papers have been published describing main results of the safety studies. A paper 
called “Safety Aspects of Larger Heavy Metal-Cooled Accelerator-Driven Systems” 
(Appendix 8) and  “Comparison of Safety Performance of Pb/Bi-cooled Accelerator-
Driven Systems for two heat-exchanger locations and two power levels”  (Appendix 9) 

ADS safety studies have been devoted in this part to the investigation of passive safety 
and inherent features of subcritical nuclear transmutation systems - accelerator-driven 
systems. The general objective of this research has been to improve the safety 
performance and avoid elevated coolant temperatures in worst-case scenarios like 
unprotected loss-of-flow accidents, loss-of-heat-sink accidents, and a combination of 
both these accident initiators. 

The specific topics covered are emergency decay heat removal by reactor vessel 
auxiliary cooling systems, beam shut-off  by a melt-rupture disc, safety aspects from 
locating heat-exchangers in the riser of a pool-type reactor system, and reduction of 
pressure resistance in the primary circuit by employing bypass routes. 

The initial part of the research was focused on reactor vessel auxiliary cooling systems. 
It was shown that an 80 MWth Pb/Bi-cooled accelerator-driven system of 8 m height 
and 6 m diameter vessel can be well cooled in the case of loss-of-flow accidents in 
which the accelerator proton beam is not switched off.  After a loss-of-heat-sink 
accident the proton beam has to be interrupted within 40 minutes in order to avoid fast 
creep of the vessel. If a melt-rupture disc is included in the wall of the beam pipe, which 
breaks at 150 K above the normal core outlet temperature, the grace period until the 
beam has to be shut off  is increased to 6 hours. For the same vessel geometry, but an 
operating power of 250 MWth the structural materials can still avoid fast creep in case 
the proton beam is shut off immediately. If beam shut-off  is delayed, additional cooling 
methods are needed to increase the heat removal. Investigations were made on the 
filling of the gap between the guard and the reactor vessel with liquid metal coolant and 
using water spray cooling on the guard vessel surface. 

The second part of the studies was focused on examinations regarding an accelerator-
driven system also cooled with Pb/Bi but with heat-exchangers located in the risers of 
the reactor vessel. For a pool type design, this approach has advantages in the case of 
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heat-exchanger tube failures, particularly if water is used as the secondary fluid. This is 
because a leakage of water from the secondary circuit into the Pb/Bi cooled primary 
circuit leads to upward sweeping of steam bubbles, which would collect in the gas 
plenum. In the case of heat-exchangers in the downcomer steam bubbles may be 
dragged into the ADS core and add reactivity. Bypass routes are employed to increase 
the flow speed in loss-of-flow events for this design. It has been shown that the 200 
MWth accelerator-driven system with heat-exchangers in the riser copes reasonably 
well with both a loss-of-flow accident with the beam on and an unprotected loss-of-
heat-sink accident. For a total-loss-of-power (station blackout) and an immediate beam-
stop the core outlet temperature peaks at 680 K. After a combined loss-of-flow and loss-
of-heat-sink accident the beam should be shut off  within 4 minutes to avoid exceeding 
the ASME level D of 977 K, and within 8 minutes to avoid fast creep. Assuming the 
same core inlet temperature, both the reactor design with heat-exchanger in the risers 
and the downcomers have similar temperature evolutions after a total-loss-of-power 
accident. 

A large accelerator-driven system of 800 MWth with a 17 m tall vessel may eventually 
become a standard size. For this higher power ADS, the location of the heat-exchangers 
has greater impact on the natural convection capability. This is due to that larger heat-
exchangers have more in fluence on the distance between the thermal centers during a 
loss-of-flow accident. The design with heat-exchangers in the downcomers, the long-
term vessel temperature peaks at 996 K during a loss-of-flow accident with the beam 
on. This does not pose a threat of creep rupture for the vessel. However, the location of 
the heat-exchangers in the downcomers will probably require secondary coolant other 
than water, like for example oil (for temperatures not higher than 673 K) or Pb/Bi 
coolant. 

Details of the studies are attached in the Appendix 1. 
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6 FUEL DEVELOPMENT FOR ADS 

PRELIMINARY SAFETY REPORT OF INERT MATRIX FUELS 
 

6.1   INTRODUCTION 
Fuels for transmutation reactors must, by their very purpose, contain no uranium, but 
significant amounts of plutonium and minor actinides (Np, Am, Cm). Generally, such 
fuels suffer from poor thermal properties; the thermal conductivity and the melting 
point of plutonium and minor actinide fuels are lower compared to their uranium-based 
equivalent. Thus, new fuel concepts, sometimes entitled dedicated fuels, are sought to 
better suit the requirements of a plutonium and minor actinide burning strategy. In this 
regard, inert matrix fuels, i.e., fuel supported by an inactive material acting as a diluent, 
are considered that would help to improve the thermal performance. An inert matrix 
helps to limit the power density, which permits lower fuel operating temperatures. 
Various concepts, in terms of fuel material (metal, oxide, nitride) and form (solid 
solution or composite) and choice of diluents, are being investigated, but the ultimate 
selection is not yet made. In Europe, the leading fuel candidates are oxides and nitrides. 
Interest in oxide fuel is promoted by experience gained from this type of fuel in fast 
reactor programs and in the development of fuels for light water reactors. For the oxide 
transmutation fuels, both composite fuels, like ceramic-metallic and ceramic-ceramic 
mixtures, and solid solution fuels are possible. However, composite oxide fuels are of 
main interest because of the possibility of offering higher thermal conductivity. Nitride 
fuel remains as a promising alternative in the development of fuels for minor actinide 
burning, yet the knowledge on nitride fuels is limited compared to the extensive 
experience available on oxide fuel. Nitride fuels offer relatively high thermal 
conductivity and high dissolution in nitric acid, which makes it compatible with the 
PUREX reprocessing technique. A drawback of the oxide fuels is that the solubility in 
nitric acid decreases as the concentration of plutonium increases. Nitric acid is the 
standard solvent for the PUREX process. The nitride fuels presently under consideration 
are of the solid solution type; composite nitride fuels have so far gained little interest. A 
specific problem of the nitrides is the production of radioactive 14C by (n,p) reaction in 
14N during reactor operation. 14N constitutes 99.6% of natural nitrogen (0.4% is 15N). 
Presence of 14C increases the radiation hazard and makes the fuel more difficult to 
handle during reprocessing. For that reason, it is considered necessary to employ 
enriched 15N in the fabrication of nitride fuels. Most of this nitrogen can, however, be 
recovered in the reprocessing stage, either in a PUREX process or in a pyrochemical 
process. 

In the present work three fuels are investigated from the point of view of safety 
performance during reactor operation. The objective is to assist in the feasibility study 
of these fuels and provide additional information for selecting the most promising fuels. 
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6.2   INERT MATRIX FUELS WITH MO, MGO, AND ZRN 
DILUENTS 

Two oxide fuels and one nitride fuel are considered in this study, namely: an oxide-
metal composite (cermet) fuel where the plutonium and minor actinides, 
(Pu0.4,Am0.5,Cm0.1)O2-x, are dispersed in a molybdenum (Mo) matrix and an oxide-oxide 
composite (cercer) in which the actinides are dispersed in a magnesium oxide (MgO) 
matrix. The nitride fuel under consideration is dissolved in a zirconium nitride (ZrN) 
matrix. The current set of fuels including many others is examined at various 
laboratories and in joint European programs [27]-[29]. There are several reasons for 
studying these fuels. Neutronic considerations are of particular concern. These 
requirements, including void reactivity effects, are treated in more detail in a separate 
study [30]. Table 6.1 lists the investigated fuels together with relevant details of their 
composition and design characteristics. Fuel assembly characteristics are inherited from 
neutronics design studies. The current study compares the thermal performance for two 
pin diameters (Dout=5.7 mm and 6.8 mm) and two lattice configurations (P/D=1.50 and 
1.75). Specifications shown in Table 6.1 correspond to a pitch-to-diameter ratio of 1.50 
with an outer pin diameter of 5.7 mm. Ac denotes the actinide fuel composition, i.e., 
40%Pu, 50%Am and 10%Cm. The oxide fuel is hypostoichiometric with an oxygen-to-
metal ratio=1.90 and it is referred to as AcO1.9. 

Table 6.1: Fuel assembly specifications 

Fuel type Cercer
Composite

Cermet
Composite

Nitride
Solid solution

Linear power (pin average), W/cm 250 350 350
Linear power (max flux plane), W/cm 350 480 480
Average inert matrix fraction+ 0.58 0.49 0.67
Minimum inert matrix fractiona 0.42 0.37 0.55
Fuel pellet porosity (%) 5* 10** 15
Smear density (%) 91 88 82
Fuel assembly (lattice/FTF/pins) Hex/10cm/127 Hex/10cm/127 Hex/10cm/127
Pitch-to-diameter ratio 1.50 1.50 1.50
Active core length, cm 100 100 100
Coolant velocity, m/s 2.5 2.5 2.5
Outside pin diameter, mm 5.7 5.7 5.7
Initial fuel-clad radial gap, µm 50 100 50
Fuel-clad bond He He He
Cladding/structure material 15-15Ti 15-15Ti 15-15Ti
*5% porosity of both phases
**Refers to the porosity of the oxide phase. The metallic phase is fully dense (100% TD).
+Matrix fraction in the middle zone
aRefers to the matrix fraction in the outer zone

Fuel AcO1.9+MgO AcO1.9+Mo (Ac,Zr)N

 

Fuel and diluent are mixed in proportions to obtain a core multiplication factor equal 
0.97. The design procedure is not discussed here (see chapter on neutronics studies of 
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ADS fuels in this report for further reference). As shown in 0, it results in fuels having 
different inert matrix concentrations. The maximum amount of diluent is limited by 
neutron absorption properties. The core is partitioned into three regions of different 
matrix fractions. The purpose is to level out the radial power distribution. As a result, 
the fuels with the lowest concentrations of diluent are located in the outermost region. It 
is desirable to have as high volume fraction of diluent as possible. For the composite 
fuels, the diluent must typically predominate in volume for the matrix to respond as a 
continuous network. Similar amounts are also required to facilitate fuel fabrication. This 
becomes of particular concern for the Mo-cermet fuel since the minimum fraction of 
diluent for some pin configurations are too low. To some extent a higher diluent fraction 
can be accommodated through design modification, e.g., keeping a tight pin lattice and 
use of larger pin diameters. However, higher void value and larger coolant ∆T are two 
side effects. Other ways to allow for larger amount of diluent include modifying the 
actinide composition, but it has negative impact on burnup reactivity management. 

The low thermal conductivity of the MgO-cercer fuel constraints the allowable linear 
power. Normally, oxide fuels can compensate this to some degree by having a high 
melting point; however, complications arise due to a low solid solubility of the oxide 
fuel particles in MgO. Eutectic reaction appears to occur at much lower temperatures, 
below the melting points of individual components: AcO2 and MgO. For that reason, the 
MgO-cercer fuel is required to operate at lower linear powers; 25 kW/m compared to 35 
kW/m for the cermet and the nitride fuel, respectively. Lower linear power has some 
obvious penalties since it requires that more pins are present for a given total power and 
hence larger core size. As a result, larger fuel volumes must be stored and reprocessed 
and more pins needs to be re-fabricated in each step. Besides economic disadvantages, it 
is has safety consequences on reactor operation because reactivity void worth’s tend to 
increase as the neutron leakage component diminishes for larger core sizes. 

The oxide fuels may be fabricated with a rather low porosity. The MgO-cercer fuel has 
an as-fabricated porosity of 5%. The porosity of the oxide phase for the Mo-cermet fuel 
is purposely made greater (10%) to compensate for a lower swelling accommodation in 
the metallic phase, which is fully dense. The nitride fuel is fabricated with 15% porosity 
to accommodate a higher fission product swelling rate. Lower operating temperature 
and smoother temperature gradients of nitride fuels causes greater fission product 
retention compared to oxide fuels. 

Molybdenum has been used as small addition in metallic uranium alloys to improve 
their swelling behavior [31]. However, very little information is yet available for Mo-
cermet fuels. Fabrication tests [32] of Mo-cermet fuels showed promising results with 
cerium acting as a surrogate of the minor actinides. But yet no experience exists for 
AcO2-x+Mo cermets. Issues that need to be answered are: material properties and 
thermal stability, irradiation resistance and swelling behavior, compatibility with 
cladding material and coolant. The principal problems of metallic fuels are related to the 
irradiation-swelling rate. Metallic fuel suffers from very high swelling rates. In practice, 
such fuel is limited to low burnup levels. The swelling can be accommodated if the fuel 
pin is fabricated with a low smear density, e.g., the fuel-cladding gap is made large 
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enough. It is noted that no controlled fuel porosity can be built into a metallic fuel 
during fabrication. For cermets the as-fabricated porosity in the oxide phase allows for 
additional fission gas accommodation. Because molybdenum is a very hard metal it is 
likely that the mechanical interaction with the cladding may be more severe. Its 
hardness and a possible higher swelling rate led to the decision of increasing the initial 
fuel-cladding gap. It is currently twice as large (100 µm) for the Mo-cermet compared 
to the MgO-cercer and the nitride fuel pin. Such a gap allows the Mo-cermet fuel to 
swell to about 13% increase in volume before fuel-cladding contact. A different option 
could be to provide an axial hole in the pellet to facilitate swelling internally, however, 
this may become of concern for fabrication and so far the performance has not been 
investigated in any more detail. The smear density for the cercer, cermet, and the nitride 
fuels are 91%, 88%, and 82%, respectively. All three fuels are assumed to be helium-
bonded (λHe=0.36 W/mK at 1000 K). 

Previous studies [33] have indicated that there are limited number of inert matrices 
suitable for nitride fuels; promising candidates, however, appear to be zirconium nitride 
(ZrN) and aluminum nitride (AlN). While AlN is not dissolvable in the actinide nitrides, 
ZrN forms a solid solution. Although AlN may improve the thermal conductivity 
somewhat (36 W/mK at 1000°C), insolubility introduces other difficulties, e.g., 
complicates the fabrication process and affects the dimensional stability. At this point 
ZrN is our primary choice for diluent. ZrN offers relatively high thermal conductivity 
(23 W/mK at 1000°C) and high melting point (2960°C). It has a stabilizing effect on 
plutonium and americium nitride and is itself stable in air (no oxidation). Furthermore, 
it has a high transparency to neutrons, has good chemical compatibility with steel 
cladding and it is solvable in nitric acid. 

6.3   MATERIAL PROPERTIES 
In discussing the minor actinide (MA) fuels, it should be realized that material property 
data is limited, particularly at high temperature. Thus, safety assessments become 
subject to large uncertainties. Thetford and Mignanelli  [34], [35] have recommended 
preliminary correlations based on existing data for oxide and nitride MA fuels. These 
correlations have been used in the present work with minor modification. In general, the 
effects of temperature, matrix fraction, oxygen content, and porosity are taken into 
account. We will discuss these effects in the following section, with emphasis on the 
thermal conductivity. Where the required the data is missing, the models are based on 
rational assumptions. Material properties will change during irradiation, due to the 
effect of restructuring and fission product swelling. However, due to the limited amount 
of experimental information on irradiation effects our study is limited to embrace only 
fresh fuel properties. 

Selected physical properties are presented in Table  6.2. The values are given at 100% 
theoretical density at 1000°C. Compositions correspond to the intermediate core zone. 
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Table  6.2:  Thermophysical properties of investigated fuels. 

Density, 
g/cm3

Thermal 
conductivity, 

W/mK

Specific 
heat, 

kJ/kgK
AcO1.9+49%Mo 2640* 10.62 51.2 0.33 9.2
(Ac0.33,Zr0.67)N 2200** 9.29 17.0 0.43 9.0
AcO1.9+58%MgO 2200-2300+ 6.57 4.7 0.90 14.0
*No eutectic melting. Melting point of AcO1.9 is 2640 K. Pure molybdenum melts at 2896 K.
**Dissociation temperature of AmN nitride fuel in 1% nitrogen gas.
+Eutectic reaction between MgO and AcO2-x. The melting point for pure MgO is 3100 K.
aMean linear coefficient of thermal expansion between 300 to 2100 K.

Fuel material

Mean thermal 
expansion 

coefficienta, 
1e+6/K

Properties at 1000oC (100% TD)
Melting 

points, K

 

Relative to Mo-cermet and nitride, MgO-cercer has a higher coefficient of thermal 
expansion, which tends to increase the negative reactivity feedback due to fuel axial 
expansion in an overpower transient and may increase thermal stress cracking in the 
fuel. MgO-cercer also has considerably lower thermal conductivity, lower density, and a 
much higher specific heat. 

In discussing physical properties of the nitride-based fuel, it should be realized that the 
data for AmN contain large uncertain. The most notable omissions are thermal 
conductivity, linear expansion, and specific heat. Information on (Pu,Am)N is 
essentially obtained from extending known data for (U,Pu)N and pure PuN. The 
recommended values for (Pu,Am,Zr)N is found by combining the actinide and 
zirconium data weighted by their respective volume fractions, i.e., Vegard’s law. 
Thetford and Mignanelli [34] recommend the use of thermal conductivity data for 
(U,Pu)N as replacement for ZrN. The correlation is adjusted for the fact that the thermal 
conductivity of actinide nitride decreases with increasing atomic number [36]. Given 
the lack of experimental data at high temperatures, the correlations are extrapolated for 
temperatures beyond 1600 K. 

6.3.1 Thermal conductivity 
The thermal conductivity is a key property in the fuel selection process. It is of 
fundamental importance for the safety of the entire reactor. It essentially determines the 
allowable power rating and the margin to melting Figure 6.1 shows the thermal 
conductivity of the investigated fuels as function of temperature. Values are given for 
the porous composition. 
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Figure 6.1 Thermal conductivity of porous fuel as function of temperature. 

The Mo-cermet fuel has excellent thermal conductivity. The thermal conductivity of the 
nitride fuel is quite high, about 2-3 times higher than the MgO-cercer fuel but only 
about 20-30% of that of Mo-cermet. There is no systematic variation of the thermal 
conductivity with the temperature. The thermal conductivity of the MgO-cercer fuel 
shows a similar behavior as classical MOX fuels, i.e., decreasing at low temperatures 
and increasing at high temperatures. It is noteworthy that thermal conductivity of MgO   
[37]exhibits similar shape dependence, with a minimum around 1500 K. For the nitride 
fuel, the thermal conductivity increases with temperature, but it has been shown that the 
slope decreases for higher plutonium content [38]. For the Mo-cermet fuel, the thermal 
conductivity is determined primarily by the molybdenum conductivity, which decreases 
with temperature. Decreasing thermal conductivity with increasing temperature is a 
disadvantage from a safety point of view. 

A certain amount as-fabricated porosity is desirable to manage fuel swelling during 
irradiation. Porosity affects fuel properties; in particular it reduces the thermal 
conductivity. A common method to treat the effect of porosity on thermal conductivity 
is the Maxwell-Eucken model: 

( ) 100%
1

1
pp
p

λ λ
β
−

=
+

 

Where λ(p) is the effective thermal conductivity, λ100% is the thermal conductivity 
corresponding to the fully dense material, β is a pore shape factor and p is the fractional 
porosity. A shape factor of β=2 has been recommended for the present fuels. Depending 
on the pore geometry, which depends on the fabrication process, various modifications 
of the Maxwell-Eucken model exist. The MgO-cermet fuel has a bulk density of 95% of 
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the theoretical value. Hence the correction factor for the thermal conductivity is 0.864. 
For the Mo-cermet fuel the as-fabricated porosity has a limited effect on the overall 
conductivity as it is primarily determined by the metallic component, which is fully 
dense. The porosity has a significant effect on the conductivity of the low-density 
nitride fuel. The effective thermal conductivity of the nitride fuel is reduced to 65% of 
the fully dense material. 

In Figure 6.2, the temperature is held constant at 1000°C and the fraction of diluent is 
varied, which shows the effect of the matrix content on the thermal conductivity. The 
combined thermal conductivity of the diluent and fuel is calculated using Vegard’s law. 
We recognize that this is a crude approximation and not necessarily appropriate, but in 
the absence of better data, we are compelled to accept it until more information become 
available. Not surprisingly, the thermal conductivity is an increasing function of matrix 
content. Because of the Vegard’s law approximation, the thermal conductivity is a 
linear function of the amount of diluent. The deviation from the Vegard’s law for the 
nitride fuel is the result of a correction applied by Thetford and Mignanelli [35]  to 
account for decreasing thermal conductivity with increasing atomic number of the 
actinide element. It was mentioned earlier that there are three zones of different matrix 
fraction in our model of the core. Suggesting that the fuel thermal conductivity depends 
on the location in the core. In the thermal analysis, the fuel assemblies with the lowest 
matrix content, i.e., the outermost assemblies will produce the highest fuel temperatures 
and these are used in the design evaluation. 
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Figure 6.2 Thermal conductivity of actinide oxide fuel and actinide nitride fuel as 
function of matrix content. 
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Oxygen deficiency in the actinide fuel oxide phase is desirable because it reduces the 
oxygen chemical activity inside the pin, such that cladding corrosion is reduced and 
therefore the wastage can be less. Reduction of the oxygen-to-metal ratio is 
accompanied by a decrease of the thermal conductivity. This is illustrated in Figure 7.3  
for AcO2-x. It is seen, that the effect is notable at low temperatures (<2000 K). As the 
oxide fuel is mixed with diluents, the O/M effect becomes less influential because of 
lower relative contribution of the oxide part. For the Mo-cermet fuel the effect becomes 
negligible. 
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Figure 7.3 Effect of oxygen-to-metal ration on the thermal conductivity of AcO2-x. 

7.4   TEMPERATURE CONSTRAINTS 

7.4.1 Fuel 
The melting point of AcO1.9 is estimated to 2640 K, using the melting point of PuO2 as 
2663 K [39], and AmO2 and CmO2 as 2783 K and 2838 K [40], respectively, and apply-
ing Vegard’s law. It was further assumed that the melting point dependence on the oxy-
gen content was similar to the recommendations for (U,Pu)O2-x[41]. It appears that no 
eutectic reaction occur between molybdenum and UO2. If a similar behavior is assumed 
for Mo+AcO1.9, then melting will occur first in the oxide phase. It should be noted, 
however, that the fluid-like behavior might appear either at the lower or the higher 
temperature, depending on the volume fraction of molybdenum. It is recognized that the 
oxygen content may affect the possibility of eutectic melting and also oxidization of Mo 
into MoO2, but this has not been taken into account in this study. For the MgO-AcO2-x 
fuel, complication arises due to the possibility for eutectic melting below the melting 
points of AcO2 and MgO (3100 K). Laboratory measurements [42] found no eutectic 
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reaction up to ~1923 K, while theoretical calculations [43] predicted that eutectic may 
start to form at temperatures as low as 1930 K for low oxygen contents. The same study 
also estimated that the melting point stabilizes around 2300 K for oxygen-to-metal 
ratios above 1.62. Keeping low oxygen content, however, is desirable because it reduces 
corrosion of the cladding. The melting point of MgO-PuO2-x [44] ranges from 2341 to 
2503 K when the oxygen content changes from 1.61 to 2. Following these results, and 
keeping in mind that significant uncertainties exist in the thermodynamic modeling 
data, we have assumed that melting of MgO+AcO1.9 is onset in the range of 
temperatures 2200-2300 K. 

Americium nitride may decompose into actinide metal and nitrogen gas at relatively 
low temperatures. It should not influence normal operation, but it raises safety questions 
regarding the stability in thermal upset conditions. In an inert gas environment, it has 
been observed that thermal decomposition of AmN occurs for temperatures above 1600 
K. However, it has been noted that ZrN has a stabilizing effect on the vaporization 
behavior of plutonium and americium nitride. Given that more than 50% of ZrN is 
dissolved in solid solution with plutonium and americium suggest that the material 
properties may resemble ZrN rather than pure AmN. Furthermore, it is found that 
decomposition is suppressed in a nitrogen atmosphere. Recent calculations have 
estimated that the onset for decomposition may increase by 250 degrees if the pin fill-
gas contains a certain concentration of nitrogen [45]. These conditions led to a 
preliminary assumption that the temperature of (Ac0.33,Zr0.67)N should not exceed 2200 
K under any circumstances (accidental conditions). It should be noted that the reliance 
on a sealed nitrogen atmosphere might become a safety matter if a breach would occur 
in the cladding that would allow the nitrogen gas to escape the pin. The safety merits of 
such design solutions to enhance the fuel stability are subject to further investigation. 
Efforts to increase the understanding of the mechanisms of nitride dissociation are 
underway. It is essential that these effects be known precisely to demonstrate a safety 
performance based on realistic limits. 

7.4.2 Cladding 
Swelling and degradation of mechanical properties due to fast neutron irradiation are 
life-limiting factors for the structural materials. In the following evaluation, three 
stainless steels are discussed as candidate materials for fuel cladding. The 316 SS 
material is included because it is reference stainless steel cladding for fast reactor 
applications. It has been studied extensively over the years and large amount of 
transient/mechanical properties data exists for this material. However, standard 316 SS 
is susceptible to radiation damage that results in dimensional instability and 
embrittlement of structural components. It suffers from unacceptable swelling for doses 
above 50 dpa. For that reason, 316 SS has been abandoned as cladding material for long 
term application in fast reactors. Advanced austenitic stainless steels have been 
developed that withstand doses up to 150 dpa. Ti-modified 316 and CW15-15Ti 
austenitic steels have been used as cladding in the French fast reactors Phénix and 
Superphénix. The best irradiation performance has been achieved with Si-modified 15-
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15Ti stainless steel. The third cladding material discussed is the ferritic stainless steel 
alloy HT-9. This class of alloy is primarily studied as an option for enhancing the 
material’s irradiation resistance. HT-9 has shown excellent swelling resistance to doses 
up to 200 dpa. However, it has limited high temperature mechanical properties. The 
mechanical strength decreases drastically for temperatures above 500°C. This has 
notable impact on the maximum allowable cladding temperatures during normal and 
off-normal conditions. For this reason, austenitic alloys have typically been used for 
high temperature core applications rather than ferritic steels. The choice of ferritic steels 
has traditionally focused on their application for wrapper tube and duct material because 
of lower operating temperatures of these components. The burnup potential of the 
current set of fuels as limited by cladding radiation damage can be estimated [30] based 
on the specified material dose limitations and on the fact that a fast neutron fluence 
(>0.1 MeV) of 1022 n/cm2 correspond to approximately 5 dpa in steel [46]. It is found 
that the burnup potential is approximately 32%, 25%, and 9% using HT-9, 15-15Ti, and 
316 SS, respectively. 

Failure temperatures relevant for the fuel pin cladding during transient overpower 
conditions were estimated based on transient burst test data. This type of test, called 
Fuel Cladding Transient Test (FCTT), duplicate reactor transient conditions in which 
the cladding is heated until failure occurs. Results are normally presented as failure 
temperature as function of cladding hoop stress, and often the results are related to a 
particular thermal ramp rate. The FCTT tests are typically carried out for relatively fast 
ramp rates, in the temperature range 0.5-100°C/s. Cladding failure predictions based on 
FCTT data are less representative for very slow transients, e.g., decay heat transients, or 
transients held at elevated temperatures for long times. An extensive FCTT database has 
been accumulated on mechanical performance of irradiated and unirradiated 20% cold-
worked 316 SS [47]-[49] and on HT-9 [50]. Some data is available for D9 stainless 
steel. For the current system, the temperature limits were established for a cladding 
hoop stress of 100 MPa and a thermal ramp rate of 5°C/s. The assumed hoop stress is 
based on a plenum pressure at end-of-life of 10 MPa plus 30% increased loading due to 
unforeseen stress phenomena (the hoop stress corresponding to an internal gas loading 
of 10 MPa is 74 MPa). The thermal ramp rate was chosen because it is similar to those 
of the transients involved. The FCTT limit approach was selected to define an ultimate 
failure limit for events of a very low probability of occurrence (worst-case conditions). 
For operational incidents and anticipated transients it is relevant to employ more 
conservative limits. 

Early FCTT tests conducted on standard 20% CW 316 SS [48] showed remarkable 
degradation of transient burst temperatures of irradiated and fueled pins. It was 
attributed to the so-called Fuel Adjacency Effect (FAE) [52] as liquid metal 
embrittlement induced by the fission products of cesium and tellurium. Later [53], it 
was suggested that the observed reduction of ductility and strength was due to 
insufficient atmosphere control during specimen preparation and testing. Without 
atmosphere control and for fuel burnup exceeding 20 GWd/t, it was found that 
accumulated cesium in the fuel-cladding gap could react with moisture in the hot-cell 
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atmosphere to form CsOH, which may induce stress corrosion and cause premature 
failure. Transient burst tests of CW 316 SS conducted in atmosphere-controlled 
environment [54] gave further proof that the fuel adjacency effect may be negligible in 
the actual fuel pin environment. It was found that the failure temperature for 10% CW 
and 20% CW 316 SS irradiated in the range 30-90 dpa was comparable to unirradiated 
cladding. 

Based on these studies, the failure temperature for the 316 SS cladding, under the 
assumed loading conditions, was established at 1060°C. For the HT-9 cladding, which 
is apparently not affected by FAE, as 316 and D9, but with much lower high 
temperature mechanical strength the failure temperature was established at 870°C. 
FCTT data for irradiated D9 stainless steel [51] was used to develop temperature limits 
for 15-15Ti steel. The D9 alloy is a titanium modified 316 stainless steel, which has 
similar composition as 15-15Ti steel. Apparently D9 exhibit similar failure temperature 
as 316 SS. No FCTT data has been found for 15-15Ti, however, tension tests [54] show 
that the mechanical properties of irradiated 15-15Ti is better than Ti-stabilized 316, 
indicating that transient/mechanical properties should be no less than D9. 

Allowable cladding temperatures during normal operating conditions are established 
based on available stress rupture test data. Limited test data is available for CW15-15Ti, 
however, reasonable amount of data is available for D9 type steels. Considering the 
better tensile properties of CW15-15Ti suggests that the thermal creep performance of 
CW15-15Ti is comparable or better than CW D9. Tests conducted on 20% CW D9 
cladding showed that the in-pile rupture lifetime is lower compared to out-of pile data 
[55], indicating that the pin cladding might fail sooner than predicted with out-of-core 
test results. Based on available data the maximum operating temperature for the CW15-
15Ti cladding was set to 650°C (maximum midwall temperature). This integrity limit 
was determined for a constant plenum pressure loading of 10 MPa and an expected in-
pile service of 3 years (exposure time 30,000 h). The calculated Larson-Miller 
Parameter (LMP) corresponds to 1.64·10-4. Ongoing studies show that silicon modified 
CW15-15Ti stainless steel posses the best tensile properties indicating that further 
improvement of the thermal creep performance is possible. The experience is that D9 
has better thermal creep properties than 20% CW 316 SS. The maximum temperature of 
the 316 SS clad under normal operating conditions is established at 600°C. As far as in-
pile creep behavior of HT-9 is concerned, little information is available in the open 
literature. Based on empirical studies of unirradiated HT-9 [56] and on structural design 
criteria specified by the ASME code [57], the maximum operating temperature for the 
HT-9 cladding was set to 540°C. Clearly, the creep rupture strength of the austenitic 
alloys is superior to the ferritic; 316 has generally lower thermal creep rates than type 
HT-9. 

Previous discussion concerned the irradiation and mechanical performance of cladding 
steels, which set constraints on the allowable radiation dose and temperatures during 
normal and accidental conditions. At the same time, external corrosion by Pb/Bi induces 
additional constraints. The effect of the corrosion attack on the cladding is manifest as 
wall thinning, higher stresses, and reduced fuel pin lifetime. The corrosion rate shows a 
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strong dependence on temperature. It has been demonstrated [58] that the temperature 
limits for non-protected stainless steels are: 400°C for austenitic steels and 450°C for 
ferritic steels. However, the corrosion stability can be affected by the concentration of 
oxygen dissolved in the liquid metal. One finds that at a certain level of oxygen 
concentration a protective oxide film may form on the surface of the structure and 
substantially reduce further corrosion attack. The protective film is formed by oxidation 
reactions with the steel elements. The most common phases of the oxide films are M3O4 
and M2O3, where M stands for elements with high affinity for oxidization, e.g., Fe, Cr, 
Si. Using this technique it is possible to increase the operating temperature by 150-
200°C. In Russia, where most corrosion studies with Pb/Bi as coolant have been carried 
out, ferritic/martensitic steels have received particular interest. A particular reason is the 
low nickel content of ferritic steel compared to the austenitic steels [58]. Nickel shows 
high solubility in Pb/Bi alloy, which has an impairing effect on the oxide film. 
Developmental work in Russia has shown that addition of silicon to the steel help to 
increase the corrosion resistance at higher temperatures (>600°C). Laboratory tests 
conducted in the U.S. indicate similar results [59]. Still, according to Russian sources, it 
appears that operating temperatures around 650°C is suitable only for relatively short-
term service application (≤5000 hours). In this study, the maximum temperature on the 
outer surface using HT-9 steel is limited to 600°C under normal operating conditions. It 
is cautioned that this limit is uncertain and may change as more data becomes available. 
Although, HT-9 has similar material composition as the Russian EP-823 steel, which 
has been studied extensively in corrosion tests [58] in the temperature range up to 620-
650°C, it has lower content of silicon (0.3%wt) than the Russian steel (1.3%wt), which 
appears to have significant impact on the corrosion resistance. In general, the database 
on Pb/Bi corrosion performance of western steels is limited, especially when it comes to 
long-term operation. As was mentioned above, the austenitic steels appear to be less 
corrosion resistant than the ferritic steels. Thus, with reference to 316 SS and CW15-
15Ti we have assumed that their admissible operating temperature on the outside of the 
cladding is 50 degrees lower than for HT-9. It is noteworthy, that the Si-modified 
CW15-15Ti derivative steel, which has shown promising dimensional and mechanical 
stability, also could be an interesting option in the context of corrosion resistance 
considering the apparent favorable effect of adding Si. However, considerably more 
operational data is required for most western steels before reliable information can be 
established regarding their long-term performance. 

The corrosion rate increases with the fluid velocity. Theoretical modeling [59] suggests 
that the Pb/Bi corrosion rate is proportional to V0.6, where V is the average turbulent 
fluid velocity. Increased corrosion is typically observed in hot spots and in locations 
with a disturbed flow pattern. But there are conflicting data regarding the recommended 
maximum flow velocity. Based on early corrosion tests with liquid bismuth [60] little 
increase in corrosion was observed when the velocity itself was increased from 1.5 m/s 
to 4.2 m/s. At IPPE in Russia, Pb/Bi corrosion tests with EP-823 steels have been 
carried out for flow velocities up to 3-3.5 m/s and exposure times of 5,000 hours and 
more. However, most authors recommend a maximum bulk velocity during normal 
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operation somewhere in the range 2-2.5 m/s [61]. The maximum flow velocity in the 
pin bundle is set to 2.5 m/s in the current study. 

0 summarizes the temperature constraints of the investigated cladding materials. It 
should be noted that the temperature limits are not universal; they are established for the 
current system in mind. The reason is that loading conditions, corrosion- and irradiation 
conditions, and design life vary between systems and therefore the temperature limits 
may be different even if the cladding material is identical. Temperature limits 
established for overpower events also take into account an expected frequency of 
occurrence and the thermal ramp rate and transient duration. The higher the occurrence 
probability of the incidents, the more conservative the safety margins must be. 

Table 6.3:  Stainless steel cladding performance data (temperatures given in °C). 

Structure type Ferritic Austenitic Austenitic
Irradiation resistance (max dpa) 200 50 150
Approx. burnup capability*, atom % 32% 9% 25%
Max midwall clad temperature** (overpower condition) 870 1060 1060
Max outer clad temperature+ (normal operation) 600 550 550
Max midwall clad temperaturea (normal operation) 540 620 650
*Based on specified fuels and irradiation conditions (σf=0.66 b, 1e+22 n/cm2=5 dpa in steel)
**Failure criterion based on transient burst limits (FCTT data).
+Based on corrosion rate limitations.
aDesign criterion based on thermal creep limitations (time-to-rupture data).

Clad type HT-9 15-15Ti316 SS

 

6.4.3 Fuel Pin Thermal Analysis at Normal Operation 
In  Figure 6.4 the temperature profiles under normal operation are shown. The large 
fuel-clad gap of the Mo-cermet fuel is undesirable from a thermal point of view since it 
yields a very large temperature drop from the fuel surface to the cladding and it greatly 
increases the fuel centerline temperature (by approximately ~400 degrees compared to a 
gap size of 50 µm). This circumstance eliminates much of the advantage of the high 
conductivity cermet fuel. Use of a bonding material could significantly reduce fuel 
surface temperatures, but it would introduce new complications. It is seen that the MgO-
cercer fuel has a steep temperature gradient in the fuel region (more than 300°C/mm). A 
number of phenomena are affected by the presence of a strong temperature gradient. 
Fuel restructuring (grain growth and pore migration) during operation and development 
of thermal stresses (cracking) are directly dependent upon temperature gradients. 
Thermal stresses are aggravated by a higher coefficient of thermal expansion. 
Restructuring usually takes place in oxide fuels and this can form a central void in the 
pellet early in the operating life. Much less restructuring occurs for nitride fuels. The 
very flat temperature gradient in the cermet fuel (approaching 50°C/mm) suggests low 
restructuring due to thermal effects but yet no in-pile experience exists. Restructuring 
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affects fuel swelling and densification, thermal conductivity, and hence operating 
temperatures, and therefore it has an important role on the safety performance. 
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Figure 6.4 Radial temperature distribution in fuel pin 

Fuel pin design temperatures shown in  

 

 

Table 6.4 and Table 6.5 correspond to pitch-to-diameter ratios of 1.50 and 1.75, 
respectively. It is seen that under normal operating conditions the fuel temperature 
limits are much less restrictive than the cladding temperature constraints. For P/D=1.50, 
the cladding temperature (max at the top of the pin) becomes unacceptable with respect 
to coolant corrosion damage and it is also somewhat high considering long-term thermal 
creep performance. Because the MgO fuel is operated at a lower linear power, cladding 
temperatures are much lower. Maintaining a protective oxide surface layer on the 
cladding calls for reduced operating temperatures in return for longer lifetime of the 
cladding. This can be achieved by opening up the lattice of fuel pins to increase the 
coolant volume fraction or lowering of the linear power. Increasing P/D to 1.75 reduces 
the peak cladding temperature by approximately 100 degrees. Increasing the coolant 
velocity through the core is associated with increased wear of the oxide film. Novikova 
[61] recommends the circulation velocity not to exceed 2.5 m/s, which is the current 
operational setting. 
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Table 6.4: Temperatures at normal operation (temperatures given in °C). Results 
correspond to P/D=1.50. 

Peak fuel temperature 1590 1520 1370
Peak clad outer temperature 540 640 640
Peak clad midwall temperature 550 650 650
Clad-coolant temperature drop (core midplane) 60 90 90
Coolant temperature rise 210 290 290
Thermal margin to fuel melting 340 850 560
Clad thermal margin (corrosion limit) 10 ua ua
Clad thermal margin (thermal-creep limit) 100 0 0
ua=unacceptable

Fuel AcO1.9+MgO AcO1.9+Mo (Ac,Zr)N

 

 

Table 6.5: Temperatures at normal operation (temperatures given in °C). Results 
correspond to P/D=1.75. 

Peak fuel temperature 1580 1510 1350
Peak clad outer temperature 480 540 540
Peak clad midwall temperature 490 550 550
Clad-coolant temperature drop (core midplane) 80 110 110
Coolant temperature rise 130 180 180
Thermal margin to fuel melting 350 860 580
Clad thermal margin (corrosion limit) 70 10 10
Clad thermal margin (thermal-creep limit) 160 100 100

Fuel AcO1.9+MgO AcO1.9+Mo (Ac,Zr)N

 

6.5   SUMMARY 
The work presented so far contains a general discussion of a few selected plutonium- 
and minor actinide inert matrix fuels and their associated thermophysical properties. 
Temperature constraints are established for the fuel and cladding materials. It is 
recognized that the fuel material properties contain missing data. Thermal-hydraulics 
calculations have so far treated the fuel pin performance under normal operating 
conditions. The Mo-cermet fuel is clearly superior with regard to thermal conductivity, 
which indicates much better thermal performance, but yet very little information is 
available on its irradiation performance. Under normal operating conditions, the 
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primary design constraint is due to the cladding temperature limits. The ferritic steels do 
not posses sufficient strength at high temperature operation whereas the austenitic steels 
are limited by radiation damage and coolant corrosion attack. Compared to austenitic 
stainless steel, ferritic/martensitic steels demand lower operating temperatures in return 
for improved cladding operating life. Standard 316 austenitic steel is not expected to 
survive the neutron doses and the corrosive environment anticipated for a lead/bismuth-
cooled reactor. The CW 15-15Ti stainless steel is selected as cladding material because 
it has a proven irradiation resistance and reasonable knowledge is available on the 
mechanical performance of this type of steel. However, the maximum fluence of this 
steel may still remain below some goals and the Pb/Bi corrosion resistance is not 
known, so the choice may change as more data becomes available. In the next phase, 
the fuel pin performance will investigated during accident conditions. Safety analysis is 
conducted considering some typical accidents of interest in accelerator-driven systems. 
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7 MATERIAL STUDIES FOR ADS - 
MODELLING OF RADIATION EFFECTS ON 
MECHANICAL PROPERTIES OF FERRITIC 
STEELS. 

In the frame of the European Project SPIRE – “SPallation and IRradiation Effects - 
"Irradiation Effects in Martensitic Steels under Neutron and Proton Mixed Spectrum"  a 
work has been initiated to developed a set of EAM (Embedded Atom Method) -
potentials for simulation of Fe-Cr alloys. This collaborative effort between KTH, UU, 
CNRS (Paris) and SCK-CEN (Mol) progresses very successful and has resulted in few 
important publications including 2 papers published in 2003. 

7.1   INTRODUCTION 
Mechanical properties of steels used as components in reactors are degraded due to 
effects of radiation, thermal ageing and thermo-chemical environment. Often threshold 
behaviours are observed, meaning that a component may have served without problem 
for many years, or even decades, before an abrupt change in ductility of volume takes 
place. These phenomena are further known to be dose rate dependent, meaning that 
accelerated irradiation tests often will give wrong predictions of limits to service life in 
a real reactor environment. This is especially trouble-some in light water reactors, 
where the threshold time for embrittlement or swelling to become significant is of the 
order of decades.   

Therefore, it becomes important to obtain a basic understanding of the mechanisms 
responsible for the irradiation degradation of mechanical properties. Today this can be 
achieved for pure metals by means of computer modelling, using a multi-scale approach 
ranging from solutions of the Schrödinger equation to elasticity theory for macroscopic 
bodies.  

In the present project, existing empirical models for pure elements like Fe are extended 
to the Fe-Cr-C system, which may serve as an idealised model of ferritic steels actually 
used for reactor components. By the end of the project, a so called ”Embedded atom 
method”, or EAM model for this system will have been developed, that is able to 
correctly reproduce elastic, thermophysical and point defect properties of  this material 
out of pile, as function of Cr and C content. This model will be used for predicting the 
change of mechanical properties as function of irriadiation dose, dose rate and 
temperature. Comparison with relevant experimental data will then be made, to check 
the predictive power of the model. Finally, an evaluation of the applicability of the 
results with respect to real industrial ferritic steels will be attempted. 
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7.2   METHODOLOGY 
In the EAM formalism, the total energy of a system is written as the sum of pairwise 
interactions and a many-body term given as function of electron density. Historically, 
EAM potentials describing the effective interaction between atoms of the same kind 
have been fitted to reproduce experimental data for lattice parameters, elastic constants, 
crystal structure and vacancy formation energies. In order to include information 
relevant for defect production in irradiated materials, the short range of the pair-
potential has ben fitted to threshold energies for Frenkel pair production in electron 
irradiated speciments.  

Several potentials for iron have been reported in the literature, which reasonably well 
reproduce the properties they were fitted to. However, none of them provides correct 
values for thermal expansion. In addition, only short range potentials, excluding the 
FCC lattice second nearest neighbour, could reproduce the relative stability of self-
interstitials in different lattice directions. In order to obtain a better potential for iron, 
our group started out by fitting a long range pair potential to the measured thermal 
expansion coefficients of iron. Interestingly, it was found that the stability of the <110> 
interstitial was improved by this procedure, at the expense of increasing the absolute 
formation energy of the defect. 

Chromium is anti-ferromagnetic and highly anisotropic at room temperature. Hence it 
was believed to be impossible for EAM potentials to reproduce its elastic properties. 
The latter fact has been considered to be a major obstacle for the applicability of the 
embedded atom method to simulation of Cr bearing steels. Examining the temperature 
dependence of the elastic constants, we however found that at higher temperatures, 
where chromium is paramagnetic, that the so called Cauchy pressure becomes positive, 
meaning that the EAM formalism may be applied. By thus fitting the Cr potential to the 
elastic constants of its paramagnetic state, we were able to obtain a potential 
reproducing elastic properties at T > 450 K. Since reactor components typically operate 
at even higher temperatures, we believe that results obtained in simulations using this 
potential should be relevant. Further, it is known that the addition of just a few percent 
of iron to chromium makes the alloy paramagnetic at room temperature. Hence our Cr 
potential should well describe the behaviour of Cr in the alloy at all temperatures of 
interest. 

Mixed pair potentials, i.e. potentials describing the interaction between Fe and Cr 
atoms, have been fitted to reproduce the lattice parameter, the bulk modulus and the 
mixing enthalpy of the alloy, at Cr concentrations of 5 and 20%. The mixing enthalpy 
for the ferro-magnetic state was fitted to data calculated with Ab Initio methods in 
collaboration with Uppsala University. These data show that the formation energy is 
negative for Cr concentrations below 6%, a fact that was not known in previous 
attempts to obtain EAM potentials for the alloy.  
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7.3   RESULTS 
A detailed account of our results has been published in 2 papers P. Olsson, I.A. 
Abrikosov,  L. Vitos, J. Wallenius,  ‘Ab initio formation energies of Fe–Cr alloys, ‘ 
Journal of Nuclear Materials, 321 (2003)  and J. Wallenius,  C. Lagerstedt et al, 
“Development of an EAM  potential for simulation of radiation damage in Fe-Cr 
alloys”, 11th International Conference on Fusion Reactor Materials: ICFRM-11, Kyoto, 
7 12 December 2003  which are attached in Appendices 5 and 6 

One may note that our set of potentials yield better values for vacancy activation 
energies than any other published potential. The relative stability of interstitials in iron 
is also in good agreement with measurements, while the absolute formation energy 
appears to be somewhat high. Using our alloy potentials in kinetic Monte Carlo (KMC) 
simulation of vacancy driven thermal ageing it was found that the potential fitted to the 
negative mixing enthalpy of Fe-5Cr predicted no precipitation of Cr at any temperature. 
The potential fitted to the positive mixing enthalpy of Fe-20Cr did however yield 
formation of Cr clusters, as seen in Figure 7.1. Cr-rich clusters are indeed observed in 
real alloys only for Cr concentrations above nine percent, being denoted as the alpha-
prime phase. The calculated time and temperature dependence of the precipitation rate 
was found to be in good agreement with data for hardening of Fe-Cr alloys.  

 

  

 

Figure 7.1  Simulated precipitation of Cr in Fe-20Cr. 

The calculated sizes of the precipitates do however not agree with the measured size 
distribution (2-4 nm). This is due to the fact that the properties of Fe-20Cr no longer are 
relevant for describing a cluster containing 85% Cr, which is the measured Cr content in 
the alpha-prime phase. We will need to introduce a many-body potential into the EAM 
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that is dependent on the local Cr concentration in order to predict a correct cluster size 
distribution. We are also preparing to construct potentials for Fe-C and Cr-C, with the 
purpose of simulating formation of metal-carbide precipitates, which are known to 
govern the mechanical properties of real steels. 
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8 REACTOR BASED TRANSMUTATION – 
NEUTRONIC STUDIES THE BURNUP 
CAPABILITIES OF THE DEEP BURN 
MODULAR HELIUM REACTOR 

8.1   NEUTRON FLUX, SPECTRUM, CAPTURE TO FISSION 
RATIO AND TEMPERATURE COEFFICIENTS OF THE 
DEEP BURN MODULAR HELIUM REACTOR FED BY 
LWR’s WASTE 

 

Some important neutronic features of the Deep Burn Modular Helium Reactor (DB-
MHR) have been studied using the MCNP/MCB codes. Our attention was focused on 
the neutron flux and its spectrum, capture to fission ratio of 239Pu and the temperature 
coefficient of fuel and moderator. The DB-MHR is a graphite-moderated helium-cooled 
reactor proposed by General Atomic to address the need for a fast and efficient 
incineration of plutonium for non-proliferation purposes as well as the management of 
Light Water Reactors (LWRs) waste. In fact, recent studies have shown that the use of 
the DB-MHR coupled to ordinary LWRs would keep constant the world inventory of 
plutonium for a reactor fleet producing 400 TWe/y. In the present studies, the DB-MHR 
is loaded with Np-Pu Driver Fuel (DF) with an isotopic composition corresponding to 
LWRs spent fuel waste. DF uses fissile isotopes (e.g. 239Pu and 241Pu), previously 
generated in the LWRs, and maintains criticality conditions in the DB-MHR.  After an 
irradiation of three years, the spent Driver Fuel is reprocessed and its remaining 
actinides are manufactured into fresh Transmutation Fuel (TF). Transmutation Fuel 
mainly contains non-fissile actinides which undergo neutron capture and transmutation 
during the subsequent three-year irradiation in the DB-MHR. At the same time, TF 
provides control and negative reactivity feedback to the reactor. After extraction of the 
spent Transmutation Fuel, irradiated for three years, over 94% of 239Pu and 53% of all 
actinides coming from LWRs waste will have been destroyed in the DB-MHR. In this 
paper we look at the operation conditions at equilibrium for the DB-MHR and evaluate 
fluxes and reactivity responses using state of the art 3-D Monte Carlo simulations.  

8.1.1 Introduction 
The DB-MHR has been conceived by General Atomic (GA) as a new generation of 
nuclear power plants, graphite-moderated and helium-cooled, being able to face two 
major current problems of nuclear energy: proliferation and LWRs waste handling. In 
fact, the DB-MHR concept has a unique flexibility concerning nuclear fuels that can be 
loaded into the core: it can run as well on military plutonium as on LWRs waste. In a 
scenario where the use of DB-MHRs would be coupled with further use of LWRs, the 
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world plutonium inventory would be kept constant in coming decades for a nuclear 
reactor fleet producing 400 TWe/y [62].  

The current design of the DB-MHR consists of four modules, each of them with a 
thermal power of 600 MWth. The reactor operates using two different types of fuel: 
Driver Fuel (DF) and Transmutation Fuel (TF). The fresh DF contains NpPuO1.7 
coming from LWRs spent fuel, which is the fission products and uranium extraction 
from LWRs waste; whereas the fresh TF is made from spent DF (after it has been 
irradiated for three years in the DB-MHR) plus some set-aside Am-Cm (in the form 
AmCmO1.7) coming directly from the reprocessing of the LWRs spent fuel. The DF 
depletes fissile isotopes and supplies the fission neutrons, mainly through fission of 
239Pu and 241Pu. Whereas, the TF depletes non-fissile isotopes by neutron capture 
followed by natural decay or fission and it provides excess reactivity control. Because 
fissions in the DF are the main driver of the DB-MHR operations, and captures in the 
TF are control mechanism, the capture to fission ratio should be as low as possible for 
DF, and absorption in the TF should be facilitated as much as possible. After  irradiation 
of three years transmutation of over 94% of 239Pu and 53% of all actinides coming from 
LWRs waste [63] is achieved. The spent Transmutation Fuel constitutes the final waste 
of the DB-MHR. The high burnup capability of high temperature reactors has been also 
confirmed in pebble bed reactors [64]; in addition, chemical analysis studies have 
shown good agreement with the predictions of numerical simulations [65]. 

A part from the deep burn of nuclear waste, the DB-MHR exhibits several benefits: a 
cost lower than an ordinary LWR [66], a clear passive safety mechanism  [67] - [74], a 
flexibility in the choice of fuel type, a high conversion energy efficiency, a well 
developed technology and an improvement of the barriers protecting the environment 
from the radiotoxicity of spent fuel. The DB-MHR fuel pins consist of a graphite matrix 
filled by a square lattice of triple isotropic coated particles (TRISO) [75] - [89], which 
are also an effective waste form with a reliable protective barrier. Each TRISO particle 
is made of a fuel kernel, a sphere with a radius of 150 µm for DF and 100 µm for TF, 
surrounded by a cladding of 4 layers: porous carbon, inner pyrolitic carbon, silicon 
carbide and outer pyrolitic carbon. The ratio between the width of the cladding and the 
radius of the kernel is 1.7 for DF and 2.6 for TF; by contrast, in ordinary LWRs the ratio 
between the width of zircaloy cladding and the radius of fuel pellets is only 0.14. 
Because of the large thickness of the cladding, TRISO particles can retain all fission 
products up to a temperature of 1600 oC. This limit can be higher, up to 1800 oC, if ZrC 
replaces SiC [90] - [93]. If the cooling of helium ceases, the passive heat removal grants 
that the temperature of the fuel never exceeds 1600 oC; in addition, the peak of power 
occurs after 72 hours, a period long enough to allow the plant operators to activate all 
safety devices. Nevertheless, a temperature excursion may trigger the oxidation of the 
graphite matrix of the fuel pins, because at 1000 oC its oxidation rate, as function of the 
surface temperature, increases to the asymptotic level, see [70]. 

The inner pyrocarbon layer usually is the first layer of a TRISO particle that fails, since 
it is subjected to counteracting mechanical stresses: a swelling, due to the pressure of 
fission products gases, and a shrinkage, due to the neutron irradiation. Therefore, the 
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most usual failure is a radial crack on the internal side of the inner pyrocarbon layer 
(fig. 3 of [79]), where the strains are stronger (fig 5 of [78]). The strain of the 
mechanical stresses depends on: the fluence, the pyrocarbon density, the degree of 
anisotropy (the Bacon anisotropy factor) and the irradiation temperature. Recent studies 
have proven that the optimal width of the inner pyrocarbon layer of TRISO particles is 
about 15 µm, because, after this threshold, a greater thickness increases the probability 
of failure of the coating (fig. 11 of [78]). By contrast, a greater thickness of the porous 
carbon and SiC layers always reduces the probability of failure of the coating (fig. 10 
and 12 of [78]).   

Finally, the use of TRISO particles are useful also to reduce proliferation because it 
would be necessary to process 1010 coated particles to reach the critical mass of 239Pu 
[64]. 

8.1.2 The DB-MHR - description and operation at the equilibrium of the fuel 
composition 

The DB-MHR has been modeled in the numerical simulations as a cylinder, of 4 m 
radius and 10 m height, filled by a 13X13 matrix of fuel and graphite hexagonal blocks. 
The fuel blocks consist of 3 concentric rings of 36 hexagons as shown in Figure 8.1. 
Each fuel block has a side of 20.8 cm and a height of 7.93 m; a graphite reflector covers 
further 1.035 m, both at top and at bottom, along the axial direction (fig. 6 of [63]). In 
each hexagonal block there are 108 cooling channels, with a diameter of 0.797 cm, 144 
DF pins and 72 TF pins, both with a diameter of 0.622 cm (fig. 5 of [63]The coolant 
channel surrounding the fuel pin has an external radius of 0.635 cm. Each fuel pin 
consists of graphite filled with a square lattice of TRISO particles, which are fuel oxide 
spheres (kernel) covered by a triple isotropic coated layer. The structure and properties 
of a TRISO particle are shown in Table 2 and fig. 5 of  [63]. In order to decrease the 
capture to fission ratio of DF, and therefore of 239Pu, see Figure 8.2, General Atomic 
selected a higher radius for the DF kernel comparing to TF. For simplicity design, we 
kept for both fuels the same packing ratio (defined as the volume of fuel kernels over 
the total volume of fuel pin) [63]. 

It takes about 12 years for DB-MHR to approach an equilibrium composition; therefore, 
all our studies have been focused on the 12th year. The in-core loading strategy is 
grounded on the following steps: 

• At the beginning of the 1st year, we assumed that the reactor starts its life 
by loading the fresh DF into the inner ring.  

• At the beginning of the 2nd year, the spent DF is shuffled into the central 
ring and fresh DF takes its place.  

• After two years, at the beginning of the 3rd year, spent DF from the 
central ring is moved into the outer ring; the spent DF from the inner ring 
is shuffled in the central one; the inner ring is filled with fresh DF. No TF 
fuels the reactor during the first three years.  



 

 

 

 

 

96

Figure 8.1 The model of the DB-MHR used in simulations. 

• At the end of the 3rd year, the spent DF from the outer ring, which it has 
been irradiated a period of three years, is reprocessed, by fission products 
extraction, to build the fresh TF, which contains also some set-aside Am-
Cm from the reprocessing of LWR spent fuel.  

• At the beginning of the 4th year the inner ring contains both fresh DF and 
TF. In the following years, the shuffling policy is continued as in the first 
three years: moving both spent DF and TF outwardly at the end of each 
year.  
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• The reactor loads DF and TF in all three rings just at the beginning of the 
6th year. After an irradiation of 3 years, the TF is extracted from the outer 
ring as waste. 

Figure 8.2 Capture to fission ratio of 239Pu. 

In the approach to equilibrium, we simulated for a time being only the radial shuffling 
and we neglected the axial one. In the real project of General Atomic, each hexagonal 
fuel block consists of 10 axial sub-blocks, which every year should shuffle from [0 1 2 3 
4 5 6 7 8 9] to [4 3 2 1 0 9 8 7 6 5].  This axial shuffling optimization will be addressed 
in our next work. 

Our model of the DB-MHR lacks, at the moment, the representation of the control rods, 
but this approximation should not seriously affect burnup calculations since the value of 
keff is very close to criticality (fig. 8 of [63]). 

We performed all time dependent simulations by the code MCB [4]-[7] , an extension of 
MCNP [3] with the burnup implementation; whereas, we used the MCNP code for the 
static calculations. Both numerical codes have been equipped with a cross section 
library based on JEF-2.2 complemented with ENDF\B-6.8 and JENDL-3.2.  

8.1.3 Neutron Flux and spectrum at the equilibrium of the fuel composition 
We investigated both the radial and the axial profile of the neutron flux in the DB-MHR 
core and in the fuel pins. We performed the calculations at the beginning of the 12th year 
and after 330 days of full power operation. In order to evaluate the radial flux profile in 
the core, we selected 11 hexagonal blocks (the 12th block is cut by the edge of the 
reactor) disposed along the radial direction from the center of the reactor (which 
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corresponds to the vertical direction of fig. 5 of [63]). At the same time, we divided 
each hexagonal block into 10 axial sub-blocks equally spaced along the z axis in order 
to estimate the axial flux at different heights. It is important to highlight that the axial 
division into 10 sub-blocks reflects the real reactor, since the graphite blocks are 
manufactured with this structure. Nevertheless, since the flux is symmetric along the z 
axis, we limited our studies only to the upper 5 axial sub-blocks. In this set of 
simulations we did not consider the flux in the two axial reflectors.  
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Figure 8.3  Neutron flux profile at the beginning of the 12th year. Neutron flux has been 
averaged in 10 axial sub-blocks and 11 radial hexagonal blocks from the center of the 
reactor. Curves refer to the upper 5 axial sub-blocks. The 5th radial hexagonal block 
corresponds to the inner ring, the 6th to the central one and 7th to the outer one. Ticks 
on the curves represent the standard deviation 

Figure 8.3 shows the radial profile of flux in the reactor sampled in the radial hexagonal 
blocks, each curve represents one of the 5 upper axial sub-blocks at the beginning of the 
12th year. The neutron flux drops after the 8th block due to the increase of leakage in the 
outer blocks; the same effect plays a visible role in the last two axial sub-blocks, where, 
in addition, the flux becomes more flattened because neutrons with a higher energy 
escape the more. Nevertheless, leakage plays a little role in the economy of the reactor 
since only 3.2% of neutrons escape. We can observe in Figure 8.3 that the peak of the 
neutron flux emeges in the 4th block, which consists of pure graphite and it is adjacent to 
the fuel block of the inner ring. This behavior is explained by the graphite moderation 
of neutrons coming from the inner fuel ring, which contains fresh fuel, and the circular 
shape of fuel, which does not allow radial leakage. Moreover, fuel blocks disposed in an 
anular shape flatten the flux in the center of the reactor. 



 

 

 

 

 

99

In order to understand better the radial and axial flux behavior, we performed studies of 
the flux distribution inside of the DF and TF pins located at the center of a hexagonal 
block for each of the three rings of fuel. We analyzed a total of 6 pins: a pair of pins for 
the inner, central and outer rings. The 6 fuel pins have been separately divided, both 
along the radial and the z axes, into 10 equivolume regions. Figure 8.4 shows the radial 
flux profile in the DF and TF pins located at the center of a hexagonal block for the 
inner, central and outer rings at the beginning of the 12th year. We can note that the flux 
in the inner ring is much higher because it contains fresh fuel. It is not surprising that 
the neutron flux is quite flat, because of the small radius of fuel pin (0.622 cm) 
compared to the whole reactor (4 m). Figure 8.5 shows the axial flux profile for the 
same pins of  Figure 8.4; we can see that the flux drops about 50% along the height of 
the pins. By contrast, as Figure 8.3 shows, the radial drop of the flux is significantly 
lower (about 25%). Therefore the axial shuffling of the fuel plays an important role for 
the optimization of the 239Pu burnup. 
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Figure 8.4 Radial neutron flux at the beginning of the 12th year of DF and TF pins in 
the center of a hexagonal block in the inner, central and outer rings. 

Figure 8.6 shows the same flux of Figure 8.3 but referred to the end of the 12th year; we 
can note that the flux is a little higher (about 6%) than that one at the beginning of the 
year since the reactor operates at constant power and fuel depletes. Nevertheless, even if 
flux is a little higher, the values of flux in the 11th block, which is located close to the 
boundary of the reactor, remain unchanged at the end of the 12th year, since a higher 
flux increases neutron leakage. Let us note that the difference between the flux at the 
beginning of the year and that one at the end is not bound to the statistical error, since 
the relative standard deviation of flux is only 0.8%. In addition, the two curves at top of 
Figure 8.6 are closer than those ones in Figure 8.3, because the top curve of Figure 8.3 
experienced a higher burnup. Analogue considerations, about the difference between the 
flux at the beginning of the 12th year and that one at the end, may apply to Figure 8.7 
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and Figure 8.8 versus Figure 8.4 and Figure 8.5, respectively. Figure 8.4 and Figure 8.5 
show that the flux in the DF is higher than in TF since DF contains an higher quantity of 
fissile actinides; nevertheless this effect if negligible at the end of the 12th year because 
of the burnup. Let us also remark that the choice of the cross sections library between 
JEF, JENDL and ENDF/B may affect up to 6.5% the value obtained for neutron flux 
(table 5 of [95]). 
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Figure 8.5 Axial neutron flux at the beginning of the 12th year of DF and TF pins in the 
center of a hexagonal block in the inner, central and outer rings. 

We calculated the neutron spectrum averaged over the whole reactor, including the two 
axial reflectors, and in the DF and TF kernels for each of the three rings of fuel blocks. 
All neutron spectra have been calculated using the energy binning corresponding to the 
69 energetic groups of the WIMS cross section library for thermal reactors; these groups 
are composed of 14 fast groups, 12 resonance groups, and 42 thermal groups [96] and  
[97]. Figure 8.9 , which shows the neutron spectrum at the beginning of the 12th year, 
clearly indicates the reactor operates in a thermal spectrum with a spectral peak located 
at the energy of 0.11 eV, which is a little less than the value of 0.2 eV calculated by 
Nakata in [98]. 

The DB-MHR, as other power reactor types, requires a proper reactivity management in 
order to compensate for burnup of fissile isotopes without violating safety limits for 
reactivity excess available during operation. The 167Er isotope can serve this purpose as 
a burnable poison enhancing simultaneously the Doppler temperature feedback. 
However, it is also possible to take advantage of the unique features of the TF, which 
contains isotopes having both a breeding potential which sustains reasonable reactivity 
margins and favorable neutron capture cross sections contributing to the desired 
temperature feedbacks. Particularly, TF neutron capture cross section is favorable in the 
energy region just behind the thermal peak of the spectrum (Fig. 2 in [63]).  
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Figure 8.6 Neutron flux profile at the end of the 12th year. Neutron flux has been 
averaged in 10 axial sub-blocks and 11 radial hexagonal blocks from the center of the 
reactor. Curves refer to the upper 5 axial sub-blocks. The 5th radial hexagonal block 
corresponds to the inner ring, the 6th to the central one and 7th to the outer one. Ticks on 
the curves represent the standard deviation 
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Figure 8.7 Radial neutron flux at the end of the 12th year of DF and TF pins in the 
center of a hexagonal block in the inner, central and outer rings 
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Figure 8.8 Axial neutron flux at the end of the 12th year of DF and TF pins in the center 
of a hexagonal block in the inner, central and outer rings 
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Figure 8.9 Neutron spectrum at the beginning of the 12th year averaged in the whole 
reactor. 

The neutron spectra of DF and TF kernels, as showed on Figure 8.10 - Figure 8.15, 
exhibit a pattern, reminding a fast spectrum. In fact, kernels as a bulk see mostly fast 
fission neutrons leaving; whereas, all thermalised neutrons entering back are 
immediately absorbed.  We can note some fine differences on those neutron spectra.  
The central ring has hardest spectrum among the three fuel rings, since is not moderated 
by any adjacent block of graphite. Moreover, the inner ring has a harder spectrum than 
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the outer one, because it is loaded with fresh fuel. In fact, 239Pu, abundant in the fresh 
fuel, depresses significantly the low energy part of the spectrum on  Figure 8.11 in the 
energy range 0.1-0.3 eV due to its high capture to fission ratio. The distinct dip in 
Figure 8.10, located at 1 eV, is due to resonance capture of 240Pu. During full power 
operation, the relative abundance of 239Pu, both in DF and TF, decreases but abundance 
of 240Pu increases. Consequently, the dip corresponding to 239Pu resonance becomes 
more shallow while passing from the inner ring (Figure 8.10), the central one (Figure 
8.11) to the outer one (Figure 8.12).  By contrast, resonance capture of 240Pu responsible 
for the second dip has a somewhat opposite behavior due to the increased amount of 
240Pu in irradiated fuel: the dip corresponding to 240Pu becomes deeper while passing 
from the inner ring (Figure 8.10), the central one (Figure 8.11) to the outer one (Figure 
8.12). The same phenomena can be observed by analyzing the spectra at the beginning 
of the 12th year and after 330 days of full power operation. In fact, the dip of 239Pu 
decreases and that one of 240Pu increases while comparing Figure 8.12 with Figure 8.10, 
Figure 8.14 with Figure 8.11 and Figure 8.15 with Figure 8.12. It is worth to note that at 
the end of the 12th year the 239Pu dip in TF (Figure 8.15) has almost disappeared because 
of 239Pu depletion. 
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Figure 8.10 Neutron spectrum at the beginning of the 12th year averaged in one 
hexagonal block 

 

The spectrum averaged in the whole reactor at the end of the 12th year had as expected 
no significant differences with the corresponding one at the beginning of the year; in 
fact, the moderation of graphite attenuates the differences of the spectra in the kernels.  
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Figure 8.11 Neutron spectrum at the beginning of the 12th year in the kernel of the fuel 
pin located at the center of a hexagonal block of the inner ring. 
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Figure 8.12 Neutron spectrum at the beginning of the 12th year in the kernel of the fuel 
pin located at the center of a hexagonal block of the central ring. 
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Figure 8.13 Neutron spectrum at the beginning of the 12th year in the kernel of the fuel 
pin located at the center of a hexagonal block of the outer ring. 
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Figure 8.14 Neutron spectrum at the end of the 12th year in the kernel of the fuel pin 
located at the center of a hexagonal block of the inner ring. 
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Figure 8.15 Neutron spectrum at the end of the 12th year in the kernel of the fuel pin 
located at the center of a hexagonal block of the central ring. 
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Figure 8.16 Neutron spectrum at the end of the 12th year in the kernel of the fuel pin 
located at the center of a hexagonal block of the outer ring. 
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8.1.4 Effect of DF kernel volume to the capture to fission ratio  
In order to optimize the rector performance, one would like to obtain the capture to 
fission ratio of fuel as low as possible for DF, since DF should be efficiently fissioned, 
whereas TF is dominated by neutron capture. Consequently, General Atomic set the 
radius of the DF kernel of TRISO particles (150 µm) greater than that one of TF (100 
µm). We tried to verify the benefits of this choice by studying the capture to fission 
ratio of 239Pu, because this isotope is the most abundant one in DF and any change on its 
reaction rate strongly affects the behavior of the reactor. In order to analyze the effects 
of the kernel size in the capture to fission ratio of 239Pu, we gradually changed, the 
radius of the DF kernel keeping constant its packing ratio. We used the set of values: 
100, 150, 200, 250 µm as radii of the DF kernel; whereas, we kept constant the radius 
and packing ratio of the TF kernel at their nominal values [63]. All calculations were 
performed for the beginning of the 12th year. 
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Figure 8.17 Capture to fission ratio of 239Pu at the beginning of the 12th year for 
different radii of the DF kernel. The TF radius has been kept constant to 100 µm. 

A greater radius of the kernel of TRISO particles induces a better thermalization of 
neutrons in the fuel volume and therefore a decrease in the capture to fission ratio, as 
Figure 8.17 shows. In fact, the neutron spectrum in the fuel is fast and the major 
contribution to the capture to fission ratio comes from the resonances of the fast region 
(Figure 8.2); therefore, better termalizatuion of the spectrum results in a lower capture 
to fission ratio. In addition, the spatial self-shielding is negligible because the mean free 
path of neutrons in the DF kernel is about 1.8 cm, 600 times higher than the kernel 
diameter. Since the inner ring contains a larger quantity of 239Pu, with the low capture to 
fission value in the slope between 0.1 and 0.3 eV (Figure 8.2), it has a lower capture to 
fission ratio than the outer one (Figure 8.13 and Figure 8.16). Whereas, the central ring 
with the hardest spectrum of all the three rings, has the highest values of the capture to 
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fission ratio (Figure 8.17) around the the resonace peaks and consequently the higher 
average capture to fission ratio. TF – as can be seen on Figure 8.17– shows negligible 
changes, since the TF radius has been kept constant. 

It can be concluded that there is no significant impact of the kernel size variation, so  
one can have DF and TF kernels of the same size, a choice that simplifies 
manufacturing of fuel.  

Since 239Pu is the most abundant isotope of DF, mostly responsible for sustaining the 
fission chain, a lower capture to fission ratio of 239Pu leads to a higher keff (Figure 8.17 
and Figure 8.18) and the variation of keff, with different radii of DF kernel, have the 
same magnitude as the changes in the capture to fission ratio of 239Pu (about 1%). 
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 Figure 8.18 keff for different radii of the DF kernel during the 12th year. Maximal 
standard deviation lower than 0.00041. 

8.1.5 Reactivity temperature coefficients. 

8.1.5.1 Cross section changes  
We calculated the temperature coefficient (CT) for a temperature excursion affecting 
only the cross sections of either the fuel or the moderator. Again, we focused our studies 
at the beginning of the 12th year.  

Since the operational temperature of the DB-MHR fuel is about 1400 K and the coolant 
temperature is in the range of 760 -1100 K, we assumed the reference temperatures of 
1500 K for fuel and of 1200 K for graphite. Then, we varied separately the temperature 
of the fuel and the moderator from 1200K, through 1500K up to 1800 K. With this set 
of temperatures, we estimated the reactivity changes corresponding to the temperature 
variation, by the formula:  
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∆ρ=ρ(Τ)−ρreference 

where ρ(T) is the reactivity of the reactor for different fuel or moderator temperatures. 
Whereas, ρreference is the reactivity of the reactor for which both fuel and moderator are 
at the reference temperatures. Then, we calculated the temperature coefficient (CT) by 
the formula: 

 

∆ρ
=

⎛ ⎞
⎜ ⎟
⎝ ⎠reference

CT
Tlog

T

 

Table 8.1 summarizes the results for the fuel temperature changes and Table  8.2 for the 
moderator.  The DB-MHR exhibits negative reactivity temperature coefficients both for 
fuel and moderator cross section variations. The reactivity changes corresponding to the 
300 K temperature raise or drop are of the level of 420 pcm for the fuel and 4000 – 
9000 pcm for the moderator. Consequently, the temperature coefficients for moderator 
are 10 times larger than those for the fuel. This huge difference may be explained by 
Figure 8.19, because it shows that the peak of neutron spectrum, for a fuel temperature 
of 1800 K and a moderator one of 1500 K, shifts from 0.11 eV (at the reference 
temperatures) to 0.2 eV, exactly where 239Pu exhibits a peak in the capture to fission 
ratio. Therefore, the shift of the spectrum generates a very strong feedback and it affects 
mainly the moderator CT; in fact, the moderator CT is mainly driven by the spectrum 
shift, whereas that one of fuel does by the broadening of capture resonances. 

Table 8.1: keff , reactivity (ρ), differential reactivity (∆ρ) and temperature coefficient (CT) for 
different temperatures of the cross sections of the fuel at the beginning of the 12th year. 
Maximal standard deviation of keff lower than 0.00023. 

Fuel Temperature [K] 1200 1500 1800 

keff 1.06511 1.06040 1.05550 

ρ 0.06113 0.05696 0.05258 

∆ρ 0.00417 0 -0.00438 

CT -0.01869 0 -0.02401 
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Figure 8.19 Neutron spectrum at the beginning of the 12th year averaged in the whole 
reactor for fuel at 1800 K and graphite at 1500 K (with S(α,β) at 1600 K). 

Table  8.2: keff , reactivity (ρ), differential reactivity (∆ρ) and coefficient of temperature 
(CT) for different temperatures of the cross sections of the moderator at the beginning of 
the 12th year. Maximal standard deviation of keff lower than 0.00022. 

Moderator Temperature [K] 1200 1500 1800 

keff 1.06040 1.01883 0.96468 

ρ 0.05696 0.01848 -0.03661 

∆ρ 0 -0.03848 -0.09357 

CT 0 -0.17243 -0.23078 

 

We performed also a set of simulations using different temperatures of the moderator to 
test the sensitivity of MCNP results on the S(α,β) thermal neutron treatment data, 
necessary for a proper simulation of the thermal neutron interactions with graphite 
(upscattering processes). Table 8.3 shows a dependence of keff on temperature 
dependent S(α,β) matrices for the moderator. Table 8.3 indicates that temperature 
dependent thermal neutron scattering in graphite is responsible for almost the entire 
cross-section dependent reactivity feedback from the moderator.  Moreover, it should be 
noted the the S(α,β) dependent reactivity feedback  in the temperature interval 1200 -
1600 K is four time bigger than in the interval 800-1200 K. This behavior can be 
explained by the neutron spectral shift towards a large resonance capture in 239Pu. 
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Table 8.3 : keff at different temperatures of the moderator using a different thermal 
treatment. 

 S(α,β) 800 K S(α,β) 1200 K S(α,β) 1600 K 

900 K 1.07090 1.06027 1.01895 

1200 K 1.07083 1.06040 1.01890 

1500 K 1.07095 1.06000 1.01883 

1800 K 1.06847 1.05788 1.01671 

 

In addition, we tested the sensitivity of keff on a temperature dependent free gas neutron 
treatment (TMP parameter on the cell cards). As expected no significant impact has 
been found; in fact, the free gas treatment can be accounted as highest to only 0.07% of 
keff, a value lslightly higher than the standard deviation (0.02%). 

8.1.5.2  Density and volume changes 
Temperature dependent changes of density driven by the thermal volume expansion 
contribute also to the thermal reactivity feedback, CT. We simulated two different 
scenarios: increase of the fuel temperature (up to 1800 K) with a constant moderator 
temperature at the reference value of 1200 K; whereas, in the second scenario we 
increased also the temperature of moderator to the value of 1500 K. 

In order to take into account the volume expansion of the fuel, the radius of the kernel 
of the TRISO particles at 1800 K (r1800) has been increased according to the following 
formula [100]: 

r1800=r293⋅(a0+a1T+a2T2+a3T3) T=1800 K 

The ai are constants (given in Table 8.4) and r293 is the radius at the temperature of 293 
K, which has been calculated by: 

 r293= rreference⋅(a0+a1T+a2T2+a3T3)-1 T=1500 K 

where rreference is the radius of the kernel during normal operation (150 µm for DF and 
100 µm for TF at 1500 K). Then, we preserved the mass of fuel by decreasing its 
density according to the new volume. 
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Table 8.4: Fuel thermal expansion constants. 

a0 0.99652 

a1 1.17876⋅10-5 

a2 -2.42851⋅10-9 

a3 1.21876⋅10-12 

 

In the second simulation we modified also the temperature of moderator, the H451 
graphite. In the long run, the volume of graphite changes according to irradiation 
temperature and time exposure. Irradiated graphite may tend to swell or shrink 
depending on the operational temperature.  Since during normal operation in the DB-
MHR graphite works above 700 K, which is the turnaround temperature, the volume 
change results always in swelling [101]. However, in our model we neglected the 
irradiation effects on graphite volume, since we considered only the major fast 
contributes due to a temperature change: thermal expansion. We assumed the linear 
expansion coefficients of graphite(αC) and silicon carbide (αSiC) equal to 4.55⋅10-6  
[102] and 4⋅10-6 K-1, respectively. Consequently, the density d1500 of all graphite zones 
at temperature of 1500 K and that one of silicon carbide in the layer of the TRISO 
particles have been recalculated according to the following formula: 

d1500=dreference⋅(1+α∆T)-3 ∆T=300 K 

where α is the linear coefficient either of graphite or silicon carbide and dreference is the 
density during normal operation. In order to take into account the thermal expansion of 
graphite and silicon carbide, we increased all the geometric data regarding graphite and 
silicon carbide by the following equation: 

x1500=xreference⋅(1+α∆T)  ∆T=300 K 

where x1500 and xreference respectively are the geometric data at the temperature of 1500 K 
and at 1200 K. 

The temperature coefficients weakly depend on variation of the density and volume of 
materials comparing to the change of cross sections temperature. In fact, the value of 
CT reported in the first column of Table 8.5, which includes also the variation of 
density and volume, differs just 13% from the result calculated in the third column of 
Table 8.1, which includes only cross-sections variation. The columns of Table 8.5 show 
that the addition of the variation of volume and density keeps unchanged the large 
difference (about an order of magnitude) between the moderator CT and the fuel one.  
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 Table 8.5: keff, reactivity (ρ), differential reactivity (∆ρ) and temperature coefficient (TC) 
at the beginning of the 12th year for different temperatures of fuel and moderator. Maximal 
standard deviation of keff lower than 0.00024. 

 1800 fuel – 1200 moderator 1800 K fuel -1500 K 
moderator  

keff 1.05474 1.01387 

ρ 0.05190 0.01368 

∆ρ -0.00506 -0.04328 

CT -0.02776 -0.23738 
 

Table 8.6, which shows the capture to fission ratio of 239Pu at increased temperatures, 
demonstrates how strictly connected are the changes in the capture to fission ratio of 
239Pu with the changes in the keff. In fact, a change, due to an increase of temperature, in 
the capture to fission ratio of 239Pu (Table 8.6), has the same order of magnitude than a 
change in the value of keff (Table 8.5). Namely, when the moderator temperature 
increases to 1500 K (second column of  Table 8.6), the change in the capture to fission 
ratio (from the reference value) is 8 times the change generated by the increase of only 
fuel temperature (first column of Table 8.6). At the same way, when the moderator 
temperature increases to 1500 K (second column of Table 8.5) the change in keff (from 
the reference value, Table 8.1 and Table  8.2) is 8 times the change generated by the 
increase of only fuel temperature (first column of Table 8.5). Finally, by comparing the 
values reported in Table 8.6, we see how an increase of temperature, therefore a faster 
spectrum, increases the value of the capture to fission ratio, as Figure 8.2 would have 
foretold because of a larger contribute of the peak at 0.2 eV.  

Table 8.6: Capture to fission ratio of 239Pu at the beginning of the 12th for different
temperatures of fuel and moderator. 

 Fuel at 1800 K  
Moderator at 1200 K 

Fuel at 1800 K 
Moderator at 1500 K 

Inner ring DF 0.609 0.616 

Central ring DF 0.621 0.625 

Outer ring DF 0.612 0.620 

Inner ring TF 0.615 0.621 

Central ring TF 0.624 0.628 

Outer ring TF 0.615 0.623 

 



 

 

 

 

 

114

8.1.6 Conclusions 
The disposition of fuel in a circular shape and the radial shuffling strategy set a quite 
flat profile of neutron flux along the radial direction (since it drops only of 25%). 
Nevertheless, the axial profile exhibits a larger change than the radial one (since it drops 
of 50%); therefore, the inclusion of the axial shuffling in the simulation model may 
better optimize the fuel cycle. The peak of neutron flux lies not in the inner ring of fuel 
blocks, which contains fresh fuel, but rather in the adjacent (toward the center of the 
reactor) graphite block. Leakage become significant only in the last three radial 
hexagonal blocks. Flux level mainly depends on the geometry location and very little on 
the fuel isotopic composition, since the pins of DF and TF in the same block have 
almost same the same flux. The level of flux maintains quite constant during the 
operation of the reactor, since at the end of the 12th year it increases only of 6%. 

The peak of neutron spectrum lies at 0.11 eV, which clearly proves that the DB-MHR 
operates in the thermal region. By contrast, fuel experiences a fast spectrum with two 
dips in the thermal region due to resonance captures of 239Pu and 240Pu. The amplitude 
of the dips changes according to both the location of fuel pin (different rings 
experienced a different level of fluence due to the radial shuffling) and the irradiation 
time during operation.  

No single benefit came from the choice of General Atomic to set a radius of the DF 
kernel greater than the TF one in order to jeopardize the number of fissions.  

Both the fuel temperature coefficient and the moderator one are negative; in addition, 
the temperature coefficient of moderator is very large (about 4000-9000 pcm) and it is 
one order of magnitude higher than the value of the fuel. The temperature coefficients 
allow the GT-MHR to automatically shutdown in an accident scenario, because, when 
the temperature of fuel increases to 1800 K and that one of moderator to 1500 K, the 
peak of spectrum shifts to 0.2 eV triggering a strong negative feedback due to a peak in 
the capture to fission ratio of 239Pu. In the numerical model, the temperature of graphite 
is mainly established by the S(α,β) card of MCNP; whereas the TMP entry of the cell 
cards does not affects results. The inclusion of volume thermal expansion in the 
calculation of the temperature coefficients brings only to second order changes, since 
the values differ only 13% from the case in which it has been taken into account only 
the temperature of cross sections. 

The fuel cycle based on Pu is mostly driven by 239Pu, since any change on the capture to 
fission ratio of this isotope proportionately reflects the change on the keff value. 
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10 DEVELOPMENT OF CALCULATIONAL 
TOOLS FOR ADS 

10.1   VALIDATION OF MONTE CARLO BURNUP CODE – MCB 
- ON RINGHALS 4 EXPERIMENT 

10.1.1 Introduction 
The Monte Carlo Burnup Code (MCB), developed at KTH in collaboration with the 
UMM in Krakow is a geometry-dependent burnup simulation tool that can be used to 
determine the material composition in reactor fuel. Being an extension of Monte Carlo 
n-Particle (MCNP) code, it solves the Bateman equations for each particular material. 

Validation of MCB is now one of the most important steps in development of the 
reliable ADS and reactor burnup simulation tools based on the Monte Carlo technique. 

The experimental burnup data of the pressurized water reactor (PWR) Ringhals 4 have 
been obtained in collaboration with Vattenfall Bränsle. Since the burnup measurements 
were performed only after the 14th burnup cycle the amount of calculational work to 
complete this task is very challenging. In year 2003 some results from the first reactor 
cycle were obtained. 

10.1.2 Objectives 
The main objective of the work is to validate the code versus experimental chemical 
data2. Other purposes of the validation are comparison with known reactor physical 
phenomenae, fuel behaviour and reactivity control (reactor dynamics). Assuming the 
code is valid, one great advantage will be the possession of a complete inventory of the 
isotopic composition of the spent fuel from the Ringhals reactor with a very good 
accuracy. 

10.1.3 The Ringhals 4 reactor 
The PWR is the most common reactor type in the world. Sweden has three PWR’s, 
Ringhals 2, 3 and 4. They are of US design (Westinghouse) [104].  

Ringhals 4 uses conventional uranium dioxide fuel, enriched in 235U to between 1.8 and 
3.6 percent [105]. The fuel consists of pellets, around 8 mm in diameter and length.The 
pellets are stacked and encapsulated in helium-filled zircalloy cladding tubes, 3.5 meters 
in length (called rods), and assembled into 17x17 arrays (bundles). In the array, some of 

                                                 
2 Carried out mainly by gamma spectroscopy at Studsvik Nuclear. 
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the positions are occupied by guide tubes for control rods and instruments, see Figure 
9.1 

 

Figure 9.1 Schematic picture of a fuel assembly (bundle) in Ringhals 4. 

The control rods are of a silver-cadmium-indium alloy and encased in stainless steel. To 
keep the array in position and reduce vibrations, the rods are kept in place by seven grid 
spacers, distributed along the bundle. The bundles are then placed in the 157 positions 
in the reactor core. The positioning of them is extremely important in order to obtain a 
homogenous power distribution in the core. 

 

Figure 9.2  Core load plan for cycle 1.  
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One bundle consists of one type of fuel, but different bundles can have different fuel. 
This makes it possible to control the reactivity and burnup of the fuel. Typically, the 
more enriched fuel is placed in the periphery, where the lower neutron density is 
compensated by a higher enrichment, thus smoothing out the effect gradient. 

Every one year or so, about a third of the fuel (the more consumed part) is exchanged 
for new fuel. The new fuel is oftenmost placed in the periphery, as mentioned above. At 
the same time, the other two thirds are rearranged in order to optimize the performance 
with respect to power distribution, burnup and neutron density. This rearrangement is 
far from straightforward; the theoretical possibilities being 157!, a number with 279 
digits, most of them, however technically infeasible. The trend is towards higher and 
higher enrichment, now approaching four percent. This allows longer cycles and higher 
output (burnup). 

Reactivity in a PWR is affected mainly by three factors: Fuel burnup, boron content in 
the coolant water and control rod positions. In addition to this, during cycle one, boron 
glass absorbers occupied some of the empty control rod tubes. This is to compensate for 
the over-reactivity due to the loading of only fresh fuel at startup. Boron is a burnable 
absorber. During operation, it will be consumed via the reaction 10B(n,α) → 7Li. In 
newer fuel designs (from cycle 2), this role is taken over by gadolinium. 

 

 

Figure 9.3 Core load plan for cycle 2. Fuels type A, B and C remain from cycle 1.  
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9.1.4 Modeling the Ringhals 4 in MCNP/MCB 

9.1.4.1 Geometry and limitations 
The basic geometry of the core is described above. In order to make a computer model, 
however, a reasonable amount of simplifications have to be done. Ideally, these should 
not affect the results significantly.  

A few observations can be made: 

1) The fuel is kept in place locally and consists of the same material (within the 
bundle). 

2) The bundles will be rearranged at every revision.  
3) Although the control tubes belong to the bundles, the control rods are static 

objects in the reactor vessel (not all bundle positions in the core have control 
rods). A bundle could therefore contain rods in one cycle, and not in the next. 

4) Equipment outside the core do not affect neutronics. 
As it seems, it should be important to be able to move around the bundles. The fuel 
assemblies should therefore be modeled as static objects, but with unique identifiers. 
The model of the bundle could on the other hand be very detailed. 

Geometry programming was carried out in the following way. A division of the model 
was made into three levels: 

1) Rod level 
2) Bundle level 
3) Core level 

These were then programmed consecutively and independently from each other.  

Level one is very simple. The fuel rod is made in one piece, like a simple cylinder, 
surrounded by helium and cladding. The control tubes were of two varieties; one empty 
and one with a control rod inside. 

On level two, the fuel rods and guide tubes were assembled into a 17x17 square lattice 
(a bundle) according to Figure 9.1. One complication arises from the spacers, which 
impose considerable effect on the neutron flux. This has to be modeled. Every bundle is 
thus duplicated; one horizontal cross-section with spacers and one without, and then 
assembled according to specifications. 
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Figure 9.4 MCNP plot of a 22x22 cm cross-section of the geometrical model showing 
one bundle with fuel and control rods. 

Features that are also modeled, but do not form a part of the active core, are the plenum 
above the fuel, the spring, and top and bottom plates. 

Since every of the 157 bundles had to be programmed individually (different materials), 
this takes up a great part of the code. Each of the 45,373 rod positions makes two entries 
in the input code; one in spacer and one without. 

 

Figure 9.5 MCNP plot of a 60x60 cm cross-section of the geometrical model. 

On level three, the bundles are placed in their respective positions in the core according 
to the load plan of cycle one.  
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Figure 9.6 MCNP plot of a 250x250 cm cross-section of the core showing the bundles 
loaded (the different colours indicate positions of different types of control rods), baffle 
and thermal protection plates and reactor vessel wall. 

At refueling, though, the bundles will not be moved (since the control rods have static 
positions). Instead, in the simulations, the materials are shuffled. One disadvantage is 
that if the bundles have different materials in the spacers, this has to be corrected for in 
the original model. Some other features of the core have to be modeled correctly, 
including the baffle plate, thermal protection plate and upper and lower core plates. For 
the sake of completion, the reactor vessel itself is also in the model. 

 

 

Figure 9.7. Axial cross-section of the reactor vessel. 
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9.1.4.2 Special refinements of the model 
In order to be able to investigate the behaviour of single rods and pellets, one of the 
bundles is divided into 110 “slices” from bottom to top, with 33 mm equidistance. This 
bundle can be placed in any position, and makes it possible to monitor axial behaviour 
and material development in the core. 

Likewise, one of the bundles consists of rods that are divided into 41 concentrical 
“shells” from the center and out, with 100 µm equidistance, making it possible to 
investigate radial effects on the fuel rods. 

During cycle one, these bundles were (arbitrarily) placed in positions 7R and 2E (Figure 
9.2), respectively. 

9.1.5 Modeling of reactor operation during cycle one 
Reactor cycle one lasted between startup of the reactor on 19.5.82 and shutdown for 
revision on 19.6.84. 

Operational data from Ringhals 4 was provided by Vattenfall AB. The power over time 
is essential to the model. Since this data consists of thousands of numbers, only the 
overall trend is possible to model. The choice was made to discretize the period into 12 
steps according to Figure 9.8 

 

 

Figure 9.8  The discretization of power versus time in cycle 1. 

In order to obtain valid conditions for the simulated operation of the reactor, boron 
content in the water and control rod positions have to be adjusted at several times during 
the cycle. At startup, this was achieved through iterative MCNP kcode simulation to 
attain criticity (keff = 1), and also in order to get a start distribution for the neutrons. In 
this step, circa 50*109 neutrons were sampled. 
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At three steps in the cycle, this would again be repeated to compensate for the reduced 
reactivity due to fuel burnup, with reduced boron content and extraction of the control 
rods. 

9.1.6 Some results from cycle 1 

9.1.6.1 Axial power distribution 
The axial power distribution on startup was checked on the axial sample bundle in 
position 7R. The result after approximately 1011 neutron histories shows good 
accordance with the expected cosine function. The effect from some of the spacers is 
also visible. 

 

 

Figure 9.9 Axial power distribution along a fuel rod in position 7R together with the 
statistical deviation error bars. 

9.1.6.2 Boron effect on reactivity 
The negative reactivity effect of boron in the water was simulated during startup, and 
was found to be 11.9±0.2 pcm/ppm boron. The reference value [104] is 12 pcm/ppm. 

9.1.6.3 Axial caesium-137 concentration 
At two stages during cycle one (after burnups of 5.4 and 12.4 GWd/tU), the 137Cs 
concentration in the axial fuel rod in position 7R was monitored, demonstrating the 
accumulation of the isotope as a function of burnup.  137Cs  was chosen because it is the 
most common isotope investigated in fuel gamma spectroscopy, and many validation 
data exist. Here, the effect of the spacers are even more visible. 
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Figure 9.10. 137Cs concentration along a fuel rod in position 7R after two of the burnup 
steps. 

9.1.6.4 The rim effect 
As neutrons reenter the fuel rod, they should ideally have been thermalized. However, 
the fraction that are in the intermediate energy regions (epithermal), will be absorbed as 
soon as they enter the fuel rod via the reaction 238U(n,γ) → 239U, which via two beta 
decays in a few days forms 239Pu [106]. This leads to an accumulation of 239Pu on the 
periphery of the fuel. 

The 239Pu will further absorb neutrons: 239Pu→ 240Pu→ 241Pu→ 242Pu. Out of these, 
239Pu and  241Pu are fissionable with thermal neutrons. The accumulation of these on the 
periphery will thus lead to an increased power (Figure 9.11 and Figure 9.12) and 
subsequent burnup in this region (Figure 9.13). This is commonly referred to as the “rim 
effect”. 

 

 

Figure 9.11. Formation of 239Pu in a fuel rod in position 2E. 
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Figure 9.12 Formation of 241Pu via neutron capture in 239Pu in a fuel rod in position 
2E. 

 

 

Figure 9.13 Radial concentration of 148Nd in a fuel rod in position 2E.Concentration of 
this isotope corresponds to burnup.  

To monitor burnup in fuel, the content of the fission product 148Nd is often used [106]. 
It has three major advantages. Firstly, it tends to stay where it was formed, secondly, it 
is not present in the fuel from the beginning and third, it is a stable isotope. It is formed 
via neutron capture by 147Nd, which comes directly from fission. Hence, the 
concentration of 148Nd anywhere in the fuel will be proportional to the number of 
fissions having occured in that region, and thus the burnup. 

9.1.7 Conclusions and future work. 
The model seems to show very good correspondence with reactor physical phenomenae 
such as power distribution and reactivity control. Also, the irradiation effects on the fuel 
itself seem confirmed on a rod level. 
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As for now, there are no experimental data specifically from Ringhals 4 available. They 
are from cycle 13 onwards. Further improvement in computer capacity at the 
department will make it possible to reach this within a few months. 

 

9.2   NUCLEAR DATA SUPPORT FOR ADS CALCULATIONS 
The nuclear data libraries for Monte Carlo stationary and MCB-burnup calculations are 
under continuous development and tests at KTH. At the moment the following nuclear 
data libraries are available: 

• ENDF/B6 version 8 
• JENDL version 3.2 
• JEF version 2.2 
• JENDL version 3.3 
• JEF version 3.0  

• EAF version 99 

• EAF version 2000 

• JANIS ver. 1.1 and 2.1 

The nuclear data for Pu-isotopes (239, 240, 241, 242) for energies up to 150 MeV have 
been added into libraries. Amercium data files are under preparation 
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11 INTERNATIONAL INTERACTIONS,  
SEMINARS  AND CONFERENCES  

In 2003 KTH prepared first an Expression of Interest and then an EU-proposal for a 
project: “Impact of Transmutation and Reduction of Wastes on Nuclear Waste 
Reopsitory”. The Project with 23 partners from 11 European countries has been 
approved with a KTH coordination. Start of the project – March 2004, EU-funding 2 
MEuro. 

KTH has in 2003 actively prepared for an Integrated EU project “Eurotrans”. First 
preparatory meetings took place in Karlsruhe in November and December 2003.  

In 2003 two important ISTC projects have been approved for funding: Subcritical 
Assembly in Dubna – SAD project, and nitride nuclear fuel development MATINE-
project. KTH is a major collaborator for this projects. The projects will start in 2004. 

 

Waclaw Gudowski participated  in following international meetings, workshops and 
conferences: 

• Invited speaker for the public hearing of the French Parliament on Nuclear 
Waste Treatment (April 2003) 

• European meetings: 

o EU-Project ADOPT meetings in Paris and Brussels (March 2003) 

o EU-ADOPT Project: International Workshop on P&T and ADS 
Development, October 6-8, 2003 SCK•CEN, Mol, Belgium 

o EU-Project Confirm and Future meeting in Sigtuna (June 2003) 

o EU-Project HINDAS – Final workshop in Darmstadt (September 2003) 

o EU-Project MOST meeting in Paris (March 2003) 

o EU-Project MUSE meeting in Madrid (May 2003) 

o EU-Project PDS-XADS meeting in Stockholm (April 2003) 

o Preparation for a new EU-Project RED-IMPACT – meeting in Brussels 
(September 2003) 

o Preparation of a new EU-Project EUROTRANS – meetings in Karlsruhe 
(November, December 2003) 
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• Sixth International Meeting on Nuclear Applications of Accelerator Technology 
Accelerator Applications in a Nuclear Renaissance – AccApp’03, June 1-5, 
2003 • San Diego, CA 

• IAEA and YALINA-experiment meeting in Minsk (May 2003) The 21st 
Conference of the Israel Nuclear Societies,  May 22-23, 2002—Haifa, Israel  
(invited speaker) 

• Contact Expert Group of the International Science and Technology Centre 
annual meeting in Brussels (January 2003) 

 

Janne Wallenius: 

• EU-meetings 

o ITEM Project meeting, Brussels (January and October 2003)  

o CONFIRM/FUTURE meeting Sigtuna (June 2003) 

o SPIRE meeting in Stockholm (September 2003) 
o ADOPT workshop in Brussels (October 2003) 
o FUTURE meeting in Paris (December 2003) 

• ISTC Contact Expert Group meeting in Brussels (January 2003) 

• Lecture on "Nordic Reactor Physics Conference" in Helsinki (April 2003) 

• Fe-Cr workshop in Stockholm (April 2003) 

• Presentation on Sixth International Meeting on Nuclear Applications of 
Accelerator Technology Accelerator Applications in a Nuclear Renaissance – 
AccApp’03, June 1-5, 2003 • San Diego, CA  

• Invited speaker at FZK, Karlsruhe (July 2003) 

• Invited speaker at JAERI, Tokai (July 2003) 

• Fe-Cr workshop in Mol (October 2003) 

• NEA/OECD meeting in Oak Ridge (November 2003) 

• Presentation at GLOBAL 2003 Meeting in New Orleans, Nov. 16-20, 2003 

Mikael Jolkkonen 

• PSI (Switzerland): Colloquium on process modeling (March, 2003) 
• Santa Fe (USA): "Materials Modeling and Simulations for Nuclear Fuels"  

workshop (June,2003) 
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• Sigtuna: FUTURE meeting (June, 2003) 
• New Orleans (USA): "Global 2003 ANS/ENS International Winter Meeting" 

and "Materials Modeling and Simulations for Nuclear Fuels (MMSNF2) 
workshop" (November, 2003) 

 

Marcus Ericsson: 

• NEA/OECD WPPT Meeting in Paris, (March, 12-14, 2003) 
• NEA/OECD WPPT Meeting in Oak Ridge, (November 10-14, 2003) 
• GLOBAL 2003 Meeting in New Orleans, (November 16-20, 2003) 

 
 
Daniel Westlén 

• GLOBAL 2003 Meeting in New Orleans, Nov. 16-20, 2003 
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Abstract

This thesis is devoted to the investigation of passive safety and inherent features of
subcritical nuclear transmutation systems - accelerator-driven systems. The gen-
eral objective of this research has been to improve the safety performance and avoid
elevated coolant temperatures in worst-case scenarios like unprotected loss-of-flow
accidents, loss-of-heat-sink accidents, and a combination of both these accident ini-
tiators. The specific topics covered are emergency decay heat removal by reactor
vessel auxiliary cooling systems, beam shut-off by a melt-rupture disc, safety as-
pects from locating heat-exchangers in the riser of a pool-type reactor system, and
reduction of pressure resistance in the primary circuit by employing bypass routes.

The initial part of the research was focused on reactor vessel auxiliary cooling
systems. It was shown that an 80 MWth Pb/Bi-cooled accelerator-driven system
of 8 m height and 6 m diameter vessel can be well cooled in the case of loss-of-
flow accidents in which the accelerator proton beam is not switched off. After a
loss-of-heat-sink accident the proton beam has to be interrupted within 40 minutes
in order to avoid fast creep of the vessel. If a melt-rupture disc is included in
the wall of the beam pipe, which breaks at 150 K above the normal core outlet
temperature, the grace period until the beam has to be shut off is increased to 6
hours. For the same vessel geometry, but an operating power of 250 MWth the
structural materials can still avoid fast creep in case the proton beam is shut off
immediately. If beam shut-off is delayed, additional cooling methods are needed
to increase the heat removal. Investigations were made on the filling of the gap
between the guard and the reactor vessel with liquid metal coolant and using water
spray cooling on the guard vessel surface.

The second part of the thesis presents examinations regarding an accelerator-
driven system also cooled with Pb/Bi but with heat-exchangers located in the risers
of the reactor vessel. For a pool type design, this approach has advantages in the
case of heat-exchanger tube failures, particularly if water is used as the secondary
fluid. This is because a leakage of water from the secondary circuit into the Pb/Bi-
cooled primary circuit leads to upward sweeping of steam bubbles, which would
collect in the gas plenum. In the case of heat-exchangers in the downcomer steam
bubbles may be dragged into the ADS core and add reactivity. Bypass routes
are employed to increase the flow speed in loss-of-flow events for this design. It
is shown that the 200 MWth accelerator-driven system with heat-exchangers in
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the riser copes reasonably well with both a loss-of-flow accident with the beam on
and an unprotected loss-of-heat-sink accident. For a total-loss-of-power (station
blackout) and an immediate beam-stop the core outlet temperature peaks at 680
K. After a combined loss-of-flow and loss-of-heat-sink accident the beam should be
shut off within 4 minutes to avoid exceeding the ASME level D of 977 K, and within
8 minutes to avoid fast creep. Assuming the same core inlet temperature, both the
reactor design with heat-exchanger in the risers and the downcomers have similar
temperature evolutions after a total-loss-of-power accident.

A large accelerator-driven system of 800 MWth with a 17 m tall vessel may
eventually become a standard size. For this higher power ADS, the location of the
heat-exchangers has greater impact on the natural convection capability. This is
due to that larger heat-exchangers have more influence on the distance between the
thermal centers during a loss-of-flow accident. The design with heat-exchangers in
the downcomers, the long-term vessel temperature peaks at 996 K during a loss-
of-flow accident with the beam on. This does not pose a threat of creep rupture
for the vessel. However, the location of the heat-exchangers in the downcomers
will probably require secondary coolant other than water, like for example oil (for
temperatures not higher than 673 K) or Pb/Bi coolant.
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Chapter 1

Introduction

The main mission of accelerator-driven systems (ADS) is the reduction radiotoxicity
of the nuclear waste.

Together with appropriate reprocessing, the ADS can transmute the long-lived
waste from conventional nuclear power plants (NPP) into shorter-lived and less haz-
ardous isotopes. The remaining radiotoxic inventory that needs geological disposal
can thus be reduced to about one hundredth [1] and the effective radioactive dose
from the geological waste repositories can be reduced to one thousandth compared
to the case of no transmutation [2].

After reprocessing, the plutonium (Pu) and the minor actinides (MA) will be
incinerated in ADSs. After transmutation a large fraction of the Pu inventory
will be fissioned, and thus the risk for nuclear proliferation will be diminished
significantly. Figure 1.1 presents a possible nuclear power park including ADSs. It
should be noted is that a considerable fraction of Pu could be efficiently burnt in
water reactors using thorium or inert matrix fuels [3, 4, 5].

Since the core of an ADS is designed to be subcritical, an external neutron source
is required to sustain its operation. This neutron source is a beam of high energy
protons, which impacts on a lead/bismuth (Pb/Bi) target and releases neutrons
through spallation reactions. The neutrons are thereafter scattered and diffuse into
the core where they sustain the chain reaction through fissions.

Due to the subcriticality and Pb/Bi cooling, uncontrolled large power excursions
cannot develop [6, 7]. Nevertheless, for larger inadvertent reactivity insertions the
accelerator beam should be shut off shortly after accident initiation since negative
reactivity feedbacks have a small effect on the power level due to the subcriticality of
the core. Reactivity insertions considerably smaller than the subcriticality margin
affect the power level very little [6, 7].

Efficient transmutation of MAs and higher Pu isotopes requires a fast neutron
spectrum [8]. This is the reason why mainly gas and liquid metals coolants are
considered for an ADS. A basic comparison, from the point of view of different
safety aspects, is performed between the two most probable ADS coolants today,
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Figure 1.1. Spent and processed fuel in the EU: cumulative and change per year
from 145 reactors (127 GWe) currently in operation [8].

i.e. Pb/Bi eutectic and He gas. However, the research of this dissertation has been
focused on a Pb/Bi-cooled reactor.

Safe operation and sustainable energy generation are crucial development goals
for ADSs. Important safety trends for the next generation of reactors are the
enhancement of their inherent and passive safety. Enhanced inherent safety means
that certain accident initiators have a lower probability of occurrence, e.g. due to a
low pressure coolant. Passive systems are available even if reactor operators and/or
the active safety systems are not responding, since they rely only on physical laws,
e.g. natural convection. An example of a passive safety system investigated in this
thesis is the reactor vessel auxiliary cooling systems (RVACS) [9, 10, 11, 12], which
is based on heat removal by thermal radiation and natural air circulation around
the vessel outside. The combination of passive and active systems leads to a high
reliability of the whole plant, and thus, leads to enhanced safety.

An attempt to improve the safety of a Pb/Bi-cooled ADS with water in the
secondary cooling circuit, has been made by positioning the heat-exchangers (HX)
in the risers of a simplified pool-type design. In other approaches the HXs are
placed in the downcomer of the reactor vessel [13, 14]. By this relocation of HXs
it can be avoided that steam bubbles are dragged into the core after a HX tube
rupture.

This work starts with a literature survey regarding passive systems and inherent
safety features, see Section 2. In Section 3, the computational fluid dynamics
(CFD) code STAR-CD is validated regarding natural air convection cooling which
is compared to experimental results of the Passive Containment Cooling facility
(PASCO), see Section 3.1. In Section 4 both a 200 and an 800 MWth ADS concept
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is presented. This section includes studies of RVACS, bypass routes, a beam-stop
device, and the HXs positioned in the riser. Appendix A presents the Ansaldo ADS
demo design, and App. B the theory and calculational methods.
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Chapter 2

Review of passive prevention
measures and inherent safety
aspects

2.1 Definitions of passive and inherent safety

According to the International Atomic Energy Agency (IAEA) [15] the definitions
of inherent and passive safety are:

• Inherent safety characteristic: Safety achieved by the elimination of a speci-
fied hazard by means of the choice of material and design concept. (Comment
by author: a specific accidental situation becomes impossible by nature, e.g.
a low pressure coolant)

• Passive component: A component which does not need any external input to
operate. (Comment by author: safety mechanisms are activated by laws of
nature and prevents/mitigates the accident development, e.g. RVACS)

• Passive system: Either a system which is composed entirely of passive com-
ponents and structures or a system which uses active components in a very
limited way to initiate subsequent passive operation.

2.2 Generations of nuclear power reactors

New nuclear reactors are often times categorized as evolutionary or innovative/
revolutionary. The evolutionary designs have only limited conceptual changes and
their improvements are based on previous experiences [16], whereas the innovative
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designs have entirely different arrangements of the core and its cooling systems.
Often the latter concepts aim at the elimination of a core melt scenario [16].

The US Department of Energy (DOE) categorizes the different nuclear reactor
designs into generations. Each new generation was or is motivated by evolution-
ary improvements or innovations in reactor technology. Figure 2.1 illustrates the
evolution of nuclear power. A brief description about which reactors belong to a
certain generation of nuclear power plants is summarized below.

Figure 2.1. The evolution of nuclear power described in generations. Additions in
brackets by the author. [17]

• Generation I: These designs were prototype commercial reactors of the 1950’s
and 1960’s, e.g. Shippingport, Dresden, Magnox. Most of the Generation I
plants are shut down today [18].

• Generation II: The second generation of reactors were deployed in the 1970’s
and 1980’s and are currently in commercial use. They are the vast majority of
the operating reactors today [18]. These include light-water reactors (LWR),
i.e. boiling water reactors (BWR) and pressurized water reactors (PWR), as
well as the CANDU heavy-water reactors and the advanced gas cooled reactor
(AGR).

• Generation III: The Generation III are also referred to as advanced de-
sign nuclear power plants, which include the advanced boiling water reactor
(ABWR), the European pressurized reactor (EPR), the System 80+ advanced
pressurized water reactor (APWR), and the AP600 passive-design reactor.
Advanced boiling water reactors have been built and are currently in opera-
tion in Japan [18].
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• Generation III+: The Generation III+ reactors have been under development
during the 1990’s and are planned to be deployed by 2010. Examples include
the gas-cooled pebble-bed modular reactor (PBMR) [19] and the SWR-1000
which is a BWR incorporating a nearly complete set of passive safety fea-
tures [20]. The SWR-1000 is currently being certified by the U.S. Nuclear
Regulatory Commission (NRC).

• Generation IV: These reactors are planned to be deployed by 2030 and are
expected to be highly economical, to incorporate enhanced safety, and to
produce less waste. An example is the Pb/Bi-cooled SVBR-75/100, which is
a modular reactor of 100 MW power per module [21].

2.3 General safety strategies for nuclear power plants

Efforts to minimize the levels of radioactive release from nuclear power plants are
expressed by the ”as low as reasonably achievable” (ALARA) principle. This means
that every reasonable effort should be made to keep exposures as far as possible
below the regulatory dose limits. The cost for improvements relative to benefits for
public health and safety should also be taken into account [22]. The final objective
of the ALARA principle is protection of the plant personnel and the public against
radioactive substances coming from nuclear power plants during normal operation
and most importantly during or after accidents. The three fundamental safety
functions to achieve this goal are [16]:

• control the nuclear fission process

• cooling of the fuel

• confinement of radioactive material

The safety strategies to ensure the above mentioned safety functions have evolved
and have been improved since the birth of nuclear reactors in the 1950’s. In Sec-
tion 2.3.1-2.3.3 some of the most important safety strategies are presented, i.e. the
defense in depth, redundancy, diversity, physical separation, quality assurance and
maintenance.

2.3.1 Defense in depth

The central safety strategy is the defense in depth principle [16, 23]. If properly ap-
plied this principle ensures that for example equipment or human errors are fended
off by the next level of defense. Figure 2.2 shows the defense in depth principle and
Tab 2.3.1a presents the five levels of defenses.

7



Table 2.3.1a. Defense in depth levels [16]. Additions in brackets from author.
Levels of
defense
in depth

Objective Essential means

Level 1 Preventions of abnormal operation

and failures

Conservative (inherently safe) de-

sign and high quality in construc-

tion and operation

Level 2 Control of abnormal operation and

detection of failures

Control, limitation and protection

systems and other surveillance fea-

tures

Level 3 Control of accidents within the de-

sign basis

Engineered safety features (includ-

ing passive ones) and accident pro-

cedures

Level 4a Control of severe plant conditions,

including prevention of accident

progression

Complementary measures and ac-

cident management (inherent and

passive features help)

Level 4b Mitigation of the consequences of

severe accidents

Complementary measures and ac-

cident management (inherent and

passive features help)

Level 5 Mitigation of radiological conse-

quences of significant releases of ra-

dioactive materials

Off-site emergency response

The plant conditions, which correspond to a defense in depth level, are exem-
plified below by the standards of the German and French safety authorities. Table
2.3.1b shows which plant condition category (PCC) that corresponds to each pro-
tection level of the defense in depth strategy. The PCCs represent normal operation
up to limiting accidents, whereas the risk reduction categories (RRC) prevent core
damages and mitigate consequences from accidents [16], as for example passive ones.
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Figure 2.2. The relation between physical barriers and levels of protection in
defense in depth [23]. Additions in brackets by the author.
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Table 2.3.1b. Event categories in the French-German safety approach.[16]
Event categories Systems and measures to

cope with the events
Defense
in depth

Plant conditions categories

PCC1 Normal operation Inherently stable plant be-

havior operational systems

1

PCC2 Anticipated operational

occurrences

Operational systems, limi-

tation systems

2

PCC3 Incidents Safety systems 3

PCC4 Limiting accidents Safety systems 3

Risk reduction categories

RRC-A Prevention of core melt Diverse safety systems to

prevent core melt

4a

RRC-B Prevention of large release

after core melt (mitiga-

tion)

Systems to mitigate conse-

quences of core melt

4b

The physical barriers comprise fuel matrix, fuel cladding, primary coolant, re-
actor vessel(s), and reactor containment. The strength of each barrier depends
on both their design characteristics, e.g. quality and type of material, and how
efficiently the barriers are protected by other safety systems [16].

2.3.2 Redundancy, diversity and physical separation

In case an operating system fails and its backup system malfunctions, the redun-
dancy principle ensures that an additional backup system prevents accidents. Each
running system has at least two backup systems and both are capable of averting
the accident. For example, if the insertion of control rods fails in an LWR, borated
water can instead be injected into the system.

Diversity means that the equipments used to carry out a certain function are
based on different design principles and are manufactured of different brands. Thus,
for instance a common failure of all pumps could be avoided. Another broader
example is the automatic protective systems (APS) of an LWR which consists of
two separate trains of components, each using different operating principles and
each capable of releasing the control rod clutches [24].

In order to avoid that a fire or an explosion of one component damages neigh-
boring equipment they are physically separated. Practically this means that the
different backup systems are located in separate compartments of the nuclear power
plants.
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2.3.3 Quality assurance and maintenance

The quality assurance within the nuclear industry is very advanced relative to the
industry as whole. Each component undergoes careful inspection to avoid e.g. the
use of materials or parts that are prone to fail.

Only about 0.5% of all components of a nuclear power plant cause 90% of
the core damages. Thus quality assurance and preventive maintenance on those
components enhances safety significantly. This makes the normal operation more
reliable and reduces the maintenance costs. Due to higher plant reliability the
number of transients are reduced and safety challenges diminished.

To determine which components are the most crucial for high safety performance
the Probabilistic Safety Assessment (PSA) is often used. PSAs can also be used
to find out which equipments are permitted to be out of service simultaneously for
preventive maintenance. [25]

2.4 Design objectives for Generation IV reactors

The process of development of the Generation IV reactors will be open and trans-
parent in order to gain public confidence. Its development goals are discussed and
decided in a worldwide scientific forum led by the US DOE.

The Generation IV reactor concepts should contribute to sustainable energy
generation, very reliable in operation, extremely safe, and economically competitive
with other energy sources [17]. An ADS design should also correspond to these
goals. Sustainability is briefly explained in Section 2.4.1 since ADS can reduce the
waste volume from conventional nuclear power and its radioactivity. The statements
written in italics are quoted from the Generation IV development goals [17]. The
issues of reliability and safety are covered in Section 2.4.2. Since economics is out
of the scope of this thesis only the following two statements will be considered:
1. after separation (or partitioning) of the nuclear waste, transmutation of the
waste from conventional nuclear power plants loaded with UOX, its transmutation
in ADSs would increase the price of electricity production from nuclear power by
∼50±15% [26]. 2. burning much of the plutonium and possibly the neptunium in
LWRs using thorium or inert matrix fuels could be more economical [3, 4, 5].

2.4.1 Sustainability

1: Generation IV nuclear energy systems including fuel cycles will provide sus-
tainable energy generation that meets clean air objectives and promotes long-term
availability of systems and effective fuel utilization for worldwide energy produc-
tion.[17]

In general most advocates of sustainable energy use do not consider nuclear
power as the most attractive alternative. However, its potential role in sustainable
development [27] has lately been stressed more strongly due to the growing concern

11



for the greenhouse effect. Nuclear power does not emit CO2 and consequently does
not contribute to the greenhouse problem but would rather help to solve it. The
nuclear power proponents also emphasize that it is a concentrated source of energy,
which does not emit pollutants like CO, SO2 or NOx in contrast to fossil fuelled
plants.

Employing LWR technology at the present level of electricity generation, the
known uranium resources will last about 60 years. With the estimated sources the
use could be extended to about 220 years [28], however with drastically higher
prices. A significant increase in nuclear energy production using only a once-
through cycle is therefore questionable. It is also interesting to note that the coal
resources will only last for 3-400 years at the current level of energy generation with
coal [28].

Sustainability also means a much better utilization of uranium (or thorium) re-
sources. This includes usage of reactors with better neutron economy and breeding
possibilities, i.e. fast reactors which breed more new fuel (Pu or 233U) than they
burn. Therefore, to extend the life span of nuclear power, the future emphasis has
to be on a massive deployment of breeder reactors. A thermal reactor generates
considerably less Pu or 233U than the 235U or 233U that it burns. Compared to
LWRs which use only about 1% of the total energy that the fuel contains, a breeder
reactor can potentially use 75% [28], i.e. the presently known resources would last
some 2400 years. However, further research and development on breeder reactors is
required since this technology is more difficult and demanding compared to today’s
commercial LWR reactors. Thorium based fuel is another option which has the
advantage to be 3 times more abundant in the earth’s crust than uranium [29].

2: Generation IV nuclear energy systems will minimize and manage their nu-
clear waste and notably reduce the long term stewardship burden in the future,
thereby improving protection for the public health and the environment.[17]

The geological disposal of nuclear waste is a major public acceptance issue [5].
The research on Partition and Transmutation (P&T) could lead to a more publicly
acceptable nuclear waste with lower radiotoxicity, less heat generation, as well as
reduced volume. For future reactors closed fuel cycles are needed in order to reduce
the nuclear waste volume, so that not many more large repositories such as Yucca
Mountain are necessary [5]. It is also important to generate less waste with current
LWRs. This is possible by using thorium matrix fuel with enriched 235U. Then MAs
would not be generated but instead 233U and the long-lived protactinium isotope
231Pa. The 233U is a good fuel whereas the 231Pa would have to be transmuted.

Reactors with a fast neutron spectrum can be used to efficiently transmute
the MAs of the nuclear waste. This is achievable both in critical and subcritical
reactors. However, critical reactors need fertile fuel in order to breed new fissile
isotopes for maintaining the fission process. Thus the transmutation ratio for fast
critical reactors is lower than for subcritical reactors using fertile-free fuel.
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The use of fertile-free fuel in ADSs and transmutation of TRUs can reduce the
effective radiotoxicity of the nuclear waste from conventional nuclear power plants
by a factor of 1000 [2]. The contribution to the radiotoxic inventory is displayed
relative to natural U ore in terms of fission products (FP) and TRUs, see Fig 2.3.
After ∼400 years the FPs radiotoxic inventory is less than the contribution from
natural uranium ore [30]. Hence, if the TRUs are transmuted, the period of time till
the radiotoxicity of waste drops below that of natural uranium ore can be shortened
from about 300 000 years to about 500-1000 years. If the cesium and strontium
FPs are stored separately e.g. in salt formations, the remaining waste will become
less toxic faster and its heat generation as well as the volume needed for storage
will be strongly reduced [31]

Figure 2.3. The radiotoxic inventory of fission products and transuranics of an
LWR without reprocessing, Sv/g. [30]

Next generation power plants must also be designed with eventual decommis-
sioning in mind in order to facilitate rapid disassembly, ease of decontamination,
and ease of disposal [32].

3: Generation IV nuclear energy systems and their fuel cycles will ensure that
they are a very unattractive and the least desirable route for diversion or theft of
weapons-usable materials.[17]

The critical issue with regard to proliferation for ADSs is the reprocessing of
spent fuel since the technology could be misused and altered to obtain weapons
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utilizable material. Pyrochemical processing1 of spent fuel may be designed to be
more proliferation resistant than aqueous processes2. This is because the latter
produces a pure Pu fraction, which is formed during processing, whereas the Pu
still can be made to contain MAs in the pyrochemical process. On the other hand
aqueous processes are more developed and would probably be operated in a large-
scale plant that enhances the proliferation resistance [33].

After the reprocessing of the waste, the burning of a sizeable fraction of the Pu
is possible in LWRs, and even more in FRs and ADSs. For transmutation of higher
Pu isotopes or MAs only FRs and ADSs can be used.

2.4.2 Safety and reliability

An important safety objective for the next generation of reactors is the minimiza-
tion of the radioactive exposure of workers, the public, and the environment. This
includes a further reduction of core damage frequencies and strengthening of pro-
tection barriers of the defense in depth strategy.

1: Generation IV nuclear energy systems operations will excel in safety and
reliability. [17]

To avoid radioactive releases the fourth generation reactors have often funda-
mentally different designs in order to mitigate, to prevent, or even eliminate accident
scenarios. Apart from an enhanced level of inherent and passive safety, a less com-
plex design, better economics, and increased reliability of the plant operation are
desired.

During the 1970’s the complexity of the nuclear plants increased as more com-
ponents and safety systems were employed. New components were e.g. added to
increase redundancy and improve the functionality. But occasionally the complex-
ity actually decreased the total safety level of the plant since the overview and
understanding of the plants were reduced. Moreover, one component less is one
component less which is susceptible to failure. Fewer components generally also
require less maintenance and control [34].

A forgiving plant operation requires large margins before critical temperatures
are reached, strong barriers, and long grace periods before operators need to re-
spond. The vulnerability to operator failure is also reduced by inherent and passive
safety features since they always react in accordance with the laws of nature [34].
Thus, for example a properly designed plant will shut itself down in case of elevated
temperatures.

1Several techniques can be used, e.g volatilization, liquid-liquid extraction, electro-refining in
molten salt, fractional crystallization. Methods are often based on the use of low melting point
salts such as chlorides or fluorides.

2A solvent extraction process uses a nitric acid. Chemical separation of U and Pu is then
performed by solvent extraction steps.
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After the Three Mile Island (TMI) and the Chernobyl accidents it was recog-
nized that the human-machine interface was one of the weakest links of the nuclear
safety chain [35]. Too many alarms, indicators, and control devices made it difficult
for the operators to have a clear overview. Thereafter large efforts have been put
into simplification, computerization, and automation of the control rooms.

2: Generation IV nuclear energy systems will have a very low likelihood and
degree of reactor core damage [17].

The modern safety strategies have gone beyond the measures mentioned in Sec-
tion 2.3 and natural safety is achieved by exploiting the laws of physics [32]. This
safety approach partially replaces traditional active safety systems by implementa-
tion of passive systems or employment of inherent characteristics in the upstream
line of defense (LOD) [36]. Safe response is thus secured even if active sensing and
switching equipments fail, as even if human errors would occur at the same time
[37].

A commonly used example of inherent safety is a negative reactivity feedback
for all foreseeable accident events, i.e. a core design that ensures reduced power
generation after disturbances such as a temperature increase. Usage of low-pressure
coolants like for instance liquid metals minimizes concerns about LOCAs. And a
good natural circulation capability makes the plant operation safer since sufficient
heat removal is assured even as forced convection is lost [36].

A core of lower power (∼600 MW) and metal coolant allows emergency decay
heat removal by e.g. RVACS even though all active safety systems are lost [38].
Moreover, smaller size reactors often have economic advantages due to factory and
mass production since construction time is shortened and assembly time reduced
[32]. Furthermore, factory manufacturing should also improve the reliability of
components and structures.

However, it should be noted that passive systems loose in flexibility compared
to active systems, e.g. a core cooled by natural convection cannot change flow rate
quickly.

3: Generation IV nuclear energy systems will eliminate the need for offsite
emergency response.[17]

A complete elimination of emergency response is probably not realizable, e.g. a
design that is forgiving against all types of terrorist attacks might not be achievable.
Nevertheless, all measures to reach this goal should be pursued.

Elimination of accident scenarios requires similar measures as mentioned above,
e.g. increased level of passive safety and incorporation of inherent safety features.
To strengthen barriers, in particular the containment, and the protection systems
is another means to prevent radioactive release.
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2.5 Safety issues specific for ADS

The accident scenarios for ADSs and critical reactors are often comparable, but
differences exist due to the sub-critical core and the proton beam accelerator.

A visible difference is the proton beam tube, which penetrates the reactor vessel
as well as the containment [36]. The penetration of containment and reactor vessel
has a negative impact on the defense in depth strategy since the tube provides
a passage for radioactive materials through the barriers. Similar problems are
encountered for LWRs too, since pipes of the intermediate heat exchangers (IHX)
penetrate the vessel barrier. In BWRs, steam lines penetrate both the containment
and the reactor vessel [36].

The high energy proton beam adds to the heat generation. For Ansaldo’s 80
MWth ADS design a 3 MW accelerator is used [13], of which only ∼2.25 MW has
to be cooled away due to the fact that the spallation reactions are endothermic.
Whereas for the 800 MWth SSC the beam power is 40 MW of which 30 MW has
to be removed [39]. Both the Ansaldo and the SSC designs have separate cooling
circuits for the targets. In case the target cooling malfunctions, the beam win-
dow melts soon afterwards and the vacuum pipe will be filled with Pb/Bi coolant.
Thereafter the beam pipe is damaged and has to be replaced. Thus, elevated tem-
peratures should be sensed and the proton beam interrupted quickly in order to
avoid breakage of the beam window. In case the active beam shut off does not
function, passive devices will interrupt the proton beam, e.g. a melt-rupture disc
[6].

To avoid elevated coolant temperatures the proton beam should be interrupted
after all types of severe accident conditions, e.g. LOF, LOHS and TLOP. The
grace period before beam shut-off is necessary is shortest for fast beam overpower
or reactivity accidents but still considerably longer than for fast reactivity accidents
in fast reactors. For LOF and LOHS accidents the grace periods depend strongly
on the design. A system with a high heat capacity and good natural convection is
preferable in this regard.

The external neutron source and the subcritical core usually result in a large
core peaking factor. The power peaking increases as keff is reduced with burn-up.
Consequently, the core heat removal during normal operation has to be dimensioned
for the hottest channel [36] at EOL.

As mentioned in the previous section some ADSs, e.g. the SSC, are dedicated
to transmute waste as efficiently as possible, and thus these cores are not loaded
with fertile fuels. The consequences this has on safety for an ADS is described in
the Section ”Neutronics”.

2.6 Choice of coolant

The coolant type determines many safety characteristics of a nuclear reactor. It
affects for instance the operating temperature and pressure, the heat capacity, and
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the natural convection. Furthermore, it determines the coolant freezing and boiling
temperature, possible corrosion and erosion on structural materials, the neutronics,
and the emergency decay heat removal capability.

Since a fast neutron spectrum is necessary for an efficient transmutation of MAs
[36], the candidate coolants for ADSs are limited to liquid metals or gas. Presently,
Pb/Bi eutectic and He are the most probable coolants, of which a basic comparison
follows from the point of view of different safety aspects.

Temperature and pressure level

A critical fast reactor core is very compact and of high power density. For an ADS
with Pb/Bi cooling, the core can be somewhat less compact due to its low neutron
leakage and low neutron absorption in heavy metal coolants.

Pb/Bi coolant offers the possibility to efficiently remove heat at low coolant
pressures; hence a thick pressure vessel is unnecessary. The pressure exerted on the
reactor vessel pertains mainly to the coolants’ own weight. Since the liquid phase
of Pb/Bi eutectic-cooled reactor range from 398 K to 1943 K the risk of freezing
or boiling is limited. Instead the temperature restrictions depend on other factors,
see Section on ”Corrosion and erosion”.

To remove sufficient amounts of heat, a gas-cooled reactor must operate at high
pressures (∼40-140 bars), which means that a thick pressure vessels is needed. A
cooling problem could occur in case of leakage of gas from a high-pressure system
[36] since the decay heat removal is difficult to accomplish at low pressures. Active
systems are thus necessary to resolve a depressurization accident.

Since gas-cooled reactors are high-temperature systems the core outlet temper-
ature is higher than for Pb/Bi-cooled reactors. For instance the prismatic fuel
modular reactor (PMR) [17] has a core outlet temperature of 1123 K compared
to ∼823 K for the Pb/Bi-cooled SSC. The thermal efficiency of He-cooled reactors
is thus significantly better than for Pb/Bi-cooled reactors, i.e. 45% and ∼35%,
respectively [40]. Moreover, freezing and boiling issues are eliminated since the
coolant is always in gas phase. In-service inspection of gas-cooled reactors is easier
because of the transparency of the coolant. However, the activated materials in
and around the core do not allow human access.

Heat capacity and natural convection

The heat capacity of the total reactor system, comprising all components and the
coolant, determines the grace period until operator action is needed with regard to
high temperatures after LOHS accidents.

After LOF accidents the natural convection capability is, however, more impor-
tant since higher coolant velocities decrease core outlet temperatures. The natural
convection capability depends primarily on the thermal expansion coefficient of the
coolant, the pressure resistance of the flow path, as well as the vertical distance
between the thermal centers of the core and the HXs.
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For a combined LOF and LOHS accident both the heat capacity and the natural
convection capability determines which temperature maximums are reached during
accident progression.

The heat capacity of a Pb/Bi-cooled reactor is about ten times larger compared
to a fast gas-cooled reactor of the same geometry (at 70 bars and 1000 K for the
He-cooled reactor)3. If the accelerator proton beam is not shut off the total heat
capacity is particularly important. Thus the period of grace available for inter-
ruption of the beam in cooling accidents is significantly lower for He-cooled than
Pb/Bi-cooled systems. Sufficient heat removal during a LOF and LOHS accident
for fast gas-cooled reactors by natural convection cooling can only be achieved for
low core powers, i.e. some tens of MWs [41]. For higher core powers active safety
systems are needed to remove decay heat during accidents.

Chemical reactions and activation

Neither Pb/Bi nor He-cooled reactors have violent chemical reactions with water
or air. However, for Pb/Bi-cooled reactors with water coolers, a potential problem
is water ingress into the primary circuit which could result in pressurization and a
large steam production. For He-cooled systems water ingress from an intercooler is
imaginable during a depressurization but possibly also in full pressure conditions
because of a back-pressure developing in a ruptured intercooler.

A disadvantage of Pb/Bi cooling is the generation of radioactive polonium (Po),
which has a half life of 138.4 days. Via neutron capture in 209Bi the α-emitter 210Po
is formed [36]. Almost 100% of the Bi in the Pb/Bi eutectic is the 209Bi isotope.
The reaction is showed in Eq 2.1 [42].

209Bi(n, γ)210Bi
β−

−−→
5.0d

210Po
α−−−−→

138.8d

206Pbst (2.1)

At operating temperatures Po is volatile and some will migrate to the cover
gas where aerosols are formed. A leakage could pose contamination problems. Ac-
cording to results from a Russian Pb/Bi-cooled submarine, with 80 reactor years
experience, the equilibrium reactivity is found to be ∼370 GBq/kg [43]. Also with
pure Pb coolant there would be Po production because 208Pb forms 209Bi after neu-
tron capture. The Po problem is possible to manage during schedule maintenance
[44].

Helium is not activated by neutron irradiation. However, during normal opera-
tion structural materials will be activated strongly due to the low shielding in the
case of a He gas coolant.

3A thermal He-cooled high temperature reactor (HTR) has enough heat capacity because of
the large amounts of graphite present. Therefore cooling or depressurization accidents lead only
to a core heat up for gas-cooled thermal reactors.
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Corrosion and erosion

Pb/Bi coolant is corrosive towards steels. Carbon steels are the most corrosion
resistant, whereas low Cr steels of (<2.25% Cr) are moderately resistant and high
Cr steels are subject to severe corrosion [45]. Oxygen level control of the coolant can
reduce the corrosion by orders of magnitude since it creates a protective oxide layer
on structural materials [46]. At too low oxygen concentration no effective oxide
films of Fe3O4 can be created, whereas at too high oxygen concentrations PbO
precipitates in the molten Pb/Bi and degrades the thermal hydraulic performance
significantly [45]. Therefore good mixing is important in order to have a well-
distributed oxygen concentration in the coolant. In case oxygen control does not
function for a long time (months) blockages can develop.

The base of the protective film is Fe3 O4 [43, 47]. Equation 2.2 displays the
chemical reaction in the oxide film [45], and Fig 2.4 displays how the transfer process
stops as the Fe concentration reaches equilibrium near the oxide surface.

Fe3O4 + 4Pb 
 3Fe + 4PbO (2.2)

Figure 2.4. The dynamic process of lead reducing iron oxide film and iron reforming
oxide constitutes the self-healing protective oxide film formation. [45]

The oxide layer is stable up to 893 K for corrosion-resistant 12Cr-Si ferritic steel
and below coolant velocities of 3 m/s [48, 49]. Higher velocities and temperatures
should be avoided during normal operation to avoid rupture of the oxide layer.

Since helium is chemically inert it will not corrode structural materials. No
particular measures have to be taken with regard to corrosion and erosion for gas
coolants [36].

Neutronics

The reactivity feedbacks in ADSs have small influence on the power level of the
core. As long as a reactivity insertion is smaller than the sub-criticality level plus
the fraction of delayed neutrons, the core power level is principally determined
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from the power inserted by the high energy proton beam [6, 7]. Due to the large
subcriticality margin a reactivity insertion that would make the core supercritical
is highly unlikely. In case such a situation would occur the proton beam should be
interrupted immediately and safety rods inserted.

Some ADS designs use fertile free fuel concepts in order to maximize their
transmutation efficiencies. The Swedish Sing-Sing Core (SSC), which is developed
at the Royal Institute of Technology (KTH, Swedish abbr.) in Stockholm represents
this type of reactor. The SSC additionally uses burnable absorbers in order to make
up for the burnup of the MAs and to achieve a harder neutron spectrum and thereby
improve the transmutation efficiency further [50]. The absence of fertile fuel reduces
the Doppler feedback significantly. Also a large fraction of MAs in the fissile fuel
decreases the delayed neutron fraction. However, the reduced Doppler and the
smaller neutron fraction are only relevant if the subcritical system becomes critical.
A larger Pb/Bi-cooled reactor can have a positive void feedback. However, core
voiding is highly unlikely due the high boiling point of Pb/Bi. Whether a massive
plenum fission gas release is possible and whether it can lead to core voiding remains
to be investigated.

In gas-cooled reactors a positive void is not possible; nevertheless, water ingress
could lead to positive reactivity. In both gas-cooled and Pb/Bi-cooled systems
molten cladding motion could cause positive reactivity effects. In the gas system
molten fuel slumping could also cause positive effects, whereas in Pb/Bi coolant
the molten fuel would disperse according to experience from a Russian submarine
[51, 52].

Both Pb/Bi and He-cooled reactors have hard neutron spectra with a flux
weighted average neutron energy at hundreds of keV. The gas-cooled reactor has
harder spectrum because of its very low moderating capability. However, the MA
transmutation effectiveness for gas and Pb/Bi-cooled cores are still comparable [36].

Ultimate emergency decay heat removal

The ultimate measure to remove decay heat from a Pb/Bi-cooled ADS is by natural
air circulation around the guard vessel, i.e. reactor vessel auxiliary cooling system
(RVACS). Since an RVACS is a passive safety system that always functions a par-
asitic heat loss appears during normal operation. Figure 2.5 displays the Power
Reactor Inherently Safe Module (PRISM) [53]. The RVACS of PRISM has the
capacity to remove up to 2.5 MW during accident conditions [54].

Another type of RVACS has been proposed by Ansaldo [13], in which the cooling
air circuit is completely separated from the guard vessel. The RVACS air coolant
then flows in separate pipes outside the guard vessel. The separate cooling circuit
serves as another physical barrier against transport of radioactive particles to the
atmosphere in case of rupture of both vessels. The heat removal is somewhat lower
compared to a conventional RVACS. For more information see App A.
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Figure 2.5. Schematic view of PRISM’s RVACS [55].
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RVACSs are less favorable for gas-cooled ADS reactors, since the gas conduc-
tivity is too low to remove heat efficiently via the vessel wall [56]. The high con-
ductivity of Pb/Bi makes temperature gradients much smaller than for He-cooled
systems. For the gas-cooled system emergency HXs at the top of the vessel are
proposed. These remove the emergency decay heat passively as long as the system
is pressurized.

If a core melt accident occurs, the Pb/Bi would still cool a degraded core well.
This can be concluded from an accident in the Russian Pb/Bi-cooled submarine
mentioned earlier, in which the melted fuel was dispersed in the coolant [51, 52].

For a core melt of a gas-cooled fast system, water cannot be used in the core
region because it would lead to supercriticalities. Possibly, a Pb/Bi emergency
coolant could be injected instead. For core melt scenarios a gas-cooled ADS needs
a core catcher below the vessel. This could only be cooled by water below the
core catcher. In the case of inert matrix type fuels, concerns about recriticalities
should be investigated. In the case of Pb/Bi cooling the vessel should act as the
core catcher. Whether inert matrix fuels gets dispersed enough through natural
circulation to avoid recriticalities should also be investigated.

2.7 Summary and review of inherent and passive
safety strategies

The fourth generation of nuclear reactors are designed to implement more inherent
safety features than their predecessors. Generation IV reactors also use passive
safety features when applicable as a backup system to an active safety system or
to an operator error (e.g. not realizing the initiation of an accident). Moreover,
large design margins and simplicity of design are desirable from the point of view
of safety, reliability, and economics.

The defense in depth strategy remains a fundamental strategy also for ADSs, as
well as diversity and redundancy. Inherent and passive safety features are impor-
tant components for all mentioned strategies. For linear accelerators, the proton
beam tube weakens the defense in depth strategy since it penetrates two of the
outer barriers. The subcritical core of an ADS changes the neutron dynamics since
reactivity insertions will affect it insignificantly (unless they are very large). In-
stead the accelerator, which acts as an external neutron source, determines the
power level of an ADS.

One important safety parameter for the fourth generation of nuclear reactors
as well as for accelerator driven transmutation systems is the type of coolant. For
efficient transmutation of minor actinides a hard neutron spectrum is required which
limits the choices of coolant to either gas or liquid metals. Among the liquid metals
the most probable coolants today is Pb/Bi eutectic. It has good thermal properties,
allows a hard neutron spectrum, and does not react with air or water. Its flaw is its
corrosiveness towards steel; however, this can be resolved by creating a protective
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oxide layer on structural materials by employing oxygen control in the coolant.
Another drawback of Pb/Bi is the Po production in the coolant.

A He-cooled reactor also has a hard neutron spectrum. Helium is not corrosive,
does not create violent chemical reactions with air or water, and will not become
activated. However, a high pressure level is required to efficiently remove heat. An
active system is thus needed to resolve depressurization accidents for gas-cooled
fast reactor cores. Due to the low moderation of neutrons, structures inside the
vessel and the vessel itself will be activated. The heat capacity is lower than for
Pb/Bi-cooled reactors, which make grace periods for beam shut-off shorter. The
thermal efficiency of gas-cooled reactors is considerably higher.
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Chapter 3

Validation of the STAR-CD
for natural convection flows

The commercial fluid dynamics code STAR-CD [57] was validated for large scale
natural air convection and thermal radiation heat removal in a benchmark against
experimental results from the PASsive COntainment cooling (PASCO) facility at
ForschungsZentrum Karlsruhe (FZK), Germany. Section 3.1 describes the PASCO
experiment and Sec 3.2-3.3 presents results from the STAR-CD calculations.

3.1 The PASCO experiment

The objective of the PASCO experiment was to validate heat removal for contain-
ment cooling at high Rayleigh numbers, large channel geometries, and with strong
interaction between convection and radiation heat transfer [58]. Additionally, nu-
merical simulations were carried out with the one-dimensional code PASCO and
the three-dimensional code FLUTAN [59].

The experimental channel’s width was 0.5 m, the depth varied from 0.5 to 1.0
m, and the height was 8.0 m, see Fig 3.1. Experiments were executed at different
wall temperatures and at two surface emissivities (0.4 and 0.9). Temperatures and
velocities were measured at several locations along the channel.
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Figure 3.1. The PASsive COntainment cooling (PASCO) test channel [58].
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Figure 3.2 depicts a steep temperature reduction with greater distance from
the heated wall. The minimum temperature appears in the central region, whereas
temperatures close to side walls and the back wall are elevated due to thermal
radiation heat transfer. Local maximums appear in the channel corners.

Figure 3.2. Measured temperature distribution at the PASCO channel outlet. X
is the width and Y is the depth of the channel [58].

The velocity distribution, see Fig 3.3, has a similar profile, except that very
close to the wall surface the velocity is reduced due to friction [58].

Figure 3.3. Measured velocity distribution at the PASCO channel outlet. X is the
width and Y is the depth of the channel [58].

A reduction of the surface emissivity leads to lower temperatures near the back
wall, e.g. a change of wall emissivity from 0.9 to 0.4 decreases the air mass flow and
the heat flux by about 20 to 30%, respectively [58]. If instead the distance between
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the heated and the back wall is reduced a larger fraction of the emitted radiation
reach the back wall, i.e. the back wall has a larger view factor and thus temperatures
and velocities close to the back wall increase. For instance, reduction of channel
depth from 1.0 m to 0.5 m decreases the airflow rate by 40%, whereas the heat flow
rate remains nearly unchanged. An increase of the heated wall temperature will
augment the airflow rate and the heat flux to the air. For a temperature increase
from 373 to 473 K, the heat removal rate increases more than 200%, whereas the
air mass flow rate increases about 50% [58].

3.2 STAR-CD calculations using the Two-Layer
model

Some validation efforts incorporated STAR-CD’s detailed Two-Layer model. This
employs a low Reynolds number formulation, which should be used on fine grids
within the boundary layers. In the free-stream a high Reynolds number model
is employed on a coarser mesh [57]. In order to resolve the temperature profile
accurately, at least 15 cells are needed next to the wall surface. Consequently,
the mesh size increases and calculations become time consuming. The governing
momentum, turbulence, temperature and density was discretised with a MARS
scheme, see App B.7.2.

In the PASCO facility, the air passes an inlet bend of 90 degrees angle relative
the test channel. Vanes are used to guide the flow smoothly into the channel. The
STAR-CD simulation takes this into account as an additional pressure loss added
to the channel inlet. The pressure loss was calculated analytically according to Eq
3.1 [60].

∆p = 4f
Le

D
ρ
V 2

2
(3.1)

For a heated wall temperature of 423 K the PASCO experiment showed an
average flow velocity of 1.25 m/s. For a 90-deg elbow of medium radius, the bend
radius to pipe diameter L/D is chosen to be 26, and the friction factor, f , for a
smooth surface is 0.026 thus the pressure drop will be 2.01 Pa. With the pressure
loss included, the STAR-CD calculation predicts a mass flow of 0.37 kg/s and a
heat removal rate of 6700 W. This is to be compared with the PASCO experiment,
which showed a heat removal rate of 6500 W and a mass flow of 0.34 kg/s. The
calculated temperature profile is shown in Fig 3.4, and the velocity profile in Fig
3.5.
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Figure 3.4. Temperature distribution at the PASCO channel at outlet calculated
with STAR-CD using the Two-Layer model.

2.633
2.257
1.881
1.505
1.129
0.7524
0.3762
0.0

Figure 3.5. Velocity distribution at the PASCO channel at outlet calculated with
STAR-CD using the Two-Layer model.

3.3 Heat transfer correlations

Examinations employing wall functions in the boundary layers were conducted too.
Such models usually give less accurate estimates, but are attractive since they are
less expensive regarding computational time. Several heat transfer correlations
for natural convection were investigated. The correlation that showed the best
agreement with experimental results is displayed below, see Eq 3.2 [55]. It was
developed at Argonne National Laboratory (ANL) within the American liquid metal
reactors’ (ALMR) program for RVACS calculations.
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Nu = 1.22 · Re0.456Pr0.4 (3.2)

where Nu, Re, and Pr are Nusselt, Reynolds and Prandtl numbers, respectively.

This correlation predicted a mass flow rate of 0.355 kg/s and a heat removal rate
of 6600 W. This should be compared with the standard heat transfer correlation
of STAR-CD, which calculated a mass flow of 0.361 kg/s, and a heat removal rate
of 6994 W. The temperature and velocity profile can be seen in Fig 3.6 and 3.7,
respectively. As already mentioned in Section 3.2, the PASCO experiment showed
a heat removal rate of 6500 W and a mass flow of 0.34 kg/s.

423
404.4
385.9
367.3
348.7
330.1
310.6
293

Figure 3.6. Temperature distribution at the PASCO channel at outlet calculated
with STAR-CD using the ANL heat transfer correlation.

2.181
1.870
1.558
1.246
0.938
0.623
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0.0

Figure 3.7. Velocity distribution at the PASCO channel at outlet calculated with
STAR-CD using the ANL heat transfer correlation.
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3.4 Convergence on a finer mesh

The convergence was examined with a four times finer mesh on the 80 MWth

Ansaldo ADS design [12]. The temperature was shown to fluctuate more on the
coarse mesh just after the accident initiation. This was probably due to the fact
that the flow is not finely modelled in the inner parts of the vessel on the coarse
mesh. However, these fluctuations are local temperature variations and the average
temperature of the coolant is stable. The temperature differences diverge somewhat
for both the wall and core outlet, and 40 hours after accident initiation the differ-
ences are 5 K and 8 K, respectively. The coarse mesh calculation estimates a heat
removal rate, which is ∼4% lower throughout the whole calculation. This can most
likely be explained by the different heat transfer models used next to the reactor
vessel wall on the Pb/Bi side, since for the fine mesh the wall function is no longer
appropriate and the detailed Two-Layer model had to be used [57].

The velocity evolution is in good agreement for the calculations on fine and
coarse mesh.

3.5 Hand calculation

To validate the heat removal by the RVACS from the ADS-HXR200 vessel, hand
calculations were performed and compared with the STAR-CD calculations (see
Chapter 4 for more information about the ADS-HXR200 design).

The total thermal resistance,
∑N

p=1 Rp, from the Pb/Bi coolant to the inflowing
air of the RVACS can be defined as the ratio between the overall temperature
difference

∑N
p=1 ∆Tp to the heat flux q, see Eq 3.3 [65].

N
∑

p=1

Rp =

∑N
p=1 ∆Tp

q
(3.3)

where ∆Tp = Tp − Tp+1 is the temperature difference between two facing walls
or between two surfaces of the same wall. The resistance in the walls is calculated
from Eq 3.4.

R =
l

k
(3.4)

where l is the wall thickness and k is the wall conductivity.
Between walls where the heat transfer is by thermal radiation and convection

the thermal resistance can be calculated as Eq 3.5.

R∗ =
1

{Nuk
l + εσ

2−ε (θ
2
p + θ2

p+1)(θp + θp+1)}
(3.5)

where Nu = hL
κ , ε surface emissivity, σ Stephan-Boltzmann constant, θ tem-

perature in K [65].
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For natural convection flows between vertical plates the Nusselt number is cal-
culated from Eq 3.6 [65].

Nu = 0.59(GrPr)1/4 (3.6)

where Gr = gβ(Ts−T∞)L3

ν2 and Pr =
cpµ
k .

A comparison between the STAR-CD results and the hand calculations is pre-
sented in Tab 3.5. They differ less than 10% for both temperature levels.

Table 3.5. Hand calculation to verify the STAR-CD predictions.
Temperature
coolant, K

Hand calculation, kW STAR-CD calculation, kW

573 291 316
873 1079 1197

3.6 Conclusions from the validation calculations

Two important conclusions can be drawn from the comparison between the STAR-
CD calculations and the results from the PASCO experiments. First, the STAR-CD
code can properly simulate the PASCO experiment with the detailed Two-Layer
model with regard to mass and heat transfer in the hydrodynamic and heat transfer
boundary layers. However, in long transient calculations with CFD codes such as
STAR-CD, it is of key importance to use coarse meshes together with appropriate
heat transfer correlations. The ANL correlation showed very good agreement with
the PASCO experiment, which is not surprising since it was developed for natural
air circulation at high temperatures, within the ALMR program. The heat flux was
overestimated by 1.5% compared to the PASCO experiment and the mass flow by
4%. The convergence behavior for a finer mesh and the hand calculations are also
satisfactory.

However, the proper treatment of the Pb/Bi thermal-hydraulic behavior by the
STAR-CD code could not be fully verified yet. The use of the detailed Two-Layer
model on surfaces could only be used for smaller meshes. However, to use such fine
meshes would be too time consuming for regular calculations. A comparison of the
finer mesh using the Two-Layer approach and the coarser mesh using the Reynolds
analogy showed a 4% difference of heat removal rate. Fortunately the coarse mesh
calculations were conservative, i.e. showed a decreased emergency cooling of the
ADS under investigation. Moreover, the treatment of the two-phase flow of the
Ansaldo gas-lift approach was simplified by assigning an equivalent density effect
to the Pb/Bi. In the meantime an assessment of the state of the art CFD tools
is made on the basis of existing and planned experiments. This is done in the
assessment of computational fluid dynamics codes for heavy liquid metal coolants
(ASCHLIM) in a concerted action of the EU 5th Framework program [62].
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Chapter 4

Investigations of a 200 and
800 MWth ADS-HXR

In accordance with design objectives for the fourth generation of nuclear power
plants (see Section 2.4) possible inherent safety features were investigated for an
ADS. The study concerned the location the heat-exchangers in the riser instead of
the downcomer of an ADS (ADS-HXR). This would be a safety improvement, for
the case of water coolant in the secondary circuit, after a rupture of the HXs since
steam bubbles would not be dragged into the core for this design.

Section 4.1 describes the 200 MWth ADS-HXR design and physical properties.
Section 4.2 presents the results from the investigations on the 200 MWth ADS-HXR,
whereas Section 4.4 describes the 800 MWth ADS-HXR.

4.1 Design and physical properties of the 200 MWth

ADS-HXR

The Pb/Bi-cooled ADS-HXR has a pool-type vessel of 9 m height and 6 m diameter.
Figure 4.1 illustrates the ADS-HXR schematically.

The reactor vessel steel is AISI 316, i.e. the same type of steel as for PRISM-S
and the Ansaldo design. Since Pb/Bi-coolant is a liquid metal, the heat removal
is efficient also at low pressures. Nevertheless, a guard vessel encloses the reac-
tor vessel to maintain a high coolant level in case the reactor vessel would break.
The maximum tolerable temperatures for structural materials and oxide layers are
shown in Tab 4.1.
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Figure 4.1. Drawing of the ADS-HXR from the side and from the top.
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Table 4.1. Critical temperature limitations for structural materials and protective
oxide layers.
Characteristic problem1 Temperature when problem occurs
Corrosion of structural

material

893K [49]

ASME level C2 922K [63]
ASME level D3 977K [63]
The limiting temperature to avoid creep

failure in several hours under the given

pressure conditions4

1173K [64]

Melting point AISI316 1670K [65]

The normal operating power of ADS-HXR is 200 MWth. The core is located in
the lower region of the vessel. Its geometry and pressure resistance is assumed to
be the same as in the Ansaldo 80 MWth XADS demonstrator [13]. An accelerator
beam of maximum 7.5 MW is used to maintain the power level at 200 MWth at
EOL. This beam impacts into a Pb/Bi target in which spallation reactions release
neutrons that diffuse out from the target to the core.

The tall vessel and large vertical distance between the thermal centers between
the core and the HXs increases the natural convection capability. This is due to
greater static pressure difference between the risers and the downcomers, see Eq
4.1.

∆p = g · h · ∆ρ (4.1)

Furthermore, the low pressure resistance of the core improves natural circula-
tion. Bypass routes are used to lower the pressure resistance after LOF accidents,
see Section 4.1.2.

To increase the Pb/Bi flow rate during normal operation gas injection into the
risers will probably be used, which is preferred because of its simplicity and robust-
ness. However, an uncertainty remains as to how the heat removal from the HXs is
affected as the argon lift gas passes this region. In case the gas injection impedes
the heat removal severely, electromagnetic pumps could be employed instead.

To increase safety margins a higher heat capacity relative to the core power is
desirable. This would prolong the grace period before a beam-stop is required after
LOHS accidents.

4.1.1 Heat-Exchangers located in the riser of the vessel

The HXs are located in the risers of the reactor vessel in order to decrease the risk
for transport of steam bubbles to the core region in case of a HX tube rupture.
Hence, the steam bubbles collect in the upper plenum, and thus, will not reach the
core region. A burst disc would be installed that breaks at elevated pressures in
order to open a passage for the steam/gas mixture to an emergency condenser [66].
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Flaps will be used to block backward flow below the HXs in case of major tube
break.

For a Pb/Bi reactor the probability for tube cracking needs to be investigated
further. However, test series performed at IPPE in Obninsk, Russia, for 5000-10000
hours at 873 K and 1.8 m/s demonstrated no corrosion damages [49].

For a PWR the probability for water leakage from the secondary circuit is
1.1x10−2/reactor year (RY) and the probability for a major steam leakage is es-
timated to 8.4x10−4 [67]. In 1982 the NRC published a list on unresolved safety
issues on LWRs. One of the fifteen items described was steam generator (SG) tube
integrity. At that time the main contributor to SG ruptures originated from chem-
ical impurities of the coolant water, which caused corrosion. The water chemistry
control has since been improved since and the corrosion problem is almost elim-
inated [68]. Thereafter degrading of SG tubes in LWRs was mainly by denting,
which is caused from corrosion of the carbon steel support plates and the buildup
of corrosion products in the crevices between tubes and the tube support plates.
Countermeasures to control denting have been taken, but other phenomena still
continue to cause tube cracking. The tube cracking events that have occurred in
the US are presented in Tab 4.1.1.

Table 4.1.1. Steam generator tube rupture events [68].
Date Plant Leakage rate

2/75 Point Beach 1 470 liters per minute

9/76 Surry 2 1250 lpm

10/79 Prairie Island 1 1480 lpm

1/82 Ginna 2880 lpm

5/84 Fort Calhoun 420 lpm

7/87 North Anna 1 2080-2460 lpm

3/89 McGuire 1 1890-2270 lpm

3/93 Palo Verde 2 910 lpm

2/00 Indian Point 2 570 lpm

A negative consequence from locating the HXs in the risers is that the distance
between the thermal centers of the core and HXs is reduced in case of a LOF
accident. Thus, the HXs can only be situated in the risers of low-power ADS, for
which a lower natural circulation capability can be tolerated, see Sec 4.3.

4.1.2 Bypass Routes

Bypass routes (BPR) are employed to reduce the pressure losses and thereby in-
crease the Pb/Bi coolant velocities after LOF accidents. Due to the lower pressure
resistance of the BPRs, the coolant in this region will have higher velocities com-
pared to the HX region. It has to be taken into consideration that the larger BPR,
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although more efficient after LOF accidents, leads to higher core outlet tempera-
tures during normal operation. For the ADS-HXR design the BPRs cover 5% of
the azimuthal distance of the vessel. The four BPRs are built in parallel with the
HXs, see Fig 3.7.

Backward flow through the BPRs during normal operation is prevented by argon
gas injection into this region too. But the injection rate is lower than in the HXs
region, since during normal operation the coolant flow rate should be high in the
HX-region and as low as possible in the BPR-region.

4.1.3 Emergency Decay Heat Removal

The ADS-HXR uses an RVACS as the ultimate emergency decay heat removal
system. The RVACS heat removal is based on thermal expansion of heated air
around the reactor vessel. The buoyancy forces coming from the heated air’s lower
density compared to the surrounding air makes it rise. In the channel between
the guard vessel and the collector wall, the air velocity is typically 2-3 m/s after
accidents. At 650 K the heat removal rate is ∼1.2 MW for the ADS-HXR design.

A parameter study for RVACS was performed as to the surface emissivity, sur-
face roughness, fin pitch, the surface temperature, and the gap width between the
guard vessel and collector wall [69], see Paper 5. The most important parameters
were found to be the surface emissivity and the vessel wall temperature. The heat
transfer rate due to the latter is proportional to T 4

a − T 4
b where the subscripts a

and b refers to the interchanging surfaces.

It was also examined how the filling of the gap between the guard and reactor
vessel with Pb/Bi affects the heat removal, see Paper 1. Due to higher conductivity
between the vessels the thermal resistance decreases and hence the guard vessel
temperature increases. To boost the heat removal further, water droplets were
sprayed on the guard vessel surface since evaporation of water consumes much
more energy than heating of air. Finally, the combined effect of filling the gap
between the vessels with Pb/Bi and using water spray cooling was examined. Once
the gap is filled and the water spray cooling functions at full capacity, the heat
removal will exceed the decay heat generation of a 200 MWth nuclear plant almost
immediately after accident initiation. However, this strongly enhanced cooling of
the vessel outside cannot remove the nominal power in a LOHS accident with beam
on.

4.1.4 Accelerator Beam-stop Devices

Interruption of the accelerator proton beam has the same effect for a sub-critical
reactor as scram of the control rods for a critical reactor. For the great majority of
accident conditions of an ADS, the proton beam is simply interrupted by shutting off
the accelerator current. However, situations can occur where the normal accelerator
beam interruption malfunctions. For these conditions passive shut-off devices are
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needed to secure interruption of the accelerator. For example, a melt-rupture disc
[6] can be included in the wall of the vacuum beam pipe, see Fig 4.2 and Paper 3.

Figure 4.2. Melt-rupture disc included in the accelerator beam pipe [6].

This disc would melt as the coolant temperature exceeds a certain design limit.
After melting, Pb/Bi would flood the accelerator beam pipe and consequently the
impact point of the proton beam would be relocated from the core to the upper re-
gion of the reactor vessel. Thereafter, the core produces decay heat power, whereas
the accelerator generates about 5.6 MW (7*0.75) in the upper region. A drawback
of the melt-rupture disc design is that the vacuum pipe has to be replaced after
filling it with Pb/Bi. Moreover, heat deposition from the accelerator beam is still
large in the upper region of the vessel and will rather certainly lead to a severing
of the beam pipe unless a special design for accommodating the beam power is
developed.

The melt-rupture disc may only be suitable for rather low power systems since
the temperature at which the disc should melt have to be higher than the temper-
ature peak after a LOF accident. Otherwise, the melt-rupture disc would melt too
frequently which also leads to unnecessary replacements of the vacuum pipe.

A passive beam-stop device that interrupts the accelerator beam without filling
the vacuum pipe and interrupts the proton beam current would be desirable. Such
a device could be triggered at a lower temperature than the melt-rupture disc.
Hartmut Wider and the author are presently working on such a device.
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4.2 Investigations of design basis accidents for the
200 MWth ADS-HXR

A design requirement for ADS-HXR is to avoid critical temperatures after LOF and
TLOP accidents. Also, grace periods after LOHS accidents should be extended in
order to provide enough extra time for operators to counteract.

4.2.1 Total-loss-of-power accident

A total-loss-of-power (TLOP) accident can for example be initiated by a station
blackout. Thus active heat removal systems do not work any longer, argon gas
injection stops (or the electromagnetical pumps stop), and the accelerator proton
beam is interrupted. Nevertheless, the core continues to generate decay heat of
∼6.2% of nominal power right after accident initiation and ∼1% of normal power
after one hour [70].

After ∼1 hour the flow reverses and runs backward through the core. The flow
reversal is due to a high heat transfer rate through the separating walls between
the HXs and the BPRs on the downcomers’ side. The temperature difference after
accident initiation is 175 K, which gives a heat transfer rate of ∼2.8 MW. After
one hour the heat transfer through the walls exceeds the core decay heat generation
and make the flow reverse. Figure 4.3 shows the flow field of ADS-HXR one hour
after accident initiation.

Figure 4.3. Flow field of the ADS-HXR one hour after accident initiation.
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The core outlet (which is the inlet during normal operation) has a temperature
peak at 664 K after almost 10 hours, see Fig 4.4.
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Figure 4.4. Temperature and velocity evolution at core outlet and in the reactor
vessel wall after a TLOP accident for an ADS-HXR.

Delayed accelerator beam-stop

A very unlikely accident scenario is a malfunction of all cooling systems but not
the accelerator proton beam. This appears only conceivable in case the accelerator
has a separate power supply. Within ∼4 minutes the accelerator proton beam
should be interrupted in order to avoid exceeding the ASME level D. Then the core
outlet temperature peaks at 922 K after 8 minutes, see Fig 4.5. About 2 hours
after accident initiation the coolant changes flow direction through the core. The
reversal is later than for an immediate beam-stop since the temperature differences
between the coolant in the HXs and the BPRs have diminished during the initial
4 minutes. Thus, the heat transfer through the walls separating the downcomers
from the HXs and the BPRs is decreased.

A delayed beam-stop of eight minutes is possible without exceeding the fast
vessel creep limit of 1173 K.
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Figure 4.5. Temperature and velocity evolution at core outlet after a TLOP acci-
dent with a 4 minutes delayed beam-stop for ADS-HXR.

4.2.2 Loss-of-flow accident

During a loss-of-flow (LOF) accident only the argon gas injection malfunctions
(alternatively the electromagnetical pumps stop). Hence the enhanced circulation
gradually diminishes. Thereafter the coolant circulates by natural convection, i.e.
only driven by temperature differences in the coolant.

For this accident scenario, the accelerator continues to operate and the core
produces normal power whereas the flow rate diminishes. One minute after accident
initiation the temperature at core outlet peaks at 1085 K. Thereafter the buoyancy
forces are strong enough to accelerate the flow; after 3 minutes the temperature
maximum has decreased to 1030 K. At this point the natural circulation becomes
stable. The reactor vessel reaches its temperature peak after 11 minutes at 932 K.
Figure 4.6 depicts the temperature evolution after a LOF accident.

To avoid elevated temperatures and damages on structural materials during
longer periods of time, the accelerator proton beam should be shutdown soon after
accident initiation.
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Figure 4.6. Temperature and velocity evolution at core outlet and in the reactor
vessel wall after a LOF accident for ADS-HXR.

4.2.3 Loss-of-heat-sink accident

In case the normal heat removal system stops to function, whereas the core still
operates at nominal power, the coolant temperature would increase by ∼0.6 K
per second on average. Since the flow rate remains elevated also after accident
initiation, the temperature differences in the coolant are smaller than for LOF
accidents. Hence, the core outlet temperature increases more slowly for LOHS
relative to LOF accidents.

The temperature evolution at core inlet and outlet, as well as the maximum
reactor vessel wall temperature are displayed in Fig 4.7.

After LOHS accidents the accelerator beam should be shut down within a few
minutes in order to avoid elevated temperatures in supporting structures and fuel
elements.
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Figure 4.7. Temperature and velocity evolution at core outlet and in the reactor
vessel wall after LOHS accident for ADS-HXR.

4.3 Design and physical properties of the 800 MWth

ADS-HXR

The Sing-Sing Core (SSC) that is developed at the Royal Institute of Technology in
Stockholm, Sweden, was used for the investigations on the 800 MWth design. Since
the SSC at this stage only comprises the core without surrounding structures, the
BREST core was used as reference design to estimate the total pressure drop of the
SSC, see Paper 2. The active core of the ADS-HXR is 78 cm in diameter and 100
cm tall [50].

The height of the reactor vessel was increased to 17 m in order to improve
natural circulation, whereas the vessel diameter remained at 6 m.

4.4 Investigations of design basis accidents for the
800 MWth ADS-HXR

4.4.1 Total-loss-of-power accident

The TLOP accident with immediate beam-stop shows a favorable temperature
evolution. Shortly after accident initiation the coolant flow direction through the
core reverses. After 15 hours the core outlet temperature peaks at 758 K, see Fig
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4.8. Hence a TLOP accident will not damage the core or structural materials. The
coolant temperature of the ADS-HXD peaks at 847 K after 18 hours.
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Figure 4.8. Comparison of the temperature at core outlet after a TLOP accident
for an 800 MWth ADS-HXR and 800 MWth ADS-HXD.

4.4.2 Loss-of-flow accident

The LOF accident leads to elevated temperatures at the core outlet for the 800
MWth ADS-HXR. As the gas injection stops core outlet temperatures rapidly rise
to ∼1700 K, which is far above acceptable temperatures limits. Figure 4.9 depicts
a comparison between ADS-HXR and ADS-HXD with regard to the temperature
evolution at core outlet. For ADS-HXD the temperature stabilizes at 999 K. The
very high temperature for the ADS-HXR during a LOF accident is partly due to the
conservative design of the HXs (three times larger than regular HXs) since argon
gas injection was assumed to enhance the flow rate. For a design which uses e.g.
electromagnetical pumps and regular size HXs the core outlet temperature during
a LOF accident would stabilize at about 1150 K.

After an LOF accident the accelerator proton beam should be shut off soon
after accident initiation for the 800 MWth ADS-HXR.
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Figure 4.9. Comparison of the temperature at core outlet after a LOF accident for
an 800 MWth ADS-HXR and 800 MWth ADS-HXD.

4.4.3 Loss-of-heat-sink accident

The grace period during which the proton beam should be shut off for a LOHS
accidents is 6 minutes for the 800 MWth ADS-HXR. Otherwise the ASME level D
of 977 K is exceeded. Another 6 minutes thereafter the fast vessel creep limit of
1173 K will be exceeded. The temperature evolution for ADS-HXR and ADS-HXD
are comparable for this accident scenario, see Fig 4.10.

After LOHS accidents the proton beam should be shut off within a couple of
minutes in order to avoid damages on the core and structural materials.
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Figure 4.10. Comparison of temperature at core outlet after a LOHS accident for
800 MWth ADS-HXR and ADS-HXD.

4.5 Computational set-up and assumptions

All walls are treated as hydrodynamically smooth, i.e. the roughness is such that
boundary layers next to surfaces are assumed to have an undisturbed profile.

The core is modelled as a porous medium. Experimental data for pressure drops
of the Ansaldo core are used as reference values for the 200 MWth, i.e. at 0.42 m/s
velocity the pressure drop over the core is 20 kPa [13]. Then the pressure losses
are proportional to the coolant velocity squared. The power insertion in the core
is divided into three regions, which reflects the power profile of Ansaldo’s 80 MW
demo design [13].

The heat transfer correlation employed on the air side was developed for RVACS
calculations within the American Liquid Metal Reactor program [55], see Eq 3.2. A
correlation for liquid metals is used to calculate the heat transfer coefficient on the
Pb/Bi coolant side, see Eq 4.2. The latter correlation is derived from the theory of
the relationship between temperature and velocity profiles in liquid metals [71].

Nu = 0.565Re0.5Pr0.5 (4.2)

where Nu, Re and Pr are the Nusselt, Reynolds, and Prandtl numbers, respec-
tively. The emissivity is set to 0.7, which is a rather conservative value for steels
with heavily oxidized surface.
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A first order upwind differencing scheme is used for modeling momentum, en-
ergy, and density equations for ADS-HXR, see App B.7.2. This scheme was chosen
because of its numerical stability. A centered differencing scheme is utilized for tem-
perature calculations. The k− ε standard model is used for turbulence estimations,
see App B.4.1.

The decay heat generated in the core after beam-stop is based on experimental
data from existing LWRs. This is because ADSs are loaded with the Pu and
MAs from LWR fuel that has a similar fuel composition, and thus the decay heat
generation will be comparable. Within about 10 seconds after accident initiation,
the core power has dropped to ∼6.2% of normal operation power, i.e. 12.4 MW for
the 200 MWth ADS-HXR. From then on, Eq 4.3 is used to model the core power.

Pd(t, T ) = 0.0622 · P0(t
−0.2 − (T + t)−0.2) (4.3)

where P0 is normal operating power, t is time after the reactor was shut down,
and T is the time during which the core has operated at normal power.

4.6 Conclusions on the 200 MWth and 800 MWth

ADS-HXR

To locate heat-exchangers in the risers would be an advantage in case of a tube
rupture in the heat-exchangers. Thus, it could be avoided that steam bubbles
are dragged into the core since they would collect in the upper plenum where a
burst disc is installed to guide the steam/gas mixture to an emergency condenser.
However, the distance between the thermal centers of the HXs and the core is
smaller after a LOF accident which impedes the natural circulation.

The emergency decay heat removal for both systems is performed by an RVACS.
The heat removal capacity of an RVACS depends primarily on parameters like
surface emissivity and temperature. At an emissivity of 0.7 the heat removal for a
guard vessel temperature of 650 K is ∼1.2 MW for the ADS-HXR design.

After a TLOP accident the RVACS heat removal is better for ADS-HXR than for
ADS-HXD, because after ∼1 hour after accident initiation the coolant flow reverses
and flows at higher rate through the core. The flow reversal is due to the fact that
the bypass routes are constructed in parallel to the heat-exchangers, which creates
buoyancy forces in the downcomers opposite to the normal flow direction. The
core outlet temperature peaks at 664 K after almost 10 hours for the 200 MWth

ADS-HXR.
The 200 MWth ADS-HXR performs satisfactory after both LOF and LOHS

accidents. The LOF accident results in a temperature peak at core outlet of 1085
K, which decreases to 1030 K after about two minutes. The grace period during
LOHS accidents for beam shut-off is 4 minutes in order to remain below the ASME
level D (977 K). To avoid fast vessel creep the grace period would be 8 minutes
(1173 K).

47



The 800 MWth ADS-HXR performs well after TLOP and LOHS accidents.
However, the LOF accident leads to very high core outlet temperatures within one
minute after accident initiation, i.e. ∼1700 K. Hence, this type of approach is not
safe enough for an ADS. An approach which does not use gas injection to enhance
the convection flow rate and with regular size HXs behaves much better. Then
the longer distance between the thermal centers of the core and HXs would lead to
lower core outlet temperatures during a LOF accident, i.e. about 1150 K.

The natural convection of the 800 MWth ADS-HXD is sufficient to provide
adequate cooling in all cooling accidents. This is rather certainly the only approach
to cool a larger ADS with the beam on during these accidents. However, the use
of water as a secondary coolant is probably not possible in this design. Besides the
use of oil, which can only be used for temperatures lower than about 700 K, one
could use Pb/Bi in the secondary circuit to avoid any problems with steam or oil
ingress into the ADS core.

48

carlsjo
An approach which does not use gas injection to enhancethe convection ow rate and with regular size HXs behaves much better. Thenthe longer distance between the thermal centers of the core and HXs would lead tolower core outlet temperatures during a LOF accident, i.e. about 1150 K.



Chapter 5

Abstracts of appended
papers

5.1 Paper 1

Emergency Decay Heat Removal from an Accelerator-Driven System
Nuclear Technology, 140, No. 1, pp. 28-40, (2002)

The passive emergency decay heat removal during severe cooling accidents in
Pb/Bi-cooled 80 MWth and 250 MWth Accelerator-Driven System designs was
investigated with the CFD code STAR-CD. For the 80MWt design, the calculations
show that no structural problems occur as long as the accelerator proton beam is
switched off immediately after accident initiation. A highly unlikely delay of beam
stop by 30 minutes after a combined Loss-Of-Heat-Sink and Loss-Of-Flow accident
would lead to increased reactor vessel temperatures, which will not cause creep
failure. By using a melt-rupture disc on the vacuum pipe of the accelerator proton
beam to interrupt the beam at elevated temperatures in a passive manner the grace
period before beam stop is necessary is increased from 30 minutes to 6 hours. An
emergency decay heat removal design which would prevent radioactive release to the
atmosphere even more reliably than the PRISM design, was also investigated. For
an ADS of 250 MWth power with the same vessel as the 80 MWth ADS examined,
the maximum wall temperature reaches 745 K after an immediate beam stop. This
does not cause any structural problems either. The grace period until a beam stop
becomes necessary for the 250 MWth system was found to be about 12 minutes.
To reduce elevated vessel temperatures more rapidly after a beam stop, alternative
cooling methods were investigated, for example filling the gap between the reactor
and the guard vessel with liquid metal and the simultaneous use of water spray
cooling on the outside of the guard vessel. This decreases the coolant temperatures
already within minutes after switching off the proton beam. The use of chimneys
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on the Reactor Vessel Auxiliary Cooling System, which increase the air flow rate,
lowers the maximum reactor vessel wall temperature only by about 20K. It can be
concluded that the critical parameter for the emergency cooling of an ADS is the
time delay in switching off the accelerator after accident initiation.

5.2 Paper 2

Comparison of Safety Performance of Pb/Bi-cooled Accelerator-Driven
Systems for different heat-exchanger locations and power levels
Submitted to Nuclear Technology

A safety investigation on the location of heat-exchangers in the risers or the
downcomers of a Pb/Bi-cooled accelerator-driven system of 200 and 800 MW(thermal)
powers was performed. In a pool type design with a simple flow path the use of
heat-exchangers in the risers will have advantages in case of heat-exchanger tube
failures. This is particularly true if water is used as the secondary fluid, since it
can be avoided that steam bubbles are dragged into the core region by the Pb/Bi-
coolant. The safety implications with regard to the temperature evolution dur-
ing loss-of-flow, loss-of-heat-sink, and total-loss-of-power accidents were compared
with designs where the heat-exchangers are located in the downcomers. During a
loss-of-flow accident for the 200 MW(thermal) system with heat-exchangers in the
risers, the core outlet temperature increases to about 1020 K. For the accelerator-
driven system with heat-exchangers in the downcomers the temperature maximum
is nearly 150 K lower. After a loss-of-heat-sink accident the grace period before
the proton beam has to be shut off was found to be ∼5 minutes for both the 200
MW(thermal) designs. During a total-loss-of-power accident for the case with heat-
exchangers positioned in the riser, the core outlet temperature peaks after 10 hours
at about 750 K, which is 100 K lower than in the case with heat-exchangers in the
downcomer. The investigations on the 800 MW(thermal) system were performed
in a taller vessel of 17 m height. The design with the heat-exchangers in the riser
showed elevated temperatures of more than 2000 K during a loss-of-flow accident,
which would severely damage the core. The case with heat-exchangers in the down-
comers showed acceptable results for all accident types investigated. Therefore, an
800 MW(thermal) accelerator-driven system of pool design with simplified flow
path must have the heat-exchangers in the downcomer. The computational fluid
dynamics code STAR-CD was used in all calculations.

5.3 Paper 3

Passive Safety Approaches in Lead/Bismuth-Cooled Accelerator-Driven
Systems
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Annual Meeting on Nuclear Technology, Bonn, Germany Bonn, 2000

For the safety of Accelerator-Driven Systems (ADS) it is important that the
proton beam is shut off soon after the initiation of an accident and that the decay
heat can still be removed if the regular heat removal fails. This paper presents a
new device for passively blocking the proton beam when a Pb/Bi-cooled core heats
up during an accident. An investigation was made of the passive removal of the
decay heat and also the heat generated by a proton beam that impinges on the
Pb/Bi coolant surface (due to the blocking of the beam pipe with Pb/Bi) during a
Loss-of-Heat-Sink accident. A Reactor Vessel Auxiliary Cooling System (RVACS)
similar to the one used in PRISM is considered. The results show that a small
ADS with a blocked-off beam can be safely cooled for a few days. For larger ADSs
vessel creep may start after several hours if the beam is not switched off completely.
RVACS with novel features can cool larger ADSs with blocked beam for many days.

5.4 Paper 4

Safety Aspects of Heavy Metal-Cooled Accelerator-Driven Waste Burn-
ers
Journal de Physique IV, 9, pp. 127-135, 1999

Accelerator-driven, subcritical lead / bismuth cooled systems have several safety
advantages. The critical accident initiators in such systems lead only to a relatively
slow coolant heat-up that should be noticed by the reactor operators who will
initiate a shutting down of the accelerator. This decreases the reactor power to
decay heat levels. If the coolant temperature increase should go unnoticed, passive
systems will lead to an automatic shutdown of the accelerator or a blocking of the
proton beam. Emergency decay heat removal by natural air circulation cooling of
the vessel outside is an attractive option for such a system. If no active or passive
beam shut-off took place during a coolant overheating due to a significant Loss of
Heat Sink (LOHS) accident, a core melt could eventually occur. Oxide fuel would
probably mix with the heavy metal coolant with its high boiling point and circulate
in the primary system in a coolable fashion. This type of scenario seems to have
happened in a core melt accident in a Russian Alpha submarine with its lead /
bismuth cooled critical reactor.

5.5 Paper 5

Decay Heat Removal by Natural Convection and Thermal Radiation
from the Reactor Vessel
Proc. of Accelerator Driven Transmutation Technologies and Applications ’99,
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Prague, Czech Republic, (June 1999)

Analytical investigations of the natural air circulation cooling at the external
vessel of a heavy metal cooled Accelerator Driven System (ADS) are on the way.
The preliminary demo design of Ansaldo and the air cooling of the earlier US
advanced reactor program are considered. The fluid dynamics code Star-CD is
used for the analysis. For the testing of the Star-CD code and the heat transfer
correlations for coarse mesh calculations, the FZK Pasco experiments were analysed.
Then a search for an optimal decay heat removal rate was made and parameters
like the surface roughness, surface emissivity, and the gap width between the guard
vessel and the collector wall have been investigated on a simplified geometry only
containing the air channel and the vessel wall at constant temperature. Calculations
on the complete geometry have been performed at two decay heat generation rates
in order to find the equilibrium temperature in the reactor vessel (1% and 5% of
normal operation power). Even for the higher rate the temperature in the reactor
vessel remains below 1273 K.

5.6 Paper 6

Application of Burnable Absorbers in an Accelerator-Driven System
Nuclear Science and Engineering, 137, No. 1, pp. 96-106, (Jan 2002)

The application of burnable absorbers (BA) for minimization of power peaking,
reactivity loss and capture to fission probabilities in an accelerator driven waste
transmutation system (ADS,ATW) has been investigated. 10B enriched B4C ab-
sorber rods were introduced into a lead/bismuth cooled core fuelled with TRU
discharges from light water reactors in order to achieve smallest possible power
peakings at a BOL sub-criticality level of 0.97. Detailed Monte Carlo simulations
show that a radial power peaking equal to 1.2 at BOL is attainable using a four
zone differentiation in BA content. Using a newly written Monte Carlo Burnup code
(MCB), reactivity losses were calculated to be 640 pcm per percent transuranium
burnup, for unrecycled TRU discharges. Comparing to corresponding values in BA
free cores, BA introduction diminishes reactivity losses in TRU fuelled sub-critical
cores by about 20%. Radial power peaking after 300 days of operation at 1200
MWth power was less than 1.75 at a sub-criticality level of ∼ 0.92, which appears
to be acceptable, with respect to limitations in cladding and fuel temperatures. In
addition, the use of BA yields significantly higher fission to capture probabilities in
even neutron number nuclides. Fission to absorption probability ratio for 241Am
equal to 0.33 was achieved in the configuration here studied. Hence, production of
the strong α-emitter 242Cm is reduced, leading to smaller fuel swelling rates and
pin pressurization. Disadvantages following BA introduction, such as increase of
void worth and decrease of Doppler feedback in conjunction with small values of
βeff , need to be addressed by detailed studies of sub-critical core dynamics.
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Chapter 6

Conclusions

The defense in depth strategy remains a fundamental strategy also for ADSs, as
well as diversity and redundancy. For the ADS considered in this thesis inherent
safety features such as a low-pressure coolant excludes accident initiators. A very
high boiling point, high density, and good natural circulation capability improves
control and mitigation of severe accidents. Passive safety features such as natural
convection cooling for emergency decay heat removal and a melt rupture disc were
examined in order to increase grace periods during accidents. Both inherent and
passive safety features increase diversity and redundancy of an ADS.

The subcriticality of ADSs changes the core neutron dynamics since reactivity
insertions have little effect unless they are very large. Of main importance for
the dynamics, however, is that the accelerator determines the power level of an
ADS. Due to the subcriticality and the Pb/Bi cooling, uncontrolled large power
excursions cannot develop. Nevertheless, for larger inadvertent reactivity insertions
the accelerator beam should be shut off shortly after accident initiation in order
to avoid elevated temperatures. Normally this is performed actively but in case
the interruption malfunctions, passive shut-off system can be used, e.g. a melt-
rupture disc. The subcriticality of an ADS is thus only a partially inherent safety
mechanism. In unprotected loss-of-coolant and loss-of-heat-sink accidents a well
designed critical systems behaves better. This is because its negative feedbacks
shut these reactors down in such cooling accidents.

The Ansaldo design, which is one of the topics of this thesis, is an 80 MWth

Pb/Bi-cooled Accelerator-Driven System which has a vessel height of 8 m and a
diameter of 6 m. The good natural circulation of this design leads to a temperature
increase of only 85 K after a loss-of-flow accident. After a loss-of-power accident
where also the accelerator is switched off the emergency decay heat removal can be
easily achieved with both a PRISM-type and the new Ansaldo-type RVACS. The
high heat capacity in relation to the power generated of this ADS makes a beam stop
only necessary 40 minutes after a loss-of-heat-sink accident. If a melt-rupture disc
is included and designed to break at 150 K above normal core outlet temperature
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or ∼5 minutes after initiation of the loss-of-heat-sink accident, the grace period
for beam shut-off is increased from 40 minutes to 6 hours. For the same vessel
geometry, but an operating power of 250 MWth the structural materials can be
kept below the temperature of 1173 K (no fast creep problems yet) in case the
proton beam is shut off immediately. If beam shut-off is delayed, additional cooling
methods are needed to improve the heat removal rate. For instance filling the gap
between the guard and the reactor vessel with liquid metal coolant, in combination
with water spray cooling on the guard vessel surface, helps significantly.

The 200 MWth ADS-HXR has the heat-exchangers located in the risers of the
reactor vessel. This is a safety advantage especially in the case when water is used
as coolant in the secondary circuit. Hence the probability that steam bubbles are
dragged into the core region is much lower in case of a heat-exchanger tube rupture.
Also, if oil is used in the secondary circuit it could be a safety improvement, but
this has to be investigated further. The emergency decay heat removal for both
ADS-HXR and ADS-HXD is performed by an RVACS. The heat removal capacity
at an average guard vessel temperature of 650 K is about 1.2 MW. After a total-
loss-of-power accident the heat removal functions better for an ADS-HXR than for
ADS-HXD (which has the heat-exchangers in the downcomers) because the coolant
reverses and reaches a higher speed compared to the ADS-HXD after ∼1 hour. The
flow reversal is due to the usage of bypass routes in parallel to the heat-exchangers.
The core outlet temperature peaks at 664 K after almost 10 hours. A loss-of-heat-
sink accident requires a beam-shut off within 4 minutes to avoid exceeding the
ASME level D (977 K). The grace period before fast vessel creep is 8 minutes for
the same accident event.

The 800 MWth ADS-HXR performs well after total-loss-of-power and loss-of-
heat-sink accidents. For a loss-of-flow accident in which the accelerator beam is not
switched off, the core outlet temperature (∼1700 K) becomes very high within less
than one minute after accident initiation. Hence, this approach is not safe enough
to be used for an 800 MWth ADS. However, the core outlet temperature can be
significantly reduced after a loss-of-flow accident by using regular size HXs. This
could be done if conventional pumps are used to drive the flow. A critical reactor
with the heat-exchangers in the riser would probably respond better since it would
shut itself down because of the negative reactivity feedback as fuel temperatures
rise.

The excellent natural convection of an 800 MWth ADS with heat-exchangers
in the downcomers is sufficient to provide adequate cooling during all unprotected
cooling accidents. The location of heat-exchangers in the downcomers is a better
solution for cooling larger ADSs during accidents where the accelerator beam is
not switched off. However, the use of water as a secondary coolant is probably
not possible for this design. Besides the use of oil, which can only be used for
temperatures lower than about 700 K, one could use Pb/Bi in the secondary circuit
to avoid any problems with steam or oil ingress into the ADS core.

54

carlsjo
However, the core outlet temperature can besigni�cantly reduced after a loss-of-ow accident by using regular size HXs. Thiscould be done if conventional pumps are used to drive the ow.



Appendix A

The Ansaldo design

The integral investigations of this paper are based on the design of an 80 MWth

ADS demonstration facility by the Italian company Ansaldo [13]. Figure A.1 and
Tab A present a schematic view and the principal aspects of this design.

Figure A.1. Schematic view of the Ansaldo design. The numbers in the figure
represent: 1. Core 2. Reactor Vessel 3. Rotating Plug 4. Above Core Structure
(ACS) 5. Target Unit 6. Sub-Assembly (SA) Transfer Machine 7. Intermediate HX
8. SA Handling Channel 9. SA Basket 10. Cover Gas Cooler.
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Table A. Main characteristics of the Ansaldo ADS Demo design [13]

Plant Area
Reference Solution

Power 80 MWth,

keff 0.97 at BOL

keff 0.94 at EOL

Accelerator Two-stage cyclotron scheme, max 3MW

Target unit Pb/Bi eutectic, window type undecided

Fuel U and Pu MOX

Coolant and moderator Pb/Bi eutectic

Steel, reactor vessel AISI 316L

This design is of pool type, with the reactor vessel including the heat exchangers.
The vessel is 8 m tall and has an inner diameter of 6 m. A guard vessel surrounds
the reactor vessel. A cyclotron delivers a 3 mA/600 MeV proton beam current to
a Pb/Bi target where spallation reactions occur.

The Pb/Bi coolant flow is mainly driven by natural convection, and the flow
rate is increased and made better controllable by the injection of Argon bubbles
above the core. The pressure drop over the core is 20 kPa at a mass flow rate
of ∼5300kg/s, corresponding to a coolant velocity of 0.42m/s in the average core
channel. The pressure drop is rather small due to the large pitch to diameter ratio
of 1.58 [13]. The remaining flow path has a pressure drop of 9 kPa at a flow rate
of ∼5800kg/s. The difference in mass flow rate is due to the ∼500kg/s bypass flow
through the dummy zone.

As mentioned in the Section ”Ultimate emergency decay heat removal” the
ultimate backup system to remove decay heat the Ansaldo design is by natural air
circulation around the guard vessel, i.e. a reactor vessel auxiliary cooling system
(RVACS). A special feature of the Ansaldo RVACS is that it is physically separated
from the guard vessel [13], see Fig.B.1. Eighty U-pipes, in which air flows by natural
convection, are positioned concentrically around the guard vessel. The heat transfer
between the guard vessel and the U-pipes is by thermal radiation and natural air
convection.
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Figure A.2. Schematic view of Ansaldo’s RVACS [13].
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Appendix B

Theory and calculation
methods

B.1 Fluid dynamics models

B.1.1 Mass and momentum conservation

In STAR-CD, the Navier-Stokes type equations are used for the mass and the
momentum transfer [57]. If constant gravity is assumed, and a non-moving mesh
is used, Eq B.1 and B.2 can be derived.

∂

∂t
(ρ) +

∂

∂xj
(ρ) = sm (B.1)

∂

∂t
(ρui) +

∂

∂xj
(ρui − τij) = − ∂p

∂xi
+ si (B.2)

where τij = 2µsij − 2
3µ∂uk

∂xk
δij

and where δij = 1
2 ( ∂ui

∂xj
+

∂uj

∂xj
)

The term si = gi(ρ−ρ0) when the buoyancy force is included in the momentum
conservation equation.

B.1.2 Buoyancy driven flows

The density of liquid metals is nearly insensitive to pressure. Consequently, the
Pb/Bi coolant is assumed to be isobaric and the Boussinesq approximation is used
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in all calculations, i.e. the density depends linearly on the temperature and is
independent of pressure, see Eq B.3.

ρ =
ρ0

1 + βT (T − T0)
(B.3)

On the contrary, the density of air is very sensitive to pressure, see Eq B.4 [60].
However, for thermal convection with open pressure boundaries where the density
change depends on the temperature the Boussinesq approximation can still be used.

ρ =
p

RT
(B.4)

B.2 Boundary layer models

B.2.1 The law of the wall representation

When a high Reynolds number formulation is used on a coarse mesh, wall functions
or the law of the wall representations are used in the boundary layer in which the
velocity, temperature, and turbulence are modelled. The wall function, u+, is
modelled as linear up to a point, y+

m, from where a logarithmic relationship will
follow to half the cell width in the layer next to the wall [57], see Eq B.5.

u+ =

{

y+ , y+ ≤ y+
m

1
κ ln(Ey+) , y+ > y+

m
(B.5)

The u+ is the wall function and the y+
m is calculated to satisfy Eq B.6.

y+
m − 1

κ
ln(Ey+

m) = 0 (B.6)

The thickness of the cell layer next to the wall should be chosen so that the
computational boundary or the center of the cell falls within the range 30< y+ <100
[72].

B.2.2 The Two-Layer model

In order to avoid fine grids over the whole computational mesh, several thin cell
layers is sometimes constructed adjacent to the wall. The objective is to save
computational time and to model the boundary layer more correctly. The Two-
Layer approximation is based on the idea that the viscous and turbulence effects are
only significant close to solid surfaces. Consequently, only dissipative terms in the
direction normal to the surface need to be retained. In order to resolve the velocity
profile within the Two-Layer approximation, it is necessary to place the grid point
nearest the at a location y+ < 5, i.e. in the laminar sublayer[73]. Similarly, the
proper resolution of the temperature profile in the normal direction may require
the nearest grid point to the wall to be located such that y+ < 1.
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B.3 Heat transfer models

The heat transfer is implemented through the enthalpy conservation equation. If
no chemical reactions appear, Eq B.7 is applied for a general fluid mixture. The
energy equations for the fluid and solid are solved simultaneously and continuity of
energy flux is enforced at the fluid/solid interfaces.

∂

∂t
(ρht) +

∂

∂xj
(ρht − Fht,j) =

∂

∂t
(p) +

∂p

∂xj
+ τij

∂ui

∂xj
+ sh (B.7)

On a coarse mesh, wall functions are employed to model the velocity and temper-
ature profiles in the boundary layer. STAR-CD’s standard heat transfer coefficient
is calculated as Eq B.8.

Ht =
Fφ,w

φ − φw
=

c̄pρuc

σφ,t(u+ + P )
(B.8)

To take into account the different Prandtl numbers in the boundary layer and in
the bulk of the flow, a sublayer resistance factor, P, is added when the heat transfer
coefficient is calculated. It is an additional resistance that takes into account the
reduction of heat transfer in the laminar sublayer [74], see Eq B.9.

P ≡ 9.24[(
σφ

σφ,t
)3/4 − 1][1 + exp(

−0.007σφ

σφ,t
)] (B.9)

For Two-Layer models, the heat transfer between a solid-fluid interface is cal-
culated with the energy equation, where the velocity terms for the solid are set to
zero [57]. An interpolation practice takes into account that there is a change of
material properties, and that the heat transfer is continuous over the interface.

B.4 Turbulence models

For turbulent flow the molecular diffusion of mass and heat are modelled as Eq
B.10.

Fht,j ≡ k
∂T

∂xj
− ρ̄ ¯u′

jh
′

t +
∑

m

hm,tρDm
∂mm

∂xj
(B.10)

where the middle terms contains thermal enthalpy fluctuations. The molecular
diffusion equation feeds into the equation conservation of static enthalpy, see Eq
B.7.

B.4.1 Standard k − ε model equations (linear)

The complexity of the governing equations motivates the use of a general and cost
efficient turbulence model, for example a type of k− ε formulation. The linear k− ε
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models in STAR-CD assumes that the Reynolds stresses and scalar fluxes are linked
similarly as their laminar counterparts, see Eq B.11-B.13 [57].

−ρ̄ ¯u′

iu
′

j = 2µtsij −
2

3
(µt

∂uk

∂xk
+ ρk)δij (B.11)

ρ̄ ¯u′

jh
′ = − µt

σh,t

∂h

∂xj
(B.12)

where

k ≡
¯u′

iu
′

j

2
(B.13)

k is the turbulent kinetic energy. The turbulent viscosity is then linked to k
and ε via Eq B.14.

µt = fµ
Cµρk2

ε
(B.14)

The turbulent Prandtl number also contains empirical quantities, which usually
are constants. In the boundary layer a ’law of the wall’ representation is used, see
B.2.1. The transport equations can be seen the two following sections.

Turbulence energy

With the relations in Section B.4.1, the thermal enthalpy equations can be modelled
as Eq B.15.

∂

∂t
(ρk) +

∂

∂xj
(ρε − µeff

σk

∂k

∂xj
) = µt(P + PB) − ρε − 2

3
(µt

∂ui

∂xi
+ ρk)

∂ui

∂xi
(B.15)

where

µeff = µ + µt (B.16)

P ≡ 2sij
∂ui

∂xj
(B.17)

PB ≡ − gi

σh,t

1

ρ

∂ρ

∂xi
(B.18)

σk is an empirical coefficient. The first term on the right hand side of Eq B.15
represents the turbulent generation by shear and normal stresses, the second viscous
dissipation, and the third amplification due to compressibility effects.
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Turbulence dissipation rate

∂

∂t
(ρε) +

∂

∂xj
(ρε − µeff

σε

∂ε

∂xj
=

=
ε

k
[(Cε1P + Cε3PB) − 2

3
(µt

∂ui

∂xi
+ ρk)

∂ui

∂xi
] − Cε2ρ

ε2

k
+ Cε4ρε

∂ui

∂xi
(B.19)

where σε, Cε1, Cε2, Cε3 and Cε4 are empirical coefficients, see Tab B.4.1.

Table B.4.1. Coefficients employed in the standard k − ε model.

Cµ
σk σε Cε1 Cε2 Cε3 Cε4 κ E

0.09 1.0 1.22 1.44 1.92 0.0∗ -0.33 0.42 9.0∗∗

∗ Cε3 = 1.44 for PB > 0 and zero other wise.
∗∗ For smooth walls.

B.4.2 The Two-Layer model

In the Two-Layer model, the kinetic dissipation k is calculated in the transport
equation as for the k−ε approach, whereas ε is obtained from an algebraic function.
The solution is matched to the k−ε equations at the ’edge’ of the viscosity-influenced
region. STAR-CD contains several models; the Norris & Reynolds model [75] is used
in these investigations see Eq B.20-B.23. Wolfstein’s [76] and Hassid & Poreh’s [77]
models were used too, but no significant difference of results was found in these
investigations.

ε =
k3/2

l
(1 +

Cε

Rey
) (B.20)

fµ = 1 − exp(− 1

Aµ
Rey) (B.21)

Rey =

√
ky

ν
(B.22)

l = κC−0.75
µ y (B.23)

B.5 Droplet model

B.5.1 Direct liquid-solid contact heat transfer

The heat transfer per unit area between a hot surface and a liquid is calculated as
Eq B.24. [78]

63



q′′s,i(t) = ks
Ts,0 − Ti√

παst
(B.24)

The total heat transfer rate is then proportional to the droplet’s spreading area
according to Eq B.25.

q(t) = q′′s,i(t)As(t) (B.25)

B.5.2 Heat transfer by dispersed spray cooling

When droplets impact on a surface without interference, the amount of heat re-
moved by the droplets is proportional to the number of droplets. If interaction
between the droplets occurs, this has to be considered. The interactions can be
categorized in two groups; first spreading interference, when droplets impact close
to each other, and impact interference, when droplets impacts on top of other
droplets. Spreading interference affects the heat transfer since the spreading diam-
eter of the droplet is reduced, whereas impacting interference has negligible effect
on heat transfer according to experiments [79]. At a mass flux of 0.025 g/cm2s, the
droplet interference starts affecting the heat transfer noticeably.

Figure B.1 displays the heat transfer effectiveness as a function of mass flux.
Note that at 0.025 g/cm2s the effectiveness starts to level off.

Figure B.1. The heat transfer efficiency as a function of water spray mass flux [78].

The effectiveness of the heat transfer is defined as Eq B.26.

ε =
Q

md(hfg + cp∆Tsub)N
(B.26)

Several parameters affect the heat transfer effectiveness, see Eq B.23. For ex-
ample the droplet sub-cooling and the droplet size. A comparison where the mass
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flux is fixed shows that the heat transfer increases with droplet diameter [79]. This
is due to spreading dynamics of the droplet.

The droplets’ velocities is another important factor. The relationship between
the heat transfer effectiveness and the Weber number is shown in Fig B.2. The
higher the velocity of the impinging droplets, the more they spread at impact and
consequently the heat transfer efficiency is augmented. In terms of efficiency, it is
of interest to reach a We number of about 80, which corresponds to a velocity of
1.7 m/s.

Figure B.2. The heat transfer efficiency as a function of the Weber number [78].

B.6 Thermal radiation

STAR-CD uses so called ’patches’ that are defined on boundaries of the calculation
domain to model thermal radiation. From each patch center a chosen number of
beams are emitted uniformly in all directions. Then, each beam is traced until
it reaches an opposing patch, thus defining a pair, which may undergo radiation
exchange. The amount of energy transported is then calculated from the radiation
transport equation and the boundary conditions.

B.6.1 View factor calculation

The view factor Fij , is the fraction of the total radiation leaving patch i, which is
received at patch j, see Eq B.27.

Fij =

NL,i
∑

k=1

αkfij (B.27)
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Where f is the view factor of a single beam, α is set to 1 if the beam strikes
patch j and zero otherwise [57]. The sum of F over all j for a value of i is always
one, since the quantity of the radiant energy should be conserved.

B.6.2 Radiant fluxes

The total radiation leaving patch i is the sum of the emitted energy and the reflected
incoming energy as is given by Eq B.28 [57], see Fig B.3.

Ji = εrEB,i + ρrIi (B.28)

and the net radiant heat flux at the wall, is given by the difference between the
absorbed incoming flux and the emitted flux, see Eq B.29 [65].

q′′r = Ii − Ji = αrI − εrEB,i (B.29)

Figure B.3. Radiative heat transfer at patch i. [65].

B.6.3 Combined radiation and convection heat transfer

The total heat flux from the wall is then the sum of the radiation and the convection
heat transfer, see Eq B.30. [65]

q′′w = q′′r + q′′c (B.30)

where the convection term is

q′′c = −h(Tw − Tf ) (B.31)

Eqs B.30 and B.31 combined gives

q′′w = αrIi − εrσT 4
w − h(Tw − Tf ) (B.32)
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B.7 Computation methods

In general, the governing equations, auxiliary conditions (initial and boundary) are
well posed mathematically if three conditions are met, namely: the solution exists,
the solution is unique, and the solution depends continuously on the auxiliary data.
Similarly, a computation is well-posed if three conditions are met; if the computa-
tional solution exists, the computational solution is unique, and the computational
solution depends continuously on the approximate auxiliary data [73].

B.7.1 Boundary and Initial Conditions

The auxiliary data are the starting point to obtain the interior solution, particu-
larly for transient problems [73]. The auxiliary conditions can be specified in three
ways.

1. Dirichlet condition, e.g. u = f on ∂R

2. Neumann (derivative) condition, e.g. ∂u/∂n = f or ∂u/∂s = g on ∂R

3. Mixed or Robin condition, e.g. ∂u/∂n + ku = f , k > 0 on ∂R.

In auxiliary conditions 2 and 3, ∂/∂n denotes the outward derivative.

B.7.2 Discretisation schemes

To be able to solve the governing equations numerically they have to be discretised.
This is a conversion of the continuous partial differential equations into a discrete
system of algebraic equations. The Finite Difference Method (FDM) is the most
direct way of discretisation in which the derivatives are replaced with FDM expres-
sions. For example the transient head conduction equation would be discretised as
Eq B.33 and B.34.

∂T

∂t
=

Tn+1
j − Tn

j

∆t
(B.33)

and

α
∂2T̄

∂x2
=

α(Tn
j−1 − 2Tn

j + Tn
j+1)

∆x2
(B.34)

If the solution method is explicit, the equations are then manipulated and the
unknown value is represented in an algorithm. Again, the transient heat conduction
equation would be as Eq B.35.
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Tn+1
j = Tn

j +
α∆t

∆x2
(Tn

j−1 − 2Tn
j + Tn

j+1) (B.35)

Apart from the FDM, the Finite Element Method (FEM), Finite Volume Method
(FVM) and spectral methods are commonly employed. Usually the time derivatives
are discretised using the FDM, whereas spatial derivatives are discretised either by
FDM, FEM, FVM, or spectral methods [73].

In STAR-CD, the differential equations that govern for example the conservation
of mass, momentum, and energy within the fluid are discretised by the FVM. This
means that they are first integrated over the individual computational cells and
thereafter approximated in terms of the cell-centered nodal values of the dependent
variables. The advantage of the FVM is that it preserves the conservation properties
of the parent differential equations. For the FV discretisation it is convenient to
work with a general coordinate free form of the conservation equations [57], see Eq
B.40.

1√
g

∂

∂t
(
√

gρΦ) + div(−→urρΦ − ΓΦgradΦ) = sΦ (B.36)

where Φ stands for any of the dependant variables, i.e. ui, k, m1 etc. An exact
form of Eq B.40 valid for an arbitrary time-varying volume V bounded by a moving
closed surface S can be written as Eq B.37.

d

dt

∫

V

ρΦdV +

∫

S

(ρ−→urΦ − ΓΦgradΦ)d
−→
S =

∫

V

sΦdV (B.37)

From here, the approximations are introduced. The first term on the left hand
side is discretised as Eq B.41.

T1 ≈ (ρΦdV )n
P − (ρΦV )0P
δt

(B.38)

where the superscripts 0 and n refer to ’old’ and ’new’ time levels, respectively.
The second term in Eq B.37 left hand side is split into Cj and Dj due to convection
and diffusion, respectively, each is expressed in terms of average values over cell
faces.

T2 ≈
∑

j

(ρ−→urΦ
−→
S )j −

∑

j

(ΓΦ
−→
Φ)d

−→
S =

∫

V

sΦdV (B.39)

The third term in B.37 may in general contain components representing sources
or sinks of the transported property, and additional flux terms, see Eq B.43.

T3 ≈ s1 − s2ΦP (B.40)
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The monotone advection and reconstruction scheme (MARS)

The spatial flux discretisation can be performed with both lower-order and higher
order schemes. Lower-order schemes yield equations that are easy to solve. Their
solutions follow the boundary conditions, but lead sometimes to numerical diffusion
[73]. This effect is reduced with a refined mesh. A higher order scheme results in
equations that are more difficult to solve but can resolve steep gradients better
[73]. Near these gradients can numerical dispersion or non-physical oscillations
occur. Generally, for correct solutions, second or higher order schemes ought to be
used for the discretisation of momentum and energy equations. The upwind scheme
can be used for the turbulent equations to increase the numerical stability. The
calculations included in the licentiate thesis have primarily used a MARS scheme
[57], whereas an upwind scheme was used for the calculations for the doctoral thesis
due to that numerical instabilities were encountered for higher order schemes.

The MARS, is a multidimensional second order differencing scheme, which func-
tions in two steps, namely reconstruction and advection [57]. The reconstruction
step consists of calculating a set of monotone gradients using a Total Variation Di-
minishing scheme. Generally, monotone schemes can only be first-order accurate in
space. Therefore, such schemes are diffusive, and shock profiles are smeared and ac-
curate solutions cannot be obtained without reasonable grid refinement. However,
an improvement in accuracy, without loosing the strong theoretical foundation, can
be achieved by replacing the monotonicity preserving requirement with the Total
Variation Diminishing (TVD) requirement. The total variation of the numerical
solution is defined by Eq B.41.

TV (un) =
∞
∑

j=−∞

|un
j+1 − un

j | (B.41)

Consequently a numerical scheme is TVD if Eq B.42 is valid.

TV (un+1) ≤ TV (un) (B.42)

TVD schemes do not generate spurious oscillations and can achieve second order
accuracy where the solution varies smoothly.

Together with the cell flow properties this completely defines a second-order ac-
curate spatial discretisation. In the advection step, the new cell-face flow properties
are used to calculate the face fluxes for all advocated properties using a monotone
and bounded advection scheme [57]. This incorporates a variable compression level,
which controls a second order upwind scheme affecting the order of accuracy. Of all
schemes that are supported by STAR-CD, the MARS scheme is the least sensitive
to mesh structure and skewness.

The upwind scheme

The upwind scheme is of first-order for which the information is collected upstream,
whereas downstream information is ignored. This type of interpolation preserves
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the correct physical bounds under all conditions, but leads to more numerical dif-
fusion than higher order schemes. Since upwind schemes add numerical viscosity
or diffusion to the equations, thus the viscosity solution is also smeared.

The upwind scheme is usually applied for problems where there is a directional
bias in the propagation speed.

B.7.3 Convergence and consistence

The difference between the exact solution of the partial differential equation and
the exact solution of the system of algebraic equations is called the solution error,
it can be denoted by en

j , see Eq B.43.

en
j = T̄ (xj , tn) − Tn

j (B.43)

For the equations that govern fluid flow the convergence is very difficult to
demonstrate theoretically [73]. But, problems for which an exact solution exists,
like the diffusion equation, numerical solutions can be obtained on a successively
refined grid for which solution errors are computed. This is a rather expensive
process since usually very fine grids are necessary. The system of algebraic equations
generated by the discretisation process is said to be consistent with the original
partial differential equation if, in the limit that the grid spacing tends to zero, the
system of algebraic equations is equivalent to the partial differential equation at
each grid point.

B.7.4 Stability

Growth, or decay, of errors introduced at any stage of the computation is a measure
of stability. The errors can for example arise due the computer not being able to give
answers to an infinite number of decimal places. The error can be estimated using
standard methods. However, the numerical solutions are usually more accurate
than these estimates indicate, because the stability analyze often assumes the worst
possible combination of individual errors [73]. The higher order schemes have often
more severe stability restrictions then those based on lower order discretisations.
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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 
inventory of spent nuclear reactor fuel. Consequently, the physics of sub-critical 
systems are being studied in several different experimental programs across the 
world, one of them being the MUSE (MUltiplication of External Source) program. 
In these experiments, an intense external neutron source is coupled to a sub-critical 
core. In order to investigate the neutronics and source effects in a sub-critical 
system, Monte Carlo simulations have in this thesis been performed for a model 
representative of the MUSE-4 experiments. The investigations have focused on three 
different neutronic parameters; the neutron energy spectrum, the external neutron 
source efficiency (ϕ*) and the dynamic neutron source response. 

In order to study the beam power amplification of an ADS, we have introduced a 
new parameter, the proton source efficiency (ψ*). ψ* represents the average 
importance of the external proton source, relative to the average importance of the 
eigenmode neutron production. It is defined in analogy with the neutron source 
efficiency ϕ*, but relates the core power to the source protons instead of to the 
source neutrons. ϕ* is commonly used in the physics of sub-critical systems, driven 
by any external 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 with 
using ψ* instead of ϕ* are that the way of defining the external source is unique and 
that ψ* is proportional to the core power divided by the proton beam power, 
independently of the neutron source distribution. The second part of this thesis has 
focused on studying ψ* as a function of different system parameters, thereby 
providing a basis for an ADS design with optimal proton beam amplification. 
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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]. In principle, the sub-
criticality of ADS allows for much higher concentrations of minor actinides in the 
core than is acceptable in critical reactors. In combination with appropriate 
reprocessing of the spent fuel, the use of ADS could become an efficient means for 
reducing 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 [4]. 

In an ADS, a sub-critical core is coupled to a high-power proton accelerator. The 
high-energy protons (∼1000 MeV) impinge on a target of heavy metal, generating a 
large number of neutrons via spallation reactions. The produced spallation neutrons 
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 choice 
among many design options is still an open question. 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 on a large-scale industrial ADS. A 
general introduction to transmutation of nuclear waste and a description of the status 
of some of the related research areas under development are presented in Chapter 2. 

Several different experimental programs around the world are focusing on the 
development of ADS, one of them being the MUSE experiments. The current phase 
of this project is MUSE-4 [5], 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 are performed. The possibility for 
the accurate measurements being carried out has been achieved by the coupling of 
the neutron generator GENEPI [6] and the MASURCA facility, in which different 
sub-critical configurations can be loaded. GENEPI is used to accelerate a 250 keV 
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deuteron beam towards either a deuterium or a tritium target, producing well-
characterized neutron sources via nuclear fusion reactions ((d,d)- and (d,t)-reactions, 
respectively). One of the objectives of the present work has been to investigate, by 
Monte Carlo simulation, different neutronical aspects of the sub-critical MUSE-4 
core, coupled to an 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 3, the MUSE experiments are described and the 
investigations of the neutronic properties of a MUSE-4-like core, in terms of energy 
spectrum, neutron source efficiency (ϕ*) and dynamic neutron source response are 
presented. 

One of the objectives when designing an ADS is to strive for as high power as 
possible to be produced in the core (yielding high transmutation rates), 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 optimization of the proton beam power amplification could have an 
important impact on the overall design of a future ADS and on the economy of its 
operation. Naturally, this optimization must be achieved in conjunction with the 
various safety constraints as well as other technical and physical conditions. The 
neutron source efficiency parameter (ϕ*) is related to the total energy released by 
fission in the core and, for constant neutron source intensity 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*, the external neutron source first has 
to be defined and then the efficiency of this neutron source can be determined. A 
problem associated with ϕ* is that the external neutron source can be defined in 
different ways, leading to different results. Indeed, different groups in the ADS field 
studying the neutron source efficiency do use different source definitions, which in 
many cases makes results from different studies difficult to compare. Another 
drawback with the neutron source efficiency may appear when ϕ* is studied as a 
function 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 
neutrons per incident proton (Z) may also change, which consequently would alter 
the initial conditions for the study. In order to represent the beam power 
amplification in this case, ϕ* needs to be weighted with Z. 

In contrast to the source neutrons, which have no uniquely defined beginning of 
life, the source protons can only be approached in one way. For the purpose of 
studying the source efficiency and the beam power amplification in ADS, we have 
therefore introduced a new parameter, ψ*, which refers to the source protons instead 
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of to the source neutrons. ψ* thus relates the core power directly to the proton beam. 
The advantages in 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 beam power amplification, without the need of a weighting 
factor (Z). The proton source efficiency is treated in Chapter 4, where investigations 
of ψ* as a function of several different system parameters, such as target radius, 
coolant material, axial proton beam impact, proton energy, fuel composition and 
choice of inert matrix are also presented. 
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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) [7], “radioactive waste is any material that contains or is 
contaminated 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 Europe, about 145 operating nuclear reactors produce a total 
power of about 125 GW electric power, which annually generates 2500 tons of spent 
fuel [8]. Most of this (∼94.5%) still consists of the original uranium, while about 
4.2% has been converted to fission products and 1.2% to transuranic elements (TRU, 
the elements with atomic number higher than 92).  The relative composition, 
together with the half-lives and the effective ingestion dose coefficients (EDC) [9], 
of the transuranic elements in spent light-water reactor (LWR) uranium oxide 
(UOX) fuel after four years of cooling are listed in Table I. The exact amount and 
composition of the spent fuel varies somewhat between different discharged spent 
fuel assemblies, depending on the initial uranium enrichment and on the discharge 
burn-up. However, the magnitudes are similar for all LWR fuels, except for those 
containing recycled plutonium (MOX fuels). 

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

−β
238U and producing Pu and Am is 
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The transuranic elements 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. 
 

TABLE I  
Half-lives, Effective Ingestion Dose Coefficients [9] and Relative Mass Abundances 

[10] of the Main Transuranic Elements in a UOX-fuel (41.2 GWd/tHM and 3.7% 
initial enrichment of 235U) after 4 Years of Cooling 

Nuclide Half-life 
(Years) 

Effective Ingestion 
Dose Coefficient 

 (Sv/Bq) 

Relative Mass 
(%) 

237Np 2.14⋅106 1.1⋅10-7 4.6 
238Pu 87.7 2.3⋅10-7 2.3 
239Pu 2.41⋅104 2.5⋅10-7 49.0 
240Pu 6.56⋅103 2.5⋅10-7 21.5 
241Pu 14.4 4.7⋅10-9 11.4 
242Pu 3.75⋅105 2.4⋅10-7 6.2 

241Am 432 2.0⋅10-7 2.8 
243Am 7.37⋅103 1.9⋅10-7 1.6 
244Cm 18.1 1.2⋅10-7 0.5 

 
The fission products, on the other hand, are created when a heavy nucleus 

undergoes fission and is disintegrated into two fission fragments, also releasing two 
or three 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 period of time. 
90Sr and 137Cs have half-lives of about 30 years and are the most radiotoxic isotopes 
of the spent fuel during the first decades after discharge. 99Tc, 129I and 135Cs have 
half-lives longer than 100 000 years and, though 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 
II. 
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TABLE II  
Half-lives and Effective Ingestion Dose Coefficients for some of the Radiotoxic 

Fission Products 

Nuclide Half-life 
(Years) 

Effective Ingestion Dose 
Coefficient (Sv/Bq) 

90Sr 28.64 2.8⋅10-8 
99Tc 2.1⋅105 7.8⋅10-10 
129I 1.57⋅107 1.1⋅10-7 

135Cs 2.0⋅106 2.0⋅10-9 
137Cs 30.17 1.3⋅10-8 

 

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 Becquerels (Bq). However, in order to better 
express 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 
radionuclide, it has to be multiplied by a so-called effective dose coefficient (EDC), 
expressed in sieverts per becquerel (Sv/Bq), where a sievert is the unit describing the 
biological 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 emitted 
radiation, 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 Radiological 
Protection (ICRP) [9]. 

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 elements 
and the fission products.  It is seen that the contribution of the fission products 
dominates the radiotoxicity during the first 30 or 40 years after discharge. 
Thereafter, it decreases relatively rapidly, along with the decay of 90Sr and 137Cs, and 
becomes negligible after a few hundred years. For time periods longer than a few 
hundred years, the transuranic elements govern completely the radiotoxicity, with 
the largest contribution 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 between 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 
equilibrium radiotoxicity of natural uranium and its radioactive daughters in a 
uranium ore, which is approximately 20 mSv/g [11]. It is seen in Fig. 1 that it would 
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take about 300 000 years for the spent fuel to decay to this level. It is also indicated 
that the radiotoxicity of the very long-lived fission products (99Tc, 129I and 135Cs) is 
well below the reference level at this time. 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 disposal. 
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Fig. 1. Radiotoxic inventory (in Sv per gram spent fuel) of the most 
important actinides, compared with the radiotoxicity of natural uranium 
in equilibrium (∼20 mSv/g). 

2.2 Partitioning and Transmutation 
In order to reduce the burden on a geological repository, partitioning and 
transmutation (P&T) is being investigated as a means to reduce the long-lived 
radiotoxic inventory of the nuclear waste. Partitioning of the spent fuel means 
handling and separation of the actinides that are subject to transmutation, and 
fabrication of new fuels that will be dedicated to transmutation of waste. 
Transmutation refers to the transformation of a long-lived radiotoxic isotope into a 
short-lived or a stable product. As the transuranic elements (Np, Pu, Am and Cm) 
represent the largest part of the radiotoxic inventory in the long term, these isotopes 
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 phase-out. 
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2.2.1 Requirements for Efficient Actinide Burning 
The best way to transmute the actinides is to fission them. This can be done 
efficiently 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 reactors. The main goal with a transmutation reactor is to reduce as much as 
possible the net radiotoxic inventory of the spent fuel. 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 minimized in order to 
limit further TRU breeding. 

• The neutron energy spectrum should be as hard as possible in order to favor 
fission over capture for the actinides.  

Many of the actinides to be transmuted (the even-neutron numbered) have very 
low fission cross-sections for slow neutrons. This is due to the absence of the pairing 
binding energy effect in odd-neutron numbered nuclei, which is the intermediate 
step when an even-neutron numbered nucleus is fissioned by a neutron. This means 
that the fission over absorption ratio is essentially zero for these isotopes in a soft 
neutron spectrum and capture is strongly favored over fission. However, in the 
energy range between about 0.1 and 1.0 MeV, the fission cross-sections for these 
isotopes increase dramatically, which is indicated in Fig. 2, where the fission over 
 

 
Fig. 2. Fission cross-section over absorption cross-section for 239Pu and 
241Am (ENDF/B-VI). 
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absorption cross-section is displayed for 239Pu (even number of neutrons) and 241Am 
(odd number of neutrons). The obvious conclusion from this is that fast neutron 
reactors enhance the burning of the transuranic elements, while thermal reactors 
favor breeding. Another important advantage of fast reactor systems over thermal 
reactors is that the neutron economy is improved as the fission over absorption 
cross-section increases. 

2.2.2 Adverse Safety Effects for Minor Actinide Fuel 
The removal of uranium from the fuel and the adding of minor actinides (MA) have 
serious negative impacts on several safety parameters. This is true for all critical 
reactors, both thermal and fast. Firstly, the negative Doppler feedback, which is 
essential for the power control of a reactor, is significantly reduced. The main 
contribution to the Doppler effect comes from the broadening of the 238U capture 
resonances, and therefore it is brought to a minimum in uranium-free fuels. To solve 
this problem it has been proposed to add materials with absorbing resonances in the 
fast neutron energy spectrum, in order to restore, to some extent, the Doppler effect. 
However, if the fraction of americium is high, this will have very little effect (even 
with the addition of 238U). Due to the high absorption cross-sections of both 241Am 
and 243Am for fast neutrons, most of the neutrons would be absorbed by the 
americium before they reach the absorption resonances. Secondly, the fraction of 
delayed neutrons (β) is much lower for MA-containing fuels. This parameter is 
crucial for the safe operation of a reactor, since it establishes the margin to prompt 
criticality. β is a specific property for each individual isotope and it is particularly 
large for 238U, while very small for the minor actinides. A third adverse effect, a 
positive void worth, arises when the coolant material (LBE, sodium or gas) in an FR 
is combined with its fast neutron spectrum. The situation is further deteriorated for 
high fractions of americium in the fuel. 

2.2.3 Different Transmutation Strategies 
The dedicated reactors envisaged to burn the minor actinides could be either fast 
reactor systems or so-called accelerator-driven systems (ADS). In a critical fast 
reactor (even for innovative systems) the maximum fraction of MA would be 
limited, determined by the safety margins, to a few percent. 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 
minimize 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. The fact that the reactor is sub-critical, without the self-sustained 
neutron multiplication chain reaction, increases drastically 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 dependent on the reactivity feedbacks and the delayed 
neutron fraction, and this allows for a much higher flexibility in choosing the desired 
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proportions of isotopes 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. 

Several different concepts concerning the handling of the nuclear waste have 
been proposed [8,12]. Six of them, depicted in Fig. 3, 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 (or possibly transmuted if the national policies are 
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Fig. 3. Different fuel cycle strategies. Percentage in parentheses 
indicates a fraction of a nuclear power park corresponding to ADS. 
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changed). Other countries, such as France and Japan, reprocess their spent fuel and 
recycle the plutonium and the uranium in LWR-reactors. Only the minor actinides 
and the fission products are considered as waste, which is planned to be deposited in 
geological repositories, or, alternatively, to be transmuted. An extension of this 
strategy is the Pu-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 
innovative) critical reactors. The other alternative is to burn the minor actinides in 
dedicated transmutation reactors (e.g. ADS), as in the “double strata” concept 
(Strategy 4). The main advantage of the double-strata fuel cycle is that only a limited 
number of dedicated transmutation 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 [13], 
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 
burned in dedicated reactors. Stated simply, the first stratum would be devoted 
mainly to electricity production and waste mass reduction, while the second stratum 
would mainly concern radiotoxicity reduction. Moreover, the first stratum 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 complicated 
challenges, such as the development of the dedicated MA-burners (ADS or 
advanced FR), as well as the techniques of reprocessing americium and curium 
(involving preferably pyrochemical methods). As depicted in Fig. 3, 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, 
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 
stratum, where they are recycled indefinitely. All losses from the reprocessing are 
considered 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 would have to consist of dedicated MA-burning systems 
[1]. In the first stratum, approximately 70% of the electricity produced would be 
generated by conventional UOX-LWR, 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 same process 
(PUREX) with plutonium. However, as the radiotoxicity of neptunium is very low 
(Fig. 1), it could also be omitted and directly disposed of.  
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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 
second stratum, are possible scenarios [8]; 

• 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 actinides (Pu and MA) produced in the conventional LWR are transferred 
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 
inventory 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 isolated in specialized fuel assemblies (targets) positioned in strategic 
places throughout the core. 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. 

2.2.4 Radiotoxicity Reduction 
The transmutation efficiency of an isotope 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. Stated simply, 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 separation loss of 0.1% is assumed (realistic for plutonium), this 
means that the total accumulative losses are 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, 
assuming 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 Pu recycling in FR (but without the 
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recycling of MA), a total radiotoxicity reduction factor of 3-6 can be achieved [4]. 
Hence, the Pu recycling in the first stratum, apart from the economical utilization of 
the initial uranium resources, is 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 
production is the reason why the radiotoxicity reduction is limited by a factor of 10. 
In order to reach reduction factors of up to 100, curium also has to be transmuted. 
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 obtaining the reduction factor of 100, a reprocessing loss 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 it could be decreased for the 
MA, a reduction factor of a few hundred could possibly be achieved. 

2.2.5 Accelerator-driven Systems 
The basic idea of accelerator-driven systems (ADS) 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 
uranium-free MA-fuel introduces. The larger the sub-criticality is, the larger is the 
margin to prompt criticality. For most cases, a sub-criticality level in the order of 
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 fraction of delayed 
neutrons 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 to be 
supplied to the core. These external source neutrons are multiplied in the sub-critical 
core and sustain a constant power production in the reactor. 

The external neutron source in an ADS is sought to be produced by an intense 
proton beam impinging on a heavy-metal (probably lead or lead-bismuth) target and 
generating a large number of neutrons via spallation. 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. 4. 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. 

As was mentioned earlier, a fast neutron spectrum is needed in order to achieve 
high transmutation rates. For this purpose, metals like sodium, lead or lead-bismuth, 
or gas are eligible candidates as coolant materials. The most promising materials for 
the spallation target are lead or lead-bismuth eutectic, due to their favorable 
spallation-neutron production characteristics and their suitable thermal properties. 
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. 
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Fig. 4. Schematic picture of an accelerator-driven system. 

2.3 Reprocessing Technologies 
Reprocessing of nuclear spent fuel is being performed on an industrial basis in 
several countries (e.g. France, United Kingdom, India and Russia). The purpose of 
the reprocessing is to extract the uranium and plutonium from the discharged UOX-
fuel and to recycle it as MOX-fuel. The remaining elements (minor actinides, fission 
products and reprocessing losses) are incorporated into the vitrified 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 technique used in all 
industrial reprocessing plants existing today is the PUREX process (hydrochemical 
method). However, in order to recover also the minor actinides (and possibly 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 the nuclear 
waste; hydrochemical (aqueous) and pyrochemical (molten salt) processes 
[10,14,15]. 

2.3.1 Hydrochemical Methods 

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

Np has similar chemical properties to those of U and Pu, 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, Np is only partly separated (∼60%) together with the U 
and Pu stream. This fraction is then separated from U and Pu 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 Np. One method of recovering all Np consists in 
using an oxidizing reagent to change the oxidation state of the whole Np inventory 
to VI, allowing it to be extracted by TBP. Np recovery yields of 95% have been 
demonstrated and improvements towards 99% are under development. Research has 
also shown that it is possible to extract the long-lived fission products Iodine and 
Technetium in the PUREX process. 

Am and Cm Separation 
Americium and curium are both trivalent ions (their stable oxidation state is III) and 
since they cannot be extracted by TBP in the standard PUREX process, they remain 
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 Am and Cm is usually divided 
into a three-stage process (also called the “extended PUREX process”). A flow sheet 
including the different processes separating the individual actinides are shown in 
Fig. 5. 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 molecules from the diamide family, which has been applied in 
the DIAMEX process, developed by CEA (France). It has been demonstrated that 
recovery yields of 99.9% can be achieved in this process. Other processes 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. It utilizes 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 
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than a hundred times that for Ln(III) ions, and the SANEX process has demonstrated 
a recovery yield of the actinides of 99.9%. Other extractants with high selectivity for 
actinides are used in the CYANEX 301 and the ALINA processes. 
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Fig. 5. Flow sheet of advanced hydrochemical reprocessing [14]. 

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

Advantages and Disadvantages with 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 
successfully used worldwide on an industrial basis, utilizing the PUREX process to 
separate U and Pu 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 Am and Cm. 
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However, there are some important drawbacks in 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 metal fuels, but also for oxide 
fuels with high fractions of Pu, possibly dispersed with an inert matrix. It has been 
shown that the solubility for Pu-containing fuels starts to deteriorate for Pu 
concentrations higher than about 30%. On the other hand, nitride fuels pose no 
problems for the PUREX reprocessing technique, which also enables the recovery of 
15N. The other shortcoming of the aqueous methods is the low radiation stability of 
the organic extractant molecules used in the processes. This is particularly 
unfavorable 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 for 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, Japan 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. Pyrochemical 
methods for fast reactor fuel reprocessing are applied on a pilot scale in Argonne 
West (U.S.) and in Dimitrograd (Russia). 

In the pyrochemical processes, the spent fuel is dissolved at high temperatures 
(500-800°C) in molten salt (mainly fluorides and chlorides). Separation of the 
actinides by electro-refining is the process that is primarily considered for nuclear 
waste reprocessing, although several different pyrotechnical methods are under 
development. One of the major advantages of pyrochemical reprocessing, compared 
to hydrochemical methods is the much higher radiation resistance of the inorganic 
reactants used in the process. This allows for the possibility to reprocess high-burn-
up 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 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 
aqueous 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 U and Pu recycling in the first stratum. However, 
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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 it can be implemented on an industrial scale as a 
mature technology. Among the drawbacks of pyrochemical methods are the 
difficulty of separating the individual actinides and the somewhat higher degree of 
fission product contamination. If the reprocessed fuel is planned to be recycled in a 
fast reactor spectrum, however, the contamination is of less importance. Another 
challenge is the management of the very hot and highly corrosive processing 
medium. 

2.4 Advanced Fuel Options for ADS 
The choice of fuel form envisaged for the transmutation of spent fuel in accelerator-
driven systems (so-called advanced fuels) is still an open question. These fuels will 
contain high fractions of plutonium and minor actinides (preferably uranium-free) 
and will be irradiated to high burn-up, in order to achieve a high degree of 
transmutation. These new circumstances, compared to conventional reactors, imply 
the need for evaluating and developing 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 Pu and MA-based 
ones. Several different options of advanced fuels are being investigated, oxides, 
nitrides and possibly metal fuels being the most promising [15]. Other fuel forms 
under investigation (not cited in this thesis) 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 fuels; ATALANTE (CEA, Marcoule) and the 
MA-laboratory at the Institute for Transuranium Elements (JRC, Karlsruhe). The 
capacity is currently limited to a few grams for curium and about 150 g of 
americium (MA-lab). Facilities also exist in the U.S., Japan and in Russia. 

2.4.1 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 
fabrication technology. This advantage is limited, however, due to the significant 
differences 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 Pu and MA are lower 
melting point (decreases continuously from UO2 (3113 K) to AmO2 (2448 K)), 
lower thermal conductivity and poorer chemical stability. Moreover, a general 
problem 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 experiment, where uranium-free MA-containing fuels have been 
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irradiated. The helium is produced when 242Cm (created from 241Am) disintegrates 
via alpha-decay. 

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 
dealing with MA-containing materials. Oxide fuels are also stable in air, which 
makes the safety requirements for the fabrication process less demanding. The major 
drawback with oxide fuels is the low thermal conductivity, leading to high operating 
temperatures. Therefore, a shift of emphasis towards CERMET (ceramic-metal) 
oxides has recently been made, where the actinide oxide is dispersed in a metallic 
matrix, e.g. molybdenum. Two different types of oxide fuels are currently being 
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). 

2.4.2 Nitride Fuels 
The major advantage of nitride fuels is its favorable 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 nitride actinides also show good mutual miscibility and it is 
therefore expected that the solid solution (Np, Pu, Am, Cm)N exists in a wide range 
of compositions. Other advantages associated with nitride fuels are the compatibility 
with the PUREX reprocessing method (which has some limitations for oxide fuels) 
and the 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 
during power-temperature excursions, such as pressurization 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 with nitride fuels is the production of 14C. This requires 
the enrichment of 15N [16], which has been proven feasible, but which will make the 
fuel fabrication process more difficult and expensive. 

2.4.3 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, around 1623 
K. However, moving to uranium-free fuels with high contents of plutonium and 
minor 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 (melting point 2128 K). Another 
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disadvantage with metallic fuels is their incompatibility with liquid lead and lead-
bismuth.  

2.5 Coolant Options for ADS 
Since the neutron spectrum in ADS must be hard in order to achieve high 
transmutation rates, the choice of core coolant is restricted to liquid metals (Pb, Pb-
Bi, Na) or gas (He or CO2) [8,17]. The main advantages of liquid metals are their 
attractive thermal properties and the possibility of operating close to atmospheric 
pressure, while the major drawbacks are the opacity (makes inspections and repair 
more difficult), the positive void worth [18] and the adverse chemical properties. 
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 
technique lies well beyond the state of the art and is not a realistic option for a 
demonstrator ADS within the near future. 

2.5.1 Lead or Lead-bismuth 
Lead or lead-bismuth as coolant medium has the advantage of being the same 
material as the spallation target, which will most probably consist of one of these 
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 favorable in 
order to delay or prevent 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). Pb and Bi also posses comparatively good neutronic properties, such as 
very low capture cross-sections, which is favorable for the neutron economy of the 
multiplying system. The physical properties of Pb, Pb-Bi and Na are listed in Table 
III. Their relatively high melting point, on the other hand, places constraints on the 
operating temperatures during shutdown and refueling, in order to avoid freezing of 
the coolant. Using pure Pb with a melting point of 327 °C, would require operating 
 

TABLE III  
Physical Properties of the Main Coolant Options 

 ρ 
[g/cm3] 

(∼400 °C) 

Tmelt 
[°C] 

Tboil 
[°C] 

k 
[W/m K] 
(∼400 °C) 

Cp 
[J/kg K] 

V 
[m/s]A 

Pb 11.07 327.5 1749 16 150 2.5 
Pb-Bi 10.24 123.5 1670 12.9 147 2.5 

Na 0.857 97.7 883 71.6 1300 9.0 
A: Maximum coolant velocity 
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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 lead-bismuth eutectic (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 Bi, however, leads to the production of the alpha emitter 210Po (half-life of 138 
days) and the related radioactivity confinement concerns need to be managed. 
Moreover, the availability of Bi is limited and would probably allow only a smaller 
number of ADS based on LBE. Experience of Pb-Bi-cooled reactors is available in 
Russia (submarines), although the application in ADS needs more thorough 
research. 

2.5.2 Sodium 
Sodium is the best-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, Bor-60, BN600, Superphenix) and most 
of the required compatible reactor components are available. Sodium has very good 
thermal properties (high thermal inertia and thermal conductivity, and relatively high 
boiling point), 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 [18]. 

2.5.3  Gas 
Using gas (He or CO2) as coolant would facilitate in-service inspection and repair of 
the reactor core, due to its transparency and the void worth is close to zero, as the 
gases are more or less transparent to neutrons. Moreover, He is inert and does not 
exhibit adverse effects concerning chemical compatibility with structural materials. 
The major drawback associated with gas as a coolant is that the system needs high 
pressure (50-70 bars), with the related consequences on the vessel loading and the 
increased risk of failures, possibly 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 pressurized, the physical separation of the 
spallation target and the sub-critical system is a disadvantage. 

2.6 The Spallation Target 
The design of the spallation target module should be based on the optimization 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 constitutes the physical 
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interface between the accelerator and the sub-critical core and it is one of the most 
innovative components of the ADS, for which only limited experience exists. It will 
be subject to severe radiation and mechanical stresses, induced both by the high 
power gradients generated by the intense proton beam (possibly up to 40 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, Pb-Bi 
and U) have been investigated as possible target material candidates.  

2.6.1 Liquid Heavy-metal Target 
Two main options for the spallation target material are being considered, namely 
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, Pb and Pb-Bi eutectic (LBE) have 
emerged as the primary candidates. LBE has the clear advantage of having a low 
melting temperature (123.5°C compared to 327.5°C for pure Pb), which would 
facilitate the heating of the system before operation, as well as reducing the risk of 
target solidification in case of a beam interruption or a reactor shutdown. If LBE is 
chosen as core coolant material, a 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 Hg, with the main advantages 
being the absence of 210Po-activity and the possibility of not having to heat up the 
system before operation. Hg is studied in the frame of the Spallation Neutron Source 
(SNS) [19], which is being constructed in 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 Hg. However, the high volatility of Hg 
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 Hg is the high neutron absorption cross-
section. 

2.6.2 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 
window, or to let the beam impinge directly on the HLM (windowless option). If a 
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window is used, it has to consist of a material of high strength and high radiation 
resistance, as it will be exposed to extremely high proton irradiation doses, high 
temperatures and large HLM pressures. 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, a Pb-Bi target will be irradiated by the 
SINQ proton beam (590 MeV and 1.8 mA). 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. 

A windowless design avoids the problems associated with high-temperature 
window stresses (although there is 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 
vacuum. This option will be experimentally investigated in the MYRRHA project 
[20], 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 
thermal power. 

2.6.3 The Spallation Process 
The nuclear process of spallation can be divided into two stages, as shown in Fig. 6. 
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, 
 

 
Fig. 6. The different stages of the spallation process. 
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the interactions being described by particle-particle cross-sections. High-energy 
secondary neutrons, protons or pions may be emitted as a result of this interaction. 
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 the emission of gamma rays. 

In a single spallation reaction, about 15 neutrons are created from a 1000 MeV 
proton impinging on a Pb nucleus. However, some of these emitted neutrons are 
energetic 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 
leaving the target. In a large Pb-Bi target, about 30 neutrons are typically created for 
each 1000 MeV proton. 

2.6.4 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 [21]. There are 
presently a number of different models and computation codes for simulating high-
energy particle transport, of which HETC [22,23] and LAHET [24] 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), Multistage Pre-equilibrium Models (MPM) [25], Evaporation and Break-up 
Models and High-Energy Fission Models. 

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 modeling. 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 
nucleons 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 nuclear 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 [26], ISABEL [27], the Cugnon 
[28,29] INCL models, CEM [30] and FLUKA [31]. Bertini is the oldest and most 
widely used INC model and is the default e.g. in the MCNPX code [32], which is 
based on the LAHET code system. Nevertheless, the Bertini model has shown some 
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disagreement with experimental results, obtained at the Saturne accelerator at Saclay 
(France) [33]. For example, it largely over-predicts 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 [34], 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 
(MPM) 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 SATURNE experiments that the Bertini model followed by the MPM clearly 
improves the performances. 

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 alpha-particles. The 
most widely used evaporation model is the Dresner Model [35], usually associated 
with the Atchison [36] fission model, but the GSI model [37], for example, also 
appears to be a promising alternative. 

For the disintegration of light nuclei (A≤22), the Fermi-Breakup model [38] 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 
further breakups until all products are stable. 

High-energy Fission Models 
Instead of undergoing evaporation after the intranuclear cascade, the highly excited 
nucleus may also undergo fission. There are two main models for fission induced by 
high-energy interactions; the Rutherford Appleton Laboratory (RAL) Model [39] 
and the ORNL Model [40]. The RAL model, which is the default e.g. in MCNPX 
covers fission for nuclei larger than Z=71, while the ORNL model only treats 
actinides. 

2.7 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 
[8,12,41]. The most powerful linac existing today is the LANSCE accelerator at Los 
Alamos, operating with a maximum proton energy of 800 MeV and a mean beam 
current of 1 mA, whereas the biggest cyclotron is the separated sector unit at the 
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Paul Scherrer Institute (PSI) with maximum 590 MeV and an average current of 1.8 
mA. There are also several large accelerators that are currently under construction, 
some of the most important projects being the Spallation Source Neutron (SNS) (1.4 
mA and 1.0 GeV pulsed linac) [19], 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) [42,43]. Furthermore, the LEDA (Low Energy 
Demonstration Accelerator) accelerator, which has operated at a current of about 
100 mA for many hours [44], is an important proof that an accelerator of such 
strength can be built. 

However, all of these accelerators are far from meeting the requirements 
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 
availability, and operation and safety. 

2.7.1 Accelerator Performance 

Required Proton Beam Intensity 
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 
industrial ADS (∼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 in the 
order of 100 MWth, such as the XADS demonstrator [8]. The required proton 
energy lies well within the present capabilities of accelerator technology, but the 
high currents require significant improvement. It has been shown that accelerator 
powers of up to 100 MW (100 mA, 1 GeV) using super-conducting linacs 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 
used for a 100 MW experimental facility, while only linacs can be eventually 
upgraded to a future commercial ADS. 

Assuming that the total core power (Ptot), the proton energy and the reactivity 
range (kmin<keff<kmax) have been fixed, the proton beam current needed to drive the 
sub-critical core (ip) can be determined. It can be shown that 
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where Ptot is the total core power, ν  the average neutron yield per fission, fE  the 
average energy released in a fission and Z the number of neutrons produced in the 
target per incident proton [45]. If Ptot is expressed in units of MW and fE  in MeV 
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in the equation, ip is given in mA. ϕ* is the neutron source efficiency, which is 
defined as the ratio of the average importance of the external source neutrons to the 
average importance of fission neutrons [46,47]. The source efficiency is treated in 
more detail below and Eq. (1) is derived in Appendix A. Eq. (1) shows that, apart 
from the strong dependence on the reactivity level, the proton current is inversely 
proportional to the number of neutrons per proton (Z) and to the efficiency of these 
neutrons (ϕ*). Assuming a total core power of 100 MWth, a keff = 0.95 and using 
typical values of the neutron yield (Z∼30, assumed for 1000 MeV protons impinging 
on a large Pb-Bi target) and the neutron source efficiency (ϕ*∼1.0), a required 
current (ip) of 2.6 mA is obtained. A fuel type with 0.3≈ν  and 200≈fE

 MeV

 MeV has 
also been assumed. Note, however, that Z and ϕ* are dependent on several system 
parameters, such as the proton beam energy, the target geometry and, to some 
extent, the core design. For example, for smaller target radii the number of neutrons 
per proton decreases, but their efficiency is strongly enhanced. As a result, the 
proton current needed to sustain constant core power decreases with decreasing 
target radius [Paper III], in particular for a Pb-Bi-cooled system. The required proton 
current and beam power for some different reactivity levels of a 100 MWth core is 
given in Table IV. With a proton energy of 1000 MeV and the lower limit of the 
sub-criticality being keff ~0.95, it can be concluded that for a large-scale ADS with a 
thermal power of 1000 MW, a proton current of 25-30 mA will be required, which 
corresponds to a proton beam power of 25-30 MW. Such large beam powers will be 
possible to achieve only with a super-conducting linac. 

P

 
TABLE IV  

Required Proton Beam Current (ip) and Proton Beam Power (Pacc) for a 100 MWth 
Core 

keff  MeV600=A
pE  (Z ∼15) 1000=pE  (Z ∼30) 

 pi  accP  pi  acc  
0.90 11.5 mA 6.9 MW 5.6 mA 5.6 MW 
0.95 5.3 mA 3.2 MW 2.6 mA 2.6 MW 
0.98 2.1 mA 1.2 MW 1.0 mA 1.0 MW 

A: Ep is the proton energy 

 

The Proton Beam Characteristics 
The main characteristics of the proton beam, that is its energy and intensity, will be 
determined mainly by two physical quantities, namely the number of neutrons 
produced per proton and per GeV (Z/Ep) 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 neutrons for a given amount of 
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accelerator power. This is an increasing function of proton energy and reaches its 
optimum level at about 1000-1500 MeV (Fig. 7). Expressing the accelerator power 
required to feed the sub-critical core as (using Eq. (1)) 
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it can be seen that the power is minimal when Z/Ep reaches its maximum. It is shown 
in Table IV that the required current using a 600 MeV proton beam is about twice 
that for a 1000 MeV beam and the required accelerator power is thus larger by about 
20%. This is in good agreement with Fig. 7, which shows that the neutron yield per 
proton and per GeV is also 20% larger for 1000 MeV protons than for 600 MeV 
protons. Looking at Eq. (2), it can be seen that in order to obtain the exact 
relationship between the neutron yield and the accelerator power, the number of 
neutrons should be multiplied by their efficiency (ϕ*), which can vary considerably 
for different target and core designs. This product is called “proton source 
efficiency” (ψ*) and is treated in [Paper III]. However, when varying the proton 
energy, as in Fig. 7, the change in ϕ* is rather small, as well as the change in curve 
shape. 

The second quantity, the energy deposited in the target window (due to 
ionization losses) is a decreasing function of proton beam energy. Since the required 
current is also lower for higher proton energies, the window damage is strongly 
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 favored. 
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Fig. 7. Neutron yield for proton beams of 400 MeV to 2.5 GeV energy, 
impinging on a Pb-Bi target with radius = 40 cm and height = 75 cm. 
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Reliability and Availability 
The reliability and continuity of the accelerator beam is a new and challenging 
constraint 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. 

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, pressure). 
Therefore, no specific limit on the frequency of trips is required for this category. 
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 appears to be 
promising for this purpose, since it allows for a repeated beam interruption (∼1 ms). 
For example, using the Pulsed Neutron Source Method, the sub-criticality can be 
determined by monitoring the neutron flux decay process following a source pulse. 
As long as the frequency is high enough, no penalties in terms of thermal stresses 
are expected. Other safety functions that have to be taken into account are the 
containment of radioactive materials and the radiological protection of the operators 
under normal operating conditions. 

2.7.2 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 
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hollow “drift tubes”, alternately connected to the opposite poles of an ac voltage 
source (Fig. 8). 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 traveling 
inside the tubes and the lengths of the tubes are chosen so that the particles reach the 
gap between the tubes at the moment when the electric field is accelerating. As the 
velocity of the particles increase, so must the length of the tubes 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 large, it is desirable that the rf-frequency is high, in order to keep the tube 
lengths reasonably short. 
 

 
Fig. 8. Principle design of the Widerö accelerator. 

The Linac Envisaged for ADS 
The HPPA linac envisaged for ADS can schematically be divided into three 
different parts; the injector, the intermediate section and the super-conducting high-
energy section. In a typical design proposal, depicted in Fig. 9 [48], the injector 
consists of three parts with the first stage being the ion source, producing a high-
intensity proton 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), focusing 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 
focusing quadrupoles are needed. This is the longest section and brings the protons 
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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 roadmap for ATW [49]. 

 

 
Fig. 9. Typical layout for a super-conducting HPPA linac [48]. 

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 reached. This leads to considerable economical advantages 
as well as relaxed constraints on the construction of the rf-source. Besides this 
obvious economical impetus for using SCRF cavities, they are also favored for 
several technical reasons. One is that large beam openings, not achievable in 
classical linacs, drastically reduce the problems associated with the activation in the 
structural components 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 cavities), which considerably reduces the length (and costs) of the 
high-energy section. 

2.7.3 Cyclotron Accelerators 
A cyclotron is a circular accelerator consisting of two large dipole magnets and two 
semicircular metal chambers (called Dee:s because of their shape), in which the 
particles orbit (Fig. 10). The Dee:s are connected to an oscillating voltage, 
generating an alternating electric field in the gap between the two Dee:s, in which 
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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 center 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. 10. Schematic design of a cyclotron. 

A difficulty with this type of classical cyclotron arises when the particles become 
relativistic, causing 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 
undesirable effect of defocusing the beam. However, focusing can be restored by 
dividing the dipole magnets into sectors with alternating high and low magnetic 
fields (isochronous cyclotron). The strongest focusing effect is obtained in a 
separated sector cyclotron. This is the principle for the 590 MeV PSI cyclotron, 
which is constructed using 8 separate magnet sectors. 

Cyclotrons may be a realistic alternative to linacs as the accelerator to drive an 
ADS if 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 MW 
appears to be the upper limit for a cyclotron-driven ADS. An alternative that is being 
considered is to operate several independent cyclotrons. In this scenario, a 500 MW 
core could possibly be managed. This would also increase the reliability of the 
proton beam and given the lower unit cost of a cyclotron compared to a linac, it 
could equally be an economically favorable option. Most of the conceptual design 
proposals of ADS cyclotrons are based on a version of the PSI ring cyclotron 
upgraded to about 1 GeV and 10 mA, yielding a maximum power of 10 MW.  
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2.8 The European Roadmap for the Development of 
ADS Technology 

2.8.1 XADS 
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 realization of a 100 MW experimental ADS 
(XADS) [8,50]. The XADS program, which is envisaged to cover the time-period of 
the 6th and the 7th Framework Programs, is the first step in the European Roadmap 
for development towards a large-scale and industrial application of ADS. The 
scheduled milestones of the Roadmap are listed in Table V. During the operation of 
the XADS, which will use conventional MOX fuel, the basic physical principles of 
an accelerator-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 existing fuels from the SNR300 or Superphenix (SPX) reactors, or new MOX 
fuels specifically constructed for the XADS. The latter choice has the advantage that 
the fuel design can be adapted to the design of the reactor system. 
 

TABLE V  
Scheduled Milestones of the Development of ADS Technology in Europe [8] 

2005 Start of detailed design of XADS 
2008 Start of construction of XADS 
2013-2015 Start of operation of XADS 
2017 Decision on how to go to XADT 
2025 Start of operation of XADT 
2030 Start of operation of PROTO-ADT 
2040-2050 Start of industrial application 

 
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 5 mA and an accelerator power in the order of 3 MW. The proton beam 
energies that are being considered lie 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 unresolved. For the spallation module, the choice between 
the window and windowless concept will be based on the results from the 
MEGAPIE and the MYRRHA experiments, respectively. The XADS will also have 
the role of an irradiation tool and a limited number of dedicated MA-based fuel 
assemblies will be inserted in the reactor for irradiation studies. These advanced 
fuels, characterized by a high content of Pu and minor actinides and preferably 
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uranium-free, will be irradiated to relatively high burn-up in order to achieve high 
transmutation rates. The start of the construction of the XADS is scheduled for 2008 
with the start of operation beginning 2013-2015. 

2.8.2 XADT and the ADS Prototype 
In the second phase of the ADS development, the MOX fuel will be replaced by 
dedicated fertile-free fuel, thereby allowing full demonstration of the transmutation 
process. This will be realized 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. According to the present time-
schedule, the decision whether this can be accomplished or whether a new facility 
for the XADT has to be constructed must be taken around 2017-2018. After this, the 
operation of the XADT could possibly begin around 2025. It is assumed that the 
separation processes of minor actinides and the fabrication technologies of dedicated 
MA-based fuels that are currently under development will be ready by the time the 
XADT program starts. 

Around 2030, the construction of a prototype ADS 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.). Essentially, it should also be based on 
the same technology as the XADT, except that it would be larger. Until this time, a 
spallation module, including an accelerator of about 20 to 40 MW power and with 
availability far beyond its current status, must be developed and constructed. Apart 
from the accelerator technology, the realization 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 
technological challenges. Eventually, if the operation of the prototype is successful, 
accelerator-driven transmutation systems could be applied on a large and industrial 
scale from around 2040. 
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Chapter 3  

Studies of Sub-critical Neutronics in 
MUSE-4 

As a step towards a future ADS, the MUSE experiments provide a valuable mean for 
investigating the physics of sub-critical systems in the presence of an external 
source, and for validating experimentally the theoretical methods and calculation 
tools developed to characterize such a system. A major 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 II]. 

3.1 The MUSE Experiments 

3.1.1 The MASURCA Facility 
MASURCA is the experimental reactor at CEA/Cadarache dedicated to neutronic 
studies of accelerator-driven systems in the framework of the MUSE program. The 
MASURCA core is rather small, with a height of about 60 cm and a radius of about 
50 cm. The reactor power is low (maximum 5 kW) and the core cooling is provided 
by air. 

The MASURCA reactor has a very 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 used (sodium, lead, gas) 
and different levels of criticality are possible, both critical and sub-critical. A 
schematic view of MASURCA, coupled to the GENEPI neutron generator, is shown 
in Fig. 11. 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 Na rodlets (simulating the coolant medium) with a diameter of 1.27 cm. 
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Fig. 11. Schematic view of the MASURCA reactor, coupled to the 
GENEPI neutron generator. 

3.1.2 The MUSE Experimental Programs 
In order to validate experimentally the main physical principles of an accelerator-
driven reactor, the basic idea in the MUSE experiments is to separate the sub-critical 
multiplication process from the external source characteristics. This can be done by 
using a well-defined neutron source (in terms of energy and position) 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 characterization of 
the multiplying medium alone is performed, after which the insertion of an external 
source and the investigation of the response in the medium is made. 

The MUSE program started at CEA/Cadarache in 1995 with the short MUSE-1 
experiment [51]. In MUSE-2 (1996) [47], 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) 
[52], 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 experiments with different “buffer zones” 
(sodium, stainless steel and lead) were performed. 

In the on-going MUSE-4 experiments [5] (started in 2000 in international 
collaboration via the 5th Framework Program of the European Community), the 
neutron generator GENEPI [6], especially developed for the MUSE-4 experiments, 
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 has 
extended the range of experimental possibilities and has considerably improved the 
accuracy of the measurements. For example, the accurate dynamic measurements, 

 38



 

based on the pulsed mode operation of GENEPI, enable experimental reactivity 
determination of the sub-critical multiplying media. The techniques that are 
investigated for this purpose are the pulsed neutron source method, the inverse 
kinetics method, the Rossi-α method and the Feynman-α method [53]. At the end of 
the MUSE experiments, a validated experimental technique (including experimental 
uncertainties) will be proposed for the development of a reactivity meter that can be 
envisaged for a future ADS. 

The geometry of the second sub-critical configuration of MUSE-4 (SC2) is 
shown in Fig. 12. The GENEPI deuteron accelerator tube is introduced horizontally 
at the core mid-plane and the deuterium or tritium target is located at the core center. 
The neutron source is surrounded by a lead “buffer” medium in order to simulate the 
diffuse properties of a spallation source. 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 medium is sodium. A more detailed description of MUSE-4 is 
given in [54]. 

 

 

z

y

x  
 
0: Accelerator Tube (deuterons)
    Deuterium or tritium target 
1: Fuel/Na-Coolant  
2: Na/SS Reflector  
3: Axial Shield (not shown) 
4: Radial Shield  
5: Lead Buffer  

Fig. 12. XY-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 following experimental configurations, all with sodium as coolant medium, 
are being studied in the MUSE-4 experiments; 

• One critical reference configuration (GENEPI shut off). The reactivity will be 
experimentally determined by classical pilot rod shutdown measurements. 

• Three sub-critical configurations (SC0 with keff ∼0.994, SC2 with keff ∼0.97 
and SC3 with keff ∼0.95) 
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• Two complementary asymmetrical configurations with a keff of about 0.95 and 
0.93, obtained from the reference configuration and SC1, by complete 
insertion of one of the safety rods. 

It was also decided to include, in an extended phase of MUSE-4, a configuration 
partially cooled by lead. In MUSE-5, experiments with a fully lead-cooled core and 
with a gas-cooled core will be carried out. 

Most neutronics computational tools and 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, offers a good opportunity for test 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, has been 
proposed by the OECD Nuclear Energy Agency [55]. One of the objectives of the 
benchmark is to define a reference calculation route (including nuclear data, 
methods and calculation codes) for the prediction of various neutronic parameters of 
an ADS. 

As complementary experiments to MUSE-4, the SAD experiments (Sub-critical 
assembly in combination with the proton accelerator in Dubna) will be performed 
within an expanded collaboration of the MUSE-4 program. Different spallation 
neutron sources (Pb, W, Pb-Bi targets) produced by a 660 MeV proton synchrotron 
will be investigated. The experiments will permit the characterization of the 
propagation of spallation neutrons into the different materials (e.g. target, fuel, 
coolant and structural materials) encountered in a possible future ADS. 

3.1.3 The GENEPI Neutron Generator 
GENEPI (GEnerateur de NEutrons Pulsés Intenses), depicted in Fig. 13, is a high-
intensity pulsed neutron generator constructed by CNRS/ISN/Grenoble and has been 
especially developed for the MUSE experiments in the MASURCA facility. A 
duoplasmatron 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 in the center of the core. The (d,d)- and 
the (d,t)-reactions produce neutrons of, on average, 2.67 MeV or 14.1 MeV, 
respectively. The GENEPI deuteron guide is introduced horizontally at the core mid-
plane and the deuterium or tritium target is located at the core center. The main 
characteristics of GENEPI in the (d,t)-mode are given in Table VI. The special 
features of GENEPI are the rather high intensity (∼50 mA peak) combined with a 
pure and very short (1 µs) and sharp-edged pulse, which 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 
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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 2-3 m into the center of the core, 
electrostatic planar electrodes are placed in the beam tube, creating effective 
 

 
Fig. 13. View of GENEPI. 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 VI  

GENEPI Characteristics of 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 
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focusing. The target consists of a combination of titanium and tritium/deuterium. A 
thin layer of the combination is placed on a 1.5 mm thick cylindrical (φ=30 mm) 
plate of natural copper. One of the major advantages of the introduction of GENEPI 
is the possibility of making accurate dynamic measurements, which enables 
experimental determination of the reactivity of the sub-critical multiplying medium. 

3.1.4 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 
released is 17.6 MeV, of which the neutron obtains on average 14.1 MeV. The 
Coulomb 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 
combination of the penetration probability and the cross-section of the (d,t)-
interaction, and in this case it is maximal at about 100 keV. The energy of the 
deuterons in GENEPI is 240 keV, which allows for some slowing down inside the 
target. If the incoming deuteron energy is low, the angular distribution of neutrons is 
essentially isotropic with neutron energy of 14.1 MeV. However, with increasing 
deuteron energy, the neutron 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 with MCNP. Instead, the double-differential 
cross-section and the energy dependence of the neutron emission angle are taken 
from [56]. These distributions are plotted in Fig. 14 and Fig. 15, and are listed in 
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Fig. 14. Double-differential cross-section and energy dependence as a 
function of neutron emission angle for the (d,d)-reaction. 
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Fig. 15. Double-differential cross-section and energy dependence as a 
function of neutron emission angle for the (d,t)-reaction. 

Appendix B. The energy of the emitted neutrons in the laboratory system ranges 
from 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. This is expected according to basic kinematics theory. 
For the (d,d)-reaction however, the double-differential cross-section has a minimum 
at 90 degrees. The reason for this behavior is a quantum effect from the interference 
of the incoming and outgoing wave functions of the particles involved in the 
reaction. 

3.2 The Simulation Tools Used in the Numerical Studies 
The major part of the numerical simulations included in this thesis was performed 
with the Monte Carlo codes MCNP (version 4C3) and MCNPX (version 2.2.3), both 
using the data file ENDF/B-VI. The Intranuclear Cascade Model applied by 
MCNPX is the Bertini package. For comparison, the deterministic fast reactor code 
ERANOS [57] was used as modeling tool in some of the studies [Paper II]. 

3.2.1 The Monte Carlo Method 
The Monte Carlo method is a stochastic process, which allows for simulating 
particle transport in any arbitrary geometry. While deterministic codes solve the 
Boltzmann transport equation for an average particle, Monte Carlo obtains a 
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solution by simulating individual particles and then inferring their average behavior. 
It is particularly useful for complex problems that cannot be modeled 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 number of source particles to obtain a statistically reliable result 
and the program records the average behavior of the simulated particles. 

To simulate the particle interaction with matter using a Monte Carlo method such 
as MCNP, nuclear data libraries (e.g. JEF, 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 this nuclear data treatment 
procedure is shown in Fig. 16. 
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Fig. 16. Flow sheet of nuclear data treatment, finally applied by a 
simulation tool such as MCNP. 

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. 

3.2.2 MCNP and MCNPX 
In MCNP, the allowed particles are neutrons, electrons and photons, with the 
neutron energy range being limited to 20 MeV, which is sufficient for classical 
reactor simulations and most neutron transport problems. However, this limitation is 
a problem when simulating an accelerator-driven system involving 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 and MCNP have been 
merged together. In MCNP, particle transport relies entirely on nuclear data 
contained in externally supplied cross-section tables (En < 20 MeV), which are 
derived from evaluated nuclear data files. In LAHET, on the other hand, particle 
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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 possibility to transport many particles other than neutrons, 
the most important in the context of ADS simulations being protons. The nuclear 
data libraries (e.g. JEF, JENDL, ENDF/B) have traditionally been limited to 20 
MeV. However, progress is underway with the development of cross-section tables 
(e.g. LA150 [59]) covering the important energy range from 20 up to 150 or 200 
MeV. 

3.2.3 ERANOS 
ERANOS is a deterministic fast reactor code system [57] using cross-section 
libraries based on the JEF2.2 evaluated file. ERANOS is well validated for classical 
sodium-cooled fast reactors. This validation has been recently extended to Pu-
burning cores with steel-sodium reflectors and high Pu-content. However, the code 
is not yet fully validated for systems characterized by large sub-criticalities and the 
presence of high-energy neutrons from spallation. 

In ERANOS, 1-D cell or 2-D sub-assembly calculations are performed with the 
ECCO code, while core calculations can be performed with different 2-D or 3-D, 
diffusion or transport theory modules. In the study presented in [Paper II], the two-
dimensional Sn transport code BISTRO [60] was used. Two sets of nuclear data 
libraries are available with ERANOS, both of them based on the JEF-2.2 evaluated 
file. The first one is directly derived from JEF-2.2, whereas the other one, called 
ERALIB1 [61], 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. 

3.3 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-induced spallation source. 

3.3.1 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 neutron leakage 
spectra. For this purpose, the surrounding fuel and shielding were temporarily 
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removed, as shown in Fig. 17. For the simulation of the spallation source, the lead 
buffer/target in the model was extended by one extra sub-assembly towards the 
proton beam, replacing part of the accelerator tube. Using MCNPX, 1000 MeV 
protons were directed towards the lead target, generating the spallation source. 

The energy spectra of the neutrons exiting the lead buffer are plotted in Fig. 18 
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  
 

                  
Fig. 17. Configuration of only the lead buffer region. To the left: (d,d)- 
or (d,t)-source neutrons emitted at the center of the core. To the right: 
1000 MeV protons accelerated towards the extended lead buffer creating 
a large number of spallation source neutrons. 

 

 
Fig. 18. Neutron leakage spectrum from the lead buffer/target for a (d,d)-
source, a (d,t)-source and a spallation source (1000 MeV protons). 
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GENEPI generator. Hence, only a small fraction of the source neutrons have lost 
their initial energy. This is an expected result, since the energy loss by elastic 
scattering of neutrons in lead is quite small. However, for the (d,t)-source, the 
energy of the neutron spectrum has decreased significantly, 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. 19), explaining why there is no 
such effect for the (d,d)-source. However, about 35 % of the neutrons exiting the 
lead buffer have not interacted with the lead and are still in the 14-MeV peak. For 
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. 
 

 
Fig. 19. Neutron microscopic cross-sections for 239Pu fission, 238U 
fission and (n,2n)-reactions in 206Pb, 207Pb and 208Pb (ENDF/B-VI). 

The GENEPI-generated neutron sources in the MUSE experiments were 
surrounded by a lead buffer with the purpose to simulate the neutron diffusion of an 
actual lead (or lead-bismuth) target in an ADS. The comparison of the neutron 
leakage spectra shows that the neutrons from the (d,t)-source in MUSE-4 have a 
rather similar energy spectrum as the neutrons from the spallation source have, and 
can from this point of view be considered more representative for a spallation-driven 
system than the (d,d)-source. 

3.3.2 Neutron Spectra in the Core 
The neutron energy spectra for the three different sources have been computed 

with the entire core present (including fuel, reflector and shields), according to Fig. 
20. As in the case of the neutron leakage calculations in the previous section, the 
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target/buffer was extended by one extra sub-assembly for the calculations with the 
spallation source (Fig. 17). The spectra were calculated in two different positions; 
one in the lead buffer and one in the fuel (marked with black dots in Fig. 20). The 
calculations were performed for the second sub-critical state of MUSE-4 (SC2, keff 
∼0.97). The spectra for the other sub-critical states (SC0, keff ∼0.994 and SC3, keff 
∼0.95) are not shown here, since they are rather 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. 
Some of the results presented in this section have also been published in [Paper I]. 

 

 
Fig. 20. The two positions (marked with the black dots) where the 
neutron energy spectra have been calculated. 

In Fig. 21, the neutron energy spectra for the three different sources calculated in 
the lead buffer are plotted. The spectra are very similar to each other, the energy 
density being maximal at about 500 keV. Several spectrum characteristics of the 
multiplying fuel can be recognized, for example the two dips in the neutron fluxes 
caused by the scattering resonances in sodium (∼3 keV) and oxygen (∼0.4 MeV). 
This indicates that the neutron spectrum in this position is rather dominated by the 
fission multiplication in the fuel and that many of the neutrons from the fuel enter 
into the lead buffer. However, a smaller fraction of the neutrons have energies 
different from the average behavior and the two peaks representing the origins of the 
GENEPI-generated neutron sources and the high-energy tail of the spallation source 
are very clear in this position. It should be noted 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. 
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Fig. 21. Neutron energy spectra in the lead buffer. 

In Fig. 22, the neutron spectra in the fuel at a point located 21 cm from the center 
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 almost no 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. 

 

 
Fig. 22. Neutron energy spectra in the fuel. 
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The computed neutron spectra show that the energy 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 hypothesis of the 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 very little the neutron spectrum in the 
fuel. Only inside the lead buffer and at the buffer/core interface some differences are 
observed. We therefore conclude that, for the purpose of computing neutron 
spectrum-weighted quantities, the presence of the external source can be neglected 
beyond a few centimeters into the fuel, whatever the neutron source energy 
distribution. 

3.3.3 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 is further treated in 
[Paper II] and in Section 3.4. 

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. 23. It is 
also seen that the neutron density, which in addition to the primary neutrons include 
 

              
Fig. 23. 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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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. 24. We note that 16.8% of the neutrons have energies 
higher than 20 MeV and 3.3% of them higher than 150 MeV. The neutrons with 
very high energy were mainly emitted in the forward direction of the proton beam. 

 

 
Fig. 24. Energy spectrum of the primary spallation neutrons created by 
the 1000 MeV protons. 

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 (r≥30 cm), this fraction is about 
50%, the total number of neutrons created per proton being as large as 30, while the 
number of primary spallation neutrons are the same, independently of the target size. 

3.4 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 the second sub-
critical state (SC2) of the MUSE-4 experiments (Fig. 12). 

3.4.1 Definition of ϕ* 
The neutron flux distribution φs in a sub-critical core is the solution to the 
inhomogeneous steady-state neutron transport equation 
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 Sss += φφ FA  , (3) 
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F is the fission production operator, A is the net neutron loss operator and S is the 
external source. The neutron source efficiency [46,47], usually denoted ϕ*, 
represents the relative efficiency of the external source neutrons and can be 
expressed according to the following equation [62]; 
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which is valid in the range 0 1<< effk .0. <Fφs> is the total production of neutrons 
by fission and <Sn> is the total production of neutrons by the external source. In the 
above formula, the brackets imply integration over space, angle and energy. Eq. (6) 
relates the total fission neutron production <Fφs> to the external neutron source, ϕ* 
and the reactivity (1 – 1/ keff). It shows that, for given values of keff and <Sn>, the 
larger ϕ* the larger the fission power produced in the system. The quantities on the 
right hand side of Eq. (6) are standard outputs from MCNP and MCNPX. 

3.4.2 Estimation of the Statistical Error in ϕ* 
In order to estimate the statistical uncertainty in ϕ*, the formula for “propagation of 
error” was applied (Eq. (7)), assuming that the errors of <Fφs> and <Sn> (labeled F 
and S in this sub-section) are ∆F and ∆S. 
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The correlation constant ρ could be either positive or negative; negative if keff and F 
are correlated and positive if they are anti-correlated. However, as a first 
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approximation, ρ was assumed to be zero. With the derivatives 
effk∂

∂ *ϕ , 
F∂

∂ *ϕ  and 

S∂
∂ *ϕ  inserted in Eq. (7), an expression for the relative error in ϕ* can be obtained, 
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Eq. (8) was used in all simulations to estimate the statistical uncertainty in ϕ*. 

3.4.3 Definition of the External Neutron Source in Spallation-
driven Systems 

Since the actual source particles in a system coupled to a proton-induced spallation 
source are protons and not neutrons, it is not obvious which is the best way to define 
the external neutron source. The procedure to calculate ϕ* is usually divided into 
two steps, the first generating the source neutrons produced from the proton beam 
interacting with the target 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*. A brief summary of four different definitions 
of the external neutron source that have been used in the ADS field is given in [63]. 
Among these, the two most frequently used definitions, the target neutron 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 
The approach of the target neutron leakage source uses the neutrons that leak out 
radially from the target as source neutrons [64,65]. The method consists of, in the 
first step, transporting the high-energy protons and the secondary particles that they 
produce in the target. The neutrons 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 re-entering the target are included in the source definition. In the second 
step, the leakage neutrons are reemitted as fixed source neutrons in a separate run 
and the efficiency (ϕ*) of them is determined. Since the target neutron leakage 
spectrum includes a high-energy tail, both step 1 and 2 need to be simulated with a 
high-energy transport code (which can simulate neutrons with energy up to the 
incident proton energy). 
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The Energy Cut-off Neutron Source 
The other way to define the neutron source is to collect the neutrons that fall below a 
certain cut-off energy (usually 20 or 150 MeV) [66,67,68]. In the first step, a high-
energy code is used to transport the accelerated 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 energy is set to the upper energy limit of the cross-section library 
that will be used in 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 here defined as the neutrons 
produced directly in a spallation reaction induced by a proton (or by any other 
particle, except neutrons) [Paper II]. They 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 neutron 
is born in a non-neutron-induced spallation reaction. The primary neutron might be 
multiplied by secondary spallation (if its energy is very high) and/or (n,xn)-reactions 
in the lead target, followed by fission reactions in the fuel, the end point of the 
neutron multiplication chain being the absorption or escape of the last neutron 
originating from the initial primary source neutron. 

3.4.4 Calculations of ϕ* for the MUSE-4 Model 
The multiplication factor keff and the total number of neutrons produced by fission 
(<Fφs>) were calculated for the three different sources. Knowing these two 
parameters ϕ* can be determined according to Eq. (6). <Fφs> is automatically 
normalized per source neutron in MCNP (and in MCNPX if the source particles are 
neutrons), so <Sn> was always equal to 1 in the calculations. The corresponding 
statistical errors (±1 standard deviation) were calculated using Eq. (8). The results, 
including error estimates, are listed in Table VII. 

For the calculations of the spallation source, the primary neutron source 
definition was used and the MCNPX simulations calculating ϕ* were divided into 
two steps. In the first simulation, a large number of protons were accelerated (to 
1000 MeV) towards the lead target. The protons were uniformly distributed across 
the beam of radius 2 cm. The angular, energy and spatial distributions of all neutrons 
that were created directly in the spallation interactions (primary spallation neutrons) 
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were recorded. After that, the neutron trajectories were immediately terminated. This 
procedure produces a spectrum of primary spallation neutrons, i.e. no secondary 
neutrons are included. In the second step, these primary spallation neutrons were 
supplied to the MCNPX code as fixed source neutrons for separate simulations and 
ϕ* was determined.  
 

TABLE VII  
Source Efficiency for the MUSE-4 SC2 Configuration 

Source keff >< sφF  ϕ* 
(D,D)-Source 48.8 (± 0.4 %) 1.36 (± 0.010) 
(D,T)-Source 77.6 (± 0.5 %) 2.17 (± 0.020) 

Spallation Source 

 

0.97285 
(± 18 pcm) 

80.6 (± 1.0 %) 2.25 (± 0.030) 

 
The energy of the emitted (d,d)-source neutrons (2-3 MeV) is only slightly larger 

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 
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 VII 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 
efficiency. In average, about 1.5 neutrons leave the lead buffer per initial 14 MeV 
neutron, compared to 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. 24). 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 II]. 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 they 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 
chain reactions in the fuel. 
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3.5 Dynamic Neutron Source Response 
Techniques to monitor the sub-criticality level during operation in ADS are under 
development within the MUSE-4 program. With the introduction of GENEPI into 
MASURCA, it is now possible to perform accurate dynamic measurements, 
allowing for experimental reactivity determination of the sub-critical multiplying 
medium. The dynamic measurements are 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 will first be precisely determined by 
the well-known static Modified Source Method (MSM). In the next step, based on 
reactor kinetics and neutron noise theory, different dynamic techniques are applied, 
in order to determine the reactivity level. The methods being studied are the pulsed 
neutron source method, the inverse kinetics method, the Rossi-α method and the 
Feynman-α method. These methods, as well as results and interpretations from the 
dynamic experiments have been presented in several documents [5,53,69]. 

3.5.1 The Pulsed Neutron Source Method 
When a multiplying medium is sub-critical, the neutron density will decay 
exponentially and the pulse will quickly disappear, according to basic point-kinetic 
theory. The decay process after a neutron pulse in a sub-critical medium is governed 
by the following relation [70]; 

  , (9) ( ) teNtN α−= 0

where 
Λ

−
= promptk1

α  and Λ = neutron generation time. Hence, α is the slope of the 

decaying curve and it is directly related to the reactivity. Eq. (9) is derived from the 
reactor kinetics equation, not taking the delayed neutrons into account. Within this 
time scale there is no contribution from delayed neutrons, which is the reason why α 
is directly proportional to kprompt and not to keff. 

The “Pulsed Neutron Source Method” [70] is one of the most promising 
techniques for the experimental reactivity determination of the sub-critical core in a 
future ADS. The procedure consists of, after having registered the neutron intensity 
decay after a neutron pulse, determining the slope of the curve (α) and then 
determine kprompt, according to 

 Λ⋅−= α1promptk  . (10) 

The neutron generation time, Λ first has to be calculated and does not change much 
with reactivity. In order to obtain the effective reactivity, you also need to determine 
the effective delayed neutron fraction (keff = kprompt + βeff). 
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The time response in one of the detectors in MASURCA has been simulated for 
a GENEPI-generated (d,t)-neutron source pulse for the three sub-critical states, SC0, 
SC2 and SC3 of the MUSE-4 experiments. The generation time Λ was 
approximately 0.60 microseconds. The results computed by MCNP are plotted in 
Fig. 25. It is clear from the figure that the more sub-critical the core is, the faster is 
the prompt decay rate. The α-values corresponding to the sub-critical states 
(determined graphically from the plotted curves) are for SC0; α0 ≈ 1⋅104 (kprompt ≈ 
0.995), for SC2; α2 ≈ 5⋅104 (kprompt ≈ 0.97) and for SC3; α3 ≈ 8⋅104 (kprompt ≈ 0.95). 
The results are in good agreement with Eq. (9). 

 

 
Fig. 25. Neutron source response after a (d,t)-source pulse for the three 
different sub-critical configurations in MUSE-4, SC0, SC2 and SC3. 

3.6 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 (the limit 
of the lead-cooled region being marked by the black line in Fig. 26). Three 
parameters; keff, the source efficiency ϕ* and the dynamic neutron source response 
were studied for this centrally lead-cooled configuration. The neutron source 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 
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reactivity for the two configurations, which is particularly important for the 
comparison of the neutron source response, some of the peripheral fuel sub-
assemblies were removed. keff was approximately 0.974 in both cases. 
 

 
Fig. 26. Configuration where 22 of the sodium-cooled sub-assemblies 
were replaced by lead-cooled sub-assemblies (the limit of the lead-cooled 
sub-assemblies is marked by the black line). 

3.6.1 Source Efficiency 
The results from the comparison of ϕ*, for the two configurations, are listed in 

Table VIII. 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 
 

TABLE VIII  
Source Efficiency ϕ* for the Sodium-cooled and the Centrally Lead-cooled MUSE-

4 Configurations 

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

Centrally lead-cooled 0.97382 (± 27 pcm) 2.39 (± 0.03) 
 

 58



 

well as ϕ*. Since the source efficiency relates the source intensity to the power 
produced in the system, we conclude that the replacement of sodium coolant by lead 
coolant in the 22 central fuel sub-assemblies increases the power by approximately 
12%. 

3.6.2 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. 27 that the 
intensity is somewhat higher (on average ∼15%) for the lead-cooled configuration. 
The explanation for this is the same as for the difference in source efficiency, 
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. We also observe that the prompt decay rate is more or less the 
same for the two systems. The neutron generation time Λ, calculated by MCNP, 
changes very little and since keff is the same, the α-value and the decay rate must 
also be the same. 
 

 
Fig. 27. Neutron source response in one of the detectors from a neutron 
source pulse. 
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Chapter 4  

Proton Source Efficiency in ADS 

An important factor when designing an ADS is to optimize the beam power 
amplification, i.e. the core power over the accelerator power, given that the reactor is 
operating at a certain sub-critical reactivity level. Optimizing the source efficiency 
and thereby minimizing 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 parameter ϕ* is commonly used to study this quantity, since it is 
related to the number of fissions produced in the core (which is proportional to the 
total core power) 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 
properties. In order to determine ϕ*, the external neutron source first has to be 
defined and then the efficiency of this neutron source can be determined. The major 
drawback with using ϕ* is that the neutron source can be defined in several different 
ways (Section 3.4), and the results are directly dependent on the choice of definition. 
Therefore, completely different values of ϕ* are often observed [64,66, Paper II], 
due to different choices of external neutron source definition. Another complication 
associated with the neutron source efficiency is that, studying ϕ* as a function of a 
certain system parameter might change the neutron source distribution and the 
number of neutrons produced per source proton (Z). If a change in the studied 
system parameter changes the distribution of the neutron source, ϕ* has to be 
weighted by Z. With the target neutron leakage definition, examples of parameters 
affecting the source distribution are the target dimension, the proton beam energy 
and the axial proton beam impact position. Other system 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 
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[66]. However, substituting the coolant material or changing the fuel composition in 
this case might affect the distribution of the neutron source. 

4.1 Introduction of the Proton Source Efficiency 
With the purpose of providing a simple means for studying the core power over the 
beam power, we have introduced a new parameter, called “proton source efficiency” 
and denoted ψ*. ψ* refers to the number of fission neutrons produced in the system 
by each source proton [Paper III]. The advantages with 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 beam power 
amplification, without the need of a weighting factor (Z).  

4.1.1 Definition of ψ* 
ψ* represents the product of ϕ* and the number of source neutrons generated per 
source proton (Z). We thus have the following relation between the proton source 
efficiency ψ* and the neutron source efficiency ϕ*; 

 Z⋅= ** ϕψ  , (11) 

where Z = <Sn>/<Sp>, <Sn> and <Sp> being the total number of emitted source 
neutrons and source protons, respectively. ψ* could also, in analogy with ϕ*, be 
expressed in terms of keff and the total number of neutrons produced by fission in the 
core by each source proton. Inserting Eq. (6) in Eq. (11) it is expressed in the same 
way as ϕ*, only with the replacement of <Sn> by <Sp>, 
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<Fφs>/<Sp> is the total production of neutrons by fission over the total number of 
source protons. 

4.1.2 Comparison of ψ* and ϕ* 
Investigating ψ* and ϕ* as functions of the target radius and of coolant material 
illustrates the comparison of system parameters that affect and do not affect the 
neutron source distribution. Using the target neutron leakage definition as an 
example and changing the coolant material, Z does not change, so ψ* and ϕ* vary in 
exactly the same way. For a fixed target radius we have, following from Eq. (11), 
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When varying the target radius, on the other hand, Z changes, so ψ* and ϕ* varies in 
different ways. For a fixed coolant material we have 
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Consequently, if one wants to use the neutron source efficiency parameter ϕ*, it 
needs to be weighted with Z when studying the target radius, whereas this is not 
necessary when comparing different coolant materials. However, applying the 
proton source efficiency and always referring to ψ*, none of this has to be 
considered. 

4.1.3 Relationship Between ψ* and the Core Power 
The total power produced by fission in the core (Pf) can be 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; 

 f
s

f E
ν

P ⋅
><

=
φF  . (15) 

Inserting Eq. (12) in Eq. (15), we obtain 
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For a given fuel composition, fE  and ν  can, for the purpose of this study, 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 neutron 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 report and were found to be much smaller 
than the statistical errors in the simulations (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 different fuel types are compared. If we 
further make the approximation that the energy produced by fission is proportional 
to the total core power produced in the core, we find that ψ* is proportional to the 
total power divided by the source intensity (output/input power). 
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4.2 ψ* as a Function of Different System Parameters 
In order to find an optimal system design that minimizes the proton current needs, 
the proton source efficiency ψ* was studied as a function of a number of different 
system parameters, such as the target radius, coolant material, axial proton beam 
impact position, proton beam energy and fuel composition [Paper III]. 

4.2.1 System Modeling 
A homogenized model representing a nitride-fuelled and lead-bismuth-cooled ADS 
(maximum 800 MWth) has been studied. The height of the active core in the 
reference model (Fig. 28) is 100 cm and the outer radius is 70 cm. The inner radius 
is 20 cm, which is also the boundary of the lead-bismuth target. The accelerator tube 
has a radius of 15 cm and the axial position of the proton beam impact is 25 cm 
below the top of the core. The radius of the radially uniform 1000 MeV proton beam 
is 7.5 cm. Above and below the active zone of the core, plena for accommodation of 
gas release are included, having lengths of 100 and 50 cm, respectively. The radial 
reflector is assumed to consist of 90% steel and 10% lead-bismuth. The relative 
fraction of fuel, cladding and coolant material used in the homogenized model 
correspond to a pin radius of 2.5 mm and P/D = 1.72. The nitride actinide fuel is in 
 

               
Fig. 28. RZ-view of the homogenized reference model. The 1000 MeV 
protons are guided through the accelerator tube and impinge on the Pb-Bi 
target. The different regions in the model are pure Pb-Bi (1), the plena 
(2), the active core (3) and the reflector (4). 
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solid solution with ZrN. The volume fraction of ZrN was adjusted to 83%, in order 
to obtain a keff of about 0.95. The fuel consists of 80% plutonium and 20% 
americium. The spallation target and the core coolant consist of lead-bismuth 
eutectic and the fuel pin cladding of 10% chromium and 90% iron. 

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. 

4.2.2 ψ* as a Function of Target Radius 
ψ* was computed for the lead-bismuth model for different target radii, both as the 
product of ϕ* and Z (Eq. 11) and directly according to Eq. (12), in order to verify 
the consistency between the two expressions. ϕ* and Z were calculated using the 
target neutron leakage definition (section 3.4.3). The results are listed in Table IX 
and it is seen that they are in good agreement with each other, the differences being 
within the statistical uncertainty. Hence, using a two-step simulation procedure, ψ* 
can be obtained according to Eq. (11), independently of the choice of neutron source 
definition. If MCNPX is used, ψ* can be obtained directly according to Eq. (12). 
ψ*, ϕ* and Z are also plotted as functions of target radius later on in this section. 
 

TABLE IX  
Computation of ψ* according to Eq. (11)A and Eq. (12)B 

Target Radius ϕ* Z  Z⋅*ϕ A ψ* B 

10C 1.81 21.9 39.8 39.6 
20 1.35 26.8 36.3 35.9 
30 1.13 29.0 32.9 32.4 
40 0.99 30.0 29.6 29.5 
50 0.89 30.2 26.7 27.0 

C: For the 10 cm target radius, the radius of the accelerator tube was decreased to 10 cm. 
The results are also plotted in Fig. 29 and Fig. 30. 

 
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 
behavior, one of them being the softening of the radial neutron leakage spectrum 
from the target, as the target is enlarged. The probability to induce fission for the 
neutrons entering the active part of the core strongly decreases with decreasing 
energy, in particular when the core is loaded with even-neutron number actinides. 
The other reason for the decrease in ψ* is that the axial target neutron leakage 
increases with increasing target radius. The major part of the axial leakage is in the 
backward direction, through the accelerator tube. 
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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 (Z increases from 26.8 for r=20 cm to 30.2 for r=50 cm). 
The multiplicative effect of (n,xn)-reactions and secondary spallation in the lead 
target enhances the proton source efficiency. 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 IX that ψ* decreases less rapidly with increasing target radius than 
ϕ* does, due to the increase in Z. These two competing factors in ψ* are thus well 
represented by Eq. (11). 
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Fig. 29. Proton source efficiency ψ* versus target radius for a Pb-Bi-
cooled and a Na-cooled model. 

Replacing the lead-bismuth coolant with sodium, it is shown in Fig. 29 that ψ* 
decreases for small target radii, while it remains about the same for large radii. The 
main reason for this is that there is no neutron multiplication in the sodium coolant, 
in contrast to lead-bismuth. The differences between the two curves indicate that the 
contribution from (n,xn)-multiplication in the Pb-Bi coolant is significant for target 
radii smaller than about 30 cm. As long as there is a fraction of leakage neutrons 
with energy higher than about 7 MeV (the (n,2n)-threshold in lead) there will be 
(n,xn)-neutron multiplication in lead. 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 difference between the Pb-Bi and the Na coolant are 
further illustrated in Fig. 30, where the neutron source efficiencies are depicted 
together with the number of neutrons per source proton. 
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Fig. 30. Neutron source efficiency ϕ* (according to the target neutron 
leakage definition) and number of neutrons per source proton (Z) versus 
target radius for the Pb-Bi-cooled and the Na-cooled model. 

We conclude that in order to optimize the proton source efficiency and the ratio 
of the core power over the beam power, a target radius as small as possible should 
be chosen (increasing the radius from 20 cm to 50 cm decreases ψ* by about 25%). 
These results are in good agreement with other similar studies [66]. 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 damages. Moreover, for a large-scale ADS, the target must be 
sufficiently large to be able to remove the heat from the high-power accelerator 
beam. 

4.2.3 ψ* as a Function of Some Other System Parameters 
The investigations of ψ* as function of coolant material, axial proton beam impact 
position, proton beam energy and fuel composition are treated in detail in [Paper 
III]. It was found that the axial position of the proton beam impact that maximizes 
ψ* was located approximately 20 cm above the core center for the reference model 
(accelerator tube radius = 15 cm), the variations between 0 and about 35 cm being 
relatively small. However, the dependence of ψ* on the impact position is sensitive 
to the accelerator tube radius and for a tube radius of 10 cm the maximum was found 
at about 13 cm above the core center. Reducing the tube radius from 15 to 10 cm 
also increases the maximum of ψ* by 3 %. 

Investigating the proton source efficiency divided by the proton energy (ψ*/Ep) 
as a function of the proton energy showed that a maximal accelerator power 
amplification is obtained for proton energies of about 1200 to 1400 MeV, but with 
rather small changes between 1000 and 2000 MeV. Finally, increasing the 
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americium content in the fuel from 20% to 60% decreases ψ* considerably, in 
particular for larger target radii. 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. 

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 [18]. In [Paper IV], 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 and 
has been compared for a single-zone core and a power flattened double-zone core. 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 particular for small 
target radii, the difference is relatively small. Due to other favorable properties of 
HfN it is therefore 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. Comparing the ZrN 
matrix with the HfN matrix, assuming a double-zone core, the difference in ψ* is 
larger for the plutonium-based fuel (∼12%) than for the americium-based fuel 
(∼8%).  

From the studies of ψ* we conclude that, in order to optimally design a cost-
efficient 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 and 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 
optimizing ψ* and minimizing the proton beam requirements. 
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Chapter 5  

Conclusions 

The main work presented in this thesis has focused on Monte Carlo simulations 
investigating the neutron physics and different source effects in a sub-critical 
system, driven by an external neutron source. Detailed calculations with MCNP and 
MCNPX have been performed for a model representative of the on-going MUSE-4 
experiments. Neutronic parameters, such as neutron energy spectrum, neutron 
source efficiency (ϕ*) and dynamic neutron source response have been investigated 
for different sub-critical configurations of MUSE-4. 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 proton-induced spallation source, 
coupled to the same sub-critical core. 

The computed neutron spectra show that fission multiplication dominates at 
distances past a few centimeters into the fuel. This implies that, for the purpose of 
ADS core studies, the presence of the source may be ignored in the calculation of 
spectrum-weighted quantities, except possibly in the immediate vicinity of the 
external source. The calculations 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. 
The (n,2n)-reaction in lead has a threshold at about 7 MeV, which is the reason why 
the same effect does not appear for the (d,d)-source. In the case of the spallation 
source, the possibility of choosing different neutron source definitions and the 
consequences of this choice, have been emphasized. Using the primary neutron 
source definition, a value of ϕ* similar to that of the (d,t)-source is obtained. 
Moreover, in the MUSE experiments accurate dynamic measurements enable the 
development of a technique for reactivity determination in sub-critical systems. One 
of the methods used is the Pulsed Neutron Source Method, which in this thesis has 
been demonstrated by MCNP simulations. The relation between the prompt decay 
rate after a neutron pulse and the sub-critical reactivity level is verified and the 
expected behavior that the more sub-critical the core is the faster is the decay is 
clearly shown. 
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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. For the purpose of studying the 
proton beam power amplification (core power over beam power) in an ADS, 
however, we have introduced a new parameter, the proton source efficiency (ψ*). 
For different reasons, ψ* is better suited for this purpose when the external source 
consists of protons. ψ* is defined in analogy with ϕ*, but relates the core power to 
the source protons instead of to the source neutrons. Using ψ* instead of ϕ* avoids 
ambiguities connected to the definition of the external neutron source. Another 
advantage of ψ* is that it is proportional to the core power divided by the proton 
beam power, without the need for a weighting factor (Z). When studying ψ* as a 
function of different system parameters it becomes clear that, choosing a system 
design that optimizes ψ* significantly increases the proton beam amplification and 
can thus have an important impact on the economy of the operation of an ADS. One 
of the results from the simulations of a lead-bismuth-cooled core, loaded with 
plutonium and americium fuel, was that ψ* decreases strongly with increasing target 
radius. Hence, in order to maximize the beam power amplification, and thereby 
minimizing 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. 
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Appendix A 

Derivation of an Equation for 
Required Accelerator Current in 
ADS 

The total energy produced by fission in the core (W) can be approximately 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; 

 f
s E
ν

W ⋅
><

=
φF  , (A.1) 

where <Fφs> is the total production of neutrons by fission. The neutron source 
efficiency ϕ* can be expressed according to [62] 
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where <Sn> is the total production of neutrons by the external source. Inserting Eq. 
(A.2) into Eq. (A.1), yields an expression for the energy produced per source 
neutron, 
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Now defining the number of source neutrons produced per incident source proton as 
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where <Sn> is the total number of source protons, we obtain 
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Eq. (A.5) expresses the energy produced per incident source proton. We thus finally 
obtain the following expression for the proton current ip required to generate a 
certain total core power Ptot as 
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Appendix B 

Energy Dependence of the GENEPI-
generated Neutron Sources 

TABLE B.I  
Double-Differential Cross-section and Energy Dependence of the (d,d)- and the 

(d,t)-source Neutrons Emitted at the Center of the Core, Resulting from the GENEPI 
250 keV Deuterons Impinging on a Deuterium or a Tritium Target (Ref. 56) 

θlab 
(degrees) 

2H(d,n)3He 3H(d,n)4He 

 Tn (MeV) dσ/dΩlab 
(mb/steradian)

Tn (MeV) dσ/dΩlab 
(mb/steradian)

0 3.14 7.3 15.24 142.5 
15 3.11 6.9 15.2 142 
30 3.04 5.7 15.075 141 
45 2.94 4.25 14.9 139 
60 2.80 3.2 14.675 137 
75 2.66 2.5 14.4 135 
90 2.51 2.3 14.13 132 

105 2.37 2.5 13.83 129.5 
120 2.24 3.0 13.6 127 
135 2.14 3.6 13.4 125 
150 2.07 4.1 13.23 124 
165 2.03 4.5 13.125 122.5 
180 2.01 4.75 13.1 122 
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ABSTRACT 

Monte Carlo simulations have been performed to investigate the neutron source 
effects 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 spectra 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 average 
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. 

1 INTRODUCTION 

Accelerator Driven Systems (ADS) (Salvatores, 1999) are being investigated as a 
possible means for reducing the long-term radiotoxicity in the spent fuel from the nuclear 
industry. In principle, the sub-criticality of ADS allows for dedicated cores with a much 
higher concentration of minor actinides than what is acceptable in critical reactors. Those 
dedicated cores could achieve high transmutation rates. Research done on ADS indicates 
that a waste reduction factor of 50 to 100 is theoretically possible (Delpech et al, 1999). 
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The basic idea of ADS is to supply a sub-critical reactor core with neutrons 
generated by an intense external neutron source, usually from spallation reactions in a 
heavy metal target. This idea is being investigated in the MASURCA experimental 
facility at CEA Cadarache in the framework of the MUSE experiments (MUltiplication 
avec Source Externe). Different configurations and several different sub-critical levels are 
being studied (Salvatores, 1996; Soule, 1997; Lebrat, 1999). 

The planned MUSE-4 experiments will not use a spallation source. Instead, a 
high-intensity pulsed neutron generator GENEPI, constructed by CNRS/ISN/Grenoble, 
will be used to accelerate a 250 keV deuteron beam towards either a deuterium target 
(d,d) or a tritium target (d,t) to produce well-characterized neutron sources via fusion 
reactions. (d,d)-reactions produce neutrons with energies between 2 and 3 MeV, while the 
(d,t)-reactions produce neutrons between 13 and 15 MeV. 

The objective of the present study is to investigate neutron source effects in a 
MUSE-4-type sub-critical core coupled to a well-known (d,d)- or (d,t)-source, and to 
compare the results with those that would be obtained for a hypothetic spallation source 
coupled to the same core. 

This investigation relies entirely on numerical simulations performed with the 
MCNP (Briesmeister, 2000) and MCNPX (Waters, 1999) Monte Carlo software 
packages. The two codes are essentially equivalent for neutron transport below 20 MeV. 
MCNP is used to simulate the production of the (d,d)- and (d,t)-sources, as well as 
neutron transport below 20 MeV. MCNPX is used to simulate the production of 
spallation neutrons and particle transport at all energies. 

MCNP and MCNPX Monte Carlo models were set up in which a (d,d)-source, a 
(d,t)-source and a spallation source were successively coupled to three sub-critical 
configurations (Sc1, Sc2 and Sc3) representative of the upcoming MUSE-4 experiments. 

A description of the MUSE-4 model, the calculation codes and the neutron 
sources used in this study is given in Section 2. In Section 3, the computed neutron 
energy spectra in the fuel are compared for the three different sources. In Section 4, we 
describe investigations of the neutron source efficiency ϕ*. The specific procedure used 
for calculating ϕ* with MCNP and MCNPX is described. The differences in the 
computed values of ϕ* are analysed, as well as the variations of ϕ* with neutron 
importance and reactivity. 

2 DESCRIPTION OF THE MUSE-4 MODEL, CALCULATION TOOLS AND 
NEUTRON SOURCES USED IN THIS STUDY 

2.1 The Muse-4 Model 

Three homogeneous sub-critical configurations have been studied (Sc1, Sc2 and 
Sc3 with keff = 0.99, 0.97 and 0.95 respectively) representing three configurations planned 
in the MUSE-4 experiments. The geometry of the Sc2 model is shown in Fig. 1 below. 
The material compositions of the different regions are listed in Appendix A. The axial (z 
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direction) dimension of the fuel is 60.96 cm, except in a 21.2 cm wide channel above and 
below the lead buffer and the accelerator tube (in the y direction), where it was extended 
by 10.16 cm. The Na/SS reflector (Region 2) ends at z = ±61.76 cm. There is also a 10.16 
thick axial shield (Region 3) above and below the Na/SS reflector. The overall 
dimensions of the whole model, including the reflector and the shields, are 
159∗169.6∗143.84 cm. 

    

z

y

x
 

 
Region 0: Accelerator Tube 
Region 1: Fuel 
Region 2: Na/SS Reflector 
Region 3: Axial Shield 
Region 4: Radial Shield 
Region 5: Lead Buffer 

Fig. 1 x-y Cross-sectional View of the MUSE-4 Sc2 Sub-Critical Configuration (k-eff = 0.97). 
The cross shows the position where the neutron spectra have been calculated, see Section 3. 

To obtain the two other sub-critical levels, Sc1 and Sc3, fuel cells were added or 
removed at the core periphery. 

2.2 Description of the Calculation Codes 

Calculations have been performed with MCNP-4C for models of the three MUSE-
4 sub-critical configurations with the (d,d)- and (d,t)-sources. MCNPX was used to 
simulate the system with the spallation source. All simulations relied on the same 
evaluated nuclear data library, namely ENDF/B-VI.4. 

MCNPX is the extended version of MCNP where the major capabilities of 
LAHET (Prael and Lichtenstein, 1989) and MCNP-4B (Briesmeister, 1997) have been 
merged together. In MCNP, particle transport relies entirely on nuclear data contained in 
externally supplied cross section tables (En < 20 MeV), which are derived from evaluated 
nuclear data files. In LAHET, on the other hand, particle transport is accomplished by 
using various theoretical physics 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 
physics models are used. 

Several physics models are available for high-energy transport in MCNPX. In the 
first stage, in which the incident particles interact with the individual nucleons via 
particle-particle cross sections, the Intranuclear Cascade (INC) and Multistage Pre-

3 



equilibrium (Prael, 1998) Models are used. The INC model used in this study is the 
Bertini package (Bertini, 1963). In the second stage the nucleus undergoes either 
evaporation (emitting neutrons and light ions) or fission, while in the final stage the 
excited nucleus decays by gamma emission, with energies described by a decay library 
(PHTLIB). 

2.3 Description of the Sources 

Three different neutron sources have been considered in this study: a (d,d)-, a 
(d,t)- and a spallation source. It should be noted that (α,n)- or spontaneous fission sources 
in the fuel have not been considered here. 

2.3.1 The Fusion Sources used in MUSE-4 

Two different fusion sources can be produced by the GENEPI neutron generator. 
250 keV-deuterons are accelerated through the accelerator tube towards either a 
deuterium or a tritium target. The neutrons are emitted (the fusion reactions themselves 
are not simulated) from a point at the centre of the core (Fig. 2A). The energy of the 
emitted neutrons in the laboratory system (derived from basic kinematics) ranges from 2 
to 3 MeV for the (d,d)-neutrons and from about 13 to 15 MeV for the (d,t)-neutrons, with 
a maximum emission probability density peaked in the forward direction. The source 
neutron energy spectrum and angular distribution used in this study are listed in 
Appendix B. 

   
Fig. 2 A) (d,d)- or (d,t)-Source Emitted from the GENEPI Neutron Generator at the Centre of 

the Core. B) 1 GeV Protons Accelerated Towards the Lead Buffer Creating Neutrons via 
Spallation Interactions. The generated neutrons are “frozen” and emitted as fixed source 

neutrons in a separate simulation. 

2.3.2 The Spallation Source 

For the purpose of producing the spallation source for the numerical simulations, 
the lead buffer/target in the model was extended by one extra subassembly towards the 
proton beam, replacing part of the accelerator tube (Fig. 2B). This was done in order to 
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maximize neutron production near the centre of the core (the same position where the 
(d,d)- and the (d,t)-source neutrons are emitted).  

The simulations with the spallation source were divided into two steps. A first 
simulation with the 1000 MeV proton beam (the protons were uniformly distributed 
across the beam of diameter 4 cm) impinging on the lead target, was performed with 
MCNPX. The properties, in terms of angular, energy and spatial distribution, of the 
primary neutrons born from the spallation interactions were recorded. In the second step, 
these primary neutrons were supplied to the MCNPX code as fixed source neutrons for 
separate simulations. 

The spatial range of the primary neutrons was found to be rather limited, most 
neutrons being emitted within a 3 to 4 cm radius around the z-axis and within the first 30 
cm axially, i.e., in the direction of the proton beam. The energy distribution of the 
neutrons produced from the 1000 MeV protons, integrated over all angles, is shown in 
Fig. 3 (neutrons created from secondary protons will have a slightly softer spectrum). We 
note that 17.3 % of the neutrons have energies higher than 20 MeV and 3.6 % of them 
higher than 150 MeV, and that these are mainly emitted in the forward direction of the 
incident proton beam. The effect of this high-energy fraction of neutrons on ϕ* will be 
discussed in Section 4.5. 
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Fig. 3 Spectrum of Primary Neutrons (Integrated over all Angles) born from 1000 MeV Protons 

Impinging on a very thin Target of Lead (Single Reaction). 

3 NEUTRON SPECTRA IN THE MUSE-4 CORE 

The Sc3 sub-critical configuration of the MUSE-4 model with keff = 0.95 was 
simulated. The neutron energy spectra resulting from the three different sources were 
calculated in the subassembly centred at 21.2 cm from the centre of the core, indicated 
with a cross in Fig. 1. The neutron spectra of the other sub-critical states (Sc1 and Sc2) 
are not shown here, since they are very similar to the spectra of Sc3. 

It is seen in Fig. 4 that the three spectra at this position are very similar to each 
other and that they are largely dominated by the fission multiplication in the fuel. The 
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two dips in the neutron fluxes caused by the resonances in sodium (∼ 3 keV) and oxygen 
(∼ 0.4 MeV) can be seen. The fraction of neutrons still having their initial (source) energy 
is very small (but should not automatically be disregarded) – about 0.2 % of the (d,t)-
neutrons are still in the 14 MeV peak and 0.1 % of the spallation neutrons have energies 
above 20 MeV. Hence, we conclude that, for the purpose of computing neutron spectrum 
weighted quantities, the presence of the external sources can be considered “forgotten” 
beyond a few centimetres into the fuel. 
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Fig. 4 MUSE-4 Neutron Energy Spectra in the Subassembly Centred at x=21.2 cm, y=-5.3 cm, 

Resulting from the three Different External Sources. 

4 SOURCE EFFICIENCY 

The relative efficiency (ϕ*) of the source neutrons was determined for the three 
different sources and for the three different sub-critical configurations of the MUSE-4 
model. 

4.1 Definition of ϕ* 

The neutron flux distribution in a sub-critical core is the solution of the inhomogeneous 
balance equation: 

Sss += φφ FA  (1) 

where F is the fission production operator, A is the net neutron loss operator and S is the 
external source. The quantity ϕ*, which represents the relative efficiency of external 
source neutrons, is defined as the ratio of the average importance of the external source 
neutrons to the average importance of the fission neutrons (Salvatores, 1999), i.e.: 
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where φ0* = The adjoint flux (the everywhere positive solution of 

**1** 00 φφ FA
effk

= ) which provides a measure of neutron importance. 

 <Fφs> = Total production of neutrons by fission. 
 <S> = Total production of neutrons by the external source. 

In the above formula, the brackets imply integration over space, angle and energy. 

As some of the integrals in Eq. (2) cannot be directly calculated with MCNP and 
MCNPX, another procedure was sought to compute ϕ*. By using the balance equation 
(Eq. 1), the properties of the adjoint flux φ0*, the A, F operators and their adjoints A*, 
F*, the source efficiency can be expressed equivalently as 
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Eq. (3) is a simple formula relating the total fission neutron production <Fφs> to the 
external source, ϕ* and reactivity (1 – 1/ keff). It shows that, for given values of keff and 
<S>, the larger ϕ* the larger the fission power produced in the system. 

The quantities in the right hand side of Eq. (3) are standard outputs from MCNP 
and MCNPX. For simplicity, the production terms will be labelled only F and S in the 
sequel. 

4.2 Estimation of the Statistical Error in ϕ* 

To get an estimate of the statistical uncertainty in the source efficiency, assume 
that the errors of F and S are ∆F and ∆S and apply the formula for “propagation of error” 
(Eq. 4)  
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The correlation constant ρ could be either positive or negative – negative if keff and F are 
correlated and positive if they are anti-correlated. However, as a first approximation, ρ 

may be assumed to be zero. With the derivatives 
effk∂

∂ *ϕ , 
F∂

∂ *ϕ  and 
S∂

∂ *ϕ  inserted in Eq. 

(4) an expression for the relative error in ϕ* can be obtained: 
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Eq. 5 will be used in the subsequent sections to estimate the statistical uncertainty in ϕ*. 
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4.3 Calculations of ϕ* for the MUSE-4 Model 

The multiplication factor keff and the total number of neutrons produced by fission 
(F) were calculated for the three different sources and the three different sub-critical 
configurations. F was automatically normalised per source neutron, so S was always 
equal to 1. The source efficiency was calculated according to Eq. (3) and the 
corresponding statistical errors (±1 standard deviation) according to Eq. (5). All results 
including error estimations are listed in Table 1. 

Table 1 MCNP/MCNPX Results for the MUSE-4 Sc1, Sc2 and Sc3 Configurations. 
 Source keff F ϕ* 

(D,D)-Source 140.2 (± 1.6 %) 1.35 (± 0.024) 
(D,T)-Source 

0.99045 
(± 8 pcm) 223.2 (± 1.7 %) 2.15 (± 0.040) 

 
Sc1 

Spallation 
Source 

0.99040 
(± 8 pcm) 

248.6 (± 1.8 %) 2.41 (± 0.047) 

     
(D,D)-Source 44.2 (± 0.9 %) 1.36 (± 0.015) 
(D,T)-Source 

0.97007 
(± 14 pcm) 69.9 (± 1.0 %) 2.16 (± 0.024) 

 
Sc2 

Spallation 
Source 

0.96992 
(± 15 pcm) 

76.6 (± 1.1 %) 2.37 (± 0.028) 

     
(D,D)-Source 25.4 (± 0.6 %) 1.34 (± 0.009) 
(D,T)-Source 

0.94982 
(± 14 pcm) 40.1 (± 0.5 %) 2.12 (± 0.013) 

 
Sc3 

Spallation 
Source 

0.94993 
(± 15 pcm) 

44.2 (± 0.7 %) 2.33 (± 0.018) 

The energy of the (d,d)-source neutrons (2-3 MeV, see Appendix B) is only 
slightly larger than the average energy of a neutron produced by fission. The ϕ* value for 
the (d,d)-source is therefore expected to be equal or slightly larger than 1, which is indeed 
the case. 

In the case of 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 1 that the number of fission 
neutrons per source neutron is large, approximately 58 % larger than for the (d,d)-source. 
It is also seen in Fig. 5 that the (n,2n)-cross section in lead has a threshold at about 7 
MeV, which is the reason why this reaction is insensitive to the (d,d)-source neutrons. At 
14 MeV the value of the lead (n,2n)-cross section is about 2 barns, which is comparable 
to the fission cross section in Pu-239 and in U-238. 

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 
neutrons having a very high energy (see Section 2.3.2). Most of the neutrons from the 
spallation process are born with an energy lower than the (n,2n)-cross section threshold in 
lead, but the neutrons with very high energy contribute significantly to ϕ*, as will be 
shown in Section 4.5. 
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Fig. 5 Neutron Microscopic Cross Sections for Pu-239 Fission, U-238 Fission and (n,2n)-

Reactions in Pb-206, -207,-208. (ENDF/B-VI.4) 

It is also seen in Table 1 that, for all three sources, ϕ* remains approximately 
constant or increases slightly as keff increases. This trend will be further discussed in the 
following section. 

4.4 Dependence of ϕ* on Neutron Importance and keff 

The dependence of the source efficiency on neutron importance φ0* was 
investigated for a wider range of sub-criticality (keff = 0.70 to 0.996), for a (d,d)- and a 
(d,t)-source, using a spherical model consisting of a buffer core (lead or U-238 with r =10 
cm) and MUSE-4 type fuel. Only a limited class of importance variations was considered. 
The results are plotted in Fig. 6. 
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Fig. 6 ϕ* versus keff for Spherical Configurations with a Buffer of Lead or U-238 (r=10 cm) and 
MUSE-4 type Fuel, Coupled to a (d,d)- and a (d,t)-Source. The neutron importance and keff were 

changed by varying the fuel radius from about 48 cm (keff ≈ 0.70) to 68 cm (keff ≈ 0.996). 
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Instead of plotting the ratio ϕ* / (1/keff – 1) versus keff which would reflect the 
rapid increase of ><>< Ss  (and therefore of the fission power) as keff approaches 
unity, we focused instead on the behaviour of ϕ* versus keff. The neutron importance (and 
therefore keff) was varied by changing the outer radius of the fuel from approximately 48 
to 68 cm. It is seen in Fig. 6 that ϕ* shows the same almost constant or slightly increasing 
trend in the interval keff = 0.95 to 0.99, for the spherical configurations with the lead 
buffer, as already observed for the MUSE-4 model. 

φF

The first case (Case 1) is a sphere consisting of a lead core surrounded by fuel 
with approximately the same material composition as listed in Table 3. ϕ* increases 
slightly but constantly in the interval keff = 0.70 to 0.996. The importance of the (n,2n)-
effect is also demonstrated by replacing the (d,t)-source by a (d,d)-source (Case 2), which 
results in significantly lower values of ϕ*. The curve shows the same increasing trend as 
for the (d,t)-source. 

In Case 3, when the lead buffer at the centre of the sphere is replaced by U-238, a 
large increase in ϕ* occurs at all sub-criticality levels because of U-238 fissions. The 
same increasing trend as with the lead buffer is not observed here as ϕ* remains nearly 
constant. 

The statistical errors of the ϕ* values are rather small in the range 0.70 ≤ keff ≤ 
0.99 – less than 1 % (±1 standard deviation), while around 2.5 % for the very last point 
(keff = 0.996). In the absolute vicinity of criticality (keff ≥ 0.996) the computation time for 
calculating ϕ* grows too large to obtain reliable results. 

We conclude that the variations of ϕ* with neutron importance are rather small in 
the investigated range 0.70 ≤ keff ≤ 0.996. 

4.5 Decomposition of the Spallation Source 

Most reactor code simulations only take into account neutrons with energies lower 
than 20 MeV. However, a significant fraction of the neutrons produced by spallation have 
energies higher than 20 MeV (see Fig. 3). The contribution of those high-energy neutrons 
to the source efficiency needs to be investigated. For this, the spallation source was 
artificially split into two “low-energy” bins (S1 from 0 to 5 MeV and S2 from 5 to 20 
MeV) and two “high-energy” bins (S3 from 20 to 150 MeV and S4 from 150 to 1000 
MeV). The study was performed for the third sub-critical level Sc3 (keff = 0.95) of the 
MUSE-4 model. 

In order to derive a formula for the low- and high-energy contributions to the 
source efficiency, we start from Eq. (3), applied to each source bin 
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where φ i = Flux resulting from each source bin (S1 → φ 1, S2 → φ 2 etc.). 
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Since , the following relationship for the decomposition of ϕ* is 
readily obtained  

∑ = ><>=< 4
1i iT φφ FF

∑
= ><
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i T

i
iT S

S
ϕϕ  (7) 

where ϕT* = Efficiency of the total source. 
 ϕi* = Efficiency of each source bin alone. 

The ϕi* results obtained from the Monte Carlo simulations are listed in Table 2. As 
expected, for the first low-energy bin, ϕi* is low (ϕ1*=1.25) and close to the value 
obtained for the (d,d)-source. For the second bin, it is found to be higher (ϕ2*=1.71) since 
many of the neutrons have energies above the lead (n,2n)-cross section threshold. For the 
two high-energy parts, ϕi* is very high (ϕ3*=4.58 and ϕ4*=14.4), which is the 
consequence of fissions induced by neutrons born from (n,xn)-reactions and spallation 
interactions. 

Table 2 MCNPX Results for the Sc3 MUSE-4 Model (keff = 0.94993) Obtained from the 
Decomposition of the Spallation Source. 

Source 
Bin 

Energy limits 
(MeV) ><

><

T

i
S
S A 

><
><

i

i
S
φF B ϕi* 

><
><

⋅
T

i
i S

S
*ϕ C 

S1 0 - 5 0.559 23.7 1.25 0.699 (30 %) 
S2 5 - 20 0.268 32.5 1.71 0.458 (20 %) 
S3 20 - 150 0.137 86.9 4.58 0.627 (27 %) 
S4 150 - 1000 0.036 273.1 14.4 0.518 (23 %) 
     Sum = 2.30 

ST 
D 0 - 1000 1.0 44.2 2.33  

The superscripts A, B, C and D in Table 2 stand for: 

A: Fraction of the total number of source neutrons in each energy bin (compare Fig. 3). 
B: Neutrons produced by fission in the core. 
C: Contribution to total ϕ* (Product of column 3 and 5). 
D: Simulation with the total source, identical as for Sc3 in Table 1. 

It is also seen in Table 2 that the two high-energy parts (17.3 % of the total 
number of source neutrons), contribute for about 50 % of the total ϕ*, and the highest 
energy part alone (3.6 % of the total number of source neutrons) for more than 20 %. The 
sum of the contributions to ϕ* from the four different parts in the rightmost column, 
according to Eq. (7), is 2.30, which is in good agreement with the value obtained from the 
simulation with the total source (ϕT*=2.33). The statistical 1σ error estimates in the ϕ* 
values are less than 1 %. 

The rather high average number of fission neutrons produced per source neutron 
for the two high-energy bins (87 and 273 respectively) might seem surprising at first. The 
explanation for this is that most of the high-energy neutrons from the spallation source 
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have already been multiplied in the lead (via secondary spallation and (n,xn)-reactions) 
before they 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 chain reactions in the fuel. 
Additional simulations in which the lead target alone was kept showed that only about 
5 % of the neutrons leaking out of the lead have energies higher than 20 MeV and about 
1 % of them higher than 150 MeV. 

We conclude that, although neutron transport in the fuel is largely dominated by 
neutrons with low energy (En < 20 MeV) which can be well simulated with a number of 
classical calculation codes such as MCNP, the importance of the high-energy 
contribution to ϕ* indicates the need for further investigating the effects from high-
energy spallation neutrons. This could be made easier by extending the capabilities of 
existing neutronics codes, in particular deterministic codes, for studying high-energy (20-
150 MeV) neutron transport. 

5 CONCLUSIONS 

Numerical simulations have been performed with MCNP and MCNPX to 
investigate the neutronic properties of a sub-critical core representative of the up-coming 
MUSE-4 experiments, alternatively coupled with a (d,d)-source, a (d,t)-source and a 
spallation source. The source-plus-core systems have been studied in terms of neutronic 
spectra and efficiency (ϕ*) in three different sub-critical configurations (keff = 0.99, 0.97, 
0.95). 

The computed neutron spectra in all cases 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 presence of the source may be ignored in the calculation 
of spectrum-weighted quantities, except possibly in the immediate vicinity of the external 
source. 

The relative efficiency of the (d,d)-source is somewhat higher than 1 (∼1.35). For 
the (d,t)-source, it is much larger, around 2.15. This significantly larger value is due to 
the (n,2n)-multiplication in lead (with an energy threshold at about 7 MeV) and the 
induced fissions. To analyse the high value of ϕ* obtained for the spallation source 
(∼2.35), the source was artificially split into four different energy bins and the efficiency 
of each bin was determined. It was found that these two high-energy bins (En > 20 MeV) 
contribute for about 50 % to ϕ* and to the total number of fission neutrons produced in 
the core. This can be explained by the fact that primary neutrons born with high energy 
from spallation give birth to a large number of lower-energy neutrons, which in turn 
induce fissions. This rather high fraction indicates the need for extending reactor analysis 
code capabilities above 20 MeV for more detailed investigations of high-energy 
spallation neutron effects. 

The variations of ϕ* with neutron importance (and reactivity) was also 
investigated for different spherical configurations. It was found that ϕ* remains 
approximately constant or increases slightly in the interval 0.70 < keff  < 0.996. 
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APPENDIX   A  

Table 3 Material Composition for the Different Homogeneous Regions of the MUSE-4 
Model. 

 Atomic Density of Materials [1024 atoms/cm3] 
Isotope Fuel Na/SS 

Reflector 
Axial 
Shield 

Radial 
Shield 

Lead 
Buffer 

Accelerator 
Tube 

C 2.75e-05 1.90e-05 1.64e-05 1.47e-03 1.64e-05 9.32e-05 
O-16 1.44e-02 - - - - - 
Na-23 9.32e-03 4.66e-03 - - - - 
Al-27 - - - - - 1.46e-02 

Si 1.00e-05 1.18e-03 1.54e-03 2.98e-05 2.98e-05 1.15e-04 
Cr-52 1.62e-03 1.02e-02 1.30e-02 8.00e-04 7.58e-04 1.75e-03 
Cr-53 1.84e-04 1.15e-03 1.47e-03 9.07e-05 8.59e-05 1.98e-04 
Mn-55 1.24e-04 8.33e-04 1.07e-03 5.83e-04 3.61e-05 1.75e-04 
Fe-54 4.16e-04 2.74e-03 3.50e-03 4.70e-03 1.97e-04 4.58e-04 
Fe-56 6.47e-03 4.26e-02 5.45e-02 7.30e-02 3.06e-03 7.01e-03 
Ni-58 6.49e-04 3.48e-03 4.42e-03 7.43e-04 2.64e-04 6.78e-04 
Ni-60 2.50e-04 1.34e-03 - 2.86e-04 1.02e-04 2.61e-04 

Pb-206 - - - - 7.72e-03 4.09e-03 
Pb-207 - - - - 6.69e-03 3.54e-03 
Pb-208 - - - - 1.59e-02 8.40e-03 
Bi-209 - - - - 1.50e-06 - 
U-235 1.75e-05 - - - - - 
U-238 5.26e-03 - - - - - 
Pu-239 1.52e-03 - - - - - 
Pu-240 3.71e-04 - - - - - 
Pu-241 2.84e-05 - - - - - 
Pu-242 1.33e-05 - - - - - 
Am-241 4.95e-05 - - - - - 
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APPENDIX   B  

Table 4 Laboratory-system Angular and Energy Dependence (Derived from Basic 
Kinematics) of the (d,d)- and the (d,t)-Source Neutrons Emitted at the Centre 
of the Core, Resulting from the GENEPI 250 keV Deuterons Impinging on a 

Deuterium/Tritium Target. 
 (D,D)-reaction (D,T)-reaction 

Angle Energy Emission 
probability density 

Energy Emission 
probability density 

0 3.050 5.250% 15.12 4.924% 
9 3.042 5.243% 15.10 4.922% 

18 3.020 5.223% 15.07 4.916% 
27 2.984 5.192% 15.00 4.906% 
36 2.935 5.150% 14.92 4.893% 
45 2.876 5.098% 14.82 4.876% 
54 2.808 5.038% 14.70 4.856% 
63 2.734 4.970% 14.57 4.834% 
72 2.656 4.899% 14.43 4.811% 
81 2.576 4.825% 14.28 4.786% 
90 2.496 4.750% 14.13 4.760% 
99 2.419 4.676% 13.98 4.735% 

108 2.346 4.605% 13.83 4.711% 
117 2.279 4.538% 13.70 4.688% 
126 2.219 4.478% 13.58 4.667% 
135 2.167 4.425% 13.47 4.648% 
144 2.123 4.380% 13.37 4.632% 
153 2.089 4.344% 13.30 4.619% 
162 2.064 4.318% 13.25 4.610% 
171 2.049 4.302% 13.21 4.604% 
180 2.044 4.297% 13.20 4.602% 
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Abstract – Numerical simulations of a sub-critical system coupled to a neutron spallation source 
(1000 MeV protons impinging on a lead target) have been performed with the Monte Carlo code 
MCNPX and the deterministic code system ERANOS. The investigations have focused on the 
determination of the source neutron efficiency, ϕ*, i.e. the ratio of the average importance of external 
source neutrons to the average importance of fission neutrons. The calculations have been performed 
for a model representative of the MUSE-4 experiments currently underway in the MASURCA facility. 
 
It has been found that the high-energy neutrons (En > 20 MeV) born from spallation, even though they 
represent only about 17% of the total neutrons, contribute for a large fraction (50%) to ϕ* and to the 
total number of fission neutrons produced in the core. It has also been found that codes such as 
ERANOS, which do not take into account neutrons with energies higher than 20 MeV, largely 
underestimate ϕ*. 
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I. INTRODUCTION 
 
Accelerator Driven Systems (ADS) (Ref. 1) are being 

investigated as a possible means for reducing the long-term 
radiotoxicity of the spent reactor fuel. In principle, the sub-
criticality of ADS allows for dedicated cores with a much 
higher concentration of minor actinides than what is 
acceptable in critical reactors. Those dedicated cores could 
achieve high transmutation rates. Research done on ADS 
indicates that a radiotoxicity reduction factor of 50 to 100 is 
theoretically possible (Ref. 2). 

 
In an ADS, neutrons generated by an intense external 

source, usually spallation reactions in a heavy metal target, 
are supplied to a sub-critical reactor core. This idea is being 
investigated in the MASURCA experimental facility at CEA 
Cadarache in the framework of the MUSE experiments 
(MUltiplication avec Source Externe) (Refs. 3, 4 and 5). 
Different configurations and several sub-critical levels are 
being studied. 

 
The on-going MUSE-4 experiments do not use a 

spallation source. Instead, a high-intensity pulsed neutron 
generator GENEPI, constructed by CNRS/ISN/Grenoble, is 
being used to accelerate a 250 keV deuteron beam towards 
either a deuterium target or a tritium target, producing well-
characterized neutron sources via fusion reactions. 

 
In a previous study (Ref. 8), we investigated spallation 
neutron source effects in a MUSE-4 type sub-critical core 
coupled to a 1000 MeV proton beam, in particular the 
contribution of high-energy neutrons (En > 20 MeV) to the 
source efficiency (ϕ*). The objective of the present study is 
to complement this past work. Additional numerical 
simulations have been performed with the Monte Carlo code 
MCNPX (Ref. 6). The results have been compared to those 
obtained with ERANOS (Ref. 7), the CEA reference 
deterministic code system for fast reactor analyses. 

 



A description of the MUSE-4 model, the MCNPX and 
ERANOS codes and the spallation neutron source used in 
this study is given in Section II. In Section III, the specific 
procedure used for calculating ϕ* with MCNPX and 
ERANOS is described. A decomposition of the spallation 
source is performed and analysed. The results of the 
MCNPX and ERANOS simulations are compared. 

 
II. DESCRIPTION OF THE MUSE-4 MODEL, THE 
CALCULATION CODES AND THE SPALLATION 

NEUTRON SOURCE USED IN THIS STUDY 

II.A. The Muse-4 Model 
 
A homogeneous model representing one of the sub-

critical configurations (SC3) planned in the MUSE-4 
experiments (keff = 0.95) has been studied. The geometry of 
the model is shown in Fig. 1. The fuel is MOX fuel with 
72% U-238, 21% Pu-239 and 5% Pu-240 plus small 
amounts of some other actinides. The fuel is homogeneously 
distributed together with the Na-coolant (Ref. 8). The axial 
(z-direction) dimension of the fuel is 60.96 cm, except in a 
21.2 cm wide channel above and below the lead buffer and 
the accelerator tube (in the y direction), where it was 
extended by 10.16 cm. The sodium-steel reflector ends at z 
= ±61.76 cm. There is also a 10.16 thick axial shield (not 
shown in the figure) above and below the Na/SS reflector. 
The overall dimensions of the whole model, including the 
reflector and the shields, are 159 cm x 169.6 cm x 143.84 
cm. 

 
Fig. 1. x-y cross-sectional view of the model of the MUSE-

4 sub-critical configuration (keff = 0.95). 

II.B. The Calculation Codes 

II.B.1. MCNPX 
 
MCNPX is an extended version of MCNP where the 

major capabilities of LAHET (Ref. 9) and MCNP-4B (Ref. 
10) have been merged together. In MCNP, particle transport 
relies entirely on nuclear data contained in externally 
supplied cross section tables (En < 20 MeV), which are 
derived from evaluated nuclear data files. In LAHET, on the 
other hand, particle transport is accomplished by using 
various theoretical physics 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 physics models are used. 

 
Several physics models are available for high-energy 

transport in MCNPX. In the first stage, in which the incident 
particles interact with the individual nucleons via particle-
particle cross sections, the Intranuclear Cascade (INC) and 
Multistage Pre-equilibrium (Ref. 11) Models are used. The 
INC model used in this study is the Bertini package (Ref. 
12). In the second stage the nucleus undergoes either 
evaporation (emitting neutrons and light ions) or fission, 
while in the final stage the excited nucleus decays by 
gamma emission, with energies described by a decay library 
(PHTLIB). 

 
In this study, all simulations performed with MCNPX 

relied on the same evaluated nuclear data library, namely 
ENDF/B-VI.6. 

 

z 

y 

x
 

 
0: Accelerator Tube
1: Fuel/Na-Coolant
2: Na/SS Reflector
3: Axial Shield 
4: Radial Shield 
5: Lead Buffer 

II.B.2. ERANOS 
 
ERANOS is a deterministic fast reactor code system 

developed by CEA in collaboration with other R&D 
organizations (Ref. 7). It uses cross-section libraries based 
on the JEF2.2 evaluated file. The ERANOS code system is 
well validated for classical sodium-cooled fast reactors. This 
validation has been recently extended to plutonium burning 
cores with steel-sodium reflectors and high Pu-content. 
However, the code is not yet fully validated for systems 
characterized by large sub-criticalities and the presence of 
high-energy neutrons from spallation. 

 
In ERANOS, 1-D cell or 2-D subassembly calculations 

are performed with the ECCO code, while core calculations 
can be performed with different 2-D or 3-D, diffusion or 
transport theory modules. In this study, the two-dimensional 
Sn transport code BISTRO (Ref. 13) was used. 
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II.C. Description of the Spallation Source and the 
Primary Spallation Neutrons 

 
The MCNPX simulations calculating the efficiency of 

the spallation source neutrons were divided into two steps. 
In the first simulation, a large number of protons (1000 
MeV) were accelerated towards the lead target (Fig. 2). The 
protons were uniformly distributed across the beam of 
radius 2 cm. The angular, energy and spatial distributions of 
all neutrons that were created directly from the spallation 
interactions (primary spallation neutrons) were recorded. 
After that the neutron trajectories were immediately 
terminated. This procedure produces the spectrum of 
primary spallation neutrons, i.e. no secondary neutrons are 
included. 

 
Fig. 2. 1000 MeV protons accelerated towards the lead 
target creating neutrons via spallation interactions. The 
generated primary neutrons are “frozen” at the moment 

when they are created, and emitted as fixed source neutrons 
in a separate simulation. 

In the second step, these primary spallation neutrons 
were supplied to the MCNPX code as fixed source neutrons 
for separate simulations and the source efficiency was 
determined. 

 
The spatial distribution where the primary neutrons 

were created was found to be rather limited. Axially, most 
of the neutrons were emitted in the upper part of the lead 
target (77% within the first 20 cm, see Fig. 3A). 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 (Fig. 3B). 

 

         

 
Fig. 3. A) Axial distribution of the primary spallation 

neutrons. B) Radial distribution of the primary spallation 
neutrons. 

The energy distribution of the primary neutrons 
produced by the 1000 MeV protons is shown in Fig. 4. We 
note that 16.8% of the neutrons have energies higher than 20 
MeV and 3.3% of them higher than 150 MeV, and that the 
neutrons with very high energy are mainly emitted in the 
forward direction of the proton beam, as expected. 

 
Fig. 4. Energy spectrum of the primary spallation neutrons 

created by the 1000 MeV protons. 

There were about 14.5 primary spallation neutrons 
produced per 1000 MeV proton. This value should be 
compared to the total number of neutrons produced in the 
lead target, i.e. around 21 neutrons per 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 spallation reactions and (n,xn)-reactions. 
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It should be noted that, when calculating ϕ* for a 

spallation system, the results are directly dependent on the 
definition of the neutron source. Other source definitions are 
possible (Refs. 14 and 15), which will result in different 
meanings and values for ϕ*.  

 
III. SOURCE EFFICIENCY 

III.A. Definition of ϕ* 
 

The neutron flux distribution φs in a sub-critical core is 
the solution of the inhomogeneous balance equation: 

Sss += φφ FA  (1) 

where F is the fission production operator, A is the net 
neutron loss operator and S is the external source. The 
quantity ϕ*, which represents the relative efficiency of 
external source neutrons, is defined as the ratio of the 
average importance of the external source neutrons to the 
average importance of the fission neutrons (Ref. 1), i.e.: 
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where  
φ*0 = The adjoint flux (the everywhere positive solution 
of  A*φ*0 = 1/keff˙F*φ*0 ), which provides a measure of 
neutron importance. 
<Fφs> = Total production of neutrons by fission. 
<S> = Total production of neutrons by the external 
source. 

 
In the above formula, the brackets imply integration 

over space, angle and energy. 
 
As some of the integrals in Eq. (2) cannot be directly 

calculated with MCNPX, another procedure was sought to 
compute ϕ*. By using the balance equation [Eq. (1)], the 
properties of the adjoint flux φ0*, the A, F operators and 
their adjoints A*, F*, the source efficiency can be expressed 
equivalently as: 
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Eq. (3) is a simple formula relating the total fission neutron 
production <Fφs> to the external source, ϕ* and reactivity 

(1 – 1/ keff). It shows that, for given values of keff and <S>, 
the larger ϕ* the larger the fission power produced in the 
system. 
 

The quantities in the right hand side of Eq. (3) are 
standard outputs from MCNPX. 

III.B. Decomposition of the Spallation Source 
 
Most reactor codes take into account only neutrons with 

energies lower than 20 MeV. However, a significant fraction 
of the neutrons produced by spallation have energies higher 
than 20 MeV (Fig. 4). The contribution of those high-energy 
neutrons to the source efficiency needs to be investigated. 
For this, the spallation source was artificially split into two 
“low-energy” bins (S1 from 0 to 5 MeV and S2 from 5 to 20 
MeV) and two “high-energy” bins (S3 from 20 to 150 MeV 
and S4 from 150 to 1000 MeV), as explained in Ref. 8. 

 
In order to derive a formula for the low- and high-

energy contributions to the source efficiency, we start from 
Eq. (3), applied to each source bin 
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where 
φi = Flux resulting from each source bin alone (S1 → φ1, 
S2 → φ2 etc.). 

 
Since , the following 

relationship for the decomposition of ϕ* is readily obtained: 
∑ = ><>=< 4

1i iT φφ FF

∑
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where 
ϕ*T = Efficiency of the total source. 
ϕ*i = Efficiency of each source bin alone. 

III.B.1. Calculations Performed with MCNPX 
 
The ϕ*i results obtained from the MCNPX simulations 

are listed in Table I. As expected, for the first low-energy 
bin, ϕ*i is relatively low (ϕ*1 = 1.24). For the second bin, it 
is found to be higher (ϕ*2 = 1.63), since many of the 
neutrons have energies above the lead (n,2n)-cross section 
threshold (ref. 8). For the two high-energy parts, ϕ*i is very 
high (ϕ*3 = 4.79 and ϕ*4 = 13.9), which is the consequence 
of fissions induced by secondary neutrons born from (n,xn)-
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reactions and neutron spallation interactions. The statistical relative 1σ error estimates in the ϕ* values are about 1 %. 
 
 

TABLE I  
MCNPX Results for the Decomposition of the Spallation Source, Obtained for the MUSE-4 Model (keff = 0.95013 ± 14 pcm). 

Source Bin Energy intervals 
(MeV) ><

><

T

i
S
S A 

><
><

i

i
S
φF B ϕ*i 

><
><

⋅
T

i
i S

S
*ϕ

C 

S1 0 - 5 0.592 23.5 1.24 0.736 (33 %) 
S2 5 - 20 0.240 31.1 1.63 0.390 (17 %) 
S3 20 - 150 0.135 91.3 4.79 0.647 (29 %) 
S4 150 - 1000 0.033 264.3 13.9 0.458 (21 %) 
     Sum = 2.23 

ST 
D 0 - 1000 1.0 42.2 2.21  

The superscripts A, B, C and D in Table I stand for: 
A: Fraction of the total number of source neutrons in each energy bin (compare Fig. 4). 
B: Neutrons produced by fission in the core, per external source neutrons from bin i. 
C: Contribution to total ϕ* (Product of column 3 and column 5). 
D: Simulation with the total source.  

 
 
It is also seen in Table I that the two high-energy parts 
(16.8% of the total number of source neutrons), contribute 
for about 50% of the total ϕ*, and the highest energy part 
alone (3.3% of the total number of source neutrons) for 
more than 20%. The sum of the contributions to ϕ* from the 
four different parts in the rightmost column, according to 
Eq. (5), is 2.23, which is in agreement with the value 
obtained from the simulation with the total source (ϕ*T = 
2.21). Comparisons with additional calculations (Ref. 8) 
show that this value is slightly higher than the ϕ*-value 
obtained for a (d,t)-fusion source, coupled to the same 
model (ϕ*d,t = 2.12), and much higher than for a (d,d)-source 
(ϕ*d,d = 1.34). 

 
The rather high average number of fission neutrons 

produced per source neutron for the two high-energy bins 
(91 and 264, respectively) might seem surprising at first. 
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 they 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 
chain reactions in the fuel. Additional simulations in which 
the lead target alone was kept show that only about 5 % of 
the neutrons leaking out of the lead have energies higher 
than 20 MeV and about 1% of them higher than 150 MeV. 

 
We conclude that, although neutron transport in the fuel 

is largely dominated by neutrons with low energies (En < 20 
MeV) which can be well simulated with a number of 

classical calculation codes such as MCNP and ERANOS, 
high-energy neutrons contribute significantly to ϕ*. Further 
investigating these high-energy effects would be made 
easier by extending the neutron data libraries of existing 
codes from 20 MeV to at least 150 MeV. 

III.B.2. Comparisons between MCNPX and ERANOS 
 
In practice, many hybrid system core studies rely on 

deterministic codes such as ERANOS, which do not model 
neutrons with energies above 20 MeV. It is therefore 
interesting to compare the predictions of such codes with 
MCNPX. While only small differences are expected in 
reactivity and power shape predictions (see Fig. 5), the 
results of the previous section suggest that a rather large 
impact is anticipated on ϕ*. 

 
To verify this conjecture, a small benchmark was 

defined and calculated with both MCNPX and ERANOS. 
This benchmark is a simplified two-dimensional R-Z version 
of the MUSE-4 model described in Fig. 1. The distribution 
of the primary source neutrons was slightly simplified to 
make it possible to use exactly the same sources in both 
ERANOS and MCNPX. 
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Fig. 5. Radial power profiles computed by MCNPX and 

ERANOS. 

There are at least two ways of calculating ϕ* with 
ERANOS. The first possibility is to use Eq. 2. However, this 
requires an adjoint calculation. Another, simpler way is to 
use Eq. 3, which may also be written as: 

11

11
*

−

−
=

s

eff

k

k
ϕ  (6) 

where ><><= sssk φφ AF . 
We chose this second alternative. 
 

As can be seen in Table II, ERANOS produces values 
of ϕ* in fairly good agreement with MCNPX for the two 
low-energy bins S1 and S2, in spite of differences between 
the nuclear datasets used by the two codes. The relative 
statistical 1σ error estimates in the ϕ* values for the 
MCNPX-calculations are less than 1%. 

 
 

TABLE II  
MCNPX and ERANOS Results for a Simplified Two-Dimensional MUSE-like Model (keff ≈ 0.95). 

Source Bin Energy intervals 
(MeV) ><

><

T

i
S
S  ϕ*i 

   MCNPX ERANOS 
S1 0 - 5 0.592 1.20 1.14 
S2 5 - 20 0.240 1.56 1.49 
S3 20 - 150 0.135 4.56 - 
S4 150 - 1000 0.033 14.6 - 
     

ST 0 - 1000 1.0 2.17 1.42A 

A When simulating the total source with ERANOS, all neutrons above 20 MeV (16.8%) were placed in the highest energy 
group (14.2 to 19.6 MeV). 
 
 

However, since the ERANOS libraries are currently 
limited to neutrons below 20 MeV, the value of ϕ* for the 
total source is much lower (ϕ*ERANOS = 1.42) than the 
MCNPX value (ϕ*MCNPX = 2.17). A large fraction (∼ 35%) 
of the total value of ϕ* is actually not reflected in the 
ERANOS results. This is something one should bear in 
mind when calculating ϕ* for a spallation source with 
ERANOS or any other “low”-energy reactor code. 

 
IV. CONCLUSIONS 

 
Numerical simulations have been performed with 

MCNPX and ERANOS to investigate the neutronic 
properties of a sub-critical model (keff = 0.95) representative 
of the on-going MUSE-4 experiments, coupled to a 

spallation source (1000 MeV protons impinging on a lead 
target). The system has been studied in terms of source 
efficiency (ϕ*). 

 
The efficiency of the total spallation source was found 

to be 2.21, which could be compared to ϕ* for a (d,t)- and a 
(d,d)-source, coupled to the same system (ϕ*d,t = 2.12 and 
ϕ*d,d = 1.34, respectively). To analyse this rather high value 
of ϕ*, the spallation source was artificially split into four 
energy bins and the efficiency of each bin was determined. 
It was found that the two high-energy bins (En > 20 MeV) 
contribute for about 50% to ϕ* and to the total number of 
fission neutrons produced in the core. This can be explained 
by the fact that primary neutrons born with high energy 
from spallation give birth to a large number of lower-energy 
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neutrons, which in turn induce fissions. This finding 
indicates the need for extending reactor analysis code 
capabilities above 20 MeV for more detailed investigations 
of high-energy spallation neutron effects. 

 
Comparisons of ERANOS and MCNPX calculations of 

ϕ* were found to be in good agreement for the energy bins 
below 20 MeV. However, as ERANOS does not take into 
account neutrons above 20 MeV, it largely underestimates 
the total value of ϕ*. This effect should be remembered 
when calculating ϕ* with reactor codes that do not account 
for neutrons above 20 MeV. 
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Abstract – In order to study the beam power amplification of an accelerator driven system (ADS), a 
new parameter, 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 
with 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. 
 
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 maximize ψ*, and therefore 
minimizing the proton current needs, a target radius as small as possible should be chosen. For target 
radii smaller than about 30 cm, lead-bismuth 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 center. Varying the proton energy, ψ*/Ep was found to have a maximum 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. 
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I. INTRODUCTION 

Accelerator Driven Systems (ADS) [1, 2, 3, 4] are being 
investigated as a possible mean for reducing the long-term 
radiotoxicity of spent reactor fuel. In principle, the sub-
criticality of ADS allows for dedicated cores with a much 
higher concentration of minor actinides than what is 
acceptable in critical reactors. Such dedicated cores enable 
multi-recycling of americium and curium, providing thus a 
potential for reducing the radio-toxicity by a factor of 50 to 
100 [5]. 

In ADS, a high-power particle accelerator is used to 
accelerate protons to energies of the order of 1000 MeV. 
The protons impinge on a heavy metal target, generating a 
large number of neutrons via spallation. 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 blanket. 

An important factor when designing an ADS is to 
optimize the beam power amplification, given that the 
reactor is operating at a certain sub-critical reactivity (with 
sufficient safety margins to criticality). Optimizing the 
source efficiency, and thereby minimizing the proton current 
needs, can have an important impact on the overall design of 
an ADS and on the economy of its operation. The neutron 
source efficiency parameter ϕ* is commonly used to study 
this quantity, since it is related to the number of fissions 
produced in the core (which is closely related to the core 
power), by an average external source neutron.  

However, calculating ϕ* for an accelerator driven 
system introduces some complications, since the actual 
source particles are protons, and not neutrons. In order to 
determine ϕ*, the external neutron source first has to be 
defined and then the efficiency of this neutron source can be 
determined. A drawback with using ϕ* is that the neutron 
source can be defined in several different ways, and the 
results are directly dependent on the choice of definition. 
Therefore, completely different values of ϕ* are often 
observed [6, 7, 8], due to different choices of external 
neutron source definition. Another complication associated 
to the neutron source efficiency is that, studying ϕ* as a 
function of a certain system parameter might change the 
neutron source distribution and the number of neutrons 
produced per source proton. In this case, in order to 
represent the beam power amplification, ϕ* needs to be 
weighted with the number of source neutrons produced per 
source proton. 

With the motivation of simplifying the concept of 
source efficiency, we introduce in this paper a new 
parameter ψ*, which refers to the number of fission 
neutrons produced in the system by each source proton. The 
advantages with 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 beam power amplification, without the 
need of a weighting factor. 

In this paper, ψ* has been studied as a function of 
different system parameters, in order to find the optimal 
design conditions for maximum proton beam amplification, 
within the given safety constraints. For this purpose, a 
model of a nitride fuelled and lead-bismuth cooled ADS was 
used. First, the neutron source efficiency is defined and 
discussed (Section II) and then the proton source efficiency 
parameter is introduced (Section III). Section IV describes 
the reference model used in this study. In Section V.A, ψ* 
and ϕ* are studied as functions of the target radius and 
coolant material. In the following sections, ψ* is studied as 
a function of the axial proton beam impact (V.B) and the 
proton beam energy (V.C). Finally, an americium based fuel 
has been compared with the plutonium based reference fuel 
(V.D). 

 
II. NEUTRON SOURCE EFFICIENCY ϕ* 

II.A. Definition of the Neutron Source Efficiency 

The neutron flux distribution φs in a sub-critical core is 
the solution to the inhomogeneous steady-state neutron 
transport equation 

nss S+= φφ FA  (1) 

where F is the fission production operator, A is the net 
neutron loss operator and Sn is the external neutron source. 

The neutron source efficiency [9, 10], usually denoted 
ϕ*, represents the efficiency of the external source neutrons 
and can be expressed according to the following equation 
[11]: 
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φ

ϕ
F11*  (2) 

which is valid in the range 0 . <Fφ1<< effk s> is the total 

production of neutrons by fission and <Sn> is the total 
production of neutrons by the external source. In the above 
formula, the brackets imply integration over space, angle 
and energy. Eq. (2) relates the total fission neutron 
production <Fφs> to the external neutron source, ϕ* and the 
reactivity (1 – 1/ keff). It shows that, for given values of keff 
and <Sn>, the larger ϕ* the larger the fission power 
produced in the system. 

 
II.B. Definition of the External Neutron Source  

Since the actual source particles in an accelerator driven 
system are protons and not neutrons, it is not obvious which 
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is the best way to define the neutron source. The procedure 
to calculate ϕ* is usually divided into two steps – the first 
generating the source neutrons, produced from the proton 
beam interacting with the target, and the second one 
determining the efficiency of these source neutrons. 
Different source definitions are possible and they will result 
in different values and meanings of ϕ*. A brief summary of 
four different definitions of the external neutron source that 
have been used in the ADS field is given in [12]. Among 
these, the two most frequently used definitions, the target 
neutron leakage source and the energy cut-off source, will 
be discussed in the two following sections. The other two 
definitions are the fission source, consisting of the first 
generation of fission neutrons, and the primary neutron 
source, which is the collection of neutrons that are created 
directly from proton induced spallation (primary spallation 
neutrons) [8]. 

 
II.B.1. The Target Neutron Leakage Source 

This approach uses the neutrons that leak out radially 
from the target as source neutrons [6, 13]. The method 
consists of, in the first step, transporting the high-energy 
protons and the secondary particles that they produce in the 
target. The neutrons 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 re-entering the target are included in the source 
definition. In the second step, the leakage neutrons are 
reemitted as fixed source neutrons in a separate run and the 
efficiency (ϕ*) of them is determined. Since the target 
neutron leakage spectrum includes a high-energy tail, both 
step 1 and 2 need to be simulated with a high-energy 
transport code (which can simulate neutrons with energy up 
to the incident proton energy). 

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 properties. This might induce complications when 
trying to optimize ϕ* and the beam power amplification, by 
varying different system parameters. If a change in the 
studied system parameter changes the distribution of the 
source neutrons, ϕ* has to be weighted by the number of 
neutrons produced per source proton. With the target 
neutron leakage definition, examples of these parameters are 
the target dimension, the proton beam energy or the axial 
proton beam impact position. Other system parameters, such 
as the core coolant material, the fuel composition or the core 
dimensions, are independent of the target region and do not 
affect the neutron source. 

 

II.B.2. The Energy Cut-off Neutron Source 

The other way to define the neutron source is to collect 
the neutrons that fall below a certain cut-off energy (usually 
20 or 150 MeV) [7, 14, 15]. In the first step, a high-energy 
code is used to transport the accelerated 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. 
In the second step, these neutrons are reemitted as fixed 
source neutrons in a separate run and ϕ* is determined. 

An advantage of this approach is that the second step 
can be simulated with a low-energy transport code. The cut-
off energy is set to the upper energy of the cross section 
library that will be used in the second step calculation. This 
is desirable since many reactor codes systems are limited to 
the upper energy limit of the cross-section data library (e.g. 
20 or 150 MeV). 

It has been shown in [7] that, in contrast to the target 
neutron leakage source, the neutron source distribution in 
this case is rather insensitive to changes in the target radius. 
However, substituting the coolant material or changing the 
fuel composition will affect the distribution of the neutron 
source. 

 
III. PROTON SOURCE EFFICIENCY ψ* 

III.A. Introduction of the Proton Source Efficiency 

In order to simplify the concept of source efficiency, a 
new parameter, called “proton source efficiency” and 
denoted ψ*, which represents the product of ϕ* and the 
number of source neutrons generated per source proton 
(Sn/Sp), is introduced in this paper. We thus have the 
following relation between the proton source efficiency ψ* 
and the neutron source efficiency ϕ*: 
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This parameter could also, in analogy with ϕ*, be expressed 
in terms of keff and the total number of neutrons produced by 
fission in the core, for each source proton. Inserting Eq. (2) 
in Eq. (3) it is expressed in the same way as ϕ*, only with 
the replacement of Sn by Sp, 
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<Fφs>/<Sp> is the total production of neutrons by fission 
over the total number of source protons. 
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Considering ψ* and ϕ* (according to the target neutron 
leakage definition) as functions of the target radius and of 
coolant material illustrates the discussion in the previous 
section about which design parameters that affect and do not 
affect the neutron source distribution. Changing the coolant 
material, Sn/Sp does not change, so ψ* and ϕ* vary in 
exactly the same way. When varying the target radius, on 
the other hand, Sn/Sp changes, so ψ* and ϕ* varies in 
different ways. Consequently, if one wants to use the 
neutron source efficiency parameter ϕ*, it needs to be 
weighted with Sn/Sp when it is studied as a function of the 
target radius, whereas this is not necessary when comparing 
different core coolant materials. However, with the 
introduction of the proton source efficiency and always 
referring to ψ*, none of this has to be considered, and the 
procedure is simplified. 

 
III.B. Relationship between ψ* and the Core Power 

The total power produced by fission in the core (Pf) can 
be 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; 

f
s

f E
ν

P ⋅
><

=
φF  (5) 

Inserting Eq. (4) in Eq. (5), we obtain 
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For a given fuel composition, fE  and ν  can, for the 
purpose of this study, 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 neutron 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 
paper and were found to be much smaller than the statistical 
errors in the simulations (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 in Section V.D, where two different fuels are 
compared. 

If we further make the approximation that the energy 
produced by fission is proportional to the total core power 
produced in the core, we find that ψ* is proportional to the 
total power divided by the source intensity (output/input 
power). 
 

IV. SYSTEM MODELING 

A homogenized model representing a nitride fuelled and 
lead-bismuth cooled ADS (maximum 800 MWth) has been 
studied. The height of the active core in the reference model 
(Fig. 1) is 100 cm and the outer radius is 70 cm. The inner 
radius is 20 cm, which is also the boundary of the lead-
bismuth target. The accelerator tube has a radius of 15 cm 
and the axial position of the proton beam impact is 25 cm 
below the top of the core. The radius of the radially uniform 
1000 MeV proton beam is 7.5 cm. Above and below the 
active zone of the core, plena for accommodation of gas 
release are included, having lengths of 100 and 50 cm, 
respectively. The radial reflector is assumed to consist of 90 
% steel and 10 % lead-bismuth. 

               
Fig. 1. RZ-view of the homogenised reference model. The 
1000 MeV protons are guided through the accelerator tube 

and impinge on the Pb-Bi target. The different regions in the 
model are pure Pb-Bi (1), the plena (2), the active core (3) 

and the reflector (4). 

The relative fraction of fuel, cladding and coolant 
material used in the homogenized model correspond to a pin 
radius of 2.5 mm and P/D = 1.72. The nitride actinide fuel is 
in solid solution with ZrN. The volume fraction of ZrN was 
adjusted to 83 %, in order to obtain a keff of about 0.95. The 
fuel consists of 80% plutonium and 20% americium (the 
actinide vectors are listed in Table I). The spallation target 
and the core coolant consist of lead-bismuth eutectic and the 
fuel pin cladding of 10% chromium and 90% iron. 
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TABLE I  

Relative Fraction of Actinides in the Reference Fuel. The Pu 
vector corresponds to that of spent LWR MOX fuel after 7 
years of cooling and the Am vector to a mixture of spent 

UOX (Uranium Oxide Fuel) and MOX (Mixed Oxide Fuel) 
fuel. 

Plutonium 80 % Americium 20 % 
Pu-238 5 % Am-241 67 % 
Pu-239 38 % Am-243 33 % 
Pu-240 30 %   
Pu-241 13 %   
Pu-242 14 %   
 
The Monte Carlo code MCNPX [16] (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 (limited to 20 MeV). The Intranuclear 
Cascade model used by MCNPX was the Bertini package 
[17]. 

 
V. THE PROTON SOURCE EFFICIENCY AS A 

FUNCTION OF DIFFERENT SYSTEM PARAMETERS 

The proton source efficiency ψ* has been studied as a 
function of a number of system parameters, such as the 
target radius, coolant material, axial proton beam impact 
position, proton beam energy and fuel composition. The 
starting point for each parameter study is the reference 
model. In each case when a parameter has been changed, the 
reactivity has been re-adjusted in order to keep keff constant 
at about 0.95. 

 
V.A. ψ* as function of Target Radius 

In this section, ψ* has been computed for different 
target radii, for the reference lead-bismuth cooled core and 
for a sodium cooled core. The neutron source efficiency ϕ*, 
using the target neutron leakage definition, has also been 
determined. keff was kept constant at 0.95 by adjusting the 
outer radius of the core. 

Since changing the geometry of the core might affect 
the results, ψ* has also been studied as a function of the 
outer core radius, varying from 60 to 90 cm. It was found 
that an increase of the core radius leads to a slight increase 
of ψ*, on average 0.26% per cm. The explanation for this is 
that the radial neutron leakage into the reflectors decreases 
as the core radius increases. This dependence of ψ* (rather 
small but not automatically negligible) on the core radius 
should be kept in mind in the parameter studies where the 
core radius is varying. 

 

V.A.1. The Lead-Bismuth Cooled Reference Model 

ψ* was computed for the reference model for different 
target radii, both as the product of ϕ* and Sn/Sp (Eq. 3) and 
directly according to Eq. (4), in order to verify the 
consistency between the two different expressions. ϕ* was 
calculated using the target neutron leakage definition. The 
results are listed in Table II and we see that they are in good 
agreement with each other, the differences being within the 
statistical uncertainty. Hence, using a two-step simulation 
procedure, ψ* can be obtained according to Eq. (3), 
independently of the choice of neutron source definition. If 
MCNPX is used, ψ* can be obtained directly according to 
Eq. (4). ψ*, ϕ* and Sn/Sp are also plotted as functions of 
target radius later on in this section. 

 
TABLE II  

Computation of ψ* according to Eq. (3) and Eq. (4) (1σ-
error ∼ 0.75 %). For the 10 cm target radius, the radius of 

the accelerator tube was decreased to 10 cm. The results are 
also plotted below. 

Target 
Radius 

*ϕ  
><
><

p

n

S
S  

><
><

⋅
p

n

S
S*ϕ  *ψ  

10 1.81 21.9 39.8 39.6 
20 1.35 26.8 36.3 35.9 
30 1.13 29.0 32.9 32.4 
40 0.99 30.0 29.6 29.5 
50 0.89 30.2 26.7 27.0 

 
Concerning the dependence on target radius, we see that 

ψ* decreases considerably when the radius increases. There 
are mainly two reasons for this behaviour. One of them is 
the softening of the radial neutron leakage spectrum from 
the target (the spectrum of the neutrons that enter into the 
fuel), when the target is enlarged. The probability to induce 
fission for the source neutrons strongly decreases with 
decreasing energy, especially when the core is loaded with 
even-neutron number actinides, as will be shown below. 
Lower neutron energy also inhibits other possible neutron 
multiplication reactions, such as (n,xn)-reactions and 
secondary spallation. The number weighted mean energy of 
the radial neutron leakage spectrum decreases by a factor of 
four when the target radius is increased from 20 cm to 50 
cm and the fraction of neutrons above 20 MeV is only 0.5% 
for a radius of 50 cm, while 3.2% for a 20 cm radius. The 
radial neutron leakage spectra for different target radii are 
plotted in Fig. 2 and the fraction of leakage neutrons above 
some energy thresholds are listed in Table III. 
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Fig. 2. Radial neutron leakage spectra from the target for 

different target radii. 

TABLE III  
Fraction of Neutrons Leaking out Radially from the Target 

that have Energies above 1, 7, 20 and 150 MeV. 
Target 
Radius 

>1 MeV >7 MeV >20 MeV >150 
MeV 

10 62.4% 13.4% 6.9% 1.1% 
20 45.2% 6.1% 3.2% 0.45% 
30 31.0% 3.0% 1.7% 0.22% 
40 20.7% 1.6% 0.9% 0.12% 
50 13.5% 0.8% 0.5% 0.07% 
 
The other reason for the decrease in ψ* is that the axial 

target neutron leakage (the neutrons that leak out from the 
target axially and never enter the active core) increases 
significantly with increasing target radius. The fraction of 
axial target leakage neutrons relative to the total number of 
neutrons exiting the target is approximately 5 % for the 20 
cm radius target while about 28 % for the 50 cm radius 
target. The major part of the axial leakage is in the backward 
direction, through the accelerator tube. 

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 
(Sn/Sp increases from 26.8 for r=20 cm to 30.2 for r=50 cm). 
The multiplicative effect of (n,xn)-reactions and secondary 
spallation in the lead target enhances the proton source 
efficiency. Consequently, with increasing target radius, there 
are more neutrons for each source proton that enter into the 
fuel, though the efficiency of these neutrons is strongly 
reduced. Accordingly, we see in Table II that ψ* decreases 
less rapidly than ϕ* with increasing target radius, due to the 
increase in Sn/Sp. These two competing factors in ψ* are 
thus well represented by Eq. (3). 

 
We conclude that, in order to optimize the proton 

source efficiency and the output/input power, a target radius 
as small as possible should be chosen (increasing the radius 
from 20 cm to 50 cm decreases ψ* by about 25%). These 
results are in good agreement with other similar studies [7]. 
However, it has also been shown that, reducing the target 
radius has some undesirable effects, for instance higher 
fluence/burnup ratio (lower maximum burnup) and more 
severe high-energy damages. Moreover, for a large-scale 
ADS, the target must be sufficiently large to be able to 
remove the heat from the high-power accelerator beam. It is 
thus clear that, in order to optimally design a cost-efficient 
ADS with high fuel performances, a trade-off between 
several different aspects arises. 

 
V.A.2. A Sodium Cooled Model  

Replacing the lead-bismuth coolant with sodium 
reduces the reactivity by about 5000 pcm, so in order to 
maintain a keff of 0.95, the outer core radius was increased 
by 11 cm. As is shown in Fig. 3, the proton source 
efficiency for small target radii is lower for the sodium 
cooled core than with the lead-bismuth coolant 
(approximately 7% lower for r = 20 cm).  
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Fig. 3. Proton source efficiency ψ* versus target radius for 
a Pb-Bi cooled and a Na cooled model (1σ-error ∼ 0.75 %). 

The main reason for this is that there is no neutron 
multiplication in the sodium coolant, in contrast to lead-
bismuth. The differences between the two curves indicate 
that the contribution from (n,xn)-multiplication in the Pb-Bi 
coolant is significant for target radii smaller than about 30 
cm. As long as there is a fraction of neutrons with energy 
higher than about 7 MeV (the (n,2n)-threshold in lead) there 
will be (n,xn)-neutron multiplication in lead. 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 
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compared to 0.8% for r=50 cm). When the target radius 
increases, the fraction of high-energy neutrons decreases, 
and at radii above 40 cm the ψ* values are essentially the 
same. Another difference between the two coolant materials 
is that lead-bismuth has better spallation-neutron production 
characteristics. This enhances ψ* for small target radii, in 
which cases there are still a significant fraction of very 
energetic neutrons leaking out into the fuel region. The 
difference between the Pb-Bi and the Na coolant are further 
illustrated in Fig. 4, where the neutron source efficiencies 
are depicted, together with the number of neutrons per 
source proton. 
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Fig. 4. Neutron source efficiency ϕ* (according to the 

target neutron leakage definition) and number of neutrons 
per source proton (Sn/Sp), versus target radius for the Pb-Bi 

cooled and the Na cooled model (1σ-error ∼ 0.75 %). 

V.B. ψ* as function of Axial Beam Impact Position 

The proton source efficiency has been studied as a 
function of the axial beam impact position, varying from the 
center of the core (z = 0) to the top of the core (z = 50 cm). 
It is seen in Fig. 5 that, for the reference model (with an 
accelerator tube radius of 15 cm) the maximum in ψ* is 
obtained at about 20 cm above the core center. Moving 
away from the optimum impact position, ψ* decreases, due 
to increasing axial neutron leakage from the target. 
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Fig. 5. Proton source efficiency ψ* versus axial beam 

impact position (cm above the core center) for a tube radius 
of 15 cm and of 10 cm (1σ-error ∼ 0.50 %). 

As is shown in Fig. 5, ψ* and its dependence of the 
axial beam impact is rather sensitive to the accelerator tube 
radius. For a tube radius of 10 cm, the beam impact position 
that maximizes ψ* is moved downwards in the core, with 
the optimum at about 13 cm above the core center. The 
maximum value of ψ* also increases somewhat (∼ 3%) 
when the tube radius is changed from 15 cm to 10 cm. 

When the tube radius decreases there are mainly two 
effects appearing. One is that the axial neutron leakage in 
the backward direction decreases (increasing ψ*) and the 
other one is that the energy spectrum of the neutrons 
entering into the fuel is softened (decreasing ψ*). When the 
beam impact is close to the core center, the impact of the 
leakage on the neutron balance is more pronounced than the 
softening of the neutron spectrum. On the contrary, when 
the beam impact is close to the top of the core, the softening 
effect is dominant and ψ* is lower for the 10 cm tube radius. 

An accidental scenario that has been considered in an 
ADS is that the accelerator tube is filled (partially or fully) 
with the target material [18], which would increase keff. For 
the reference model, filling the tube from 20 cm above the 
core center till the top of the core, this increase is about 600 
pcm. For an initial reactivity level of keff = 0.95, and not 
taking the variations in ψ* into account, this would increase 
the core power by 14 %. For the 10 cm tube radius, the 
change in keff is smaller and also the effect on the power. 
However, the rapid decrease in ψ* above z = 20 cm will 
tend to reduce the core power. Adding these two opposite 
effects together, according to Eq. (6), it is found that the 
core power decreases when the tube channel is filled with 
lead-bismuth coolant. Filling the tube from z = 20 cm to z = 
50 cm decreases the core power by 7 % for the 15 cm tube 
radius and by 20 % for the 10 cm tube radius. 
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However, if the reactor is operating at a reactivity level 
closer to criticality, the effect on the core power from a 
reactivity insertion will be higher and might be more 
important than the decrease in ψ*. One way to increase the 
safety margins to prompt criticality, is to set the proton 
beam impact at the top of the core (z = 50 cm). However, 
the loss in proton source efficiency, by moving the impact 
from the optimal position to the top of the core would be 
large - about 18 % for the 15 cm tube radius and 24 % for 
the 10 cm tube radius. 

 
V.C. ψ* as function of Proton Beam Energy 

The proton source efficiency was calculated for 
different proton beam energies, varying from 400 MeV to 
2.5 GeV, for a 20 cm and a 50 cm radius target. The ψ* 
values divided by the proton energy (ψ*/Ep) are displayed in 
Fig. 6. 
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Fig. 6. Proton source efficiency divided by proton energy 

in GeV (ψ*/Ep) versus proton beam energy, for target radii 
of 20 cm and 50 cm (1σ-error ∼ 0.50 %). Energy gain G 

from CERN experiments [19] for a set-up configuration of 
keff = 0.895. 

In coherence with Fig. 3, ψ* is higher for the 20 cm 
radius than for the 50 cm radius, for all proton energies. 
However, the shape of the two curves is very similar. ψ*/Ep 
increases strongly with increasing proton energy up to about 
1000 MeV. The maximum is reached at about 1200-1400 
MeV. Above 1400 MeV the curves decrease slightly. The 
reason for this is that the range of the protons increases with 
increasing energy and a larger fraction of the spallation 
induced neutrons will be created far away from the center of 
the core (or even below the core). This increases the axial 
neutron leakage from the target in the downward direction. 
For instance, the range of 1 GeV protons impinging on a 
lead target is about 53 cm, while about 95 cm for 2 GeV 

protons [18]. The distance from the top of the target to the 
bottom of the core was 75 cm (Fig. 1). 

The proton source efficiency divided by the proton 
energy (ψ*/Ep) is closely related to the energy gain (beam 
power amplification) of a source driven sub-critical system. 
The energy gain (G), as defined in [19], represents the total 
power produced in the core over the accelerator power 

effacc

tot

k
G

P
PG

−
==

1
0    (7) 

where G0 relates to the efficiency of the spallation regime. 
Similarly, using Eq. (6) and the fact that ppacc ESP ⋅>=< , 

Ptot/Pacc can be expressed as 







⋅
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∝
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Ek

k
ES

P
P
P *

1
ψ    (8) 

Hence, for given keff, ψ*/Ep is proportional to the energy 
gain G. In the experiments performed at CERN [19], the 
energy gain was studied as function of the proton beam 
energy. The results are re-plotted in Fig. 6. We see in the 
figure that the MCNPX simulated values of ψ* have similar 
relative dependence on the proton energy, as the results 
from the CERN experiments. This comparison confirms that 
the ψ* parameter represents well the beam power 
amplification of an ADS.  

The keff of the sub-critical assembly in the CERN 
experiments was 0.895. In order to obtain 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 becomes 61. 

 
V.D. ψ* for an Americium Based Fuel 

Finally, ψ* has been studied for an americium based 
fuel (40% Pu and 60% Am), as a function of the target 
radius. The volume fraction of the ZrN matrix was re-
adjusted to 63%, in order to keep a keff of about 0.95. The 
results are displayed, together with the results for the 
reference model, in Fig. 7. We see that the introduction of 
americium decreases the source efficiency significantly and 
makes it more sensitive to the target radius. 
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Fig. 7. Proton source efficiency ψ* versus target radius for 

an americium based fuel, compared with the plutonium 
based reference model (1σ error ∼ 0.75 %). 

This is expected, since the fission cross-section of Am-
241 and Am-243 decreases rapidly for neutron energies 
below 1 MeV. Fig. 8, where the fission cross-section over 
the absorption cross section is plotted for Am-241 and Pu-
239, shows that the fission probability of Am-241 is very 
sensitive to neutron energies between 0.1 and 1 MeV, 
whereas for Pu-239, it is high everywhere in this energy 
range. Above 1 MeV the fission probability for plutonium 
and americium are of the same order of magnitude. The 
other even-neutron number actinides, Pu-238, Pu-240, Pu-
242 and Am-243, have similar cross-section dependence as 
Am-241, while the Pu-241 cross-section is similar to that of 
Pu-239. 

 
Fig. 8. Fission cross-section over absorption cross-section 

for Pu-239 and Am-241 (ENDF/B-VI). 

Hence, the neutrons entering into the fuel with energy 
below 1 MeV will have less probability to induce fission in 
the fuel, when the core is loaded mainly with americium. As 

was shown in Fig. 2 and in Table III, the energy distribution 
of the radial target leakage neutrons is very sensitive to the 
target radius. For a 10 cm radius, only 38% of the leakage 
neutrons are below 1 MeV and ψ* is not so sensitive to the 
americium/plutonium ratio, which is also seen in Fig. 7. 
However, with increasing target radius, the fraction of 
neutrons above 1 MeV decreases rapidly, with a 
corresponding loss in proton source efficiency. Thus, 
increasing the americium concentration from 20% to 60%, 
reduces ψ* by 11% for the 20 cm target radius and by 29% 
for the 50 cm target radius. 

In Section III.B, it was shown that, for a fixed fuel 
composition, ψ* is approximately proportional to the core 
power divided by the source intensity. However, increasing 
the fraction of americium in the fuel increases ν  by about 5 
%. Therefore, normalising to the same core power, the 
difference between the two curves would be slightly larger 
(by 5%) than in Fig. 7. 

 
VI. CONCLUSIONS 

Instead of using the neutron source efficiency parameter 
ϕ*, in order to study the beam power amplification, a new 
parameter ψ*, representing the efficiency of the source 
protons, has been introduced. The proton source efficiency 
ψ* is related to the number of fissions produced in the 
system, which in its turn is approximately proportional to 
the total core power. By introducing ψ*, ambiguities in 
defining the external neutron source when calculating the 
source efficiency are avoided. Another advantages with ψ* 
over ϕ* is that it is proportional to the core power divided 
by the proton beam power, independently of the neutron 
source distribution. Maximizing the proton source efficiency 
minimizes the proton current needs and relaxes the 
constraints on the construction of the high-power 
accelerator. Studying ψ* when optimising different system 
parameters therefore becomes an important factor in the 
overall design of an ADS.  

Studying the radius of the spallation target, it was found 
that ψ* decreases strongly with increasing target radius (by 
25% when the radius is changed from 20 cm to 50 cm). The 
two main reasons for this behaviour is that, the axial neutron 
leakage from the target increases and that the energy 
spectrum of the neutrons that enter into the fuel is softened, 
when the target is enlarged. These effects are only partly 
compensated by the increased neutron multiplication inside 
the target. Hence, in order to maximize the beam power 
amplification, a target radius as small as possible should be 
chosen, without exceeding the limits determined by safety 
constraints and other target-core characteristics (e.g. high-
energy particle fuel damages and beam power heat 
removal). Substituting the lead-bismuth coolant by sodium 
decreases ψ* for target radii smaller than 30 cm, whereas 
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for larger target radii, the two coolant options perform 
equally good. 

The axial position of the proton beam impact that 
maximizes ψ* was, for the reference model (tube radius = 
15 cm), located approximately 20 cm above the core centre, 
but with relatively small variations between 0 and about 35 
cm. However, the dependence of ψ* on the impact position 
is sensitive 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 %. 

Investigating the proton source efficiency divided by 
the proton energy (ψ*/Ep) as a function of the proton energy 
showed that a maximal accelerator power amplification is 
obtained for proton energies of about 1200 to 1400 MeV, 
but with rather small changes between 1000 and 2000 MeV. 
Finally, increasing the americium content in the fuel from 
20% to 60%, decreases ψ* considerably, especially for 
larger target radii. 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. 
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Abstract – In order to study the beam power amplification of an accelerator-driven system (ADS), a 
new parameter, the proton source efficiency (ψ*) was introduced in a previous study. 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. The main advantage with 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. 

It has been shown that the source efficiency can vary considerably for different reactor core 
systems. Studying ψ* for different system parameters is therefore of interest when designing an ADS. 
In this paper, numerical simulations have been performed with the Monte Carlo code MCNPX in order 
to study ψ* as a function of spallation target radius for different inert matrix fuels. It was found that, 
in order to maximize ψ*, and thereby minimizing the proton current needs, a target radius as small as 
possible should be chosen. A ZrN or an YN matrix, mixed with the plutonium and americium mixed 
nitride fuel, appears to be a slightly better choice than a HfN matrix, considering only the proton 
source efficiency. It was also found that a power flattened double-zone core, compared to a single-
zone core, decreases ψ* by about 5% for the ZrN matrix and by about 10% for the HfN matrix. 

 
 

 

                                                           
* E-mail: per@neutron.kth.se 

I. INTRODUCTION 

Accelerator-Driven Systems1-4 (ADS) are being 
investigated as a possible mean for reducing the long-term 
radiotoxicity of spent reactor fuel. These systems allow for a 
much higher concentration of minor actinides than what is 
acceptable in critical reactors. 

Optimizing the output/input power, without exceeding 
the limits determined by safety constraints and other target-
core characteristics can play an important role in the overall 
design of an ADS and on the economy of its operation. The 
neutron source efficiency parameter ϕ* is commonly used to 
study this quantity, since it is related to the number of 
fissions produced in the core by an average external source 
neutron. However, calculating ϕ* for an accelerator-driven 
system involves some complications, since the actual source 
particles are protons, and not neutrons. With the motivation 
of simplifying the concept of source efficiency, we have 
introduced in a previous paper5 a new parameter ψ*, which 
refers to the number of fissions produced in the core by each 

source proton. The advantages with using ψ* instead of ϕ* 
is that there is no ambiguity in how to define the external 
source, and that it is proportional to the beam power 
amplification, without the need of a weighting factor. 

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 studied6. In the present paper, three inert 
matrices (ZrN, YN and HfN), mixed with a plutonium and 
americium mixed nitride fuel, have been investigated in 
terms of ψ*. In Section II, the neutron source efficiency is 
first defined and discussed and then the proton source 
efficiency parameter is introduced. Section III describes the 
lead-bismuth cooled ADS modelled in this study. In Section 
IV.A, ψ* is studied as a function of target radius for the 
different matrices, while in Section IV.B, ψ* has been 
compared for a single-zone core and a power flattened 
double-zone core. 
 



II. SOURCE EFFICIENCY ϕ* 

II.A. Definition of the Neutron Source Efficiency 

The neutron flux distribution φs in a sub-critical core is 
the solution to the inhomogeneous steady-state neutron 
transport equation 

 nss S+= φφ FA  (1) 

where F is the fission production operator, A is the net 
neutron loss operator and Sn is the external neutron source. 

The neutron source efficiency7,8, usually denoted ϕ*, 
represents the efficiency of the external source neutrons and 
can be expressed according to the following equation9: 
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which is valid in the range . <Fφ10 << effk s> is the total 

production of neutrons by fission and <Sn> is the total 
production of neutrons by the external source. Eq. (2) shows 
that, for given values of keff and <Sn>, the larger ϕ* the 
larger the fission power produced in the system. 
 

II.B. Introduction of the Proton Source Efficiency 

A new parameter, called “proton source efficiency” and 
denoted ψ*, which represents the product of ϕ* and the 
number of source neutrons generated per source proton 
(Sn/Sp), has been introduced5. We have the following 
relation between the proton source efficiency ψ* and the 
neutron source efficiency ϕ*: 
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For a fixed system (constant Sn/Sp), we see that ψ* is 
proportional to ϕ*. However, when studying a change in a 
system design, Sn/Sp might also change. In this case, ψ*, but 
not ϕ*, is proportional to the output/input power5. The ψ* 
parameter could also, in analogy with ϕ*, be expressed in 
terms of keff and the total number of neutrons produced by 
fission in the core, for each source proton. Inserting Eq. (2) 
in Eq. (3) it is expressed in the same way as ϕ*, only with 
the replacement of Sn by Sp, 
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<Fφs>/<Sp> is the total production of neutrons by fission 
over the total number of source protons. 
 

III. SYSTEM MODELING 

A homogenized model of a uranium free nitride fuelled 
and lead-bismuth cooled ADS was used. Simulations have 
been performed for two different fuel compositions (curium 
free), with the ratio of plutonium to americium set to 80/20 
and 40/60. For all matrix-fuel combinations, the fraction of 
inert matrix was adjusted in order to obtain a keff of about 
0.95. The volume fractions of the different matrix fuels are 
displayed in Table I. We note that the plutonium based fuels 
enable a much larger fraction of inert matrix than the 
americium based ones. 

TABLE I  
Volume Fraction of Inert Matrix in order to obtain keff = 

0.95. 
Matrix Volume fraction 

 Pu/Am = 80/20 Pu/Am = 40/60 
ZrN 82.9% 63.4% 
YN 83.4% 63.5% 
HfN 67.0% 49.5% 

 
 
The height of the active core of the reference model, 

depicted in Fig. 1, is 100 cm and the outer radius is 70 cm. 
The inner radius is 20 cm, which is also the boundary of the 
lead-bismuth target. The accelerator tube has a radius of 15 
cm and the axial position of the proton beam impact is 25 
cm below the top of the core. The radius of the radially 
uniform 1000 MeV proton beam is 7.5 cm. Above and 
below the active zone of the core, plena for accommodation 
of gas release are included, having lengths of 100 and 50 
cm, respectively. The radial reflector is assumed to consist 
of 90 % steel and 10 % lead-bismuth. 
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Fig. 1. RZ-view of the homogenised reference model. The 
1000 MeV protons are guided through the accelerator tube 

and impinge on the Pb-Bi target. The different regions in the 
model are pure Pb-Bi (1), the plena (2), the active core (3) 

and the reflector (4). 

The relative fractions of matrix fuel, cladding and 
coolant material used in the homogenized model correspond 
to a pin radius of 2.5 mm and P/D = 1.72. The spallation 
target and the core coolant consist of lead-bismuth eutectic 
and the fuel pin cladding of 10% chromium and 90% iron. 

The Monte Carlo code MCNPX10 (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.11 

 
IV. THE PROTON SOURCE EFFICIENCY FOR 

DIFFERENT INERT MATRIX FUELS 

The proton source efficiency ψ* has been studied for 
different inert matrix fuels. The starting point for each 
parameter study is the reference model, described in the 
previous section. 

 
IV.A. ψ* as function of Target Radius for different Inert 

Matrix Fuels 

In this section, ψ* has been computed as a function of 
target radius for the three different inert matrix fuels. Each 

time the target radius was changed, keff was kept constant at 
0.95 by adjusting the outer radius of the core. We see in Fig. 
2, where the results for the plutonium based fuel have been 
plotted, that ψ* decreases considerably when the target 
radius increases.5 There are mainly two reasons for this 
behaviour. One of them is the softening of the radial neutron 
leakage spectrum from the target, when the target is 
enlarged. The probability to induce fission for the neutrons 
entering the active core strongly decreases with decreasing 
energy, especially when the core is loaded with even-
neutron number actinides. The other reason for the decrease 
in ψ* is that the axial target neutron leakage increases with 
increasing target radius. The major part of the axial leakage 
is in the backward direction, through the accelerator tube. 

0

Fig. 2. ψ* versus target radius for different plutonium 
based matrix fuels (80% Pu + 20% Am). 

Comparing the different matrix fuels, it is also shown 
that, for the ZrN and the YN matrices, ψ* has similar 
dependence on the target radius. This is expected, since Zr 
and Y have similar neutron cross-sections and similar mass 
numbers. However, for the HfN matrix fuel, ψ* decreases 
faster with increasing target radius. The reason for this is 
that Hf has higher absorption and scattering cross-sections 
for low-energy neutrons (below a few keV), and therefore it 
is more sensitive to the softening of the neutron energy 
spectrum. This effect increases with increasing target radius, 
as the energy spectrum of the neutrons leaking out from the 
target is softer for larger target radii. For instance, for the 10 
cm target radius, the ψ* values for the different matrices are 
very similar, since only a very small fraction of the target 
leakage neutrons have energy of the order of a few keV or 
lower. On the other hand, for the 50 cm radius, ψ* is lower 
by about 23% for the HfN matrix than for the ZrN and YN 
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matrices, due to the much softer target neutron leakage 
spectrum. 

For the americium based fuel (Fig. 3), there are mainly 
two different effects arising, compared to the plutonium 
based fuel. Firstly, the decrease in ψ* with increasing target 
radius is faster, due to lower fission probability (mainly for 
neutrons below ∼1 MeV) for the americium isotopes than 
for the plutonium isotopes.5 Secondly, the difference 
between the HfN matrix fuel and the two other fuels is 
smaller (∼13% for the 50 cm target radius). The explanation 
for this is that the fractions of matrix are lower and 
consequently a switch of matrix has smaller impact on ψ*. 
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Fig. 3. ψ* versus target radius for different americium 

based matrix fuels (40% Pu + 60% Am). 

We conclude that, in order to optimize the proton 
source efficiency and the output/input power, a HfN matrix 
fuel is slightly less favorable than a ZrN or a YN matrix 
fuel, in particular for large target radii. However, a HfN 
matrix is desirable for other reasons, e.g. its high melting 
point and the hard spectrum it induces, which leads to less 
production of curium. Therefore, HfN might still be a good 
choice of inert matrix, despite the loss in proton source 
efficiency, in particular if an americium based fuel with 
relatively small target radius is used. 

 
IV.B. ψ* for a Single-zone Core compared to a Power 

Flattened Double-zone Core. 

The proton source efficiency ψ* has been studied for 
the reference model (single-zone core), compared to a model 
where the core has been divided into two zones with 
different matrix fractions, with the purpose of lowering the 
power peaking. The single-zone and the double-zone power 
densities, calculated for the plutonium based ZrN matrix 

fuel, are depicted in Fig. 4. For the double-zone core, the 
matrix fractions have been adjusted in order to obtain the 
same maximum power density for the two zones. 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

20 30 40 50 60 70
Radius (cm)

Po
w

er
 D

en
si

ty

Single-Zone Core
Double-Zone Core

Zone 1
Matrix Volume 

Fraction = 85.5%

Zone 2
Matrix Volume 

Fraction = 81.5%

 
Fig. 4. Power density profiles for a single-zone core and a 

power flattened double-zone core, calculated for the 
plutonium based ZrN matrix fuel. Target radius = 20 cm. 

The comparison of ψ* for the single-zone core and the 
double-zone core has been performed for the plutonium 
based and the americium based fuel, dispersed with either 
ZrN or HfN matrices. The calculations were performed for a 
target radius of 20 cm and the results are listed in Table II. 
We see that ψ* decreases for the power flattened double-
zone core, by about 5-6% for the ZrN matrix fuels and about 
10-11% for the HfN matrix fuels. If a double-zone core is 
assumed, the loss in ψ* by substituting the ZrN matrix by a 
HfN matrix is approximately 12% for the plutonium based 
fuel and 8% for the americium based one. Hence, a trade-off 
arises, where one has to consider whether the advantages 
with a power flattened core or the wish of using a HfN 
matrix fuel is worth the loss in proton source efficiency.  

TABLE II  
ψ* calculated for a Single-zone Core (1Z) and a Double-

zone Core (2Z). Target radius = 20 cm. 
Fuel Matrix ψ* 

  1Z 2Z 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% 
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There are mainly two effects arising when the double-
zone is introduced and the content of matrix in zone 1 
increases. Firstly, the absorption and slowing-down of the 
neutrons increases, in particular for low-energy neutrons. 
For the studied 20 cm radius target model, the energy 
spectrum of the neutrons entering into the fuel is softer than 
the average fission neutron spectrum in the core. Therefore, 
since the source efficiency (ψ* or ϕ*) relates the ratio 
between the source neutrons and the fission neutrons, the 
increase of the matrix fraction has a larger impact on the 
source neutrons than on the fission neutrons. Consequently, 
ψ* decreases. As Hf has higher absorption cross-sections for 
low-energy neutrons than Zr, this effect on ψ* is stronger 
for the HfN matrix, as is seen in Table II. It also increases 
with increasing target radius, since the energy of the 
neutrons that leak out from the target decreases with 
increasing target radius, while the average fission neutron 
energy is unchanged. 

Secondly, increasing the matrix content in zone 1 
suppresses the (n,xn)-multiplication in the inner parts of the 
active core, which will also tend to decrease ψ*. This effect 
is strong for small radii when the target neutron leakage 
spectrum is hard, but decreases as the target radius 
increases. 

 
V. CONCLUSIONS 

Instead of using the neutron source efficiency parameter 
ϕ*, in order to study the beam power amplification, a new 
parameter ψ*, representing the efficiency of the source 
protons, has been introduced in a previous study. 
Maximizing the proton source efficiency minimizes the 
proton current needs and relaxes the constraints on the 
construction of the high-power accelerator. Studying ψ* 
when optimising different system parameters therefore 
becomes an important factor in the overall design of an 
ADS. 

It has been shown that the proton source efficiency 
decreases significantly with increasing target radius. Thus, 
in order to maximize ψ* and the output/input power within 
the safety limits, a target radius as small as possible should 
be chosen. 

Moreover, 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 particular for small 
target radii, the difference is relatively small. Due to other 
favourable properties of HfN, it is therefore still an 
interesting option of inert matrix material, despite the loss in 
proton source efficiency. 

It was also found 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. Comparing the ZrN 

matrix with the HfN matrix, assuming a double-zone core, 
the difference in ψ* is larger for the plutonium based fuel 
(∼12%) than for the americium based fuel (∼8%).  

We conclude that, when designing an ADS, there is a 
trade-off arising between several different aspects. Various 
parameters, such as optimal target radius, power flattening 
and choice of inert matrix material together with other 
target-core characteristics and the various safety limitations, 
have to be weighted against the advantage of optimizing ψ* 
and minimizing the proton current needs. 
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Abstract – In order to study the beam power amplification of an accelerator driven system (ADS), a 
new parameter, 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 
with 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. 
 
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 maximize ψ*, and therefore 
minimizing the proton current needs, a target radius as small as possible should be chosen. For target 
radii smaller than about 30 cm, lead-bismuth 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 center. Varying the proton energy, ψ*/Ep was found to have a maximum 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. 
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I. INTRODUCTION 

Accelerator Driven Systems (ADS) [1, 2, 3, 4] are being 
investigated as a possible mean for reducing the long-term 
radiotoxicity of spent reactor fuel. In principle, the sub-
criticality of ADS allows for dedicated cores with a much 
higher concentration of minor actinides than what is 
acceptable in critical reactors. Such dedicated cores enable 
multi-recycling of americium and curium, providing thus a 
potential for reducing the radio-toxicity by a factor of 50 to 
100 [5]. 

In ADS, a high-power particle accelerator is used to 
accelerate protons to energies of the order of 1000 MeV. 
The protons impinge on a heavy metal target, generating a 
large number of neutrons via spallation. 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 blanket. 

An important factor when designing an ADS is to 
optimize the beam power amplification, given that the 
reactor is operating at a certain sub-critical reactivity (with 
sufficient safety margins to criticality). Optimizing the 
source efficiency, and thereby minimizing the proton current 
needs, can have an important impact on the overall design of 
an ADS and on the economy of its operation. The neutron 
source efficiency parameter ϕ* is commonly used to study 
this quantity, since it is related to the number of fissions 
produced in the core (which is closely related to the core 
power), by an average external source neutron.  

However, calculating ϕ* for an accelerator driven 
system introduces some complications, since the actual 
source particles are protons, and not neutrons. In order to 
determine ϕ*, the external neutron source first has to be 
defined and then the efficiency of this neutron source can be 
determined. A drawback with using ϕ* is that the neutron 
source can be defined in several different ways, and the 
results are directly dependent on the choice of definition. 
Therefore, completely different values of ϕ* are often 
observed [6, 7, 8], due to different choices of external 
neutron source definition. Another complication associated 
to the neutron source efficiency is that, studying ϕ* as a 
function of a certain system parameter might change the 
neutron source distribution and the number of neutrons 
produced per source proton. In this case, in order to 
represent the beam power amplification, ϕ* needs to be 
weighted with the number of source neutrons produced per 
source proton. 

With the motivation of simplifying the concept of 
source efficiency, we introduce in this paper a new 
parameter ψ*, which refers to the number of fission 
neutrons produced in the system by each source proton. The 
advantages with 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 beam power amplification, without the 
need of a weighting factor. 

In this paper, ψ* has been studied as a function of 
different system parameters, in order to find the optimal 
design conditions for maximum proton beam amplification, 
within the given safety constraints. For this purpose, a 
model of a nitride fuelled and lead-bismuth cooled ADS was 
used. First, the neutron source efficiency is defined and 
discussed (Section II) and then the proton source efficiency 
parameter is introduced (Section III). Section IV describes 
the reference model used in this study. In Section V.A, ψ* 
and ϕ* are studied as functions of the target radius and 
coolant material. In the following sections, ψ* is studied as 
a function of the axial proton beam impact (V.B) and the 
proton beam energy (V.C). Finally, an americium based fuel 
has been compared with the plutonium based reference fuel 
(V.D). 

 
II. NEUTRON SOURCE EFFICIENCY ϕ* 

II.A. Definition of the Neutron Source Efficiency 

The neutron flux distribution φs in a sub-critical core is 
the solution to the inhomogeneous steady-state neutron 
transport equation 

nss S+= φφ FA  (1) 

where F is the fission production operator, A is the net 
neutron loss operator and Sn is the external neutron source. 

The neutron source efficiency [9, 10], usually denoted 
ϕ*, represents the efficiency of the external source neutrons 
and can be expressed according to the following equation 
[11]: 
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which is valid in the range 10 << effk . <Fφs> is the total 

production of neutrons by fission and <Sn> is the total 
production of neutrons by the external source. In the above 
formula, the brackets imply integration over space, angle 
and energy. Eq. (2) relates the total fission neutron 
production <Fφs> to the external neutron source, ϕ* and the 
reactivity (1 – 1/ keff). It shows that, for given values of keff 
and <Sn>, the larger ϕ* the larger the fission power 
produced in the system. 

 
II.B. Definition of the External Neutron Source  

Since the actual source particles in an accelerator driven 
system are protons and not neutrons, it is not obvious which 
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is the best way to define the neutron source. The procedure 
to calculate ϕ* is usually divided into two steps – the first 
generating the source neutrons, produced from the proton 
beam interacting with the target, and the second one 
determining the efficiency of these source neutrons. 
Different source definitions are possible and they will result 
in different values and meanings of ϕ*. A brief summary of 
four different definitions of the external neutron source that 
have been used in the ADS field is given in [12]. Among 
these, the two most frequently used definitions, the target 
neutron leakage source and the energy cut-off source, will 
be discussed in the two following sections. The other two 
definitions are the fission source, consisting of the first 
generation of fission neutrons, and the primary neutron 
source, which is the collection of neutrons that are created 
directly from proton induced spallation (primary spallation 
neutrons) [8]. 

 
II.B.1. The Target Neutron Leakage Source 

This approach uses the neutrons that leak out radially 
from the target as source neutrons [6, 13]. The method 
consists of, in the first step, transporting the high-energy 
protons and the secondary particles that they produce in the 
target. The neutrons 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 re-entering the target are included in the source 
definition. In the second step, the leakage neutrons are 
reemitted as fixed source neutrons in a separate run and the 
efficiency (ϕ*) of them is determined. Since the target 
neutron leakage spectrum includes a high-energy tail, both 
step 1 and 2 need to be simulated with a high-energy 
transport code (which can simulate neutrons with energy up 
to the incident proton energy). 

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 properties. This might induce complications when 
trying to optimize ϕ* and the beam power amplification, by 
varying different system parameters. If a change in the 
studied system parameter changes the distribution of the 
source neutrons, ϕ* has to be weighted by the number of 
neutrons produced per source proton. With the target 
neutron leakage definition, examples of these parameters are 
the target dimension, the proton beam energy or the axial 
proton beam impact position. Other system parameters, such 
as the core coolant material, the fuel composition or the core 
dimensions, are independent of the target region and do not 
affect the neutron source. 

 

II.B.2. The Energy Cut-off Neutron Source 

The other way to define the neutron source is to collect 
the neutrons that fall below a certain cut-off energy (usually 
20 or 150 MeV) [7, 14, 15]. In the first step, a high-energy 
code is used to transport the accelerated 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. 
In the second step, these neutrons are reemitted as fixed 
source neutrons in a separate run and ϕ* is determined. 

An advantage of this approach is that the second step 
can be simulated with a low-energy transport code. The cut-
off energy is set to the upper energy of the cross section 
library that will be used in the second step calculation. This 
is desirable since many reactor codes systems are limited to 
the upper energy limit of the cross-section data library (e.g. 
20 or 150 MeV). 

It has been shown in [7] that, in contrast to the target 
neutron leakage source, the neutron source distribution in 
this case is rather insensitive to changes in the target radius. 
However, substituting the coolant material or changing the 
fuel composition will affect the distribution of the neutron 
source. 

 
III. PROTON SOURCE EFFICIENCY ψ* 

III.A. Introduction of the Proton Source Efficiency 

In order to simplify the concept of source efficiency, a 
new parameter, called “proton source efficiency” and 
denoted ψ*, which represents the product of ϕ* and the 
number of source neutrons generated per source proton 
(Sn/Sp), is introduced in this paper. We thus have the 
following relation between the proton source efficiency ψ* 
and the neutron source efficiency ϕ*: 
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This parameter could also, in analogy with ϕ*, be expressed 
in terms of keff and the total number of neutrons produced by 
fission in the core, for each source proton. Inserting Eq. (2) 
in Eq. (3) it is expressed in the same way as ϕ*, only with 
the replacement of Sn by Sp, 
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<Fφs>/<Sp> is the total production of neutrons by fission 
over the total number of source protons. 
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Considering ψ* and ϕ* (according to the target neutron 
leakage definition) as functions of the target radius and of 
coolant material illustrates the discussion in the previous 
section about which design parameters that affect and do not 
affect the neutron source distribution. Changing the coolant 
material, Sn/Sp does not change, so ψ* and ϕ* vary in 
exactly the same way. When varying the target radius, on 
the other hand, Sn/Sp changes, so ψ* and ϕ* varies in 
different ways. Consequently, if one wants to use the 
neutron source efficiency parameter ϕ*, it needs to be 
weighted with Sn/Sp when it is studied as a function of the 
target radius, whereas this is not necessary when comparing 
different core coolant materials. However, with the 
introduction of the proton source efficiency and always 
referring to ψ*, none of this has to be considered, and the 
procedure is simplified. 

 
III.B. Relationship between ψ* and the Core Power 

The total power produced by fission in the core (Pf) can 
be 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; 

f
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f E
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P ⋅
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φF  (5) 

Inserting Eq. (4) in Eq. (5), we obtain 
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For a given fuel composition, fE  and ν  can, for the 
purpose of this study, 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 neutron 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 
paper and were found to be much smaller than the statistical 
errors in the simulations (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 in Section V.D, where two different fuels are 
compared. 

If we further make the approximation that the energy 
produced by fission is proportional to the total core power 
produced in the core, we find that ψ* is proportional to the 
total power divided by the source intensity (output/input 
power). 
 

IV. SYSTEM MODELING 

A homogenized model representing a nitride fuelled and 
lead-bismuth cooled ADS (maximum 800 MWth) has been 
studied. The height of the active core in the reference model 
(Fig. 1) is 100 cm and the outer radius is 70 cm. The inner 
radius is 20 cm, which is also the boundary of the lead-
bismuth target. The accelerator tube has a radius of 15 cm 
and the axial position of the proton beam impact is 25 cm 
below the top of the core. The radius of the radially uniform 
1000 MeV proton beam is 7.5 cm. Above and below the 
active zone of the core, plena for accommodation of gas 
release are included, having lengths of 100 and 50 cm, 
respectively. The radial reflector is assumed to consist of 90 
% steel and 10 % lead-bismuth. 

               
Fig. 1. RZ-view of the homogenised reference model. The 
1000 MeV protons are guided through the accelerator tube 

and impinge on the Pb-Bi target. The different regions in the 
model are pure Pb-Bi (1), the plena (2), the active core (3) 

and the reflector (4). 

The relative fraction of fuel, cladding and coolant 
material used in the homogenized model correspond to a pin 
radius of 2.5 mm and P/D = 1.72. The nitride actinide fuel is 
in solid solution with ZrN. The volume fraction of ZrN was 
adjusted to 83 %, in order to obtain a keff of about 0.95. The 
fuel consists of 80% plutonium and 20% americium (the 
actinide vectors are listed in Table I). The spallation target 
and the core coolant consist of lead-bismuth eutectic and the 
fuel pin cladding of 10% chromium and 90% iron. 
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TABLE I  

Relative Fraction of Actinides in the Reference Fuel. The Pu 
vector corresponds to that of spent LWR MOX fuel after 7 
years of cooling and the Am vector to a mixture of spent 

UOX and MOX fuel. 
Plutonium 80 % Americium 20 % 

Pu-238 5 % Am-241 67 % 
Pu-239 38 % Am-243 33 % 
Pu-240 30 %   
Pu-241 13 %   
Pu-242 14 %   
 
The Monte Carlo code MCNPX [16] (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 (limited to 20 MeV). The Intranuclear 
Cascade model used by MCNPX was the Bertini package 
[17]. 

 
V. THE PROTON SOURCE EFFICIENCY AS A 

FUNCTION OF DIFFERENT SYSTEM PARAMETERS 

The proton source efficiency ψ* has been studied as a 
function of a number of system parameters, such as the 
target radius, coolant material, axial proton beam impact 
position, proton beam energy and fuel composition. The 
starting point for each parameter study is the reference 
model. In each case when a parameter has been changed, the 
reactivity has been re-adjusted in order to keep keff constant 
at about 0.95. 

 
V.A. ψ* as function of Target Radius 

In this section, ψ* has been computed for different 
target radii, for the reference lead-bismuth cooled core and 
for a sodium cooled core. The neutron source efficiency ϕ*, 
using the target neutron leakage definition, has also been 
determined. keff was kept constant at 0.95 by adjusting the 
outer radius of the core. 

Since changing the geometry of the core might affect 
the results, ψ* has also been studied as a function of the 
outer core radius, varying from 60 to 90 cm. It was found 
that an increase of the core radius leads to a slight increase 
of ψ*, on average 0.26% per cm. The explanation for this is 
that the radial neutron leakage into the reflectors decreases 
as the core radius increases. This dependence of ψ* (rather 
small but not automatically negligible) on the core radius 
should be kept in mind in the parameter studies where the 
core radius is varying. 

 

V.A.1. The Lead-Bismuth Cooled Reference Model 

ψ* was computed for the reference model for different 
target radii, both as the product of ϕ* and Sn/Sp (Eq. 3) and 
directly according to Eq. (4), in order to verify the 
consistency between the two different expressions. ϕ* was 
calculated using the target neutron leakage definition. The 
results are listed in Table II and we see that they are in good 
agreement with each other, the differences being within the 
statistical uncertainty. Hence, using a two-step simulation 
procedure, ψ* can be obtained according to Eq. (3), 
independently of the choice of neutron source definition. If 
MCNPX is used, ψ* can be obtained directly according to 
Eq. (4). ψ*, ϕ* and Sn/Sp are also plotted as functions of 
target radius later on in this section. 

 
TABLE II  

Computation of ψ* according to Eq. (3) and Eq. (4) (1σ-
error ∼ 0.75 %). For the 10 cm target radius, the radius of 

the accelerator tube was decreased to 10 cm. The results are 
also plotted below. 

Target 
Radius 

*ϕ  
><
><

p

n

S
S  

><
><

⋅
p

n

S
S*ϕ  *ψ  

10 1.81 21.9 39.8 39.6 
20 1.35 26.8 36.3 35.9 
30 1.13 29.0 32.9 32.4 
40 0.99 30.0 29.6 29.5 
50 0.89 30.2 26.7 27.0 

 
Concerning the dependence on target radius, we see that 

ψ* decreases considerably when the radius increases. There 
are mainly two reasons for this behaviour. One of them is 
the softening of the radial neutron leakage spectrum from 
the target (the spectrum of the neutrons that enter into the 
fuel), when the target is enlarged. The probability to induce 
fission for the source neutrons strongly decreases with 
decreasing energy, especially when the core is loaded with 
even-neutron number actinides, as will be shown below. 
Lower neutron energy also inhibits other possible neutron 
multiplication reactions, such as (n,xn)-reactions and 
secondary spallation. The number weighted mean energy of 
the radial neutron leakage spectrum decreases by a factor of 
four when the target radius is increased from 20 cm to 50 
cm and the fraction of neutrons above 20 MeV is only 0.5% 
for a radius of 50 cm, while 3.2% for a 20 cm radius. The 
radial neutron leakage spectra for different target radii are 
plotted in Fig. 2 and the fraction of leakage neutrons above 
some energy thresholds are listed in Table III. 
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Fig. 2. Radial neutron leakage spectra from the target for 

different target radii. 

TABLE III  
Fraction of Neutrons Leaking out Radially from the Target 

that have Energies above 1, 7, 20 and 150 MeV. 
Target 
Radius 

>1 MeV >7 MeV >20 MeV >150 
MeV 

10 62.4% 13.4% 6.9% 1.1% 
20 45.2% 6.1% 3.2% 0.45% 
30 31.0% 3.0% 1.7% 0.22% 
40 20.7% 1.6% 0.9% 0.12% 
50 13.5% 0.8% 0.5% 0.07% 
 
The other reason for the decrease in ψ* is that the axial 

target neutron leakage (the neutrons that leak out from the 
target axially and never enter the active core) increases 
significantly with increasing target radius. The fraction of 
axial target leakage neutrons relative to the total number of 
neutrons exiting the target is approximately 5 % for the 20 
cm radius target while about 28 % for the 50 cm radius 
target. The major part of the axial leakage is in the backward 
direction, through the accelerator tube. 

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 
(Sn/Sp increases from 26.8 for r=20 cm to 30.2 for r=50 cm). 
The multiplicative effect of (n,xn)-reactions and secondary 
spallation in the lead target enhances the proton source 
efficiency. Consequently, with increasing target radius, there 
are more neutrons for each source proton that enter into the 
fuel, though the efficiency of these neutrons is strongly 
reduced. Accordingly, we see in Table II that ψ* decreases 
less rapidly than ϕ* with increasing target radius, due to the 
increase in Sn/Sp. These two competing factors in ψ* are 
thus well represented by Eq. (3). 

 
We conclude that, in order to optimize the proton 

source efficiency and the output/input power, a target radius 
as small as possible should be chosen (increasing the radius 
from 20 cm to 50 cm decreases ψ* by about 25%). These 
results are in good agreement with other similar studies [7]. 
However, it has also been shown that, reducing the target 
radius has some undesirable effects, for instance higher 
fluence/burnup ratio (lower maximum burnup) and more 
severe high-energy damages. Moreover, for a large-scale 
ADS, the target must be sufficiently large to be able to 
remove the heat from the high-power accelerator beam. It is 
thus clear that, in order to optimally design a cost-efficient 
ADS with high fuel performances, a trade-off between 
several different aspects arises. 

 
V.A.2. A Sodium Cooled Model  

Replacing the lead-bismuth coolant with sodium 
reduces the reactivity by about 5000 pcm, so in order to 
maintain a keff of 0.95, the outer core radius was increased 
by 11 cm. As is shown in Fig. 3, the proton source 
efficiency for small target radii is lower for the sodium 
cooled core than with the lead-bismuth coolant 
(approximately 7% lower for r = 20 cm).  
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Fig. 3. Proton source efficiency ψ* versus target radius for 
a Pb-Bi cooled and a Na cooled model (1σ-error ∼ 0.75 %). 

The main reason for this is that there is no neutron 
multiplication in the sodium coolant, in contrast to lead-
bismuth. The differences between the two curves indicate 
that the contribution from (n,xn)-multiplication in the Pb-Bi 
coolant is significant for target radii smaller than about 30 
cm. As long as there is a fraction of neutrons with energy 
higher than about 7 MeV (the (n,2n)-threshold in lead) there 
will be (n,xn)-neutron multiplication in lead. 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 
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compared to 0.8% for r=50 cm). When the target radius 
increases, the fraction of high-energy neutrons decreases, 
and at radii above 40 cm the ψ* values are essentially the 
same. Another difference between the two coolant materials 
is that lead-bismuth has better spallation-neutron production 
characteristics. This enhances ψ* for small target radii, in 
which cases there are still a significant fraction of very 
energetic neutrons leaking out into the fuel region. The 
difference between the Pb-Bi and the Na coolant are further 
illustrated in Fig. 4, where the neutron source efficiencies 
are depicted, together with the number of neutrons per 
source proton. 
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Fig. 4. Neutron source efficiency ϕ* (according to the 

target neutron leakage definition) and number of neutrons 
per source proton (Sn/Sp), versus target radius for the Pb-Bi 

cooled and the Na cooled model (1σ-error ∼ 0.75 %). 

V.B. ψ* as function of Axial Beam Impact Position 

The proton source efficiency has been studied as a 
function of the axial beam impact position, varying from the 
center of the core (z = 0) to the top of the core (z = 50 cm). 
It is seen in Fig. 5 that, for the reference model (with an 
accelerator tube radius of 15 cm) the maximum in ψ* is 
obtained at about 20 cm above the core center. Moving 
away from the optimum impact position, ψ* decreases, due 
to increasing axial neutron leakage from the target. 
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Fig. 5. Proton source efficiency ψ* versus axial beam 

impact position (cm above the core center) for a tube radius 
of 15 cm and of 10 cm (1σ-error ∼ 0.50 %). 

As is shown in Fig. 5, ψ* and its dependence of the 
axial beam impact is rather sensitive to the accelerator tube 
radius. For a tube radius of 10 cm, the beam impact position 
that maximizes ψ* is moved downwards in the core, with 
the optimum at about 13 cm above the core center. The 
maximum value of ψ* also increases somewhat (∼ 3%) 
when the tube radius is changed from 15 cm to 10 cm. 

When the tube radius decreases there are mainly two 
effects appearing. One is that the axial neutron leakage in 
the backward direction decreases (increasing ψ*) and the 
other one is that the energy spectrum of the neutrons 
entering into the fuel is softened (decreasing ψ*). When the 
beam impact is close to the core center, the impact of the 
leakage on the neutron balance is more pronounced than the 
softening of the neutron spectrum. On the contrary, when 
the beam impact is close to the top of the core, the softening 
effect is dominant and ψ* is lower for the 10 cm tube radius. 

An accidental scenario that has been considered in an 
ADS is that the accelerator tube is filled (partially or fully) 
with the target material [18], which would increase keff. For 
the reference model, filling the tube from 20 cm above the 
core center till the top of the core, this increase is about 600 
pcm. For an initial reactivity level of keff = 0.95, and not 
taking the variations in ψ* into account, this would increase 
the core power by 14 %. For the 10 cm tube radius, the 
change in keff is smaller and also the effect on the power. 
However, the rapid decrease in ψ* above z = 20 cm will 
tend to reduce the core power. Adding these two opposite 
effects together, according to Eq. (6), it is found that the 
core power decreases when the tube channel is filled with 
lead-bismuth coolant. Filling the tube from z = 20 cm to z = 
50 cm decreases the core power by 7 % for the 15 cm tube 
radius and by 20 % for the 10 cm tube radius. 
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However, if the reactor is operating at a reactivity level 
closer to criticality, the effect on the core power from a 
reactivity insertion will be higher and might be more 
important than the decrease in ψ*. One way to increase the 
safety margins to prompt criticality, is to set the proton 
beam impact at the top of the core (z = 50 cm). However, 
the loss in proton source efficiency, by moving the impact 
from the optimal position to the top of the core would be 
large - about 18 % for the 15 cm tube radius and 24 % for 
the 10 cm tube radius. 

 
V.C. ψ* as function of Proton Beam Energy 

The proton source efficiency was calculated for 
different proton beam energies, varying from 400 MeV to 
2.5 GeV, for a 20 cm and a 50 cm radius target. The ψ* 
values divided by the proton energy (ψ*/Ep) are displayed in 
Fig. 6. 
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Fig. 6. Proton source efficiency divided by proton energy 

in GeV (ψ*/Ep) versus proton beam energy, for target radii 
of 20 cm and 50 cm (1σ-error ∼ 0.50 %). Energy gain G 

from CERN experiments [19] for a set-up configuration of 
keff = 0.895. 

In coherence with Fig. 3, ψ* is higher for the 20 cm 
radius than for the 50 cm radius, for all proton energies. 
However, the shape of the two curves is very similar. ψ*/Ep 
increases strongly with increasing proton energy up to about 
1000 MeV. The maximum is reached at about 1200-1400 
MeV. Above 1400 MeV the curves decrease slightly. The 
reason for this is that the range of the protons increases with 
increasing energy and a larger fraction of the spallation 
induced neutrons will be created far away from the center of 
the core (or even below the core). This increases the axial 
neutron leakage from the target in the downward direction. 
For instance, the range of 1 GeV protons impinging on a 
lead target is about 53 cm, while about 95 cm for 2 GeV 

protons [18]. The distance from the top of the target to the 
bottom of the core was 75 cm (Fig. 1). 

The proton source efficiency divided by the proton 
energy (ψ*/Ep) is closely related to the energy gain (beam 
power amplification) of a source driven sub-critical system. 
The energy gain (G), as defined in [19], represents the total 
power produced in the core over the accelerator power 

effacc

tot

k
G

P
PG

−
==

1
0    (7) 

where G0 relates to the efficiency of the spallation regime. 
Similarly, using Eq. (6) and the fact that ppacc ESP ⋅>=< , 

Ptot/Pacc can be expressed as 







⋅

−
∝

><
=

peff

eff

pp

tot

acc

tot
Ek

k
ES

P
P
P *

1
ψ    (8) 

Hence, for given keff, ψ*/Ep is proportional to the energy 
gain G. In the experiments performed at CERN [19], the 
energy gain was studied as function of the proton beam 
energy. The results are re-plotted in Fig. 6. We see in the 
figure that the MCNPX simulated values of ψ* have similar 
relative dependence on the proton energy, as the results 
from the CERN experiments. This comparison confirms that 
the ψ* parameter represents well the beam power 
amplification of an ADS.  

The keff of the sub-critical assembly in the CERN 
experiments was 0.895. In order to obtain 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 becomes 61. 

 
V.D. ψ* for an Americium Based Fuel 

Finally, ψ* has been studied for an americium based 
fuel (40% Pu and 60% Am), as a function of the target 
radius. The volume fraction of the ZrN matrix was re-
adjusted to 63%, in order to keep a keff of about 0.95. The 
results are displayed, together with the results for the 
reference model, in Fig. 7. We see that the introduction of 
americium decreases the source efficiency significantly and 
makes it more sensitive to the target radius. 
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Fig. 7. Proton source efficiency ψ* versus target radius for 

an americium based fuel, compared with the plutonium 
based reference model (1σ error ∼ 0.75 %). 

This is expected, since the fission cross-section of Am-
241 and Am-243 decreases rapidly for neutron energies 
below 1 MeV. Fig. 8, where the fission cross-section over 
the absorption cross section is plotted for Am-241 and Pu-
239, shows that the fission probability of Am-241 is very 
sensitive to neutron energies between 0.1 and 1 MeV, 
whereas for Pu-239, it is high everywhere in this energy 
range. Above 1 MeV the fission probability for plutonium 
and americium are of the same order of magnitude. The 
other even-neutron number actinides, Pu-238, Pu-240, Pu-
242 and Am-243, have similar cross-section dependence as 
Am-241, while the Pu-241 cross-section is similar to that of 
Pu-239. 

 
Fig. 8. Fission cross-section over absorption cross-section 

for Pu-239 and Am-241 (ENDF/B-VI). 

Hence, the neutrons entering into the fuel with energy 
below 1 MeV will have less probability to induce fission in 
the fuel, when the core is loaded mainly with americium. As 

was shown in Fig. 2 and in Table III, the energy distribution 
of the radial target leakage neutrons is very sensitive to the 
target radius. For a 10 cm radius, only 38% of the leakage 
neutrons are below 1 MeV and ψ* is not so sensitive to the 
americium/plutonium ratio, which is also seen in Fig. 7. 
However, with increasing target radius, the fraction of 
neutrons above 1 MeV decreases rapidly, with a 
corresponding loss in proton source efficiency. Thus, 
increasing the americium concentration from 20% to 60%, 
reduces ψ* by 11% for the 20 cm target radius and by 29% 
for the 50 cm target radius. 

In Section III.B, it was shown that, for a fixed fuel 
composition, ψ* is approximately proportional to the core 
power divided by the source intensity. However, increasing 
the fraction of americium in the fuel increases ν  by about 5 
%. Therefore, normalising to the same core power, the 
difference between the two curves would be slightly larger 
(by 5%) than in Fig. 7. 

 
VI. CONCLUSIONS 

Instead of using the neutron source efficiency parameter 
ϕ*, in order to study the beam power amplification, a new 
parameter ψ*, representing the efficiency of the source 
protons, has been introduced. The proton source efficiency 
ψ* is related to the number of fissions produced in the 
system, which in its turn is approximately proportional to 
the total core power. By introducing ψ*, ambiguities in 
defining the external neutron source when calculating the 
source efficiency are avoided. Another advantages with ψ* 
over ϕ* is that it is proportional to the core power divided 
by the proton beam power, independently of the neutron 
source distribution. Maximizing the proton source efficiency 
minimizes the proton current needs and relaxes the 
constraints on the construction of the high-power 
accelerator. Studying ψ* when optimising different system 
parameters therefore becomes an important factor in the 
overall design of an ADS.  

Studying the radius of the spallation target, it was found 
that ψ* decreases strongly with increasing target radius (by 
25% when the radius is changed from 20 cm to 50 cm). The 
two main reasons for this behaviour is that, the axial neutron 
leakage from the target increases and that the energy 
spectrum of the neutrons that enter into the fuel is softened, 
when the target is enlarged. These effects are only partly 
compensated by the increased neutron multiplication inside 
the target. Hence, in order to maximize the beam power 
amplification, a target radius as small as possible should be 
chosen, without exceeding the limits determined by safety 
constraints and other target-core characteristics (e.g. high-
energy particle fuel damages and beam power heat 
removal). Substituting the lead-bismuth coolant by sodium 
decreases ψ* for target radii smaller than 30 cm, whereas 
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for larger target radii, the two coolant options perform 
equally good. 

The axial position of the proton beam impact that 
maximizes ψ* was, for the reference model (tube radius = 
15 cm), located approximately 20 cm above the core centre, 
but with relatively small variations between 0 and about 35 
cm. However, the dependence of ψ* on the impact position 
is sensitive 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 %. 

Investigating the proton source efficiency divided by 
the proton energy (ψ*/Ep) as a function of the proton energy 
showed that a maximal accelerator power amplification is 
obtained for proton energies of about 1200 to 1400 MeV, 
but with rather small changes between 1000 and 2000 MeV. 
Finally, increasing the americium content in the fuel from 
20% to 60%, decreases ψ* considerably, especially for 
larger target radii. 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. 
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Abstract

Accelerator driven systems may operate on uranium or thorium free fuels. In order to guarantee the stability of such

fuels at high temperatures, the use of inert matrices is foreseen. In the present study, safety parameters of 800 MWth

ADS cores operating on oxide and nitride fuels with high americium content are investigated for a representative range

of pin and core geometries. It is shown that among the inert matrices investigated, chromium yields the lowest void

worth, hafnium nitride the highest fission probability for americium and magnesia the highest burnup potential.
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1. Introduction

In the Double Strata fuel cycle [1,2], the americium

and curium produced in critical power reactors is sup-

posed to be multi-recycled in dedicated minor actinide

burners. An advantage of this approach is that handling

of these highly active elements is constrained to a very

small part of the nuclear power park. The poor reac-

tivity coefficients of minor actinide based fuel, in con-

junction with a very small effective fraction of delayed

neutrons, however makes safe operation of critical

dedicated cores questionable. The introduction of ac-

celerator driven systems (ADS) for the purpose of minor

actinide burning therefore appears adequate. The ADS

core should operate on a fast neutron spectrum, in order

to minimise production of strong neutron emitters like

curium and californium. While a substantial part of the

technology developed for fast breeder reactors is directly

applicable to ADS, the fuel composition, form and state

remains to be determined. In the present paper, safety

parameters like void worths and coolant temperature

coefficients of several fuel candidates are investigated. In

addition an estimation of the relative burnup potential

pertaining to each fuel type is given.
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2. Core model

A single zone ductless core model was used, in order

to simplify the study of impact of fuel pin diameter and

pin pitch on the safety coefficients. Table 1 summarises

the parameters that were kept constant. A start-up core

was considered, hence no curium in the fuel. The ratio of

plutonium to americium was set to 40/60, in order to

provide a minimum reactivity swing [3]. Calculations

were made for two liquid metal coolants: sodium and

lead–bismuth eutectic. Radial steel reflectors were as-

sumed in both cases. Two representative pin diameters

were investigated, and the pin pitch was varied from

P=D ¼ 1:25 to 2.25. The clad thickness was adjusted to

allow for a maximum fission and helium gas pressure of

20 MPa, given a plenum height of 100 cm. In all cases,

the fraction of inert matrix was adjusted to obtain a k-
eigenvalue equal to 0.97. For oxide fuels a porosity of

10% was adopted, for nitride fuels 15%. Table 2 displays

the average linear rating assumed for each fuel. A

smaller rating corresponds to a larger number of fuel

pins in the core.
3. Method of calculation

The continuous energy Monte Carlo code MCNP4C

[4] in parallel mode was used to calculate neutron fluxes,

k-eigenvalues and cross sections. The cross section data
ights reserved.
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Fig. 1. Volume fraction of inert matrix required to obtain a k-
eigenvalue of 0.97 for oxide fuel and LBE coolant. 10% porosity

was assumed.

1
Volume fraction ZrN

Table 1

ADS core parameters kept constant in the present study

Core power 800 MWth

Spallation target LBE

Target radius 20 cm

Core height 100 cm

Pu/Am 40/60

k-Eigenvalue 0.97

Table 2

The uranium free fuels investigated here

Composition Matrix Form Rating (kW/m)

Oxide ZrO2 Solid solution 15

Oxide MgO Composite 25

Oxide W Composite 35

Oxide Mo Composite 35

Oxide Cr Composite 35

Nitride ZrN Solid solution 35

Nitride HfN Solid solution 35

�Rating� denotes average linear power density.
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library used for the present work was ENDFB/VI-8.

Each fuel pin was modelled explicitly, in order to obtain

a correct leakage contribution to the void worth. A

standard deviation of less than 40 pcm in the estimated

k-eigenvalues was required, corresponding to calculation

times of about two hours per core configuration (using

eight Athlon 1.5 GHz processors). It should be noted

that there is a considerable uncertainty in the inelastic

cross section of lead [5], which may lead to errors in the

calculated void worths of LBE cooled cores. The mag-

nitude of this uncertainty is of the order of 1000 pcm,

but will not be critical for the conclusions of this study.

Further, void worths in power flattened multiple zone

cores will differ from single zone cores, as the radial

leakage contribution to the neutron balance is sup-

pressed in the latter case. Hence, the void worths here

reported should be interpreted relative to one another,

rather than in terms of absolute magnitude.
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Di = 7.0 mm

Fig. 2. Volume fraction of ZrN required to obtain a k-eigen-
value of 0.97 for nitride fuel and LBE coolant. 15% porosity

was assumed.
4. Inert matrix fraction

In Fig. 1, the volume fraction of inert matrix required

to obtain a k-eigenvalue of 0.97 is displayed as function

of pin pitch for oxide fuels and LBE coolant. Since

erosion concerns limits the velocity of heavy liquid metal

coolants to about 2 m/s, the pin pitch must be increased

to obtain a heat removal capacity similar to that of so-

dium. For an inner pin diameter of 5.0 mm and a clad

thickness of 0.36 mm, the inert matrix fraction is found

to range from 40 to 60 vol.%, with exception for the case

of tungsten. Since fabricability may become a concern

for smaller fractions of inert matrix, it seems like the
absorption cross section of tungsten is a bit too high for

this matrix to be compatible with the adopted Pu/Am

ratio.

As the neutron mean free path in sodium is much

higher than in LBE, the contribution of absorption in

the plenum region to the neutron balance will be larger

for identical geometries and fuel compositions. In order

to compensate for this the fraction of inert matrix be-

comes 5–10% lower when adjusting the k-eigenvalue of

the core to 0.97.

Increasing the pin diameter will enable a larger

fraction of inert matrix to be used. In Fig. 2, the volume

fraction of ZrN in nitride fuels is displayed. Increasing

the inner clad diameter from 5.0 to 7.0 mm allows for

an increase in ZrN fraction by 4–7%. It should be
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emphasized, that in none of the cases investigated, a

volume fraction of inert matrix larger than 75% was

obtained. If other boundary conditions (fabricability,

safety) would require a larger matrix fraction, the Pu/

Am ratio would have to be adjusted, with consequenses

for reactivity management.
1.2 1.4 1.6 1.8 2.0 2.2 2.4

1000

2000

3000

P/D

Cr

Fig. 4. Void worths pertaining to oxide fuels with ceramic and

metallic matrices. Due to uncertainties in the cross section of

lead, the displayed values may be in (absolute) error by up to

1000 pcm.
5. Void worths

The lack of a significant Doppler effect in ADS fuels

implies that core configurations yielding prompt super-

criticality should be avoided. The combination of MA-

bearing fuel and liquid metal cooling will typically yield

a positive coolant void worth. The choice of coolant, as

well as the fuel design however have a significant impact

on the magnitude of the void worth. Fig. 3 shows so-

dium and LBE void worths (for voiding of core and

upper plenum) as function of P=D for oxide fuels with

zirconia and chromium matrices. As in the case of fast

reactors, the void worth is lower for fuels having a high

thermal conductivity. The reason for this is that a higher

linear rating corresponds to a fewer number of fuel pins

in the core and consequently a higher radial leakage in

the voided state. The drastic difference in void worth

between sodium and LBE is due to the large amount of

americium in the fuel. Though the difference is smaller

for voiding of the core only, sodium has a clear disad-

vantage in terms of higher void worth in minor actinide

burners.

In Fig. 4, the LBE void worth is compared for the

five oxide fuel types investigated. Note that the Cr ma-
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Fig. 3. Void worths pertaining to oxide fuels with zirconia and

chromium matrices. An inner clad diameter of 5.0 mm was

assumed. The void worth was calculated by voiding the core

and upper plenum from coolant. Due to uncertainties in the

cross section of lead, the displayed values may be in (absolute)

error by up to 1000 pcm.
trix offers an advantage in terms of a low void worth.

The explanation is that chromium has its main inelastic

scattering threshold at 1.2 MeV, in contrast to most

other nuclides, which have thresholds at around 0.5

MeV. Chromium thus is inelastically transparent for a

larger fraction newly born fission neutrons, yielding not

only a harder spectrum, but also a smaller shift of

spectrum during coolant voiding. Selecting inelastically

transparent materials for the fuel matrix hence enables

to obtain acceptable void worths for larger cores. The

void worth for a nitride fuel in solid solution with ZrN

varies with P=D between +1000 and +1500 pcm, much

lower than its oxide counterpart. Thus it is mainly the

poor thermal conductivity of zirconia that makes it

suitable as fuel matrix for ADS (low rating leading to

larger number of fuel pins). Substituting ZrN with HfN

increases the void worth by a factor of two.
6. Coolant temperature coefficients

While significant temperature feedbacks are not re-

quired for normal operation of an ADS, negative feed-

backs remain useful in core disruptive accidents, as well

as for minimising fluctuations in core power. The

Doppler feedback of the ADS fuel is close to negligible,

being about )0.05 pcm/K [6]. Among the possible

mechanisms to control the core, axial and radial ex-

pansion are still active in the ADS. Values of structural

material expansion coefficients typically range from )0.2
to )0.5 pcm/K. The coolant temperature coefficient, on

the other hand, ranges from +0.2 to +1.0 pcm/K for

certain fuels cooled by LBE, as shown in Fig. 5. For

sodium cooled ADS cores, the temperature coefficient

may be as large as +4 pcm/K, which hardly can be

compensated by feedbacks from structural material
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Fig. 5. Lead–bismuth coolant temperature coefficient as func-

tion of P=D for oxide fuels.
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expansion. Hence introduction of heavy liquid metals or

helium gas as coolant for minor actinide burning ADS is

well motivated.
7. Cross sections

The neutron spectrum of FBRs varies only margin-

ally from one design to another, due to restrictions set

by breeding and neutron economy. In ADS, one has a

larger parameter space available for fuel matrix and core

design. The less restrictive neutron economy allows for

introduction of absorbing matrices, yielding a harder

spectrum, or alternatively larger pin pitches, softening

the spectrum. Table 3 shows spectrum averaged cross

sections and fission probability for Am-241 as function

of fuel matrix for the present core model. Note that

hafnium nitride gives the highest probability for fission

of americium, and consequently, the lowest build-up of

curium.
Table 3

Spectrum averaged cross sections and fission probabilities for

Am-241 for the fuels here investigated

Fuel/matrix rf (b) rc (b) rf=ðrf þ rcÞ

Oxide/ZrO2 0.31 1.34 0.19

Oxide/MgO 0.33 1.37 0.20

Oxide/W 0.33 1.10 0.23

Oxide/Mo 0.34 1.09 0.24

Oxide/Cr 0.34 1.17 0.22

Nitride/ZrN 0.35 1.18 0.23

Nitride/HfN 0.38 0.97 0.28

Values are given for LBE coolant, P=D ¼ 1:75 and an inner

clad diameter of 5.0 mm.
8. Burnup potential

In fast neutron reactors, swelling of fuel cladding and

wrapper tubes has been identified as the ultimate limi-

tation to fuel burnup. Steels developed for the purpose

of being swelling resistant have enabled to reach doses

ranging from 150 DPA (austenitic steels) to 200 DPA

(ferritic steels). In order to achieve high burnup of the

ADS fuel, the design should provide a high ratio be-

tween fission and DPA rates. Since the minor actinides

present in the fuel are fissionable by neutrons with en-

ergy above 1 MeV, it is of interest to minimise the

presence of nuclides with large cross section for inelastic

scattering in the fuel while simultaneously suppressing

the flux that causes damage (neutrons with E > 0:1
MeV).

A simple estimation of the burnup potential Bp of a

fuel can be found from the formula:

Bp ¼ 1� Exp½�rfutmax�; ð1Þ

where rf is the average fission cross section of fissionable

nuclides, u is the neutron flux, and tmax is given by

ufasttmax ¼ Fmax: ð2Þ

Here, ufast is the flux of neutrons with energies above 0.1

MeV, i.e. the flux capable of causing radiation damage

in the clad, and Fmax is the fast fluence limit. For ferritic

steels 200 DPA roughly corresponds to Fmax ¼ 4:0� 1023

n/cm2 [7]. The fuel averaged fission cross section and the

corresponding burnup potential for the ADS fuel can-

didates here studied are listed in Table 4. These numbers

may be compared to the average fission cross section of

standard FBR oxide fuel, being 0.33 b, yielding a bur-

nup potential of 20%, if estimated by formula (1). The

good agreement with the actual burnup limit may be

coincidental, since Eq. (1) contains a bare minimum of

physical information. However, the relative burnup

potential of different fuels should be possible to predict

using this approach.
Table 4

Fuel and spectrum averaged fission cross section and burnup

potential for the fuels here investigated

Fuel/matrix rf (b) Bp (%)

Oxide/ZrO2 0.64 32

Oxide/MgO 0.66 33

Oxide/W 0.63 30

Oxide/Mo 0.64 30

Oxide/Cr 0.65 31

Nitride/ZrN 0.66 31

Nitride/HfN 0.67 30

Values are given for LBE coolant, P=D ¼ 1:75 and an inner

clad diameter of 5.0 mm.



146 J. Wallenius / Journal of Nuclear Materials 320 (2003) 142–146
Due to the comparatively low fission cross section of

americium, the burnup potential does not increase in

proportion to the fraction of removed U-238. Note that

the burnup potential for the fuels with an MgO matrix is

higher than for the other fuels. In general, it appears as

the inert matrix fuels here studied have a burnup po-

tential ranging from 30% to 33%, which of course only

may be realised in full extent if core management suc-

ceeds in levelling out power peaking factors.
9. Conclusions

The choice of fuel matrix has a significant impact on

safety parameters in accelerator driven systems dedi-

cated to minor actinide transmutation. An oxide fuel

with chromium matrix appears to yield the lowest void

worth among the fuel types studied in the present work.

Strong neutron absorbers like tungsten and hafnium

may be used to minimise production rates of curium, but

have the disadvantage of increasing the void worth.

Hafnium nitride on the other hand, yields the highest

fission probability of americium.

The results of the present investigation indicate that

chromium is an interesting inert matrix candidate for

oxide fuels. It minimises the void worth, while retaining

a high fission probability of americium and a reason-

ably high burnup potential. Fabricability and chemical
compatibility do not appear to be major problems, but

swelling at high neutron doses and phase separation

at elevated temperatures may possibly be issues of con-

cern.
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Abstract

We have calculated ab initio lattice parameters, formation energies, bulk moduli and magnetic moments of Fe–Cr

alloys. The results agree well with available experimental data. In addition to body centered cubic (bcc) alloys, which

are representative of ferritic steels used in fast neutron reactors, face centered cubic (fcc) and hexagonal close packed

(hcp) phases were considered in order to complete a theoretical database of thermodynamic properties. Calculations

were done for the ferromagnetic phase, as well as for a phase with local moment disorder, simulating the magnetic

structure at high temperatures. For the latter case, the formation energy of the alloy is strictly positive smooth function

of chromium concentration, in agreement with experiments performed at high temperature. In the ferromagnetic case, a

negative mixing enthalpy is found for chromium concentrations below 6%. Our observation is consistent with the

experimentally observed inversion of the ordering trend, as well as with formation of the chromium rich a0 phase at Cr-

concentrations above 9%, occurring at T < 900 K.

� 2003 Elsevier B.V. All rights reserved.

PACS: 28.41.Qb; 28.52.Fa; 61.82.Bg; 75.50.Bb
1. Introduction

The use of ferritic martensitic steels as structural

material for fast neutron reactors has been advocated

due to their relatively low rate of swelling at elevated

temperatures [1–3]. A significant body of experimental

results have been accumulated and swelling rates in ion/

electron irradiated steels have been satisfactorily ex-

plained by the dislocation bias mechanism. However,

theoretical understanding of the mechanisms responsible

for swelling of neutron irradiated steels, i.e. under cas-

cade conditions, remain on a qualitative level [4–6].

In order to quantify the analysis, multi-scale model-

ing is required. The numerical tools that are applied

include ab initio solutions to the Schr€oodinger equation,
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fitting of effective many-body interaction potentials,

molecular dynamics simulation of recoil cascades,

Monte Carlo simulation of defect evolution and quasi-

continuum rate theory.

Atomistic simulations depend strongly on the validity

of the effective interaction potential adopted. For pure

iron, several many-body potentials have been developed

[7–9]. For Fe–Cr, the only potential found in literature

applied the experimental formation energies of Fe–Cr in

the fitting procedure [10]. However, the measurements

were made for paramagnetic alloys at a temperature of

1600 K [11,12]. Therefore, it is not obvious if this po-

tential is able to reproduce the inversion of a tendency to

form an ordered compound to a tendency towards the

phase separation observed in bcc Fe–Cr alloys for Cr

concentrations above 9% at T < 750–900 K [13–15]. The

formation energy and other thermodynamic properties

of monocrystalline Fe–Cr in the ferromagnetic phase is

difficult to measure, and hence one has to rely on
ed.
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theoretical approaches. It is the purpose of the present

paper to provide such data for use in the development of

a many-body potential for Fe–Cr. In what follows, we

will describe first principle calculations of thermody-

namic and magnetic properties. Special attention is de-

voted to Cr concentrations below 15%, being of

relevance for materials actually used in reactors.

We start by briefly describing the theory behind the

implemented computational technique. Specific details

of the calculations are highlighted. Results are presented

for lattice parameters, magnetic moments, formation

energies and bulk moduli for bcc alloys. The stability of

bcc and hcp crystal structures relative to fcc is calcu-

lated. Comparison with available experimental data is

made. Finally we discuss interesting features that we find

in the formation energy of ferromagnetic bcc alloys as

function of Cr content.
2. Density functional calculations

2.1. Theory

In ab initio calculations of energies and structural

and magnetic properties of random Fe–Cr alloys, the

Schr€oodinger equation cannot simply be solved for the

complete many-body system. Rather, some kind of ap-

proximation technique has to be used. We carry out

calculations in the framework of the density functional

theory (DFT) [16]. It allows us to solve the so-called

Kohn–Sham equations. Within this scheme, the

Schr€oodinger equation is formulated for an effective one-

electron potential, decreasing the complexity of the

problem enormously. The self-consistent one-electron

potential and the electron density are obtained within

the local density approximation (LDA) [17]. Using the

LDA charge density, the total energy may be calculated

either from the LDA energy functional, or from the

general gradient approximation (GGA). The procedure

was tested against calculations where the potential,

density, and total energies were obtained self-consis-

tently within the same functional. Results for the

thermodynamic properties were found to be indistin-

guishable from those obtained within the scheme men-

tioned above. In this work we calculated GGA total

energies, because it is well known that LDA predicts the

wrong ground state for Fe.

Within our method, the one-electron wavefunction is

expanded using a basis set of exact muffin-tin orbitals

(EMTO) [18–20]. Moreover, the Kohn–Sham equations

are solved using the so-called Green�s function technique

[21]. During the iterations towards the self-consistency,

we use the spherical cell approximation (SCA) [21] with

overlapping potential spheres that cover the space. The

latter is much more numerically efficient as compared to

solving the problem for the full non-spherically sym-
metric potential. However, the total energies are cor-

rected for the said approximations by using the full

charge density (FCD) method [22]. As has been men-

tioned above, with the FCD we calculate the energy

using the GGA functional. The reliability of the com-

bined technique is justified by the variational properties

of the total energy functional. In practice, the accuracy

of the method has been demonstrated in Ref. [22].

The problem of substitutional disorder in Fe–Cr

systems is treated within the coherent potential approxi-

mation (CPA) [23–26] which is known to give reliable

electronic structure and total energies for completely

random alloys [27]. A comprehensive study of structural

stability of non-magnetic bcc Fe–Cr alloys was carried

out earlier within the CPA, in combination with the

generalized perturbation method, by Turchi et al. [28].

In that work, magnetic moments on Fe and Cr were

artificially suppressed, because the magnetism was sup-

posed to have little effect on the resulting chemical order.

At the same time, Akai and Dederichs [29], and Kulikov

and Demangeat [30] investigated, within the CPA,

magnetic properties of bcc Fe–Cr, while Ling et al. [31]

studied the influence of magnetism on the short-range

order in Fe30Cr70. In particular, Akai and Dederichs [29]

have shown that the energy difference between the fer-

romagnetic alloys and the alloys where magnetic mo-

ments point out randomly �up� or �down� (the so-called

disordered local moment model) is substantial, espe-

cially in alloys with low Cr concentration. The influence

of magnetism on the structural stability in Fe–Cr alloys

was also investigated by Moroni and Jarlborg [32] using

the structural inversion method and the tetrahedron

cluster expansion. They calculated mixing enthalpies of

random ferromagnetic, as well as non-magnetic Fe–Cr

alloys. Unfortunately, the authors of this work pointed

out themselves that their results were not fully con-

verged. Due to the long range of the effective cluster

interactions in this system (also found in Ref. [28]) the

tetrahedron cluster expansion is clearly not sufficient.

Still, their results show that the magnetism may have

a profound effect on the stability of Fe–Cr alloys. In

the present study we pay particular attention to this

problem.

2.2. Details of calculations

The calculations were performed with a basis set of s,

p, d and f orbitals. The CPA works very well for the Fe–

Cr alloys since the atoms are of similar sizes and atomic

displacements from the ideal sites of the underlying

lattice are extremely small [33]. Though the local lattice

relaxations are believed to be quite important for un-

derstanding of the nucleation of the ordered r phase in

Fe–Cr [28], they may be safely neglected in the calcula-

tion of the thermodynamic properties of random alloys,

which is the subject of the present paper. In terms of



Fig. 1. Calculated lattice parameters a of random Fe–Cr alloys

as a function of Fe concentration for three different close-

packed structures, bcc (solid line), fcc (dashed line), and hcp

with ideal c=a ratio (dotted line). The bcc data are shown for

the ferromagnetic alloys. The results obtained within the dis-

ordered local moments are very close to the ferromagnetic re-

sults. The experimental data for bcc Fe–Cr alloys from Ref. [46]

is shown by filled circles.
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concentration, the calculations were taken at 5% inter-

vals, except for the low-Cr region (610% Cr) where the

interval was 2%. An extra point at 3% Cr was added.

Depending on the proximity to the non-monotonic be-

haviour (to be discussed below), the number of different

atomic volumes considered at each concentration ranges

from 6 to 26. The highest number of atomic volumes was

naturally also in the low-Cr region.

For the FCD–EMTO–CPA calculations, 1240 points

in the irreducible part of the Brillouin zone were used for

bcc alloys, while 505 points were used for fcc and 503

points for hcp alloys. The calculations converged to the

order of 10�6 Ry. The equilibrium values of thermody-

namic properties were obtained by fitting the energy vs.

volume data to different equations of state. In the cases

where we discovered peculiarities we used a cubic spline

fit. The regular cases were fitted using the analytical

Morse-type equation of state [34].

For temperatures below 1000 K, the Fe-rich alloy is

stable in a ferromagnetic (FM) bcc phase. Above the

Curie temperature, the alloy is paramagnetic (PM) [12].

The latter situation is simulated by means of the so-

called disordered local moments (DLM) model for the

spin orientations [35]. Within the DLM picture, a

paramagnetic binary FecCr1-c alloy is modeled by the

random quaternary alloy (Fe"–Fe#)c(Cr"–Cr#)1-c, with

equal amount of spin up (") and spin down (#) atoms.

Thus, though formally all our calculations are still per-

formed at temperature 0 K the effect of the loss of net

magnetic moment above the Curie temperature on the

alloy total energy is captured within this scheme. Of

course, such an approach does not include the magnetic

entropy contribution to the free energy. But in the pre-

sent study we calculate those thermodynamic properties,

which are defined through the total energies, and for

which an entropic contribution may be safely neglected.

In any case, the use of the DLM model leads us to a

picture that is much closer to the real situation in tran-

sition metal alloys above the Curie temperature, as

compared to more conventional non-magnetic calcula-

tions, where magnetic moments on alloy components are

suppressed artificially. Accordingly, for the fcc (c-phase)
and hcp Fe–Cr calculations we also use the DLM.
3. Results

Fig. 1 displays the calculated lattice parameter of

random Fe–Cr alloys as a function of Fe concentration

(here and in the following, concentrations are given in

atomic percent) for three different crystal structures. As

one can see the theoretical results for the ferromagnetic

bcc alloys agree well with the experimental values. The

concentration dependence in this case is quite weak,

because the bcc Fe and Cr have similar lattice constants.

On the other hand, we see stronger concentration de-
pendences in the case of fcc and hcp alloys. Lattice pa-

rameters of fcc and hcp Fe, which within the DFT have

a low spin magnetic ground state most probably with

complicated magnetic configurations, are smaller as

compared to the high spin ferromagnetic bcc Fe due to

the magnetovolume effect [36–39]. On the contrary, the

lattice parameter of bcc Cr is lower than those of fcc and

hcp Cr because the bcc phase has much higher cohesive

energy while the contribution to the total energy due to

magnetism is very small [29]. Therefore, though there is

no experimental information on the lattice parameters of

fcc and hcp Fe–Cr alloys, the calculated values seem

reasonable.

In Fig. 2, the magnetic moment of bcc Fe–Cr is

presented. Again, we see a good agreement between

experiment and theory for bcc alloys for Fe concentra-

tion above 30 at.%. For lower Fe concentration the

experimental situation with magnetism becomes uncer-

tain, while pure bcc Cr has a magnetic structure with

transverse or longitudinal spin density waves, depending

on the temperature [40]. We did not investigate this

problem in details, because we are mainly interested in

properties of bcc Fe-rich alloys. For the same reason we

did not study complicated magnetic properties of fcc

and hcp alloys. Note, that our calculated values for bcc

Fe–Cr alloys also agree with other first-principles studies

of magnetic properties in this system carried out within

the CPA [29,30], or within alternative real space ap-

proaches [32,41].

Unfortunately, there are no experimental data for

the formation energies of random Fe–Cr alloys in the

temperature interval relevant to reactor operation



Fig. 2. Calculated magnetic moments l (solid line) of random

bcc Fe–Cr alloys (in Bohr magnetons lB) as a function of Fe

concentration. The experimental values were taken from Ref.

[47]. For comparison the results of CPA calculations for the

same system from Ref. [30] are also shown with triangles.
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(600–1000 K). The experimental data [11,12] were ob-

tained at 1600 K, where the alloy is in a PM phase.

Hence, the calculations presented in Fig. 3 were per-

formed using the DLM model and with the bcc Fe and

Cr (also in the DLM spin configuration) taken as stan-

dard states. The calculated values are in very good

agreement with experiment and the slight overestimation

is due to the neglect of the short-range order in our CPA

calculations. The latter is present in Fe–Cr alloys [13,33]

for which the experiments were conducted. In Fig. 3 we

also show mixing energy for fcc Fe–Cr alloys. Note that

as compared to the experiment, the calculated fcc energy
Fig. 3. Calculated mixing enthalpy (HDLM) of random Fe–Cr

alloys obtained within the DLM model as a function of Fe

concentration. The standard states (bcc Fe and bcc Cr) were

also calculated within the DLM model. Solid line shows the

mixing enthalpy of bcc alloys, dashed line shows that of the fcc

alloys. The experimental values for bcc (filled circles) and fcc

(open circles) alloys [11,12] were obtained at 1600 K where the

system is paramagnetic. The comparison is made to verify the

reliability of our theoretical calculations.
underestimates the experimental values by approxi-

mately 4 kJ/mol, but that the angle of the curve is in very

good agreement with the experiment. Here we would

like to point out that the experimental values for the low

Cr concentration were obtained by means of extrapo-

lations [12], and therefore are probably not as reliable as

values obtained in direct measurements.

The curves in Fig. 4 represent the structural energy

difference in random Fe–Cr alloys, with ferromagnetic

alloys in the bcc structure taken as zero line. As we can

see, the FM bcc alloys are more stable as compared to

all other systems considered in the present study in the

whole interval of concentrations. In agreement with Ref.

[29], we obtain that the DLM bcc phase is nearly de-

generate with the FM bcc phase at low Fe concentra-

tion, but it is substantially higher in energy for Fe-rich

alloys. This agrees with high Curie temperature of the

bcc Fe. Moreover, in the DLM case the bcc structure

becomes less stable with respect to the fcc structure in

the low-Cr region which is consistent with the phase

transition above the Curie temperature [12]. However,

the entropy must substantially contribute to this tran-

sition, because as a matter of fact the hcp alloys are

energetically more stable than the fcc alloys in the upper

part of the concentration range. We do not see the hcp

phase at ambient pressure [12]. However, the bcc Fe

transforms to the hcp phase upon compression, and the

hcp Fe is indeed stable at high pressures. We would also

like to point out that we did not allow for complicated

non-collinear magnetic configurations in this study. In

particular, such configurations are believed to describe

the ground-state (T ¼ 0 K) magnetic structure of pure

fcc Fe [37,42,43]. Thus, the energy difference between the

fcc and the bcc alloys, as well as possibly between the
Fig. 4. Calculated structural energy difference DE between the

different Fe–Cr structures (fcc, hcp and DLM bcc) compared to

the ferromagnetic bcc alloy. The bcc is the zero line. The fcc is

the solid line. The DLM bcc is the dash-dotted line and the hcp

is the dashed line.
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hcp and the bcc alloys, presented in Fig. 4 might be

overestimated at T ¼ 0 K. We still believe that the cal-

culated results may be used as a source of information,

e.g. for a fitting of the interatomic potentials, because at

elevated temperatures any magnetic order in the fcc and

hcp alloys should be destroyed, while it is present in the

bcc phase. More complete analysis of the problem re-

quires a consistent treatment of the spin dynamics and

lattice vibrations, which is beyond the possibility of the

current theory.

The formation energies of the ferromagnetic bcc Fe–

Cr alloys presented in Fig. 5 are perhaps the most in-

teresting results of the present study. Note, that here the

ferromagnetic bcc Fe and bcc Cr are used as reference

states. The lack of experimental data makes these cal-

culations the unique source of information on the for-

mation energy of random Fe–Cr. It is important to point

out that in contrast to the paramagnetic case, the fer-

romagnetic alloys show substantial deviations from the

regular solution behaviour. The most interesting part is

the low-Cr region. As can be seen, the calculated for-

mation energies are negative from 94% Fe to pure Fe,

while they are positive for alloys with lower Fe con-

centration. It is impossible to conclude whether the

random alloys are thermodynamically stable in the

concentration interval above 94% Fe without a more

complete study, which includes statistical mechanics

simulations, as well as a consideration of intermediate

intermetallic phases. But in any case, it is clear from the

negative sign of the calculated formation energy that bcc

Fe–Cr alloys must be relatively much more stable at low

Cr concentrations. A possible reason for such a behav-

iour may be the so-called electron topological transition

of the Fermi surface in this concentration interval [44].

The bulk modulus depends very sensitively on the

energy–volume relation, since it is calculated from the

second derivative of the energy with respect to the vol-
Fig. 5. Calculated mixing enthalpy (HFM
bcc ) for ferromagnetic

bcc Fe–Cr alloys, corresponding to Fe–Cr in the low-temper-

ature range (T < 1000 K).
ume. Typically, calculations within DFT predict bulk

moduli with accuracy 10–20%. Worth mentioning is also

that the experimental values of the bulk modulus are

usually obtained at room temperature and the calcula-

tions are done at 0 K. Speich et al. [45] has shown that

the bulk modulus decreases by approximately 5% when

going from near-absolute zero to room temperature, at

least in isotropic materials. As can be seen in Fig. 6, the

calculations overestimate the bulk modulus by roughly

15% for pure Fe. This is within the usual error of the

DFT. At the same time, the error is up to 30% for pure

Cr. As we have pointed out above, in the Cr-rich region

the alloy has non-trivial magnetic properties. Hence the

increasing error in theoretical values of bulk modulus

towards higher Cr concentrations is to be expected.

For the same reason the results of fcc and hcp bulk

moduli calculations are not included since they are

somewhat dubious. They fluctuate rather strongly de-

pending on changes in magnetic configurations and we

are currently working on improving the stability of these

calculations. At the same time, the bulk moduli for Fe-

rich ferromagnetic bcc alloys are more reliable, because

the magnetic configuration in this case is quite cer-

tain. The blow-up of the low-Cr region displays more

closely the interesting behaviour taking place at these

concentrations. Both the theory and the experiment

show a peculiarity of the bulk moduli as a function of

concentration. Note, that it occurs at the same compo-

sition where the formation energy deviates strongly from

the regular solution model. The peculiarity on the con-

centration dependency of the bulk moduli has seemingly

square-root shape which typically stems from an elec-

tron topological transition.
Fig. 6. Calculated bulk modulus B of ferromagnetic bcc Fe–Cr

alloys (solid line) as a function of Fe concentration. The ex-

perimental data are shown with filled circles, and are taken

from Ref. [47] for pure Fe and Cr and from Ref. [45] for a poly-

crystalline Fe-rich alloys. Insert in the figure emphasises the

peculiarity of the bulk moduli which is present at low Cr con-

centrations.
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4. Conclusion

The importance of this work consists mainly in the

novel calculation of the formation energy and bulk

moduli of random bcc Fe–Cr alloys in the ferromagnetic

phase. This phase is relevant from technological point of

view, while available experimental data [11] concern

ordered alloys or the high temperature paramagnetic

phase. We have found that the formation energy is

negative for Cr concentrations below 6%. At the same

time, it is positive for higher Cr concentrations, and it

reaches a maximum of 10 kJ/mol for equimolar com-

position. Our observation is consistent with the experi-

mentally known inversion of the short-range order in the

system as a function of concentration [13], as well as

with formation of the chromium rich a0 phase at Cr-

concentrations above 9%, occurring at T < 900 K

[14,15]. Also, we observe that the bulk moduli, theo-

retical, as well as experimental, show a peculiarity

around 6% Cr, i.e. in the same concentration interval

where the mixing energy is negative. The most probable

physical reason for these two effects is the electronic

topological transition [44] taking place at this concen-

tration. The peculiarities of the formation energy and

the bulk moduli, underlined in our study, must be in-

cluded in fitting of many-body interaction potentials

aimed to study radiation damage in Fe–Cr steels by

means of molecular dynamics simulations.
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Abstract 
We have developed a set of EAM-potentials for simulation of Fe-Cr alloys. By 

relaxing the requirement of reproducing the pressure-volume relation at short 

distances and by fitting to the thermal expansion coefficients of Fe and Cr, stability of 

the <110> self-interstitial could be obtained. For Cr, properties of the paramagnetic 

state were applied, providing a positive Cauchy pressure.  Mixed Fe-Cr pair potentials 

were fitted to the calculated mixing enthalpy of ferromagnetic Fe-Cr. Simulation of 

thermal ageing in Fe-Cr alloys using the Fe-20Cr potential exhibited pronounced Cr-

precipitation for temperatures below 900 K, a feature not observed at any temperature 

using a potential fitted to the mixing enthalpy of Fe-5Cr.  

Keywords: Theory and Modeling (T0100), Fe-Cr alloys (I0500), Segregation (S0200)  
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1. Introduction 

An improved understanding of the radiation effects in ferritic steels is of 

importance for development of new reactors and maintenance of already operating 

systems. In order to study defect production and evolution on a short time scale 

Molecular Dynamics may be applied. This requires development of adequate many-

body potentials. Until recently it was thought that Cr could not be described by 

ordinary EAM or FS-potentials without angular terms. The present authors have 

however demonstrated [1] that the elastic constants of paramagnetic chromium, 

having a positive Cauchy pressure, may be reproduced by a central potential. Further, 

the mixing enthalpy of the alloy, which was measured to be strictly positive in the 

paramagnetic regime, has been shown to be negative for the ferromagnetic state when 

the Cr concentration is below 6% [2]. In the present contribution, we will dwell on 

some of the details in the procedure to obtain physically consistent EAM-potentials 

for Fe-Cr that have not previously been published [1]. First, we discuss peculiarities 

of the thermal expansion data for Cr used for the fit. Then we illustrate the method for 

obtaining the EAM embedding functions.  Finally we describe results from simulation 

of thermal ageing. 

2. Construction of the potentials 

The embedded atom method (EAM) formalism [3, 4] was used to obtain the 

potentials [1]. The fitting procedure was performed in several steps. The pair 

potentials of the pure elements for R > 2.4 Å was obtained by fitting to the lattice 

parameter, cohesive energy, vacancy formation energy and elastic constants as 

measured at zero Kelvin. In the case of Cr, the elastic constants of paramagnetic Cr at 

T > 600K were linearly extrapolated to zero Kelvin. The embedding functions shown 

in figure 1 were then calculated using this pair potential. We emphasize that a cut-off 
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in the Rose expression [5] had to be introduced to obtain an acceptable second 

derivative of the embedding functions. The cut-off was made according to the 

procedure described by Voter [4]. 

After fixing the embedding function, the pair potential for 2.0 Å < R < 2.4 Å was 

determined by fitting to temperature dependent lattice parameters of Fe and artificial 

Cr data, identical to that of paramagnetic Cr-5V [6, 7]. In figure 2 we display the 

temperature dependence of the thermal expansion coefficients of Cr and Cr-5V, 

adapted from [7]. Note that it is sufficient to add a few percent of iron or vanadium to 

make a Cr based alloy paramagnetic even at room temperature [7, 8]. For the short 

range of the pair potentials, a smooth transition to the universal Coulomb function of 

Biersack was made [9]. Details of the pair potentials, including range parameters and 

spline coefficients can be found in reference [1]. 

The cross potentials for the alloy were obtained by fitting to the mixing enthalpy of 

ferromagnetic Fe-Cr calculated with the EMTO method [2]. Previous attempts to 

construct mixed pair potentials for Fe-Cr [10, 11] relied on fitting to the mixing 

enthalpy of the paramagnetic state of the alloy, which is strictly positive. A single 

pair-potential for the Fe-Cr interaction would not easily reproduce the change in sign 

of the formation energy of the relevant magnetic state. Therefore, a set of potentials 

has been created, providing the correct total energy of the random ferromagnetic 

alloy. 

3. Verification and discussion 

3.1 Thermodynamic properties and point defects 

 The first test any new potential should be subjected to is if it reproduces 

experimental thermodynamical properties. The second test is the properties of point 
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defects. We have used the Molecular Dynamics (MD) code DYMOKA [12] to 

calculate formation-, binding-, migration-, activation- and substitutional energies of 

different objects. The results are presented in table 1 together with values calculated 

using potentials from literature as well as experimental data. 

The iron potential of Ackland et al has been considered as state-of-the-art. 

Comparing with properties calculated using our potential we note that they yield 

similar structural properties, but that the thermal expansion predicted by Ackland 

appears to be unphysical. The largest experimental uncertainty is seen to be in the 

formation energies of vacancies and interstitials and this is also where our potential 

diverges the most from the other potentials. For the formation energy of a vacancy we 

have quoted the latest experiments [21] for high purity iron. We further note that very 

recent ab initio calculations yield a vacancy formation energy differing by less than 

0.05 eV from our value [22]. The predicted value of 7.72 eV for the formation energy 

of interstitials in Fe is quite different from the 4.9 eV fitted by Ackland. 

Experimentally the situation is unclear since there is such a large discrepancy between 

electron- and neutron irradiation experiments. The experimental values are derived 

from measurements of stored energy release per resistivity recovery (dQ/dρ) in 

samples irradiated at low temperature [24, 25]. The enthalpy for formation of a 

Frenkel pair is obtained by multiplying dQ/dρ with an assumed resistivity ΩF for a 

single Frenkel pair. Estimates of ΩF vary from 0.20 to 0.30 mΩ × cm [26, 27]. 

Selecting the higher value, Wollenberger arrives at a formation energy fE ><110  = 6.6 

eV for a Frenkel pair in electron irradiated α-Fe, and fE ><110  = 13.6 eV for a neutron 

irradiated sample [25]. Subtracting a vacancy formation energy of 2.0 eV would then 

give fE ><110  = 4.6 eV in the former case, and 11.6 eV in the latter. The uncertainty of 
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these values is obviously large, since just by assuming ΩF = 0.20 mΩ × cm, one could 

obtain fE ><110  = 7.7 eV for the neutron irradiated sample. Note that results from the 

electron irradiation not necessarily are more accurate, since experimental boundary 

conditions are more difficult to control in stages IA to IC (absent in neutron 

irradiation) than in stage ID. 

 

The SIA formation energy in iron has recently been calculated using ab initio 

codes as fE ><110  = 3.4 eV [14, 22]. This result is compatible with data from electron 

irradiations. However, since the calculation did not take into account possible effects 

of non-colinear magnetism, the discrepancy with data from neutron irradiated samples 

remains an open question. 

 

3.2 Chromium precipitation 

 The well-known 475°C embrittlement of high-Cr Fe-Cr alloys is due to nano-

segregation of chromium. A potential that aims at a correct description of a material 

should be able to predict such a phase separation. The ranges in which we have this 

effect are Cr content between 10 and 90% and temperatures between 750 and 900K 

[31, 32]. We have simulated thermal aging by introducing a vacancy in the system 

and letting it exchange places with its neighbours in a Kinetic Monte-Carlo (KMC) 

scheme. The frequency for a lattice atom to exchange position with a neighbouring 

vacancy is 

Γ(T) = ν Cvac(T) exp(-Em/kBT)       (1) 



J. Wallenius et al.- Page 6 
 

where ν is the attempt frequency of the jump, Cvac is the concentration of vacancies 

and Em is the vacancy migration energy. The average time step is then equal to the 

inverse of 8Γ, where eight is the number of nearest neighbours. 

 This vacancy-assisted migration is assumed to be the driving force for thermal 

aging out-of-pile. One measure of the degree of segregation is the loss of energy as 

time evolves. For the Fe-20Cr potential we see an energy loss in the system 

corresponding to 85% of the mixing enthalpy. This is perfectly consistent with the 

surface to bulk relation of 30% in this system considering that half the neighbours of 

the surface atoms are Fe atoms. For the Fe-5Cr we should not see any energy loss at 

all since the potential predicts a negative mixing enthalpy. As can be seen in figure 3 

we have a clear segregation of Cr atoms in a system of 20% Cr after a simulated 

month at 800K. The time scale is in very good agreement with experiments on 45% 

Cr at 770K [33]. 

 

4. Summary and Conclusions 

The set of EAM potentials for Fe-Cr alloys under development yield activation 

energies for vacancy migration in the pure elements that are in very good agreement 

with experimental data. The predicted SIA formation energies arising from fitting to 

thermal expansion coefficients are higher than values obtained by other authors using 

both EAM and ab initio methods. While electron irradiation data seems to support 

lower numbers, the stored energy release measured in neutron-irradiated samples is 

compatible with our results. 
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Applied to simulation of thermal aging, there is no sign of precipitation taking 

place when using the potential fitted to the negative formation energy previously 

calculated for ferromagnetic Fe-5Cr. KMC simulations using the potential fitted to the 

mixing enthalpy of Fe-20Cr yield formation of Cr clusters on a time and temperature 

scale that is in good agreement with measurements of hardening in high Cr binary 

alloys. 

We predict that the <110> Fe-Cr and Cr-Cr dumbbells are more stable than the 

corresponding defect in pure iron. Consequently, Cr would tend to end up in defect 

structures forming during the cooling down of recoil cascades. 
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Table 1 – Properties of the new potential. Comparison is made with experimental 
data, VASP ab initio data [13,14] and other potentials. For Fe we have compared with 
the potential of Ackland [14]. For Cr there are experiments on both the anti-
ferromagnetic (AFM) phase at room temperature as well as the paramagnetic (PM) 
phase at higher temperatures. The Farkas potential [10] is used as a comparison for 
pure Cr and the Fe-Cr alloy. For the alloy we have the two new potentials, Fe-5Cr and 
Fe-20Cr, fitted to different mixing enthalpies.  

Fe  This work Exp. Ackland  
B  172 173a 178  

'C  56.7 52.5a 49.0  

44C  135 122a 116  

cohE  4.28 4.28 4.316  

fccbcc EE −  -0.047 -0.050b -0.054  
SD
vacE  2.91 2.91c 2.48  
f

vacE  2.04 2.0±0.2d 1.62  
fE ><110  7.72 3-12e 4.87  

ff EE ><>< − 111110  -0.23 -0.30f -0.12  

)300( KT =α  12.8 11.7g 7.4  

)600( KT =α  14.2 15.8g 7.2  

Cr This work Exp. (AFM) Exp. (PM) Farkas 
B  207 195h 207h 148 

'C  153 153h 155h 42.5 

44C  105 104h 105h – 

cohE  4.10 4.10 4.10 4.10 

fccbcc EE −  -0.025 – – -0.053 
SD
vacE  2.93 – 2.95i 2.30 
f

vacE  2.14 – 2.0±0.2j 1.12 
fE ><110  5.16 – – 3.03 

ff EE ><>< − 111110  -0.62 – – 0.19 

)300( KT =α  7.5 4.4k 7.9k 5.2 

)600( KT =α  9.8 – 9.6k 9.5 

Fe-Cr Fe-5Cr Fe-20Cr VASP Farkas 
fE ><110  7.63 8.19 3.06 4.31 
s
CrE  +0.18 +0.46 -0.35 +0.70 
bE ><110  +0.27 -0.01 -0.00 +0.05 

ff EE ><>< − 111110  -0.03 -0.20 +0.36 +0.07 

a) Ref. [17]  b) Ref. [18]  c) Ref. [19,20]  d) Ref. [21]  e) Ref. [23,24]  f) Ref. [24]  g) Ref. [5]  h) Ref. 
[28]  i) Ref. [23]  j) Ref. [44]  k) Ref. [6] 
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Figure captions: 

 
Figure 1:  Embedding functions for Fe and paramagnetic Cr obtained by introducing 
a cut-off in the Rose expression [5.4]. 
 
Figure 2: Thermal expansion coefficients of Cr and paramagnetic Cr-5V, adapted 
from [7]. Note the cusp for pure Cr at the Néel temperature. 
 
Figure 3:  The distribution of Cr atoms in a box with 16 000 atoms, before and after 
thermal aging at 800K. In total there are 20% Cr atoms in the box. A crystal clear 
segregation is observed, with the formation of a single cluster. 
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Figure 2: Thermal expansion coefficients of Cr and paramagnetic Cr-5V, adapted 
from [7]. Note the cusp for pure Cr at the Néel temperature. 
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Figure 3:  The distribution of Cr atoms in a box with 16 000 atoms, before and after 
thermal aging at 800K. In total there are 20% Cr atoms in the box. A crystal clear 
segregation is observed, with the formation of a single cluster. 
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Abstract – In order to study the beam power amplification of an accelerator-driven system (ADS), a 
new parameter, the proton source efficiency (ψ*) was introduced in a previous study. 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. The main advantage with 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. 

It has been shown that the source efficiency can vary considerably for different reactor core 
systems. Studying ψ* for different system parameters is therefore of interest when designing an ADS. 
In this paper, numerical simulations have been performed with the Monte Carlo code MCNPX in order 
to study ψ* as a function of spallation target radius for different inert matrix fuels. It was found that, 
in order to maximize ψ*, and thereby minimizing the proton current needs, a target radius as small as 
possible should be chosen. A ZrN or an YN matrix, mixed with the plutonium and americium mixed 
nitride fuel, appears to be a slightly better choice than a HfN matrix, considering only the proton 
source efficiency. It was also found that a power flattened double-zone core, compared to a single-
zone core, decreases ψ* by about 5% for the ZrN matrix and by about 10% for the HfN matrix. 
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I. INTRODUCTION 

Accelerator-Driven Systems1-4 (ADS) are being 
investigated as a possible mean for reducing the long-term 
radiotoxicity of spent reactor fuel. These systems allow for a 
much higher concentration of minor actinides than what is 
acceptable in critical reactors. 

Optimizing the output/input power, without exceeding 
the limits determined by safety constraints and other target-
core characteristics can play an important role in the overall 
design of an ADS and on the economy of its operation. The 
neutron source efficiency parameter ϕ* is commonly used to 
study this quantity, since it is related to the number of 
fissions produced in the core by an average external source 
neutron. However, calculating ϕ* for an accelerator-driven 
system involves some complications, since the actual source 
particles are protons, and not neutrons. With the motivation 
of simplifying the concept of source efficiency, we have 
introduced in a previous paper5 a new parameter ψ*, which 
refers to the number of fissions produced in the core by each 

source proton. The advantages with using ψ* instead of ϕ* 
is that there is no ambiguity in how to define the external 
source, and that it is proportional to the beam power 
amplification, without the need of a weighting factor. 

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 studied6. In the present paper, three inert 
matrices (ZrN, YN and HfN), mixed with a plutonium and 
americium mixed nitride fuel, have been investigated in 
terms of ψ*. In Section II, the neutron source efficiency is 
first defined and discussed and then the proton source 
efficiency parameter is introduced. Section III describes the 
lead-bismuth cooled ADS modelled in this study. In Section 
IV.A, ψ* is studied as a function of target radius for the 
different matrices, while in Section IV.B, ψ* has been 
compared for a single-zone core and a power flattened 
double-zone core. 
 



 

II. SOURCE EFFICIENCY ϕ* 

II.A. Definition of the Neutron Source Efficiency 

The neutron flux distribution φs in a sub-critical core is 
the solution to the inhomogeneous steady-state neutron 
transport equation 

 nss S+= φφ FA  (1) 

where F is the fission production operator, A is the net 
neutron loss operator and Sn is the external neutron source. 

The neutron source efficiency7,8, usually denoted ϕ*, 
represents the efficiency of the external source neutrons and 
can be expressed according to the following equation9: 
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which is valid in the range 10 << effk . <Fφs> is the total 

production of neutrons by fission and <Sn> is the total 
production of neutrons by the external source. Eq. (2) shows 
that, for given values of keff and <Sn>, the larger ϕ* the 
larger the fission power produced in the system. 
 

II.B. Introduction of the Proton Source Efficiency 

A new parameter, called “proton source efficiency” and 
denoted ψ*, which represents the product of ϕ* and the 
number of source neutrons generated per source proton 
(Sn/Sp), has been introduced5. We have the following 
relation between the proton source efficiency ψ* and the 
neutron source efficiency ϕ*: 
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For a fixed system (constant Sn/Sp), we see that ψ* is 
proportional to ϕ*. However, when studying a change in a 
system design, Sn/Sp might also change. In this case, ψ*, but 
not ϕ*, is proportional to the output/input power5. The ψ* 
parameter could also, in analogy with ϕ*, be expressed in 
terms of keff and the total number of neutrons produced by 
fission in the core, for each source proton. Inserting Eq. (2) 
in Eq. (3) it is expressed in the same way as ϕ*, only with 
the replacement of Sn by Sp, 
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<Fφs>/<Sp> is the total production of neutrons by fission 
over the total number of source protons. 
 

III. SYSTEM MODELING 

A homogenized model of a uranium free nitride fuelled 
and lead-bismuth cooled ADS was used. Simulations have 
been performed for two different fuel compositions (curium 
free), with the ratio of plutonium to americium set to 80/20 
and 40/60. For all matrix-fuel combinations, the fraction of 
inert matrix was adjusted in order to obtain a keff of about 
0.95. The volume fractions of the different matrix fuels are 
displayed in Table I. We note that the plutonium based fuels 
enable a much larger fraction of inert matrix than the 
americium based ones. 

TABLE I  
Volume Fraction of Inert Matrix in order to obtain keff = 

0.95. 
Matrix Volume fraction 

 Pu/Am = 80/20 Pu/Am = 40/60 
ZrN 82.9% 63.4% 
YN 83.4% 63.5% 
HfN 67.0% 49.5% 

 
 
The height of the active core of the reference model, 

depicted in Fig. 1, is 100 cm and the outer radius is 70 cm. 
The inner radius is 20 cm, which is also the boundary of the 
lead-bismuth target. The accelerator tube has a radius of 15 
cm and the axial position of the proton beam impact is 25 
cm below the top of the core. The radius of the radially 
uniform 1000 MeV proton beam is 7.5 cm. Above and 
below the active zone of the core, plena for accommodation 
of gas release are included, having lengths of 100 and 50 
cm, respectively. The radial reflector is assumed to consist 
of 90 % steel and 10 % lead-bismuth. 



 

               
Fig. 1. RZ-view of the homogenised reference model. The 
1000 MeV protons are guided through the accelerator tube 

and impinge on the Pb-Bi target. The different regions in the 
model are pure Pb-Bi (1), the plena (2), the active core (3) 

and the reflector (4). 

The relative fractions of matrix fuel, cladding and 
coolant material used in the homogenized model correspond 
to a pin radius of 2.5 mm and P/D = 1.72. The spallation 
target and the core coolant consist of lead-bismuth eutectic 
and the fuel pin cladding of 10% chromium and 90% iron. 

The Monte Carlo code MCNPX10 (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.11 

 
IV. THE PROTON SOURCE EFFICIENCY FOR 

DIFFERENT INERT MATRIX FUELS 

The proton source efficiency ψ* has been studied for 
different inert matrix fuels. The starting point for each 
parameter study is the reference model, described in the 
previous section. 

 
IV.A. ψ* as function of Target Radius for different Inert 

Matrix Fuels 

In this section, ψ* has been computed as a function of 
target radius for the three different inert matrix fuels. Each 

time the target radius was changed, keff was kept constant at 
0.95 by adjusting the outer radius of the core. We see in Fig. 
2, where the results for the plutonium based fuel have been 
plotted, that ψ* decreases considerably when the target 
radius increases.5 There are mainly two reasons for this 
behaviour. One of them is the softening of the radial neutron 
leakage spectrum from the target, when the target is 
enlarged. The probability to induce fission for the neutrons 
entering the active core strongly decreases with decreasing 
energy, especially when the core is loaded with even-
neutron number actinides. The other reason for the decrease 
in ψ* is that the axial target neutron leakage increases with 
increasing target radius. The major part of the axial leakage 
is in the backward direction, through the accelerator tube. 
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Fig. 2. ψ* versus target radius for different plutonium 

based matrix fuels (80% Pu + 20% Am). 

Comparing the different matrix fuels, it is also shown 
that, for the ZrN and the YN matrices, ψ* has similar 
dependence on the target radius. This is expected, since Zr 
and Y have similar neutron cross-sections and similar mass 
numbers. However, for the HfN matrix fuel, ψ* decreases 
faster with increasing target radius. The reason for this is 
that Hf has higher absorption and scattering cross-sections 
for low-energy neutrons (below a few keV), and therefore it 
is more sensitive to the softening of the neutron energy 
spectrum. This effect increases with increasing target radius, 
as the energy spectrum of the neutrons leaking out from the 
target is softer for larger target radii. For instance, for the 10 
cm target radius, the ψ* values for the different matrices are 
very similar, since only a very small fraction of the target 
leakage neutrons have energy of the order of a few keV or 
lower. On the other hand, for the 50 cm radius, ψ* is lower 
by about 23% for the HfN matrix than for the ZrN and YN 



 

matrices, due to the much softer target neutron leakage 
spectrum. 

For the americium based fuel (Fig. 3), there are mainly 
two different effects arising, compared to the plutonium 
based fuel. Firstly, the decrease in ψ* with increasing target 
radius is faster, due to lower fission probability (mainly for 
neutrons below ∼1 MeV) for the americium isotopes than 
for the plutonium isotopes.5 Secondly, the difference 
between the HfN matrix fuel and the two other fuels is 
smaller (∼13% for the 50 cm target radius). The explanation 
for this is that the fractions of matrix are lower and 
consequently a switch of matrix has smaller impact on ψ*. 
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Fig. 3. ψ* versus target radius for different americium 

based matrix fuels (40% Pu + 60% Am). 

We conclude that, in order to optimize the proton 
source efficiency and the output/input power, a HfN matrix 
fuel is slightly less favorable than a ZrN or a YN matrix 
fuel, in particular for large target radii. However, a HfN 
matrix is desirable for other reasons, e.g. its high melting 
point and the hard spectrum it induces, which leads to less 
production of curium. Therefore, HfN might still be a good 
choice of inert matrix, despite the loss in proton source 
efficiency, in particular if an americium based fuel with 
relatively small target radius is used. 

 
IV.B. ψ* for a Single-zone Core compared to a Power 

Flattened Double-zone Core. 

The proton source efficiency ψ* has been studied for 
the reference model (single-zone core), compared to a model 
where the core has been divided into two zones with 
different matrix fractions, with the purpose of lowering the 
power peaking. The single-zone and the double-zone power 
densities, calculated for the plutonium based ZrN matrix 

fuel, are depicted in Fig. 4. For the double-zone core, the 
matrix fractions have been adjusted in order to obtain the 
same maximum power density for the two zones. 
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Fig. 4. Power density profiles for a single-zone core and a 

power flattened double-zone core, calculated for the 
plutonium based ZrN matrix fuel. Target radius = 20 cm. 

The comparison of ψ* for the single-zone core and the 
double-zone core has been performed for the plutonium 
based and the americium based fuel, dispersed with either 
ZrN or HfN matrices. The calculations were performed for a 
target radius of 20 cm and the results are listed in Table II. 
We see that ψ* decreases for the power flattened double-
zone core, by about 5-6% for the ZrN matrix fuels and about 
10-11% for the HfN matrix fuels. If a double-zone core is 
assumed, the loss in ψ* by substituting the ZrN matrix by a 
HfN matrix is approximately 12% for the plutonium based 
fuel and 8% for the americium based one. Hence, a trade-off 
arises, where one has to consider whether the advantages 
with a power flattened core or the wish of using a HfN 
matrix fuel is worth the loss in proton source efficiency.  

TABLE II  
ψ* calculated for a Single-zone Core (1Z) and a Double-

zone Core (2Z). Target radius = 20 cm. 
Fuel Matrix ψ* 

  1Z 2Z 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% 
 
 



 

There are mainly two effects arising when the double-
zone is introduced and the content of matrix in zone 1 
increases. Firstly, the absorption and slowing-down of the 
neutrons increases, in particular for low-energy neutrons. 
For the studied 20 cm radius target model, the energy 
spectrum of the neutrons entering into the fuel is softer than 
the average fission neutron spectrum in the core. Therefore, 
since the source efficiency (ψ* or ϕ*) relates the ratio 
between the source neutrons and the fission neutrons, the 
increase of the matrix fraction has a larger impact on the 
source neutrons than on the fission neutrons. Consequently, 
ψ* decreases. As Hf has higher absorption cross-sections for 
low-energy neutrons than Zr, this effect on ψ* is stronger 
for the HfN matrix, as is seen in Table II. It also increases 
with increasing target radius, since the energy of the 
neutrons that leak out from the target decreases with 
increasing target radius, while the average fission neutron 
energy is unchanged. 

Secondly, increasing the matrix content in zone 1 
suppresses the (n,xn)-multiplication in the inner parts of the 
active core, which will also tend to decrease ψ*. This effect 
is strong for small radii when the target neutron leakage 
spectrum is hard, but decreases as the target radius 
increases. 

 
V. CONCLUSIONS 

Instead of using the neutron source efficiency parameter 
ϕ*, in order to study the beam power amplification, a new 
parameter ψ*, representing the efficiency of the source 
protons, has been introduced in a previous study. 
Maximizing the proton source efficiency minimizes the 
proton current needs and relaxes the constraints on the 
construction of the high-power accelerator. Studying ψ* 
when optimising different system parameters therefore 
becomes an important factor in the overall design of an 
ADS. 

It has been shown that the proton source efficiency 
decreases significantly with increasing target radius. Thus, 
in order to maximize ψ* and the output/input power within 
the safety limits, a target radius as small as possible should 
be chosen. 

Moreover, 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 particular for small 
target radii, the difference is relatively small. Due to other 
favourable properties of HfN, it is therefore still an 
interesting option of inert matrix material, despite the loss in 
proton source efficiency. 

It was also found 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. Comparing the ZrN 

matrix with the HfN matrix, assuming a double-zone core, 
the difference in ψ* is larger for the plutonium based fuel 
(∼12%) than for the americium based fuel (∼8%).  

We conclude that, when designing an ADS, there is a 
trade-off arising between several different aspects. Various 
parameters, such as optimal target radius, power flattening 
and choice of inert matrix material together with other 
target-core characteristics and the various safety limitations, 
have to be weighted against the advantage of optimizing ψ* 
and minimizing the proton current needs. 
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Abstract - Accelerator-driven systems (ADS) are attractive for safely burning minor actinides since the 
latter have a small delayed neutron fraction. Neither negative reactivity feedbacks nor the introduction of 
safety rods will decrease the power strongly.  This is because the spallation source is mainly controlling 
the ADS power level. In all accident conditions of an ADS it is essential to switch the proton beam off. For 
new systems it is particularly important to investigate worst-case scenarios i.e. accidents in which the beam 
is not switched off, such as loss-of-flow and loss-of-heat sink accidents. Also emergency decay heat 
removal with RVACS during station blackout accidents has been studied. Calculations for an 800 MWth 
system (with a 17m tall vessel) show that this design is sufficiently cooled during loss-of-flow and total-
loss-of-power accidents. This system has an excellent natural circulation capability. 
 
 

I. INTRODUCTION 

Through partitioning and transmutation of the nuclear 
waste the volume and radiotoxicity can be reduced by a 
factor 100 and 1000, respectively. A considerable fraction 
of the plutonium could be burned in water reactors using 
inert matrix or thorium based fuels.1-3 However, for a 
major reduction of the radiotoxicity subsequent burning 
of the minor actinides (MA) and higher plutonium 
isotopes in fast spectrum systems is needed.  

To burn large amounts of MAs in critical reactors 
would decrease the delayed neutron fraction substantially 
and make the reactor more difficult to control. The sub-
criticality of Accelerator Driven Systems (ADSs) makes 
up for the smaller delayed neutron fraction. Thus, larger 
power excursions cannot develop as long as reactivity 
insertions are lower than the sub-criticality level. If the 
latter applies the proton beam strength will mostly 
determine the reactor power level. Thus, the control of an 
ADS is assured.  

In order to demonstrate to the public the strong and 
safe reduction of radiotoxicity, work on an experimental 
ADS, such as Myrrha, is important.4 This paper 
concentrates on the safety aspects of larger ADS, which 
will eventually be necessary for economic reasons.  

The safety calculations described below concern 
unprotected loss-of-flow (LOF), loss-of-heat-sink 
(LOHS) and total-loss-of-power calculations in ADSs 
with fertile matrix fuel. The use of fertile matrix  (versus 
inert matrix) fuel leads to a sizeable Doppler effect. This 
would be relevant in hypothetical super-critical accidents 

and will also lead to fewer critical masses.5 But it is less 
important in sub-critical conditions as will be seen in the 
EAC2 calculation, see Section II. For fertile matrix cores 
the MA burning rate is somewhat lower. But the sub-
criticality level does not have to be as deep as in the case 
of an ADS with inert matrix fuel. If thorium is used no 
minor actinides (MA) are generated and fissile material is 
produced by the breeding of 233U.  

To shut down the accelerator is the only means to 
shut off an ADS.6 In case the active shut-off mechanism 
does not work, passive means to interrupt the proton beam 
are desirable. A passive device, which has been proposed, 
consists of a melt rupture disc in the wall of the vacuum 
beam pipe.7 This would melt as the coolant temperature 
exceeds a certain limit, and thus, the vacuum pipe would 
be flooded and the impact point moved to the upper 
region of the vessel. A drawback of this design is that the 
vacuum in the beam pipe will be lost and that the beam 
pipe has to be exchanged once it has been filled with 
Pb/Bi coolant. The authors are presently developing 
another faster reacting device that does not fill the 
vacuum pipe. 

Another passive systems in this paper is the Reactor 
Vessel Auxiliary Cooling System (RVACS).8,9 This is 
based on decay heat removal from the vessel by thermal 
radiation and natural air convection.  
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II. WAC CORE AND EAC2 CALCULATIONS 

The WAC (Whole-core Accident Comparative 
calculations) core is a paper design for safety benchmark 
calculations in sodium-cooled (Na) breeder reactors.10  
The core has 2000 MWth and is Na–cooled with a 
traditional flow path of a fast reactor. Thus, from the core 
the hot Na flow moves up through the riser and then 
descends through the heat exchangers (HX). From the exit 
of the HXs, the Na is pushed back up to the entrance of 
the pumps and then move downwards to the core inlet.  
This coolant flow design still has a good enough natural 
circulation capability for emergency decay heat removal 
through Direct Reactor Auxiliary Heat Removal Systems 
(DRACS) or Reactor Vessel Auxiliary Coolant Systems 
(RVACS). However, in an unprotected LOF accident, the 
natural circulation is by far too small to remove the 
nominal reactor power. Actually the coolant flow decays 
in 6 seconds to 1/e.  

The calculations for this core have been performed 
with the European Accident Code 2 (EAC2). This is a 
multi-channel code, which uses the CFEM model for 
single and two-phase flows, the TRANSURANUS pin, 
and the MDYN fuel/coolant interaction and fuel motion 
models.11 A source has been added in the point kinetics 
module to simulate the neutron source from the impacting 
proton beam. By assuming a subcritical core with a k of 
about 0.965 (-10 $) a reasonable design for a large ADS 
with a traditional flow path became available 
(WAC/ADS). 
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Figure 1. Power in a LOF accident with source on, 
sodium-cooled ADS. 

 
Figure 1 shows the power trace of a LOF accident 

with the accelerator beam on and with the above 
mentioned flow decay time of 6 sec. The power reduces 
slightly until 12 seconds due to the heat-up of the core 
and surrounding structures that lead to negative Doppler 
and axial expansion feedbacks, see Fig 1. Then Na boiling 
starts and leads to a positive reactivity insertion of about 

+4$ (+0.014∆k/k) and a power peak of about 1.4 of 
nominal power. The fuel pins then start melting and eject 
molten fuel into the voided or partially voided channels. 
The axial fuel motion leads to a strong negative feedback, 
see Fig 2. 
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Figure 2. Reactivities in LOF accident with neutron 
source on 
 

Two aspects of this calculation show the special 
behavior of an ADS in comparison to a critical reactor. 
One is the low power peak. In contrast, the power peak of 
an equivalent Na-cooled critical reactor in the same LOF 
accident is between several hundred and a few thousand 
times nominal power.10 On the other hand, a critical 
reactor shuts down when the total reactivity is and 
remains negative. The ADS power is only reduced to 0.7 
times nominal. This means that an ADS can only be shut 
off by switching the accelerator off.  

From these calculations two additional conclusions 
can be drawn. First the strong flow reduction and the 
relatively low boiling point of Na versus Pb/Bi cause the 
meltdown of the WAC/ADS in a LOF accident. As will 
be shown later in this paper a Pb/Bi cooled ADS with a 
simple flow path, and thus, excellent natural circulation 
survives this type of accident without major problems. 
The EAC2 calculation also shows that the power does not 
depend strongly on the Doppler and axial expansion 
feedbacks. Therefore, the STAR-CD12 calculations can 
approximately assume a constant nominal power in the 
unprotected LOF and LOHS accidents, see Section III.D. 

 
 

III. THERMAL HYDRAULICS OF THE ADS-SSC 

III.A. Description of the Sing-Sing Core and its Modeling 

The Sing-Sing Core (SSC)13 was developed at the 
Royal Institute of Technology (RIT), Stockholm, Sweden. 
The core is designated to burn transuranics and has no 
fertile fuel. Its power is 800 MWth. The power density of 



the SSC is relatively flat radially compared to other ADS, 
due to the introduction of burnable absorbers, B4C.  

The pitch-to-diameter (PTD) of the innermost fuel 
zone is 1.95, whereas the outer three zones have a PTD of 
1.785.14 This is to be compared to the PTD of Na-cooled 
fast reactors, which is about 1.25.15 Since the surrounding 
core structures of the SSC concept remain to be designed, 
only the pressure drop of a core coolant channel can be 
determined analytically. To estimate the total pressure 
drop, data extrapolated from an existing design are used, 
i.e. the Pb-cooled critical reactor BREST.16 The ratio 
between experimental total pressure drop for the core and 
structures versus the analytical pressure drop for a 
channel of BREST was estimated to be 1.51. This ratio 
was then used to determine the total pressure drop for the 
core and its structures of the 800 MWth ADS.  

 
 

III.B. The Accelerator of the Sing-Sing Core 
Characteristics 

The accelerator power needed to drive the 800 MWth 
core is 40 MW at end of life (EOL). Since the spallation 
reactions in the target are endothermic only ~75% has to 
be removed, i.e. ~30 MW at EOL.17 In an emergency the 
ion source of the accelerator can be switched off or the 
proton beam can be redirected into a beam dump.  

 
 

III.C. Reactor Vessel and Temperature Limitations 

The pool-type reactor is 17 m tall and has a 6 m wide 
vessel. A guard vessel encloses the reactor vessel in order 
to reduce the probability for a loss-of-coolant accident 
(LOCA) and a possible release of radioactivity. Since 
Pb/Bi is a liquid metal it removes heat efficiently at low 
pressures, hence the vessel walls have to withstand only 
the hydrostatic pressure. Figure 3 illustrates a schematic 
view of the 800 MWth ADS design. 

The simple flow path in this design is crucial for the 
good natural circulation capability, which is particularly 
important for the LOF accident with the beam on. Argon 
gas injection is possibly used instead of conventional 
pumps to enhance the flow rate during normal operation.18 
From the gas injection point upwards the coolant density 
decreases, and thus, the static pressure difference 
increases between the riser and downcomer. At injection 
point the volume gas fraction is 5%. As the gas rises it 
expands due to lower static pressure, and hence the gas 
fraction at the free surface is 44%. The gas then exits 
through the Pb/Bi free surface to a gas plenum. Here it is 
sucked up by a compressor and pumped back to the 
insertion point above the core.  

 

 
 

Figure 3. Schematic view of the 800 MWth ADS design. 
 

For the present calculations the temperature 
difference over the core is 260 K. To have lower 
temperature difference over the core might be desirable, 
however, an uncertainty remains for these large designs 
due to the fact that a rather high gas content is necessary 
to reach sufficient coolant flow rates during normal 
operation. This could raise the free surface too much. 
Hence conventional pumps may have to be used if lower 
temperature differences over the core are required. 

In order to maintain the oxide layers the coolant 
velocities and temperatures should not exceed 3 m/s and 
873 K for long-term operation. The temperature 
limitations for structural materials and oxide layers are 
presented in Table I. 

 



Table I. Critical temperature limitations for structural 
materials and protective oxide layers. 

 

Characteristic problem Temperature when 
problem occurs, K 

Corrosion of structural 
material1 

873 K 19 

ASME2 level C3 922 K 20 

ASME level D4 977 K 20 
The limiting temperature 
to avoid creep failure in 
several hours under the 
given pressure conditions5 

1173 K 21 

Melting point AISI316 1670 K 22 
 
 

III.D. Emergency Decay Heat Removal from the Guard 
Vessel 

In case that the normal heat removal and safety 
systems fail, the ultimate emergency decay heat removal 
system is a reactor vessel auxiliary cooling system 
(RVACS). The RVACS is based on the principle of 
thermal radiation and natural air convection around the 
reactor vessel, see Fig 4.   

As the temperature of the guard vessel increases the 
thermal radiation will become increasingly important 
relative the convection heat transfer. This is due to the 
fact that radiation heat transfer is proportional to the 
temperature at each surface to the power of four, see Eq 
(1). 22 

Figure 4. Emergency decay heat removal by natural air 
convection and thermal radiation from the guard vessel. 

 

III.D.1. Calculational Set-up 

The calculations are performed with the 
computational fluid dynamics code STAR-CD. 

 
44

ba TTQ −∝     (1) 
The core and HXs are modeled as porous regions, in 

which the pressure drop is proportional to the coolant 
velocity squared. The power level is reduced to decay 
power levels in case of the TLOP accident. In the LOF 
and LOHS calculations the power was left constant, since 
Doppler and axial expansion feedbacks do not change the 
power strongly. 

 
Where Q is the heat transfer rate, Ta temperature at 

surface a, and Tb temperature at surface b. 
In the channel between the guard vessel and the 

collector wall, the air velocity is typically 3-4 m/s at 
outlet during accidents.  

 A first-order upwind scheme has been used to model 
the fluids' velocity, density, and viscosity, whereas the 
temperature is solved by a first-order center-difference 
scheme. Time stepping was performed with a first-order 
implicit scheme. The radiation transport model between 
the reactor, guard, and collector walls is based on view 
factors for each individual cell and is also calculated by 
STAR-CD. 

 

                                                 
 1 Rupture of the protective oxide layer on structural components becomes severe. 

2 American Society of Mechanical Engineers 

III.D.2. Total-Loss-of-Power Accident 3 Endanger the plant from an investment standpoint, although significant fuel failures and 

radioactive releases are unlikely. 

4 Investment might be jeopardized, but fuel damage or radioactive release is unlikely. A TLOP accident could be initiated, for example, by 
a station blackout. In such an accident event all operating 5 Fuel failures occur, but the reactor vessel can withstand this temperature for several 

hours.  



systems stop to function. In other words the normal heat 
removal systems, the enhanced convection, and the 
accelerator beam stop. Nevertheless, the core will 
generate decay heat of ~6.2% normal power right after 
accident initiation and ~1% after one hour.  

 

The core outlet temperature peaks at 815 K 21 hours 
after accident initiation, see Fig 5. This is below the 
ASME level C and poses no threat to core components. 

 

 

 
Figure 6. Temperature and velocity evolution for an 800 
MWth ADS design after a LOF accident. 
 

Earlier investigations of a similar design, but with the 
HXs located in the risers revealed that the core outlet 
temperature would be very high after a LOF accident. 23  
This is due to the poorer natural convection capability of a 
design with the HXs located in the risers. 

 

Figure 5. Temperature evolution after a TLOP accident 
for an 80 MWth ADS. III.D.4. Loss-of-Heat-Sink Accident 

 After (LOHS) accidents the normal heat removal 
systems stops whereas the power generation of the core 
remains at 800 MWth. The heat removal rate through the 
vessel wall is of course small compared to the core power. 
Due to the enhanced convection the temperature transient 
is less rapid than during an LOF accident. However, the 
coolant temperature increases steadily by ~1.1 K/sec. 
Within ~5 minutes the proton beam should be interrupted 
in order to avoid exceeding the ASME level D of 977 K, 
see Fig 7. Fast vessel creep in the vessel would only 
become a problem after more than 8 minutes. 

III.D.3. Loss-of-flow Accident 

During LOF accidents the enhanced convection 
malfunctions, hence the gas content in the riser gradually 
diminishes as it disappears through the Pb/Bi free surface. 
About thirty seconds after accident initiation the two-
phase flow due to the gas injection has disappeared and 
the flow is only driven by natural convection. Due to the 
good natural convection capability of this design the 
average velocity through the core remains at 0.6 m/s, 
which is only 0.4 m/s below the steady state value. 

 

The HXs continue to remove heat and the inlet 
temperature remains almost constant. At the core outlet 
the temperature peaks at 1170 K and thereafter stabilizes 
at 995 K, see Fig 6. This is slightly above the ASME level 
D. Design improvements such as lower pressure drops in 
the core and HXs should be further studied. 

Figure 7. Temperature and velocity evolution for an 800 
MWth ADS design after a LOHS accident. 
 



IV. CONCLUSIONS 

For an ADS loaded with transuranics, reactivity 
insertions lower than the sub-criticality level have a small 
impact on the power generation. Due to the MAs the 
delayed neutron fraction is small. However, the proton 
beam determines and controls the power of an ADS. 
Therefore the switching off of the accelerator is important 
in all accidents. Passive devices are useful to enhance the 
safety on an ADS. 

In a large ADS without a good natural circulation 
loss-of-flow accidents lead to a relatively slow core 
meltdown unless the accelerator is switched of in time. 
Pb/Bi cooling instead of Na cooling would make the 
accident progression slower and provide a longer period 
of grace. To avoid overheating in accidents it is important 
to have a good natural convection capability and efficient 
emergency heat removal.  

It is shown that an 800 MWth Pb/Bi-cooled reactor 
can be sufficiently cooled in a 17 m tall vessel with a 
simple flow path. The core outlet temperature during a 
total-loss-of-power accident peaks at 839 K after 19 
hours. During a loss-of-flow accident a temperature peak 
appears about 1 minute after accident initiation at 1100 K. 
After 3 minutes the temperature stabilizes at about 993 K. 
During a loss-of-heat-sink accident the proton beam 
should be shut off within 5 minutes to avoid exceeding 
the ASME level D of 977 K.  

 
 

V. NOMENCLATURE 

ADS - Accelerator Driven Systems 
AISI - American Iron and Steel Institute 
ASME - American Society of Mechanical 

Engineers 
B4C - Boron Carbide 
EAC - European Accident Code 
HX - Heat-Exchanger 
LOCA - Loss-Of-Coolant Accident 
LOF - Loss-Of-Flow 
LOHS - Loss-Of-Heat-Sink 
MA - Minor Actinides 
Na - Sodium 
Pb/Bi - Lead/Bismuth 
PTR - Pitch To Diameter 
Pu - Plutonium 
RIT - Royal Institute of Technology 
RVACS - Reactor Vessel Auxiliary Cooling System 
TLOP - Total-Loss-Of-Power 
SSC - Sing-Sing Core 
U - Uranium 
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Abstract - A safety investigation on the location of heat-exchangers in the risers or the

downcomers of a Pb/Bi-cooled accelerator-driven system of 200 and 800 MW(thermal) pow-

ers was performed. In a pool type design with a simple flow path the use of heat-exchangers

in the risers will have advantages in case of heat-exchanger tube failures. This is particularly

true if water is used as the secondary fluid, since it can be avoided that steam droplets are

dragged into the core region by the Pb/Bi-coolant. The safety implications with regard to

the temperature evolution during loss-of-flow, loss-of-heat-sink, and total-loss-of-power acci-

dents were compared with designs where the heat-exchangers are located in the downcomers.

During a loss-of-flow accident for the 200 MW(thermal) system with heat-exchangers in the

risers, the core outlet temperature increases to about 1020 K. For the accelerator-driven

system with heat-exchangers in the downcomers the temperature maximum is nearly 250

K lower. After a loss-of-heat-sink accident the grace period before the proton beam has to

be shut off was found to be ∼5 minutes for both the 200 MW(thermal) designs. During a

total-loss-of-power accident for the case with heat-exchangers positioned in the riser the core

outlet temperature peaks after 10 hours at about 750 K, which is 100 K lower than in the case

with heat-exchangers in the downcomer. The investigations on the 800 MW(thermal) system

were performed in a larger vessel of 17 m height. The design with the heat-exchangers in

the riser showed elevated temperatures of more than 2000 K during a loss-of-flow accident,

which would severely damage the core. The case with heat-exchangers in the downcomers

showed acceptable results for all accident types investigated. Therefore, an 800 MW(thermal)

accelerator-driven system of pool design with simplified flow path have the heat-exchangers

in the downcomer. The computational fluid dynamics code STAR-CD was used in all calcu-

lations.
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I. INTRODUCTION

This paper investigates the effects from locating the heat-exchangers (HX) in the risers of

a Pb/Bi-cooled accelerator-driven system (ADS) of 200 and 800 MW(thermal) powers, which

is compared with a nearly identical design that has the heat-exchangers in the downcomers.

A pool type ADS with a simplified flow path and gas lift pumps as in the Ansaldo design

[9] is considered. The incentive behind locating the HXs in the risers is to increase the

inherent safety of the reactor. This would be particularly relevant if water was used as the

secondary coolant. If the HXs are located in the downcomers a HX-tube rupture would lead

to that steam is dragged towards the core region, which would result in a positive reactivity

insertion. If instead the HXs are located in the risers the steam would rise with the Pb/Bi

coolant and exit at the free surface. The consequences of a major water leakage is discussed

later in the paper. Also for silicon oil as secondary coolant it could be of certain advantage

to locate the HXs in the risers. Although the oil pressure is lower than the Pb/Bi pressure,

a back-pressure may develop in the secondary circuit that leads to insertion of oil droplets

into the primary coolant.

Enhancement of the inherent and passive safety is in accordance with the safety trends

for the next generation of nuclear power plants, as proposed by the American Generation

IV initiative [1]. Implementation of inherent safety for a reactor design can exclude accident

scenarios or at least mitigate accidents, e.g. negative reactivity coefficients or a low pressure

coolant. Passive safety systems are very reliable since they depend on physical laws, and do

not need to be activated by mechanical or electrical devices [2], e.g. a reactor vessel auxiliary

cooling system (RVACS). Inherent and passive safety measures also contribute to simpler

reactor designs in which less components and less active safety systems are needed. The

capital investment will be lower for a reactor designs which includes inherent and passive

safety systems.

An ADS [3] is a sub-critical nuclear reactor, which is intended for transmuting radioactive

waste from conventional nuclear power plants. ADSs are usually cooled by gas or liquid
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metals in order to achieve a hard neutron spectrum. High energy protons from an accelerator

are directed onto a heavy metal target located in which spallation reactions occur that

release high-energy neutrons. The neutrons then diffuse into the sub-critical core. The

hard neutron spectrum and the sub-critical core make the ADS suitable for transmuting

the transuranics (TRU: Pu, Ne, Cm and Am). The water soluble and radiotoxic long-lived

fission products (LLFP: 99Tc, 129I) will also be transmuted to more stable isotopes. After

additional partitioning of uranium and the short-lived isotopes like Cs and Sr, the volume

of high-level nuclear waste can be reduced by a factor of ∼100, and the effective radioactive

dose from a repository by a factor of ∼1000 [3–5]. The reduction of the Pu inventory,

decreases the risk for spreading of nuclear weapons material.

Section II describes the methodology used for this article. In Section III the concep-

tual accelerator-driven system of 200 MW(thermal) with the heat-exchangers in the risers

(ADS-HXR200) and the downcomers (ADS-HXD200). A comparison between the two re-

actors is then performed for loss-of-flow, loss-of-heat-sink, and total-loss-of-power accidents.

The calculations are verified with hand calculations in Sect IV. And finally, corresponding

investigations is done in Sect V on an ADS design of 800 MW(thermal).

II. METHODOLOGY

The computational fluid dynamics (CFD) code STAR-CD was used for all calculations

presented in this paper [6]. A first-order upwind scheme has been used to model the fluids’

velocity, density, and viscosity, whereas the temperature is solved by a first-order center-

difference scheme. Time stepping was performed with a first-order implicit scheme. The

calculations incorporating the bypass route were three dimensional, whereas the remaining

examinations were two dimensional. The radiation transport model between the reactor,

guard, and collector walls is based on view factors for each individual cell and calculated by

STAR-CD.

The heat transfer correlation used on the air side was developed at the Argonne Na-
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tional Laboratory (ANL) within the American Liquid Metal Reactors’ (ALMR) program for

RVACS calculations [7], see Eq 1.

Nu = 1.22 · Re0.456Pr0.4 (1)

The Nusselt number is defined as Nu = hL/k where h is the heat transfer coefficient,

L the characteristic length, and k the conductivity. The Reynold number is Re = V L/v

where V is the velocity in the bulk, and v the dynamic viscosity. The Prandtl number is

Pr = v/α where α is the thermal diffusivity.

A correlation for liquid metals is used to calculate the heat transfer coefficients next to

the walls in the Pb/Bi coolant [8], see Eq 2.

Nu = 0.565Re0.5Pr0.5 (2)

The core and HXs are modelled as porous regions, in which the pressure drop is propor-

tional to the coolant velocity squared. The core properties of the Ansaldo design are used

for the 200 MW(thermal) calculations. Hence the total pressure resistance of the core is 20

kPa at a coolant velocity of 0.42 m/s in a channel of the core [9]. The core power profile

is modelled as a core divided into three regions of different power density in accordance to

the Ansaldo design. The power level is reduced to decay power levels in case of the TLOP

accident. In the LOF and LOHS calculations the power was left constant, since it is known

that reactivity feedbacks do not change the power strongly [10].

For the 800 MW(thermal) calculations the Sing-Sing Core developed at the Royal Insti-

tute of Technology, Stockholm, Sweden is used. Since the surrounding core structures of the

SSC concept remain to be designed, only the pressure drop of a core coolant channel can be

calculated analytically, see Eq 3-5. To estimate the total pressure drop, data extrapolated

from an existing design is used, i.e. the Pb-cooled critical reactor BREST [11].

∆p = M · fsmooth ·
L

Dei

·
ρ · V 2

2
(3)

where L is length of channel, f is friction factor, V is velocity, and Dei is hydraulic

diameter, which is defined as
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Dei =
4A

Pwi

(4)

where Pwi is the wetted perimeter, A the channel cross sectional area.

The pressure losses due to entrance and exit effects is estimated by Eq 5.

∆pe =
KρV 2

2
(5)

where K is calculated as Ke1 = 0.5(1 − Ai

A
) at the entrance and as Ke2 = (1 − Ai

A
)2 at

the exit.

The additional pressure drop from supporting structures was determined by calculating

the ratio between pressure drops from experiments, and the analytical pressure drop from

channel plus entrance and exit effects for the BREST reactor. The ratio was then used

to estimate the total pressure drop for the core and its structures of ADS-HXR800 and

ADS-HXD800. The pressure ratio for BREST was estimated to be 1.51.

III. COMPARISON OF TEMPERATURE EVOLUTIONS DURING LOF, LOHS,

AND TLOP ACCIDENTS FOR ADS-HXR200, ADS-HXR200 WITHOUT BPRS,

AND ADS-HXD200 DESIGNS OF 200 MW(THERMAL) POWER

Comparisons of the temperature and velocity evolution for ADS-HXR200, ADS-HXR200

without bypass routes (BPR), and ADS-HXD200 were performed for LOF, LOHS, and

TLOP accidents.

In all investigations the reactor vessels sizes and the core designs were the same for

ADS-HXR200 and ADS-HXD200. Moreover, cross-sections, heights of the HXs, and their

pressure resistance at a given velocity were identical in all analyses.

A. Main characteristics of ADS-HXR200 and ADS-HXD200

The pool-type reactor vessel is 9 m tall and has a diameter of 6 m. A guard vessel

encloses the reactor vessel in order to reduce the probability for an loss-of-coolant accident
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(LOCA) or a release of radioactivity. Both vessels, as well as the walls that separate the

risers and the downcomers, are made of steel of type AISI 316L [12]. Since Pb/Bi is a liquid

metal, high pressures are not needed to remove heat efficiently. Thus, the vessel can be

thinner than that of an LWR. Figure 1 illustrates a schematic view of ADS-HXD200.

Figure 1. Schematic view of the ADS-HXD200.

Pb/Bi eutectic is the coolant and moderator of the primary circuit. The heavy metal

coolant provides good shielding and low neutron leakage, which improves the neutron econ-

omy and diminishes radiation damages on the surrounding structures. The Pb/Bi provides

a hard neutron spectrum because only a small fraction of the neutron energy is lost in each

collision with the heavy Pb/Bi atoms [13], and thus minor actinides (MA) will be efficiently

transmuted. The Pb/Bi coolant has high conductivity, good natural convection capability,

and a high heat capacity. Moreover, the Pb/Bi does not interact violently with water or air,

although large amounts of steam can be produced in case of water ingress.

A negative characteristic of the Pb/Bi coolant is that it produces polonium (Po) due to

neutron absorption in Bi [14], which becomes an α-emitter of 138.4 days half life. Further-

more, the Pb/Bi is relatively corrosive towards steel [15], nevertheless, the corrosion can be

reduced by orders of magnitude by maintaining a specific oxygen level in the coolant [16].

This creates a self-sustaining protective oxide layer on the surfaces of structural materials.

The Fe3 O4 is the main component of the protective film [17,18]. Eq 6 displays the chemical

reaction of the oxide film [15].

1

4
Fe3O4(s) + Pb =

3

4
Fe(Pb) + PbO(Pb) (6)

In order to maintain the oxide layers the coolant velocities and temperatures should not

exceed 3 m/s and 873 K [19,20] for long term operation. The temperature limitations for

structural materials and oxide layers are presented in Tab I.

Table I. Critical temperature limitations for structural materials and protective oxide

layers.

Argon gas injection [9] will probably be used for the 200 MW(thermal) design instead of
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conventional pumps to enhance the flow rate during normal operation. The mass percentage

of gas at the point of injection is about 5%. As the argon gas rises it will expand as the

hydrostatic pressure decreases. From the gas injection point and upwards the coolant density

decreases and thus the static pressure difference increases between the riser and downcomer.

The gas then exits through the Pb/Bi free surface to a gas plenum. Here it is sucked up

by a compressor and pumped back to the insertion point above the core [9]. For the 800

MW(thermal) design, gas injection is probably not possible since a rather high gas content

is necessary to reach sufficient coolant flow rates during normal operation. This would

probably raise the free surface too much.

The accelerator power needed to drive the 200 MW(thermal) core is ∼7.5 MW at end

of life (EOL). Since the spallation reactions in the target are endothermic only ∼75% has

to be removed, i.e. ∼5.6 MW at EOL [21]. A separate cooling circuit accomplishes the

heat removal from the target. In case of an emergency the proton beam is ceased by simply

switching off the power supply. However, it is conceivable that the active interruption

malfunctions or that the accident initiation is overlooked. For such conditions passive shut-

off mechanisms are needed to ensure interruption of the accelerator, e.g. a melt-rupture

disc inserted into the wall of the vacuum beam pipe [10] can be used. The melt-rupture

disc would melt as the designed temperature limit is exceeded and the accelerator vacuum

pipe would be flooded by Pb/Bi coolant. Thus, the impact point of the accelerator beam

is relocated from the core region to the upper section of the vessel. Instead of the normal

operating power of 200 MW(thermal), the heat generation decreases to decay heat level and

5.6 MW is deposited by the accelerator proton beam. The former is initially 6.2% (12.4

MW) and after one hour 1% (2 MW) [22].

In case that the normal heat removal and safety systems fail, the ultimate emergency

decay heat removal system is a reactor vessel auxiliary cooling system (RVACS). The RVACS

is based on the principle of natural air convection and thermal radiation from the reactor

vessel, see Fig 2.

Figure 2. Schematic view of the RVACS of ADS-HXR200.
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1. Specifics for an ADS with heat-exchangers located in the risers

Figure 3 shows a schematic drawing of the 200 MW(thermal) accelerator-driven sys-

tem with heat-exchangers in the risers (ADS-HXR200). The ADS-HXR200 main design

parameters can be found in Tab II.

Figure 3. Schematic view of the ADS-HXR200.

Table II. Main characteristics of the ADS-HXR200.

As mentioned above argon gas injection is used to enhance the Pb/Bi coolant flow

rate. It provides robust operation and allows easy maintenance due to the fact that the gas

compressors are located outside the reactor vessel. However an uncertainty pertains to how

the argon gas affects the heat removal in the HXs for the ADS-HXR200 design. Therefore

this paper uses a conservative volume to power ratio of the HXs, i.e. three times larger than

for the Pb-cooled BREST design.

For the case when water is the coolant of the secondary circuit, a rupture may lead to

steam bubbles that are dragged by the Pb/Bi coolant through the core and cause a power

increase by voiding. For PWRs the probability for steam leakage from the secondary circuit

is 1.1x10−2/reactor year (RY) and major steam leakages are estimated to occur at a ratio of

8.4x10−4/RY [23]. For Pb/Bi-cooled designs the probability for steam leakage is unknown

due to limited civilian experience with the coolant medium.

The problems in the above mentioned accident scenario could be eliminated by placing

the HXs in the risers instead of the downcomers. Thus, a leakage from the HXs leads to an

upward sweepout of the steam bubbles along the Pb/Bi flow direction. In case of a massive

rupture passively closing flaps could be included at the bottom of the HXs in order to avoid

that the steam can reach the core.

A pressure release pipe could be used to deal with overpressure in the primary circuit.

This penetrates the vessel head and includes a diaphragm that ruptures as the plenum

pressure increases. The steam/gas mixture is led into a large water condenser. This approach

of removing steam from a gas plenum is proposed for the SVBR75/100 Pb/Bi-cooled reactor
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[24].

The natural convection was found to be impeded somewhat when the HXs are positioned

in the risers. This is particularly evident during an LOF accident, since the distance between

the thermal centers of the core and HXs becomes about one meter shorter in case the HXs

are located in the risers. On the contrary the distance between the thermal centers becomes

about one meter longer if the HXs are located in the downcomers during an LOF accident.

Consequently the static pressure difference between the risers and downcomers decreases

and lowers natural convection for the ADS-HXR200, whereas for ADS-HXD200 the natural

circulation increases. Figure 4 shows the movement of the thermal centers during an LOF

accident for ADS-HXR200 and ADS-HXD200.

Figure 4. Schematic view of displacement of thermal centers during an LOF accident

for ADS-HXR200 and ADS-HXD200.

There are low pressure resistance bypass routes (BPR) constructed in parallel to the

HXs in order to increase the coolant flow rate during LOF accidents, see Fig 2. The BPRs

cover the entire circumference to the reactor vessel walls and occupy a 10 cm wide annular

passage.

Argon gas is also injected into the BPR region in order to avoid backward flow during

normal operation. However, the injection rate is lower than that into the HX region, because

ideally all coolant should pass through the HXs and the flow in the BPR should be stagnant.

However, this ideal solution is impossible to achieve in reality. Hence, the intention is use a

low upward velocity through the BPRs during normal operation.

A drawback of the BPRs is that during an LOF accident the coolant temperature will

increase from 800 K to 950 K in 7 minutes, which can cause thermal stresses in the reactor

vessel wall. For a conventional design with HXs in the downcomers an LOHS accident would,

however, result in an even faster temperature transient in the reactor vessel wall below the

HX [25].

Since the hot coolant is always next to the reactor vessel wall for the ADS-HXR200,

a larger thermal parasitic loss appears during normal operation compared to the ADS-
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HXD200, ∼1.3 MW vs 0.6 MW. On the other hand, the RVACS heat removal during acci-

dents is more efficient for the ADS-HXR200. The parasitic loss during normal operation can

be reduced for both ADS-HXR200 and ADS-HXD200 by using a liner next to the reactor

vessel wall. Coolant overflow of the liner would then take place after a certain thermal ex-

pansion of the coolant. Before liner overflow, the heat transfer would be first by conduction

and afterwards by convection.

B. Total-loss-of-power accident

A total-loss-of-power (TLOP) accident could be initiated by for example a station black-

out. In such an event the normal heat removal systems malfunction, the argon gas injection

stops, and the accelerator proton beam is interrupted. Nevertheless, the core will generate

decay heat of ∼6.2% normal power right after accident initiation and ∼1% after one hour

[22]. The reactivity feedbacks have negligible influence on the power generation [10,26].

Instead the proton beam decides the power level of the core. To ensure the integrity of the

reactor components, the decay heat removal has to be assured.

The flow field of the Pb/Bi-coolant during normal operation for ADS-HXR200 is shown

in Fig 2. After ∼1 hour the flow reverses and moves backwards through the core. This is

due to the large temperature differences and high heat transfer rate through the separating

walls of the downcomers from the HXs to BPRs. After accident initiation the temperature

difference is 175 K and the heat transfer rate through the walls is about 2.8 MW. The

coolant in the downcomers from the BPRs is cooled both through the reactor vessel wall

and the separating walls of the HXs and BPRs. Correspondingly, the downcomers of the

HXs are heated through the separating walls which creates buoyancy forces in this region.

The flow field one hour after accident initiation for ADS-HXR200 is shown in Fig 5. The

flow directions in the ADS-HXD200 design during a TLOP accident remain the same as

during normal operation.

Figure 5. Coolant flow field the ADS-HXR200 one hour after TLOP accident initiation.
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A comparison of the temperature evolution reveals that the core outlet temperature

is 74 K higher for ADS-HXR200 than for ADS-HXD200 after 10 minutes. This is due to

the better natural convection of the ADS-HXD200 until one hour after accident initiation.

Thereafter the coolant flow rate through the core is higher for the ADS-HXR200 design.

The BPRs of ADS-HXR200 cause a decrease of the core outlet temperature of ∼90 K after

one hour. The temperature evolution at core outlet during the TLOP accident is displayed

in Fig. 6.

Figure 6. Temperature evolution at core outlet during an TLOP accident for ADS-

HXR200, ADS-HXR200 without BPRs, and ADS-HXD200.

C. Loss-of-flow accident

During loss-of-flow (LOF) accidents the argon gas injection malfunctions (or the me-

chanical pumps stops), hence the enhanced circulation gradually diminishes until the argon

gas has disappeared through the Pb/Bi free surface. About twenty seconds after accident

initiation the effect on coolant density from the gas injection has disappeared and the flow

is only driven by natural convection. The HXs continue to remove heat.

A spike of 1080 K appears during an LOF accident for ADS-HXR200, whereas ADS-

HXD200 peaks at 930 K. The ADS-HXR200 without BPRs peaks at 1140 K, which is 60

K higher than for ADS-HXR200. The higher peak for ADS-HXR200 compared to ADS-

HXD200 is due to faster coolant deceleration, see Section ’Specifics for an ADS with heat-

exchangers located in the risers’ for more information. After ∼5 minutes the temperature

at core outlet is ∼145 K higher for ADS-HXR200 than ADS-HXD200. Figure 7 displays the

temperature evolution for ADS-HXR200, ADS-HXR200 without BPRs, and ADS-HXD200.

Figure 7. Temperature evolution at core outlet during an LOF accident for ADS-

HXR200, ADS-HXR200 without BPRs, and ADS-HXD200.

The temperature evolution in the reactor vessel wall behaves differently. The increase

of the vessel wall temperature is most rapid for ADS-HXR200 due to that hot coolant hits
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the wall directly via the BPRs after an LOF accident. Regarding the vessel temperatures,

the ADS-HXR200 without BPRs performs much better than ADS-HXR200 since the Pb/Bi

is cooled by the HXs before it reaches the reactor vessel wall. The temperature evolution in

the reactor vessel wall for ADS-HXR200, ADS-HXR200 without BPRs, and ADS-HXD200

is displayed in Fig 8.

Figure 8. Temperature in the reactor vessel wall during an LOF accident for ADS-

HXR200, ADS-HXR200 without BPRs, and ADS-HXD200.

D. Loss-of-heat-sink accident

After loss-of-heat-sink (LOHS) accidents the normal heat removal systems stops whereas

the power generation of the core remains at 200 MW(thermal). The heat removal rate

through the vessel wall is small compared to the core power. Due to the enhanced convection

the temperature transient is less rapid than during an LOF accident. Therefore, the coolant

temperature increases steadily by ∼0.6 K/sec. Within ∼5 minutes the proton beam should

be interrupted for both ADS-HXR200 and ADS-HXD200 in order to avoid exceeding the

ASME level D of 977 K. Fast vessel creep in the vessel would only be a problem after more

than 10 minutes.

The increase of velocity immediately after accident initiation for ADS-HXR200 is due

to a temporarily taller column of hot coolant after an LOHS since heat is not removed from

the HXs anylonger. Thus the distance between the thermal centers increases and the static

pressure difference between the riser and downcomer increases until the hot coolant reaches

the downcomer.

The temperature rise of ADS-HXR200 is about 30 K above that of ADS-HXD200. After

five additional minutes the temperature difference has increased to 60 K. The BPRs lessen

the core outlet temperature by about 50 K. Figure 9 depicts the temperature evolution at

core outlet for ADS-HXR200, ADS-HXR200 without BPRs, and ADS-HXD200.

Figure 9. Temperature at core outlet during an LOHS for ADS-HXR200, ADS-HXR200
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without BPRs, and ADS-HXD200.

IV. VERIFICATION OF THE 200 MW(THERMAL) CALCULATION

Hand calculations on a simplified geometry were performed to validate the heat removal

by the RVACS from the ADS-HXR200 vessel, see below. Additionally, the STAR-CD code

has earlier proved to predict natural air convection flows accurately [27].

The total thermal resistance,
∑N

p=1 Rp, for heat flowing from the Pb/Bi coolant to the

inflowing air of the RVACS can be defined as the ratio between the overall temperature

difference
∑N

p=1 ∆Tp to the heat flux used q, see Eq 7 [12].

N∑

p=1

Rp =

∑N
p=1 ∆Tp

q
(7)

where ∆Tp = Tp−Tp+1 is the temperature difference between two facing walls or between

two surfaces of the same wall. The resistance in the walls is calculated from Eq.8.

R =
l

k
(8)

where l is the wall thickness and k is the wall conductivity.

Between the reactor and guard vessel walls the heat transfer is by to thermal radiation

and convection. Hence, the thermal resistance between two parallel walls is calculated as

Eq.9.

R∗ =
1

{Nuk
l
+ εσ

2−ε
(θ2

p + θ2
p+1)(θp + θp+1)}

(9)

where Nu = hL
κ

, ε surface emissivity, σ Stephan-Boltzmann constant, θ temperature in

K [12].

For natural convection between vertical plates the Nusselt number is calculated from

Eq.10 [12].

Nu = 0.59(GrPr)1/4 (10)

where Gr = gβ(Ts−T∞)L3

ν2 and Pr = cpµ
k

.
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A comparison between the STAR-CD results and the hand calculations is presented in

Tab III. They differ less than 10% for both temperature levels.

Table III. Hand calculation to verify the STAR-CD predictions.

V. COMPARISON OF TEMPERATURE EVOLUTIONS DURING LOF, LOHS,

AND TLOP ACCIDENTS FOR ADS-HXR800, AND ADS-HXD800 DESIGNS OF

800 MW(THERMAL) POWERS

An examination on temperature maximums reached during LOF, LOHS and TLOP

accidents for 800 MW(thermal) power ADS with heat-exchangers located either in the risers

or the downcomers.

A. Main characteristics of ADS-HXR800 and ADS-HXD800

In order to improve natural circulation and increase the heat capacity the vessel height

was increased to 17 m. The vessel diameter remained at 6 m as for the 200 MW(thermal)

designs.

The 800 MW(thermal) ’Sing-Sing Core (SSC)’, which is developed at the Royal Institute

of Technology, Sweden, is used for these examinations [28]. The pressure drops used are

described in the ’Methodology’ section.

B. Total-loss-of-power accident

For the 800 MW(thermal) design the core produces decay heat of 49.6 MW (6.2%) ten

seconds after accident initiation and ∼8 MW (1%) after one hour.

During TLOP accidents the core outlet temperature peaks after 19 hours at 848 K for

ADS-HXD800, whereas for ADS-HXR800 it peaks at 769 K after ∼17 hours. Figure 10

displays the temperature evolution during a TLOP accident.
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Figure 10. Temperature evolution at core outlet during a TLOP accident for ADS-

HXR800 and ADS-HXD800.

C. Loss-of-flow accident

For ADS-HXR800 the core outlet temperature peaks at 2000 K and then slowly increases.

It can thus be concluded that LOF accidents reaches unacceptable temperatures due to

insufficient natural convection for cooling the core.

The ADS-HXD800 peaks only at 1100 K and 2 minutes later the temperature levels off

at ∼1000 K. The ASME level D of 977 K is thus slightly exceeded. The reason for the much

better performance of ADS-HXD800 compared to ADS-HXD800 is due to better natural

circulation. The reason for this is described in Section ’Specifics for an ADS with heat-

exchangers located in the risers’. Figure 11 illustrates the temperature evolution during an

LOF accident.

Figure 11. Temperature evolution at core outlet during an LOF accident for ADS-

HXR800 and ADS-HXD800.

As mentioned earlier the power removal versus the volume ratio of the HXs is conser-

vatively chosen, since it is uncertain how the passage of argon gas through the HXs affects

their heat removal. When the HXs are located in the downcomers this conservative measure

is unnecessary since the argon gas will not pass through there. Thus, an investigation was

performed where the ratio was the same as for the BREST reactor, i.e. three times shorter

than for the previous investigation. For this case the temperature stabilizes at 992 K during

a LOF accident.

D. Loss-of-heat-sink accident

The average temperature increase of the coolant is 1.1 K/sec after the heat sink is lost.

The grace period before beam stop is necessary is ∼3 minutes in order to avoid exceeding

the ASME level D for both the ADS-HXR800 and ADS-HXD800, see Figure 12.
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Figure 12. Temperature evolution at core outlet during an LOHS accident for ADS-

HXR800 and ADS-HXD800.

VI. CONCLUSIONS

To locate the heat-exchangers in the risers is a potential inherent safety enhancement for

smaller type of reactors with a simplified flow path. This is particularly important for the

case when water is used as coolant in the secondary circuit. This design inherently avoids

that a leakage of steam from the heat-exchangers sweeps steam bubbles into the core region,

as could be the case if the with heat-exchangers were located in the downcomers. If the

secondary coolant is oil, the static pressure of the Pb/Bi-coolant is higher than the pressure

of the oil and therefore the Pb/Bi would primarily go into the oil tubes. A back pressure

that could develop may lead to some oil in the Pb/Bi flow. Whether the leaking oil bubbles

would rise or go with the Pb/Bi flow has to be proven experimentally.

For a 200 MW(thermal) reactor with heat-exchangers located in the risers satisfactory

behavior is noticed for loss-of-flow, loss-of-heat-sink, and total-loss-of-power accidents. For

loss-of-flow accidents with the accelerator still operating, the core outlet temperatures stabi-

lizes at 1020 K, which is slightly above the ASME level of 977 K. For the 200 MW(thermal)

design with heat-exchangers in the downcomers, the natural convection is considerably bet-

ter during an loss-of-flow accident and the temperature stabilizes at 882 K.

After a loss-of-heat-sink accident the grace period is about 5 minutes before beam inter-

ruption is necessary to avoid surpassing the ASME level D of 977 K for both reactor designs.

A total-loss-of-power accident leads to a temperature peak of 664 K nearly 10 hours after ac-

cident initiation for a design with the heat-exchangers in the risers. This causes no problems

for the core nor the structural materials. The temperature peak during a total-loss-of-power

accident, with the heat-exchangers located in the risers, is about 74 K higher.

For an 800 MW design the impediment of natural convection during an loss-of-flow

accident with the beam on is too severe for an ADS design with heat-exchangers in the riser.
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A temperature of 2000 K will be exceeded within 30 seconds. Hence, this type of approach

is not possible to employ for an ADS of 800 MW(thermal) power. The ADS with heat-

exchangers in the downcomers stabilizes at 1020 K for the same accident event. However, to

locate the heat-exchangers in the risers might be applicable for a critical Pb or Pb/Bi-cooled

reactor since negative reactivity feedbacks would shut the reactor off during the accidents

considered.

During a total-loss-of-power accident the temperature evolution at core outlet is benign

for both reactor types. The design with heat-exchangers in the risers performs better and

peaks at 750 K after 15 hours compared to about 850 K after 17 hours for the design with

heat-exchangers in the downcomers.

During loss-of-heat-sink events the temperature evolution is similar for both types of

reactors. The proton beam has to be shut off within 3 minutes to avoid exceeding the

ASME level D.

The natural convection of the 800 MW(thermal) design with heat-exchangers in the

downcomers is sufficient to provide adequate cooling for all investigated accidents. This

is rather certainly the only approach to cool a larger ADS with the beam on during these

accidents. However, the use of water as a secondary coolant is probably not possible. Besides

the use of oil, which can only be used for temperatures lower than about 700 K, one could

use Pb/Bi in the secondary circuit to avoid any problems with steam or oil ingress into the

ADS core.

VII. FUTURE WORK

An investigation of the heat removal from heat-exchangers located in the risers through

which argon gas passes. This would be important for a design with a simplified flow path.

Additional means to improve the natural convection should be investigated. For example

lower pressure drops in the core and the heat-exchangers are important.

The design of the heat-exchangers also affects the position of their thermal centers. For
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instance a more compact heat-exchangers located close to the free surface would increase

the distance between thermal centers and increase natural convection.

VIII. ACKNOWLEDGEMENTS

Prof. W. Gudowski for support and valuable comments. The Swedish Fuel Management

Company, Svensk Kärnbränslehantering, for financial support and the Joint Research Centre

of the European Commission for providing the computational facilities and the license fee

for the computer code.

22



Footnotes

1 Rupture of the protective oxide layer on structural components becomes severe.

2 Fuel failures occur, but the reactor vessel can withstand this temperature for several

hours.

3 American Society of Mechanical Engineers

4 Investment might be jeopardized, but fuel damage or radioactive release is unlikely.

5 Endanger the plant from an investment standpoint, although significant fuel failures

and radioactive releases are unlikely.
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Table I. Critical temperature for structural materials and protective oxide layers.

Characteristic problem Temperature when

problem occurs

Corrosion of structural material 893 K [19] 1

ASME2 level C 922 K [29] 3

ASME level D 977 K [29] 4

The limiting temperature to avoid creep

failure in several hours under the given

pressure conditions

1173K [30] 5

Melting point AISI316 1670 K [12]

28



Table II. Main characteristics of the ADS-HXR200.

Plant Area Reference Solution

Core power 250 MW(thermal),

keff 0.97 at BOL

keff 0.94 at EOL

Accelerator power 3 MW

Target unit Pb/Bi eutectic, window type undecided

Fuel U and Pu MOX

Coolant and moderator Pb-Bi eutectic

Vessel height 9m

Vessel diameter 6m

Steel, reactor vessel AISI 316L
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Table III. Comparison between hand calculation and STAR-CD predictions.

Temperature coolant,

[K]

Hand calculation,

[kW]

STAR-CD

calculation, [kW]

673 291 316

873 1079 1197
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FIGURES

FIG. 1. Schematic view of the ADS-HXD200.
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FIG. 2. Schematic view of the RVACS of ADS-HXR200.
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FIG. 3. Schematic view of the ADS-HXR200.
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FIG. 4. Schematic view of displacement of thermal centers after an LOF accident for

ADS-HXR200 and ADS-HXD200.
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FIG. 5. Coolant flow field of ADS-HXR200 one hour after TLOP accident initiation.
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FIG. 6. Temperature evolution at core outlet during a TLOP accident for ADS-HXR200,

ADS-HXR200 without BPRs, and ADS-HXD200.
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FIG. 7. Temperature evolution at core outlet during an LOF accident for ADS-HXR200,

ADS-HXR200 without BPRs, and ADS-HXD200.
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FIG. 8. Temperature evolution in the reactor vessel wall during an LOF accident for

ADS-HXR200, ADS-HXR200 without BPRs, and ADS-HXD200.
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FIG. 9. Temperature evolution at core outlet during an LOHS accident for ADS-HXR200,

ADS-HXR200 without BPRs, and ADS-HXD200.
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FIG. 10. Temperature evolution at core outlet during a TLOP accident for ADS-HXR800 and

ADS-HXD800.
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FIG. 11. Temperature evolution at core outlet during an LOF accident for ADS-HXR800 and

ADS-HXD800.
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FIG. 12. Temperature evolution at core outlet during an LOHS accident for ADS-HXR800 and

ADS-HXD800.
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Abstract – The work presented is part of the FZK and RIT contributions to the investigations for the assessment of the 

possibility to use existing highly-enriched MOX fuel in an ANSALDO-ENEA design for an experimental ADS (XADS) with 
lead bismuth (LBE) coolant, studied in the PDS-XADS Project of the 5. Framework Program of the European Community. 
Use of slightly modified existing fuel assemblies, of fuel pins, of fuel pellets and of reprocessed fuel is considered. Neutron 
physics, including burn-up analysis are presented. Use of SNR300 fuel assemblies appears feasible if technical and logistical 
constraints can be solved. SPX fuel pins or pellets also may be utilized, but due to the lower fissile enrichment a larger core 
is required. Both reprocessed SPX and SNR300 fuel may be utilized as demonstrated in the ANSALDO reference design with 
reprocessed SPX fuel. An interesting alternative is the utilization of both SPX and SNR300 pellets in fuel assemblies with 
identical outer dimensions, but with different lattice parameters. The preliminary burn-up analysis for a reference core with 
SNR300 fuel assemblies with Monte Carlo and deterministic methods show a burn-up reactivity loss of 6 to 7 pcm per full 
power day, corresponding to a reactivity loss of about 2% per year at 70 to 80% duty cycle. 
 

 
I. INTRODUCTION 

 

The work presented is part of the FZK and RIT contribu-
tions to the investigations for the assessment of the possi-
bility to use existing fresh highly-enriched MOX fuel in 
an ANSALDO-ENEA design for an experimental ADS 
(XADS) with lead bismuth (LBE) coolant, studied in the 
PDS-XADS Project of the 5. Framework Program of the 
European Community. A first very preliminary assess-
ment to utilize existing SNR300 fuel assemblies in an 
experimental ADS was presented in 1. In Appendix 5 of 
the European Roadmap for ADS Development 2 a more 
detailed analysis was performed, considering available 
fuel assemblies (FA) both from the fast breeder programs 
in Germany (SNR300) and France (SPX). Some main 
results in 2 are: 

• From technological point of view it is feasible to use 
SNR300 and SPX FA. 

• For SPX fuel a preliminary assessment was made to 
disassemble the FA and to utilize the fuel either in 
the rods or as pellets. Both options are feasible if fa-
cilities to handle this fuel stay available. The high 
Americium content in this old MOX fuel is not a ma-
jor problem. 

• Both SNR300 and SPX fuel pins contain axial blan-
kets in bottom and top areas. 

• SNR300 FA have, because of the smaller core, higher 
enrichments than the SPX FA. 

• Fabrication periods: SNR300 FA  between 1978 and 
1985. SPX first core between 1978 and 1984, second 
core between 1985 and 1988. 

 
From these considerations no other significant differences 
than the enrichments are to be expected in the utilization 
of SNR300 and SPX fuel. After a short characterization of 
the existing fuels in section 2, in section 3 the neutron 
physics analysis is described for the available fuel op-
tions. First burn-up analyses for the reference design of a 
LBE cooled XADS with SNR300 FA are presented in 
section 4. More comprehensive information may be found 
in reference 3. 

 
II. CHARACTERIZAZION OF EXISTING FUEL  

 
A good characterization of the SNR300 and SPX fuels 
may be found in reference 2. A summary of construction 
details of SNR300 fuel is given in TABLE 1. TABLE 2 
shows the fuel compositions as predicted for the year 
2010 4 of the three FA types, lower enriched fuel from 
MAGNOX Plutonium (C1_MAG) and from LWR Pluto-
nium (C1_LWR) and higher enriched fuel from LWR 
Plutonium (C2_LWR). A summary of construction details 
of SPX fuel is given in TABLE 3. TABLE 4 gives the 
fuel masses per FA of four types of SPX FA, predicted 



for the year 2010 on the basis of specifications in refer-
ence 5 for the year 1995. The depletion calculations have 
been performed with the code KORIGEN 6. The available 
fresh FA have fissile enrichments varying from 12.2% to 
15.8% for the SPX fuel and from 18.8% to 26.4% for the 
SNR300 fuel. These enrichments may be a good basis for 
the construction of an experimental ADS with conven-
tional MOX fuel in a first operation stage. 

 

III. NEUTRON PHYSICS CORE SIMULATIONS: 

In the next sections exploratory neutron physics simula-
tions of XADS core configurations with Lead Bismuth 
Eutectic (LBE) cooling will be discussed. 

 
III.A. SNR-300 FA cooled with Lead Bismuth Eutectic  

 
For the SNR-300 the existing FA have been considered. 
The characteristics data appears in TABLE 1. For the use 
of this fuel with LBE cooling in a XADS system the core 
layout with 66 FA , shown in FIGURE 2, is proposed. 
The first three rings (the central element is considered as 
the first ring) are filled with LBE mixed with structure 
material of the target (zone 1). The next two rings (zone 
2, which contains 42 FA) are loaded with the C1_MAG 
fuel; the next ring (zone 3) is loaded with 24 sub-
assemblies of type C2_LWR. This means that 6 FA are 
missing in the far edge of zone 3. Isotope compositions of 
fuels C1_MAG and C2_LWR are presented in the 
TABLE 2. The radial reflector (zone 4) and the inner tube 
are filled with homogeneous mixture of LBE and struc-
ture material in proportion depending on the specific core 
design. The multi group cross sections were prepared 
within the KAPROS/KARBUS modular code system 
starting from a 69 group master library, mainly based on 
the JEF2.2 evaluated data library. In most cases standard 
collapsing from 69 to 12 groups was applied. The flux 
calculations were carried out with the codes CITATION 
and TWODANT. The results, with 80% LBE and 20% 
structure material in the reflector and beam pipe are given 
in TABLE 5. To confirm the results obtained by the de-
terministic codes, the core simulation was also done by 
the MCNP code with the same homogenized cylindrical 
model. The criticality obtained was Keff=1.001 with stan-
dard deviation of 7 10-4 for fuel, coolant and clad material 
at temperature of 300 K. Comparing the above result to 
the 300 K transport cylindrical TWODANT value for 12 
energy groups 1.006, shown in TABLE 5, one observes a 
difference of about 0.5%, acceptable for these investiga-
tions. The amount of the structure material in the reflector 
and in the guiding tube was analyzed by means of hex-
agonal based calculations with CITATION code as well 
as with TWODANT code using cylindrical transport op-
tion. The main results are presented in TABLE 6. The 
range of criticality level values in TABLE 6 is almost 5% 
for the extreme cases. The extremely small core enhances 

the importance of the reflector dimensions in addition to 
the material composition shown above. The influence of 
the reflector size on the criticality is presented for the ref-
erence design in FIGURE 1. It can be seen that about 70 
cm is needed before reaching an asymptotic behavior. It 
should be noted here that the exploratory investigations in 
this section applied the same canning material as in the 
ANSALDO design. In the burn-up calculations of section 
IV the actual canning materials of the SNR300 FA 
(WN1.4981) was utilized, leading to lower criticality val-
ues. These results indicate that the SNR300 fuel is well 
suited for use in the envisaged XADS project. The origi-
nal FA, including axial blanket zones, may be used from 
the neutron physics point of view. However, the specific 
construction details must be taken into account in the 
XADS design. 
 

III.B. SPX fuel cooled by Lead Bismuth Eutectic (LBE) 
 

The existing Super Phenix (SPX) fuel is considered inten-
sively in the  XADS project. The ANSALDO XADS core 
design is based on reprocessed SPX fuel with increased 
fissile fraction, compared to the existing SPX fuel compo-
sition. This chapter describes the possibilities to use SPX 
rods or pellets for the ANSALDO XADS design propos-
als with LBE coolant. In this case the fuel re-fabrication 
for the XADS could be avoided. The benefit of handling 
SPX fuel on the pellet level is in the wrapper thickness. 
The original SPX rods are very long and thereafter require 
thick wrapper (about 4.6 mm) whereas the fuel rods of the 
ANSALDO design are considerably shorter and allow for 
only 2 mm thickness leading to significant reduction in 
parasitic neutron absorption within the core. The proposed 
core design is shown in FIGURE 3. The number of FA is 
198 in 6 full fuel rings, whereas the ANSALDO model 
consists of only 120 FA.. Calculations were carried out 
using the hexagonal option of the diffusion code 
CITATION. The average temperature of the fuel is 1273 
K and the coolant and cladding are taken at 773 K. The 
criticality obtained was keff=0.962 The CITATION results 
were verified by corresponding (R-Z) calculations using 
the (R-Z) transport version of TWODANT. For this case a 
cylindrical ring with equal volume as the 6 hexagonal fuel 
rings (198 FA) resulted in keff=0.971. These calculations 
show that the SPX fuel is not so well suited for direct use 
in an XADS. The dimensions of the existing FA and the 
relatively low enrichments lead to the conclusion that the 
SPX pellets may be used in an XADS core with ≈ 200 
FA. 
 
 
 
 
 
 



III.C. ANSALDO core design with two existing enriched 
fuel types 

 
It is of interest to check the feasibility of using the exist-
ing SNR300 and SPX fuels to avoid the reprocessing 
costs of fuel fabrication. In the following three constraints 
are satisfied: the criticality level is around 0.97, the num-
ber of subassemblies is 120 and the subassembly geome-
try is identical with the original ANSALDO design. From 
several possibilities, two representative configurations are 
discussed to emphasize the balance between lower costs, 
improved neutron physics characteristics and thermal–
hydraulics aspects. The first option is shown in FIGURE 
4. The inner rings consisting of 78 subassemblies are 
loaded with original SPX pellets (in the fuel zones). The 
rest outer 42 subassemblies are filled with highly enriched 
MOX with the composition of the C2_LWR SNR pellets 
of TABLE 2, embedded in the ANSALDO coating clad-
ding. The second option is shown in FIGURE 5. Here 
only 30 subassemblies with original SPX pellets are in-
troduced and the rest 90 subassemblies contain MOX with 
composition of the C1_MAG SNR fuel pellets of TABLE 
2. These assumptions imply for both cases reprocessing of 
the SNR300 fuel. The hexagonal configurations of the 
two cores were analyzed using the CITATION diffusion 
code. The criticality values of the CITATION results lay 
within 0.5 % of the MCNP reference calculations. In 
TABLE 7 the relevant neutron physics and thermal hy-
draulic features are presented. The first core, which uses 
more SPX fuel, exhibits worse thermal hydraulic behav-
ior. The two enrichment zones differ by about 25% lead-
ing to peak power factors of about 1.6 and to differences 
in power densities between two adjacent fuel elements 
(differently enriched) larger than 55%, which is very high 
from thermal hydraulic and fuel mechanics point of view. 
The second design utilizes more SNR300 fuel. Due to the 
lower enrichment of the C1_MAG fuel the power distri-
bution is smoother leading to lower peak factors and sig-
nificantly lower power ratio of two adjacent FA, 1.2 in-
stead of 1.55 in the former case. Furthermore, both con-
figurations are practically insensitive to source shut down 
in a sense of the multiplicity value. This first analysis of 
these two core designs clearly shows that the available 
MOX fuel pellets may be used for the design of an ac-
ceptable XADS core. A very interesting solution could be 
the use of SNR fuel pellets with 5mm outer diameter in an 
assembly with the same outer dimensions as the 
ANSALDO FA design for SPX pellets with 7.14mm 
outer diameter. This option could be investigated more 
detailed in a next stage. 

 

 

IV. BURN-UP INVESTIGATIONS FOR THE CORE 
WITH SNR300 FUEL 

 
First preliminary burn-up investigations were peformed 
for the reference design of a LBE cooled XADS with 
SNR300 FA. For this purpose, two alternative methods 
were applied: 
• Full Monte Carlo burn-up calculations with the 

MCB1C Code, performed by RIT Stockholm 
• Deterministic multi-group depletion calculations, 

performed by FZK Karlsruhe.  
 
 

IV.A. Burn-up investigations with the Monte Carlo code 
MCB1C 

Although a burn-up simulation with the Monte-Carlo 
method MCB 8 can be performed on a high level of ge-
ometry complexity, the main goal in the current stage of 
analysis is to produce results in a relatively simple model 
in order to allow direct comparisons with deterministic 
burn-up simulation methods. The model simplifications 
concern mainly the system geometry and the definition of 
a spallation neutron source.  

 
IV.A.1. Calculation Model and Methods 

The burn-up calculation was preformed by using the 
MCB code in a geometry model of XADS reactor using 
the adapted version of core model prepared by FZK as 
follows: 

a) Target and core geometry in appropriate (R-Z) geome-
try 

b) The neutron source is represented by a surface source 
file (RSSA) that was obtained by a collection of all neu-
trons leaking from the LBE target during an MCNPX 
simulation of a 600MeV proton beam interaction with the 
target in a standalone bare target model, thus avoiding an 
overlapping of core neutrons contributions. This source is 
more detailed than in the corresponding FZK calculations. 

c) The core is divided into 24 burnable zones: 3 radial 
sections times 8 axial sections. 

In order to assess the required reactor core parameters, the 
Monte Carlo method of neutron transport was applied 
using the MCNP based codes MCNPX and MCB1C, with 
temperature dependent cross section libraries of the MCB 
system. Two modes of calculations were applied: Firstly, 
the fixed source mode of MCNPX in a bare target system 
to produce the neutron source for burn-up calculations in 
MCB and to obtain core power distribution and radiation 
damage. Secondly, the burn-up mode of MCB to calculate 
the system evolution with time over 3 years of the 
80MWth thermal power irradiation. In general, the JEF2.2 
cross section libraries were used in the current calcula-



tions, whereas for nuclides of lead that are missing from 
JEF2.2 the JENDL3.2 data were used. The cross section 
at power temperatures 1200K for fuel and 900K for target 
were used. For the calculation of ks an integral approach 
has been applied. This leads us to following definitions: 
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where N f is the number of fission neutrons generated per 
one external source neutron. For the source effectiveness 
the following formula is applied: 
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with keff the criticality from the eigenmode calculation. 

 

IV.A.2 Power Normalization 

MCB calculates the thermal power released per one 
source particle and adjusts the source intensity to keep 
power at the user specified level. The core actual thermal 
power consists of direct radiation heating, including neu-
tron KERMA heating and gamma heating, as well as de-
cay heating – mostly from decays of short lived fission 
products. In our case the decay heating accounts for about 
3.0 MWth while the remaining 77.0 MWth comes from 
prompt radiation interaction with matter. The total power, 
however, neglects the energy release into the target in the 
high-energy particle transport. 

 

IV.A.3. Results 

The results obtained in the MCB burn-up calculation pre-
sented in TABLE 8 summarize the burn-up performance 
of the XADS core with SNR300 fuel. For the purpose of 
comparison with calculation systems that are normalized 
to fission energy we have assessed the energy release per 
one fission event by dividing the total heating by the 
number of fission events as follows. 

Heating per source neutron 1.692GeV 

Fissions per source neutron 7.817 

Energy/number of fissions  216.5MeV 

The obtained value should not be understood as the en-
ergy of one fission event since it includes all energy re-
leasing processes taking place in the system. The external 
source multiplication factor – ks is slightly higher than the 
actual reactivity or effective neutron multiplication factor 
- keff implying the source effectiveness greater than one.  

IV.B. Burn-up investigations with the deterministic  multi-
group code system KAPROS/KARBUS 

 
The modular code system KAPROS contains several op-
tions to perform burn-up investigations. The basic module 
BURNUP is based on the formalisms of the KORIGEN 
code 6. The required one-group data for the evolution cal-
culations can be provided within the KAPROS system 
with the help of best estimate weighting spectra, applied 
to the macroscopic multi-group zone dependant cross 
sections. The current 69 group master data library con-
tains multi-group cross sections for activation analyses for 
about 800 isotopes, including more than 160 isotopes with 
data for full multi group transport calculations. For this 
first XADS burn-up investigations the same calculation 
scheme was applied as for the IAEA ADS benchmark for 
Th/U233 fuel 7. The applied spallation neutron source was 
similar as in the IAEA benchmark: constant source in the 
central fuel assembly position with total extension of 
30cm symmetric to the center. The energy spectrum of the 
source was the same as in 9 . The reactor model is the 
same (R-Z) geometry as in the MCB1C case. Calculations 
were performed for 12 and 69 groups based on JEF2.2 
and JEFF3.0 evaluated data. The power generation in this 
deterministic burn-up calculations is based on 210 MeV 
energy release per fission. The results for the reactivity 
for the system, driven by the external source (source on), 
Ks, are based on consistent calculations of the ratio of 
neutron production to neutron losses. Up till now the time 
behavior of keff, ks , dkeff/dt and the heavy metal masses 
have been evaluated. 
 

IV.C. First comparisons of RIT and FZK results 

In this section first comparisons of the RIT results with 
Monte Carlo methods and of FZK results with determinis-
tic methods are presented. The comparisons are per-
formed with a 12 group constant library derived from a 69 
group master library; mainly based on the JEF2.2 evalu-
ated data file. A comparison of the time evolution of the 
criticality for source on/off states is presented in FIGURE 
6. The “source on” results are obtained from the calcula-
tions with external source, whereas the results for “source 
off” come from homogenous eigenvalue calculations. We 
may observe a satisfactory agreement between the RIT 
and FZK results. The discrepancies decrease with increas-
ing burn-up. Although the source representation is quite 
different in the RIT and FZK investigations, the behav-
iour of the reactivity for source on/off is similar in both 
cases: the value for source on is slightly higher than for 
source off and the difference has a tendency to increase 
with increasing burn-up. The data for the reactivity loss in 
pcm per full power day show agreement better than 10%. 
The reactivity loss per full power day amounts 6 to 7 pcm 
and is slowly decreasing with burn-up. These values are 
rather high and lead to a reactivity decrease of ∆keff ≈ 2% 
per year at 70..80% duty cycle. A measure for the abso-



lute fluxes are the required source strengths, compared in 
FIGURE 7. We may here also observe good agreement. 
In order to explain possible differences in the burn-up 
evolution obtained with the different simulation methods 
one need to compare the evolution of the nuclide densities 
as well as their influence on the system criticality. More 
detailed information may be found in reference 3. As an 
example FIGURE 8 shows comparisons between RIT and 
FZK results for the changes in the heavy metal invento-
ries of the main isotopes in the core. Generally, the results 
show that nuclides that are being reduced in mass are 
U238, Pu239, U235 and Am241,other nuclides usually are be-
ing build-up. The differences in the heavy metal inventory 
changes in the RIT and FZK results increase if the build-
up of the isotopes becomes more complicated by multiple 
transitions. The differences for the individual isotopes 
have to be analyzed in more detail. 

V. SUMMARY 

Several options for the utilization of the existing high 
enriched fuel from the European fast breeder programs 
SNR300 and SPX in the core of an XADS have been in-
vestigated. In these studies the use of slightly modified 
fuel assemblies, of fuel rods and of pellets have been con-
sidered. From the neutron physics point of view the refer-
ence core with SNR300 fuel assemblies is feasible. The 
two level enrichment strategy allows for low peak factor 
and a flattened spatial flux distribution. For the SPX fuel 
based model an optimization procedure is necessary to 
favor either the option of fabricating new fuel 
(ANSALSO model) or to remain with the existing fuel 
and to deal with the consequences of a larger system. The 
combination of two fuel pellet types within fuel assem-
blies of the ANSALDO core design seems to be feasible 
and might be the best solution if technical and logistics 
problems can be solved. First preliminary burn-up calcu-
lations with Monte Carlo and deterministic methods for 
the SNR300 fuel reference core show reasonable agree-
ment for important parameters. The differences in the 
evolution of minor actinides are larger and have to be 
analyzed in more detail. The reactivity loss per full power 
day amounts 6 to 7 pcm and is slowly decreasing with 
burn-up. These values are rather high and lead to a reac-
tivity decrease of ∆keff ≈ 2% per year at 70..80% duty 
cycle.  
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TABLE 1: Main characteristics of the SNR-300 sub-assembly. 

casing fuel bundle 

Form hexagonal number of fuel pins 166 

pads distance 115.0 mm number of structure pins 3 

wrapper distance across flats 110.25 mm spacers 14 grid spacers 

wrapper thickness 2.6 mm pitch/diameter 7.9/6.0 = 1.316 

fuel pin 

outer cladding diameter 6.00 mm fertile fuel length 2 x 400 mm 

cladding thickness 0.38 mm upper fission gas plenum length 43.0 mm 

fissile fuel length 950.0 mm lower fission gas plenum length 645.0 mm 

pellet diameter 5.09 mm   

 

 

 

 
TABLE 2: SNR-300 fuel element material composition in the year 2010 for the three existing fuel types.  

 The data  corresponds to 166 fuel pins in one FA. 

mass of fuel isotopes per one FA for different fuel types, (g/FA) 
isotope 

C1_MAG C1_LWR C2_LWR 
U234 2.6 11.3 18.8 

U235 76.2 127.9 128.6 

U236 4.8 5.3 6.9 

U238 19848.5 19512.1 16755.3 

Np237 6.70 12.2 17.5 

Pu238 8.7 40.9 73.7 

Pu239 4921.8 4486.5 6219.7 

Pu240 1360.9 1638.2 2265.6 

Pu241 49.2 114.8 206.5 

Pu242 52.4 204.5 331.7 

Am241 197.3 393 616.4 

Total fuel 26529.10 26546.70 26640.70 

Pu-fi+Am/HM 0.194816 0.188133 0.264355 

 

 



TABLE 3: Main characteristics of the SPX sub-assembly 5. 

casing fuel bundle 

Form hexagonal number of fuel pins 271 

pads distance  number of structure pins - 

wrapper distance across flats 173 mm spacers 14 grid spacers 

wrapper thickness 4.6 mm pitch/diameter 10.5/8.5=1.235 

fuel pin 

outer cladding diameter 8.50 mm fertile fuel length 2 x 300 mm 

cladding thickness 0.565 mm upper fission gas plenum length 

fissile fuel length 1000.0 mm lower fission gas plenum length 

 

Total 852 mm 

pellet diameter 7.14 mm   

 
 
 

TABLE 4: SPX Fuel element material composition in the year 2010 for the three existing fuel types.  
The data corresponds to 271 fuel pins in one FA. 

mass of fuel isotopes per one FA for different fuel types, (g/FA) 

isotope 
R1–inner core R2–inner core 

R1–external 
core 

R2–external 
core 

U234 28.9 37.7 56.1 27.1 

U235 408.7 404.7 381.0 383.6 

U236 9.43 30.7 34.3 31.7 

U238 75407 75060 70930 70944.3 

Np237 17.5 21.1 29.9 22.5 

Pu238 136.8 178.1 255.8 128.0 

Pu239 9854.7 9842.7 11765.0 12733.5 

Pu240 3702.5 3792.0 4832.4 4596.3 

Pu241 394.1 508.2 658.7 542.2 

Pu242 533.2 720.4 1056.0 686.2 

Am241 913.0 1114.7 1554.0 1189.0 

Total fuel 91406 91710 91553 91284 

Pufis + Am/HM 0.1221 0.1250 0.1527 0.1584 

 
 



TABLE 5. SNR–300 fuel reference core parameters, with 80% LBE and 20% structure material in the reflector 
and the central core (zones 1 and 4). 

Keff Case TWODANT S8 
12 groups 

CITATION 
12 groups 

300 K 1.006 0.996 

C
yl

in
de

r 

1273 K 0.994 0.983 

300 K  0.994 
H

ex
ah

ed
ra

l 

1273 K  
0.981 

4 meshes 
0.983*) 

*) source on, otherwise source off 

 
TABLE 6. Influence of the structure material in the target and the reflector on Keff , calculated with cylindrical 

transport model of TWODANT at fuel temperature 1273 K. 
Coolant/structure fraction, %vol 

Target reflector 
Keff for the  

„source off“ option 

80/20 80/20 0.994 

100/0 100/0 1.019 

100/0 80/20 1.005 

100/0 50/50 0.985 

100/0 20/80 0.970 

 

TABLE 7. Criticalities and power densities of two core designs (FIGURE 4,5) for a 80MWth ANSALDO based 
XADS core design. The power densities refers to the “source on” option. 

Core layout FIGURE 4 FIGURE 5 

Number of SPX  assemblies 78 30 

Number of C1_MAG SNR assemblies ------ 90 

Number of C2_LWR SNR assemblies 42 ------ 

 Keff 0.9684 0.9717 

Multiplicity with source on 0.9677 0.9722 

Peak linear power (W/cm) 128.6 125.0 

Mean linear power in SPX assembly (W/cm) 78.3 82.4 

Mean linear power in C1_MAG assembly (W/cm) ------ 89.7 

Mean linear power in C2_LWR assembly (W/cm) 95.1 ------ 

 



TABLE 8: Summary of MCB1C results for LBE cooled XADS with SNR300 fuel 

Time 

[year] 

Power 

[MW] 

Source 
Strength 

[1/s] 

 

keff 

 

ks 

H/S 

[MeV] 
I 

Decay Heat 

 [W] 

BOL 80 3.04E+17 0.9592 0.9613 1642.93 1.0549 2.94E+06 

0.25 80 3.29E+17 0.9523 0.9547 1515.12 1.0549 2.97E+06 

0.50 80 3.71E+17 0.9471 0.9496 1346.43 1.0537 2.97E+06 

0.75 80 4.15E+17 0.9408 0.9446 1201.79 1.0732 2.97E+06 

1.00 80 4.58E+17 0.9350 0.9378 1090.56 1.0492 2.97E+06 

1.25 80 5.04E+17 0.9292 0.9325 989.53 1.0534 2.97E+06 

1.50 80 5.54E+17 0.9233 0.9273 900.64 1.0590 2.97E+06 

1.75 80 6.16E+17 0.9168 0.9211 810.07 1.0584 2.97E+06 

2.00 80 6.43E+17 0.9111 0.9164 775.79 1.0697 2.97E+06 

2.25 80 6.90E+17 0.9061 0.9116 723.26 1.0694 2.97E+06 

2.50 80 7.48E+17 0.9000 0.9059 667.16 1.0696 2.97E+06 

2.75 80 7.70E+17 0.8946 0.9014 648.18 1.0773 2.97E+06 

3.00 0.038 0 0.8891 0.8954 0 1.0687 3.76E+04 
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FIGURE 1. keff as a function of reflector thickness. Three coolant to structure volume ratios are considered for 
 the reflector. The target region for all cases is represented by 80% of LBE and 20% of structure  
 material. The fuel temperature is 1273 K. 
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FIGURE 2. Reference SNR–300 core design. Low 
enriched C1_MAG assemblies (zone 2) are 
surrounded by high-enriched fuel assem-
blies of type C2_LWR (zone 3). Zone 1 
target zone, represented by LBE mixed 
with structure material, zone 3 reflector, 
made of LBE - structure mixture  

3

2
1

 
FIGURE 3 Core layout for the SPX fuel. Zone 1 – 

the target zone, represented by LBE mixed 
with structure material; zone 2 most en-
riched SPX fuel in ANSALDO sub-
assembly configuration; zone 3 reflector, 
made of LBE - structure mixture. 

 
 

 
FIGURE 4  ANSALDO core layout for the two 

enrichment option. The target zone, rep-
resented by LBE mixed with structure 
material; SPX – most enriched SPX 
fuel; C2_LWR – most enriched SNR 
fuel, reflector is represented by ho-
mogenized LBE and structure mixture. 

 
FIGURE 5. ANSALDO core layout for the two 

enrichment option. The target zone, repre-
sented by LBE mixed with structure mate-
rial; SPX – most enriched SPX fuel; 
C1_MAG – SNR fuel (with lower enrich-
ment compared with C2_LWR), reflector 
is represented by homogenized LBE and 
structure mixture. 



 
FIGURE 6.  Comparison of RIT Monte Carlo and FZK deterministic results for burn up dependant  criticality values for 

XADS with SNR300 fuel. Source on/off states are plotted. 

 
FIGURE 7.  Comparison of RIT Monte Carlo and FZK deterministic results for burn up dependant  source strength for XADS 

with SNR300 fuel 

 
FIGURE 8.  Comparison of RIT Monte Carlo and FZK deterministic results for burn up 
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Abstract - A large reactivity loss characterizes small reactors with hard neutron spectrum due to a large 
surface-to-volume ratio, that increases the neutron leakage. Introduction of a moderating reflector into a small-
size ADS reduces the reactivity loss due to neutron leakage and mitigates adverse effects of reactivity swing. An 
additional advantage of the moderating reflector is flattening of the radial power distribution. In addition an 
introduction of a burnable absorber into the moderating reflector might reduce the reactivity swing without a 
significant change of the power peaking factor. To assess effects that the moderating reflectors make on the 
reactor performance, comparative burn-up calculations have been done; the results show the remarkable 
potential of the moderating reflectors with burnable absorbers for the reactivity swing reduction. 

 
 
 

I. INTRODUCTION 

Small size Accelerator Driven Systems (ADS) have 
been proposed as experimental facilities to explore the 
physics of subcritical system coupled with a proton 
accelerator. One of it is the Gas-cooled Experimental 
Accelerator Driven System (XADS) with a fast spectrum 
80 MW(th) sub-critical reactor associated with a 
spallation neutron source driven by a beam of 600 MeV 
protons at a current of up to 5 mA, which is presented in.1 
In such a system an application of a stainless steel 
reflector is a primary design choice. Since no control rods 
are envisioned for application in ADS the burnup 
induced reactivity loss need to be compensated by 
increased proton beam current, but this might be limited 
by several technical issues. To reduce the reactivity 
swing one can propose burnable absorbers to be inserted 
into the reactor core. A novel concept that we propose 
here is to introduce a burnable absorber into the reflector 
region, which is filled with a moderator. Analysis of this 
concept is presented; it bases on the results of neutronic 
and burnup calculations performed with a Monte Carlo 
burnup code MCB. The results are compared with the 
ones obtained for the reference design, which 
incorporates a stainless steel reflector. 

 

II. NEUTRONICS OF A GAS-COOLED SMALL 
ADS 

In a gas-cooled ADS an introduction of a reflector to 
the core is a necessity in order to reduce neutron leakage 
and to maintain the reactivity on desired levels. Without a 
radial reflector the reactor would have a neutron 
multiplication factor keff = 0.78, which is equivalent to a 
25% loss of reactivity. This large reactivity loss 
characterizes small reactors with large surface-to-volume 
ratios. The reflector adopted in the reference model 
consists mainly of steel, which makes it a hard spectrum 
reflector: in the high-energy range of interaction with 
neutrons the neutron inelastic scattering process dominates 
thus suppressing neutron moderation. This main feature of 
the reflector stays in line with the general characteristic of 
fast spectrum gas cooled reactors. The main reason why 
the fast neutron spectrum is advantages in ADS is that it is 
associated with a smaller gradient of the neutron flux thus 
it reduces the power peaking in the spallation target 
vicinity. However, in the outer core boundary the flux 
level is lower due to the neutron leakage, which cannot be 
compensated by the source neutrons because they have 
been already absorbed in the core center. Nevertheless, 
there is available a design option to increase neutron flux 
at the core borders, without increasing power peaking in 
the core center, by application of a neutron moderator in 
this region. This option uses mixing spectra in the core and 
it was previously studied by Stone et al .2  in application to 



 

an ADS reactor where so called a dual spectra core was 
proposed, which coupled two separated regions: inner 
(fast) and outer (thermal), in order to reduce the reactivity 
swing. The moderator adoption at the core periphery will 
not affect the spectrum of neutrons coming from the 
target and of those multiplied in the central zone but it 
will introduce reflected and moderated neutrons into the 
outer region. This will enhance the fission reaction rate 
due to higher cross sections for fission in the lower 
energy range. An alternative option for a small ADS, 
which is analyzed in the following subchapter, is to 
introduce a moderator into the reflector instead of into 
the core. This enhances applicability of burnable 
absorbers to reactivity swing reduction since such a 
reflector starts to play an important role in maintaining 
the reactor criticality level. 

 
III. CONCEPT OF A BURNABLE ABSORBER IN 
THE REFLECTOR 

The main purpose that we considered adoption of 
neutron absorbing elements into the core is a 
compensation for the burn-up reactivity loss caused by an 
insufficient fuel conversion from fertile materials: by 
reduction of the reactivity swing one can extend the fuel 
residence time in the reactor. The possibility of adopting 
a burnable poison exists only if the system can afford 
having excess reactivity at the beginning of irradiation, 
thus compensating for the neutron loss to the absorbers. 
This means that the fuel for the initial core loading must 
have a higher enrichment unless other means for 
increasing the reactivity, such as better reflectors, are 
introduced. The idea of using burnable absorbers is 
simple in principle in that, along with the fuel burn-up, 
neutron-absorbing material is also being burned, thus 
reducing the neutron loss term along with the burnup. An 
introduction of the poison into the core influences its 
power distribution what can be used for neutron flux 
tailoring and for reducing the power peaking in the 
system. However, when one considers reactor cores with 
uniform distribution of the fuel and the poison a 
disadvantage of burnable poison can be seen: a fuel with 
burnable poison, as compared with a fuel reach in fertile 
material, both having the same burnup potential, has a 
larger macroscopic cross section for absorption, which 
results in a larger buckling of the core flux.  This 
generally would lead to a larger power form factor in the 
core with the poison than in the corresponding case with 
the fuel reach in fertile material. This problem is solved 
in the case of critical reactors by adopting a not uniform 
distribution of the poison with a higher concentration of 
it in the central region. However, that solution has a 
strong drawback in the case of an ADS in deteriorating 
the external source efficiency. As compared to situation 
in a critical reactor the ADS is more demanding at this 
point. The central part confines the neutron source, which  
induces extra power peaking to be compensated by 
poison, and this itself increases the material buckling thus 
increasing the gradients of the neutron flux originated 
from the spallation target. The final effect is a high price 

paid on the source efficiency loss due to the absorber 
presence in the central part of the core. Hence, reactivity 
swing would be reduced but at the expense of the proton 
beam current, which would need to be raised in order to 
compensate for the efficiency loss. 

Other possible way is to introduce burnable poison 
into the moderating reflector. The moderating reflector 
creates conditions in which the neutron that reaches the 
reflector will be moderated and reflected into the core, 
where it will enhance the fission. That is possible with 
preservation of the core composition required for  a fast 
neutron spectrum thus not increasing material buckling of 
the core. A few design possibilities exist here of 
combining a fast neutron reflector made of steel with a 
moderator of graphite or some hydrides in order to 
controlling the spectrum of reflecting neutrons. The 
burnable poison in the reflector controls of reactivity 
swing with burnup by reducing amount of the poison thus 
increasing the fraction of reflected moderated neutron into 
the core and enhancing the fission rate at the later stage of 
the fuel cycle in the core. The burnable poison in the form 
of a thin film that surrounds the moderator can be applied 
here. The problem that apparently rises here is a possible 
power peaking on the level of fuel pins which might occur 
for the pins that neighbor the reflector and absorb the most 
of the moderated neutrons. This drawback needs to be 
checked for a particular design to prevent from 
unacceptable pin overheating. 

 
IV. NEUTRONIC AND BURNUP SIMULATION 
OF THE FUEL CYCLE 

A comparative studies were performed to analyze the 
potential of burnable absorbers in the reflector by running 
burnup calculation of the reference gas-cooled XADS in 
two cases: one with the steel reflector, and other with the 
reflector of graphite rods having radius equal to 5.2 cm 
and wrapped by thin films of B4C of the thickness equal to 
0.005 cm, as a poison, modeled to achieve the poison 
lifetime of 3 years, which is in line with the period of one 
fuel cycle in the core. Three rows of graphite assemblies 
were implemented with only the first row containing the 
rods wrapped by the poison whereas the next two rows 
containing the graphite blocks in a steel wrapper. These 
reflector should be treated as an option of strong 
moderation, which can show the potential for reactivity 
swing control by the burnable poison. If linear power 
characteristic needs to be improved a weaker moderation 
can be adopted instead. Other option considered below 
concerns core with dual enrichment, in which the outer 
region contains fuel with lower enrichment in order to 
reduce linear power on boundary fuel pins. 

Following three reactor models were analyzed: 
 

1. Reference model: 
• Core with one fuel enrichment of 23.2% 
• Steel reflector 

 
2. Reference core with graphite reflector:  

• Core with one fuel enrichment of 23.2% 
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• Reflector: 3 rows of S/A filled with graphite, the 
first one – rods R=5.2 cm wrapped by the B4C 
of 0.005 cm  thickness  

3. Dual enrichment core with graphite reflector: 
• Last row of S/A’s fuel enrichment lowered to 

17.7% 
• Other S/A’s fuel enrichment of 23.2% 
• Reflector: 3 rows of S/A filled with graphite, the 

first one – rods R=5.2 cm wrapped by the B4C 
of 0.005 cm  thickness  

 
For the above models we have performed the burnup 

analysis applying MCB – burnup code 3, which is based 
on MCNP 4. The neutron transport calculations were 
done in the source mode with the neutron source 
generated in an MCNPX 5 simulation of a 600MeV 
proton beam interaction with the target in a standalone 
bare target model. The burn-up calculation model 
assumes the core division into 6 radial and 10 axial zones 
defined on the fuel pin level. The temperature dependent 
JEF2.2 cross section libraries were used in the 
calculations in general, whereas for nuclides of lead that 
are missing from JEF2.2 the JENDL3.2 data were used 
instead. In every case, the burnup calculation were 
normalized in a way that keeps the system thermal power 
at a constant level of 80MW. For description of criticality 
we use two terms: eigenmode of fundamental criticality 
keff, and source mode criticality, also called k-source or 
ks, that is defined by following equation: 

 

 
1+

=
f

f
s N

N
k  (1) 

where  N f  is the total number of fission neutrons 
generated per one external source neutron. 

 
While keff should be used for safety considerations, 

ks is responsible for a gain of the neutron source power in 
the reactor core. 

Results of burnup calculations for the reference core 
with steel reflector (Case 1) shown in Figure 1 give 
reactivity swing of about 3400 pcm over the fuel cycle of 
3 years. That should be compared with the reactivity 
swing of reference core with burnable absorber in the 
moderating reflector (Case 2), which is presented in 
Figure 2. The reactivity loss rate is lower than half of that 
in the reference case. However in this case the power 
peaking on the most outer and hottest pins is almost 
twice higher than the average over entire core. This 
adverse effect can be reduced in a few ways. The first 
one is to reduce amount of moderator in the reflector, the 
second one can be an increase of the poison in the 
reflector, whereas the others can based on introducing a 
dual enrichment core. The purpose behind investigating 
Case 3 was to examine the last solution. In the examined 
model with dual enrichment the reactivity swing 
reduction is a bit smaller than in the case with single 
enrichment, which is shown in Figure 3, but further 
improvement can be achieved by optimization of 

 
 

 

 

 

 

 

 

 

 

 
 

Figure 1. Criticality Evolution of XADS Reference Core 
with Steel Reflector 

 

 

 

 

 

 

 

 

 
Figure 2.  Criticality Evolution of XADS Reference Core 

with Burnable Poison in Moderating Reflector 

 
 
 
 
 
 
 

 

 
 

 

 

 
 

 
Figure 3. Criticality Evolution of Dual Enrichment Core 

with Burnable Poison in Moderating Reflector 
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burnable poison’s and moderator’s fractions. In this case 
the power peaking is reduced to the accepted levels due 
to lower enrichment.   shows the distribution of the linear 
power at their peak levels across the reactor core for the 
extreme and limiting condition that is when all poison is 
gone. In normal burnup conditions the power peaking 
would be smaller due to unburned amount of poison and 
also due to the fuel burnup. The power peaking occurs at 
the end of 3 years cycle in the central part of the pin in 
the sub-assemblies that are close to the moderator since 
the poison is burned up to the most extent. However, 
even in that case the linear power at the core mid-plane 
level in the pins of the last row is smaller than in the of 
the core center.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.  Power Distribution in Dual Enrichment Core 
with Moderating Reflector after Poison Burnup 

 
Both cases with burnable poison in the reflector have 
better the source efficiency than in the reference case 
what is manifested by larger gap between the eigenvalue 
criticality keff and the source mode criticality ks. This 
additionally reduces the proton beam current that is 
required to produce power at constrained  level what is 
shown in Figure 5.   
 

V. CONCLUSIONS 

Presented results show remarkable potential of 
moderating reflectors combined with burnable absorbers 
for reducing reactivity swing. Good performance of 
moderating reflectors combined with burnable absorbers in 
reducing reactivity swing with power peaking control is 
obtained in the dual enrichment case. An extension of the 
fuel cycle period by 80% is possible without significant 
power peaking. Other advantage of proposed solution is a 

possibility of working in deeper sub-criticality for a given 
beam current limit.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Comparison of Required Proton Beam Current in 
Analyzed Cases 
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Abstract - The European Experimental Accelerator Driven System (XADS) is being designed for two different 
cooling media: Pb/Bi eutectic and He-gas. This paper describes the technical specification and performance of 
the 80 MW (thermal) He-cooled XADS core configuration. This XADS is driven by an accelerator delivering a 
beam of 600 MeV protons at a current of up to 5mA entering a liquid lead-bismuth eutectic spallation target, 
located near the core center. The core consists of a collection of hexagonal sub-assemblies arranged to form a 
hollow cylinder coaxial with the proton beam line. The He-coolant is at a nominal mean core pressure of 60 bar 
with an inlet temperature of 200°C and a nominal outlet temperature of 450°C. This paper presents information 
on the overall design concept of the core, the core layout, the fuel sub-assembly design and the results of an 
initial Monte Carlo model simulation, including a safety analysis and burnup performance. This includes 
determinations of the Doppler effect, reactivity coefficients and preliminary damage information. Some core 
design options, involving the utilisation of existing highly enriched MOX fuel (SNR300 or SPX), are also 
discussed. 

 
 
 

I. INTRODUCTION 

The gas-cooled Experimental Accelerator Driven 
System (XADS) is a fast spectrum 80 MW(th) sub-
critical reactor, coupled with a spallation neutron source. 
The core design is based on an accelerator delivering a 
beam of 600 MeV protons at a current of up to 5 mA that 
enters a liquid lead-bismuth eutectic spallation target, 
located near the core centre. The reference core design 
consists of a collection of hexagonal sub-assemblies 
arranged to form a hollow cylinder coaxial with the 
proton beam line. Two options for the coolant are being 
considered: molten lead-bismuth eutectic and helium gas. 
This paper is concerned with the gas-cooled option.  The 
helium gas is at a nominal mean core pressure in the 
region of 60 bar with an inlet temperature of 200°C and a 
nominal outlet temperature of 450°C. We present 
information on the overall design concept of the core, the 
core layout, the fuel sub-assembly design and the results 
of an initial Monte Carlo model simulation, including a 
safety analysis and burnup performance. This includes 
determinations of the Doppler effect, reactivity 
coefficients and preliminary damage information. 

The majority of the information on the core 
configuration is given in Section II. In Section III, the 
results of a preliminary core neutronics analysis using 

MCNP and related codes are presented. These results 
include calculations of reactivity coefficients for Doppler, 
core expansion and coolant void effects, the distribution of 
linear ratings, sub-assembly reactivity worths and 
preliminary damage information. Section IV gives results 
of preliminary burnup calculations with the reference core. 
Section V discusses the option  of using existing highly 
enriched MOX fuel (either SNR300 or SPX). Finally, we 
conclude in Section VI. 

 
II. PRELIMINARY CORE DESIGN 

II.A. Mechanical Structure 

The reactor primary system shown in Figure 1 
comprises a reactor pressure vessel, housing the core, a 
separate vessel that houses the Power Conversion System 
and a cross vessel linking the two. The reactor vessel is 
located within an air-cooled concrete vault and the whole 
system is located within the reactor building. The reactor 
vessel boundary comprises: 

 
• a cylindrical  section,  
• an elliptical reactor bottom head welded to the 

cylindrical part,  



• a flat removable reactor cover head bolted to the 
reactor vessel flange,  

• the reactor thimble bolted to the reactor cover.  
 

 
Figure 1. Gas-cooled XADS reactor vessel and pit. 

 
Inside the reactor vessel, the core is supported by a 

diagrid, which  rests on a support plate, which, in turn, 
sits on a flange at the bottom of the cylindrical section of 
the vessel. The vessel itself is supported on an annular 
ring beam from the concrete vault. Within the vessel, 
cold helium (200°C) is separated from hot helium 
(450°C) by an inner vessel, which is suspended from a 
support flange towards the top of the main vessel and is 
attached to the top of the diagrid. The cold gas flows 
down through the annular space between the inner vessel 
and the main vessel and into the diagrid where it is 
distributed to the sub-assemblies.  

The fuel subassembly consists of a hexagonal 
wrapper tube enveloping the fuel pin bundle and neutron 
shield assembly, a spike assembly attached to the lower 
end of the wrapper tube, and a lifting feature attached to 
the upper end of the wrapper tube. The spike assembly 
provides the connection between the diagrid and the fuel 
assembly. It serves three functions: to transfer axial and 

transverse mechanical loads to the diagrid, to provide a 
means for the suitable positioning of the subassembly in 
the core, and to provide an entry route for the helium 
coolant flow. 

 
II.B. Sub-Criticality 

It is intended that the core will remain sub-critical 
under all plant conditions – both design basis conditions 
(DBC) and design extension conditions (DEC). During 
refuelling, absorber rods will be used to reduce the 
reactivity still further, to account for the additional 
reactivity associated with possible handling errors. In the 
case of DBC and DEC, a preliminary maximum operating 
effective multiplication factor, k-effective, of 0.970 has 
been assumed for the initial safety analysis. This value has 
been chosen as a starting point but its actual value cannot 
be determined until the values of the various reactivity 
insertions that could occur during operation have been 
calculated. For the refuelling there is an additional 
contribution from handling errors, which must be covered 
by the absorber rods. The rods therefore bring the normal 
k-effective during refuelling to some value below the 
maximum k-effective allowed at full power. At this stage 
it has been assumed that this reduced value of k-effective 
for refuelling will be 0.950, but this remains to be verified. 

 
II.C. Fuel Type 

The core will be fuelled with conventional mixed 
oxide (MOX) fuel in the first instance, with a maximum 
plutonium enrichment of 35% by mass. For the initial 
neutronics analysis it has been assumed that the isotopic 
composition of the fuel will be similar to that of 
Superphenix. The composition used is given in Table 1. 
The possibility exists to use existing highly enriched MOX 
fuel from either Superphenix or the SNR-300 plant. This 
option is discussed in Sections V.A and V.B.  

 

Table 1.  Isotopic composition of fuel assumed for initial 
neutronics analysis 

Nuclide Grams per S/A % by weight of 
heavy metal 

U234 1.7 0.00 
U235 192.9 0.40 
U236 2.0 0.00 
U238 37070.0 76.36 
Total U 37266.6 76.76 
Pu238 30.6 0.06 
Pu239 7794.0 16.05 
Pu240 2754.0 5.67 
Pu241 287.1 0.59 
Pu242 145.0 0.30 
Total Pu 11010.7 22.68 
Np237 2.4 0.00 
Am241 268.2 0.55 
Total 48547.9 – 



II.D. Core layout 

The proposed core layout is shown schematically in 
Figure 2. The 19 positions at the centre of the core are 
left empty to accommodate the spallation target 
assembly. Outside this there are 90 fuelled sub-
assemblies that, at the present time, are assumed to be all 
of the same enrichment. Outside the fuel there are 
approximately 3 rows of steel reflector sub-assemblies 
and outside this there are approximately 5 rows of shield 
sub-assemblies. The shield region is divided into two, the 
inner two rows being composed of sub-assemblies with 
boron-carbide pins and the outer rows being composed of 
boron-carbide blocks. The circular ring shown at the core 
periphery has a radius of 165.5 cm. Also shown are the 
locations of the absorber rods to be used during 
refuelling. It is currently envisaged that reflector sub-
assemblies would occupy these locations during normal 
operation at power. 
 

Fuel

Absorbers

Reflector

Inner Shield (pins)

Outer Shield (blocks)  
 

Figure 2. Preliminary core layout 

 
II.E. Fuel Sub-Assembly Design 

The overall design of the fuel sub-assembly and its 
components is conventional and similar to those designed 
for and irradiated in critical fast reactors. Consequently, 
the feasibility of the proposed fuel assembly design and 
its components has been demonstrated. The materials for 
fuel sub-assembly components are expected to be 
subjected to damage doses similar to those of the sodium-
cooled European Fast Reactor (EFR) design. The peak 

damage dose to the fuel sub-assembly components is 
specified as 150 dpa NRT Fe in 1. The damage dose at the 
diagrid interface over the life of the reactor is limited to 2 
dpa NRT Fe to minimise irradiation-induced degradation 
of the material properties. In the liquid sodium 
environment of EFR, the sub-assembly components 
achieved the requirement without the need for additional 
shielding. In the helium environment of XADS, additional 
shielding in the top and bottom of the sub-assembly may 
be necessary to compensate for the loss of absorption in 
sodium and the effects of neutron streaming.  

The principal sub-assembly, fuel pin and bundle 
dimensions are summarised in Table 2. The selection of 
materials for fuel sub-assembly components is based on 
that of EFR. The wrapper tube and the rubbing pad 
substrate are made from a ferritic/martensitic stainless 
steel. The material testing programmes in the PFR and 
Phenix have shown that they exhibit low thermal 
expansion and low irradiation-induced swelling. The 
design of the fuel pin and bundle are conventional. The 
principal dimensions are consistent with the parameters 
proposed by Framatome on the basis of preliminary 
studies2.  

 
Table 2.  Principal sub-assembly and pin bundle dimensions 

Description Value 

Subassembly  
Overall length 4.800 m 
Subassembly pitch 120 mm 
Inter-subassembly gap 5 mm 
  
Wrapper  
External across-flats 115 mm 
Wall thickness 4.5 mm 
  
Fuel pin bundle  
Overall length 2620 mm 
Number of pins 37 pins arranged on a 

triangular pitch 
Pin pitch 16.78 mm 
Pitch/diameter ratio 1.291 
Length of the fuel column 1500 mm 
  
Neutron shield pin bundle   
Overall length 1000 mm 
Number of pins 7 pins arranged on a 

triangular pitch 
Length of steel reflector 380 mm 
Length of boron carbide 
shield 

500 mm 

 
 
II.F. Radial Reflector, Shields and Absorber Rods 

The radial reflector sub-assemblies will consist of a 
bundle of solid steel pins held within a sub-assembly 
wrapper. The inner radial shield sub-assemblies will 
consist of a bundle of steel-clad natural boron carbide pins 



held in a sub-assembly wrapper. The outer radial shield 
will consist of natural boron carbide at a density of 
78% TD, within a sub-assembly wrapper. The absorber 
rod design has been based on the secondary shutdown 
rods of EFR. It will consist of a bundle of natural boron 
carbide pins within a cylindrical wrapper. This assembly 
will move inside a hexagonal guide tube identical to the 
fuel sub-assembly wrappers.  

 
III. PRELIMINARY CORE NEUTRONICS 
ANALYSIS 

III.A. Calculation Model Preparation 

In order to perform neutronic calculations we have 
prepared two system models that concern the physical 
conditions: the base model at room temperature, and the 
power model at the power temperatures. Conversion of 
the base model into the power model required the 
modifications of reactor primary system dimensions due 
to its thermal expansion, changes of material densities 
due to thermal expansion of materials and changes in 
cross-section libraries temperature specification. The 
main components of the primary systems were expanded 
independently, using appropriate temperatures and 
coefficients of thermal expansion. In order to assess the 
required reactor core parameters, the Monte Carlo 
method of neutron transport was applied using the 
MCNP 3 based codes MCNPX 4 and MCB1C 5, with 
temperature dependent cross section libraries of the MCB 
system. Two modes of calculation were applied. In the 

first, the fixed source, or transport, mode, MCNPX was 
used in a bare target system to produce the neutron source 
for core calculations in MCB, which in turn was used to 
obtain core power distribution and radiation damage. In 
the second, criticality, or KCODE, mode was used in 
MCB to calculate the effective neutron multiplication 
factor, keff, of the core in several arrangements in order to 
assess reactivity coefficients. In general, the JEF2.2 cross-
section libraries were used in the current calculations, 
augmented by data from JENDL3.2 for the isotopes of 
leads which are missing from JEF2.2.  

 
III.B. Core Power Distribution 

For a constrained thermal power of the reactor of 
80 MWth, the linear power ratings shown in Figure 3 were 
calculated using the fixed source mode of the MCNPX 
code coupled with the MCB code. For the core average 
linear power of 16 kW/m a radial form factor (peak to 
average ratio) of 1.16 can be observed. A relatively flat 
radial power distribution is obtained due to the steel 
reflector. The gradient of power ratings within one sub-
assembly (S/A) is also quite flat in the first row (the 
axially averaged values for most inner, middle and most 
outer pins, respectively, in the first S/A row were 18.85, 
18.65 and 18.36 kW/m) 

 
III.C. Results of Criticality Calculations 

 Data on the criticality parameter, keff, for the prepared 
models are presented in Table 3.  
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Figure 3.  Linear Power Distribution of 80MWth Gas-cooled XADS at BOL



Table 3.  Results of Criticality Calculations  

Core condition Criticality  keff 

Core temperature of 300K. Control 
rods far from the active core 0.96786 ±24 pcm 

Core temperature of 300K. Control 
rods in secure positions  0.93455 ±55 pcm 

Reactor in power conditions – 
fully operational, high temperature 
expansion (fuel 1500K, clad 900K) 

0.95034 ±17 pcm 

Reactor in power conditions– fully 
operational, lower temperature 
expansion (fuel 1200K, clad 770K) 

 
0.95393 ±22 pcm 

 

These values were obtained using the JEF2.2 library.  
If the ENDFB6.8 library were used instead,  one would 
expect values of keff  to be about 500 pcm higher, due to 
differences in various neutron cross sections. Reactivity 
insertions due to some major events are presented in 
Table 4 along with other parameters for initial safety 
analysis. 

  
Table 4.  Major reactivity insertions, assembly worth and 

Doppler constant 

Event ∆ρ 

System cooldown: 
From power conditions (fuel 1200K, 
clad 770K) to 300K 
Thermal expansion of reactor core: 
From to 300K to power temp. 
(fuel 1200K, clad 770K) 
From to 300K to power high temp. 
(fuel 1500K, clad 900K) 
Doppler effect on fuel cross sections 
due to temperature: 
From 300K to1200K:  
Control rods relocation: 
From secure positions to far from 
active core positions 
He coolant voiding: 
 
Ingress of LBE into beam tube after 
window failure: 

 
 

+1502±32 pcm 
 
 

 -686±25 pcm 
 

-1010±25 pcm 
 
 

-893±25 pcm 
 

+3683±65 pcm 
 

+130±25 pcm 
  
 

+140±30 pcm 
The reactivity worth of S/A: 
Fuel S/A 1st row:  
Fuel S/A 2nd row:   
Fuel S/A 3rd row:   
Fuel S/A 4th row:   
Reflector S/A 1st row:   

 
730±60 pcm  
660±60  pcm  
630±65  pcm  
490±65  pcm  
140±30  pcm  

Doppler constant at: 
Tf=300K 
Tf=1200K 
Tf=1500K 

 
475±50  pcm 
650±60  pcm 
720±60  pcm 

 
In the model for the coolant voiding calculation, the 
helium pressure in the reactor vessel was reduced from 

60 bar to 1 bar. Leakage of lead bismuth eutectic (LBE) 
from the target into the  vacuum tube  of the beam line 
decreases the core neutron leakage and therefore increases 
the reactivity. Slightly positive values for the coolant void  
and LBE ingress coefficients are overshadowed by the 
order of magnitude larger negative temperature 
coefficient and hence they should not constitute a safety 
issue. The material damage values (measured in 
displacements per atom, or DPA) are presented in Table 
5.   

 
Table 5.  Radiation damage due to core neutrons in 

sensitive locations of reactor 

Location DPA/year (peak) 

Fuel cladding  
Diagrid 
Wrapper 
Proton beam window 
Hot channel 
Thimble  

10.7±1% 
0.020±5% 
8.6±1% 
4.7±2% 
5.2±2% 
6.6±2% 

 
They were obtained under the assumption that the 

operation time covers 90% of real time for one year of 
operation. The core actual thermal power consists of 
direct radiation heating, including neutron KERMA 
heating and gamma heating, as well as decay heating 
(mostly from decays of short-lived fission products). In 
our case, the decay heating accounts for 3.4 MWth while 
the remaining 76.6 MWth comes from prompt radiation 
interaction with matter. The low values of radiation 
damage obtained  allow the neutronics design goals to be 
comfortably achieved. 

 
III.C.1. Doppler effects 

The change in reactivity due to Doppler effects was 
calculated by using the thermally expanded models with 
varying cross section library temperatures. The Doppler 
constant is defined as: 

 

 dT
dT ρα =  (1) 

 
It can be calculated from reactivity values obtained 

for two different temperatures of the library cross sections 
according to equation (2) which can be easily obtained 
from integration of (1) assuming that α is constant over 
the interval of integration: 

 

 
12

12

lnln TT −
−= ρρα  (2) 

 
To check the dependence of α on the fuel 

temperature, it was calculated for three temperature points 
of material expansion (density and dimensions), Tmat, with 



the following three pairs of sampled fuel temperatures, T1 
and T2 as shown in Table 6. 

 
Table 6.  Temperatures for Doppler Effect Evaluations 

 
The results are presented in 
  
Table 4 and seem to indicate that α is not a constant 

but changes by about 50% over the applied temperature 
range. At high temperature (1500K) the coefficient 
reaches a value of -720 (±60) pcm. 

 
IV. PRELIMINARY BURNUP CALCULATION 

IV.A. Calculation Method and Model 

The burn-up calculation was performed using the 
MCB code with the lower temperature at-power core 
model (fuel 1200 K, clad 770 K). The neutron source is 
represented by a surface source file that was obtained by 
tracking all of the neutrons  leaving the LBE target during 
an MCNPX simulation of a 600 MeV proton beam 
interaction with the target in a standalone bare target 
model, thus avoiding an overlapping of core neutrons 
contributions. In order to assess the required reactor core 
parameters, the Monte Carlo method of neutron transport 
was applied using the MCNP based codes MCNPX and 
MCB1C,  using the temperature dependent cross section 
libraries of the MCB system. Two modes of calculation 
were applied: Firstly, the fixed source mode of MCNPX 
in a bare target system was used to produce the neutron 
source for burn-up calculations in MCB,  which gives 
data on core power distribution and radiation damage. 
Secondly, the burn-up mode of MCB was used to 
calculate the system evolution with time over 3 years of  
80 MW  thermal power irradiation.  In general, the JEF2.2 
cross section libraries were used in the current 
calculations, augmented by data from JENDL3.2 for the 
nuclides of lead which are missing from JEF2.2. Cross 
sections at power temperatures 1200K for fuel and 900K 
for clad were used. For the calculation of the criticality 
parameter in the presence of a source, ks, an integral 
approach has been applied that is based on the 
comparison of the number of fission neutrons produced in 
the fixed source mode (in the presence of the external 
neutron source)  with the number produced in the 
eigenmode or fundamental mode. This leads  to the 
following definition: 

 
1+

=
f

f
s N

N
k  (3) 

where  N f  is the total number of fission neutrons 
generated per one external source neutron. 

 
IV.A.1. Power Normalization 

MCB calculates the thermal power released per one 
source particle and adjusts the source intensity to keep 
power at the user specified level. The actual thermal 
power of the core consists of direct radiation heating, 
including neutron KERMA heating and gamma heating, 
as well as decay heating (mostly from decays of short-
lived fission products). In our case, the decay heating 
accounts for about 3.0MWth, while the remaining 77.0 
MWth comes from prompt radiation interaction with 
matter. The total power, however, neglects the energy 
release into the target in  high-energy particle transport. 
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Figure 4.  Proton Beam Current versus Total System Power 

of Gas-cooled XADS 

 
IV.B. Results 

As limiting values for the proton beam current of 
5mA and for the total system power of 80 MWth are 
assumed, the time evolution of these parameters were 
evaluated in burnup calculations. The results are shown in 
Figure 4, where the power was on for 100% of real time. 
The associated evolution of reactor criticality is presented 
in Figure 5. The external source multiplication factor, ks, 
is slightly higher than the actual reactivity or effective 
neutron multiplication factor, keff, implying that the source 
effectiveness is greater than one. As the burnup starts 
from a relatively low level of criticality the beam current 
reaches its limit already after the first year of irradiation. 
However, the associated reactivity drop is not a steep one. 
Hence, applying an achievable plant availability of 80%, 
and increasing initial criticality to the design limit of 0.97, 
or increasing the maximum current limit to 6mA,   should 
allow a power of 80 MWth  to be achieved over one fuel 
cycle of 3 years duration. 
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Figure 5.  Criticality Evolution in 80MWth Gas-cooled 

XADS with Reduced Power after 1.5 years. 

 
V. DESIGN OPTIONS 

V.A. Use of Existing MOX Fuel – Neutronics Analysis 

In this section, the feasibility of loading the gas-
cooled core with two types of existing fuels is analysed. 
The first fuel type is the SNR-300 fuel and the second is 
the SuperPhenix (SPX) fuel 6. The feasibility is examined 
in terms of the sub criticality level, peak linear rating and 
the geometrical size, using the already existing fuel 
elements in the case of the SNR fuel. For SPX fuel, the 
fuel rods are already fabricated but it is assumed that there 
is some degree of freedom in choosing the fuel element 
configuration, within the constraints of thermal-hydraulic 
considerations (See Section 5.2). 

Neutronic investigations using the neutron diffusion 
code, CITATION, clearly show that the number of fuel 
elements needed for a specified, desired level of sub-
criticality, namely keff in the rage of keff ~0.96 to 0.97, 
required 92 SNR-300 fuel sub-assemblies for keff ~0.97, 
and about 378 SPX fuel sub-assemblies to attain 
keff ~0.96. The reason for the larger number of SPX fuel 
elements required in comparison to SNR300 elements is 
due to the lower fissile enrichment of the existing SPX 
fuel elements, namely 12.5 / 15.8%, in comparison to the 
higher fissile enrichment of SNR300 fuels, namely 
19.5 / 26.4%. 

The feasibility of the SNR-300 fuel type was 
demonstrated with the use of 70-120 fuel assemblies. 
Several options with different numbers of low enriched 
fuel rings are possible. The realization of a SPX compact 
core is unlikely even if the wrapper thickness is  reduced 
from 4.5 mm. Further optimization is inevitable to 
improve the SPX option, both from neutronics as well as 
the thermal–hydraulic characteristics. This can mainly be 
done by enriching the existing SPX fuel and by reducing 
the wrapper thickness significantly. Confirmation of the 
CITATION results and a more detailed analysis 

performed using MCNP  demonstrate conclusively how 
impractical this material composition is, as more than 350 
fuel elements are needed to get an acceptable criticality 
level. 

 
V.B. Use of Existing MOX Fuel – Thermal-hydraulic 
Analysis 

In this subsection, results of the associated thermal-
hydraulic issues are briefly described. In gas-cooled fast 
reactor designs, the cladding temperature is one of the 
technologically most limiting design parameters. Current 
technological issues limit the peak clad surface 
temperature to about 710°C.  

The method used in describing the thermal-hydraulic 
characteristics of the fuel pins relies on the commonly 
used method in calculating the various radial temperature 
drops across the fuel pin geometry – in particular the 
annular fuel, the gap, the cladding material and the 
cladding – coolant interface for each axial node. The 
cladding – coolant interface temperature drop, or thermal 
heat transfer coefficient is a very sensitive parameter in 
gas-cooled reactors. It is calculated using a modified 
Dittus-Boelter equation to account for the large 
temperature difference between the cladding surface and 
the bulk coolant temperature. A hot gap conductance is 
calculated using a standard model to account for the gas 
characteristics in the gap. The thermal-hydraulic part of 
the benchmarked and validated transient code system 
SIM-ADS has been used for these analyses.  

 
V.B.1. SNR300 Fuel Assemblies 

 A fuel sub-assembly contains 166 fuel pins, has an 
active fuel height of 95 cm, a pin diameter of 6 mm, a 
clad thickness of 0.38 mm, a fuel pellet diameter of 5.09 
mm and a pin-pitch of 7.9 mm. The fuel pellet has no 
central hole. Figure 6 shows the axial distribution of the 
coolant, clad surface, and fuel centre temperatures for the 
peak fuel pin, assuming an axial form factor of 1.20, and a 
radial form factor of 1.29, as calculated by the neutronic 
analysis referred to in the previous section. The linear 
power of the peak pin was thus 85 W/cm. The core mass 
flow rate assumed for this calculation was 55.8 kg/s, 
91.2% of the nominal flow rate required to achieve a 
mean core temperature rise of 250°C. It can be seen that 
the peak clad surface temperature is 646°C, 64°C below 
the 710°C limit, whilst the peak centre fuel temperature is 
854°C. The average heat transfer coefficient between the 
clad surface and the coolant was calculated to be 0.2544 
Wcm-2K-1. From this analysis it can be concluded that the 
use of 92 SNR 300 sub-assemblies to generate 80 MWth 
in a gas-cooled (He) XADS imposes no thermal-hydraulic 
constraints. 

 
V.B.2. SPX Fuel Assemblies 

The sub-assembly contains 91 fuel pins, has an active 
fuel height of 100 cm, a pin diameter of 8.5 mm, clad 
thickness of 0.56 mm, a fuel pellet diameter of 7.2 mm 
and a pin-pitch of 10.8 mm. The fuel pellet has a central 
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Figure 6.  Temperature Distribution of peak SNR300 fuel pin, linear power = 85 W/cm, axial form factor = 1.2, radial form 
factor = 1.29 

 
hole with a diameter of 2 mm. For this case, Figure 7 
shows the axial distribution of the coolant, clad surface, 
and fuel centre temperatures, again for the peak fuel pin, 

assuming an axial form factor of 1.29 and a radial form 
factor of 2.186, as calculated by the neutronic analysis. 
The linear power of the peak pin was therefore 51 W/cm. 
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 Figure 7.  Axial Temperature Distribution of peak SPX fuel pin, linear power = 51 W/cm, axial form factor = 1.29, radial form 
factor = 2.186, nominal flow rate (assumes gagging). 



The core mass flow rate assumed for this calculation was 
100% of the nominal flow rate required to achieve a 
mean core outlet temperature of 450°C. This leads to an 
outlet temperature of 743°C in the peak channel and a 
corresponding peak clad surface temperature of 857°C, 
well above the 710°C limit. The peak fuel centre 
temperature is 1002°C in this case. The average heat 
transfer coefficient between the clad surface and the 
coolant was calculated to be 0.0932 W cm-2 K-1. The very 
high coolant outlet temperature in the SPX peak channel 
is due to the very high radial form factor, which in turn is 
due to the large core size required by the relatively low 
enrichment of the SPX fuel. This effect can be mitigated 
by appropriately gagging the sub-assemblies. 
Nevertheless, this analysis shows that the use of 378 SPX 
sub-assemblies to generate 80 MWth in a gas-cooled 
(He) XADS imposes thermal-hydraulic constraints which 
are absent in the case of SNR-300 fuel. In order to 
circumvent the problem of excessive clad surface 
temperatures, the introduction of gag assemblies into the 
SPX sub-assemblies would have to be investigated. On 
account of the large number of SPX sub-assemblies 
required (378) to generate 80 MWth for the gas-cooled 
version of the XADS, as well as on account of the 
thermal-hydraulic limitations encountered, it was decided 
not to pursue the SPX fuel element option for the gas-
cooled XADS design any further. 

From the thermal-hydraulic point of view, the use of 
existing SNR300 sub-assemblies in the gas-cooled 
version of the 80 MWth represents, however, a feasible 
option. 

 
VI. CONCLUSIONS 

Technical specification and performance of the 
80 MW (thermal) He-cooled XADS core configuration of 
the European Experimental Accelerator Driven System 
were presented. Results of core neutronics analysis 
performed with Monte Carlo codes: MCNP, MCNPX 
and MCB in MCNPX in fully heterogeneous geometry 
model at the level of fuel pins provide an assessment of 
the overall core performance, including the required 
enrichment, the main core safety parameters, power 
shape, damage rates and shielding requirements. Results 
of criticality calculations at BOL show that for the fuel 
composition like in LBE cooled XADS slightly above 
23.2%Pu enrichment, operational keff=0.950 at nominal 
power, while at the room temperature keff=0.967. These 
values were obtained using the JEF2.2 library whereas if 
the ENDFB6.8 library were used instead,  one would 
obtain values of keff  about 600 pcm higher, due to 
differences in various neutron cross sections. Neutron 
damage rates to the clad and wrappers are below 11 
dpa/year resulting in total life time damage well within 
technical limit for fuel elements of 150 dpa. Damage to 

the vessel and diagrid are also within the limits of 1 dpa 
and 2 dpa respectively. The Doppler coefficient varies 
from about –470 pcm at low temperatures to about –730 
pcm at higher temperature what is considered satisfactory 
for fast reactors. The burnup calculations show the 
reactivity dropping at rate about 1250 pcm/year. This 
would allow to operate reactor in 80MWth power with an 
achievable plant availability of 80% over one fuel cycle of 
3 years duration, if initial criticality is increased to the 
design limit of 0.97, or the maximum current limit is 
raised to 6mA. Neutronics and thermal-hydraulic analysis 
performed to determine suitability of existing unirradiated 
fast reactor fuels show that for SNR300 fuel, because of 
the higher enrichment, a practical core design can be 
achievable without any re-fabrication, whereas for SPX1 
fuel, because of the low enrichment a very large core 
would be required to provide sufficient reactivity ruling 
out the direct use of it. Further works in the project are 
devoted for analysis of special  sub-assemblies for minor 
actinide and long lived fission product transmutations, also 
for more detailed fuel cycle analysis with radiation 
damage, circuit activation and radiotoxisity generation. 

 
VII. ACKNOWLEDGEMENTS 

Part of the presented work was funded in the 5th. 
Framework Program of the European Community, 
contract number FIKI-CT-2000-00033. Additional funding 
was provided for NNC by BNFL 

 
VIII. REFERENCES 

1. R. D. W. BESTWICK et al., “Preliminary Design 
Studies of an Experimental Accelerator-Driven System”, 
PDS-XADS Identification No: DEL/02/003 
2. P RICHARD,  “PDS-XADS: “Technical 
Specifications, Missions of XADS, Recommendations for the 
Main Characteristics”, PDS-XADS Identification No 
DEL/02/001 
3. J. F. BRIESMEISTER, “A general Monte Carlo N-
Particle transport code – version 4c”, LANL, LA-13709-M, 
2002. 
4. L. S. WATERS, “MCNPXTM User’s Manual – Version 
2.1.5,” Los Alamos National Laboratory, November 14, 
(1999). 
5. J. CETNAR, W. GUDOWSKI and J. WALLENIUS, 
"MCB: A continuous energy Monte Carlo Burnup 
simulation code",  In "Actinide and Fission Product 
Partitioning and Transmutation", EUR 18898 EN, 
OECD/NEA (1999) 523 
6. R.J.M. KONINGS and G. MÜHLING, “Fuel of the 
ADS”, Appendix 5 to European Roadmap for developing 
ADS for nuclear waste incineration, (2001) 

 
 



 

 

 

 

 

13. Daniel Westlén, Jerzy Cetnar, Waclaw Gudowski, 
Study on Transmutation Assembly Performance in the 
Gas-Cooled XADS, Sixth International Meeting on 
Nuclear Applications of Accelerator Technology 
Accelerator Applications in a Nuclear Renaissance – 
AccApp’03, June 1-5, 2003 • San Diego, CA 



Study on Transmutation Assembly Performance in the Gas-Cooled XADS 
 
 
 
 

Daniel Westlén1, Jerzy Cetnar1,2, Waclaw Gudowski1 
 

1 Nuclear and Reactor Physics, Royal Institute of Technology, Albanova University Centre, 106 91 Stockholm, Sweden 
2 Faculty of Physics and Nuclear Techniques, University of Mining and Metallurgy 30 059 Cracow, Poland 

daniel@neutron.kth.se 
 
 
 

Abstract - XADS is a European eXperimental Accelerator Driven System project, designing in parallel two 
different transmutation systems: lead-bismuth cooled and gas cooled. This paper presents the results of 
simulations of the special transmutation assemblies to incinerate long-lived fission products and higher 
actinides in the gas cooled system. While the hard spectrum is considered the best option for actinide 
transmutation, a moderated spectrum is advantageous for long-lived fission product incineration. 
The actinide transmutation assemblies considered consist of a 40/60 percent mixture of Pu and Am. As a matrix 
MgO is used constituting 60 percent of the final volume. Burn-up calculations are performed using the Monte 
Carlo Continuous Energy Burn-up code MCB with temperature dependent extensive cross section library of the 
MCB system that allows for a complete treatment of fuel burn-up, distributed on a few hundred burn-up cells. 
The transport calculation is performed on a fully heterogeneous geometry model on the level of fuel pins. 
Results of burn-up calculations are presented for a few possible options of geometrical arrangements and 
material compositions. 

 
 

I. INTRODUCTION 

The XADS project is a design study of an accelerator 
driven fast reactor financed by the European Union. 
Several design options are studied. There are two main 
design paths; a lead-bismuth cooled and a gas cooled 
design are developed in parallel. The work presented here 
aims at investigating the possibilities of transmuting 
actinides and fission products in special core assemblies 
inserted into the 80 MW gas cooled core design. 
There is a reference core designed earlier within the 
XADS project, main characteristic of which Table 1 
shows.  

Table 1.  Main Characteristic of XADS 

Core power 80 MWth 
Proton energy 600 MeV 
Current limit 5 mA 
Core lattice 
 

90 fuel assemblies  
with 37 pins each 

Fuel composition 
 

U: 75.90 % 
Np:  0.0047 % 
Pu: 23.54 % 
Am:  0.55% 

Fuel mass 4.00⋅106 g 

 

 
This core has been used throughout this work with minor 
design changes, i.e. inserting of the special assemblies. 
Two different transmutation assemblies have been 
studied. Six actinide assemblies are placed symmetrically 
in the core centre. The choice has been made to put the 
transmutation assemblies in the centre of the core, close to 
the spallation neutron source, which is presented on 
Figure 1. Here they receive an intense, fast neutron flux, 
suitable for the transmutation of minor actinides.  
Six different assemblies are placed in the first row of 
reflector in the core. All of those contain technetium-99. 
 
 

 

Figure 1: The core cross section from above. 



 The central section contains the spallation target. In the 
reference core the inner zone is fuel, the next is reflector, 
and the outermost two are shielding zones. Six actinide 
assemblies (black) are inserted into the core centre. The 
six fission product assemblies (grey) are inserted into the 
reflector in the periphery of the core. 
All burn-up calculations were performed using the Monte 
Carlo Continuous Energy Burn-up code – MCB, with 
extensive temperature dependent cross section library of 
the MCB system that allows for a complete treatment of 
fuel burn-up, distributed on twenty three axially divided 
burn-up cells. The transport calculation is performed on 
fully heterogeneous geometry model on the level of fuel 
pins. 2, 3, 4 

II. ACTINIDE ASSEMBLIES 

A mixture of plutonium and americium (40/60 atom 
fraction) was used as fissile material in the actinide 
assemblies, which is presented in Table 2. These are 
present as oxides. An oxygen content of 1.93 oxygen 
atoms per transuranium atom has been assumed. This 
would not be true for high temperatures, where 
predominantly the AmO2 content falls apart, forming 
AmO, but for the case studied, where the temperature is at 
the most around 1100 K, the composition used is 
considered to be accurate. 

Table 2. Characteristics of the material used in the 
actinide transmutation assemblies 

PuOρ (compact) 11.46 g/cm3 

AmOρ (compact) 11.68 g/cm3 

MgOρ (compact) 3.40 g/ cm3 

Porosity 5 % 
Stochiometry (Pu0.40Am0.60)O1.93 

MgO1.00 
Overall density 6.343 g/cm3 
Melting point 2550 K 

 
Magnesium oxide is used as matrix for the transuranic  
oxides. The MgO constitutes sixty percent of the final 
volume. Magnesium oxide is chosen mainly because of its 
rather high thermal conductivity (8 W/(K⋅m)) and because 
of its high melting temperature. 

Fuel composition used in calculations are presented 
in Tables 3 and 4. The plutonium composition 
corresponds to the composition of plutonium from MOX-
fuel, which has cooled for seven years. Real spent MOX-
fuel contains curium. From a neutronics point of view 
americium has worse properties. Adding curium would 
add uncertainties to the calculations without making the 

predictions more conservative due to the poor cross 
section data available for curium.  

Table 3. Composition of the actinide vector 

Nuclide Molar fraction 
238Pu 0.020 
239Pu 0.152 
240Pu 0.121 
241Pu 0.053 
242Pu 0.054 
Total Pu 0.400 
  
241Am 0.398 
242mAm 0.002 
243Am 0.200 
Total Am 0.600 

  

Table 4. Atomic composition of the actinide rods 

Nuclide Molar fraction 
16O 0.5889 
24Mg 0.1738 
25Mg 0.0220 
26Mg 0.0242 
238Pu 0.0038 
239Pu 0.0291 
240Pu 0.0231 
241Pu 0.0101 
242Pu 0.0103 
241Am 0.0761 
242mAm 0.0004 
243Am 0.0382 

 

III. FISSION PRODUCT ASSEMBLIES 

The fission product transmutation assemblies have a 
different design than the actinide transmutation 
assemblies. Efficient transmutation of the long-lived 
fission products 99Tc and 129I requires a high thermal flux. 
On the other hand a thermal spectrum is to be avoided for 
actinide transmutation, since it might effectively build 
higher isotopes instead of enhancing of  fissioning that is 
the most effective way of actinide destruction in terms of 
neutron economy. In this study the achievable 
transmutation performance of 99Tc has been studied. 
The strategy used is to place the fission product 
transmutation assemblies in the core reflector. Neutron 
moderation takes place within each assembly. Only one 



rod is used in every assembly. The centre of the rod is 
filled up with moderator, the shell consists of the isotope 
to be transmuted. With this set-up, a minimum of the 
moderated neutrons will escape back into the core, thus  
the maximum transmutation efficiency of the fission 
products will be achieved. Adding a layer of cadmium 
between the fission product layer and the pin cladding 
would possibly improve the neutronic properties of the 
system. This however, would mean a more complicated 
manufacturing process.  
Graphite (ρ = 2.267 g/cm3) has been chosen as moderator. 
Also zirconium hydride (ZrH2, ρ = 5.6 g/cm3) has been 
considered as moderating material, but graphite shows 
better performance. In the case where there are 
technetium transmutation assemblies in the core, a fuel 
containing 24.1% transuranic elements is necessary to 
reach keff = 0.97 with graphite as moderator. If zirconium 
hydride is used, the transuranium part of the fuel has to be 
increased to 25.2% to achieve the same keff. 
The technetium is suggested to be transmuted in its 
metallic form. The technetium density used for the 
calculations has been 11.5 g/ cm3. 

IV. ACCELERATOR CURRENT 

Burn-up for the special assemblies were simulated in 
the core for 3 years, which represents one full fuel cycle. 
The actinide assemblies were positioned in the centre of 
the core while the fission product assemblies were 
situated in between the core and reflector. 
A three-year period of constant reactor operation has been 
simulated with the six actinide special assemblies 
positioned in the periphery of the core. The XADS system 
was assumed to be running at a constant power of 80 
MWth. Table 5 shows k-values and the corresponding 
proton current at different stages of the burn-up.  

Table 5. Criticality Evolution with Burnup. 

Time keff ksource Proton current 
BOL 0.971 0.975 2.37 mA 
0.5 y 0.965 0.969 2.91 mA 
1.0 y 0.960 0.964 3.34 mA 
1.5 y 0.954 0.960 3.74 mA 
2.0 y 0.950 0.957 4.04 mA 
2.5 y 0.945 0.950 4.70 mA 
3.0 y 0.940 0.946 5.13 mA 

  
BOL is beginning of life. ksource describes the fission 
neutron multiplication in the source mode, whereas keff 
gives the fission neutron multiplication in the fundamental 
mode. In the case where the source is distributed exactly 
as the production of fission neutrons, ksource would equal 
keff. The design constraint for the XADS accelerator 
current is 5 mA. A maximum current of 4.95 mA is 
reached after three years with the proposed core set-up. 

V. RADIATION DAMAGE 

The design limit for radiation damage of fuel 
elements is 150 dpa. Radiation damage sets the upper 
limit to what irradiation times are possible. The calculated 
values presented in Table 6 show that irradiation times far 
longer than three years are possible: 

Table 6. Radiation damage. 

BOL  1σ 
Fuel 1st row 9.7 dpa/yr 3% 
MA Special Assembly 9.6 dpa/yr 3% 
FP Special Assembly 3.8 dpa/yr 3% 
EOL  1σ 
Fuel 1st row 10.5 dpa/yr 2% 
MA Special Assembly 10.7 dpa/yr 2% 
FP Special Assembly 4.0 dpa/yr 2% 

 

VI. LINEAR POWER 

The linear powers have been calculated and they are 
presented in Table 7. There is a design constraint for the 
core of 25 kW/m. All linear powers calculated are well 
below that limit. 

Table 7. Linear Power on Fuel Pins. 

Assembly (BOL) 
 

Top linear power  
[kW/m] 

1σ 
 

Fuel 1st row 21.46 2% 
Fuel 2nd row 20.28 3% 
Fuel 3rd row 17.81 3% 
Fuel 4th row 15.11 3% 
MA Special Assembly 20.05 3% 
FP Special Assembly 0.65 3% 
Assembly (EOL) 
   
Fuel 1st row 21.72 2% 
Fuel 2nd row 19.50 2% 
Fuel 3rd row 16.22 2% 
Fuel 4th row 14.00 2% 
MA Special Assembly 20.56 2% 
FP Special Assembly 0.66 3% 

 
 
The linear powers are presented at the beginning of life 
(BOL) and at end of life (EOL). All values are averaged 
over an assembly. (No fissile material in FP assembly.) 
The power profile remains rather constant through out the 
cycle. This is due to compensating effects. Increasing 
beam power compensates burn-up of the fuel. 



VII. BURN-UP PERFORMANCE 

The results of burnup calculations presented in Table 
8 should be seen as an indication of the transmutation 
efficiency rather than a recommendation on how to 
irradiate the actinide assemblies. 
Some isotopes are transmuted rather efficiently in the 
transmutation assemblies. But, for most isotopes, six 
assemblies of each kind is not enough to compensate for 
the build up of those isotopes in the fuel. 

Table 8. Calculated Burnup Ratios  

Nuclide Special assemblies Entire core 
238Pu + 2090 g +81 % + 752 g 
239Pu - 2381 g -12 % - 35600 g 
240Pu -285 g -1.8 % + 4300 g 
241Pu -1504 g -22 % - 1520 g 
242Pu + 532 g +7.5 % + 440 g 

241Am -5373 g -10 % + 1580 g 
242mAm + 982 g +360 % + 444 g 
243Am - 2415 g -9.1 % + 305 g 

99Tc -1120 g -3.6 % + 915 g 

 

VIII. NEUTRON FLUXES 

The neutron flux profiles give us valuable 
information of the transmutation performance. Fast 
neutrons are desirable for transmuting the heavy elements, 
which we would like to fission. Thermal neutrons are 
more efficient for the transmutation of long-lived fission 
products, which is based on neutron capture. 
Neutron flux profiles change during burn-up due to the 
change in isotope composition. Below on Figure 2 and 3 
are presented neutron flux in a few energy group 
distributions for the two different transmutation 
assemblies. 
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Figure 2. Neutron Flux Distribution in MA S/A. 

In the minor actinide special assemblies, the neutron flux 
profile is rather hard. The flux is dominated by the high 
energy neutrons from produced in fission reactions. 
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Figure 3. Neutron Flux Distribution in FP S/A. 

In comparison to th MA assemblies, the FP assemblies 
show a much softer spectrum. Neutrons are moderated in 
the FP assemblies themselves. Also, the overall flux is 
somewhat higher in the FP assemblies. This is due to the 
increased amount of fission reactions from thermal 
neutrons in the neighbouring assemblies. 

IX. CONCLUSIONS 

Actinide transmutation can be demonstrated in the 
XADS core. However the masses possible to transmute in 
this facility are small. For the technetium transmutation 
the situation looks worse. Even with a large introduction 
of technetium, the build-up in the driver fuel will be in the 
same order of magnitude as the actual destruction. In fact 
also for most actinide isotopes, the build-up in the fuel is 
larger than the transmutation in the special assemblies. 
Large-scale transmutation will require dedicated cores 
with far higher contents of the nuclei to be transmuted. 
Also the neutron fluence should be significantly higher to 
achieve higher transmutation efficiencies. However 
inserting special transmutation assemblies into the XADS 
can be considered valuable for proving of technology. 
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The work presented is part of the FZK and RIT contributions to the investiga-
tions for the assessment of the possibility to use existing highly-enriched MOX 
fuel in an ANSALDO-ENEA design for an experimental ADS (XADS) with 
lead bismuth (LBE) coolant, studied in the PDS-XADS Project of the 5. 
Framework Program of the European Community. Use of slightly modified ex-
isting fuel assemblies, of fuel pins, of fuel pellets and of reprocessed fuel is 
considered. Neutron physics, including burn-up analysis are presented. Use of 
SNR300 fuel assemblies appears feasible if technical and logistical constraints 
can be solved. SPX fuel pins or pellets also may be utilized, but due to the 
lower fissile enrichment a larger core is required. An interesting alternative is 
the utilization of both SPX and SNR300 pellets in fuel assemblies with identi-
cal outer dimensions, but with different lattice parameters. The preliminary 
burn-up analysis for a reference core with SNR300 fuel assemblies with Monte 
Carlo and deterministic methods show a burn-up reactivity loss of 6 to 7 pcm 
per full power day, corresponding to a reactivity loss of about 2% per year at 
70 to 80% duty cycle.  

1. Introduction  

The work presented is part of the FZK and RIT contributions to the investiga-
tions for the assessment of the possibility to use existing fresh highly-enriched 
MOX fuel in an ANSALDO-ENEA design for an experimental ADS (XADS) 
with lead bismuth (LBE) coolant, studied in the PDS-XADS Project of the 5. 
Framework Program of the European Community. A first very preliminary as-
sessment to utilize existing SNR300 fuel assemblies in an experimental ADS was 
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presented in 1. In Appendix 5 of the European Roadmap for ADS Development 2 
a more detailed analysis was performed, considering available fuel assemblies 
(FA) both from the fast breeder programs in Germany (SNR300) and France 
(SPX). Some main results in 2 are: 

•  From technological point of view it is feasible to use SNR300 and SPX FA. 
•  For SPX fuel a preliminary assessment was made to disassemble the FA and 

to utilize the fuel either in the rods or as pellets. Both options are feasible if 
facilities to handle this fuel stay available. The high Americium content in 
this old MOX fuel is not a major problem. 

•  Both SNR300 and SPX fuel pins contain axial blankets in bottom and top 
areas. 

•  SNR300 FA have higher enrichments than the SPX FA because of the 
smaller core. 

•  Fabrication periods: SNR300 FA  between 1978 and 1985. SPX first core 
between 1978 and 1984, second core between 1985 and 1988. 

 
From these considerations no other significant differences than the enrichments 
are to be expected in the utilization of SNR300 and SPX fuel. After a short char-
acterization of the existing fuels in section 2, in section 3 the neutron physics 
analysis is described for the available fuel options. First burn-up analyses for the 
reference design of a LBE cooled XADS with SNR300 FA are presented in 
section 4. More comprehensive information may be found in references 3,4. 

2. Characterization of existing fuel 

A good characterization of the SNR300 and SPX fuels may be found in refer-
ence 2. A summary of construction details and of fuel compositions as predicted 
for the year 2010 of SNR300 and SPX fuel is given in references 3,4. The avail-
able fresh FA have fissile enrichments varying from 12.2% to 15.8% for the SPX 
fuel and from 18.8% to 26.4% for the SNR300 fuel. These enrichments may be a 
good basis for the construction of an experimental ADS with conventional MOX 
fuel in a first operation stage. 

3. Neutron physics core simulations 

In the next sections exploratory neutron physics simulations of XADS core 
configurations with Lead Bismuth Eutectic (LBE) cooling will be discussed. The 
multi group cross sections were prepared within the KAPROS/KARBUS modu-
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lar code system starting from a 69 group master library, mainly based on the 
JEF2.2 evaluated data library. In most cases standard collapsing from 69 to 12 
groups was applied. The flux calculations were carried out with the diffusion 
code CITATION and the transport code TWODANT. To confirm the results 
obtained by the deterministic codes, the core simulation was also done by the 
MCNP code with the same homogenized cylindrical models from the determinis-
tic multi-group calculations for selected cases. The agreement between the re-
sults of the Monte Carlo code and the deterministic codes was good, see refer-
ences 3,4. 
 
3.1. Core with SNR-300 FA cooled with Lead Bismuth Eutectic 

For the SNR-300 fuel the existing FA may be arranged in a  small core con-
taining 66 FA with 2 enrichments. The radial reflector and the inner tube are 
filled with homogeneous mixture of LBE and structure material in proportion 
depending on the specific core design. The influence of the reflector size on the 
criticality was studied in more detail. It was found that about 70 cm is needed 
before reaching an asymptotic behavior. The results indicate that the SNR300 
fuel is well suited for use in the envisaged XADS project. The original FA, in-
cluding axial blanket zones, may be used from the neutron physics point of view. 
However, the specific construction details must be taken into account in the 
XADS design. 

3.2. Core with SPX fuel cooled by Lead Bismuth Eutectic (LBE) 

The existing Super Phenix (SPX) fuel is considered intensively in the XADS 
project. The ANSALDO XADS core design is based on reprocessed SPX fuel 
with increased fissile fraction, compared to the existing SPX fuel composition. 
In this section the possibilities to use SPX rods or pellets for the ANSALDO 
XADS design proposals with LBE coolant are discussed. In this case the fuel re-
fabrication for the XADS could be avoided. The proposed core design contains 
198 FA in 6 full fuel rings, whereas the ANSALDO model consists of only 120 
FA.. The calculations show that the SPX fuel is not so well suited for direct use 
in an XADS. The dimensions of the existing core and the relatively low enrich-
ments lead to the conclusion that the SPX pellets may be used in an XADS core 
with ≈ 200 FA., see references 3,4 for more details. 

3.3. ANSALDO core design with two existing enriched fuel types 

It is of interest to check the feasibility of using the existing SNR300 and SPX 
fuels to avoid the reprocessing costs of fuel fabrication. In the following, three 
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constraints are satisfied: the criticality level is around 0.97, the number of subas-
semblies is 120 and the subassembly geometry is identical with the original 
ANSALDO design. From several possibilities, two representative configurations 
are discussed in references 3,4 to emphasize the balance between lower costs, 
improved neutron physics characteristics and thermal–hydraulics aspects. Data 
and layout of the most promising proposal is summarized in figure 1 and table 1. 

 
Figure 1. ANSALDO core layout for a two enrichment option. The target zone, represented by LBE 
mixed with structure material; SPX – most enriched SPX fuel; C1_MAG – SNR fuel with 19.5% 

enrichment, reflector is represented by homogenized LBE and structure mixture 
 
Table 1. Criticality and power densities of a selected design for a 80MWth ANSALDO based  XADS 

core. The power densities refers to the “source on” option 

Number of SPX assemblies 30 

Number of SNR assemblies 90 

 Keff 0.9717 

Multiplicity with source on 0.9722 

Peak linear power (W/cm) 125.0 

Mean linear power in SPX assembly (W/cm) 82.4 

Mean linear power in SNR assembly (W/cm) 89.7 

 
30 subassemblies with original SPX pellets are introduced and the rest 90 subas-
semblies contain MOX with 19.5% SNR fuel pellets. These assumptions imply 
reprocessing of the SNR300 fuel. The first analysis of this core design clearly 
shows that the available MOX fuel pellets may be used for the design of an ac-
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ceptable XADS core. A very interesting solution is the use of SNR fuel pellets 
with 5 mm outer diameter in an assembly with the same outer dimensions as the 
ANSALDO FA design for SPX pellets with 7.14 mm outer diameter. This option 
could be investigated in more detail in a next stage. 

4. Burn-up calculations for a core with SNR300 fuel 

First preliminary burn-up investigations were performed for the reference design 
of a LBE cooled XADS with SNR300 FA. For this purpose, two alternative 
methods were applied: 
•  Full Monte Carlo burn-up calculations with the MCB1C Code, performed 

by RIT Stockholm 
•  Deterministic multi-group depletion calculations, performed by FZK 

Karlsruhe.  

4.1. Burn-up investigations with the Monte Carlo code MCB1C 

The burn-up calculations were preformed by using the MCB 5 code in a geome-
try model of the XADS reactor using the adapted (R-Z) geometry version pro-
vided by FZK with 24 burnable zones (3 radial times 8 axial sections). The neu-
tron source is represented by a surface source file (RSSA) that was obtained by a 
collection of all neutrons leaking from the LBE target during an MCNPX simu-
lation of a 600MeV proton beam interaction with the target in a standalone bare 
target model. In order to assess the required reactor core parameters, the Monte 
Carlo method of neutron transport was applied using the MCNP based codes 
MCNPX and MCB1C, with temperature dependent cross section libraries of the 
MCB system. Two modes of calculations were applied: First, the fixed source 
mode of MCNPX in a bare target system to produce the neutron source for burn-
up calculations in MCB and to obtain core power distribution and radiation 
damage. Second, the burn-up mode of MCB to calculate the system evolution 
with time over 3 years of the 80MWth thermal power irradiation. In general, the 
JEF2.2 cross section libraries were used in the current calculations, whereas for 
nuclides of lead that are missing in JEF2.2 the JENDL3.2 data were used. The 
cross section at power temperatures 1200K for fuel and 900K for target were 
used. For the calculation of Ks an integral approach has been applied. MCB 
calculates the thermal power released per one source particle and adjusts the 
source intensity to keep power at the user specified level. The core actual ther-
mal power consists of direct radiation heating, including neutron KERMA heat-
ing and gamma heating, as well as decay heating – mostly from decays of short 
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lived fission products. In our case the decay heating accounts for about 3.0 MWth 
while the remaining 77.0 MWth comes from prompt radiation interaction with 
matter. The total power, however, neglects the energy release into the target in 
the high-energy particle transport. For the purpose of comparison with calcula-
tions that are normalized to fission energy we have assessed the energy release 
per one fission event by dividing the total heating by the number of fission 
events resulting in 216.5 MeV per fission. However, the obtained value should 
not be understood as the energy of one fission event since it includes all energy 
releasing processes taking place in the system.  

4.2. Burn-up investigations with the deterministic  multi-group code 
system KAPROS/KARBUS  

The modular code system KAPROS contains several options to perform burn-up 
investigations. The basic module BURNUP is based on the formalisms of the 
KORIGEN code 6. The required one-group data for the evolution calculations 
can be provided within the KAPROS system with the help of best estimate 
weighting spectra, applied to the macroscopic multi-group zone dependant cross 
sections. The current 69 group master data library contains multi-group cross 
sections for activation analyses for about 800 isotopes, including more than 160 
isotopes with data for full multi group transport calculations. For this first XADS 
burn-up investigations the same calculation scheme was applied as for the IAEA 
ADS benchmark for Th/U233 fuel 7. The applied spallation neutron source was 
similar as in the IAEA benchmark: constant source in the central fuel assembly 
position with total extension of 30 cm symmetric to the center. The energy spec-
trum of the source was the same as in reference 7. The reactor model is identical 
with the (R-Z) geometry of the MCB1C case. Calculations were performed for 
12 and 69 groups based on JEF2.2 and JEFF3.0 evaluated data. The power gen-
eration in this deterministic burn-up calculations is based on 210 MeV energy 
release per fission. The results for the reactivity for the system, driven by the 
external source (source on), Ks, are based on consistent calculations of the ratio 
of neutron production to neutron losses. 

4.3. First comparisons of RIT and FZK results 

In this section first comparisons of RIT results with Monte Carlo methods and of 
FZK results with deterministic methods are presented. The comparisons are 
performed with a 12 group constant library derived from a 69 group master li-
brary; mainly based on the JEF2.2 evaluated data file. A comparison of the time 
evolution of the criticality for source on/off states is presented in figure 1. The 
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“source on” results are obtained from the calculations with external source, 
whereas the results for “source off” come from homogenous eigenvalue calcula-
tions.  

 
Figure 1   Comparison of RIT Monte Carlo and FZK deterministic results for burn up dependant  

criticality values for XADS with SNR300 fuel. Source on/off states are plotted. 

We may observe a satisfactory agreement between the RIT and FZK results. The 
discrepancies decrease with increasing burn-up. Although the source representa-
tion is quite different in the RIT and FZK investigations, the behaviour of the 
reactivity for source on/off is similar in both cases: the value for source on is 
slightly higher than for source off and the difference has a tendency to increase 
with increasing burn-up. The reactivity loss in pcm per full power day shows 
agreement better than 10% and amounts 6 to 7 pcm with a slowly decreasing 
tendency with burn-up. These values are rather high and lead to a reactivity 
decrease of ∆keff ≈ 2% per year at 70..80% duty cycle. Figure 2 shows compari-
sons between RIT and FZK results for the changes in the heavy metal inventories 
of the main isotopes in the core.  

 
Figure 2.  Comparison of RIT Monte Carlo and FZK deterministic results for burn up 

 

Generally, the results show that nuclides that are being reduced in mass are U238, 
Pu239, U235 and Am241,other nuclides usually are being build-up. The differences 
in the heavy metal inventory changes in the RIT and FZK results increase if the 
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build-up of the isotopes becomes more complicated by multiple transitions. The 
differences for the individual isotopes have to be analyzed in more detail. 

5. Summary 

Several options for the utilization of the existing high enriched fuel from the 
European fast breeder programs SNR300 and SPX in the core of an XADS have 
been investigated. In these studies the use of slightly modified fuel assemblies, of 
fuel rods and of pellets have been considered. From the neutron physics point of 
view the reference core with SNR300 fuel assemblies is feasible. The two level 
enrichment strategy allows for low peak factor and a flattened spatial flux distri-
bution. For the SPX fuel based model an optimization procedure is necessary to 
favor either the option of fabricating new fuel (ANSALDO model) or to remain 
with the existing fuel and to deal with the consequences of a larger system. The 
combination of two fuel pellet types within fuel assemblies of the ANSALDO 
core design seems to be feasible and might be the best solution if technical and 
logistics problems can be solved. First preliminary burn-up calculations with 
Monte Carlo and deterministic methods for the SNR300 fuel reference core 
show reasonable agreement for important parameters. The differences in the 
evolution of minor actinides are larger and have to be analyzed in more detail. 
The reactivity loss per full power day amounts 6 to 7 pcm and is slowly decreas-
ing with burn-up. These values are rather high and lead to a reactivity decrease 
of ∆keff ≈ 2% per year at 70..80% duty cycle.  
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Abstract – Coolant void worth is investigated in several model fast breeder reactors and accelerator-driven systems for two type
of coolants, lead/bismuth and sodium, as a function of fuel composition and core & pin geometry parameters. The Monte Carlo
transport code MCNP with temperature adjusted continuous energy JEF2.2 cross-sections is used for this study. With respect
to the core void worth, sodium cooled FBRs appears to be inferior to those employing lead/bismuth for pitch-to-diameter ratios
exceeding 1.4. It is shown that in reactor systems cooled by lead/bismutheutectic, radial steel pin reflector significantly lowers
the void worth. The void worth proves to be a strong function of the fuel composition, reactor cores with high content of minor
actinides in fuel exhibiting readily large void reactivities than systems with plutonium based fuel. Enlarging the lattice pitch in
ADS burner operating in two-component scheme decreases the void worth while the opposite fact applies for ADS integrated in
double-strata scenario. ( ... design suggestions ...)

( ... consider "we"-formulations ...)

I. INTRODUCTION

A number of innovative reactor systems for transmuta-
tion of plutonium and minor actinides were proposed in last
decades [1, 2]. Fuels utilized in these reactors have low ura-
nium content or are completely U-free, and the systems are
usually conceived to operate on fast neutron spectrum. The
presence of americium leads to a decrease in Doppler reac-
tivity coefficient and delayed neutron fractions, raising sig-
nificant safety concerns [3]. It was therefore suggested that
sub-critical accelerator-driven systems (ADS) should be im-
plemented in fuel cycles involving recycling of minor ac-
tinides [4,5]. Additional reactivity margin is hence provided,
limiting the influence of reactivity coefficients and allowing
steady-state operation of the system. However, it has ap-
peared that such MA-fuelled ADS have a potential for rapid
reactivity excursions following loss of coolant from the core,
which may lead to fuel failure and core disruption [6,7].

Therefore, it is necessary to provide a fuel and core design
that minimizes conceivable reactivity insertions in the stan-
dard set of design basis accidents. In this parametric study, we
investigate coolant void worth for series of fast breeder and

∗E-mail: kamil@neutron.kth.se

accelerator-driven system configurations with aim to identify
suitable core and fuel design parameters.

First, we discuss physical mechanisms involved in coolant
voiding. Then, we perform scoping studies of∆k∞ in two-
dimensional pin lattices for several fuel compositions and
wide range of pitches. Finally, we investigate the coolant void
worth in various types of model critical & ADS transmutation
systems, employing nitride and oxide fuel, different typesof
inert matrices and two types of coolants - lead/bismuth and
sodium. Void reactivity is studied as a function of core geom-
etry parameters as e.g. reactor lattice pin pitch and fuel pin
design. The optimal pin pitch is then identified for each con-
figuration. Finally, we discuss the implications of our results
for ADS core design in general.

II. VOIDING MECHANISM

The occurrence of void in the core can be a result of fol-
lowing events

• fuel pin rupture, releasing fission gases and helium into
the core,

• blow-down of steam from ruptured steam generator,

• coolant boiling,

• blow-down of bubbles from gas injection system [8].
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We note, that in sodium cooled systems undercooling
can result in coolant boiling prior any significant damage
to the fuel, clad, or structural material is inflicted. On the
other hand, due to the high boiling temperatures of lead and
lead/bismuth (Pb:Tb= 2023 K; Pb/Bi:Tb= 1943 K), coolant
boiling in these systems occurs firstafter the integrity of reac-
tor core is lost, rendering such events to the realm of beyond-
design basis accident analyses.

The void worth and void reactivity coefficient are the major
safety parameters, determining permissive maximum critical-
ity level of the system (keff ).

II.A. Phenomena occurring during the voiding

The physical effects associated with coolant voiding are

• reduction of neutron moderation (spectral hardening),
increasing fission probabilities of even neutron number
actinides

• reduction of neutron capture in fuel, coolant, and
cladding.

The coolant void worth is the difference in the k-eigenvalue
between the flooded and voided state

W = ∆keff = kvoid

eff
− kflood

eff
= (1)

= νvoidLvoid

f
− νfloodLflood

f
. (2)

whereLf is neutron loss to fission in one neutron generation
for respective core state - flooded or voided.

In fast neutron systems, the average fission neutron yield
can be considered as constant (ν ≡ νflood ' νvoid). Then,

W = ν (Lvoid

f − Lflood

f ), (3)

from which follows thatW = ν∆Lf .

The neutron balance equation forone neutron fission gen-
eration in an eigenstate can be written as

1 + Cx = Lc + Le + Lf + Lx, (4)

whereLx denotes the neutron loss rate in non-fission multi-
plication reactions,Cx = νxLx is the neutron creation rate
in non-fission multiplication reactions,νx is the average neu-
tron yield in non-fission multiplication reactions (νx ' 2), Le

denotes the loss rate to leakage,Lc the loss rate to capture
reactions, andLf is the loss rate to fission.

Upon coolant voiding,∆Cx ≤ 10−3 in most of the cases
yielding∆Lf + ∆Lc + ∆Le ∼ 0. In the infinite pin lattice 2-
D model (Le = 0), the coolant void worth can be subsequently

decomposed as

W = ν · ∆Lf = −ν(∆Lfuel

c + ∆Lcoolant

c + ∆Lclad

c ). (5)

whereLfuel
c , Lcoolant

c , andLclad
c is neutron capture rates to

fuel, coolant, and cladding, respectively.
In realistic three dimensional core configurations, the void

worth is given by

W = −ν(∆Lc,fuel + ∆Lc,coolant + ∆Lc,clad + (6)

∆Le − ∆Gx), (7)

whereLe quantifies a rate of neutron leakage from the system,
andGx = Cx - Lx is the neutron gain from non-fission multi-
plication reactions. The neutron balance equation is evaluated
for the whole geometry inclusive reflectors and plena.

II.B. Cross-sections

In order to apprehend the nature of neutron slowing-down
process in coolant due to the elastic and inelastic scattering,
we define the energy-loss cross-section as

Σ∆E ≡
Σel∆Eel + Σinel∆Einel

E
, (8)

where

∆Eel =
1

2
(1 − α)En, α = (

A − 1

A + 1
)2 (9)

and

∆Einel = En − (
A

A + 1
)2[En − Q

A + 1

A
] (10)

is the average energy loss in elastic scattering and inelastic
scattering, respectively;Q denotes the excited energy levels
of the target nuclei,En is the neutron energy, andA is the
target nucleus mass number.

The energy-loss cross-section for sodium decomposed into
the contributions from elastic and inelastic scattering isdis-
played in Figure 1. We observe that for the energy region
below 500 keV, neutron slowing down is dominated by elas-
tic collisions, while in-between 0.7-2 MeV inelastic scattering
becomes about equally effective.

In Figure 2, the same comparison is made for natural lead.
We note that energy-loss cross-section due to the elastic scat-
tering is significantly smaller than for sodium in whole energy
range investigated. However, due to the presence of several
thresholds for inelastic scattering in the energy intervalfrom
0.57 to 2 MeV, the energy loss in inelastic scattering is no-
tably larger than for sodium. The neutron spectrum of lead
and lead/bismuth cooled reactors will be thus somewhat sup-
pressed for energies above 1 MeV comparing with Na-cooled
systems having the same geometry, see Figure 3. For sodium,
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Fig. 1. Energy-loss cross-section for 23Na. Data from JEF2.2
library wereused. Macroscopic scattering cross-sectionswere taken
at T = 600 K.

TABLE I

Threshold energies for inelastic scattering of heavy metal coolants
used in thestudy. 206Pb has further fiveexcited energy levels

yielding threshold energies below or close to 2 MeV limit: 1474,
1692, 1713, 1793, and 2008 keV.

Threshold energies [keV]������� ���	�
	��
1st 2nd 3rd

23Na 100% 459.1 2166 2495
206Pb 24.1% 806.9 1171 1347
207Pb 22.1% 572.5 902.1 1641
208Pb 52.4% 2628 3213 3492
209Bi 100% 900.6 1617 2455

themagnitudeof neutron spectrum relative to lead/bismuth is
suppressed in theenergy region of 0.7-1.5 MeV wherecontri-
butionsto theneutron slowing down from elastic and inelastic
scattering reactions merely equal.

We further note that within the range the 206Pb features a
number of threshold levels, while the threshold for inelastic
scattering of the doubly magic isotope 208Pb is well above
2 MeV, seeTable I.

One could therefore theoretically consider to enrich lead
in 208Pb. With energy-loss cross-section remaining below
0.003 cm−1, a very hard neutron spectrum can be attained.
As also the capture cross-section of 208Pb is low in compar-
ison to other isotopes, see Figure 4, such a coolant would
yield avery small void worth [9].

Fig. 2. Energy-loss cross-section for natural lead. Cross-section
data were taken from ENDFB/VI-8 cross-section library. Σel and
Σinel at T = 600 K wereused.

II.C. Calculation methodology

Our study of void reactivity is performed as a function of
core geometry: reactor lattice pin pitch and fuel pin design
parameters. The plutonium and americium vectors used in
our studies are presented in Table II; use of spent LWR UOX
fuel after 30 years of cooling time isenvisioned.

TABLE II

Pu and Am vectors used in the investigations. Thecompositions
correspond to those found in spent LWR UOX fuel with an

averaged burnup of 41.2 GWd/tHM after 30 years of cooling.

���� � �������� �������
238Pu 0.020
239Pu 0.521
240Pu 0.229
241Pu 0.035
242Pu 0.064
241Am 0.114
243Am 0.017

Thevoid worth is typically arelatively small differencebe-
tween two large terms, critically depending on a correct de-
scription of geometry as well as transport slowing-down and
capture cross-sections properly adjusted for change in self-
shielding. Hence, weused theMonteCarlo codeMCNP, ver-
sion 4C3 [10], for the present study. The estimation of neu-
tron creation and loss rates is performed exclusively in the
eigenstate as modelled by MCNP KCODE mode. A temper-
ature adjusted version of the JEF2.2 cross-section library is
applied.
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Fig. 3. The neutron spectrum of lead-bismuth cooled system
relative to that cooled by sodium with the same geometry and fuel
composition.

We start by evaluating the void worth in an infinite triangu-
lar fuel pin lattice for three heavy metal coolant candidates -
sodium, lead, and lead/bismuth eutectic. Fuels with different
fractions of plutonium and minor actinide, relevant for usein
accelerator-driven systems, are analysed. The impact of fast
fission threshold for even neutron number nuclides is thus as-
sessed.

In the 3-D reactor model, we further evaluate the effect of
neutron leakage from the core on the void worth. The reactor
core is modelled pin-by-pin, while materials were smeared in
axial plena, reflectors, as well as ADS target region.

The model parameters as used in the calculations are sum-
marized in Table III. The total core power was set to
800 MWth. The assumed linear power of 30 kW/m then cor-
responds to cores with∼26700 fuel pins.

III. RESULTS

Three types of fuel are used for our analyses: standard
FBR fuel (U,Pu)O2, a plutonium based - TRU mononitride
fuel (TRU,Zr)N, and minor actinide based fuel (MA,Zr)N,
relevant for ADS minor actinide burners operating in double-
strata incineration scheme. An inert matrix has to be added
to the fuel in order to compensate for high fuel reactivity and
achieve an reasonably good stability at high temperature. In
our studies we have chosen ZrN as a representative inert ma-
trix material.

Σ

Fig. 4. Macroscopic capture cross-section of207Pb and208Pb.
ENDFB/VI-8 cross-section library data were used.

III.A. Elementary cell analysis

The void worth was analysed in an infinite pin lattice ge-
ometry, examining effects of changes in spectral and capture
gradient. The relative fractions of metals in the fuel is given
in Table IV. In Figure 5, the void worth for three types of fuel
are displayed as a function of pitch-to-diameter ratio. We note
that, as expected, the void worth increases with increasing
fraction of higher actinides in the fuel; the difference being
most significant for high pin pitches. Results of pin lattice
sodium void worth decomposed into individual components
are displayed in Table V. The values given in the table cor-
responds to P/D = 2.0, in order to emphasize any effect of
reduced capture in the coolant, should it be significant.

We observe that the main contribution to the void worth is
a reduction in fuel capture rate, with concurrent increase of
fission probability of even neutron number actinides. While
capture reduction in the fuel provides about 76% of the void
worth in TRUN fuel, it is more then 93% for the fuel contain-
ing 60% of minor actinides. We further note that the spectral
gradient accompanying removal of the coolant from a lattice
is strongest for (MA,Zr)N fuel.

(... Figure 6 ...)
The capture rate in the cladding is less significant and con-

stitutes less than 10% of the void worth.
In Table VI, we illustrate the effect of increasing the pin

pitch on the void worth. Comparing with Table V, one may
note that the contribution of the coolant capture reduction
to the void worth is significantly higher for Pb/Bi than for
sodium, for same P/D. With increasing P/D ratio, understand-
ably, the relative contribution of coolant capture rate reduc-
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TABLE V

Infinite pin lattice void worth analyses. Sodium void worth was decomposed into the individual constituents. Pitch-to-diameter ratio is 2.0.
The neutron loss rates are normalized per one fission neutron generation.

Fuel ∆Lf ∆Lc,fuel ∆Lc,cool ∆Lc,clad - ∆Lc,fuel/∆Lf ( σf

σa
)voided/( σf

σa
)flooded

(U,Pu)O2 + 0.078 -0.059 -0.012 -0.007 0.76 1.20
(TRU,Zr)N + 0.108 -0.090 -0.011 -0.007 0.83 1.22
(MA,Zr)N + 0.119 -0.111 -0.005 -0.003 0.93 1.33

TABLE VI

Void worth analyses in an infinite pin lattice employing lead/bismuth coolant, and (TRU,Zr)N fuel; Pu/Am fraction was kept at 4/1. The
neutron loss rates are normalized per one fission neutron generation.

P/D ∆Lf ∆Lc,fuel ∆Lc,cool ∆Lc,clad - ∆Lc,fuel/∆Lf - ∆Lc,cool/∆Lf

1.2 + 0.022 -0.012 -0.009 -0.001 0.55 0.41
1.6 + 0.057 -0.027 -0.028 -0.002 0.47 0.49
2.0 + 0.090 -0.039 -0.048 -0.003 0.43 0.53
2.4 + 0.121 -0.047 -0.070 -0.004 0.39 0.59

TABLE III

Reference system, pin, and pellet design specifications. A triangular
pin lattice is adopted.

Pellet density (% TD) 0.85
Pellet outer radiusRfuel (mm) 2.4
Clad inner radiusRgap (mm) 2.5
Clad outer radiusRpin (mm) 3.0

Active pin length (cm) 100
Length of upper plenum (cm) 150
Length of lower plenum (cm) 10

Length of radial reflector S/As (cm) 120
Thickness of radial reflector (cm) 150
Length of upper reflector (cm) 200
Length of lower reflector (cm) 240

ADS target radius (cm) 20
Radius of accelerator beam tube (cm) 15
Distance of target window from centreplane (cm) 20

tion to the void worth increases. Even for P/D=1.2, 41% of
the LBE void worth constitutes of∆Lc,cool.

The void worth of lead is very similar to that of
lead/bismuth for the whole range of pitches investigated, see
Figure 7. Both heavy metals - lead and lead/bismuth - feature
very similar neutronic characteristics. In our further investi-
gations we therefore focus only on systems cooled by sodium
and lead/bismuth eutectic.

(... 208Pb results here ...)

TABLE IV

Atomic fractions of metallic elements in fuels investigated in the
elementary fuel cell analyses.

���� ���  ! "#$%&
2

 '(! ")*%+  ,- ")*%+
U 0.750 – –
Pu 0.250 0.165 0.133
Am – 0.035 0.267
Zr – 0.800 0.600

III.B. Critical 3-D systems

The importance of enhanced leakage becomes apparent
when observing the void worth in realistic system configura-
tions. In Table VII and Figure 8, we display the coolant void
worth as a function of pitch-to-diameter ratio for a model crit-
ical fast reactor employing (U,Pu)O2 fuel (25% Pu content)
cooled by sodium and lead/bismuth. In the case of the Pb/Bi-
cooled core, we investigate two different radial reflector con-
figurations: a) similar to the one used for sodium cooled sys-
tem, i.e. consisting of steel pins, immersed in the coolant;
coolant volume ratio being 20 vol% b) where the whole ra-
dial reflector region is filled by lead/bismuth only. Such ra-
dial reflector configurations have been proposed in a number
of studies [11].

In contrast to the standard notion of the leakage term [12],
Le in our case denotes those neutrons leaking out of thewhole
reactor systemto the surrounding shielding. We note that the
probability of these neutrons to enter the core and induce fis-
sion is rather remote and these neutrons can be effectively
perceived as captured in clad and capture material of reflec-
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TABLE VII

Void worth analyses in a model fast-breeder reactor, for sodium and lead/bismuth coolant. (U,Pu)O2 fuel with 25 at% of Pu in actinide
vector was implemented.∆Lc,clad includes capture in the structural material of the reflectors. Note that∆G. = ∆C. − ∆L. < 10−3.

Coolant P/D ∆Lf ∆Lc,fuel ∆Lc,cool ∆Lc,clad ∆Le ∆Gx

Core void worth
1.2 +0.0076 -0.0281 +0.0063 +0.0123 +0.0037 +0.0002
1.6 +0.0096 -0.0689 +0.0181 +0.0316 +0.0105 +0.0001
2.0 +0.0071 -0.0908 +0.0265 +0.0428 +0.0156 +0.0006
2.4 +0.0035 -0.1048 +0.0323 +0.0487 +0.0197 +0.0006

Core & upper plenum void worth

+/

2.0 -0.0166 -0.1282 +0.0471 +0.0397 +0.0598 +0.0006
Core void worth, radial reflector with steel pins

1.2 +0.0058 -0.0247 -0.0036 +0.0211 +0.0008 -0.0003
1.6 +0.0107 -0.0506 -0.0088 +0.0471 +0.0023 -0.0006
2.0 +0.0114 -0.0709 -0.0129 +0.0677 +0.0039 +0.0006
2.4 +0.0112 -0.0804 -0.0172 +0.0819 +0.0053 -0.0008

Core void worth, Pb/Bi radial reflector

#0123

2.0 +0.0216 -0.0555 +0.0124 +0.0060 +0.0163 -0.0006

456789:;

4<=6>?9@
4AB56>?9@

Fig. 5. Sodium void worth in an infinite pin lattice with a pin
diameter of 6 mm.

tor. The reason why we list the leakage component separately
in our study is thus merely phenomenological.

In our model, the effect of the enhanced neutron leakage
from the coreupon coolant voiding is thus exhibited as a
change in the capture of neutrons in coolant and structural
material of plena and reflectors. Hence, in contrast to the infi-
nite pin lattice analyses the changes in the capture probability
in clad introduces anegativereactivity upon coolant voiding.

We note that the spectrum hardening responsible for reduc-
tion of neutron parasitic capture in fuel is the only source
inserting positive reactivity into the system in the case of
sodium. With increasing pitches we observe both reduction of
the neutron capture probability in the fuel as well as its grad-

CDEFGHIJEKL

MNOONPDQFPRSRNTNUH

VWXYZ
VWVYZ
VW[\]VŴ\]V̂_̀

Fig. 6. Fission probabilityσf /σa of even neutron number ac-
tinides.

ual increase in coolant and clad material of plena & reflectors.
The probability of neutrons to leak out the reactor system in-
creases consequently with increasing pitches too, though not
as strongly as the coolant capture term. For P/D > 1.6, the
coolant & clad capture and leakage terms together increase
faster than the neutron capture probability in fuel is reduced,
leading to a subsequent decrease of the void worth.

In comparison to sodium cooled system, the reduction of
neutron capture in Pb/Bi during coolant voiding for the core
with radial steel pin reflector introduces positive reactivity to
the system. The negative reactivity feedback is then supplied
mainly due to the increase of neutron capture in thestruc-
tural material of reflector. However, this negative feedback
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Fig. 7. Void worth in an infinite pin lattice of a system employing
(TRU,Zr)N fuel. Three types of coolant were investigated - lead,
lead/bismuth, and sodium.

is not able to compensate for the total reduction in fuel &
coolant capture rates. Adding smaller leakage, in comparison
to sodium, Pb/Bi-cooled FBRs thus yield higher void worths
than systems cooled by sodium, for P/D > 1.4!

When the steel pin reflector is replaced by Pb/Bi, the only
significant effect introducing negative reactivity to the sys-
tems is the increased neutron capture in coolant and surround-
ing reactor shielding material (manifested in our study as an
increased leakage termLe). This results in excessive void
worths even for large pitch-to-diameter ratios. One could
therefore supply an absorbing material into the core reflector
in order to increase the neutron capture upon coolant voiding
and consequently reduce void worth.

The leakage effect itself becomes significantly pronounced
when the upper plenum is voided together with the reactor
core, providing more than 40% of the negative reactivity upon
coolant voiding.

III.C. ADS

The void worth was further studied in realistic models of
accelerator-driven systems for fuel compositions relevant for
transmutation purposes.

Figure 9 shows coolant void worth for TRU fuels having
a fixed inert matrix fraction, a condition which might be im-
posed by reasons of high stability or fabricability [13]. In
order to keepkeff constant, the Pu/Am ratio is hence varied
as a function of P/D. We note that the absolute value of the
core void worth is a factor of 2-3 higher than for FBRs utiliz-
ing (U,Pu)O2 fuel. However, on the contrary to the situation
in the FBR, lead/bismuth yieldslower core void worth than

hijklmnjopqqrsqtrqupvs
hijklmnjvopqqrsqtrqupvs

wx

Fig. 8. Coolant void worth in a critical FBR employing
(U,Pu)O2 fuel.

sodium for pitch-to-diameter ratios less than 2.3!
A dramatic change in core void worth behaviour with re-

spect to increasing P/D is observed when the Pu/Am ratio in
fuel is kept constant at Pu/Am = 2/3, corresponding to the
equilibrium fraction of fuel in MA-ADS burner in double-
strata scheme [14].keff was then adjusted by varying the in-
ert matrix (ZrN) fraction, In this case, the enhanced neutron
leakage and capture in structural material are not able to com-
pensate for reduction of neutron capture rate in the fuel and
coolant, causing core void reactivity to grow with P/D, see
Figure 10. A similar behaviour was also observed for solid
solution oxide fuels [15].

In Figure 11, the change in reactivity when voiding both
core & upper plenum is compared to the core void worth.
In this case, neutron leakage is enhanced proportionally to
P/D, reducing the void worth by several thousands of pcm
(for standard size pitch-to-diameter ratio equal to 1.6, by
more than 2000 pcm.)W however remains positive, even
for P/D=2.4.

Figure 12 displays results of the void worth calculations
in a TRU-ADS burner cooled by lead/bismuth eutectics for
two pin diameters, 6 and 8 mm. The ratio of Pu/Am is kept
at 4/1, corresponding to a case when all Pu from the LWRs
is directed to the ADS, a so called two component scenario.
The relative fraction of MA is thus small and the increase in
fuel fission-to-capture ratio upon coolant voiding is thus not
as dramatic as in MA-based ADS fuel, leaving the reduction
of neutron capture probability in fuel to be the only significant
factor introducing positive reactivity to the system. Generally,
the void worth is now found to be decreasing with growing
pitch due to increasing neutron leakage.
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TABLE VIII

Breakdown of coolant void worth into individual components shown fordifferent types of mononitride fuels employed in a model ADS with
sodium or lead/bismuth coolant; pitch-to-diameter ratio is 2.0. In the parentheses, fractions of the fuel constituents are given for whole range

of P/D ratios varying from 1.2 to 2.4. (... consider if okej ...)

Atomic fraction Volume fraction
Coolant

Pu/(Pu + Am) AcN/(AcN + inert matrix)
Rpin ∆Lf ∆Lc,fuel ∆Lc,cool ∆Lc,clad ∆Le

Core void worth
80% 29.5% (16 - 37%) 3 mm -0.0102 -0.0839 +0.0205 +0.0524 +0.0214

55% (23 - 67%) 50% 3 mm +0.0164 -0.0910 +0.0171 +0.0409 +0.0172
+/

40% 66% (35 - 85%) 3 mm +0.0296 -0.0948 +0.0148 +0.0361 +0.0150
Core void worth, radial reflector with steel pins

80% 20% (13 - 25%) 3 mm -0.0226 -0.0650 -0.0104 +0.0903 +0.0060
80% 15.5% (9.8 - 19%) 4 mm -0.0156 -0.0690 -0.0138 +0.0908 +0.0059

42% (21 - 51%) 50% 3 mm +0.0109 -0.0794 -0.0019 +0.0649 +0.0048
40% 52% (33 - 63%) 3 mm +0.0127 -0.0803 -0.0019 +0.0646 +0.0046

#0123

40% 36.3% (28 - 41%) 3 mm -0.0041 -0.0652 +0.0029 +0.0671 +0.0045

yz{|}~�{��������������
yz{|}~�{���������������

��

Fig. 9. Core void worth in ADSs cooled by sodium and
lead/bismuth. The inert fraction is kept constant at 50 vol%, and
Pu/Am ratio is adjusted to obtainkeff ∼ 0.96. The Pu and Am vec-
tors are those of spent LWR UOX fuel after 30 years of cooling.

Fuel pins with smaller pin diameter appeared to be more
favourable with respect to the void worth, the difference being
most pronounced for larger pitches.

Exchanging ZrN for an absorbing matrix, in our case HfN,
increases the void worth, but in the case of TRU-based fuel,
W remains at acceptable levels, see Figure 13. While the
core void worth becomes slightly positive, the coupled core
& upper plenum void is still strongly negative for all pitches.

In Table VIII, we display the coolant void worth for dif-
ferent types of mononitride fuels employed in a model ADS
burner with lattice pitch-to-diameter ratio equal to two and
decomposed into the individual terms with respect to capture
in fuel, clad, coolant, and to neutron leakage. We note that the

����������������������
�����������������������
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Fig. 10. Core void worth in ADSs cooled by sodium and
lead/bismuth. The Pu/Am ratio was kept constant at 2/3, and the
inert matrix fraction was adjusted to obtainkeff ∼ 0.96. The Pu
& Am vectors are those of spent LWR UOX fuel after 30 years of
cooling.

statistical error of calculations is of the same order of magni-
tude as∆Gx, which we therefore do not list.

Similarly to the results obtained for the pin lattice model,
the amount of positive reactivity introduced upon coolant
voiding by reduction of capture in fuel increases with grow-
ing MA fraction in the fuel. Evidently, this is due to the pro-
nounced increase of fuel fission-to-capture ratio. As a com-
mon characteristics for all fuels studied, the positive reactiv-
ity introduced by the reduction of capture in fuel is lower
in sodium cooled systems than for lead/bismuth. We also
observe that the reactivity being introduced by a change in
coolant capture is lower for high MA content fuel than for
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Fig. 11. Core and plenum void worths in ADS employing Pb/Bi
coolant. Pu/Am fraction was kept at 2/3, ZrN fraction was varied to
obtainkeff ∼ 0.96. The Pu & Am vectors are those of spent LWR
UOX fuel after 30 years of cooling.

fuels dominated by plutonium.

IV. CONCLUSIONS

We found that reactor cores with high minor actinide con-
tent fuel exhibit generally higher void worths than cores fu-
elled primarily with plutonium. A disadvantage of sodium
versus Pb/Bi in terms of larger positive coolant void worth is
apparent for all transmutation type fuels investigated.

(... repeat explanation why ...)

On the contrary, for an FBR with (U0.75,Pu0.25)O2 fuel,
Pb/Bi yields larger void worth than sodium when P/D > 1.4.
In lead/bismuth-cooled systems, a radial steel pin reflector has
to be applied if coolant void worth is to be significantly re-
duced.

Enlarging the pitch-to-diameter ratio lowers the coolant
void worth in ADS burners operating in two-component sce-
nario, while ADS burners with MA based fuel should be de-
signed with minimum allowable P/D.

Pins with small diameters and non-absorbing fuel matrices
are preferable with respect to the coolant void worth. How-
ever, even an application of strongly absorbing matrix (HfN),
does not have to deteriorate the void worth critically; large
amount of negative reactivity still being introduced into the
reactor upon voiding both core & upper plenum, as e.g. in
TRU-fuelled ADS.

®̄°°±²³́µ

®¶°°±²³́µ·
¹̧¹µ́¹ºµ»̧°

®¶°°±²³́µ
®̄°°±²³́µ·
¹̧¹µ́¹ºµ»̧°

Fig. 12. Coolant void worth in ADS employing (TRU,Zr)N fuel
and Pb/Bi coolant, Pu/Am fraction is 4/1, ZrN fraction was varied
to obtainkeff ∼ 0.96. Pins with a radius of 3 mm and 4 mm were
studied.
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