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Introduction 

Nuclear physics is pushing the boundaries of the knowledge of matter and nature since 

the beginning of the 20th century, facing new and interesting challenges in scientific and 

technologic fields. Basic research and complex technologies developed for this physics 

branch have often had very important outcomes in medicine, industrial and applied 

physics fields. 

During the recent years, Europe became the leader in nuclear physics, and is plan-

ning, under the guide of the Genève’s CERN, a new generation of facilities for the pro-

duction of radioactive beams, whose goal is to explore the exotic matter, and to provide 

an appropriate tool for different types of applications (see Chapter 1). 

One of the project taking an active role in this program is SPES (Selective Production 

of Exotic nuclear Species) running under the INFN (Istituto Nazionale di Fisica Nucleare) 

in Legnaro, whose purpose is the construction of a facility for high quality neutron rich 

ion beams, in a mass range between 80 and 160. The production of the radioactive par-

ticles composing the beam takes place bombing some uranium carbide discs with pro-

tons, therefor the resulting fission products are extracted, ionized, separated by the 

mass and then accelerated as a radioactive beam. 

Problems related to the realization of this kind of facility are easy to occur, e.g. the 

energy and the type of the prompt beam have to be chosen in order to get a certain  iso-

tope mass distribution, but the particles interacting with the components of the target 

lose part of their energy, so the amount of energy at which the collision takes place var-

ies by a considerable amount. Other constraints for the choice of the geometry may be 

related to issue due to the presence of  radiation during the experiment. Many hazard-

ous particles will be released during the experiment, and it’s important to prevent them 

to damage human beings in the neighbour areas and delicate components inside the fa-

cility. Moreover, the power deposition of the protons inside the target has to be known 

and adjusted in order to prevent high temperature differences among the different 

components of the object. For all those purpose computational methods have to be 

adopted, and the purpose of this thesis is to provide some simulation with the Monte 

Carlo code FLUKA. Benchmark are on the model implemented in the software are made 

as well, and the results show an acceptable agreement of the numerical results with the 

experimental results and with the results of previously used codes as MCNPX. Special 

care has been taken for the fission model study, since the code is not open, and, there-
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fore, does not allow to see the parameters adopted in the model. The behaviour of the 

numerical programs working in this field is well known through literature though, and 

benchmarks are able to provide a test for the quality of the chosen parameters for the 

spectra. Even if FLUKA is shown to be less realistic at SPES energies (as shown in Chap-

ter 2, the code is thought in the CERN environment, so it is more likely to work well at 

high energies), the power deposition analyses and the equivalent dose profiles appear to 

be realistic and reliable. 

FLUKA is shown to be more user friendly rather than other codes, since is imple-

mented with a graphic and open source user interface. Moreover is largely and freely 

distributed, with a satisfactory support by the official guide and by the users communi-

ty. Moreover has been widely used for previous publications, and it’s consider a funda-

mental software for the study of the radiation damage from many possible sources, in-

cluded isotope sources and even cosmic ray absorbed by astronauts. 

The outcomes of the thesis work taken in analysis are of different kind. In the first 

stage the code has been benchmarked with relatively good results compared with ex-

perimental and computational ones. Different models (most of all MCNPX ones) have 

been taken in exam in order to investigate whether or not there’s compatibility between 

FLUKA fission and power deposition models and the ones in the most used in the past 

and considered to be reliable. The results are similar for the power deposition simula-

tion outputs: both FLUKA and MCNPX seem to show reliable results, and provide a valid 

boundary condition system for the further computational work needed in order to eval-

uate the temperature evolution in the system. For the fission products analysis it’s been 

found how the benchmark with experimental data looks to be satisfactory, albeit the 

high energies (over 1 GeV) for which FLUKA models were meant to work. Fission spec-

tra for the specific case of the SPES target have been made, and the results have been 

compared again with the ones from previous simulations. The results show how the 

production spectrum is model dependent and how the theoretical model used by FLUKA 

gives results which seem to be acceptable compared to the others commonly used.  
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Chapter 1  

The SPES project at LNL 

Introduction 

The atom is the unit which establish the properties of the elements in nature. The chem-

ical properties are determined by the electronic cloud surrounding the nucleus, mean-

while the physical properties are determined by the way the atoms  are arranged, which 

could be in crystal structures for solids, but when the external bond of the atoms get 

weaker compared to the thermal energy, liquid and gas state of matter can be found. 

Most of the atom mass (more than 99.9%) is due to the nucleus, an entity constituted by 

protons (positively charged particles) and neutrons (uncharged particles), both of them 

are called nucleons, and have a mass 1800 times greater than electrons. The stability of 

the nucleus is due to a strong binding force among the nucleons, called strong interac-

tion, and is dominant at distance much shorter than the nuclear size, and balance the 

electrostatic repulsion among the protons. The strong interaction constraints the mo-

tion of nucleons around the central mass, and since the strength of the binding forces is 

very strong, the breaking of the nucleus requires high energy. The branch of the physics 

that studies the behaviour and the nuclear stability is called nuclear physics.   

Stable nuclei contain, in a rough approximation the same number of protons and neu-

trons, and constitute the so-called stability valley in the nuclide chart (see Figure 1.1). 

the main reason for the greater stability for the nuclei with the same number of protons 

and neutrons is due to the fact that the interaction between proton and neutron is 

slightly stronger than the proton-proton and proton-neutron ones. Looking at Figure 1.1 

one can see how for nuclei with masses ! τπ the Coulomb force shifts the stability val-

ley from the line of the nuclei with the same amount of protons and neutrons to neu-

tron-rich nuclei, that are charge-free, so they do not feed the repulsive electrostatic 

force. Moreover, the Coulomb force limits the existence of super-heavy elements, since 

the short range of interaction of strong nuclear force does not allow an efficient opposi-

tion to the electrostatic force, that is a long-range force. 
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Figure  1.1 

Nuclei with excess or lack of neutrons, so the ones far from the valley of stability, are 

radioactive, and decay with the emission of  alpha, beta and gamma particles and neu-

trinos. Those nuclei are often called exotic, and for now 2000 of them have been discov-

ered and classified in laboratories all over the world. Nevertheless, theoretical calcula-

tions predict the existence of many more nuclei (they’re estimated to be over 6000), and 

it’s also estimated that many of them can be found in the so called “terra incognita”, 

which includes the neutron-rich nucleons and the super-heavy nuclei (SHE, Super Heavy 

Elements). 

The stable nuclei (the black ones) are the non-radioactive ones, or the ones having a 

decay time comparable to the Earth’s age (or even longer). The dark green region is 

made of the artificial nuclei, that can have shorter or longer lifetime, depending by the 

specific case. Adding neutrons or protons to a nuclide, one gets far from the stability re-

gion until the limits of the chart, the drip lines, characterized by a loss of binding energy 

among neutrons and protons, such that the stability of the nucleus is no more pledged. 

Theoretical calculations showed that, out of the drip lines, nuclei emit nucleons very 

quickly, in order to form new nuclei with an amount of neutrons and protons good 

enough to enter in the area of potential stability, in which the strong interaction is able 

to get an adequate amount of cohesion again. The light green region is called terra in-
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cognita, and it’s characterized by the presence by the presence of nuclei with very small 

or very large .Ⱦ:  ratios. Figure 1.1 shows how the proton-rich area is relatively well 

defined theoretically, meanwhile the neutron-rich is bigger and less defined, with less 

sharp edge. 

As is going to be shown in the further paragraphs, the study of unstable nuclei, and in 

particular of exotic nuclei, opened new research topics in nuclear physics, and allowed 

to confirm previous hypothesis of crucial importance (e.g. the Standard Model, i.e. the 

model under whom the electric, weak and strong interactions are unified), and finally 

pointed out promising applications in solid state physics and medicine. 

For the practical use and for the production of this kind of radioactive ions, the con-

struction of accelerating system and facilities able to provide ion beam with high purity, 

energy and intensity level is necessary. LNL (Laboratori Nazionali di Legnaro) are ori-

ented to this goal with the facility ISOL for a new generation of exotic ion beams. The 

next paragraph will provide a briefing of the main applications of radioactive ion beams 

[1].  

1.1 Goals of the SPES project 

SPES is a multidisciplinary and multiuser project whose aim is to build an experimental 

setup for the radioactive ion beam production, the so called RIB (Radioactive Ion Beam), 

in order to investigate about fundamental nuclear physics and unstable atomic nuclei. 

Those ones are not likely to be found on Earth, but they’re produced during the final 

stages of star lives (from which all the known chemical elements are generated). 

Most of the nowadays knowledge about atomic nuclei properties derives, indeed, 

from the studies about those nuclei which are located about the so called beta stability 

valley, or from nuclei with a lack of neutrons. Atomic nuclei with very asymmetric com-

binations of protons and neutrons are thought to be able to reveal new features in nu-

clear structure. 

Four phases have been foreseen for the SPES project: 

1. SPES-α — foresees the acquisition, installation and commissioning of a high per-

formance cyclotron with high output current (~0.7 mA) and high energy (up to 

70 MeV), together with the related infrastructure for the accelerator and the exper-

imental stations. The cyclotron will be provided with two exit ports, a configuration 

well suited for the double mission of the laboratory, basic research and technologi-

cal applications. One of the two beams will be dedicated to the nuclear physics facili-

ty (producing neutron-rich ions by collisions of protons onto a UCx target), the sec-

ond will be dedicated to applied physics; 
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2. SPES-β — neutron-rich species will be accelerated against suitable targets. In the 

collisions, new, extremely neutron-rich nuclei will be produced, which are similar to 

those generated in advanced stellar stages and are not present on Earth due to their 

short lifetime. The investigation on such systems is a new frontier of physics, for ex-

tending our knowledge of nuclei at extreme conditions and for providing basic in-

formation in the study of stellar evolution; 

3. SPES-ɣ — concerns the production of radionuclides of medical interest by using the 

SPES-α cyclotron. The goal is the production of innovative radiopharmaceutical (e.g. 

those based on Sr-82/Rb-82 and Ga-68/Ge-68) as well as the production of conven-

tional radionuclides with new accelerator-based approaches. 

4. SPES-δ — foresees the development of an intense neutron source, from the cyclo-

tron and/or from a high intensity linear accelerator based on radio-frequency quad-

rupole technology (RFQ). Applications of the neutron source range from nuclear as-

trophysics to test of electronics in space, characterization of nuclear waste or exper-

imental tumour treatments. 

1.2 Nuclear structure 

The evolution of nuclear properties towards the neutron drip lines depends by how the 

nuclear shell structure changes as a function of surplus nuclei. This change of the nucle-

ar properties has several consequences on the ground state properties (rotation, parity, 

and electromagnetic momenta) and on the single particle and collective excitations. 

Many phenomena may influence the shell structure, like the dependence from the effec-

tive isospin interaction, especially the spin-orbit component. Meanwhile shells and mag-

ic numbers are important to define nuclei properties, also the polarization effects may 

have important roles. Specifically, there are collective effects that involve few or every 

nucleons that lead to a series of phenomena like vibrations, rotations and giant reso-

nances. Those processes are leaded by correlations among the nucleons. The collective 

process brings to a deformation and a weakening of the spherical shell. Most of the rich-

ness of the nuclear structure comes from the interaction of those concurrent tendencies, 

i.e. the combination of the effect due to the single particle, to the collective motion and 

their dependence from the number of nucleons inside the nucleus. 

1.3 RIB (Radioactive Ion Beam) production (SPES-ʲύ 

For the practical use and the production of those kind of radioactive ions is necessary to 

build accelerating systems and devices able to provide ionic beams (RIB) characterized 

by high purity, density and energy. 
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The ISOL technique is usually associated with thick targets, in which the reaction 

products get to very high temperature, and lately are transferred to a ionization source. 

The sprung radioactive ions are therefore extracted, accelerated first to the electromag-

netic separator, and then post-accelerated to the reaction target for the experiments. 

The main constituents for an ISOL facility are four: 

1. the primary accelerator; 

2. the target complex, the extraction system and the ionization system; 

3. mass and isobars separators; 

4. post-accelerator. 

 
Figure  1.2 

The primary accelerator is a cyclotron, the ion source injects protons or low energy 

ionized atoms (some tens of keV) into the accelerator, which is able to accelerate those 

particles up to 1 GeV of energy and some mA of current. The primary beam of the de-

sired energy arrives to the front-end, where it’s collided with the target-source complex 

(thick production target and ion source in Figure 1.2), in which the production of radio-

active isotopes takes place through nuclear reactions (fission, spallation, fragmentation, 

etc.). In order to get an atom beam chemically and isobarically pure, the set of the pro-

duced isotopes, before getting to the users, gets accurately selected and purified passing 

through electromagnetic separators, and lately post-accelerated to the required energy 

level. The ISOL technique allows to have radioactive ion beams with more appropriate 

characteristics for the nuclear physics and nuclear astrophysics. Such a method allows 

also to provide high intensity beams: it expects, indeed, the possibility of using both an 

intense primary beam and a thick target, provided with a great cross section for the 

production of radioactive isotopes. The main disadvantage of the ISOL technique is the 

high delay time due to the low speed of the diffusion, effusion, ionization and extraction 

of the nuclides. The method becomes problematic when the decay time of the produced 

nuclides is less than tens of milliseconds. A correct target-source combination is funda-

mental for an efficient working of an ISOL facility. The goals to be pursued when the tar-

get system and the ion source are sized are: 

1. reducing the delay time; 
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2. maximize the production without degrading the purity of the beam. 

The intensity of the produced radioactive beam is usually described by the following 

equation: 

 Ὅ „ ɋ † ‐ ‐ ‐ ‐ (1.1) 

where: 

1. „ is the cross section for the involved nuclear reactions; 

2. ɋ is the current intensity of the primary beam; 

3. † is the useful width of the target; 

4. ‐ is the thermal diffusion efficiency at high temperature for reaction products 

inside the target; 

5. ‐ is the ionization efficiency of the source; 

6. ‐ is the decay efficiency during the entire process; 

7. ‐ is the transmission efficiency of the final accelerator, of the isobaric mass sep-

arator, and of the transport lines until the detection devices in the experimental 

chambers. 

The radioactive products separation of the target substrate and the extraction of ex-

otic nuclei, are strongly temperature dependent processes. In particular, the diffusion 

gets accelerated with the increase of the temperature. Clearly, the shorter is the mean 

lifetime of radioactive atoms, the faster is the release time, and, consequently, the sys-

tem has to be kept at the higher possible temperature. In the European sphere, the sci-

entific opportunities offered by RIB and the considerable associated technologic prob-

lems, leaded the scientific community to propose the construction of a network of com-

plementary facilities, defined with the term “intermediate generation”, fundamental to 

get to the construction of a unique and great European ISOL facility, called EURISOL: the 

main nuclear laboratories in Europe are involved in this project, which is dedicated to 

the study and the development of a new structure for the production of radioactive 

beams of higher quality than the available one nowadays. LNL are moving in this direc-

tion with the construction of an ISOL facility for the production of exotic ion beams: the 

SPES project. The program is nationally coordinated, and foresees the collaboration be-

tween INFN, ENEA (Bologna), the departments of Mechanical Engineer and Chemical 

Science at the University of Padua and, internationally, close collaborations with CERN 

(Switzerland) and Oak Ridge Laboratories (USA). In the next paragraph the SPES project 

will be described and the structure of the facility during the construction process at LNL. 
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1.3.1 Study of the structure of complex nuclei 

Nucleons are constituted by sub-particles called quarks, and the proton is formed by 

two quarks UP and a quark DOWN  with total charge ρ, meanwhile the neutron is 

formed by two DOWN quark and an UP quark, which give them a total charge of zero. 

Quarks are physically effective also the edge of the nucleons in which they’re confined: 

furthermore, the interactions in the nucleus are different from the ones taking place be-

tween free neutrons, since they depend by the proton and neutron density associated to 

a particular kind of nucleus. For now, there is no general formula able to quantify the 

entity of the nuclear interactions represented in Figure 1.1, since the quantum-

mechanical calculations are applicable only to lightest nuclei. The aim of nuclear physics 

is to get a unitary theory that: 

1. Allows to derive the effective interaction among nuclear particles; 

2. Deletes the incompatibilities among current models; 

3. Is applicable also to nuclei with an extreme proton/neutron ratio (exotic nuclei). 

For this purpose radioactive beams may give a precious contribution. 

1.3.2 Super-heavy elements production 

Natural elements are more or less 90, from Hydrogen to Uranium. During the previous 

years the nuclear fusion reactions allowed the synthesis of new heavy nuclei, extending 

the number of elements in the Periodic Table up to 112, and promising an extension to 

116. In particular, it looks that those elements (called super-heavy) are able to form 

close to the “Stability Island” (a combination of 114 protons and 184 neutrons that 

seems to provide stability to the nucleus). The recent availability of intense beam made 

by neutron rich nuclei, coupled with stable targets (neutron rich themselves), may be 

the first step for an accurate study of such phenomenon. 

1.3.3 Neutron halos 

It’s well known how strong nuclear forces, mainly attractive, keep the nuclei bound to-

gether. Not all the nuclei are bound in the same way though. The strong interactions 

promote situations in which the number of protons and neutrons is the same, mean-

while repulsive Coulomb forces promote the nuclei with more neutrons. The stable nu-

cleons existing in nature has approximately the same number of neutrons and protons. 

Those nuclei have roughly the same features, like the almost constant binding energy 

amount per nucleon (8 MeV per nucleon, if the lightest nuclei are excluded, for further 

information see Figure 2.2). The consequence of this is that most bound systems lay on 

the bottom of  a valley of potential energy, the so called stability valley, that starts on the 

diagonal ὔ ὤ, but with the increasing value of ὃ promotes neutron rich systems. In 
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Figure 1.1 is attached the graphical representation of stable and unstable nuclei as a 

function of mass in excess, that corresponds to the inverse of the binding energy per nu-

cleon, as it’s going to be shown in the next chapter. On the nuclide chart the drip lines 

correspond to zero separation energies for protons and neutrons. Beyond those limits, 

the nucleus is not able to gain further nucleons, because those will pass to continuum 

states. 

For ὃ τπ one has a deviation from the ὤ ὔ line. Because of this a neutron clus-

tering is more likely than a proton one. As a consequence of this fact, for heavy stable 

nuclei one finds that the neutron number is clearly bigger than the proton one, that is 

justified within the semi-empirical mass formula for the shell model (see para-

graph 2.1.2). Besides, the exotic nuclei exhibit an anomalous ὔȾὤ ratio, and are located 

out of the stability valley because of a proton or neutron excess. Those nuclei show a 

decreasing separation energy with the increase of the nucleons in excess, until the drip 

lines are reached, the curves beyond which nuclei are not bound anymore. 

The more a nucleus is far from the stability valley, the smaller is the binding energy 

of the last nucleons. If one considers neutron-rich nuclei at the edge of the instability 

threshold, one or more neutron with a small amount of separation energy may form a 

special low matter density region, with an associated probability to find a nucleon which 

is lower than the one found inside the nucleus. This kind of region defines a nuclear halo. 

Is now going to be discussed what physically happen close during the attempt of 

reaching the drip lines. The key element, resulting from the quantum mechanics used in 

bound one-dimensional systems, it’s that the single particle wave-function behaves like 

an exponential function, with the expression 

 ‪ὼ Ὡ ×ÉÔÈὯ
ςάȿὉȿ

ᴐ
 (1.2) 

where ȿὉȿ is the binding energy (the modulo has been taken since the energy eigenvalue 

of a bound state is negative). This allows movements by particles far from the centre of 

the attractive potential. Generally, neutrons may move in regions of space which are 

prohibited from classical motion laws,  and their wave function may show some “tails” 

that tunnel through bigger lengths than the action radius of the effective attractive po-

tential. The consequence of this is the presence of halos in weakly bound nuclei, where a 

new organization of protons and neutrons takes place, minimizing the energy of the sys-

tem maximizing the available coordinates. Moreover, the formation of low density re-

gions out of the nucleus core causes interesting features, like emerging cluster features. 

In this way all the complexities due to the many bodied systems emerge, and those kind 

of problems are the most important reasons for divergences from experimental data 
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and theoretical prediction given by mean field and shell models concerning the region of 

interest. 

Previous studies with nuclear radioactive beams allowed to reach the neutron drip 

lines only for light nuclei. The halo nuclei phenomenon was observed for the first time 

close to the drip lines, but it’s also been observed later close to proton drip lines. The 

heaviest nucleus for which a neutron halo has been found for sure is 19C [2] [3]. 

The size of the nucleus depends on the total number of the constituent nucleons (ὃ) 

from the simple relation Ὑ ὙὃȾ , where Ὑ is the radius of the nucleus, and Ὑ  is a 

constant whose amount is 1.2 fm (1 fm is 10-15 m). However, while getting far from the 

stability valley, great deviations from this law may be noticed, since the binding energies 

among the particles may become so low to cause the formation of halo nuclei. 

Those kind of objects were discovered in the middle of the 1980s by Berkley labora-

tories (USA), during some experiments made to measure the interaction probability of a 

beam of lithium isotopes focused on a specific target. Those experiments showed that 

11Li has a remarkably higher cross section compared with the other nuclei, both natural 

(6Li and 7Li) and synthetic ones (8Li and 9Li). This feature is explained admitting that 

greater sizes of the nuclei are due to different location of the nucleons inside 11Li. Specif-

ically in this isotope, the halo is given by two valence neutrons orbiting around a 9Li nu-

cleus. The data concerning the problem are shown in Figure 1.3. This plot shows the iso-

tope nuclear radius as a function of neutrons number inside the nucleus. It’s clear how 

the size of 11Li dramatically increases compared to the theoretical expectations for sta-

ble nuclei (dashed line), and the sizes of other lithium isotopes. The comparison be-

tween the size of 11Li and the heavier nuclei (Figure 1.3 on the right) shows that, mean-

while the “internal radius” of 11Li shows sizes comparable with 48Ca. The external halo 

extended out of the nuclear radius make the size of the nucleus comparable with 208Pb. 

After 11Li many other halos have been discovered, like 6He, 11Be and 19C. All of them 

have more neutrons compared to the stable nuclei, and they have one or two weakly 

bound neutrons and orbiting around the rest of the nucleus. 11Li is a 3 bodies system 

(the two external neutrons and the core), and it represents a natural example of the of 

the Borromean knot system, represented in Figure 1.4. In topology, the three rings are 

bound each other in such a way that the breakage of one of the three allows the separa-

tion of the other two. 
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Figure  1.3 

 

Figure  1.4 

Ring nuclei are called “Borromean nuclei” just because if one of the constituents 

(their core or their valence neutrons) is lost, the other two become unstable, and can be 

easily separated. The explanation of the stability of nuclear halos is quantum mechani-

cal: the attraction force among two of the three bodies is not strong enough to keep 

them bound, and only specific interactions with the third particle give enough energy to 

bind the system. Nowadays, for the measurements of proton distribution based on 

atomic spectroscopy, radioactive beams and collimated laser beams are used. Mean-

while, for the distribution of all the nucleons high energy radioactive beams are used [4]. 

1.3.4 Improvement and check for the standard model 

The Standard Model is a theory that describes the first components of the matter and 

their interactions; only three of the four fundamental interactions observed in nature 

are described in the model: the electromagnetic interaction, the weak interaction (uni-

fied in the electroweak interaction) and the strong interaction. This model constitutes a 
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quantum field theory, consistent with quantum mechanics and special relativity, in 

which every interaction between matter field is ruled by a local symmetry (Gauge sym-

metry). The consequence of this is the interaction between matter fields can be inter-

preted as the exchange of bosons. The Gauge bosons in the standard model are the fol-

lowing ones: 

1. the photon, mediator of the electromagnetic interaction; 

2. W and Z bosons, mediators of the weak interaction; 

3. gluons, mediators of the strong force. 

The standard model divides the particles in two kinds: the so called matter fields 

(leptons, that interact only though electroweak forces, and quarks) and bosons, the me-

diator of the forces. Leptons and quarks are fermions, so they have a semi-integer spin 

(½ for all the fermions of the standard model), differently from the bosons, which are 

characterized by an integer spin number (1 for all the Gauge bosons). 

Until today, almost all the experimental proof of the standard model agreed with the 

theoretical expectations; in spite of this, the Standard Model cannot be seen as a com-

plete theory for the fundamental interactions, since it doesn’t provide a description of 

gravitational interaction, and it’s not compatible with general relativity. Therefore 

comes the need of exploring the electroweak interaction world, looking for more ex-

tended symmetries  or dimensions than the ones that characterize the Standard Model 

nowadays. 

Complicated nuclear physics experiments, suggested by persuasive theoretical basis, 

have been realized with the goal of clarify the origin of those assumptions, and get to a 

unification of the fundamental interactions. Those experiments predict precise meas-

urements of the decay properties of some nuclei, whose measurements can be per-

formed using as a pure ion source the radioactive ion beams produced by the facility. 

1.4 Astrophysical applications (SPES-Ω) 

Nuclear astrophysics plays an important role in the understanding of the structure, the 

evolution and the composition of the Universe and its constituents. Stars generate ener-

gy through nuclear reactions involving both stable and radioactive nuclei. Sometimes 

the consumption of nuclear fuel proceeds regularly and takes millions of years, other 

times is explosive and lasts few minutes or seconds. During the different phases of the 

consumption of the stars, new chemical elements are synthesized, both through nucleo-

synthesis process that follow the stability valley, both with processes that take place in 

an unknown area of the nuclides chart. In order to develop a model that describes the 

nucleosynthesis mechanism, it’s necessary to measure the efficiency of the nuclear reac-
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tions concerning the main astrophysical cycles and the decay characteristics in many 

still unknown nuclei. Those essential information include lifetimes, masses, and many 

decay channels of a number of key elements far from the stability valley. Nuclear reac-

tions involving unstable nuclei can be measured only through the use of a radioactive 

beam: for this reason, a new generation of facility for the production of radioactive 

beams will be fundamental for the understanding of the elemental synthesis of the Uni-

verse. 

1.5 Solid state physics applications (SPES-Ω) 

Radio Tracer Technique, born in 1920, consists in the implantation of radioactive nuclei 

inside a solid system and the following study of the decay, with the detection of the 

emitted particles or gamma radiation. This techniques allows to reveal also signals from 

few atoms and represents one of the most common methods to study atomic diffusion in 

solids. 

The hosting system may be doped with “probe” radioisotopes for diffusion, through 

nuclear reactions, or ionic implantations. The choice of the radioactive atom to be used 

for a certain experiment is made depending on the chemical nature and the properties 

of the involved nucleus. 

The use of the Radio Tracer Diffusion technique consists in: 

1. observing, through decay products, the interaction between the atom and the 

probe, and the surrounding zone of the lattice; 

2. getting information concerning the electric and magnetic fields inside the crystal; 

3. studying the diffusive processes and the interactions among the probe atoms; 

4. investigating on the types of defects in the crystal. 

The development of small size semiconductors, with optimal optical and electrical 

characteristics, requires a complete control on defects that affect those properties, both 

intrinsic (like interstitial vacancies) and extrinsic (like doping atoms and atomic impuri-

ties): for this reason both the theoretical and the practical research are consistently fo-

cusing their works on the study of defects and electrical activation of doping elements in 

different semiconductors. 

Similarly to stable isotopes, radioactive isotopes affect electronic and optical proper-

ties of the semiconductors depending on their chemical properties and their position 

inside the crystal lattice. In particular, since both the optical and electronic properties of 

the semiconductors depend not only by the by the type of semiconductor and its sizes, 

it’s been shown that very small semiconductors such properties may be sensibly modi-

fied with a doping concentration less than 1012 atoms per cm3. A reliable way to control 
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the performances of semiconductors are therefore necessary experimental techniques 

that combine an high chemical sensibility with an high sensibility for the determination 

of low concentration of defects. 

For decades the main detection technique for impurities inside the crystal has been 

the channelling: in such technique an ion beam is leaded along the atomic lines, or the 

crystal planes (channels), making impossible the detection of defect concentrations up 

to 1018 atoms per cm3. 

 
Figure  1.5 

The sensibility of such technique may be deeply improved with the implantation of 

radioactive impurities emitting charged particles (emission channelling). The measure-

ment of the emission along different crystal directions allows the determination of the 

crystallographic site of the emitting atom with an accuracy of few tenths of Å. 

1.6 Medical applications: PET (SPES-ʵύ 

Even if antimatter is mainly used for the study of the fundamental interactions, antimat-

ter has also a technologic application: the Positron Emission Tomography (PET), a nu-

clear medicine technique that takes advantage from the emission of positron to realize 

3D images or high resolution maps of internal organs of the patients. 

The PET procedure takes place with the injection of a tracking isotope in the patient’s 

vein of short life time, chemically bound to an active molecule from a metabolic point of 

view. After a while needed by the molecule to dissolve, the isotope reaches a certain 

concentration inside the tissues to be analysed, and the patient is put into the scanner. 

The short life isotope decays emitting a positron. 

After a track that can reach few millimetres, the positron annihilates with an elec-

tron, producing a photon pair emitted in opposite directions. Those photons are conse-
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quently revealed  from the scanning device, and amplified by mean of photomultipliers 

tubes. A Siemens scanning device is shown in Figure 1.6. 

 
Figure  1.6 

The main problem of the technique is the simultaneous detection of the photon cou-

ples: photons that don’t reach the couple detectors in an interval of few nanoseconds are 

not taken in account. From the position measurement in which the photons hit the de-

tectors (each couple lay on a straight line) is possible to reconstruct the position of the 

body from which the photons are emitted (theoretically with two photons couple, there-

fore with two straight lines, is possible to detect the point of interaction), allowing the 

estimation of the activity or the usage of the chemical element in the investigated tis-

sues. The scanner uses the detection of the photon couples to track a density map of the 

isotope. The resulting map represents the tissues in which the sample molecule is more 

concentrated and is read and interpreted by a nuclear medicine specialist or a radiolo-

gist in order to determine a diagnosis and a consequent treatment. The scheme for PET 

process is briefly summarized in Figure 1.7. 

Often (more and more frequently) PET are compared with NMR (Nuclear Magnetic 

Resonance) giving morphological and metabolic information, i.e. about the anatomy of 

the involved tissue or organ and about how’s operating. PET is extensively used in clini-

cal oncology in order to have a graphical representation of the tumours, to see metasta-

sis inside the patients, or to perform neurological and cardiologic research. 

Anyway, meanwhile other scanning techniques like TAC or RMN allow to identify or-

ganic and anatomic alterations of human body, PET scanning are able to detect bio-

molecular alterations that often precede the anatomic alteration through the molecular 

markers that show a different absorption rate depending by the considered tissue. With 

the PET scanning is possible to view and quantify, quite precisely, the blood flow varia-



 

 

 

23 

tion in various atomic structures (through the concentration measurements of the in-

jected positron emitters). 

 
Figure  1.7 

The used radionuclides used in PET scanning are generally short lifetime isotopes, 

like 11C (about 20 minutes), 13N (about 10 minutes), 15O (about 2 minutes) and 18F 

(about 110 minutes). Because of their low lifetime, radioisotopes may be produced from 

a cyclotron located close to the PET scanner. PET plays a more and more important role 

in verifying the effectiveness of a considered therapy, especially some anti-cancer ther-

apies. Further developments in this technique are therefore expected to take place. 

1.7 The facility layout 

The main goal of the SPES project is to provide an accelerator that allows to perform 

cutting-edge research in nuclear physics through the study of nuclides far from the sta-

bility valley. The project is based on the production of radioactive neutron-rich nuclei 

through nuclear fission (with a maximum efficiency of 1013 fissions per second) induced 

by a ὴȟ Ὗ  reaction in the production target, realized in uranium carbide, with a pro-

ton beam of 40 MeV and 200 µA of current (for a total power of 8 kW). Since the esti-

mated radioactivity level inside the production target is considerably high, the project of 

special infrastructures is required in order to provide safeness in terms of radioprotec-

tion. The SPES facility foresees also the construction of the Neutron Facility, a neutron 

accelerator, through the usage of a secondary high energy proton beam. Neutron Facility 

is a secondary goal of the SPES project, but has important medical and interdisciplinary 

applications. In Figure 1.8 the layout of the SPES project is shown, and both the facility 

for the ion beam production and the Neutron Facility are shown. It’s therefore given a 
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description of the main components belonging to the RIB facility under construction at 

LNL [3]. 

 
Figure  1.8 

1.7.1 Primary accelerator 

The primary accelerator’s function is to produce a primary particle beam, which has to 

be pointed to the target where the nuclear reaction takes place. The SPES facility will 

use a cyclotron as the primary accelerator. This device is able to provide the requested 

performances for the production of exotic ion beams, and offers the possibility to use a 

secondary beam line in a completely independent way to feed the interdisciplinary facil-

ity. Today the market offers the possibility to produce, with the cyclotron technology, 

beams with intensities very close to what is required by the SPES project. In Figure 1.9 

the IBA Cyclone® 70 is shown, which is the one used by SPES, and developed by IBA. 

This is able to provide independent protons with energies up to 70 MeV, and with a 

maximum current of 750 µA. 

1.7.2 The production target and the extraction and ionization system 

Both the radioisotope production target and the extraction and ionization systems are 

kept in a cylindrical shaped chamber (target chamber), which gets cooled by means of a 

proper circuit because of the high power deposition taking place in the experiment. Also 

because of the high temperature involved in the process, in order to avoid the oxidation 

of the involved components, the inside of the chamber is in high vacuum conditions 

(with pressures of 10-6 mbar). The leak of atmosphere is necessary to increase the mean 

free path of produced radioactive particles. 
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Figure  1.9 

The volume of the chamber is delimited by the shoulder of a plate and by a pot-

shaped cover, both realized in aluminium alloy, meanwhile the vacuum condition is pro-

vided by an O-Ring, as shown in Figure 1.10. 

 
Figure  1.10 

The target is made of seven coaxial discs in UC4, with a diameter of 40 mm and 1 mm 

wide and conveniently separated in axial direction, with the purpose of dissipating 

through thermal radiation the power developed by proton beam. They are kept in a box 

which is an empty graphite tube, with an external diameter and a length of 49 mm and 
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200 mm, respectively. The proton beam, before colliding with the discs, crosses two 

graphite windows thin enough to preserve the intensity of the beam, but really im-

portant because they can screen the active zone and avoid an exaggerate cooling of the 

fissile material in the zone of the beam entrance. After having invested two graphite 

windows and the UC4 discs, the primary beam impacts on three dumpers and on the box 

case; those elements provide both to the definitive absorption of the beam (which in 

such conditions does not activate the external chamber), and to avoid the particle leak-

age in the back side of the target. The box has to keep an average temperature of 2000°C 

in such a way to improve the extraction of the fission products. 

Since the power of the beam is not enough to bring the target at the requested tem-

perature, it’s necessary to introduce an independent device able to heat and screen the 

target. Moreover, the supplementary heating system must be able to support the target 

during the transition times, avoiding sudden temperature variations, which are very 

dangerous for the structural integrity of the discs. The heater is made by a very thin tube 

welded at the edges of two wings, directly linked to copper clamps. It’s possible, through 

the clamps, to dissipate by means of the Joule effect the desired amount of power need-

ed to the heater. 

The power dissipation (due to the Joule effect) with the contribution of the heat de-

veloped by the nuclear fission, makes sure that the temperature in the box-discs system 

is kept at the usage value. The chosen material for the heater is tantalum, which is a 

metal extremely resistant to corrosion, able to conduce electric end thermal energy and 

to reach very high temperatures. The configuration of the target is shown in Figure 1.11. 

 

Figure  1.11 
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The nuclear fission process, which is shown when the proton beam hits the seven 

uranium carbide discs, produces radioactive nuclei with mass between 80 and 160 AMU. 

For the production of a RIB the desired exotic species must be extracted from the target 

and ionized. This kind of process requires time, and cannot be applied to isotopes with a 

mean life less than few tens of milliseconds. The extraction process takes place through 

the transfer line, through which isotopes from the target are addressed to the ion source 

where they get positively ionized. In the actual configuration the transfer line is a thin 

tantalum tube welded to the heater and connected with an extremity and mechanically 

connected to the ion source with the opposite extremity (see Figure 1.12). Similarly to 

what happen to the heater, also the transfer line plus ion source system gets heated 

through the power dissipation by means of Joule effect. In such a way the temperature 

reaches 2400°C. 

The target chamber gets linked to the front end, and between the two components a 

potential difference of 40 kV (may change, depending from the performed experiment) 

is built. Is therefore necessary, in order to avoid the direct contact, to interject an elec-

trical insulator as shown in Figure 1.13. The potential difference attracts the ions to the 

front end; specifically, the components that attracts the outgoing ions from the source is 

an electrode built in titanium alloy and visible in Figure 1.12. In this way a radioactive 

ion beam is formed, and after crossing electromagnetic separators and the post acceler-

ator, is sent to the experimental rooms. 

 
Figure  1.12 
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Figure  1.13 

The choice of the source is fundamental, since its operation affects the intensity and 

the quality of the radioactive beam. The SPES facility has been previously designed re-

ferring to two kind of sources: a Surface Ion Source, and a Resonant Ionization Laser Ion 

Source (RILIS). For both the kind of ionizations one must refer to the same architecture 

shown in Figure 1.14. This ion source is made by a rhenium tiny tube in which the ioni-

zation takes place. 

 
Figure  1.14 

The hot cavity, with an appropriate cone-shaped pilot hole, gets coupled by interfer-

ence by the central hole of the tantalum support. The management of the tolerances is 

made in such a way to block any movement between the two components. After all, the 

19 
 

 

Figura 9: architettura sorgente di ionizzazione MK1 

La hot cavity, dotata di un opportuno invito conico, viene accoppiata per interferenza al 
foro centrale del supporto (support) in tantalio; la gestione delle tolleranze ŝ tale da 
impedire qualsiasi movimento relativo tra i due componenti. DallΩaltra parte, il 
collegamento con la linea di trasferimento avviene per mezzo di un tappo (bush) in 
tantalio, sul quale vanno in battuta sia la linea di trasferimento sia la hot cavity. Le 
elevate temperatura raggiunte dalla sorgente di ionizzazione in condizioni di utilizzo, 
fanno si che i componenti si saldino tra loro. Il collegamento tra il supporto e la flangia 
principale avviene mediante 4 viti. Tra supporto e flangia principale viene interposto uno 
schermo (screen) in tantalio. 
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link with the transfer line takes place by mean of a tantalum bush, on which are linked 

both the transfer line and the hot cavity. The high temperature reached by the ion 

source makes the component weld each other. The link between the support and the 

main plate takes place through 4 screws. In Figure 1.14 is represented the construction 

picture of the ion source. 

1.7.3 Surface ion source 

Ionization is generated by the radioactive ions coming from the target scratching in the 

internal surface of the hot cavity. Because of this scratching isotopes lose an electron 

and gets positively ionized ( ρ ions). This is possible if the minimum necessary energy 

to remove an electron from the surface (work function) is greater than the ionization 

potential of the isotope. In the considered case, positive ions can be produced with high 

efficiency for elements with ionization potential lower than the rhenium work function, 

which is 5 eV. The high temperature of the source allows to have an efficient ionization 

process; the Brownian motion is supported and the isotope-source contact rate is in-

creased. The main disadvantage of this method is that the ionization is not selective, i.e. 

not only the isotopes of the desired species. Electromagnetic separators have to select 

on a mass amount basis the particles inside the beam. Anyway, the purity of the beam is 

not guaranteed; there are indeed isotopes of different species isobars to each other, i.e. 

having the same mass number A but a different atomic number Z (like Cs-132 and Sn-

132). In order to separate those elements isobaric separators are needed, but those de-

vices are very expensive, complicated, and not very reliable. Moreover, they tend to 

dramatically reduce the intensity of the beam. 

The production of negatively ionized atomic beams is very complicated; that is not so 

much the case for the production of the ions itself, for which it is sufficient to choose for 

the hot cavity a material with a smaller work function than the electron affinity of the 

isotopes, but for the their acceleration. The potential difference between the target 

chamber, the front end and the post acceleration systems must be inverted; this is pos-

sible only if one is using such devices called Charge Exchange Devices. 

1.7.4 Resonant ionization laser source 

The LIS method (whose function is depicted in Figure 1.15) nowadays is the most pow-

erful device for the production of radioactive ion beams for ISOL facilities, since it pro-

vides a selective ionization process, and guarantees the suppression of undesired con-

taminations at the ion source level. 
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Figure  1.15 

It can be seen how the RILIS method is based on the same architecture of the surface 

ionization technique. A laser characterized by the overlapping of more rays (two or 

three, depending by the element to be ionized) with different wavelengths, correspond-

ent to different energy values (Ὁ ὬὪ, where Ὤ is the Planck constant and Ὢ is the fre-

quency of the wave), is injected inside the hot cavity. This laser irradiates isotopes, and 

gives them enough energy make the more external electron (so the less bound) separate 

from the rest of the atom. In this way a positive ion ρ is formed. 

The ionization LIS method allows to acquire only radioactive ions of a certain species, 

and a beam with minimal contaminations is therefore obtained. Anyway, because of the 

source architecture, there is the possibility that some elements (caesium in  particular) 

are ionized by scratching; the ions produced in this process get the beam dirty. Moreo-

ver, also the elements from the surface ion source are collected in the output beam. 

In order to solve this problem one can think about substituting the material in which 

the hot cavity is made; using niobium the surface ionization is considerably lowered. 

In order to have a high ionization efficiency it’s fundamental to limit and control the 

hot cavity misalignment caused by the thermal expansion. If the hot cavity is misaligned, 

the zone in which the laser is effective and the consequent ionization efficiency is re-

duced (see Figure 1.16). 
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Per risolvere tale inconveniente si pu̧  pensare di sostituire il materiale che costituisce la hot cavity; 

passando al niobio la ionizzazione superficiale viene notevolmente attenuata. 

 

Fig. 1.14 : Schematizzazione del sistema di ionizzazione RILIS [6] 

 

Per  avere  unôefficienza di ionizzazione elevata  ̄di fondamentale importanza limitare e controllare il 

disallineamento della hot cavity causato  dallôespansione  termica.  Se  la  hot cavity si disallinea viene a 

ridursi  la  zona  di  azione  del  laser  e  di  conseguenza  anche  lôefficienza  di ionizzazione si riduce (vedi 

figura 1.15). 

 

Fig. 1.15: Alli neamento della hot cavity [6] 

 

Di seguito (figura 1.16) viene riportata una tavola periodica degli elementi nella quale vengono indicati 

gli elementi di cui, attraverso il progetto SPES,  ̄possibile la produzione degli isotopi. In particolare 

sono evidenziati gli isotopi che possono essere prodotti con le tecniche di ionizzazione superficiale, 

laser o entrambe; per la produzione degli altri isotopi si dovr  ̈ricorrere ad altri tipi di sorgente, come 

ad esempio la sorgente al plasma (FEBIAD) o la sorgente ECR. La prima  ̄ in grado di ionizzare 

qualsiasi tipo di elemento, anche se con efficienze minori rispetto alle tecniche laser e superficiale, 

mentre la seconda  ̄ particolarmente adatta alla produzione di elementi aventi un potenziale di 

ionizzazione molto elevato (come i gas nobili, di grande interesse per le applicazioni nucleari). 
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Figure  1.16 

A periodic table with the highlighted elements whose ions are produced in the SPES 

project is reported in Figure 1.17. Different colours are used in order to distinguish how 

the different ions are generated, as reported in the legend. For the production of other 

isotopes other types of sources have to be used, like the plasma source (FEBIAD) or the 

ECR source. The first one is able to ionize any kind of element, even if with lower effi-

ciency than the laser or the surface one. The second is useful for the production of ele-

ments with a high ionization potential (like noble gases, useful for nuclear applications).  

 
Figure  1.17 

1.7.5 Plasma Ion Source (PIS) 

The plasma ion source used in the SPES facility, is a FEBIAD kind (Forced Electron Bom-

bardment Induced Arc Discharge), which is a revision of the MK5 source used among 

the Isolde facility at CERN. This kind of source is mainly dedicated to the ionization of 

noble gases. The source is made up by a heated cathode, from which electrons are emit-
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ted by thermionic emission inside an anode in which the isotopes are collected. A mag-

netic field is activated inside the anode in such a way that the electrons follow a spiral 

path, increasing the crossing time of the anode, as shown in Figure 1.19 [5]. 

 
Figure  1.18 

 
Figure  1.19 
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1.7.6 The SPES Front End 

 
Figure  1.20 

It’s possible to divide the front end in three main parts: 

1. the target-source complex; 

2. the extraction and beam focusing system; 

3. the diagnostic of the produced beam. 

The last two point are going to be described, since the target-source has already been 

described. 

1.7.7 Extraction and focusing of the beam 

Once that the gas is ionized, and then gains a positive single or multiple charge, it’s ac-

celerated thanks to the electro-extractor at the other side of the anode (Figure 1.12). 

In a second instance 4 electrostatic deflectors with variable potential able to deviate 

the beam by means of the electric field that generate in the two dimensions perpendicu-

lar to the beam’s one. Finally, there’s a quadrupoles triplet that allows the focusing of 

the beam in axial direction (Figure 1.21). 

 
Figure  1.21 
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1.7.8 Diagnostic system of the beam 

The primary beam produced by the PIS source is accelerated from the electrode, deviat-

ed and focused in the correct way as previously described. In Figure 1.22 the front end is 

shown. 

 
Figure  1.22 

At the facility’s front end is possible to measure the total beam current, make emit-

tance measurements (through the emittance meter) and efficiency measurements (by 

means of mass scanning with Wien filter). In order to understand if the focusing is cor-

rect, two devices are used: the Beam Profiler and the Faraday Cups (one placed on FC1 

position and the other one on FC2 position, after the Wien filter). The front end is pro-

vided with a focusing system with a quadrupole after the second Faraday cup. 

1.7.9 Beam profiler and Faraday cup 

The device that allows to measure the beam current intensity in the vacuum is the Fara-

day cup, shown in Figure 1.23. 

 
Figure  1.23 
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Fig.1.21: Schematizzazione del funzionamento dei deflettori e dei quadrupoli  [1]. 

 

 

1.8.7  IL SISTEMA DI DIAGNOSTICA DEL FASCIO 

Il  fascio  prodotto  dalla  sorgente  PIS  viene  accelerato  dallôelettrodo, deviato e focalizzato 

opportunamente come descritto in precedenza. 

 

Fig. 1.22: Schema del sistema di focalizzazione e diagnostica del front-end 

 

Al momento attuale al front end del progetto SPES ¯ possibile misurare la corrente di fascio totale, 

effettuare  misure  di  emittanza  (tramite  lôemittance meter)  e di efficienza (attraverso scansioni di 

massa effettuate con il  Wien Filter). Per capire se la focalizzazione ¯ corretta si utilizzano due 

dispositivi: il Beam Profile e le Faraday Cup (una posizionata prima FC1 e una dopo FC2 il  Wien 

Filter). 

 

Beam Profiler e Faraday Cup: 

Lo strumento che permette di misurare lôintensit  ̈ de lla  co r rente  di  fascio  ne l  vuoto  ̄  l a  Faraday Cup 

rappresentata in figura 1.23. 
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Fig. 1.23: Faraday Cup e Beam Profile  utili zzati nel Front-End SPES [5] 

 

Per effettuare misurazioni della corrente di fascio bisogna inserirla (lôoperazione  ̄  compiuta    con un 

automatismo del software CSS) affinch® intercetti tutto il fascio che impatter̈  sullo strumento. Gli ioni 

incidenti apportano un flusso di carica positiva che, tramite un sistema di alimentazione, viene 

annullata da un apporto di cariche negative, naturalmente elettroni. Misurando il numero di tali 

elettroni per secondo che fluiscono nel circuito si risale al numero di elettroni incidenti e quindi alla 

corrente di fascio. Se ne deduce per¸ che tale strumento distrugge totalmente il fascio, in quanto lo 

intercetta interrompendolo. Per misurare la corretta intensit¨ del fascio, ¯ necessario che la Faraday 

Cup lo intercetti totalmente.  

Questo aspetto viene controllato con il Beam Profile, strumento che permette di visualizzare la zona in 

cui avviene il passaggio di corrente. In figura 1.24 si  pu  ̧ notare  lôoutput  sullo  schermo  di  controllo 

della consolle dato dal Beam Profile. Il fascio, visualizzato dal colore rosso e bianco a seconda 

dellôintensit ,̈  deve  essere  contenuto  allôinterno  delle  due  circonferenze  azzurre  che  rappresentano  la  

sagoma della Faraday Cup vicina. Regolando i valori di deflettori e quadrupoli si cerca di ottenere una 

focalizzazione centrata come quella nella figura sottostante. Un altro elemento fondamentale ¯ il 

soppressore che, posto subito dopo la Faraday Cup,  impedisce agli elettroni, liberati dal 

bombardamento di ioni positivi, di staccarsi ed uscire dalla Faraday Cup, con il rischio di avere un 

conteggio doppio delle cariche. 
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In order to perform current measurements for the beam, the cup has to be inserted in 

such a way that intercept the beam (the operation takes place by mean of the automatic 

software CSS). Incident ions bring a positive charge flow that, through an alimentation 

system, is annihilated by means of the flow of negative charge (electrons, naturally). The 

flow rate of those electrons in the circuit one can measure the number of incident elec-

trons, therefore the current of the beam. Unfortunately, one can imagine how this opera-

tion destroys the beam, since it intercept it interrupting it. In order to intercept the right 

intensity of the beam, is necessary that the Faraday Cup intercepts it completely. 

This aspect is kept under control with the Beam Profiler, a device that allows to view 

the zone in which the current flow takes place. In Figure 1.24 one can see how the out-

put of the screen of the control of the beam profiler. The beam, shown in red and white, 

depending on the intensity, has to be kept inside the light blue circles that represent the 

profile of the close Faraday cup. Fixing the values of the deflectors and of the quadru-

poles, one tries to get a centered focus as shown in the figure at the bottom. Another 

fundamental element is the suppressor. If this gets placed right after the Faraday cup, 

inhibit the electrons from getting out of the Faraday cup, with the consequent double 

count of the charge. 

 

Figure  1.24 

1.7.10 Wien filter 

The Wien filter is a mass spectrometer that allows to select different elements depend-

ing on their atomic masses. It is a speed filter, made of an electric field E and a magnetic 

field B perpendicular each other, that selects the isotopes depending on the άȾή ratio. 
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Fig. 1.24: Profilo del fascio visualizzato sul beam profile (scala in mm). 

 

Wien Filter:  

Il Wien Filter (figura 1.22) ¯ uno spettrometro di massa che consente di selezionare i vari elementi in 

base alle loro masse atomiche e consente di calcolarne  lôefficienza (questo argomento verr¨ trattato nel 

capitolo 5). Esso ¯ un  filtro di velocit¨, costituito da un campo elettrico E ed un campo magnetico B 

tra loro perpendicolari, che seleziona in base al rapporto m/q ed ̄  quindi in grado di separare le masse 

con alta risoluzione. 

 

Emittance Meter: 

Questo  strumento  serve  per  misurare  lôemittanza, e quindi la qualit¨ del fascio, ed ¯ posto subito dopo 

la Faraday Cup 2.  

 

Fig. 1.25:  S

e

z ione  dellôemittance  meter utili zzato nel front-end del progetto SPES. 
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It’s therefore able to separate masses with high resolution. The filter is designed to have 

a mass resolution of 1/150, the undesired beam is absorbed by the filter. 

1.7.11 Vacuum devices 

The front end structure must preserve the vacuum inside the proton channel. For this 

purpose spiral vacuum pumps are installed along the line, and they aspirate the air to a 

pressure level of 10-2 mbar. Then turbo-molecular pumps are activated are activated, 

and bring the pressure level to values close to 10-6 mbar, necessary to the right function 

of the devices. Vacuum is necessary to allow the beam to cross the front end with less 

obstacles as possible. Moreover, it inhibits the oxidation of the material, which reaches 

very high temperatures in the involved zone (up to 2000 °C). [1] [4,2] 

1.7.12 Electromagnetic separator and post-acceleration 

The beam is extracted from the ion source by means of an electrode, called extractor 

electrode, at a potential difference of 40 kV. The beam is then purified in a first stage in 

which, thanks to a mass separator, a large amount of contaminants is trapped. The reso-

lution of the device (ȺὓȾὓ, where M is the mass of the isotope) is roughly 200; it’s 

therefore possible to separate the different elements. The mass separator is followed by 

an isobaric separator, with a 15 000 resolution, which allows to separate isotopes like 

132Cs and 132Sn, isobaric each other. At this point the radioactive beam can be directly 

piped into the experimental rooms (and used in experiments that require low energy 

radioactive beams), or it can be post-accelerated. The post-acceleration is optimized 

through the use of a Charge Breeder; a device able to increase the ion charge before the 

injection of the exotic beam through PIAVE, which represents the first stage of post-

acceleration before entering ALPI (superconductor LINAC accelerator). The PIAVE-ALPI 

complex have been working in LNL for many years, but during the last times it’s been 

significantly improved in many instances. In particular, meanwhile before allowed the 

production of stable ion beams, now it can be used as RIB accelerator. 



 

 

 

37 

 
Figure  1.25 

It has to be reminded how the final current of the radioactive beam depends by the 

efficiency of many chemical-physical processes, as shown in (1.1); globally, one expects, 

in the experimental rooms, a beam with an emission rate of ρπ ρπ isotopes per sec-

ond (much less than the 1013 fissions per second given by the nuclear fissions). The dia-

gram shown in Figure 1.26 shows the intensity of the radioactive beam, computed keep-

ing in mind the emission, ionization and acceleration efficiencies for different kind of 

isotopes species. 

 
Figure  1.26 
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1.8 Conclusions 

The importance gained in the last years by radioactive beams, both because of theoreti-

cal research and applied one, made the scientific community to build many facilities for 

their production: the SPES project at the LNL has to be seen in the context of the build-

ing of a European ISOL facility with high performances (EURISOL project). The following 

thesis work is inserted in the thesis project, and is going to benchmark and apply and 

use the FLUKA Monte Carlo particle transport code in order to have data about the ex-

pected isotope production. Moreover, the presented activity is necessary in order to 

check the power deposition inside the target and the different components of the bun-

ker. Data will be compared with the experimental ones for fission yield tests, and in case 

of the SPES project with the ones got with the MCNPX code. 
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Chapter 2  

Physics aspect in the ISOL production target 

Introduction 

The purpose of this chapter  is to provide an introduction to the theoretical topic of my 

graduation work. This part of the thesis will be developed in different stages: in the first 

part highlights on the nuclear structure are given, and then relevant notions about nu-

clear reactions will be provided in order to better understand the specific case of the 

SPES target. Moreover concepts of power deposition inside the target by means of parti-

cles are given as well, but fission processes are the core of the description of the experi-

ment, so those kinds of reactions will be treated with more awareness. The specific case 

with a 40 MeV proton beam against a 238U target compound will be finally considered 

and discussed. The main reaction that is going to take place in this case, obviously, is nu-

clear fission, but a more wide range of different reactions and physical phenomena may 

be explored in order to fully describe what happens inside the target during the colli-

sion, and, most of all, the reason of the features of the target. A picture of the target can 

be found in a, which is a section of the cylinder whose rotation axis is going to be paral-

lel to the beam direction, and the black parts are made of graphite, and the green ones of 

UC4. A basic approach to the theory is important to give a hint about the possible pro-

cesses before studying them in a computational model, and finally in the experiments 

taking place in SPES facility. 
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Figure  2.1: SPES target structure. 

2.1 Nuclear structure 

Nuclei can be described through the following quantities: 

1. Z – the atomic number, i.e. the number of protons inside the nucleus; 

2. A – the atomic mass, i.e. the number of nucleons inside the nucleus; 

3. ὔ ὃ ὤ – the number of neutrons. 

The charge of each nuclei is therefore ὤὩ, where e is the absolute value of the 

charge of the electron. Nuclei are identified in the form 9, with the name of the element 

correspondent to Z instead of Y. Nuclei with the same mass number are called isobars, 

with the same atomic number isotopes, and with the same neutron number isotones. For 

example, stable isotopes of carbon are 12C and 13C, meanwhile 14C is unstable and is used 

for dating fossils. All of those nuclei have atomic number 6. 

2.1.1 Nuclear bonds 

Because of relativistic laws, the forces which bound the nucleus together contribute to 

the mass as well, so the total mass of an atom with atomic number Z and atomic mass A 

is given by 

 ὓὤȟὃ ὤὓ ά ὔὓ Ȣ (2.1) 

The difference between the two terms in (2.1) is proportional to the binding energy B, 

which is ɝὓὤȟὃὧ, can be written as 
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 ɝὓὤȟὃ ḳὓὤȟὃ ὤὓ ά ὔὓ Ȣ (2.2) 

In Figure 2.2 a plot with the average binding energy per nuclear mass is given, and it 

can be seen how those value are high compared to the ones typical in atomic bonds (few 

eV). Moreover, the value of ὄȾὃ peaks around a mass of 56 (close to iron), and then falls 

slowly. 

 

Figure  2.2: binding energy chart as a function of the mass. 

Stable nuclei occur in a very narrow band in the ὤ ὔ plane, which is represented in 

Figure 2.3. The black boxes represent the stable nuclei, and the edges of the white zones 

the border of the nuclei area seen up to nowadays. All the nuclei outside the black zones 

are unstable, and decay spontaneously in different ways. Most nuclei with an excess of 

neutrons from the valley of stability will decay transforming a neutron into a proton. 

The contrary happens when a nucleus is characterized by a proton excess: it will trans-

form a proton into a neutron. Those two interactions take place through the weak pro-

cesses called ɼ ÄÅÃÁÙÓ. 

 
ÎO Ð Å ʉ

ÐO Î Å ʉ
 (2.3) 

even if the second reaction cannot take place in the vacuum because of the energy con-

servation rules (the mass of produced compounds is bigger than the mass of the pro-

ton). Anyway the reaction can take place in a bound nucleus. In the same way an excited 

nucleus may de-excite and emit a photon, and it  is the case of the ɾ ÄÅÃÁÙ. Since the max-

imum of the binding energy per nucleon is close to the elements correspondent to iron 

Binding energy as a function of nuclear mass 
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(Fe) and nickel (Ni), in heavier nuclei the binding energy could not be strong enough to 

hold up together the whole nucleus, so fragments may be released from the system. In 

this case a 2-body reaction takes place, and in most of the cases the fragment involved in 

the reaction is a 4He nucleus. This kind of process is called ɻ ÄÅÃÁÙ, and the nature of the 

fragment is favoured because of the extremely stable structure of the 4He nuclei. Since 

the daughter particles will be heavier than the main one, there will be a kinetic energy 

amount to be shared among the two particles. This is called Q-value, and can be ex-

pressed as 

 ὗ ὓ ὓ ὓ ὧ Ὁ Ὁ Ȣ (2.4) 

A nucleus which is able to spontaneously decay α usually has a mass much higher 

than the 4He nucleus, so the daughter nucleus will take the whole available kinetic ener-

gy from the reaction. If the daughter is not a 4He nucleus, but something heavier, the 

process which takes place in this case is the fission reaction. The details of this process 

will be shown further. 

2.1.2 Semi empirical mass formula 

 

Figure  2.3: nuclide chart. The nuclides filled in black are the stable ones, meanwhile the ragged lines 

delimits the known nuclei region. The straight line is the diagonal of the chart. 

Differently than the electromagnetic interactions, there is no such thing as a complete 

theory to describe the nuclear interactions, since their nature is really complicated. 

Much more parameters, rather than the case of pure electromagnetic interaction, should 

be taken in account in order to describe that phenomenon completely, like spin and iso-

spin coupling, and also electromagnetic interaction plays an important role inside the 
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nuclei stability. An empirical formula to deduce the binding energy of a nucleus is the 

SEMF (Semi-Empirical Mass Formula), which can be written as 

 ὄ ὥὃ ὥὃȾ ὥ
ὤ

ὃȾ
ὥ
ὔ ὤ

ὃ
ɝ (2.5) 

where the ai coefficients and Δ are obtained by fitting the formula to experimentally de-

termined values, meanwhile the form of each term is based on physical principles and 

general properties of nuclear forces. Quantum effects, including the Pauli principle, are 

taken in account in this formula using a simple model of ½ spin particles confined to a 

box. The five terms of the equation, from left to right are due to volume, surface, Cou-

lomb, symmetry and pairing effects, respectively. Albeit the roughness of the model, this 

formula works really well, even if it does not always supply the information needed to 

the full understanding of some nuclei features, and it often needs to be supplied with 

other theoretical models. A brief description of the meaning of each term is reported 

below. 

Volume energy  — this term directly depends on the mass number since each nucleus, 

because of the short range nature of the nuclear force, interacts with a fixed number of 

neighbours. The binding energy per nucleus, therefore, will be constant. 

Surface correction  — since the nucleus has a finite volume, and the term previously 

described does not take into account the fact that the nucleons at the edge of the nucleus 

interact with a lower neighbour number, this term provides a correction in order to 

solve this issue. Since the radius is proportional to ὃȾ , this term must be proportional 

to ὃȾ . 

Coulomb energy  — as said before, the binding energy is lowered by the Coulomb re-

pulsion among the protons. Since electromagnetic interaction is long range, each proton 

will interact with all the others, and the total energy scales with the inverse of the nuclei 

radius. Therefore it can be seen that the Coulomb energy for a uniformly charged sphere 

is equal to ὗȾτ“‐Ὑ , and from here comes the dependency described in (2.5). 

Symmetry  — this term expresses the charge-symmetric nature of the nucleon-nucleon 

force. The consequence of this is that the most stable nuclei would be found for ὔ ὤ if 

it was not for the Coulomb term, which makes the valley of stability go away from that 

line in case of heavy nuclei, as shown in Figure 2.3. This form of the terms follows from 

the Pauli principle and the fact that the effective force in the nucleus is higher for differ-

ent kind of nucleons. 

Pairing  — the final term comes from the tendency of the nucleons to form spin-zero 

pairs in the same spatial state. When this happens, extra binding comes from the strong 

overlap of their spatial wave functions. This term is positive if there is an even-even 
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number of protons and neutrons, zero when there is an even-odd combination, and neg-

ative for odd-odd nuclei. 

2.2 Nuclear reactions 

The collision of two nuclei can give place to a nuclear reaction and, similarly to a chemi-

cal reaction, the final products may be different from the initial ones, but differently 

from the last one, the final products from the reactions may not be defined uniquely. 

There are, indeed, different channels (or branch) of reactions. An example of such kind 

of reactions is the collision of a proton against a target made in 238U, where the available 

reactions are more than one. For example, when the SPES energies are involved, many 

reactions are available, such as the proton capture, or generally the so called ÐȟὼÎ re-

action, where ὼ is an integer variable, and stands for the number of emitted neutron af-

ter the collision. This can be also written as 

 Ð 5ᴼ .Ð ὼÎ (2.6) 

but, as well, the proton may hit the target in such a way that a fission reaction takes 

place, i.e. a process where a nucleus is split in two fragments. Obviously, also elastic 

scattering may occur, with a certain probability. 

Each reaction has a certain probability to take place, and such normalized quantity is 

called branching ratio. The probability of any of those exit channels depends on a quan-

tity called cross section (which has the dimension of an area), which depends in turn by 

the energy of the incident particle. In Figure 2.4 [6] [7] [8] the cross sections of the two 

kind of processes are illustrated for energies around 200 MeV, and it’s possible to see by 

the order of magnitude how, at these energies for these kind of process, the fission pro-

cess is neatly dominant rather than the ÐȟὼÎ reaction. Obviously things may change in 

case of different energies chosen energies. 

Another process would involve the fusion of the projectile with the target, and in this 

reaction all the components join to form a bigger nucleus in an excited state. In case of 

high energy collisions, particles that were not involved in the reaction at the begin sud-

denly appear (e.g. pions, kaons, etc.). The reaction proceeds through an intermediate 

phase in which the nuclear matter is compressed. 
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(a) (b) 

Figure 2.4: fission cross section data taken from literature. 

2.2.1 Conserved quantities in nuclear reactions 

Several conservation laws contribute to restrict the number of available processes dur-

ing a reaction, here the known ones are considered. 

¶ Baryonic number  — there is no experimental evidence of processes in which nu-

cleons are created or destroyed without the creation or destruction of the corre-

sponding antinucleons. Moreover, the application of this principle at lower energies 

(below the threshold of meson productions, i.e. 140 MeV), no process related to the 

nuclear force let a neutron transform into a proton and vice versa, only the weak in-

teractions allow this kind of process, but they happen so less likely than the strong 

interaction that is possible to assert that nuclear collision at the considered energies 

preserve the number of neutrons and protons. 

¶ Charge — this is a general conservation principle valid anywhere in physics. It 

comes from Gauge invariance of electromagnetic interactions, so it is a fundamental 

symmetry and there is no reason why it should be violated. 

¶ Energy and linear momentum  — these are two of the most applied principles in 

nuclear reactions, and through them angles and speed of the final fragments can be 

computed as a function of the initial conditions. 

¶ Total angular momentum  — is always a constant of the motion. In a reaction 
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10B has Ὅ σ as ground state, meanwhile 4He has zero spin. Since both of the fi-

nal products are spin ½ particles, the possible values for the relative angular 

momentum between the two daughter nuclei are 2, 3 or 4. 

¶ Parity  — is always conserved in reactions governed by nuclear forces, and gives a 

further limitation to the possible values of total angular of the daughter nuclei. It is 

well known how the parity of a wave function composed by more than one particle 

is given by the product of the parities of all the particles and ρ , where l is the to-

tal angular momentum. In (2.7), for instance, the two nuclei in the left side of the ex-

pression have the same parity, meanwhile the proton has an even parity and 13C is 

odd, so the choice of the relative angular momentum between the two daughter is 

limited to ὰ σ. 

¶ Isospin  — this is an approximate conservation law, and it is valid only for light nu-

clei, where the Coulomb force is weak enough to be neglected, and therefore to allow 

the strong forces to be dominant in order to conserve the isospin. A collision involv-

ing these kind of nucleons not only conserve the z component of the isospin (which 

is a direct consequence of the conservation of baryonic number and charge), but also 

the total isospin T. Reactions that populate excited states not conserving the value of 

T are strongly inhibited. An example is the reaction 

 Ä /ᴼɻ . (2.8) 

where the excited state π , with 2.31 MeV, of 14N is about a hundred times more 

populated than the ground state of ρ . Conservation of energy, parity and angu-

lar momentum does not impose any restriction to any of the two possible chan-

nels. This selection happens because the former particles are in a 0 isospin state, 

and the component of the right term of the reaction have ἢ π only in case of 

excited state π . 

2.2.2 Q-value and energy threshold 

One may consider a typical reaction where the projectile a and the target A generate two 

products , b and B (in the compact notation this process can be written as !ÁȟÂ"). 

Most of the times the nuclei a and b are significantly less massive than A and B, so this is 

the considered condition, and the angle of the scattered particle b is ygrene ehT .‮ 

gained or lost during the reaction is called Q-value, and it is proportional to the differ-

ence of the final and initial masses involved in the reaction as following 

 ὗ ά ά ά ά ὧ Ȣ (2.9) 

Using the energy and momentum conservation in the reaction one gets 
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From the previous relation, it can be noticed how when Q is negative an energy 

threshold exists for the daughter particle as a function of yb nevig si ti dna ,‮ 

 Ὁ
ὗά ά ά

ά ά ÃÏÓ‮ ά ά ά ά
 Ȣ (2.11) 

This analysis is an example of how powerful are the conservation rules in the de-

scription of the collision processes. 

2.2.3 Cross-sections 

It would make no sense to associate a non-dimensional probability factor to an impact 

phenomenon, since the likelihood of those phenomena depends on macroscopic dynam-

ical factors, like the density of the scattering centres and the density of hitting particles 

(i.e. the flux). In order to understand which quantities are relevant to the process the 

case of a collimated incident beam against a thin target (of length ɝᾀ) hit by incident 

particles with rate N is considered. A detector with solid angle Äɱ is placed far enough 

to make sure that the interaction effects are negligible in that point, and a rate n will be 

counted. The last quantity will be proportional to the rate N, the thickness of the target, 

and the density of scattering centres ” in the considered material. Therefore the expres-

sion of the counting rate, with a proportional constant „ depending on the kind of reac-

tion, material, and solid angle considered, is 

 ὲ
Ä„

Äɱ
”ὔ•ȟ‮ ɝᾀ ɝɱ Ȣ (2.12) 

 
Figure  2.5: typical cross section measurement experimental set. 

In order to match the dimensionality of the previous expression, one must give to the 

quantity •ȟ‮  the dimension of a surface. This quantity is called  differential cross 

section, and the integrated expression in the whole solid angle gives the total cross sec-

tion 

 „
Ä„

Äɱ
(31.2) Ȣ ɱÄ•ȟ‮ 
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In nuclear physics cross sections are often measured in barns (ρÂ ρπ ÃÍ ). An 

example of a possible cross section measurement experimental setup is illustrated in 

Figure 2.5. 

2.2.4 Compound nucleus 

When a nucleon succeed to overcome the Coulomb energy barrier and therefore enter 

the range of nuclear forces, it can be either scattered or absorbed. The final nucleus with 

ὃ ρ nucleons has an excitation energy equal of the kinetic energy of the incoming par-

ticle plus the new amount of binding energy of the nucleus, that is generally less stable 

than the previous one. Among the various possibilities of the de-excitation process one 

consists in the emission of a neutron with the same or smaller energy than the one ab-

sorbed. This phenomenon may not take place immediately, in fact the excited nucleus 

can live a relatively long time. In the reaction notation this can be written as 

 Á !ᴼ#ᶻᴼ" Â Ȣ (2.14) 

 If the nucleus C* lives long enough to allow it, it will soon “loose his memory” about 

the former process, so the dynamic spectrum of the latter particles will be independent 

from the process that created the unstable nucleus. Given the cross section of C* produc-

tion and the probability of emission of particle b from it, the occurrence of the reaction 

in two stages !ÁȟÂ" can be quantified with the cross section gave by the product 

 „ÁȟÂ „ Áȟ!ὖÂ . (2.15) 

It is possible to associate the probability P(b) to the width ɜ, where † ᴐȾɜ is the 

half-life of disintegration of the compound nucleus, so it held 

 ὖÂ
ɜÂ

ɜ
 Ȣ (2.16) 

2.2.5 Neutron emission 

Among the different emission channels, nucleons are the preferred products, and neu-

trons are more likely to be emitted rather than all the other nucleons, i.e. when the 

available energy is big enough one finds ɜḗɜ. The study of the function P(b) is done in 

an evaporation model similar to the one concerning molecules in a liquid, with the ener-

gy of the emitted neutrons having the form of a Maxwell-Boltzmann distribution 

 ὍὉ ᶿὉὩ ÄὉ Ȣ (2.17) 

The experimental proof of such trend is depicted in Figure 2.6, and the quantity T, 

with dimension of an energy, has the role of a nuclear temperature, and it is related to 

the density of levels of the daughter nucleus B by ‫ 

 
ρ

Ὕ

ÄὛ

ÄὉ
 (2.18) 
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with 

 Ὓ ÌÎ‫Ὁ Ȣ (2.19) 

The last represented quantity is clearly the entropy, and (2.18) is the well-known re-

lation between temperature and entropy, and a simple expression for the energy de-

pendence of the space density is provided by the equidistant spacing model. This model 

assumes that each particle is equally spaced from the neighbours by d, and the total en-

ergy of the nucleus is simply obtained by adding the energies of the constituent nucle-

ons. The solution of this problem can be obtained from statistical mechanics, and is 

 ”Ὁ ḐÅØÐςЍὥὉ Ȣ (2.20) 

From data in Figure 2.7 it is also possible to extract a linear relation between nuclear 

mass and a, and it is 

 ὥḗ
ὃ

Ὧ
 -Å6 (2.21) 

where k is found to be between 7.5 and 8. 

One can see how data in Figure 2.6 obey to (2.17) at low energy only, and the reason 

is simple: the emission of a low energy neutron  leaves the residual nucleus with a large 

excitation energy, therefore the level density is really high, and the large availability of 

states at the end of the process makes the statistical model assumed in (2.17) still valid. 

In the opposite case there are low energy residual nuclei. When the emission of a proton 

takes place the figure described by (2.17) is distorted. 

 

Figure  2.6: unscaled probability distribution of the emission of a neutron as a funcion of the energy. 

Neutron emission probability distribution 



 

 

 

50 

 

Figure  2.7: ╪ parameter in (2.20)  as a function of the neutron number. 

2.3 Power deposition 

A particle beam can be seen like a laser pointer light: one cannot notice it if it goes 

straight through the vacuum, but by stopping it, and changing the medium into some-

thing that scatters light, such as foggy or dusty air. Anyway, a situation in which the light 

is forced to release power into some other material has to be realized in order to achieve 

an indirect observation of the physical propagation of the light. Nucleons make no ex-

ception from this point of view, and to be observed they must interact with matter, so  it 

is important to see how nucleons, electrons and also photons, release the power inside 

of a medium. Nevertheless this kind of study is also important in order to have some no-

tions about how to screen organic tissues and delicate materials and electronic devices 

from possible damages derived from the radiation exposure. 

2.3.1 Heavy charged particles 

A fast charged particle loses energy via the action of its electric field on the atoms it 

encounters as it passes through matter. Nearly all the energy is lost to electrons rather 

than to nuclei, but in different ways as the kinetic energy of the projectile changes dur-

ing the trajectory, as will be seen. Also, unless energy is really high, nuclear collisions 

are rare to take place, and have a little effect on the overall energy loss process. 

In a head-on collision with a ion of mass M and energy E, an electron (mass άḺὓ) 

initially at rest emerges with a speed approximately twice that of the incident energy 

will be 

 ɝὉ
τάὉ

ὓ
 Ȣ (2.22) 
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For a 4 MeV α particle this value is about 2.2 keV. In general the average energy loss 

is much less than this, so the energy loss due to this collision is small compared to the 

total energy, therefore the energy loss can be treated as if the medium was continuum 

and homogeneous. Fluctuations in the energy loss tend to average out and it will define 

a range depending on its energy, mass charge and the nature of the stopping medium. 

The particle ionizes and excites many atoms in its passage through the stopping materi-

al. Also, the more energetic recoiling electrons (also known as δ rays) may cause further 

ionizations, and the result is a trail of ionization and excitation of atoms and molecules 

along the path of the moving particle. 

2.3.2 Bethe Bloch formula 

 

Figure  2.8: plot fot the power deposition for protons in aluminium as a function of the energy. 

The rate at which the particles loses energy per unit path length is known as the 

stopping power of a medium. A quantum mechanical derivation including relativistic 

effects, first carried out in 1930, is known as Bethe-Bloch formula 

 
ÄὉ

Äὼ

ᾀὩ

τ“‐

τ“ὤ”ὔ

ὃάὺ
ÌÎ
ςάὺ

Ὅ
ÌÎρ ‍ ‍  (2.23) 

where ὺ ‍ὧ is the ion velocity, and ᾀὩ its electronic charge; ά is the mass of an elec-

tron, ὔ  is Avogadro’s number, A, Z and ” are the atomic mass number, atomic number 

and density of the stopping material, respectively. Many light particles (e.g. hydrogen or 

helium) moving at relevant energies to nuclear reactions ( ρ -Å6 Õ ), will be fully 

stripped of their electrons as they pass through matter, so one can consider its charge 

equal to ᾀὩ. The quantity I is the mean energy required to ionize an atom in the medium. 

This factor is not immediate to be computed, but it is taken as an empirical parameter 
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approximately equal to 11 Z eV. In air, for example, it is equal to 86 eV. Most of the times 

range for certain materials and certain energies is given in units of energy loss per mass 

per unit area, which is obtained dividing (2.23) by the density ”. This is because stop-

ping power is determined by the collision with atoms and electrons, so it varies linearly 

with the density of the material. Thus ÄὉ”Äὼϳ  is independent by the density of the stop-

ping medium. An example of the power deposition through a medium is shown in Fig-

ure 2.8, with the aluminium example. 

2.3.3 Energy dependence 

Empirically it can be seen how, from about 100 keV to 1 GeV the variation is reasonably 

well represented by a simple power law, and (2.23) is reasonably well represented by a 

simple power law, and the expression 

 
ÄὉ

Äὼ

ÃÏÎÓÔȢ

Ὁ
 (2.24) 

with ὯḐπȢψ, is a useful approximation where the energy dependence of the energy loss 

is needed in a calculation. For example, the range of the ion (i.e. the total travelled dis-

tance) is given by 

 Ὑ Äὼ
ÄὉ

ÄὉÄὼϳ
ᶿὉ  Ȣ (2.25) 

The range R defined is inversely proportional on the density of the stopping medium. 

therefore the range is commonly expressed as Ὑ ”Ὑ, which has units of mass per unit 

area and does not depend on density. 

Beyond Ὁὃϳ Ḑρ 'Å6 per nucleon, the ionization density pass through a minimum, 

and then starts rising slowly due to a relativistic correction term in the Bethe Bloch for-

mula. At very low energies the power deposition rises to a maximum, and then fall to 

zero, and this is the situation in which the particle has the whole energy released into 

the medium. The function of power deposition along the medium is called Bragg curve 

(depicted in Figure 2.9), and one can see how it rapidly decreases in proximity of the 

distance R. As the particle loses energy, the ionization density steadily increases with 

distance travelled until it reaches a pronounced peak (the Bragg peak) close to the end 

of the path. The quantitative knowledge of this behaviour is particularly important when 

one has to deal with ion beams for radiotherapy, in order to understand in which layer 

of the organic tissue of interest the energy deposition takes  place. 
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Figure  2.9: graphical representation of the power released by a generic heavy charged particle. The main 

feature of those kind of curves are the particle range (i.e. the travelled distance through the medium) and 

the maximum stopping power (expressed in units of energy over length) occurring in the Bragg peak. The 

involved quantities are shown in the next table. 

Material  Max. stopping power  Range 
Air (20°C, dry)  15.7 keV/cm 14.1 m 

Graphite  27.8 MeV/cm 7.97 mm 

Lead 77.4 MeV/cm 3.05 mm 
   

Table 2.1: properties of three different materials for the proton power deposition at 40 MeV. It has to be 

seen how the quantity involved in the Bragg curve drastically change when changing the involved material. 

The data are taken from literature [9] . 

Another way to write down (2.23) is 

 
ÄὉ

Äὼ
ᶿᾀὪὺ (2.26) 

which explicitly shows the dependence from the charge of the projectile. For the kinetic 

energy relation ÄὉ άὺÄὺ it follows that 

 Ὑ
ÄὉ

ÄὉÄὼϳ
ᶿ
ά

ᾀ
Ὂὺ (2.27) 

where Ὂὺ is the primitive function of Ὢὺ. Thus, a 40 MeV α particle has four times 

the stopping power and the same energy range as a 10 MeV proton. 

2.3.4 Electrons 

While interacting with matter, electrons lose their energy because of the electrical inter-

actions with matter as well. Ionization may take place in the way described by (2.23), 

however they are much lighter than nucleons, so at a given energy their speed will be 

much greater than nuclear particles. As a result, ÄὉȾÄὼ is much smaller, which means 

that electrons are much more penetrating than heavy ions. An electron colliding with 

other electrons loses a greater fraction of his energy in a single collision than does a 
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heavy ion. Its range, therefore, is much less defined and its linear distance of penetration 

will be very different from the length of the path it actually follows through the medium. 

Indeed, an electron may exchange nearly all its energy in a single collision, and the elec-

tron which penetrates furthest into the stopping material may not be the incident one. 

In addition, the sudden changes in direction and speed cause bremsstrahlung process to 

take place. This is a radiation due to accelerating charges, and since electrons are the 

lightest charged particles, it is more likely to take place. 

2.3.5 Photons 

Photons emitted in nuclear transitions are usually energetic and, in this section, interac-

tions of photons with energies greater than a few tens of keV are considered (i.e. with a 

wavelength shorter than most atomic dimensions). 

There are three primary processes by which γ rays interact with matter, and here’s a 

list with the main features of each of those processes. 

¶ Photoelectric effect  — it takes place when the whole photon’s energy is con-

verted into releasing of an electron, from its site in material, which is usually one 

in the atomic shells. This so called photoelectron emerges with kinetic energy 

given by 

 Ὕ Ὁ ὄ (2.28) 

Where Be is the binding energy of the electron. The photoelectric effect im-

portance varies a lot with the energy, and a sharp peak is shown when photon’s 

energy reach the binding energy of the inner shell (K-shell). The contribution of 

the two K electrons is usually much greater than all the rest of the electrons in 

the atoms. An approximate expression for the cross section in this case is 

 „ ᶿ
ὤ

ὉȢ
 Ȣ (2.29) 

¶ Compton scattering  — in this interaction, the photon, with incident energy Ὁ, 

scatters from an electron normally regarded to be free. The result is a photon of 

lower energy Ὁ and an electron recoiling with an amount of kinetic energy T 

which depends on the scattering angle. Using relativistic kinematics, energy con-

servation gives for the kinetic energy of the electron 

 Ὕ Ὁ Ὁ Ὁ άὧ (2.30) 

where E is the total energy of the recoil electron. Combining this result with the 

momentum conservation law one gets 

 Ὁ
Ὁ

ρ Ὁ άὧϳ ρ ÃÏÓ‮
 (2.31) 
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where ssel si gnirettacs notpmoC eht fo ytilibaborp ehT .elgna gnirettacs eht si ‮ 

dependent both from energy and Z than photoelectric effect. 

¶ Pair production  — the reaction 

 ‎O Ὡ Ὡ  (2.32) 

although violating the energy-momentum conservation laws, so if it does not 

happen in the vacuum, it can take place with the presence of a spectator nucleus, 

so in a non-vacuum medium. The kinetic energy of the pair is 

 Ὕ Ὕ Ὁ ςάὧ (2.33) 

so the threshold energy for the reaction to happen is ςάὧ. Since the presence of 

a nucleus is fundamental, as said before, there is some dependence of the proba-

bility from Z, and the pair production cross section does not become so important 

until Ὁ exceeds several MeV. 

 

Figure 2.10: photon attenuation length in two different materials with the contribution of the different 

interaction effects [10] . 

If photon beam is well collimated, all three interactions processes described above 

cause it to be attenuated as it passes through matter. If a beam has an intensity I, the 

rate of removal of photons from the beam is given by 

 ÄὍ ὔ„ὍÄὼ (2.34) 

 The total cross section has contributions from all the three interaction processes, i.e. 

„ „ ὤ„ „ . Integrating (2.34) gives an exponential variation of photon intensi-

ties with depth 

 Ὅ ὍÅØÐὔ„ὼ ὍÅØÐ‘ὼ (2.35) 

so the interaction rate of the single process can also be measured in term of attenuation 

coefficient, i.e. ‘. 

Attenuation length for photons in different materials  
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2.3.6 Neutrons 

Neutrons interact with matter only through nuclear reactions, which strongly depends 

on the energy of the projectile. Neutron can be scattered, in which case energy is trans-

ferred to recoiling nuclei. Alternatively it can be absorbed in different processes, as pre-

viously outlined. At energies of few MeV fusion is the main contributor to the absorption 

cross section. Therefore, similarly to the gamma absorption process, the decay of the 

neutron current density follows an exponential trend 

 Ὅ ὍÅØÐὔ„ὼ Ȣ (2.36) 

Like the case of photons, total cross section may be expressed as the sum of different 

contributions due to scatter and absorption processes. If „ ḻ„, neutrons are removed 

according to (2.36), and if „ḻ„, many scatters happens before the neutron complete-

ly stops. This process is called neutron moderation, and can be easily be described with a 

classical non-relativistic description. Since in elastic collisions the less massive is the 

target, the more energy is transferred from the projectile in it, moderation is easier to 

take place for light elements. More accurate calculations lead to the result 

  

 ὲ
ρ

‚
ÌÎ
Ὁ

Ὁ
 (2.37) 

where n is the average numbers of collision that have to be done to bring a neutron with 

energy Ὁ to energy Ὁ , and ‚ is a factor approximated for small values of A by 

 ‚
ς

ὃ

τ

σὃ
 Ȣ (2.38) 

2.4 Fission processes 

Fission has been defined  as the process whereby a parent nucleus breaks into two 

daughter nuclei of approximately equal masses without external action. Precisely equal 

masses are very unlikely, and in the most cases the nuclei splitting seems to “prefer” dis-

tributions with two peaks 45 units far each other. The reason for this is not completely 

understood. The binding energy curve shows how spontaneous fission can take place 

only for elements with ὃ ρππ. Example of this can be found in the reaction 

 5ᴼ ,Á "ÒσÎ (2.39) 

with a Q-value of 154 MeV to be distributed among the fission products. Heavy nuclei 

are neutron-rich, and so necessarily produce neutron-rich nuclei, including free neu-

trons. Thus the product will keep decaying ‍ until they reach the valley of stability. The 

example shown in (2.39) has ,Á among the products, which will decay to the stable 

.Ä, with a further energy release of 8.5 MeV energy. 
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Almost its time of discovery, applied and academic interest in the nuclear fission pro-

cess go hand in hand. Historically most of the effort has been put into the development 

of the fission knowledge at low energies. To a lesser extent, also fission reactions in-

duced by neutrons and charged particles at intermediate energies, i.e., between 10 and 

200 MeV, have been investigated. Research in this field is nowadays stimulated by the 

attention drawn towards accelerator-driven systems (ADS) for the transportation of nu-

clear waste and other purpose, such as the production of energy and radioisotopes. The 

same theory is functional for the SPES facility experiments as well, and a vast documen-

tation is available in order to model the fission reaction due to colliding nucleons against 

heavy nuclei. 

2.4.1 Induced fission 

When the average excitation energy is not enough to generate spontaneous fission pro-

cesses, hitting charged or uncharged particles may help the reaction to take place. The 

projectile beam in SPES facility is made of protons, and this kind of particles requires a 

threshold energy to trigger the fission energy about 10 MeV [11]. Part of this energy is 

used to overcome the Coulomb energy barrier (a fraction of 5-6 MeV, depending on the 

kind of nucleus), and the remaining part for the excitation energy of the nucleus to make 

the process happen. In Figure 2.11 on can see how the fission cross section (in different 

models and experimental data) starts increasing from zero at the threshold point to an 

asymptotic trend around 1.5 barns for higher energies. Neutrons, on the other hand , 

don’t have any Coulomb barrier to overcome, so they require less energy to generate a 

fission process. 

 

Figure  2.11: cross section at different energies as a function of the energy of the projectile. The first two 

series in the legend are referred to different computational available in MCNPX [11], meanwhile the other 

two data are referred to experimental data in literature [12] [13]. 

(p,f) U-238 
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Neutrons are really likely to be generated after a fission process, much more than 

protons [14], so it’s interesting to see how they interact with nuclei after they get gener-

ated, since their cross section is not simple at all, as shown in Figure 2.12. A very com-

plicated cross section for different processes can be seen at low energy, so special algo-

rithms to provide an appropriate treatment of neutrons in the staggered region will be 

needed. 

In the specific case of the proton energies used in SPES it’s been shown how neutrons 

contribute to fission for a less than 1% factor [11]. 

 

Figure  2.12: cross section for the interaction between protons and U-238. 

2.4.2 Low and high energy fission 

From a more fundamental point of view, fission at intermediate energies remains an in-

triguing object of study as well. In this kind of phenomenon two factors emerge that 

complicate the description in comparison with low-energy fission: multi-chance fission 

and the varying fission characteristics with excitation energy. Fission is a relatively slow 

process that involves a collective deformation of the entire nucleus, so it’s likely to com-

pete with particle evaporation. In addition, at high incident energies it will most proba-

bly be preceded by fast emission of particles in a direct-like mechanism. This briefly il-

lustrates the complexity of the process: a large number of intermediate nuclides, each 

with its own fission characteristics, are formed in the neighbourhood of the original tar-

get nucleus. They all contribute to the experimental fission observables, and make it re-

ally difficult, if not impossible, to disentangle from the superposition the information on 

fission properties of single nucleus. In Figure 2.13 the differences between the first-

chance processes (typical of low energy fissions) and the multi-chance process (typical 

in case of high energy fission) are illustrated during the different phases of the phenom-

enon. If the energy of the incoming neutron is low, the slightly excited compound nucle-

238
U (p,f) 
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us starts to deform, and may ultimately fission before emitting any particles. This pro-

cess produces two fragments Ὂ and Ὂ with nucleons numbers that sum up to the origi-

nal number of nucleons present in the compound nucleus. The fragments are excited, 

and lose, subsequently, their energies due to the evaporation of nucleons and γ.  In the 

end two fission products ὖ and ὖ remain. On the other hand, if the excitation energy in 

the compound system is high enough, the nucleus will emit ὲ ρ nucleons during the 

fast stage of the reaction followed by the emission of m particles in the vaporization 

stage. The fissioning nucleus is characterized by a nucleon number ὃ ά ὲ. Fission 

fragments Ὂ and Ὂ are formed, which evaporate in a different number of particles, and 

hence create the fission products ὖ and ὖ [15]. 

 

Figure  2.13 

2.4.3 Theoretical issues 

Different attempts to achieve a model able to describe the fragmentation features of the 

fragmentation in this process have been made through history, but no complete theory 

has ever be developed. Essentially, the competition between an asymmetric and a sym-

metric term in the fission spectrum is thought to be connected to shell effects in the de-

formed nucleus. The presence of those structure leads to the existence of symmetric and 

asymmetric fission channels or modes, which nucleus can choose to follow. On the other 

side, the contribution to different effects changes with the energy of the projectile, and 

the shell effects fade with high energy excitation, leading to a symmetric fission spec-

trum at high energy excitation.  As a result of these properties, actinides near the valley 

of stability prefer asymmetric fission at low energies. 

Despite all the progress in the understanding of the fission process, a lot of questions 

remain. After 60 years of research still no complete theoretical model is able to describe 

the mass dependent and excitation energy dependent transition between symmetric 
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and asymmetric fission in a satisfying way. Most of the models, e.g. the one used in 

FLUKA, partly rely on systematics in order to predict fission-product yields at interme-

diates energies. Besides, the lack of experimental data does not help for the develop-

ment asymmetric and symmetric contributions at different energies. In addition, the 

measured results of intermediate-energy fission arise as a superposition of many con-

tributing fissioning systems with their own excitation energy distributions. Since, as 

previously said, disentanglement is impossible for the fission observables, those will be 

expressed as the sum of many contributions, and the systematics are chosen in order to 

fit the experimental data. Unfortunately this method may not work, depending on the 

considered experimental data, which may not cover the region of interest, so the ex-

trapolated results may be wrong [15]. 

2.4.4 Theoretical model 

A commonly used method [14] is described in the following section. The influence of 

nuclear shells, and their charge polarizations are taken into account. Differently from 

previous versions of the models, odd-even effects are considered in mass and charge 

distributions are slightly changed taking in account new experimental data on very 

asymmetric fission. The formation cross section of a fission product with mass number 

A and charge number Z can be expressed in the form 

 „ὃȟὤ ὣ ὃȟὤ ÄὉ
Ä„ὃȟὤȟὃȟὤȟὉȟὃȟὤȟὉ

ÄὉ
 (2.40) 

where subscripts t, p and c refers to target, projectile, and compound nuclei, respective-

ly, Ä„ ÄὉϳ  is the partial fission cross section of the compound nucleus with excitation 

energy Ὁ, meanwhile ὣ ὃȟὤ is the independent yield for the given compound nucle-

us. The independent yields are defined as the yields of fission products after light parti-

cle emission from excited primary fragments. The partial fission cross sections may be 

calculated on the basis of a time-dependent statistical model that takes in account dy-

namical effects. At low excitation energies, the primary fission fragments mass and 

charge distributions exhibit odd-even staggering. The primary distributions are pre-

sented in the factorization form 

 
ὖ ὤ ὖ ὤὊ ὤ

ὣ ὃ ὣ ὃὊ ὃ
 (2.41) 

where ὖ  and ὣ  are smoothed distributions, and F functions describe old-even stag-

gering. A widely used calculation method of smooth pre-neutron emission charge and 

mass distribution is described in [16]. 
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A smoothed mass distribution is approximated by the superposition of seven Gaussi-

an distributions corresponding to different nuclear shell fragments, as following 

 ὣ ὃ ὅώὃ ὅ ώ ὃ ὅ ώ ὃ ὅ ώ ὃ Ȣ (2.42) 

Here ώ and ώ  are symmetric and asymmetric components which present contribu-

tions from different fission modes. Each of the asymmetric distributions represent the 

sum of two Gauss functions, representing the heavy and the light mass groups. The 

component  ώ  is connected with the magic numbers ὤ υπ and ὔ ψς in the heavy 

fragments, and the super-asymmetric component ώ  is influenced by the nuclear shell 

ὤ ςψ and ὔ υπ in the light fragments. The component ώ  is supposed to be con-

nected with the deformed nuclear shell at ὔ ψφωπ. The competition between fis-

sion models is determined by fission dynamics  and the nuclear shell in the fission frag-

ments. Proton and neutron odd-even effects are written separately as 

 Ὂ ὤḐÅØÐὅ ὅ ‏ ὃȟὤȟὉ  (2.43) 

where ὅ are defined by the parity of the proton number in the two primary fragments 

(ὅ ρ if Z is even and ὅ ρ if Z is odd). The proton odd-even difference parameter 

for protons and neutrons are taken proportional, i.e. ‏ ὃȟὤȟὉ ὧ‏ ὃȟὤȟὉ  

where ὧ ρ. The model parameters are generally chosen from fitting the calculated fis-

sion fragment mass and charge distributions to experimental ones for the spontaneous 

neutron- and proton-induced fission of heavy nuclei. 

 

Figure  2.14: yield per fission induced by 25 MeV protons on U-238 target for different produced elements. 
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In Figure 2.14 an example of comparison between experimental and theoretical data 

is presented. The dashed and solid curves represent a Gauss fit of the single element 

products (points with error bars). For comparison, the fission cross section from ther-

mal neutron cross section  of 235U is plotted as small solid circles. It’s important to see 

that also the width and amplitude of the Gauss functions composing the fission spec-

trum have to be interpolated in unknown regions, so the number of parameters to work 

with in a theoretical model is considerably high. In Figure 2.15 the results achieved by 

Rubchenya et al. indicate how the theoretical model fit well with experimental results 

when the correct parameters are used. From the comparison between the experimental 

yields and the theoretical ones is possible to check how the contribution of asymmetric 

fission modes near the nuclear shells ὤ ςψ and ὔ υπ is significant at intermediate 

excitation energies. Enhancement of the yields in the very asymmetric mass region 

proves that fission of heavy nuclei at intermediate excitation energy is a potential tool 

for the production of neutron-rich nuclei with ὃ ψπ. 

 

Figure  2.15: experimental results compared with GEANT ones (a Monte Carlo particle transport code). The 

results are expressed in term of the ratio between the yield of the produced mass and the total fission yield. 

2.4.5 Previous achievements 

The codes developed within this kind of theories have been widely used, as shown in the 

previous pages, and the results are confirmed  with the comparison with experimental 

data and the following improvement of the calculation tools themselves. Those kind of 
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numeric programs allow to predict the energy spectra, the multiplicity distributions of 

the light particles emitted before scission and from fragments, and the evaporation resi-

due cross sections. A comparison between experimental (full symbols with error bars) 

and calculated data (open symbols without error bars) is shown in Figure 2.16 in the 

different phases of the fission process. For the calculations commonly used energy de-

pendent friction coefficients have been used [14] 

 ‍Ὁ ‍ ὧὝ ὧὝ ȟὉ Ὁ  (2.44) 

where ‍ υ ρπ Ó , and T, Ὁ are temperature and excitation energy of the com-

pound nucleus, respectively. Ὁ ςπ -Å6 is the threshold energy, ὧ πȢυ and ὧ σ. 

However there’s still divergence for post-scission neutron multiplicity. 

 

Figure  2.16: Comparison between experimental (full symbols with errorbars) and calculated (open 

symbols) values of pre-scission, post-scission, pre-equilibrium (line), and total neutron multiplicities in 238U 

(p, f) at ╔▬ , 35, 50 and 60 MeV [14]. 

2.5 Conclusions 

What is expected to be seen in simulation for the SPES target is fission processes in-

duced by the proton beam, since its 40 MeV energy is suitable to induce fission inside 

the 238U nuclei. Even if neutron has a low contribution to fission for SPES energies, they 

will have to be taken in account because of their easy capture, most of all at low ener-

gies. 

To prevent low energy neutron to propagate outside the zone of the experiment con-

crete is going to be used, because of its big amount of light elements in the composition 
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which takes an active part in neutron moderation process. A lead shield as well is going 

to be used to isolate the gamma emission from the target after the usage, since this ma-

terial has a high charge, and cross section for interaction of photons with matter strong-

ly depends by Z. Nevertheless, the target is designed in order to stop the protons in the 

final graphite part (dump), since the thickness of this layer will be more than the range 

of the protons inside the material. Electrons will not play an important role in this pro-

cess both from a physical point of view (since they cannot induce any nuclear reaction 

because of their low mass) and a safeness point of view (since they are a much less im-

portant issue than neutrons in terms of damage to organic tissues and materials during 

the irradiation process), so the only relevant process of power deposition from charged 

particles will be described through Bethe Bloch’s formula. 

Moreover, as previously seen, the theoretical models are going to play a crucial role 

in the prediction of the fission spectra. Since FLUKA has been written in the LHC context 

is really likely that relies on data relevant to energies of the magnitude of 1 GeV rather 

than the energy range considered in SPES. 
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Chapter 3  

The FLUKA MC code 

Introduction 

Monte Carlo methods are widely used in every topic where statistics is barely relevant. 

They are a broad class of computer algorithms that rely on repeated random sampling 

to obtain numerical results; typically is consists in runs of simulations many times over 

in order to obtain the distribution of an unknown probabilistic entity. Those methods 

are generally used in three distinct problem classes: optimization, numerical integration 

and generation of draws from a probability distribution [17]. For the purpose of this the-

sis Monte Carlo methods are used in order to solve problems of the third category of the 

ones previously mentioned. 

The considered program in the thesis is FLUKA (FLUktuierende KAskade), a fully in-

tegrated Monte Carlo simulation package for the interaction and transport of particles 

and nuclei in matter. FLUKA has many applications in particle physics, high energy ex-

perimental physics and engineering, shielding, detector and telescope design, cosmic ray 

studies, medical physics, radiobiology, and a recent line of development concerns had-

ron therapy. 

In the specific case of this thesis the code is been tested under the SPES conditions, 

and it’s going to be shown in this chapter how the implemented part of the code con-

cerning the fission process works well for high energy projectile, but is less reliable 

about low energy projectiles, according to the comparison with experimental and theo-

retical data. This benchmark is necessary to be performed, since the models used in the 

code are not based on results at intermediate energies, but only at high ones [18] [19] 

[20], so the goodness of the model has to be tested in energy ranges for which the code 

does not guarantee excellent performance. 

Anyway, the results will be found to be acceptable, and the use of this code for fur-

ther fission calculations is recommended, even if ad hoc benchmark are needed when 

different fissile materials are considered. By the way, the code is not open source, so a 

better development of the fission models at low energies by the developer is strongly 

encouraged. 
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3.1 Particle transport Monte Carlo codes 

“Life” of a neutron or photon, from its birth to its death is governed by nature via many 

random processes. Just at the very beginning: there is only a certain probability that a 

particle is “born” at all in the source in a given short time interval. The initial direction of 

flight of a particle is also a random variable and such is its energy (if the source is not 

mono-energetic) and its location (if the source is not so small in spatial extension that 

can be represented by a point). 

In addition, randomness remains with the particle throughout its further history. 

Neither the distance traversed up to its next collision site nor the type of the subsequent 

interaction can be determined in advance for an individual particle. Instead, probability 

distributions of them are known (like what happens for quantum processes). Similarly, 

random variables are the energy and the direction of the scattered particles and even 

the number of the secondaries created in a multiplicative interaction. 

The same uncertainty characterizes the detection: only a certain fraction of the parti-

cles crossing the receptor region will interact in that volume. Again, the only interaction 

probabilities and not the reaction of any individual particles can be predicted even if all 

the physical parameters of both the particle and the receptor are known. 

As a consequence of this inherent stochastic processes all observed results will be ac-

companied by smaller or larger fluctuations, this is why, e.g. measured counts rate are 

generally given together with their standard deviations. In measurements carried out 

under time-independent (steady state) conditions, the easiest way to decrease the sta-

tistical uncertainties is the increase of the observation time. 

If one compares the nature of those processes with the definition of Monte Carlo 

methods given in the introduction of the chapter, and the random nature of neutron and 

photon migrations, and interaction and motion of particles in general, then it’s easy to 

notice how one can easily connect the two ideas by trying to simulate the particles ran-

dom walk on computers. The word simulation here means the as accurate as possible 

realization of the coordinates of the particles in a computer. 

The accuracy of the results of a computer simulation depends on the answer to this 

questions: 

1. How precisely do we know the probability distributions governing the physical 

processes? 

2. How correctly can we select random samples from these distributions? 
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If there’s a lack of accuracy derived from the answers of the previous questions, there 

may be a systematic error affecting the different results of the simulations. By using a 

terminology more familiar to in Monte Carlo, the results will be biased. 

Another source of error is the statistical uncertainty, which is, at least in one-to-one 

simulations, completely analog to the random fluctuations observed in the experimental 

measurements.1 Since random walk simulations are very time consuming, Monte Carlo 

processes often need techniques in order to decrease the statistical error. The introduc-

tion of such techniques leads to deviations from the one-to-one simulations, to so-called 

non-analog games. More information about those features will be seen further in this 

chapter [21]. 

3.1.1 Transport routine 

In the same way as the life of a physical particle starts by its emission from some sort of 

source, in an analog Monte Carlo game first the initial coordinates have to be selected 

particle will have, therefore, a coordinate set both for position ὼȟώȟᾀ, for the direction 

cosines along the different axis όȟὺȟύ  and for the energy. The new position for a parti-

cle after travelling a distance ‗ is 

 ὼȟώȟᾀ ὼȟώȟᾀ ‗όȟὺȟύ Ȣ (3.1) 

The travelled free distance ‗ is chosen through a random algorithm. The former val-

ue, i.e. the interesting one, is chosen as a function of the material, the particle kind, and 

the energy of the object. 

After the free path, the collision takes place, and at the interaction site, a large variety 

of interactions with the different atoms constituting the material at that point can take 

place. The regions boundaries in the simulation are generally defined by means of quad-

ratic equations 

 ὃὼ ὄώ ὅᾀ ὈὼώὉώᾀὊᾀὼὋὼ Ὄώ ὐᾀὑ π (3.2) 

where ὃȟὄȟȣȟὑ are constants. For a simple surface, such as a plane, sphere, or cylinder, 

several coefficients are zero, and the computer program is typically writ ten to treat 

these as special cases of the more general equation in order to save computation time 

[22]. 

3.1.2 Attenuation and leakage 

The probability that a particle beginning a flight path at ί π will suffer its next col-

lision in some distance ɝί about ί is given by 

                                                             

 

1 The word analog is referred to the most straightforward simulations that can be done with a Monte 
Carlo simulation, i.e. a numerical simulation of the real physical event. 
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 ὴίɝί ɫ ίÅØÐ ɫÄί ɝί (3.3) 

where   ί is the probability associated for the particle to suffer a collision per unit dis-

tance. This parameter is a function of the material of the region, the kind of the particle, 

the density of the atoms in the material, and the energy of the particle. The correspond-

ing cumulative distribution is 

 ὖί ρ ÅØÐ ɫÄί  (3.4) 

so that 

 ɫÄί ÌÎρ ὖί Ȣ (3.5) 

For sampling purposes the cumulative distribution function ὖί is uniformly dis-

tributed on the unit interval, and hence ρ ὖί  must be uniformly distributed on the 

unit interval, so 

 ɫÄί ÌÎ‚ Ȣ (3.6) 

This equation may be used in a random walk to sample for the distance ί to a colli-

sion point. For the typical case when the total cross section is constant across regions, 

the Markov nature of the particle transport can be used to simplify the sampling. Then, if 

a random number  ‚ is greater than ÅØÐɫ ί , where ί is the distance to the first re-

gion boundary, the distance to the collision point is determined as 

  

 ί
ÌÎ‚

ɫ
Ȣ (3.7) 

If the random number ‚ is less than ÅØÐɫ ί , the particle reaches the region 

boundary without suffering a collision. In this case the particle coordinates are ad-

vanced to the boundary, and the procedure is repeated for the next region. 

3.1.3 Estimators 

The majority of the currently used estimators in Monte Carlo codes are of two basic 

types. These are the collision estimator and the track-length estimator. 

The use of these two estimators is briefly discussed here for analog sampling. The 

functional of interest for discussion purposes is assumed to be the number of reactions 

in some portion of phase space denoted by ὠ. The macroscopic reaction cross section is 

denoted by ɫ. 
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The collision estimator for the functional scores ὡɫἺȟὉȾɫ ἺȟὉ  at each collision 

event that occurs within the phase-space volume ὠ, where ὡ is the initial weight as-

signed to the source particle.. 

This estimator tends to suffer statistically in optically thin regions since few colli-

sions occur there. This statistical process usually improved with the use of a path-length 

estimator. This scores ὡ᷿ɫἺȟὉÄί for each track length, in the phase-space volume 

ὠ, where ί is the path length within ὠ of a particle with weight ὡ. The path-length es-

timator enjoys extensive use since it has excellent properties in optically thin regions 

and tends to perform satisfactorily for optically thick regions as well. 

The variance of path-length and collision estimators can be computed analytically for 

the simple case of a beam of mono-energetic particle [23], and the results are shown in 

Figure 3.1. 

In the FLUKA case both the methods are used. The path-length estimators allow to 

measure the fluence of particles and the ambient dose, meanwhile the collision estima-

tors allow to measure the energy deposition, the dose (which is directly proportional to 

the former) and the number of fissions. Since charged particles release energy through 

ionization along a whole track of the crossed region, the new FLUKA algorithm scores 

the energy released in a collision point among all the bins crossed by the track. The total 

energy is equally distributed. 

 

Figure  3.1: relative errors of path-length and collision estimators for a slab that is x mean free paths thick. 

3.2 Code features 

The program took in exam is FLUKA, a general Monte Carlo tool for calculations of parti-

cle transport and interaction with matter. It has been developed and maintained under 

INFN and CERN agreement, and has a vast range of applications in cosmic ray physics, 

Errors of the different kind of estimators 
in a Monte Carlo particle transport code 
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accelerator design (e.g. LHC systems), particle physics, neutrino physics, shielding de-

sign, radio-protection, space radiation damage predictions, hadron therapy (e.g. treat-

ment planning and in-beam PET monitoring), and many other fields. This tool handles 

60 different particles and heavy ions in a complete energy range which spaces from 

thermal particle energies (1 keV) to the highest limits in known physics (10
4
 TeV) 

thanks to a big library in the core directory. It predicts the behavior of hadron-hadron 

and hadron-nucleus interactions, nucleus-nucleus interactions, charged particles 

transport, neutrino interactions, transport in magnetic field, and has simple tools for 

managing the geometry of the simulation, like combinational and voxel geometry. It's 

mainly Fortran based, so it does not have a graphical interface, but an external program 

provides a visual outlook to the tool. This software is called Flair, and facilitates the edit-

ing of FLUKA input files, the execution of the code and the visualization of the output 

files. All those software can be downloaded for free in the official FLUKA web address. 

The documentation is accurate, and for any support there are more than 1000 regis-

tered users all over the world available in the official mailing list for any issue. FLUKA 

has been benchmarked many times with positive outcomes and compared with similar 

Monte Carlo codes such as GEANT4 [24]. 

In this thesis FLUKA is going to be used with the SPES configuration setup and geom-

etry, in order to benchmark it with previously used code and have the following infor-

mation: 

1. the fission spectrum of the experiment, i.e. the nuclide distribution probability 

during the experiment – as seen in Chapter 2, those data are very model depend-

ent, and need to be benchmarked with other codes; 

2. the power deposition on the different parts of the target – those data are very 

important since they constitute the boundary conditions for the thermal simula-

tions on the system. This kind of work is necessary in order to see whether the 

temperatures are supported or not; 

3. the dosimetry studies about the radiation during the process – since during the 

irradiation process the neutron flow will be really high around the bunker area, 

it’s useful to check whether it’s safe or not to stay in the vicinity of the bunker, on 

in the parts of the facility for the control of the line. Moreover, it’s fundamental to 

see which is the dose absorption by the crucial components made in plastic that 

may degrade during the experiment, and therefore not function anymore. 

In the next paragraph a brief description of the physics in FLUKA will be provided. 
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3.3 Physics in FLUKA 

In this section the main capabilities and limits of the code are reported. According to the 

code manual [18], only the very basic information about the topic are provided, so the 

user are suggested to check for further updates in the documentation. 

3.3.1 Hadron inelastic nuclear interactions 

The FLUKA hadron-nucleon interaction models are based on resonance production and 

decay below a few GeV, and on the Dual Parton model above. Two models are used also 

in hadron-nucleus interactions. At momenta below 3–5 GeV/c the PEANUT package, a 

component of the code, includes a very detailed Generalised Intra-Nuclear Cascade 

(GINC) and a pre-equilibrium stage. The module is followed by equilibrium processes: 

evaporation, fission, Fermi break-up, gamma de-excitation. FLUKA can also simulate 

photonuclear interactions (described by Vector Meson Dominance, Delta Resonance, 

Quasi-Deuteron and Giant Dipole Resonance). A schematic outline is presented below: 

1. Inelastic cross sections for hadron-hadron interactions are represented by pa-

rameterised fits based on available experimental data [25]; 

2. For hadron-nucleus interactions, a mixture of tabulated data and parameterised 

fits is used [26] [27] [28]; 

3. Elastic and charge exchange reactions are described by phase-shift analyses and 

WKB approximation [23]; 

4. Inelastic hadron-hadron interactions are simulated by different event genera-

tors, depending on energy. For SPES energies (momenta up to 5 GeV/c) a reso-

nance production and decay model is taken in account [29]; 

5. All the models for hadron-nucleus interactions include evaporation and gamma 

de-excitation of the residual nucleus [19] [20]. Light nuclei aren’t evaporated, but 

fragmented into a maximum of 6 bodies, according to a Fermi break-up model; 

3.3.2 Elastic scattering 

For the elastic scattering, parameterized cross sections for nucleon-nucleon interactions 

are taken in account, and for the nucleon-nucleus interactions tabulated cross section 

are taken from databases [28].  A detailed kinematics of the processes on elastic scatter-

ing on hydrogen nuclei and transport of proton recoils is provided [29]. 

3.3.3 Nucleus-nucleus interactions 

Nuclear interactions generated by ions are treated through interfaces to external event 

generators. For the considered energies (below 0.1 GeV) the Boltzmann Master Equa-

tion is adopted. This is a nucleon transport model based on nucleon-nucleon collision 
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process in the nuclear potential, and describes the statistical evolution of a sample of 

systems, which evolve from an initial state far from the equilibrium state through a se-

quence of two body interactions and emission of unbound particles to the continuum. 

The initial state may be created either in the complete fusion of the two ions, or when 

only part of them fuse, in any other interaction [30]. 

3.3.4 Charged hadrons transport 

An original treatment of multiple Coulomb scattering and of ionization fluctuations al-

lows the code to handle accurately some challenging problems such as electron 

backscattering and energy deposition in thin layers even in the few keV energy range. 

The charged particle treatment is based on the aforementioned effects such as Bethe-

Bloch theory, but also the Bloch ὤ  effect [31]. Magnetic and electric field can be activat-

ed during the simulation, but this condition has never taken place in the simulations 

considered in the thesis. Moreover, the photon polarisation is taken in account. 

3.3.5 Other particles 

The particles relevant to the considered energy range that don’t affect the results of the 

simulation that took place for the development of the thesis work are the electrons and 

the photons. For the former FLUKA uses an original transport algorithm for charged 

particles [32], including complete multiple Coulomb scattering treatment giving the cor-

rect lateral displacement even near a boundary. For photons all the possible interaction 

with matter are taken in account (photoelectric effect, pair production, Rayleigh scatter-

ing and Compton scattering), with all the possible corrections according to the most re-

cent studies. 

3.3.6 Low-energy neutrons 

Meanwhile many particles are subject to a point-wise dynamic, transport of neutrons 

with energies lower than a certain energy is performed in FLUKA by a multigroup algo-

rithm. The energy boundary below which multigroup transport takes over depends in 

principle on the cross section library used. 

The multigroup algorithm is widely used in low-energy transport codes [33], and is 

based on a division of the energy spectrum in a discrete number of “energy groups”. The 

elastic and inelastic reactions are simulated not as exclusive processes, but by group-to-

group transfer probabilities (down-scattering matrix). The advantage of such a process 
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is the fastness than the point-wise treatment, and needs less memory.2 The FLUKA li-

brary contains 140 different materials and isotopes, and the energy range up to 

19.6 MeV is divided in 72 energy groups of, approximately, equal logarithmic width, and 

the less energetic group is the thermal one (i.e. with thermal energies).3 This energy 

range is continuously enriched and updated on the basis of the most recent evaluations, 

like ENDF/B, JEF, JENDL, etc. [34]. The scattering transfer probability between different 

groups is represented by a Legandre polynomial expansion truncated a the ὔ ρ  

term, as shown in the equation: 

 „ ὫᴼὫȟ‘
ςὭ ρ

τ“
ὖ‘„ ὫᴼὫ  (3.8) 

where μ is the scattering angle, and N is the chosen Legendre order of anisotropy. This 

implementation has been derived from the Morse code (previously developed) [35]. The 

cross sections of some materials are available at two or three different temperatures 

(0 K, 87 K and 293 K), the hydrogen cross section is different depending on the way it's 

bound (free, H2O and CH2). The point-wise cross sections are available only for reactions 

in H, 6Li, 10B, Ar, Xe and Cd. 

For many materials group-dependent information on the residual nuclei produced by 

low-energy neutron interactions are available in FLUKA library. This information can be 

used to score the residual nuclei after any kind of fission reaction, and this feature has 

been useful for the work shown in this thesis for the UC4 fission production. 

3.3.7 Transport limits 

When every event takes places, the considered particles are transported under the fol-

lowing conditions: 

1. the residual energy of the particle reaches the threshold energy of the particle, 

which is set in the input file; 

2. the virtual time of flight of the particle don’t exceed the cut off limit. 

The default energies set for particles are 100 keV for primary particles, and 1 keV for 

daughter particles (except multi group neutrons). For the simulations taken in exam, 

1 keV has been taken as a limit for all the particles. 

                                                             

 

2 It is important to say that most of the time the reason why neutron are treated like this is because they 
don't have any electrical charge, so meanwhile a proton interaction may be described through a point-wise 
description applying a Coulomb potential, the neutron interaction with matter is more complicated, and a 
case-by-case description would be more appropriate [10] . 

3 In the simulation the new library was used, in which there are 260 groups and a threshold energy of 
20 MeV. 
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3.3.8 Biasing 

Although FLUKA is able to perform fully analogue particle transport calculations (i.e. to 

reproduce faithfully actual particle histories), in many cases of very non-uniform radia-

tion fields, such as those encountered in shielding design, only a very small fraction of all 

the histories contributes to the desired response (dose, fluence) in the regions of inter-

est, for instance behind thick shielding. Even in the fastest modern computers, the nu-

merical simulation of a long series of collisions and transitions requires an incompara-

bly longer time than the total flight time of a physical particle. A necessary increase in 

the number of simulations might frequently lead to prohibited computer times, and thus 

the possibility of solving complex problems by analog Monte Carlo method would be out 

of the question. 

This problem motivated efforts to find methods which modify the analog simulation 

process in such a way that more particle simulations have non-zero contributions to the 

score, but these individual scores differ just so from the analog ones that the expected 

results of the analog and the modified simulations be identical [21]. 

A so-called non analog game that allows such conditions to take place are the biasing 

techniques. Those tools are supported by FLUKA, and consist in the following steps: 

1. the space is divided in different regions characterized by bias factor ὄ; 

2. when a particle goes from a region with bias factor ὄ to another one with ὄ , 

and ὄ ὄ, the particle is “split” in ὄȾὄ  particles, and each of the particles 

has a statistical weight ὄȾὄ , as shown in Figure 3.2; 

3. when a particle goes from a region with bias factor ὄ  to another one with ὄ, 

and ὄ ὄ, the particle can pass or not, with a probability ὄȾὄ . This process is 

called Russian roulette. 

 

Figure  3.2 

This techniques is very useful for radioprotection, and it will be used in the last part 

of the thesis in order to see the harm of the neutron radiation outside the bunker area 

during the irradiation process.  
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3.3.9 Activation 

One of the crucial options to determine the type of simulation which is going to be per-

formed by the code is the RADDECAY card, which is a set of options that requests the 

simulation of radioactive decays and sets the corresponding biasing and transport con-

ditions. The possible options are for the activation options are: 

1. No radioactive decays activated; 

2. Semi-analogue mode  each single nucleus is treated in a Monte Carlo way, like 

all other unstable particles, a random decay time, random daughters, random ra-

diation are selected and tracked. This allows for event-by-event analysis, with the 

structure recorded in the particles age variable. It is called semi-analogue be-

cause the radiation spectra are inclusive (i.e. no correlated γ cascade is repro-

duced); 

3. Active mode   the time evolution is calculated analytically, and all daughter nu-

clei and all associated radiation are considered, but at fixed times. 

In both the two latter cases the emitted particles are transported like all other sec-

ondaries, within the same run. It is also possible to perform on-line time evolution of 

decay radiation, and to score all standard quantities (energy deposition, residual nuclei, 

etc.) according to a user-defined irradiation profile and one or more user-defined decay 

times. Radiation transport will be performed only once, and for the evolution will be ap-

plied as a weight depending on the setting of the estimator. In the following chapters all 

the data collected concerning the neutron flow are scored under the semi-analogue 

mode, meanwhile the gamma dose during the cooling time is scored under the active 

mode. 

3.4 Grid infrastructure 

The high event amount required in many simulations (most of all the ones concerning 

the power deposition) is not always manageable by a single PC. Therefore the calcula-

tions have to be performed by computer systems like Grid. 

Grid is a distributed and federated data and computing facility that connects 

(through the international research high speed network) and takes advantage of the 

processing power and memory of more than four hundred thousand CPU-cores spread 

in 34 countries around the world.4 It has been developed in order to store the data pro-

                                                             

 

4 It has to be kept in account that, for the simulations shown in the thesis, only a sub-network made by 
the academic processing centres in Italy has been used. 
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duced by the LHC accelerator: 25 million gigabytes per year. The Italian Grid system can 

count on 55 sites, 32 000 cores, and 30 PB of storage space. 

 

Figure  3.3: features and power of Grid. 

 

Figure  3.4: knot map of Grid and IGI. 

The global network itself is dived in national initiatives (NGI, National Grid Initia-

tives), in particular the Italian one, named IGI (Infrastruttura Grid Italiana). The necessi-

ty of a coordinated source sharing within a multi-institutional dynamic is at the basis for 

the development of the project. 

INFN is one of the main promoters of the Grid project, and hosts in CNAF (Bologna) 

one of the 11 first level National Computing Centres (also called Tier-1s). The sharing is 

not limited only to the file exchange, but it’s extended to the direct access to computers, 

software, and all the necessary hardware to the resolution of a scientific or industrial 

problem. 

Grid is based on an architecture HTC (high-throughput computing) which is good in 

terms of completed job amount in the medium-long term, differently from HPC (high-
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performance computing) technology, which promotes high computing performances 

within short periods. This is possible through the parallelization of the computing pro-

cesses. 

The advantage of using the HTC technology comes from the nature of the FLUKA 

simulations, in which events are independent from each other. Running more simula-

tions with different seeds in different cores and merging all the results in a single output 

is the best way to perform the simulation of any particle transport problem. Each seed is 

selected randomly, so any statistical correlation is likely to be avoided [36]. 

The performances reached through the use of the system drastically increased, and 

the power deposition results in the target shown in the next chapter with 1 billion of 

events were possible, meanwhile they would have taken more than a week with a 4-core 

workstation. 

3.5 Code benchmark 

During the thesis work, the code has been benchmarked with different outcomes for the 

fission processes, which is the most important for the purpose of the project. Different 

benchmarks have been made for the fission at different energies, with different out-

comes in different cases. 

3.5.1 Fission cross section 

The first data to be analysed are the ones concerning the fission cross section. Those da-

ta are obtained with the following geometry: 

1. an incident proton with different energies of the magnitude of few tenths of MeV; 

2. a very thin cylindrical target (0.1 mm) in order to dissipate the less possible 

power made in U-238 (the key element of the experiments). 

The results of the simulation are shown in Figure 3.6. As it can be seen, the fission 

rate for high energy protons is considerably high in FLUKA case, compared with the oth-

er computational programs. Compared data have been taken from previous results [11]. 

Those results are not close to reality, since it has been experimentally shown how pro-

ton induced fission cross section limit for high energy is around 1.4 b [37]. 

3.5.2 Fission production yield 

The next step is the comparison of the fission spectra at different energies with experi-

mental data. This is done by using a thick target in order to measure the yield. The used 

target for this purpose is 3 mm thick, which is slightly more than the expected range for 

protons in U-238 (according to the simulations is roughly 2.5 mm). The results are 

shown in Figure 3.5. The experimental data are taken from Figure 2.15. 
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Figure  3.5: experimental and computational fission production yields. The errors for FLUKA data are not 

represented since they’re up to 2%. It’s possible to see that the models used by FLUKA foresees a three peak 

structure of the spectra at relatively low energies, and they seems to be narrower than the experimental 

measurements. 

 

Figure  3.6: fission cross section for different codes for different energies of the incoming proton [11] . Data 

are taken from the same plot in the previous chapter. 
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It can be seen that the fission model used by FLUKA, even if it respects the magnitude 

of the expected cross sections, shows intermediate energy spectra that much less wide 

than expected by the experiments. Moreover, the three-peaks feature is presented also 

at 60 MeV, when it’s not expected. Also computational data in Figure 2.15 do not corre-

spond exactly to the experimental ones, but the width of the curves is, more or less, the 

same of the expected ones. Experimental data are taken from literature [12] [13], mean-

while the computational model are referred to the Bertini-Dresner model and CEM2k 

(cascade excitation model) [38] [39]. 

The results taken from Figure 3.6 show, instead, how the fission rate in FLUKA is 

overrated compared to the other models and the experimental data. This represents a 

serious problem which may be due to the reaction cross sections in FLUKA database.  

3.5.3 Fission production cross section for single elements 

A comparison with the single element production at different energy with experimental 

data for rubidium and caesium has been made [40], and the results are presented in the 

plots in Figure 3.7. Even if the magnitude of the experimental and computational data 

are the same, many differences can be observed, like the overrate of the neutron rich 

nuclei. It has to be clarified that many experimental issues may affect the experimental 

product spectra, and that the neutron rich nuclei, as said in the previous chapters, are 

very unstable, so the collection efficiency plays an important role in the experimental 

data. Anyway, the it has to be pointed out that the foreseen peaks are shifted in the neu-

tron-rich zone, but the results are to be considered globally reliable. Plus, the main char-

acteristic seen in the analysed article [40] is the asymmetry of the caesium production 

curve compared with the Gauss shape for the rubidium one. Indeed, it was pointed out 

how the neutron rich part in this element is emphasized, and the same key feature is 

seen in the simulation results. Since SPES is dealing with neutron rich nuclei, this is a 

good achievement. 
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Figure  3.7: production cross section for Rb and Cs in FLUKA and experimental data (see the text for the 

refernece). FLUKA’s relative errors are up to 2%. 

In Figure 3.8 the total fission yield is shown as the sum of all the single element con-

tributions (the number above each curve represents the number of the element). It can 

be seen how each element has a roughly Gauss distribution (ragged as described in the 

theoretical chapter), and the height depends by the energy of the projectile. 
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Figure  3.8: production yield expressed as a sum of all the contributions of the single elements. As can be 

seen by the statistics used in the plot is very high, since the errors associated with the quantities is very low. 

The number at the top of some peaks represents the atomic number of the correspondent element. It can be 

seen how a three peak structure is clearly visible.  

3.5.4 High energy fission 

The comparison with experimental data has been made also at 1 GeV energy protons 

[14], and is possible to see how the code works very well at those amount of energies 

(better than the other models shown in the reference). The results are shown in Fig-

ure 3.9. 

As is shown by the graph, the symmetric component is dominant, so a one peak 

structure clearly appears. The peaks on the left and right corners of the plot are the 

spallation products, i.e. those products that results from the direct disintegration per-

formed by the projectile. Those kind of reaction become dominant when high energy 

protons (or other particles, in general) hit the target, and the energy given in the direct 

reaction destroys the considered nucleus in partially (the remaining of the nucleus is 

represented by the heaviest nuclei at the end of the mass axis), or completely, leaving 

only fragments (lightest nuclei). The experimental data do not show many light spalla-

tion products as shown by FLUKA, but for the rest of the spectrum the theoretical pre-

diction confirm the experimental evidences.  

200 µA current 
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Figure  3.9: high energy fission cross section for different models [14] . As one can see, the computational 

data obtained with FLUKA (red line) are the closest to the experimental data (green dashed line). 

3.6 Conclusions 

There are pros and cons in the use of FLUKA. For sure, one of the weak point is the fact 

that the fission rate is overrated, and the results don’t always agree with the experi-

mental data. It’s been seen how the power deposition data are reliable in order to pre-

dict the temperature evolution in the target system, but still there are issues in the fis-

sion cross section, which unfortunately is not possible to change, since the core code of 

FLUKA is closed, and the user cannot provide new libraries to the program. Anyway 

agreeable results are reached, and the cross section interactions are not so far from 

what is expected to be. Good results have been achieved measuring the production spec-

tra of the single elements inside U-238, and the experimental results are close to the 

computational model, exception made for the lightest and heaviest nuclei, which are not 

likely to be measured with an experimental setup. Another problem is how a three peak 

structure is clearly visible even for energies which are not high enough to provide the 

same shape experimentally, but the same feature is seen in other transport codes, and, 

as said in Chapter 2, it’s difficult to provide a model which describe the fission spectra 

since there is not a complete theory able to fully describe the process. 

Once again, FLUKA shown how it’s more predictive for high energy conditions than 

for the SPES energies. Anyway, the level of reliability in the range of few tens of MeV en-

ergies is closer to the experimental data than other widely used models, so its usage is 

still convenient for the purpose of the thesis. 

Cƛǎǎƛƻƴ ǎǇŜŎǘǊŀ 
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Chapter 4  

Production target results 

Introduction 

In this chapter the computational results scored in the target are going to be shown and 

benchmarked with data taken from other Monte Carlo simulation codes. Those results 

involve the power deposition inside the target, the isotope production inside the urani-

um carbide discs, the neutron spectra outside the target and the consequent activation 

of the involved materials, leading to gamma emission from the target-chamber system, 

whose spectra are going to be scored.  

The necessity to find out those data come from the great number of processes in-

volved in different positions inside the geometry. In this way, even if the cross sections 

values and the fission cross sections are available inside the program, the outcomes may 

be analytically barely computable. Therefore, Monte Carlo methods are the ideal way to 

have reliable prediction about the power deposition and the fission products inside the 

discs, in order to see whether the project is unsafe (with high involved temperatures the 

target parts may heat too much, and they may not work properly) or uninteresting 

(even if the energy of the original beam is enough to produce the interesting isotopes, it 

may lose energy during the path through the target, and produce less key products than 

what is needed). 

Both those results are important in order to correctly size the target and the facility 

parameters. The first one is necessary in order to fix some boundary conditions in the 

thermal simulations, and the other one is necessary to see what fission products are ex-

pected from the target during the irradiation process. The outcomes are promising in 

both the cases, since it will be shown how the power deposition is comparable with the 

MCNPX results, and how the fission models used seem to provide outcomes close to oth-

er models previously used for the project. Moreover, activation studies in the target 

have been made, and the results about the activity of the target for different times after 

the irradiation and the dose rates are comparable to the one encountered with the 

MCNPX code. A gamma spectrum expected outside the SPES target is also drawn. 
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4.1 Power deposition inside the uranium carbide discs 

To check whether the power deposition simulation on the target are reliable or not, only 

a benchmark with computational data is feasible, since the experimental data are not 

possible to acquire in complex context like a target used in nuclear fission. Therefore 

accurate studies about the power deposition are performed to prevent possible temper-

ature exceeding. Results have to be benchmarked with previously used code because the 

reliability of the code for this kind of simulations has to be confirmed first. An accurate 

study of the power deposition on different targets with a Gaussian decentred beam can 

be found in the appendix. 

4.1.1 Benchmark 

Before performing any new simulation on the SPES target, previously done simulation 

have been updated with FLUKA parameters, i.e. the geometry of the target has been im-

ported in FLUKA and simulations with the following beam parameters have been done: 

1. fixed forward direction; 

2. fixed momenta and energies: 40 MeV per proton with 200 µA current; 

3. flat spatial distribution on a 2 cm radius circle section; 

As shown in Figure 4.1, The results with Fluka seem to be comparable with the 

MCNPX ones, which is the most important results, since MCNPX is considered to be very 

reliable for power deposition simulations to determine the temperature evolution of the 

system [41]. SRIM results have not to be taken too much in consideration, since many 

factors are not taken in account in the code, and a very simple model with only binary 

collisions and drastic approximations are taken in account [42]. Therefore, the results 

from that code has not to be taken as a reference, since SRIM is a quick and fast code to 

perform preliminary simulations.  

What seems to appear in the following comparison figures is that there are clear dif-

ferences between the two transport model for the energy deposition, and in the case of 

low power loss rate, FLUKA, compared with MCNPX, tends to overrate this function. 

Some differences may be due, also, to a slightly different geometry setup, since the 

simulations with MCNPX has been performed with an older target setup, with few dif-

ferences in the spacing of the discs. 

The overall results show a good agreement between FLUKA and MCNPX, which was 

the most important achievement to reach, since MCNPX is much more reliable than the 

other code taken in consideration. The deposition rate increases with the disc number 

because it follows the Bragg’s law (see Chapter 2), so, as the travelled path in the medi-
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um increases, the power deposition does, until it reaches a peak. In the SPES target, the 

peak is ensured to be reached in the graphite dump, in order to not allow any proton to 

exit from the target zone. 

Even if the Bragg curve is simple to be analytically computed (it’s just a matter of 

solving the Bethe Bloch equation), a simple solution is not enough in order to provide a 

description of the power deposition profile inside the disc, since it does not keep in ac-

count the angular cross section of the collisions involving the protons. The spread of the 

particle, therefore, cannot be foreseen. This property of the transport of the particle 

makes sure that, even if there’s a flat proton beam, the distribution after few discs will 

not be homogeneous anymore. This is physically important because a correct power 

deposition profile description allows to correctly regulate the current flow in the heater 

in order to provide an homogeneous temperature distribution in the discs in order to 

keep them integer. 

The achieved results seem good since the difference between the two most reliable 

codes is very small (about 5%), consequently the results got by MCNPX has been con-

firmed by FLUKA, and FLUKA results on a different target in iThemba facility have been 

benchmarked with experimental results during the thesis work. 

 

Figure  4.1: power deposition in SPES target with 40 MeV protons at 200 µA current. The relative difference 

between the MCNPX and FLUKA results is about 5%. 

4.2 Isotope production 

The isotope production has been estimated with the same methods used to measure the 

yield and the cross section of a simple cylindrical target, in order to benchmark the fis-
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sion model used in the code. The production rate for all the isotopes has been scored 

with different codes, with the results shown in Figure 4.2 for the total production rate, 

and in the case of single elements in Figure 4.3. 

The code has been benchmarked with results obtained from MCNPX code operating 

with two different models. The first one is the Bertini model [38] with the RAL (Ruther-

ford Appleton Laboratory) fission model implemented [43], in the second one the Oak 

Ridge National Laboratories model has been used [44]. 

 

Figure  4.2: total production spectrum in SPES. 

 

Figure  4.3: Sn and Cs production spectra in SPES. 

I = 200 µA 
E

p
 = 40 MeV 

Gray areas: stable nuclei 
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Looking at Figure 4.2 it’s possible to check how the different codes predicts the spall-

ation products, which are clearly distinguishable from the fission part of the spectrum 

since the involved energies are not so big to generate important direct interaction effect 

as can be seen for higher energies (see Figure 3.9). A simple explanation to this phe-

nomenon may be given by the fact that, since the incoming protons do not have enough 

energy to deeply break the nuclei, only a small fraction of the single U-238 nucleus is 

torn apart, and therefore generates the narrow peaks at the tail of the plot. In numbers, 

since the U-238 binding energy per nucleon is 7.57 MeV per nucleon [45], since the ki-

netic energy of all the incoming proton is 40 MeV, and since only a fraction of it will be 

released in the target nucleus (most of it is lost for ionization), few nucleons can be torn 

apart from U-238 nuclei every interaction, so the spallation product are expected to 

have masses only about 238 or few atomic mass units. 

The main difference between FLUKA’s results and the other codes is how the total 

spectrum in FLUKA shows the three-peak feature, which was somehow expected from 

the previous chapter, when the single elements production yields were analysed. 

Looking at Figure 4.3, instead, it can be seen how RAL fission model provides nuclei 

too far from the stability valley (the heaviest tin nuclei shown have never been seen or 

theorized, indeed). Moreover, as expected, both FLUKA and ORNL models provide a 

neatly neutron rich production in the nuclei, and in every case the production of Sn-132 

is expected, which is a very interesting isotope, since is a double magic one: this kind of 

nuclei is very interesting, and is an interesting research field [46]. Further consideration 

can be made on the basis of experimental results in similar conditions. Indeed the re-

sults have been compared with the ones got in the Holifield Radioactive Ion Beam Facili-

ty at Oak Ridge laboratories [47]. A beam of 42 MeV protons is injected in a UCx target, 

and, according to the results published in the website [48]: 

¶ the tin isotope production ranges from nuclear mass 123 to 136. While the ORNL 

fission model cannot foresee masses over 132 meanwhile FLUKA can, this indi-

cates how FLUKA fission model can be more efficient than the previously used 

models in MCNPX; 

¶ the caesium isotope production ranges from nuclear mass of 138 up to 143. As 

previously mentioned, the RAL model is not quantitatively predictive, since its 

range is far too large than the experimental results. 

It’s important to point out how not all the expected isotopes in the production will be 

seen in the experiment. Some of the foreseen products won’t be detectable once the fa-

cility will be operative, since the decay time is to short to have a transport effect. Moreo-
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ver, some transition metals will not be ionized by the techniques used in the facility, and 

is the case of the so called refractive nuclei: Zr, Nb, Mo, Tc, Ru and Rh (see Figure 1.17). 

Another facility working in the field of radioactive beam production is the on-line iso-

tope mass separator ISOLDE, located at the Proton-Synchrotron Booster (PSB) at CERN. 

This facility works in a different energy range than SPES (1 and 1.4 GeV) with a wider 

range of targets out of uranium carbide, like thorium carbide, lead and lanthanum ox-

ides [49]. The advantage, for sure, is that a wider production spectrum per element is 

seen, but it is centred around the stability valley, so the difference will be seen mostly in 

the proton rich zone. SPES allows to see only the neutron-rich nuclei, but since the pro-

duction peaks are in the neutron rich valley, most exotic isotopic species will be ob-

served, as shown in the production colour map in Figure 4.4.5 

 

Figure  4.4: map of the production in FLUKA model. 

4.3 Neutron production yield 

The energies of the leaking neutrons from the discs have been sampled, and the results 

are shown in Figure 4.5. The data have been benchmarked with the ones obtained with 

MCNPX [11], and compared in Figure 4.5. The bottom figure in the plot shows the rela-

tive difference between the two codes Ὀ, expressed as the ration between the difference 

and the average estimation: 

                                                             

 

5 Even if the production inside the target ranges as shown in the figure, the only isotopes which are go-
ing to be put in the beam range from Ni to La, and the refractive elements are excluded. 
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 Ὀ ς
ὣ ὣ

ὣ ὣ
 (4.1) 

 

 

Figure  4.5: neutron production yield in SPES target. 

From the previous plot, the comparison with the MCNPX outcomes shows how the 

neutron production is taken more in consideration dealing with the thermal neutrons 

(with energy below 1 MeV) and slower neutrons. For faster ones the production is taken 

much less in consideration, and the final peak in the difference ratio graph is probably 

due to the fact that few events are counted in that energy area, so the error associated 

with the correspondent neutron yield is rather high. 

From a prediction made with this kind of premises, one can expect from FLUKA three 

things: 

1. Different gamma and fission spectra are expected from the calculations, since ma-

terials involved in the simulation are more likely to be activated with thermal 
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neutrons more than high energy neutrons, since the former has kinetic energy 

low enough to enter in the nuclear structure, and therefore change it. The latter 

ones, instead, bounce on the heavy nuclei and are less likely to change nuclear 

structure and allow fission to take place. The fact that FLUKA overrates the fis-

sion rate in nuclear reaction is not something new, since this was already pointed 

out in the previous chapter (see Figure 3.6). 

2. A more pessimistic dose rate prediction in the front end area is made, since the 

neutrons around 1 MeV are the ones with the highest weighting factor in the 

equivalent dose conversion, i.e. they are to be considered more harmful [50]. 

3. Since a less amount of faster neutron is expected, the risk of underrating the nec-

essary concrete shielding for the experiment has to be considered (since fast neu-

trons are better moderated from light nuclei, i.e. water, as shown in Chapter 2), 

therefore also the results obtained through the usage of MCNPX has to be always 

kept in account. 

 

Figure  4.6: neutron production yield in SPES target for low energy values. The high rate under 1 eV is due 

to the slowed neutrons leaking from the graphite box. 

The low energy spectrum of the neutron is shown in Figure 4.6, and it can be seen 

how the amount of emitted neutrons decays with the energy to very low levels, until the 

EpiCadmium neutrons (1 eV), so those neutrons responsible to the resonances in U-238, 

i.e. a wide range from 10 eV to few keV [51], appear in a neatly smaller amount com-

pared to the neutron amount corresponding to the peak of the distribution. The spec-

trum is not continuous because of the low counts in the region between 1 and 10 eV, and 

under 1 eV a high rate of thermal neutrons appears. This is probably due to a leak of the 
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thermal neutrons coming back from the graphite zone of the target, but their counting 

weight is really low since the energy axis is logarithmic, and the interval to integrate is 

very low. 

The aforementioned miscounting, unfortunately, can’t be avoided because of the ge-

ometry used for the scorer in the simulation. Indeed, a close cylindrical surface around 

the uranium carbide discs has been put to count the leaking neutrons generated during 

the fission reaction. Anyway, the leaking thermal neutrons from the graphite zone are 

still counted in the scorer, therefore a peak of thermal neutrons has been found. 

4.4 Gamma production yield 

The activation of the target has to be taken in account in order to perform studies about 

the safeness of the area. In Chapter 3 it’s been shown how FLUKA is able to manage the 

photon emission of the activated materials also after the irradiation period. It’s been 

taken advantage of this feature to see the photon emission spectra for different cooling 

time, and the gamma dose rate outside the target after the irradiation period. 

The spectra of the gamma radiation have been scored and shown in Figure 4.7. 

 

Figure  4.7: emission spectrum of gamma rays. The relative errore are below 1%. 
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Figure  4.8: geometry used for the scoring of the photon spectra. The particles have been recorded all 

around the target. 

As expected, the emission rate globally decreases exponentially with time, and it 

looks smooth for short times, since a very wide spectrum of reactions is immediately 

generated, and as time goes on the spectrum becomes more ragged. This is due to the 

fact that, after long decay times, few radioactive nuclei remain in the configuration of the 

target, therefore few lines in the gamma spectrum may be encountered. Moreover, the 

considerably higher energy photons lack as the cooling time increases may be due to the 

fact that the high energy fission gamma prompt component is lost (with energy up to 

tens MeV [52]), so only the β decay component contributes to the gamma spectra. 

4.5 Conclusions 

The outcomes show some important feature of the FLUKA code compared with the pre-

viously used MCNPX code, associated to the power deposition, the isotope production, 

the neutron and gamma spectra and the activation features. The most important one is 

probably the one related to the thermal and slow neutron emission, which could be 

linked to the higher observed activation rate in the target. Moreover, the power deposi-

tion profile has been scored on the discs, and it looks to be slightly different from the 

MCNPX one. 

In the next chapter the results about the phenomena around the whole front end are 

going to be shown. 
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Chapter 5  

Radiation in the front end 

Introduction 

It is fundamentally important to provide information about what is going to happen in 

the front end, since many delicate plastic are found to be in the target zone. Moreover, as 

specified in the previous chapter, the neutron dose is considered more damaging for 

compared to the gamma one from a biomedical point of view. In this chapter different 

quantities are studies: the equivalent radioactive dose due to the neutrons in the front 

end area during the irradiation time, the energy amount absorbed by the different com-

ponents of the front end and the data concerning the activation of the materials and the 

gamma radiation production right after the irradiation period. 

The results concerning the damages of the different materials are compared with 

what is estimated by MCNPX, and they are relatively good, but it has to be considered 

how many factors affect the differences between the two simulations, i.e. the different 

libraries, the different decay models, and the different geometric structure. Plus, the 

dose absorbed by the different plastic components has been compared with tests per-

formed at ASTRA reactor (Austria) from gamma and neutron radiation, and an accurate 

analysis of the conditions in those experiment has been reported. 

The ambient dose in the front end seems to be optimistically lower than the safeness 

dose, so the choice of the concrete geometry seems to be appropriate for the facility 

purpose. Also a brief introduction to radioprotection concepts has been attached in or-

der to make clear many concepts, like the dose, the equivalent dose, the dose rate and 

how FLUKA (and many other particle transport codes) score the equivalent dose inside 

a geometry. 
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5.1 The front end geometry 

A simplified model of what is going to be the front end geometry has been created, and 

is reported in the following figures. 

 

Figure  5.1: Map of the SPES facility. The detail of the front end is highlighted in the red box. It can be seen 

how the concrete walls in the building are disposed in order to prevent the diffusion of neutron radiation 

around the building. 

 

Figure  5.2: picture of the front end. 
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Figure  5.3: geometry of the front end used. The axis orientation is shown at the bottom-left corner of each 

picture, and the squared regions are referred to different bias zone centered around what is going to be the 

laser laboratory. For more information about the topic see Chapter 3. 

 

Figure  5.4: geometry of the front-end in the proton line. 
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Figure  5.5: geometry of the front end in the RIB line. 

 

Figure  5.6: 3d geometry representation of the front end components. 

In the previous figures a map of the front end is reported with some key elements 

that are going to be analysed in order to check whether the neutron radiation is exces-

sively damaging. 

5.2 Concepts of radioprotection 

A brief notion of quantities used in order to estimate the damage provided by the incom-

ing radiation in organic tissues and in different materials is given in the following ses-

sion. This should allow the reader to better understand the basis of radioprotection. 

5.2.1 Direct and indirect physical damage 

The immediate result of the interaction of any radiation with matter is the deposition of 

energy causing ionization and excitation of atoms and molecules. The extent to which 

this occurs depends very much on the nature of the radiation and its energy, so here are 

provided the ones given by the two radiation types relevant to the SPES front-end: 

AC covering 
wire 

RIB wire 
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¶ photons – as said in Chapter 2, photons transfer their energy to electrons via 

Compton scattering, photoelectric effect and pair production. The attenuation co-

efficient for photons depends strongly on energy and atomic number of the mate-

rial. Tissue contains mainly low ὤ elements (C, H and O) and Compton scattering 

is the most important interaction process for photon energies above about 

40 keV to several tens of MeV. The scattered photons may interact further by a 

second Compton scattering or by photoelectric absorption, depending on the en-

ergy. Overall energy deposition in general is not localized, in fact varies approxi-

mately exponentially with depth and can reach deep into tissue. Gamma rays of a 

few MeV, like the ones found in SPES, are particularly penetrating, and require 

many centimetres of lead to provide an effective shield; 

¶ neutrons – neutrons do not cause ionization directly, they are uncharged, and in-

teract only with other nuclei. Low-energy neutrons (0.025-100 eV) lose energy 

primarily through the ὲȟ‎ capture reaction. Since living tissue has a high densi-

ty of hydrogen atoms, mostly in the form of water, the main capture process is in 

ὲ ὴO Ὠ ‎, releasing a 2.2 MeV photon. At higher energies (more than 1 keV), 

neutrons lose energy through elastic collisions. Again, because of the high hydro-

gen content in tissue, elastic scattering by protons predominates. Protons and 

neutron masses are very similar and, on the average, a neutron loses a large frac-

tion of its energy in collision with a proton. The proton recoils, producing a dense 

trail of ionizations and slows down. Neutrons also collide with other nuclei in tis-

sue, such as carbon and oxygen, which then cause even greater ionization density 

over a very short range. A 2 MeV neutron (fast) travels about 6 cm across a hu-

man tissue before being thermalized and thus fast neutrons can deposit regions 

of high ionization density to a considerable depth in living tissue. At intermediate 

energies (0.1-20 keV), both scattering and capture are important. However, as 

the neutrons slow down, capture predominates, because the capture cross sec-

tion generally varies inversely with the speed of the neutron. In the range 0.2-

0.025 eV, neutrons can also induce molecular excitation, but the biological dam-

age this may cause is still an open question. 

5.2.2 Dose, dose rate and dose distribution 

The amount of radiation dose depends on the intensity and the energy of the radiation, 

the exposure time, the area exposed and the depth of energy deposition. Various quanti-

ties have been introduced in the past which attempt to specify the dose received and the 
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biological effectiveness of a given dose. These are called the absorbed dose, the effective 

dose, and the equivalent dose. 

5.2.2.1 Absorbed dose 

This is the most simple quantity to classify the damage rate given by the radiation. It’s 

given by the amount of energy ‐ deposited in a mass unit of the considered tissue ά  

 Ὀ
‐

ά
Ȣ (5.1) 

5.2.2.2 Dose rate 

Biological effects depends always on the rate, as well as the total dose delivered to the 

tissue. This is because mechanism exist within organism that enable certain molecules, 

such as DNA, to be replicated if they have not been too badly damaged. Thus, if a poten-

tially lethal dose is applied at a sufficiently slow rate, it is possible for the damage to be 

repaired before it has gone too far. 

5.2.2.3 Equivalent dose 

Since the biological effectiveness of the same amount dose depends by the radiation 

type, and in some case by the radiation energy, a quantity called the equivalent dose (Ὄ) 

is defined to indicate the biological implications of radiation exposure at levels of ab-

sorbed dose encountered in normal radiation protection. The equivalent dose Ὄ  in a 

tissue or organ is given by 

 Ὄ ύ Ὀȟ (5.2) 

where Ὀȟ is the average absorbed dose in tissue Ὕ from a given type of radiation, and 

ύ  the weighting factor, which is a quantity obtained averaging the relative biological 

effectiveness over a certain energy range. This quantity is useful to estimate the average 

biological damage of a certain particle in a certain energy. In Table 5.1 the values of the 

weighting factors are given [10].  

Type of radiation  Energy range Weighting factor  

Photons All energies 1 

Neutrons  < 10 keV 5 

10 keV – 100 keV 10 

100 keV – 2 MeV 20 

2 MeV – 20 MeV 10 

> 20 MeV 5 

Table 5.1: values of ◌╡ for different energies [53] . Neutron’s weighting factor is higher than photon’s one 

for every energy value considered. 
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5.2.2.4 Ambient dose equivalent coefficients 

The ambient dose equivalent at the point of interest ὌᶻἺ is the dose equivalent which 

would be generated in the associated oriented and expanded radiation field at a depth of 

10 mm on the radius of the ICRU sphere (30 cm diameter tissue equivalent) which is 

oriented opposite to the direction of incident radiation. 

This quantity is a function of the fluence distribution over the energy of a given parti-

cle (ÄɮὉȟἺȾÄὉ), and the way to get it is to integrate this by a factor which is a function 

of the energy and the particle type 

 ὌᶻἺ ὪὉ
ÄɮὉȟἺ

ÄὉ
ÄὉ (5.3) 

where ὪὉ  is a function of the kind and the energy of the involved radiation. The values 

of the function are available in literature [53] [54], and FLUKA uses an interpolation of 

the different data found in literature named AMB74 [55]. A map of the radiation ambient 

dose will be presented in the next section. Since it is clear by previous simulations per-

formed in SPES project how the neutrons play a more important role in the irradiation 

period, all the dose maps during this time lapse will be made keeping in account only the 

neutron dose. In Figure 5.7 the conversion factors ὪὉ for neutrons are given. 

 

Figure  5.7: conversion factors for neutrons in FLUKA. The points used to perform the interpolation are 

taken from literature [53]  [54] . 

5.2.3 Ionization damages in non-living materials 

What characterizes the non-living materials is that they do not have the repairing mech-

anism mentioned in paragraph 5.2.2.2, therefore, the concept of dose rate will not be 

relevant anymore. Moreover, since the equivalent dose is a concept extended only to the 

living tissue, it will not be usable anymore to qualify the damage quality inside the dif-
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ferent material. Again, the radiation interacts with molecules in different ways as differ-

ent particles are considered, but the standard ways to define the damage of the living 

tissues cannot be used for the different non-living materials which may be affected by 

the radiations. 

In SPES, the most likely material to deal with structural damages are the plastics 

found in the front end, and the way they can be damaged depends by the dose and the 

radiation type. The power deposition in the material, indeed, can be more or less local-

ized, and the effect might go from the ionization of the atom to its displacement. 

Radiation  Impurity production  Atom displacement  Ionization  Energy release 

Thermal (eV) 

neutrons  

Directly by absorption 

reactions (mostly ther-

mal neutrons), also may 

lead to more radiations 

Yes, indirectly 

Indirectly Indirectly 
Fast neutrons 

(MeV) 

Multiple displacements 

via scattering reactions 

Photons n/a 
Rare displacement (via 

Compton effect) 
Indirectly 

Gamma heating 

over long distances 

Table 5.2: radiation damages on materials, adapted from [56] . 

5.3 Environment neutron radiation dose 

The first work performed is the scoring of the equivalent radiation dose profile inside 

the bunker during the irradiation time. As said before, the dose data are constructed 

from the recorded fluence, and the dose map inside the bunker is shown in Figure 5.8. 

 

Figure  5.8: radiation dose profile inside the bunker. The picture is sampled over a layer parallel to the z-x 

plane (horizontal). The drawn edges are the ones of the concrete wall, and the horizontal line in the drawing 

is the proton beam, meanwhile the vertical is the RIB. Further details about the dose in the transport lines 

can be found in Figure  5.11 . 
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It is possible to check how the internal dose rate in the bunker is very high during the 

irradiation period, and how the concrete walls in the bunker attenuate the radiation ef-

fects. This is due to the high concentration of water inside the concrete, and since water 

is made of light nuclei, and the moderation, as said in Chapter 2, is inversely proportion-

al to the mass of the nuclei in the medium, concrete is a very efficient material to screen 

the leaking neutron radiation. Moderation is important in order to lower not only the 

fluence, but also the energy of fast neutrons (the ones around 1 MeV, responsible for the 

activation and most damaging) to mild damage energy levels. Anyway, even if the front 

end and the surrounding rooms are not safe during the irradiation period, it can be seen 

in Figure 5.9 and Figure 5.10 that in the region right over the ceiling (i.e. the external 

environment), no neutrons are scored in spite of the high bias set in the external re-

gions. 

 

Figure  5.9: neutron dose in the bunker, vertical distribution parallel to the proton beam, the space units are 

expressed in cm. 

 

Figure  5.10: neutron dose in the bunker, vertical distribution parallel to the RIB beam, the space units are 

expressed in cm. 
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Figure  5.11: plot of the ambient equivalent dose due to the neutrons scored in the proton and the RIB lines. 

This figure is important in order to have an idea of how fast scored dose decays through the bunker walls 

and how the neutrons may affect the activation process along the geometry of the bunker. 

 

Figure  5.12: colour map of the radioactive dose in the zone surrounding the laser laboratory. The red rec-

tangle is the zone which is going to be sampled in the following figure. The canal at the centre of the 90° 

dipole analyser is where the laser beams to check the alignment of the system have to pass through. 

It is been shown how the environment is safe outside the bunker ceiling, but the axis 

of the beam will be controlled by means of optical systems, therefore, a laser laboratory 

Laser lab. 

90° dipole 
analyzer 
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is going to be built on the top of the RIB beam at the top of the dipole analyser. Since the 

staff has to get inside this room during the irradiation process, a dose scoring has to be 

performed in order to check that the equivalent dose rate is below the limits imposed by 

the current laws. The results of the dose scoring are shown in Figure 5.12 and 

Figure 5.13, and those are promising because the average amount foreseen in the laser 

laboratory with FLUKA are below 0.1 µSv/h, which is a very low level. A comparison can 

be made keeping in mind that the dose absorbed by an adult man eating a banana is 

around 0.1 µSv [57] (this is due to the fact that bananas contain a radioactive isotope of 

potassium, K-40, which slowly decays in beta mode). The radiation field in the laser la-

boratory, therefore, has to be considered safe, as far as the simulation results seem to 

show. 

 

Figure  5.13: one dimensional plot of the previous figure averaged in the central zone. It is clear how the 

dose decreases exponentially while crossing the concrete ceiling, and then is averaged below 0.1 µSv/h, 

which is a good dose limit. 

5.4 Activation studies 

The equivalent dose and the activity of the discs have been scored close to the target af-

ter the irradiation time (14 days), the cooling time (14 days), and when it’s stored into a 

lead box. The results for the cooling and the storage periods are shown in the following 

tables. 
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Time  
Dose at 1 m 

(FLUKA) 
[Sv/h]  

Relative error 
[%]  

Dose at 1 m 
(MCNPX) [Sv/h]  

(DFLUKA-DMCNPX) 
/average  

[%]  

Irradiation time  

1 day 3.330 0.8 1.770 61.2 

4 days 3.470 0.7 1.920 57.5 

7 days 3.514 0.6 1.940 57.7 

14 days 3.565 0.6 2.090 52.2 

Cooling time  

1 second 3.283 0.6 2.080 44.9 

1 day 0.240 2.0 0.195 20.6 

3 days 0.133 3.2 0.110 18.8 

14 days 0.045 3.5 0.041 9.6 

Table 5.3 

Time  
Activity (FLUKA)  

[Bq]  
Relative error 

[%]  
Activity (MCNPX)  

[Bq]  

(AFLUKA-AMCNPX) 
/average  

[%]  

Irradiation time  

1 day 3.50 ⨉ 1013 0.8 1.50 ⨉ 1013 80.0 

4 days 3.83 ⨉ 1013 0.8 1.70 ⨉ 1013 77.0 

7 days 3.94 ⨉ 1013 0.8 1.80 ⨉ 1013 74.5 

14 days 4.05 ⨉ 1013 0.8 2.00 ⨉ 1013 67.8 

Cooling time  

1 second 3.82 ⨉ 1013 0.9 2.00 ⨉ 1013 62.6 

1 day 5.62 ⨉ 1012 1.1 3.33 ⨉ 1012 51.2 

3 days 3.15 ⨉ 1012 1.3 1.78 ⨉ 1012 55.5 

14 days 9.56 ⨉ 1011 1.5 6.67 ⨉ 1011 35.6 

Table 5.4 

As expected, the activity is overrated in FLUKA, probably for the same reason ex-

pressed in 5.2.1, i.e. because the lower energy neutrons tend to activate more the mate-

rials involved in the simulation. 

5.5 Damage of the components inside the front end 

The energy deposition inside the single components forming the front end have been 

scored in order to estimate the damage of the materials. A comparison with MCNPX has 

been made, and also an analysis taking in account the literature data about the maxi-

mum radiation amount exposure has been performed. Different source has been used to 

confirm this result [58] [59] [60], but unfortunately, as is going to be shown further, the 

radiation kinds provided during the tests made for the report are slightly different from 

the ones provided by the simulation codes. The MCNPX results have been taken from a 

report previously done in SPES [61], and a comparison of the results have been made in 

the following table and figure. 
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Region 
Fluka dose 

[Sv/s]  
Error [%]  

MCNPX dose 

[Sv/s]  
Error [%]  Material  

Chamber insulator 1 5.24E-02 0.57 4.68E-02 0.64 Peek 

Chamber insulator 2 5.62E-02 0.58 4.19E-02 0.60 Peek 

Chamber insulator 3 2.56E-02 0.64 2.04E-02 0.77 Peek 

RIB channel insulator 1.29E-02 0.57 4.33E-03 0.61 Alumina 

Proton channel  insulator 4.02E-03 0.91 2.46E-03 1.91 Alumina 

Viewport glass 3.42E+00 9.53 4.57E+00 7.91 Lead glass 

Viewport joint 2.29E+00 8.72 2.49E+00 9.08 EPDM 

Guide 1 5.46E-01 0.56 2.44E-01 0.38 TPE-SBR 

Guide 2 4.89E-01 0.58 2.48E-01 0.41 TPE-SBR 

RIB wire cover 1.17E-02 9.39 1.24E-02 15.93 TPE-SBR 

AC wire cover 6.13E-02 0.66 4.27E-01 1.64 TPE-SBR 

Chamber O-ring 1.19E+00 0.66 1.03E+00 1.02 EPDM 

Table 5.5 

As it can be seen, there are certainly several differences in the dose absorbed by the 

different components inside the front-end. Most of it can be seen in the AC wire cover. 

This is due to the fact that this component covers a vast fraction of volume inside the 

front-end, therefore the absorbed dose may strongly vary as different geometry approx-

imation are used to describe the object. The same thing can be said about the RIB chan-

nel insulator. Graphic results are shown in Figure 5.14, and the dose rate ratio for gam-

ma rays and neutrons are shown in Figure 5.15. As it can be seen, there is a neat preva-

lence of neutron dose absorbed rather than gamma. This is something that is expected 

to happen since fission processes allow the production of a wide spectrum of neutrons, 

meanwhile the prompt gamma rays are developed in a relatively small amount [10]. 

 

Figure  5.14: representation of the results in Table 5.5. 
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Figure  5.15: dose abstorption fraction for every component inside the front-end. 

The limits to the exposure of the different materials have been taken from the afore-

mentioned tests performed under different conditions. The specifications of the kind of 

radiation used are the following: 

¶ [58] test samples are irradiated at the 7 MW ASTRA pool reactor at Seibersdorf 

(Austria). The irradiation position, called Ebene 1, is placed in the pool at about 

26 cm distance from the irradiation core. The characteristics of the irradiation 

data are shown in Table 5.6. The samples have been irradiated, with few excep-

tion, to three different integrated neutron and gamma doses of 5 ∙ 105 Gy, 

1 ∙ 106 Gy and 5 ∙ 106 Gy; 

¶ [59] test samples are irradiated, again, at the position Ebene 1, and the introduc-

tion clearly states that the neutron dose is kept below 5% of the total dose in the 

different samples. Since the irradiation conditions are identical to the ones in the 

previous source, it is reasonable to state that also materials tested in [58] have a 

low irradiated neutron dose. More sensitive samples were irradiated with a 60Co 

source, but in the analysed materials no specifications about the radiation 

source were specified, so when this source is cited, neutron flux has to be taken 

in account according to the previous table; 

0% 20% 40% 60% 80% 100%

Chamber insulator 1

Chamber insulator 2

Chamber insulator 3

RIB channel insulator

Proton channel  insulator

Viewport glass

Viewport joint

Guide 1

Guide 2

RIB wire cover

AC wire cover

Chamber O-ring

Dose fraction in front end components 

Neutron dose Gamma dose
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¶ [60] the irradiation conditions depend on the size, composition, and function of 

the item to be tested. Basically, three irradiation source are used: 

o 7 MW ASTRA pool reactor at Seibersdorf (Austria), details about the dif-

ferent positions are given in Table 5.7; 

o 60Co irradiators or spent-fuel elements; 

o dump and target areas of the CERN accelerators. 

Dimensions of the irradiation container : diameter 60 mm 

length 200 mm 

Fast neutron flux : 2-3 ∙ 1010 n/cm2sec 

Thermal neutron flux:  3-4 ∙ 10
11

 n/cm2sec 

Gamma dose rate: 2 ∙ 105 Gy/h 

Irradiation medium:  air 

Irradiation temperature:  ~30°C (max. 40°C) 

Table 5.6: irradiation conditions in ASTRA reactor, position Ebene 1. 

Radiation 

source 

Irradiation 

position  

Characteristics 

of the field  

Irradiation 

medium  

Irradiation 

temperature 

[°C] 

Dose rate 

[Gy/h]  

7MW ASTRA 

research pool 

reactor 

Pos. 11 

υϽρπὲ Ⱦά ί 

σϽρπὲȾά ί 

mainly neutrons 

involved 

Water 40-50 ςϽρπ 

Ebene 1 (E1) Same in Table 5.6 

Fuel elements 

ASTRA 
Pos. 35 

Gamma radiation 

field characteris-

tic for reactor 

fuel elements 

(0.5 – 3 MeV) 

Air 25-35 
ρϽρπ 

ρϽρπ 

Table 5.7: features of the irradiation position in the ASTRA reactor copied from [60] . 

A briefing table is used to describe the characteristics of the used materials, with at-

tached source and additional comments (if necessary). 

Material  
Considered 

source 
Dose limit  Additional notes  

EPDM [58] > 5 ∙ 10
6
 Gy 

No considerable damage reached in the region of interest. 

Neutrons dose below 5%. 

Glass [60] , page 125 10
7
 Gy 

Tests performed with reactor ASTRA in position 11. The 

considered glass in the test is cerium-doped. Mainly neutron 

dose is involved in the tests. 
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Material  
Considered 

source 
Dose limit  Additional notes  

Alumina  [60] , page 93 > 5 ∙ 10
8
 Gy 

No considerable damage reached in the region of interest. 

Position 11 in ASTRA reactor. Dose mainly due to neutrons. 

Peek [59] , Table 2a 2 ∙ 10
7
 Gy Neutrons dose below 5%. 

SBR [60] 3 ∙ 10
6
 Gy Tested with ASTRA in pos. 35. Only gamma dose considered. 

Table 5.8: characteristics of the performed tests for different materials. 

After considering the test results, a table with the main results about the life-time of 

each component can be built, and the results are shown as follows. 

Region Max dose [Gy] Utility time [s]  Reliability  

Chamber insulator 1 2.00E+07 3.81E+08 Partial (not enough neutrons) 

Chamber insulator 2  2.00E+07 3.56E+08 Partial (not enough neutrons) 

Chamber insulator 3  2.00E+07 7.83E+08 Partial (not enough neutrons) 

RIB channel insulator  n/a ? Good (mainly neutrons considered) 

Proton channel  insulator  n/a ? Good (mainly neutrons considered) 

Viewport glass  1.00E+07 2.92E+06 Good (mainly neutrons considered) 

Viewport joint  n/a ? Partial (not enough neutrons) 

Guide 1 3.00E+06 5.50E+06 Bad (only gamma rad. considered) 

Guide 2 3.00E+06 6.14E+06 Bad (only gamma rad. considered) 

RIB wire cover  3.00E+06 2.56E+08 Bad (only gamma rad. considered) 

AC wire cover 3.00E+06 4.90E+07 Bad (only gamma rad. considered) 

Chamber O-ring  n/a ? Partial (not enough neutrons) 

Table 5.9: utility times for the different components of the front-end. 

It has to be considered, in any case, that the neutron spectra used in the aforemen-

tioned tests are quite different from the ones used in SPES since the thermal neutron is 

still the dominant component of the neutron radiation. Anyway, it has to be kept in ac-

count how the radiation spectrum may not be the same as shown in Figure 4.5 and Fig-

ure 4.6 since fast neutrons are likely to be moderated in the graphite zone. 

5.6 Conclusions 

Many features have been analysed concerning the front-end, and generally good 

achievements have been reached. A neutron ambient dose map has been drawn, and 

relevant results have been ensured, like the low dose rate in the laser laboratory, which 

is very important for safeness issues. Moreover, the dose absorbed by the different part 

of the laboratory has been scored, and the results have been benchmarked with previ-

ous MCNPX results. A generally good documentation has been provided to show which 

could be the utility time of each component, even if sometimes the irradiation conditions 

in the tests are clearly not the same of the ones expected in SPES. Further studies about 
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damage of materials exclusively for neutrons or photons should be done in order to un-

derstand the entity of the structural alteration of the materials for different radiation 

kinds. Nevertheless, simulation should be benchmarked with other models and Monte 

Carlo code. Another important goal of the chapter is the physical documentation provid-

ed about radioprotection, which may return useful for the purpose of other works about 

the same topic. 
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Conclusions 

Many different things have been discussed in this thesis. The SPES facility goals have 

been introduced, and it’s clear how the works that are going to be performed plays an 

important role in the research on exotic isotopes. The topics covered by the projects re-

lated to the facility range across many subjects, e.g. particle physics, cosmology, medi-

cine, and many others, therefore a strong multidisciplinary will be pursued. The SPES 

building is in phase of construction, and will be ready and functional in 2017. 

A theoretical introduction to the nuclear physics topics relevant to the thesis have 

been provided, and the involved arguments concern the nuclear bond strength, the Semi 

Empirical Mass Formula, the interaction of particles with matter, some nuclear reaction 

concepts (like Q-value and cross section) and the theory useful to deal with fission reac-

tions, and the computation of the ion production cross section through fission processes.  

The necessity to deal with the Monte Carlo transport codes in order to predict the re-

sponse of the facility elements during the irradiation period comes from the complexity 

of the geometry which is involved in the experiments. The FLUKA transport code has 

been chosen for this purpose because of the high level of parameters implementation 

inside the code and the easiness to obtain the software (the same thing cannot be said 

for codes like MCMPX because of the security issues related to the code distribution). 

This has been benchmarked mainly on fission isotope production with hopeful and 

promising results, even if differences have often been seen between the computational 

and experimental results. Most of all, the fission cross section for U-238 seems to be 

overrated, and the isotopes production spectra appear to be shifted in the neutron-rich 

part, but overall good results have been achieved. It’s also interesting to see how it’s 

been easy to interface this kind of code with computing infrastructure like GRID, which 

sensibly increase the performances of the transport code.  

The computational tool has been used to perform the relevant parameters in the tar-

get-chamber complex, like the power deposition of the proton inside the SPES target, 

which has been compared with the results obtained with MCNPX with a very good out-

come. Moreover, the fission products have been shown, and this reveals a neat neutron 

rich production (as expected), but, differently from the MCNPX, it allows to foresee the 

production of extremely exotic elements which have been observed in similar facilities. 

Plus, the neutron and gamma production spectra have been reported in order to esti-

mate the activity of the complex during and after the irradiation time. It was found that 
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the target design is a cheap and practical way to absorb all the proton coming from the 

beam, and allows a rate of 1013 fissions per seconds, which is required for a new genera-

tion ion production facilities. Furthermore, this kind of target has already been tested in 

other facilities as iThemba, and they seem to work as the previous simulations have 

foreseen.  

Many interesting results relevant to the front end and its elements activation have al-

so been achieved: a simplified but exhaustive map of the structure has been created in 

the software, many advanced techniques offered by the transport code have been used 

in order to estimate the neutron damage provided to the different delicate plastic ele-

ments inside the structure, and the FLUKA and MCNPX results seem to agree with each 

other, allowing an optimistic overview about the functionality of the complex. Also an 

ambient dose estimation during the irradiation time has been performed, with not 

alarming results for the personal who need to be inside the facility. An accurate research 

about the damage provide by radiation to different materials has also been done, and 

the maximum working time for each component has been estimated. FLUKA, the code 

used for the simulations, in spite of the high energy context in which it was build (more 

than 1 GeV), was capable to provide satisfactory results at SPES energies. 

Briefly, the usage of FLUKA is recommended for further simulations in radioprotec-

tion and isotope production issues, but different and more flexible codes, like GEANT4, 

may provide different results as different models are implemented. The quantity of data 

collected in this case would be therefore enriched. 

Another work which may be helpful for this and future simulations is a more accu-

rate study of the damage for different plastics, selectively by neutrons of different ener-

gies or gamma radiation. Further investigations about the absorbed neutron dose have 

therefore to be performed. 
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Appendix A  

Power deposition for SPES 

Since it is not possible to provide a uniformly distributed beam, what is commonly done 

is to take a Gaussian beam centred few millimetres away from the centre of the centre of 

the target. The beam gets rotated during the irradiation process, so a roughly uniform 

power deposition inside the target is provided. 

The specific parameters taken for the simulation are the following ones: 

1. the SPES beam characteristic (40 MeV protons, 200 µA current); 

2. a standard deviation of the gauss beam of 7 mm; 

3. a wobbling radius of 11 mm. 

The geometry was modified from the one shown in the previous chapters since an ex-

ternal dump and a window were added, and was divided as shown in Figure 0.1 and 

Figure 0.2. 

 

Figure  0.1 

 

 

Figure  0.2  

The results are shown in the figures in the following pages: 
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Figure  0.3: power deposition results in SPES target, part 1. 



 

 

 

114 

 

Figure  0.4: power deposition results in SPES target, part 2.  
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Figure  0.5: rendering of the power deposition in the discs for the wobbled beam. 

P
o

w
er

 d
ep

o
si

ti
o

n
 [

W
/

m
3
] 



 

 

 

116 

Appendix B  

Production yield for SPES by FLUKA 

In the following table the production yield for every element in SPES is attached. The 

data are referred to 40 MeV protons and 200 µA current. 

Z from 1 to 41 Z from 41 to 55  Z from 55 to 94  

Z A 
Yield  

[s-1]  

Error  

[%]  
Z A 

Yield  

[s-1] 

Error  

[%]  
Z A 

Yield  

[s-1] 

Error  

[%]  

1 1 7.89E+12 0.04 41 104 8.09E+10 0.47 55 136 9.09E+10 0.41 

1 2 3.20E+11 0.20 41 105 4.97E+10 0.53 55 137 2.86E+11 0.19 

1 3 2.08E+10 0.74 41 106 1.64E+10 1.01 55 138 2.08E+11 0.26 

2 3 2.32E+11 0.23 41 107 1.01E+10 1.17 55 139 1.70E+11 0.26 

2 4 1.61E+13 0.05 41 108 2.46E+09 2.55 55 140 1.07E+11 0.37 

2 6 1.84E+07 26.81 41 109 1.32E+09 3.21 55 141 7.19E+10 0.41 

3 6 1.52E+11 0.32 41 110 2.76E+08 7.26 55 142 3.35E+10 0.61 

3 7 1.82E+11 0.24 41 111 9.87E+07 11.20 55 143 1.90E+10 0.81 

3 8 2.76E+07 22.64 41 112 1.71E+07 28.12 55 144 6.60E+09 1.53 

4 7 1.36E+11 0.28 41 113 5.26E+06 49.20 55 145 3.14E+09 2.13 

4 8 2.03E+10 0.72 41 114 1.32E+06 99.00 55 146 7.88E+08 4.23 

4 9 2.03E+10 0.82 42 94 5.13E+07 16.50 55 147 2.87E+08 7.08 

4 10 1.42E+08 8.69 42 95 3.32E+11 0.23 55 148 7.24E+07 12.82 

5 8 2.03E+10 0.72 42 96 2.53E+09 2.27 55 149 1.32E+07 30.07 

5 10 1.31E+11 0.37 42 97 3.35E+11 0.18 55 150 3.95E+06 57.12 

5 11 1.34E+12 0.09 42 98 3.25E+11 0.21 56 130 1.32E+06 99.00 

5 12 8.89E+08 3.96 42 99 3.02E+11 0.21 56 132 1.58E+07 27.13 

6 10 9.42E+09 1.08 42 100 3.34E+11 0.21 56 133 2.50E+07 24.36 

6 11 7.49E+11 0.14 42 101 2.99E+11 0.19 56 134 1.47E+10 0.91 

6 12 8.66E+12 0.04 42 102 2.96E+11 0.19 56 135 3.33E+11 0.18 

6 13 7.48E+10 0.40 42 103 2.49E+11 0.24 56 136 1.10E+11 0.43 

7 12 1.68E+10 1.01 42 104 2.28E+11 0.23 56 137 5.82E+11 0.19 

7 13 1.01E+09 3.77 42 105 1.48E+11 0.29 56 138 2.88E+11 0.23 

7 15 3.68E+07 17.50 42 106 1.18E+11 0.38 56 139 2.48E+11 0.23 

8 15 2.63E+06 70.33 42 107 5.77E+10 0.45 56 140 2.32E+11 0.28 

8 16 1.57E+08 9.33 42 108 3.46E+10 0.67 56 141 1.67E+11 0.26 

10 24 1.32E+06 99.00 42 109 1.13E+10 1.17 56 142 1.40E+11 0.26 

11 24 1.32E+06 99.00 42 110 6.90E+09 1.31 56 143 7.38E+10 0.36 

12 24 1.32E+06 99.00 42 111 1.41E+09 2.85 56 144 5.29E+10 0.53 

26 64 1.32E+06 99.00 42 112 6.55E+08 3.95 56 145 2.20E+10 0.78 

26 66 3.95E+06 74.22 42 113 9.74E+07 11.56 56 146 1.11E+10 1.15 
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Z from 1 to 41 Z from 41 to 55  Z from 55 to 94  

Z A 
Yield  

[s-1]  

Error  

[%]  
Z A 

Yield  

[s-1] 

Error  

[%]  
Z A 

Yield  

[s-1] 

Error  

[%]  

26 68 1.32E+06 99.00 42 114 6.97E+07 13.60 56 147 3.97E+09 2.02 

26 69 2.63E+06 70.33 42 115 7.89E+06 39.72 56 148 1.39E+09 3.15 

26 70 1.32E+06 99.00 42 116 1.32E+06 99.00 56 149 3.30E+08 6.07 

27 64 1.32E+06 99.00 42 117 1.32E+06 99.00 56 150 1.26E+08 10.73 

27 65 1.32E+06 99.00 42 118 1.32E+06 99.00 56 151 1.45E+07 33.86 

27 66 3.95E+06 74.22 43 98 7.89E+06 39.72 56 152 7.89E+06 39.72 

27 67 6.58E+06 43.76 43 99 5.67E+11 0.21 57 134 1.32E+06 99.00 

27 68 6.58E+06 43.76 43 100 4.82E+08 4.93 57 135 3.95E+06 57.12 

27 69 1.71E+07 28.12 43 101 3.02E+11 0.19 57 136 6.84E+07 13.05 

27 70 1.45E+07 31.30 43 102 3.06E+11 0.18 57 137 6.88E+08 4.89 

27 71 7.89E+06 39.72 43 103 2.82E+11 0.23 57 138 3.36E+09 2.26 

27 72 6.58E+06 43.76 43 104 2.80E+11 0.21 57 139 2.65E+11 0.22 

27 73 6.58E+06 43.76 43 105 2.58E+11 0.22 57 140 2.59E+11 0.26 

27 74 2.63E+06 70.33 43 106 2.27E+11 0.24 57 141 2.27E+11 0.23 

27 75 1.32E+06 99.00 43 107 2.07E+11 0.24 57 142 2.08E+11 0.22 

28 64 1.32E+06 99.00 43 108 1.27E+11 0.30 57 143 1.68E+11 0.29 

28 65 2.63E+06 70.33 43 109 1.04E+11 0.35 57 144 1.21E+11 0.35 

28 66 5.26E+06 60.69 43 110 4.59E+10 0.54 57 145 9.12E+10 0.40 

28 67 9.21E+06 36.57 43 111 2.78E+10 0.61 57 146 4.48E+10 0.48 

28 68 2.11E+07 24.58 43 112 8.21E+09 1.32 57 147 3.08E+10 0.70 

28 69 3.16E+07 20.49 43 113 4.56E+09 1.68 57 148 1.08E+10 1.12 

28 70 4.74E+07 16.84 43 114 8.25E+08 4.03 57 149 6.28E+09 1.35 

28 71 3.68E+07 18.91 43 115 5.33E+08 5.23 57 150 1.59E+09 3.04 

28 72 5.39E+07 16.86 43 116 7.11E+07 12.25 57 151 5.72E+08 4.83 

28 73 4.08E+07 16.18 43 117 2.76E+07 23.63 57 152 1.39E+08 9.66 

28 74 5.39E+07 16.14 43 118 9.21E+06 36.57 57 153 4.61E+07 15.76 

28 75 1.32E+07 33.26 43 119 1.32E+06 99.00 57 154 9.21E+06 36.57 

28 76 7.89E+06 39.72 43 122 1.32E+06 99.00 57 155 1.32E+06 99.00 

28 78 1.32E+06 99.00 44 98 7.89E+06 39.72 58 137 1.32E+06 99.00 

29 65 2.63E+06 70.33 44 99 3.02E+11 0.21 58 138 1.19E+09 3.51 

29 66 5.26E+06 60.69 44 100 4.83E+08 4.89 58 139 1.62E+08 9.31 

29 67 1.05E+07 38.38 44 101 3.02E+11 0.19 58 140 4.32E+11 0.19 

29 68 2.37E+07 22.75 44 102 3.06E+11 0.18 58 141 2.31E+11 0.23 

29 69 4.61E+07 19.08 44 103 2.83E+11 0.23 58 142 2.22E+11 0.21 

29 70 7.50E+07 13.06 44 104 2.87E+11 0.21 58 143 1.91E+11 0.29 

29 71 9.34E+07 10.59 44 105 2.72E+11 0.20 58 144 1.68E+11 0.28 

29 72 1.37E+08 9.67 44 106 2.76E+11 0.23 58 145 1.35E+11 0.31 

29 73 2.29E+08 6.62 44 107 2.74E+11 0.21 58 146 1.08E+11 0.32 

29 74 2.12E+08 8.92 44 108 2.62E+11 0.24 58 147 6.97E+10 0.42 

29 75 2.74E+08 6.64 44 109 2.22E+11 0.23 58 148 4.95E+10 0.57 
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Z from 1 to 41 Z from 41 to 55  Z from 55 to 94  

Z A 
Yield  

[s-1]  

Error  

[%]  
Z A 

Yield  

[s-1] 

Error  

[%]  
Z A 

Yield  

[s-1] 

Error  

[%]  

29 76 1.41E+08 9.70 44 110 2.04E+11 0.25 58 149 2.40E+10 0.69 

29 77 1.45E+08 9.61 44 111 1.16E+11 0.34 58 150 1.47E+10 1.00 

29 78 4.47E+07 17.20 44 112 9.53E+10 0.44 58 151 4.50E+09 1.68 

29 79 3.03E+07 18.25 44 113 3.61E+10 0.61 58 152 2.22E+09 2.08 

29 80 3.95E+06 57.12 44 114 2.26E+10 0.84 58 153 6.04E+08 4.36 

29 81 2.63E+06 70.33 44 115 6.37E+09 1.42 58 154 2.24E+08 7.19 

30 66 5.26E+06 60.69 44 116 2.98E+09 2.05 58 155 5.13E+07 15.68 

30 67 1.05E+07 38.38 44 117 7.24E+08 3.96 58 156 1.05E+07 38.38 

30 68 2.37E+07 22.75 44 118 3.55E+08 5.99 58 157 1.32E+06 99.00 

30 69 4.61E+07 19.08 44 119 6.45E+07 13.25 59 139 1.32E+06 99.00 

30 70 8.16E+07 12.92 44 120 1.58E+07 27.13 59 140 3.95E+06 57.12 

30 71 1.07E+08 9.77 44 121 1.32E+06 99.00 59 141 2.31E+11 0.23 

30 72 2.17E+08 8.23 45 103 5.66E+11 0.23 59 142 2.24E+08 6.79 

30 73 3.59E+08 5.11 45 104 5.00E+07 16.05 59 143 1.92E+11 0.28 

30 74 6.24E+08 4.93 45 105 3.49E+11 0.21 59 144 1.74E+11 0.28 

30 75 7.32E+08 4.32 45 106 2.77E+11 0.23 59 145 1.46E+11 0.30 

30 76 1.06E+09 3.33 45 107 2.83E+11 0.21 59 146 1.23E+11 0.32 

30 77 7.62E+08 3.79 45 108 2.83E+11 0.23 59 147 9.84E+10 0.35 

30 78 8.22E+08 4.31 45 109 3.97E+11 0.23 59 148 7.60E+10 0.42 

30 79 3.66E+08 5.72 45 110 2.94E+11 0.22 59 149 5.66E+10 0.43 

30 80 2.92E+08 5.89 45 111 2.70E+11 0.20 59 150 3.61E+10 0.53 

30 81 7.37E+07 13.31 45 112 2.28E+11 0.28 59 151 2.32E+10 0.82 

30 82 4.47E+07 18.66 45 113 1.99E+11 0.24 59 152 9.91E+09 1.31 

30 83 6.58E+06 43.76 45 114 1.10E+11 0.37 59 153 5.00E+09 1.49 

30 84 1.05E+07 38.38 45 115 8.08E+10 0.39 59 154 1.53E+09 2.67 

30 85 1.32E+06 99.00 45 116 2.79E+10 0.62 59 155 7.30E+08 4.06 

31 69 4.61E+07 19.08 45 117 1.67E+10 0.87 59 156 1.59E+08 7.92 

31 71 1.08E+08 9.75 45 118 3.93E+09 1.77 59 157 6.45E+07 13.87 

31 72 2.22E+08 7.90 45 119 2.23E+09 2.30 59 158 6.58E+06 43.76 

31 73 3.92E+08 5.28 45 120 4.95E+08 5.03 59 159 1.32E+06 99.00 

31 74 9.89E+08 4.86 45 121 1.75E+08 9.03 60 142 2.24E+08 6.79 

31 75 1.22E+09 3.26 45 122 3.16E+07 19.62 60 143 2.93E+11 0.21 

31 76 1.80E+09 2.58 45 123 1.18E+07 35.58 60 144 1.72E+11 0.28 

31 77 2.60E+09 1.91 46 104 4.87E+07 16.44 60 145 1.46E+11 0.29 

31 78 2.93E+09 2.10 46 105 2.73E+11 0.20 60 146 1.24E+11 0.31 

31 79 3.27E+09 1.86 46 106 2.77E+11 0.23 60 147 1.01E+11 0.35 

31 80 2.18E+09 2.47 46 107 2.83E+11 0.21 60 148 8.31E+10 0.38 

31 81 2.16E+09 2.63 46 108 2.84E+11 0.22 60 149 6.51E+10 0.41 

31 82 6.30E+08 4.95 46 109 2.89E+11 0.22 60 150 5.23E+10 0.48 

31 83 4.88E+08 5.10 46 110 3.10E+11 0.21 60 151 3.65E+10 0.62 
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Z from 1 to 41 Z from 41 to 55  Z from 55 to 94  

Z A 
Yield  

[s-1]  

Error  

[%]  
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31 84 1.53E+08 9.59 46 111 3.01E+11 0.18 60 152 2.58E+10 0.88 

31 85 6.05E+07 14.12 46 112 3.20E+11 0.22 60 153 1.35E+10 0.96 

31 86 1.18E+07 35.58 46 113 3.03E+11 0.19 60 154 8.52E+09 1.27 

31 87 2.63E+06 70.33 46 114 2.98E+11 0.20 60 155 2.56E+09 2.07 

32 72 2.22E+08 7.90 46 115 2.10E+11 0.24 60 156 1.66E+09 2.61 

32 73 7.86E+08 5.27 46 116 1.88E+11 0.26 60 157 4.99E+08 5.38 

32 74 7.51E+08 4.81 46 117 8.82E+10 0.36 60 158 2.00E+08 8.12 

32 75 1.27E+09 3.14 46 118 6.05E+10 0.48 60 159 2.76E+07 20.51 

32 76 2.15E+09 2.44 46 119 1.94E+10 0.82 60 160 1.71E+07 25.90 

32 77 3.80E+09 1.70 46 120 1.17E+10 0.91 60 161 1.32E+06 99.00 

32 78 5.43E+09 1.44 46 121 2.49E+09 2.44 61 146 5.26E+06 49.20 

32 79 6.55E+09 1.40 46 122 1.23E+09 3.54 61 147 1.01E+11 0.35 

32 80 9.70E+09 1.14 46 123 2.84E+08 7.07 61 148 1.76E+08 8.18 

32 81 7.66E+09 1.23 46 124 9.74E+07 11.40 61 149 6.58E+10 0.41 

32 82 9.27E+09 1.26 46 125 1.45E+07 28.50 61 150 1.40E+09 3.29 

32 83 3.78E+09 2.16 47 107 2.83E+11 0.21 61 151 4.03E+10 0.58 

32 84 3.48E+09 2.07 47 109 5.77E+11 0.22 61 152 3.04E+10 0.76 

32 85 1.04E+09 3.84 47 110 2.11E+08 9.07 61 153 2.07E+10 0.77 

32 86 6.09E+08 4.38 47 111 5.99E+11 0.18 61 154 1.45E+10 1.03 

32 87 1.28E+08 9.72 47 112 3.26E+11 0.22 61 155 8.01E+09 1.24 

32 88 7.37E+07 13.79 47 113 3.64E+11 0.19 61 156 4.73E+09 1.51 

32 89 2.63E+06 70.33 47 114 3.42E+11 0.19 61 157 2.04E+09 2.45 

32 90 2.63E+06 70.33 47 115 3.35E+11 0.20 61 158 8.21E+08 3.53 

32 91 1.32E+06 99.00 47 116 3.11E+11 0.26 61 159 4.57E+08 5.37 

33 75 1.27E+09 3.13 47 117 2.81E+11 0.26 61 160 1.28E+08 9.38 

33 76 1.84E+07 26.81 47 118 2.06E+11 0.25 61 161 5.00E+07 16.05 

33 77 3.32E+09 1.68 47 119 1.45E+11 0.30 61 162 5.26E+06 49.20 

33 78 5.75E+09 1.37 47 120 7.53E+10 0.43 61 163 3.95E+06 57.12 

33 79 8.14E+09 1.28 47 121 4.20E+10 0.56 62 147 1.01E+11 0.35 

33 80 1.29E+10 0.94 47 122 1.45E+10 0.91 62 148 1.80E+08 8.09 

33 81 1.73E+10 0.79 47 123 7.21E+09 1.32 62 149 6.58E+10 0.41 

33 82 2.07E+10 0.80 47 124 1.89E+09 2.39 62 150 1.43E+09 3.21 

33 83 2.49E+10 0.71 47 125 7.76E+08 3.86 62 151 4.04E+10 0.58 

33 84 1.67E+10 0.95 47 126 1.72E+08 9.03 62 152 3.09E+10 0.75 

33 85 1.44E+10 1.01 47 127 4.87E+07 16.44 62 153 2.14E+10 0.77 

33 86 7.01E+09 1.43 47 128 7.89E+06 39.72 62 154 1.62E+10 0.93 

33 87 4.87E+09 1.59 47 129 1.32E+06 99.00 62 155 9.95E+09 1.13 

33 88 8.39E+08 4.13 48 110 2.09E+08 9.05 62 156 7.41E+09 1.18 

33 89 8.05E+08 4.23 48 111 3.02E+11 0.18 62 157 3.96E+09 1.71 

33 90 1.68E+08 9.34 48 112 3.26E+11 0.22 62 158 2.53E+09 1.85 
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Yield  
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Error  

[%]  
Z A 
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Z A 

Yield  
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[%]  

33 91 6.32E+07 13.53 48 113 3.28E+11 0.18 62 159 8.43E+08 4.28 

33 92 5.26E+06 49.20 48 114 3.46E+11 0.19 62 160 5.55E+08 4.81 

33 93 2.63E+06 70.33 48 115 3.32E+11 0.19 62 161 2.05E+08 7.34 

34 76 1.84E+07 26.81 48 116 3.48E+11 0.24 62 162 1.05E+08 10.56 

34 77 3.33E+09 1.66 48 117 3.37E+11 0.23 62 163 1.45E+07 28.50 

34 78 5.77E+09 1.35 48 118 3.32E+11 0.20 62 164 1.05E+07 34.01 

34 79 1.63E+10 1.29 48 119 2.67E+11 0.22 62 165 1.32E+06 99.00 

34 80 1.36E+10 0.89 48 120 2.63E+11 0.23 62 166 1.32E+06 99.00 

34 81 1.93E+10 0.78 48 121 1.46E+11 0.30 63 151 4.04E+10 0.58 

34 82 2.85E+10 0.68 48 122 1.20E+11 0.31 63 152 3.95E+06 57.12 

34 83 3.70E+10 0.57 48 123 4.78E+10 0.50 63 153 2.14E+10 0.77 

34 84 5.38E+10 0.52 48 124 3.17E+10 0.71 63 154 5.79E+07 16.73 

34 85 3.93E+10 0.57 48 125 8.13E+09 1.30 63 155 1.01E+10 1.12 

34 86 4.52E+10 0.57 48 126 4.60E+09 1.52 63 156 7.76E+09 1.14 

34 87 2.54E+10 0.69 48 127 9.59E+08 4.00 63 157 4.53E+09 1.73 

34 88 2.00E+10 0.86 48 128 5.03E+08 4.95 63 158 3.16E+09 1.78 

34 89 8.87E+09 1.20 48 129 1.08E+08 9.59 63 159 1.62E+09 2.90 

34 90 4.18E+09 1.75 48 130 2.63E+07 21.20 63 160 1.12E+09 3.71 

34 91 1.62E+09 2.77 49 113 3.28E+11 0.18 63 161 4.63E+08 5.40 

34 92 6.17E+08 4.56 49 114 7.89E+06 39.72 63 162 2.13E+08 7.34 

34 93 1.13E+08 11.34 49 115 6.33E+11 0.20 63 163 1.30E+08 9.94 

34 94 5.39E+07 16.50 49 116 8.14E+08 3.53 63 164 3.82E+07 19.03 

34 95 1.05E+07 34.01 49 117 4.60E+11 0.23 63 165 1.45E+07 31.30 

34 96 1.32E+06 99.00 49 118 3.46E+11 0.20 63 166 1.32E+06 99.00 

35 79 8.22E+09 1.28 49 119 3.28E+11 0.21 64 152 1.32E+06 99.00 

35 80 9.21E+06 36.57 49 120 3.33E+11 0.20 64 154 5.79E+07 16.73 

35 81 1.91E+10 0.78 49 121 2.86E+11 0.21 64 155 1.01E+10 1.12 

35 82 5.29E+08 5.19 49 122 2.45E+11 0.24 64 156 7.77E+09 1.14 

35 83 4.02E+10 0.54 49 123 2.04E+11 0.26 64 157 4.55E+09 1.71 

35 84 6.18E+10 0.46 49 124 1.22E+11 0.32 64 158 3.25E+09 1.73 

35 85 6.95E+10 0.45 49 125 8.73E+10 0.38 64 159 1.73E+09 2.91 

35 86 8.18E+10 0.49 49 126 3.71E+10 0.60 64 160 1.33E+09 3.29 

35 87 8.42E+10 0.41 49 127 2.09E+10 0.76 64 161 6.78E+08 4.49 

35 88 7.50E+10 0.44 49 128 6.85E+09 1.35 64 162 4.05E+08 5.13 

35 89 6.66E+10 0.47 49 129 2.67E+09 2.08 64 163 1.11E+08 10.55 

35 90 3.20E+10 0.60 49 130 7.00E+08 4.19 64 164 8.03E+07 11.40 

35 91 2.33E+10 0.79 49 131 2.33E+08 6.80 64 165 4.87E+07 16.88 

35 92 7.26E+09 1.33 49 132 4.47E+07 17.70 64 166 2.89E+07 20.89 

35 93 4.38E+09 1.68 49 133 2.37E+07 22.75 64 167 2.63E+06 70.33 

35 94 1.38E+09 2.94 49 134 1.32E+06 99.00 64 169 2.63E+06 70.33 
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Yield  
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Z A 

Yield  
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[%]  

35 95 4.20E+08 5.86 49 135 1.32E+06 99.00 65 159 1.74E+09 2.93 

35 96 8.29E+07 11.64 49 136 1.32E+06 99.00 65 160 9.21E+06 36.57 

35 97 1.58E+07 27.13 50 114 7.89E+06 39.72 65 161 6.97E+08 4.58 

35 98 1.32E+06 99.00 50 115 3.32E+11 0.19 65 162 4.43E+08 4.88 

36 80 7.89E+06 39.72 50 116 8.20E+08 3.50 65 163 1.64E+08 8.46 

36 82 2.90E+10 0.67 50 117 3.43E+11 0.22 65 164 1.14E+08 10.03 

36 83 8.05E+10 0.54 50 118 3.46E+11 0.20 65 165 9.34E+07 11.67 

36 84 6.25E+10 0.46 50 119 3.17E+11 0.20 65 166 1.71E+07 25.90 

36 85 8.67E+10 0.46 50 120 3.42E+11 0.20 65 167 1.71E+07 25.90 

36 86 1.00E+11 0.41 50 121 3.21E+11 0.20 65 168 6.58E+06 43.76 

36 87 1.15E+11 0.35 50 122 3.06E+11 0.21 65 169 2.63E+06 70.33 

36 88 1.44E+11 0.26 50 123 2.81E+11 0.22 66 160 9.21E+06 36.57 

36 89 1.42E+11 0.28 50 124 2.66E+11 0.22 66 161 6.97E+08 4.58 

36 90 1.33E+11 0.28 50 125 1.99E+11 0.26 66 162 4.47E+08 4.85 

36 91 9.57E+10 0.36 50 126 1.73E+11 0.24 66 163 1.70E+08 8.53 

36 92 7.46E+10 0.41 50 127 9.31E+10 0.37 66 164 1.22E+08 9.42 

36 93 2.74E+10 0.62 50 128 6.84E+10 0.36 66 165 1.86E+08 11.36 

36 94 2.07E+10 0.90 50 129 2.61E+10 0.74 66 166 2.76E+07 21.60 

36 95 5.21E+09 1.53 50 130 1.57E+10 0.82 66 167 9.21E+06 36.57 

36 96 3.92E+09 1.67 50 131 4.94E+09 1.72 66 168 7.89E+06 39.72 

36 97 5.91E+08 5.03 50 132 2.20E+09 2.49 66 169 6.58E+06 43.76 

36 98 2.58E+08 6.80 50 133 4.84E+08 5.34 66 170 1.32E+06 99.00 

36 99 1.71E+07 25.90 50 134 1.76E+08 9.16 66 173 1.32E+06 99.00 

36 100 1.05E+07 34.01 50 135 2.37E+07 21.33 67 165 1.05E+08 10.71 

37 83 1.32E+06 99.00 50 136 9.21E+06 46.50 67 166 2.89E+07 20.89 

37 84 5.26E+06 49.20 51 119 7.89E+06 39.72 67 167 9.21E+06 36.57 

37 85 7.21E+10 0.42 51 120 5.00E+07 16.05 67 168 9.21E+06 36.57 

37 86 4.71E+08 4.86 51 121 3.04E+11 0.20 67 169 9.21E+06 36.57 

37 87 1.19E+11 0.34 51 122 2.23E+09 2.22 67 170 3.95E+06 57.12 

37 88 1.56E+11 0.24 51 123 2.93E+11 0.22 67 172 1.32E+06 99.00 

37 89 1.79E+11 0.25 51 124 2.44E+10 0.81 68 166 2.89E+07 20.89 

37 90 1.99E+11 0.26 51 125 2.66E+11 0.23 68 167 9.21E+06 36.57 

37 91 2.11E+11 0.26 51 126 2.80E+11 0.22 68 168 9.21E+06 36.57 

37 92 1.95E+11 0.24 51 127 2.33E+11 0.22 68 169 9.21E+06 36.57 

37 93 1.57E+11 0.28 51 128 1.80E+11 0.28 68 170 3.95E+06 57.12 

37 94 9.05E+10 0.33 51 129 1.50E+11 0.34 68 172 1.32E+06 99.00 

37 95 6.46E+10 0.52 51 130 8.55E+10 0.41 69 169 9.21E+06 36.57 

37 96 2.16E+10 0.78 51 131 5.86E+10 0.50 69 172 1.32E+06 99.00 

37 97 1.47E+10 0.83 51 132 2.41E+10 0.68 70 172 1.32E+06 99.00 

37 98 4.29E+09 1.78 51 133 1.12E+10 1.04 81 206 2.63E+06 70.33 
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37 99 1.65E+09 2.94 51 134 2.83E+09 2.57 81 207 4.65E+11 0.18 

37 100 4.29E+08 5.14 51 135 1.18E+09 3.54 81 208 4.37E+11 0.17 

37 101 1.25E+08 9.93 51 136 3.80E+08 5.37 81 209 1.63E+10 0.99 

37 102 1.71E+07 25.90 51 137 1.00E+08 11.92 81 210 1.59E+08 10.00 

37 103 6.58E+06 43.76 51 138 1.45E+07 31.30 82 206 7.41E+11 0.13 

38 86 4.76E+08 4.82 51 139 1.32E+07 30.07 82 207 4.67E+11 0.17 

38 87 1.19E+11 0.34 52 121 1.32E+06 99.00 82 208 1.22E+12 0.10 

38 88 1.57E+11 0.24 52 122 2.19E+09 2.22 82 209 7.92E+11 0.14 

38 89 1.82E+11 0.25 52 123 1.20E+08 10.35 82 210 7.41E+11 0.13 

38 90 2.11E+11 0.24 52 124 2.56E+10 0.77 82 211 4.67E+11 0.17 

38 91 2.41E+11 0.24 52 125 3.31E+11 0.23 82 212 1.22E+12 0.10 

38 92 2.79E+11 0.21 52 126 2.73E+11 0.22 82 214 7.41E+11 0.13 

38 93 2.73E+11 0.20 52 127 3.03E+11 0.22 83 209 7.92E+11 0.14 

38 94 2.59E+11 0.21 52 128 2.61E+11 0.25 83 210 7.41E+11 0.13 

38 95 1.83E+11 0.29 52 129 2.58E+11 0.26 83 211 4.67E+11 0.17 

38 96 1.44E+11 0.31 52 130 2.39E+11 0.25 83 212 1.22E+12 0.10 

38 97 6.81E+10 0.40 52 131 1.76E+11 0.28 83 213 7.91E+11 0.14 

38 98 4.90E+10 0.47 52 132 1.51E+11 0.33 83 214 7.41E+11 0.13 

38 99 1.52E+10 0.88 52 133 7.72E+10 0.41 84 210 7.41E+11 0.13 

38 100 9.12E+09 1.20 52 134 4.75E+10 0.59 84 211 1.31E+09 3.32 

38 101 1.77E+09 2.65 52 135 1.34E+10 0.97 84 212 7.79E+11 0.12 

38 102 9.42E+08 3.69 52 136 7.30E+09 1.20 84 213 7.76E+11 0.14 

38 103 1.41E+08 8.84 52 137 2.36E+09 2.17 84 214 7.41E+11 0.13 

38 104 5.66E+07 14.32 52 138 1.11E+09 3.63 84 215 4.67E+11 0.17 

38 105 1.32E+06 99.00 52 139 1.88E+08 7.76 84 216 1.22E+12 0.10 

39 89 1.82E+11 0.25 52 140 1.17E+08 11.27 84 218 7.41E+11 0.13 

39 90 2.11E+11 0.24 52 141 1.32E+07 30.07 85 215 3.95E+06 57.12 

39 91 3.61E+11 0.25 52 142 3.95E+06 57.12 85 217 7.92E+11 0.14 

39 92 2.86E+11 0.21 53 124 2.63E+06 70.33 85 218 1.54E+08 8.55 

39 93 3.99E+11 0.22 53 125 4.61E+07 15.23 86 217 8.37E+08 3.92 

39 94 3.21E+11 0.18 53 126 2.37E+08 8.15 86 219 4.67E+11 0.17 

39 95 3.13E+11 0.23 53 127 2.65E+11 0.21 86 220 1.22E+12 0.10 

39 96 2.83E+11 0.21 53 128 5.67E+09 1.52 86 222 7.41E+11 0.13 

39 97 2.30E+11 0.22 53 129 2.64E+11 0.23 87 221 7.92E+11 0.14 

39 98 1.56E+11 0.27 53 130 2.80E+11 0.23 87 223 6.62E+09 1.22 

39 99 1.09E+11 0.36 53 131 2.75E+11 0.24 88 221 7.58E+08 4.27 

39 100 5.90E+10 0.50 53 132 2.69E+11 0.22 88 223 4.67E+11 0.17 

39 101 2.85E+10 0.67 53 133 2.53E+11 0.24 88 224 1.22E+12 0.10 

39 102 1.14E+10 1.24 53 134 1.82E+11 0.29 88 225 7.92E+11 0.14 

39 103 4.11E+09 1.78 53 135 1.32E+11 0.30 88 226 7.41E+11 0.13 
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39 104 9.12E+08 4.18 53 136 4.71E+10 0.58 88 228 1.12E+12 0.11 

39 105 3.66E+08 6.53 53 137 3.06E+10 0.72 89 225 7.92E+11 0.14 

39 106 6.71E+07 14.70 53 138 1.29E+10 0.93 89 227 4.67E+11 0.17 

39 107 2.37E+07 22.75 53 139 6.03E+09 1.51 89 228 1.12E+12 0.11 

39 108 3.95E+06 57.12 53 140 1.92E+09 2.48 90 227 4.60E+11 0.18 

40 90 2.11E+11 0.24 53 141 7.87E+08 4.23 90 228 1.22E+12 0.10 

40 91 2.43E+11 0.24 53 142 1.66E+08 7.26 90 229 7.92E+11 0.14 

40 92 2.87E+11 0.21 53 143 4.74E+07 15.39 90 230 7.41E+11 0.13 

40 93 3.02E+11 0.21 53 144 1.18E+07 31.88 90 231 4.81E+11 0.17 

40 94 3.27E+11 0.18 53 145 3.95E+06 57.12 90 232 1.12E+12 0.11 

40 95 3.32E+11 0.23 54 126 1.00E+08 11.62 90 234 4.96E+11 0.16 

40 96 3.46E+11 0.20 54 127 5.26E+06 49.20 91 231 4.81E+11 0.17 

40 97 3.21E+11 0.18 54 128 5.43E+09 1.57 91 232 1.62E+09 2.98 

40 98 2.93E+11 0.21 54 129 2.64E+11 0.23 91 233 7.92E+11 0.14 

40 99 2.27E+11 0.23 54 130 2.84E+11 0.23 91 234 4.96E+11 0.16 

40 100 2.14E+11 0.24 54 131 2.87E+11 0.23 91 235 1.32E+06 99.00 

40 101 1.14E+11 0.36 54 132 3.04E+11 0.22 91 236 5.26E+07 19.00 

40 102 7.72E+10 0.41 54 133 3.19E+11 0.19 91 237 1.39E+09 3.28 

40 103 2.86E+10 0.77 54 134 3.13E+11 0.21 91 238 3.95E+06 74.22 

40 104 1.59E+10 0.91 54 135 3.00E+11 0.20 92 232 9.92E+10 0.37 

40 105 4.64E+09 1.79 54 136 2.41E+11 0.21 92 233 7.92E+11 0.14 

40 106 2.14E+09 2.68 54 137 1.16E+11 0.31 92 234 7.41E+11 0.13 

40 107 3.89E+08 6.30 54 138 9.49E+10 0.37 92 235 4.88E+11 0.17 

40 108 1.96E+08 7.61 54 139 3.88E+10 0.62 92 236 1.12E+12 0.11 

40 109 2.11E+07 24.58 54 140 2.74E+10 0.67 92 237 4.78E+11 0.17 

40 110 7.89E+06 39.72 54 141 9.20E+09 1.43 92 238 4.96E+11 0.16 

41 93 6.05E+11 0.21 54 142 5.09E+09 1.47 92 239 7.50E+09 1.34 

41 94 5.13E+07 16.50 54 143 1.19E+09 3.27 93 233 1.54E+08 10.34 

41 95 3.36E+11 0.23 54 144 5.83E+08 4.60 93 234 1.22E+11 0.32 

41 96 2.51E+09 2.30 54 145 1.37E+08 9.96 93 235 3.71E+11 0.22 

41 97 6.39E+11 0.18 54 146 3.03E+07 22.04 93 236 7.77E+11 0.12 

41 98 3.23E+11 0.21 55 130 1.05E+07 34.01 93 237 7.92E+11 0.14 

41 99 2.99E+11 0.21 55 131 1.83E+08 7.91 93 238 1.17E+11 0.33 

41 100 3.10E+11 0.22 55 132 7.41E+08 4.65 93 239 7.50E+09 1.34 

41 101 2.61E+11 0.21 55 133 3.17E+11 0.19 94 236 9.75E+10 0.37 

41 102 1.97E+11 0.25 55 134 1.44E+10 0.90 94 238 1.17E+11 0.33 

41 103 1.53E+11 0.31 55 135 3.32E+11 0.18 94 239 7.50E+09 1.34 

Table 0.1 



 

 

 

124 

Appendix C  

Example of used codes 

Here some examples of the used input code for the FLUKA Monte Carlo simulations are 

provided. 

1. Neutron detection in SPES target 

* ..+....1....+....2....+....3....+....4....+....5....+....6....+....7..  

TITLE  

Experiment for the neutron detection in SPES target  

PHYSICS           3.                                                  EVAPORAT 

DEFAULTS                                                              PRECISIO  

* The radiation decay is set to "active". In order to change this option you can work 

on this card.  

RADDECAY          2.       - 1.                 0.0         0        1.  

* Define the beam characteristics  

BEAM            - .04                           2.0       0.0      - 1.0PROTON 

* Define the beam position  

BEAMPOS          0.0       0.0      - 15.  

GEOBEGIN                                                              COMBNAME 

    0    0           

* Black body  

SPH blkbody    0.0 0.0 0.0 3000.0  

SPH void       0.0 0.0 0.0 300.0  

ZCC tantaout   0.0 0.0 2.5  

ZCC tantain    0.0 0.0 2.45  

ZCC cil1       0.0 0.0 2.0  

ZCC cil2       0.0 0. 0 310.0  

ZCC discs      0.0 0.0 2.0  

ZCC int        0.0 0.0 2.25  

ZCC dumps      0.0 0.0 2.1  

XYP tantalim   5.5  

XYP start      - 11.4  

XYP pla1       - 12.5  

XYP pla2       - 12.0  

XYP end        9.95  

XYP w1b        - 9.06  

XYP w1e        - 9.04  

XYP w2b        - 8.54  

XYP w2e        - 8.52  

XYP d1b        - 7.32  

XYP d1e        - 7.19  

XYP d2b        - 5.66  

XYP d2e        - 5.53  

XYP d3b        - 3.8  

XYP d3e        - 3.67  

XYP d4b        - 2.07  

XYP d4e        - 1.94  

XYP d5b        0.06  

XYP d5e        0.19  

XYP d6b        2.19  

XYP d6e        2.32  

XYP d7b        3.72  

XYP d7e        3.85  

XYP dm1b       4.85  

XYP dm1e       4.93  

XYP dm2b       7.17  

XYP dm2e       7.25  

XYP dm3b       8.05  

XYP dm3e       8.15  

XYP dm4b       8.95  

END 

* Black hole  
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BLKBODY      5 |+blkbody - void  

               |+cil2 - cil1 - pla1 +pla2  

* Tantalium region  

TANTA        5 |+tantalim - start +tantaout - tantain  

URA          5 |+d1e - d1b +discs  

               |+d2e - d2b +discs  

               |+d3e - d3b +discs  

               |+d4e - d4b +discs  

               |+d5e - d5b +discs  

               |+d6e - d6b +discs  

               |+d7e - d7b +discs  

* Graphite region  

GRAPH        5 |+tantain - int +end - start  

               |+int +w1e - w1b 

               |+int +w2e - w2b 

               |+int +end - dm1b - dumps 

               |+dm1e - dm1b +dumps  

               |+dm2e - dm2b +dumps  

               |+dm3e - dm3b +dumps  

               |+end  - dm4b +dumps  

VOID         5 |+void - tantaout - pla2  

               |+void +pla1  

               |+pla2 - cil2 - pla1 +void  

               |+pla2 +cil1 - pla1  

               |+start +tantaout - pla2  

               |+w1b +int - start  

               |+w2b +int - w1e 

               |+dm2b +dumps - dm1e 

               |+dm3b +dumps - dm2e 

               |+dm4b +dumps - dm3e 

               | - end +tantaout +void  

               |+tantaout +end - tantalim - tantain  

               |+d1b +discs - w2e 

               |+d2b +discs - d1e  

               |+d3b +discs - d2e  

               |+d4b +discs - d3e  

               |+d5b +discs - d4e  

               |+d 6b +discs - d5e  

               |+d7b +discs - d6e  

               |+dm1b +discs - d7e  

               |+dm1b - w2e +int - discs  

END 

GEOEND 

MATERIAL                             2.5                              UC4  

MATERIAL          6.    12.011      1.76                              GRAPHITE 

MATERIAL         92.  238.0289     18.95                          238.URANIUM  

COMPOUND         1.0   URANIUM       4.0    CARBON                    UC4  

LOW- MAT      URANIUM       92.      238.      296.                    238 - U 

LOW- MAT     GRAPHITE        6.       - 3.      296.                    CARBON  

ASSIGNMA      VACUUM      VOID  

ASSIGNMA    TANTALUM     TANTA  

ASSIGNMA    GRAPHITE     GRAPH  

ASSIGNMA    BLCKHOLE   BLKBODY  

ASSIGNMA         UC4       URA  

USRBDX           11.   NEUTRON      - 21.       URA      VOID          NEUT  

USRBDX          0.01       0.0      10.0  12.56637       0.0       2.0 &  

DCYSCORE         - 1.                          NEUT                    USRBDX  

* Set the random number seed  

RANDOMIZ          1.  

* Se t the number of primary histories to be simulated in the run  

START            1E7                                     0.0  

STOP 

2. Power deposition in SPES target 

* ..+....1....+....2....+....3....+....4....+....5....+....6....+....7..  

TITLE  

Power deposition i nside the SPES target  

* Energy threshold for protons, otherwise they stop too early  

PART- THR      - 1.E - 5    PROTON                           0.0  

PHYSICS           3.                                                  EVAPORAT  

* The radiation decay is set to "active". In order to change this option you can work 

on this card.  

RADDECAY          2.       - 1.                 0.0         0        1.  

* Define the beam characteristics  

BEAM            - .04                       - 1.6485   - 1.6485       1.0PROTON  
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* Defi ne the beam position  

BEAMPOS          1.1       0.0      - 20.  

GEOBEGIN                                                              COMBNAME  

    0    0           

* Black body  

SPH blkbody    0.0 0.0 0.0 3000.0  

SPH void       0.0 0.0 0.0 300.0  

ZCC tantaout    0.0 0.0 2.5  

ZCC tantain    0.0 0.0 2.45  

ZCC cil1       0.0 0.0 2.0  

ZCC cil2       0.0 0.0 310.0  

ZCC discs      0.0 0.0 2.0  

ZCC int        0.0 0.0 2.25  

ZCC dump       0.0 0.0 1.9  

ZCC w_edge     0.0 0.0 3.  

ZCC dd         0.0 0.0 2.1  

XYP tantalim   20.0  

XYP start      0.0  

XYP pla1       - 10.0  

XYP pla2       - 9.5  

XYP w2b        2.98  

XYP w2e        3.  

XYP d1b        4.  

XYP d1e        4.08  

XYP d2b        5.63  

XYP d2e        5.71  

XYP d3b        7.36  

XYP d3e        7.44  

XYP d4b        9.09  

XYP d4e        9.17  

XYP d5b        11.62  

XYP d5e        11.7  

XYP d6b        14.25  

XYP d6e        14.33  

XYP d7b        16.18  

XYP d7e        16.26  

XYP dm1b       17.51  

XYP dm1e       17.59  

XYP dm2b       18.19  

XYP dm2e       18.27  

XYP dm3b       19.07  

XYP dm3e       19.17  

XYP d m4b       28.  

XYP dm4e       31.  

XYP w_in       - 3.72  

XYP w_out      - 3.7  

END 

* Black hole  

BLKBODY      5 |+blkbody - void  

               |+cil2 - cil1 - pla1 +pla2  

* Tantalium region  

TANTA        5 |+tantalim - start +tantaout - tantain  

URA1         5 |+d1e - d1b +discs  

URA2         5 |+d2e - d2b +discs  

URA3         5 |+d3e - d3b +discs  

URA4         5 |+d4e - d4b +discs  

URA5         5 |+d5e - d5b +discs  

URA6         5 |+d6e - d6b +discs  

URA7         5 |+d7e - d7b +discs  

* Graphite region  

GRAPH        5 |+tantain - int  +tantalim - start  

               |+int +w2e - w2b 

               |+int +tantalim - dm3b - dump 

               |+dm1e - dm1b +dd  

               |+dm2e - dm2b +dd  

               |+dm3e - dm3b +dump 

               |+w_edge +w_out - w_in  

               |+tantaout +dm 4e - dm4b 

               |+int - dd +dm3b - dm1b 

VOID         5 |+void - tantaout - pla2 +w_in  

               |+void - tantaout - pla2 - w_out  

               |+void +w_out - w_in - w_edge 

               |+void +pla1  

               |+pla2 - cil2 - pla1 +void  

               |+pla2 +cil1 - pla1  

               |+start +tantaout - pla2 +w_in  

               |+start +tantaout - pla2 - w_out  
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               |+w2b +int - start  

               |+d1b +discs - w2e 

               |+d2b +discs - d1e  

               |+d3b +discs - d2e  

               |+d4b +discs - d3e  

               |+d5b +discs - d4e  

               |+d6b +discs - d5e  

               |+d7b +discs - d6e  

               |+dm1b +discs - d7e  

               |+dm2b +dd - dm1e 

               |+dm3b +dd - dm2e 

               |+tantalim +dump - dm3e 

               | - tantalim +tantaout +void +dm4b  

               |+tantaout - dm4e  +void  

               |+dm1b - w2e +int - discs  

END 

GEOEND 

MATERIAL                             4.0                              UC4  

MATERIAL          6.    12.011      1.76                              GRAPHITE 

MATERIAL         92.  238.0289     18.95                          238.URANIUM  

COMPOUND         1.0   URANIUM       4.0    CARBON                    UC4  

LOW- MAT      URANIUM       92.      238.      296.                    238 - U 

LOW- MAT     GRAPHITE        6.       - 3.      296.                    CARBON  

ASSIGNMA      VACUUM      VOID  

ASSIGNMA    TANTALUM     TANTA  

ASSIGNMA    GRAPHITE     GRAPH  

ASSIGNMA    BLCKHOLE   BLKBODY  

ASSIGNMA         UC4      URA1      URA7  

USRBIN           11.    ENERGY      - 21.        3.       0.0      - 3.7WINDOW1 

USRBIN           0.0       0.0     - 3.72      100.       64.        1. &  

USRBIN           11.    ENERGY      - 21.      2.25       0.0        3.WINDOW2  

USRBIN           0.0       0.0      2.98      100.       64.        1. &  

USRBIN           11.    ENERGY      - 21.       2.0       0.0      4.08DISC1  

USRBIN           0.0       0.0        4.      100.       64.        1. &  

USRBIN           11.    ENERGY      - 21.       2.0       0.0      5. 71DISC2  

USRBIN           0.0       0.0      5.63      100.       64.        1. &  

USRBIN           11.    ENERGY      - 21.       2.0       0.0      7.44DISC3  

USRBIN           0.0       0.0      7.36      100.       64.        1. &  

USRBIN           11.    EN ERGY      - 21.       2.0       0.0      9.17DISC4  

USRBIN           0.0       0.0      9.09      100.       64.        1. &  

USRBIN           11.    ENERGY      - 21.       2.0       0.0      11.7DISC5  

USRBIN           0.0       0.0      11.62      100.       64.        1. &  

USRBIN           11.    ENERGY      - 21.       2.0       0.0     14.33DISC6  

USRBIN           0.0       0.0     14.25      100.       64.        1. &  

USRBIN           11.    ENERGY      - 21.       2.0       0.0     16.26DISC7  

USRBIN           0.0       0.0     16.18      100.       64.        1. &  

USRBIN           11.    ENERGY      - 21.       2.1       0.0     17.59DUMP1  

USRBIN           0.0       0.0     17.51      100.       64.        1. &  

USRBIN           11.    ENERGY      - 21.       2.1       0.0     18.27DUMP2  

USRBIN           0.0       0.0     18.19      100.       64.        1. &  

USRBIN           11.    ENERGY      - 21.       2.1       0.0     19.17DUMP3  

USRBIN           0.0       0.0     19.07      100.       64.        1. &  

USRBIN           11.    ENERGY      - 21.       2.5       0.0      31.0DUMP4  

USRBIN           0.0       0.0      28.0      100.        1.      100. &  

USRBIN           11.    ENERGY      - 21.       2.5       0.0      20.0TANTA  

USRBIN          2.45       0.0       0.0        1.       64.     100.0 &  

USRBIN           11.    ENERGY      - 21.      2.45       0.0      20.0BOX  

USRBIN          2.25       0.0       0.0        1.       64.     100.0 &  

USRBIN           11.    ENERGY      - 21.      2 .25       0.0      20.0DUMP_GAP  

USRBIN           2.1       0.0     19.17        1.       64.     100.0 &  

USRBIN           11.    ENERGY      - 21.       2.1       0.0      20.0DISTANZ  

USRBIN           1.9       0.0     19.17        1.       64.     100.0 &  

USRBIN           10.    ENERGY      - 21.       10.        3.      40.0PROTON  

USRBIN          - 10.       - 3.       0.0     100.0       1.0     200.0 &  

DCYSCORE         - 1.                       WINDOW1  DUMP_GAP          USRBIN  

* Set the random number seed  

RANDOMIZ          1.1062028907  

* Set the number of primary histories to be simulated in the run  

START            1E7                                     0.0  

STOP 

3. Gamma detection in SPES target 

* ..+....1....+....2....+....3....+....4....+....5....+....6....+....7..  

TITLE  

Gamma rays detection in SPES target  
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* Energy threshold for protons, otherwise they stop too early  

PART- THR      - 1.E - 5    PROTON                           0.0  

DEFAULTS                                                              PRECISIO 

PHYSICS           3.                                                  EVAPORAT  

* Define the beam characteristics  

BEAM            - .04                           2.0       0.0      - 1.0PROTON 

* Defin e the beam position  

BEAMPOS          0.0       0.0      - 20.  

RADDECAY          1.  

IRRPROFI    1.2096E6   1.25E15  

DCYTIMES         0.0       1.0    86400.   259200.  1.2096E6   2.592E6  

DCYTIMES     7.776E6315569260.3155692600  

GEOBEGIN                                                              COMBNAME 

    0    0           

* Black body  

SPH blkbody    0.0 0.0 0.0 3000.0  

SPH void       0.0 0.0 0.0 300.0  

ZCC tantaout   0.0 0.0 2.5  

ZCC tantain    0.0 0.0 2.45  

ZCC cil1       0.0 0.0 2.0  

ZCC cil2       0.0 0.0 31 0.0  

ZCC discs      0.0 0.0 2.0  

ZCC int        0.0 0.0 2.25  

ZCC dump       0.0 0.0 1.9  

ZCC w_edge     0.0 0.0 3.  

ZCC dd         0.0 0.0 2.1  

XYP tantalim   20.0  

XYP start      0.0  

XYP pla1       - 10.0  

XYP pla2       - 9.5  

XYP w2b        2.98  

XYP w2e        3.  

XYP d1b        4.  

XYP d1e        4.08  

XYP d2b        5.63  

XYP d2e        5.71  

XYP d3b        7.36  

XYP d3e        7.44  

XYP d4b        9.09  

XYP d4e        9.17  

XYP d5b        11.62  

XYP d5e        11.7  

XYP d6b        14.25  

XYP d6e        14.33  

XYP d7b        16.18  

XYP d7e        16.26  

XYP dm1b       17.51  

XYP dm1e       17.59  

XYP dm2b       18.19  

XYP dm2e       18.27  

XYP dm3b       19.07  

XYP dm3e       19.17  

XYP dm4b       28.  

XYP dm4e       31.  

XYP w_in       - 3.72  

XYP w_out      - 3.7  

END 

* Black hole  

BLKBODY      5 |+blkbody - void  

* Tantalium region  

TANTA        5 |+tantalim - start +tantaout - tantain  

URA          5 |+d1e - d1b +discs  

               |+d2e - d2b +discs  

               |+d3e - d3b +discs  

               |+d4e - d4b +discs  

               |+d5e - d5b +discs  

               |+d6e - d6b +discs  

               |+d7e - d7b +discs  

* Graphite region  

GRAPH        5 |+tantain - int +tantalim - start  

               |+int +w2e - w2b 

               |+int +tantalim - dm3b - dump 

               |+dm1e - dm1b +dd  

               |+dm2e - dm2b +dd  

               |+dm3e - dm3b +dump 

               |+w_edge +w_out - w_in  

               |+tantaout +dm4e - dm4b 
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               |+int - dd +dm3b - dm1b 

VOID         5 |+void - tantaout +w_in  

               |+void - tantaout - pla2 - w_out  

               |+void +w_out - w_in - w_edge 

               |+pla2 - cil2 - pla1 +void  

               |+start +tantaout +w_in +void  

               |+start +tantaout - w_out  

               |+w2b +int - start  

               |+d1b +discs - w2e 

               |+d2b +discs - d1e  

               |+d3b +discs - d2e  

               |+d4b +discs - d3e  

               |+d5b +discs - d4e  

               |+d6b +discs - d5e  

               |+d7b +discs - d6e  

               |+dm1b +discs - d7e  

               |+dm2b +d d - dm1e 

               |+dm3b +dd - dm2e 

               |+tantalim +dump - dm3e 

               | - tantalim +tantaout +void +dm4b  

               |+tantaout - dm4e  +void  

               |+dm1b - w2e +int - discs  

END 

GEOEND 

MATERIAL                             4.0                              UC4 

MATERIAL          6.    12.011      1.76                              GRAPHITE  

MATERIAL         92.  238.0289     18.95                          238.URANIUM  

COMPOUND         1.0   URANIUM       4.0    CARBON                    UC4 

LOW- MAT      URANIUM       92.      238.      296.                    238 - U 

LOW- MAT     GRAPHITE        6.       - 3.      296.                    CARBON  

ASSIGNMA      VACUUM      VOID  

ASSIGNMA    TANTALUM     TANTA  

ASSIGNMA    GRAPHITE     GRAPH  

ASSIGNMA    BLCKHOLE   BLKBODY  

ASSIGNMA         UC4       URA  

USRBDX           11.    PHOTON      - 22.       URA      VOID          s0  

USRBDX          0.04       0.0      40.0  12.56637       0.0       1.0 &  

USRBDX           11.    PHOTON      - 22.       U RA      VOID          s1  

USRBDX          0.04       0.0      40.0  12.56637       0.0       1.0 &  

USRBDX           11.    PHOTON      - 22.       URA      VOID          d1  

USRBDX          0.04       0.0      40.0  12.56637       0.0       1.0 &  

USRBDX           11.    PHOTON      - 22.       URA      VOID          d3  

USRBDX          0.04       0.0      40.0  12.56637       0.0       1.0 &  

USRBDX           11.    PHOTON      - 22.       URA      VOID          d14  

USRBDX          0.04       0.0      40.0  12.566 37       0.0       1.0 &  

USRBDX           11.    PHOTON      - 22.       URA      VOID          d30  

USRBDX          0.04       0.0      40.0  12.56637       0.0       1.0 &  

USRBDX           11.    PHOTON      - 22.       URA      VOID          d90  

USRBDX          0.04       0.0      40.0  12.56637       0.0       1.0 &  

USRBDX           11.    PHOTON      - 22.       URA      VOID          y10  

USRBDX          0.04       0.0      40.0  12.56637       0.0       1.0 &  

USRBDX           11.    PHOTON      - 22.       URA      VOID          y100  

USRBDX          0.04       0.0      40.0  12.56637       0.0       1.0 &  

DCYSCORE          1.                            s0                    USRBDX  

DCYSCORE          2.                            s1                    USRBDX  

DCYSCORE          3.                            d1                    USRBDX  

DCYSCORE          4.                            d3                    USRBDX  

DCYSCORE          5.                           d14                    USRBDX  

DCYSCORE          6.                           d30                    USRBDX  

DCYSCORE          7.                           d90                    USRBDX  

DCYSCORE          8.                           y10                    USRBDX  

DCYSCORE          9.                          y100                     USRBDX 

* Set the random number seed  

RANDOMIZ          1.  

* Set the number of primary histories to be simulated in the run  

START                                                    0.0  

STOP 
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