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Abstract

For many years, many countries have been considering Accelerator Transmutation of Waste
(ATW) as a solution for processing the nuclear waste as well as a mean of generating power
with a subcritical system. Several research groups are now working on this topic all over the
world and this has already led to the proposal of Accelerator Driven Systems (ADS) concepts.
The main objective of these systems is the incineration of long-lived isotopes from the spent
fuel of actual and future reactors.

At the Institute for Reactor Safety (IRS) of the Research Center of Karlsruhe, some of the
actual activities are focussed on the near future developments of ADS. In this scope, IRS is
participating within the 5 European Community Framework Program to MEGAPIE, MUSE
and XADS projects. Development and experimental qualification of theoretical tools for core
design and safety evaluations of accelerator driven sub-critical systems are important current
topics investigated at IRS.

In particular, for the analysis of accelerator driven systems (ADS), the coupling of a pro-
ton source with a sub-critical reactor system may be investigated with the current version of
MCNPX, a code developed at LANL and for which IRS is beta-tester. The present work was
done in the scope of this Beta-Testing activity. We analysed the applied theoretical models for
investigations of spallation physics as well as their application in the code MCNPX. We vali-
dated our application of MCNPX by making comparisons with available benchmark results and
with experimental data for neutron yields per proton, for thin target cross-section measurements
and for a thick target activation experiment. We also calculated several parameters related to
important reaction products for the MEGAPIE project.
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Résumé

Depuis quelques années, plusieurs pays considerent ce que 'on appelle “Accelerator
Transmutation of Wate” (ATW) comme une solution pour traiter les déchets nucléaires ainsi
que comme un moyen de produire de 1’énergie avec un systeme sous-critique. De nombreux
groupes de recherche travaillent actuellement sur ce sujet et des concepts de systemes
sous-critiques commandés par accelérateurs (Accelerator Driven System, ADS) ont déja été
proposés. Le but essentiel de ces systemes est de bruler les isotopes a longue vie issus des
combustibles usés des réacteurs actuels ou a venir.

A Tlnstitut de Sécurité des Réacteurs (IRS) du Centre de Recherches de Karlsruhe
(FZK), certains des travaux menés actuellement sont axés sur le développement, dans un
futur proche, de systémes sous-critiques commandés par accelérateurs. Dans cette optique,
I'IRS participe aux projets MEGAPIE, MUSE et XADS dans le cadre du “ 5" European
Community Framework Programm”. Le développement et la validation expérimentale de
moyens théoriques, utilisés pour la conception du coeur et les calculs de siireté concernant les
systémes sous-critiques commandés par accelérateurs, sont des sujets actuellement traités a
I'IRS.

En particulier, pour I’analyse des systemes sous-critiques commandés par accelérateurs, on
pourra étudier le couplage entre une source de protons et un systéme sous-critique grace a
MCNPX, un code développé a LANL (Los Alamos National Laboratory) et pour lequel I'IRS
est “Beta-Tester”. Le présent travail a été réalisé dans le cadre du “Beta-Testing” de MCNPX.
Nous avons analysé les modeles théoriques utilisés pour 1’étude de la spallation ainsi que leur
application dans le code MCNPX. Nous avons validé notre utilisation de MCNPX en faisant des
comparaisons avec des résultats de Benchmarks et avec des données expérimantales concernant
les taux de production de neutrons par proton, des mesures de sections-efficaces dans des cibles
minces et des mesures d’activité dans des cibles épaisses. Nous avons aussi calculé plusieurs
grandeurs caractéristiques pour certains isotopes importants dans le cadre du projet MEGAPIE.
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Zusammenfassung

Seit einigen Jahren wird die sogenannte “Accelerator Transmutation of Waste (ATW)” als
eine mogliche Losung fiir die Behandlung und die Wiederverwertung der nuklearen Abfille
sowie als eine Moglichkeit Energie mit einem unterkritischen System zu erzeugen betrachtet.
Hauptziel von ATW ist die Verminderung der Gefahr der langfristigen Lagerung von nuklearem
Brennstoff.

Am Institut fiir Reaktorsicherheit des Forschungszemtrums Karlsruhe konzentrieren sich
einige der zur Zeit ausgefiihrten Arbeiten auf die kurzfristige Entwicklung von Beschleuniger-
getriebenen Systemen. In diesem Sinne, nimmt IRS an den MEGAPIE, MUSE und XADS
Projekten im Rahmen des “ 5" European Community Framework Programm” teil. Die
Entwicklung und die Validierung der theoretischen Mittel zum Kern Design und Sicherheits-
berechnungen fiir Beschleuniger-getriebene Systeme sind wichtige Themen, die zur Zeit am
IRS untersucht werden.

Insbesondere, fiir die Analyse der Beschleuniger-getriebenen Systeme, soll die Kopplung
zwischen einer Protonenquelle und einem unterkritischen System mit MCNPX untersucht wer-
den. IRS ist “Beta-Tester” von MCNPX, ein Monte Carlo Code, der im LANL (Los Alamos
National Laboratory) entwickelt worden ist. Diese Arbeit wurde im Rahmen des “Beta-Testing”
von MCNPX gemacht. Die im MCNPX angewandten theoretischen Modelle wurden analysiert.
Wir haben unsere Anwendung von MCNPX durch Vergleiche mit Benchmark Ergebnissen
und experimentellen Daten fiir Neutronenausbeute, fiir Wirkungsquerschnitts-Messungen in
“Thin targets” sowie fiir Aktivititsmessungen in “Thick targets” validiert. Wir haben auch
verschiedene Grossen fiir bestimmte wichtige Isotope fiir das MEGAPIE Projekt berechnet.
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Chapter 0

Introduction

For many years, many countries have been considering Accelerator Transmutation of Waste
(ATW) as a solution for processing the nuclear waste as well for generating power with a
subcritical system. Several research groups are working on this topic all over the world now.
Their efforts to go forward are quite important as indicated by the increasing number of
meetings or publications about that subject during the last years [2, 3]. The Accelerator Driven
Transmutation of Waste is a technological approach of nuclear waste treatment which aims at
reducing the long term hazards of the spent nuclear fuel disposal. This technology uses three
basic components [1] as shown in fig. 1:

e An accelerator (linear or cyclotron) for delivering a proton beam with megawatts of beam
power : protons with an energy between 250 MeV and ~ 2 GeV are needed.

e A sub-critical nuclear assembly made of the spallation target and the so-called blanket
with fissile material for multiplication of neutrons. In this assembly, the proton beam
is first converted into an intense neutron flux thanks to the spallation reactions occuring
in the target. Then, these high energy neutrons insure the transmutation of the fissile
isotopes and the long-lived fission products of the blanket into short-lived radioisotopes
and stable nuclei.

e A chemical process for treating nuclear waste in order to isolate transuranics and long-
lived radioisotopes. Spent nuclear fuel recycling is a prerequisite for ATW.

As accelerator-driven subcritical reactors are planned to be used in the scope of ATW, one
of the decisive advantages of this technology is the expected absence of energetic reactivity
accidents such as Chernobyl, provided if sufficient subcriticality is ensured. ATW is also
interesting because it could offer a supplement to current fuel cycles using MOX and a support
for fast reactors. It could help converting thermal reactors from U?* /Pu** fuel cycles to
Th*32/U?33 cycles. This would also be helpful in the waste repository field [1, 44] because
it would allow the separation of the most hazardous materials i.e. the plutonium, the minor
actinides (neptunium, americium, curium) and some long-lived fission products from the waste.
It would also allow to convert them into short-lived or stable products. More informations
and explanations can be found on the webpage of LANL (Los Alamos National Laboratory)
dedicated to ATW [12], in which an interesting ‘“Transmutation of Waste Overview Tour” is
proposed.
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Figure 1: Example of a general layout of ATW components [48].



High current accelerators are under development in the world so that intense neutron
sources will be available soon. For the moment, the improvement of the beam stability is the
main issue. The target technology and the chemical process technology are also fields of great
technological challenges. Scientific teams working on ATW in the world agree that molten lead
or lead-bismuth eutectic (LBE) are good candidates for the spallation source. Such a source
would offer major advantages [1]. Heat removal would be facilitated by the circulation of
molten lead. In contrast to sodium, the coolant traditionally used for fast reactors, neither lead
nor LBE are reactive to air and moisture. On one hand, there would be certain operating advan-
tages in using LBE [45] because its melting point is 123 ° C whereas the one of lead is 327 ° C.
LBE has also already been succesfully used as a reactor coolant in russian submarines. On the
other hand, LBE has the disadvantage of forming polonium 210, a short-lived alpha emitter
with 77/, = 138 days, produced by the irradiation of bismuth by neutrons. Nevertheless most
of the countries involved in ATW development favor LBE for being used in the spallation target.

The efforts of the research teams working on ATW led to the proposal of Roadmaps in
Europe as well as in the USA. In Europe, the first ADS (Accelerator Driven System) concept
was proposed by C. Rubbia [1, 10, 11]. Shortly after Rubbia, several other groups have
proposed other innovative concepts [48]. In the USA, the first proposal was made by C.D.
Bowman in the scope of the ADTT (Accelerator Driven Transmutation Technology) project
[8, 9]. Since then, other groups have also proposed possible solutions in the scope of the AAA
(Advanced Accelerator Applications) project [12].

In the present work, we focussed on the generation of spallation products in the target of
Accelerator Driven Systems. As a matter of fact, the irradiation of the target of an Accelera-
tor Driven System leads directly to spallation reactions which create many reaction products.
Among these products, the most important are the neutrons which can be used afterwards to
induce the fission of the nuclear fuel which has to be incinerated. The other spallation products
are more or less considered as “parasitic” and may have consequences for the neutron balance,
the materials properties, the final disposal, etc.

After being produced, the neutrons induce other interactions in the target where transmutations
and a slowing down of the neutrons to the low energies are going on.

During the spallation many isotopes are created, they are called residual nuclei. They can be
either similar to the target nucleus (remnant nuclei of spallation for example) or not when they
have been created by evaporation (case of the light nuclei). Nevertheless most of them are ra-
dioactive and this can modify (especially increase) the activity of the target which would then
be dangerous to handle for maintenance. This may also require special disposal of waste if
the isotopes which are produced have a long half-life. Usually during operation high neutron
fluxes exist in the spallation target. This high neutron fluxes also lead to transitions of the target
inventory by neutron induced reaction. Especially for LBE target materials the buildup of 2!°Po
from 2%’Bi is an important issue to be considered in order to assess the polonium contamination
in the target.

The production of the “parasitic” products needs to be analysed in order to estimate its conse-
quences, such as its influence on the lifetime of the target or its influence on the radioactivity of
the target at the end of the working time. Two work areas shall be investigated :

e The description of the interactions between the proton beam and the target material.

e The description of the modifications occuring in the target due to the irradiation with the
proton beam and the nuclear decays themselves.
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Aim of the present work was therefore :

e The preparation of MCNPX. The Institute for Reactor Safety (IRS) of the Research Cen-
ter in Karlsruhe participates in the international testing of the code and is MCNPX-Beta-

Tester [4, 5].
e The validation of our application of MCNPX.

e Calculations related to MEGAPIE, a project for developing a spallation target for experi-
mental use in the SINQ facility at PSI Villingen, Switzerland.



Chapter 1
Physical Models

1.1 The spallation reaction

Although spallation reactions have been studied since the end of the fourties [7], the reaction
itself is not precisely known and described yet [6]. Nevertheless, since a few years, scientists
have been more and more interested in spallation because of its huge application field (from
fundamental research to the generation of electronuclear energy) [7]. For instance spallation
reactions have a major importance for the development of intense neutron sources which could
be used for hybrid reactors devoted to energy production or nuclear waste incineration, for
spallation sources devoted to material structure analyses or irradiation studies and for tritium
production units [6, 13].

1.1.1 General description of a spallation reaction

Spallation is a nuclear reaction in which a relativistic light particle (neutron, proton,..) hits a
heavy nucleus. The energy of the incoming particle usually varies between a few hundreds of
MeV and a few GeV per nucleon. Spallation is usually considered as a two-step reaction [17]:
in the first step the target nucleus is heated, then comes the de-excitation of the target in the
second step (see fig.1.1 taken from [34]).

1.1.2 The intra nuclear cascade

One can consider that the first step of the reaction consists in individual collisions between
the nucleons [17]. As a matter of fact, the reduced wavelength % of a few hundreds of MeV

incoming nucleon is about 10~'% cm. Thus % is smaller than the distance between nucle-
ons, usually about 1 fermi = 10~!® cm, so the incoming nucleon “sees” the substructure of the
nucleus i.e. a bundle of nucleons.

The interaction leads to the ejection of some of the nucleons and to the excitation of the residual

nucleus which will cool itself afterwards. The typical duration of the intra nuclear cascade is
10722 sec.
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Figure 1.1: Spallation mechanism [34].

1.1.3 The de-excitation modes

When the intra nuclear cascade is finished and the last nucleon has been ejected, the nucleus
is being left in an excited state. Then the de-excitation of the residual nucleus can proceed in
two main ways : evaporation and fission. The typical duration of the de-excitation process is
1016 sec.

The evaporation is the dedicated de-excitation mode for non fissile or hardly fissile nuclei
which have been excited above the energy required for the separation of one neutron. In this
case, the excited nucleus emits nucleons or light nuclei such as D, T, He3, a, Li, Be.

Fission is the second important de-excitation channel. During the fission process, the nucleus
changes its shape to reach firstly the so called saddle point at which the fission is due to occur
then a second point, the scission point, at which the nucleus is cut into two fragments with
differents masses.
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During de-excitation, emission of photons is also possible. The nucleus emits particles until its
energy of excitation goes below the binding energy of the last nucleon. At this state, about 8
MeV are remaining. They will be evacuated out of the nucleus by gamma radiation.

The ending of gamma emission does not mean that the de-excitation process is at the end.
As a matter of fact, the resulting nucleus after gamma decay is often a radio-isotope. This
radio-isotope will decay until the corresponding stable nucleus is reached.

1.1.4 The spallation products

Here we will focus on proton induced reactions. The example below (fig.1.2) shows a code
calculated residual nuclei production in a lead target irradiated on its axis with a proton beam.
One can cut this graphic into four major zones :

e residual nuclei of mass close to the target mass : they are coming directly from the
spallation process.

e residual nuclei of mass A ~ 100 : they are resulting from fission processes.

e light residual nuclei : they are ejected from the nucleus during the intra nuclear cascade
and they are also results of the evaporation of the remnant nucleus.

e residuals of mass between light fragments and fission products : one can infer [13] that
they are created by the splitting of the remnant nucleus or by successive evaporation-like
reactions, but nothing is really settled yet.
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Figure 1.2: Residual nuclei production in a lead target by an 800 MeV proton beam.
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From a more general point of view, Hiifner proposed in 1985 to classify the different
types of interaction encountered in nucleus-nucleus reactions as a function of two parameters
(see [6]) : the number of residual nuclei and the mass of the heaviest fragment compared to
the mass of the “mother-nucleus”. He obtained the very simplified classification as shown in
fig.1.3.

number of
fragments
Multi-
-fragmentation
2
Fission
|
0
10 50 2A /3 mass of the

heaviest fragment

Figure 1.3: Hiifners classification of the reaction products (see [6]).

1.2 The Intra Nuclear Cascade, INC

1.2.1 The INC model

The INC model, first proposed by Serber [17], is used to describe the interaction between
high energy hadrons (pions, protons, anti-protons...) or light nuclei with a target nucleus. The
nucleus is considered under a statistical point of view. When the nucleus is at rest, it is regarded
as a degenerated Fermi gas at zero temperature. All the particles which are scattered or pro-
duced during the cascade are treated in the field of the classical mechanics, they are defined by
their velocity and their position. Every scattering which would lead to an already occupied en-
ergy level is forbidden because the nucleons are fermions. As a matter of fact, only one fermion
can be in a given state according to the Pauli exclusion principle.

There are two main approaches to describe the intra nuclear cascades (see fig.1.4). In the first
approach (Bertini approach, [18, 20]), the incoming particle hits the target material (target nu-
clei) which is regarded as a continuous medium. The particles have a specific mean free path
A= (po)~! in this medium (i.e inside a target nucleus). After each path, the particle scatters on
a nucleon with which it exchanges energy. In the second approach (Cugnon approach, [23, 24]),
the incoming particle is propagating freely in the target material (i.e inside a target nucleus) un-
til it is at its minimum distance of approach from a nucleon d,,;,. The particle is scattered if

. Gitot
dmm S T -



1.2. THE INTRA NUCLEAR CASCADE, INC 9
o
/b\<j T ./
\§
//O ) —

/

Figure 1.4: The two approaches of the INC model [13] : left Cugnon approach, right Bertini
approach. These two models describe how an incoming nucleon interacts with the nucleons
inside of the target nucleus. The incoming nucleon is represented by a white circle, the nucleons
of the target nucleus are represented by black circles. Note that pions and delta particles may
be produced during the cascade (we noted them T and A).

1.2.2 Simulation of the INC

The INC is often simulated by using the Monte Carlo calculation method. The Monte Carlo

method has two major advantages : firstly it is quite easy to do the programming of the code,
secondly Monte Carlo calculations give a quite good representation of the physical phenomena
if the physical informations (for example nuclear cross section libraries) included in the code
are well determined. The quality of the result given by the code depends on the statistical
method (number of simulated particles or reactions) which is used, thus the computing time
limits the use of such a calculation method.
The calculations of this work were done with MCNPX, a coupling of two already existing
codes, LAHET and MCNP. Versions 2.2.3, 2.2.6 and 2.4.j of the code were used. Three
INC models are available in running these MCNPX versions, the Bertini, ISABEL and CEM
packages. The Bertini model is incorporated into MCNPX through the LAHET implementation
of the HETC Monte Carlo code developed at Oak Ridge National Laboratory. In this model,
based on the work of Bertini [18, 19], the nuclear density is represented by three density steps.
The most recent version of the Bertini-like cascade has been developed by Yariv and Frinkel
[20, 21] and has led to the ISABEL model available in MCNPX. This model was derived from
the VEGAS INC code [22]. The ISABEL model allows neutron, proton, deuteron, hydrogen,
helium, antiprotons, .. as projectiles and the nuclear density is represented by 16 steps. A third
INC model, CEM, was available in the three MCNPX versions we used. CEM is an INC model
which was developed in Dubna, Russia. By lack of informations about this model, we will
not explain more about it, nevertheless more details about the models used in MCNPX can be
found in table 2.3 in section 2.3.

Presently two major types of INC models are existing. They correspond to two different
approaches of the nucleus. The first approach was developed in the sixties by Bertini (base for
Bertini and ISABEL models in MCNPX), the second was developed in the eighties by Cugnon
(base of the INCL code [26]). These two approaches will be discussed and presented hereafter
in sections 1.2.3 and 1.2.4.
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1.2.3 The Bertini cascade

Before 1963, INC calculations had been done by several groups, i.e. by the group of Metro-

plis et al. [15, 16]. Their work was based on a nuclear model in which the nucleon density
within the nucleus was supposed to be constant. The results of their work showed that the
model was quite good for many problems but that there were still non negligible discrepancies
between experiments and calculations. Bertini therefore began to investigate those discrepan-
cies by using an improved nuclear model. In 1963 he proposed a new model for calculations of
intra nuclaer cascades [18]. Bertini describes the nucleus according to three concentric spherical
zones. These zones are characterised by a given nuclear density and a given nuclear potential.
The radius of each zone is determined by the distance at which the charge distribution function
reaches given fractions of the central density. In the standard configuration, these fractions were
0.9,0.2 and 0.01 [18].
The proton density in each region is set equal to the average value of the charge distribution in
the considered region. The ratio between proton and neutron densities is considered to be the
same for all regions and is set equal to the proton to neutron ratio in the nucleus [18, 6]. In other
words :

) N
%zﬁzfzcom. (1.1)

Ppi Pp
with p,, the local density of neutrons in the zone number i and p,, the local density of
protons in the zone number i.

After the model of Bertini, new Bertini-based models were developed. For instance, the
model of Chen [22], with seven density steps, which led to the VEGAS code, and afterwards
the model of Yariv and Frinkel which led to the ISABEL cascade [20, 21].

For all these Bertini-based models the above condition 1.1 is used. The Pauli exclusion
principle is treated in such a way that the only kept nucleons for the calculations, are the
nucleons produced in the target material with an energy larger than the Fermi energy associated
to a given density zone.

The mean free path of the nucleons is given by :

. A
P X (Z%x0ip+(A—2Z) X 0in)

(1.2)

where i stands for n or p. G;;, is the cross section for the neutron-proton, or proton-proton
interaction .

The nucleons are going straight as long as there is no nuclear reaction and as long as their
path stays in the same zone of density. As a nucleon enters a zone of new density, it encounters
a new nuclear potential. Thus the kinetic energy of a nucleon changes as the nucleon enters a
new density zone. It increases or decreases according to the type of potential encountered in
the considered zone.

A minimum energy is defined below which Bertini considers that a nucleon can not induce
a nuclear reaction any more. The Bertini cascade is stopped when all the nucleons have an
energy (kinetic + potential + mass) lower than this cut off energy or when they have been
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ejected out of the nucleus. Important is then that the stopping criterium for the Bertini cascade
is the Bertini cut off energy.

A schematic representation of a nucleon entering a zone of new density is given in fig. 1.5:

Zone 1

Figure 1.5: Nucleon entering a zone of new density.

Let us consider the plane P = (p1,p>) and lets define &, (respectively &), the vectors
belonging to P and being normal (respectively tangential) to the surface of the zone of new
density. Let us use p;| = p;.¢, and p;| = p;.€,, where i stands for 1 or 2.

For invariance reasons, one can write the boundary conditions for the momentum of a nucleon
entering a new zone, just as one does it in electromagnetism :

py—p2 =0 and py;—p2 #0 (1.3)

. . . E -
assuming the invariance of the norm of the 4-momentum P, = ( 7 > , one has E 12 — p% =

E22 — ﬁ% (using units such that ¢ = 1), so that one can then write these conditions as :
2 2 2 2
pi|—py =0 and Ej—pj =Ej—py, (1.4)

The nucleon can be either transmitted or reflected. One has :

P1| P2

sinp = —— and sinB; = (1.5
1] 2]
and with the equation 1.3 follows :
sindy = 121 Ging, (1.6)
P2

One can then define a critical angle for which total reflexion of the nucleon occurs. Total
reflexion means that 8, = J. Thus we have p% = E12 — E22 and as cosO7g = ”’;‘—m we get finally :

\E} —E3
cosOpp = ———+— (L.7)

|1l
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Let us estimate now the probability that a projectile nucleon interacts with a nucleon of
the nucleus.

Let us firstly consider the interaction between a beam of identical particles, characterised
by density p; and momentum p, with a second beam of particles characterised by density p;
and momentum p,. Chen showed in his work [22] that the Lorentz invariant probability of
interaction between the two beams (see fig. 1.6) is defined by :

Wiz = v12.0612.p1-p2 (1.8)

where vy is the relative velocity of the two beams and &1, the cross section for the
interaction between one particle of beam 1 with momentum p; and one particle of beam 2 with

P2 .

= G2 4

N

Figure 1.6: Interaction of two beams of particles. In beam 1, the particles are characterised
by density py and momentum py. In beam 2, particles are characterised by density p, and
momentum py. G13 is the cross section for the interaction between one particle of beam 1 with
momentum p and one particle of beam 2 with momentum py. (vi» t) is equal to the distance
crossed during time t at velocity v».

Let us imagine now that the second beam is composed of particles with a continuous
momentum distribution. In this case W, becomes :

S _ .\ 9p2(p2) .
Wi = Pl-[ V12(p2)-612(p2)-7pa£p )-dpz (1.9)
P2 P2
With this model, if beam 1 represents the projectile beam and beam 2 represents the target,
then the momentum distribution 2 is in fact the momentum distribution in the target nucleus.
The number of particles of beam 1 going through a unit-surface S (S=1) during time t is

n1 = p1.v1.S.t. For one single bombarding nucleon we get then :

W 1 op2(p 1
01 = 12 :—./ V12.612.M.dﬁ2:— (1.10)
p1vi v Jp op» A
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where vy is the laboratory velocity of the bombarding particle and A; is the mean free path
of the nucleon in the target nucleus.

Then the probability that a projectile nucleon interacts between x and x4 dx is :

dP(x) = ®0ppe ®2%dx (1.11)

and then the probability of collision in interval x is :

P(x) =1—e 2% (1.12)

P(x) is the probability that a projectile particle interacts with a nucleon of the target after
having crossed the distance x in the nucleus.

Note that 612 depends on the energy and thus depends on vi,. Usually, it is not possible
to write a closed form of > as a function. ®; has therefore to be evaluated by numerical
integration. For this approximation one considers that :

00> (P . op> (P .
/ V12.012. p§£p2)-d1?2:2v12-612- pggm)-APz,i (1.13)
JZ2) P2 i P2

After the intra nulear cascade, a nucleus is produced in an excited state. Its excitation
energy is given by :

Npurt Nhote
E'= Y (pan—¢r)+ Y, (Snote—¢r) (1.14)
particle=0 hole=0

The first term is the summation of the kinetic energy of the particles produced by the
cascade compared to the Fermi energy of the medium in which the particles are (j index). The
second term is the total energy of the holes which have been created in the distribution of the
particles, once more compared to the local Fermi energy.

1.2.4 The Cugnon cascade

The Cugnon approach of the INC is completely different from the Bertini approach [13, 25].
Cugnon describes the nucleus as a sphere over which the nuclear density is a constant (it should
be here mentioned that in a recent paper [26] Cugnon takes into account the radial dependence
of the nuclear density). The radius of this sphere is :

R=12xA!/3 (1.15)

The nucleus is not considered as a continuous medium but as a bundle of individual nucle-
ons moving in a given potential. When a nucleon hits the target surface, it can be transmitted
(reflection inside the target) or it can escape from it (total reflexion). For a constant spherical
potential Vj, the probability of transmission is taken as a generalisation of the probability for a
step potential and is given by the following formula :
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ap (p? = 2mVp+v2)'?

T= 2
[+ (2~ 20 +3) "]

(1.16)

where p is the momentum of the incident nucleon.

When a nucleon enters inside the nucleus, it is then regarded as a part of the nucleus and
is therefore described just as the other nucleons of the nucleus. A consequence of such a
description of the nucleus is that the criterium for interaction between the nucleons is now the
distance between them. Scattering happens when two nucleons are closer to each other than a
minimal distance d,,;,, depending on the total interaction cross section. There can be elastic or
inelastic scattering. The expression of d,,;, is given by :

(1.17)

The final momenta of the particles are estimated in agreement with the conservation laws
[26] and the experimental cross sections. When inelastic scattering occurs pions are created
and delta particles are excited according to the following reactions :

NN=NA A=n1N (1.18)

The final channels are chosen at random according to the total cross sections.
Let us give an expression for the excitation energy of the produced nucleus. One can write the
conservation of the energy as :

EO:E*+Erecoil+S+Eej+En (1.19)

Ey is the energy of the incoming particle, E* is the excitation energy of the remnant nucleus,
Eecoir 1s the recoil energy of the target nucleus, S is the separation energy of the particles
which can be ejected from the nucleus, E,; is the energy of the ejectiles, Ey is the energy of the
emitted pions.

Cugnon explains in [26] that E,..,;; is allways very small compared to the other terms of this
equation. Thus we can simplify the upper equation and write the conservation of the energy as :

Nej Nr
Eo=E*+S5+)Y €j,+ Y &ng (1.20)
p=0 q=0

As already said, S is the separation energy. It is the minimum energy required to remove all
ejectiles and pions from the ground state of the target nucleus.
One can write it as S = (A emnant — Ararger) (Vo — EF) Where Vj is the nuclear potential and Er
is the Fermi energy so that one gets the excitation energy of the remnant nucleus :

Nej Nr
E'=Ty—S-) T;— ) & (1.21)
j=0 k=0
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Important is that the stopping criterium for the Cugnon cascade is the Cugnon cut off time.
The stopping time Zy,), is the time at which the intranuclear cascade is stopped and gives way
to evaporation. During the reaction, the excitation energy begins to grow rapidly and reaches
a maximum (fig. 1.7). After a few fm/c it decreases rapidly with the ejection of cascade
particles. After a longer time, about 25 fm/c in the given example, the decrease of the energy
is smoother, there proceeds the evaporation.
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Figure 1.7: Typical shape of the time evolution of the excitation energy of the remnant nucleus
for a reaction like 1 GeV p + nucleus. Figure inspired from [6].

Cugnon explains in [26] how 7y, is chosen, for instance in the example of fig. 1.7 it
would be set to 25fm/c. In the last version of the Cugnon INC model (INCL4), 4, is set

0.16
equal to fyop = 1o (?T%) with 7o = 70fm/c. At tg, p» the state of the nucleus is “frozen” and

informations about the remnant nucleus such as its excitation energyi, its spin, its charge number,
its mass number are stored.

1.3 The de-excitation

1.3.1 The evaporation

There are several evaporation models. Here we will focuss on one of the first models,
the Weisskopf - Ewing model [28, 29]. K.-H. Schmidt, from GSI Darmstadt, Germany, has
recently developed an evaporation model which we will briefly present at the end of this chapter.

Let us begin with the Weisskopf-Ewing model. Let us consider an excited nucleus A, which
emits a particle x, the remnant nucleus being called B. The reaction is then :

A=x+B (1.22)

The total energy of the system is conserved, thus :

Ei=Ep+S,+¢, (1.23)
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with S, the separation energy of x in the nucleus A, €, the kinetic energy of x, E4 and Ep
the energy of the excited nucleus A and of the remnant nucleus B.

It is to be noticed that the use of the statistical model implies that there must be a large
number of excited levels for the remnant nucleus B, so that there are many possibilities for the
reaction to happen. As there must be several excited states of B with an excitation energy less
than E4 — €,, we can assume that E4 should be much larger than €,, and also of course smaller
than the binding energy of the nucleus.

Let us consider now the compound nucleus (B +x). It is enclosed in the volume V, the
velocity of x is called v, and G6(Ej4,€,) is the cross-section for x at energy €, colliding with B
and producing A at energy Ej4.

We call o, the probability per time unit that particle x, with an energy between €, and
€, +de,, is captured in nucleus B and creates nucleus A with energy between E4 and Eq +dE,.
We have (see also fig. 1.8) :

1G(EA,€X)VI
0,=—-——"" 1.24
o= Vv (1.24)

with v being the velocity of particle x.

Asv= Z—i, Py being the momentum of particle x, one can write this as :

_ 1 o(Ea,&)pat

— 1.2
O = - eV (1.25)

incoming
particle

o

-
e
-

Figure 1.8: Volume in which the particle moving with velocity v during time t is contained.

The probability per time unit W, that A — x4+ B is given through the following relation (see
[6]):

W,.de, = . N,. (p—B> (1.26)
PA
with :
dnp?.d
N, =V.g. (%) (1.27)

Ny is the number of available states.
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2
In equation 1.27, g is the spin degenerescence of x, g = 25+ 1, 47"’)‘73“1”" is the number

of states with a momentum between p, and p, + dp, ( its is equal to the volume contained
between the sphere of radius p, 4 dp, and sphere of radius p,, divided by the elementary
volume in the space of the momenta i.e. 4 ).

Furthermore :

P2 =2me, (1.28)

Pxdpx = mydex (1.29)

Using equations 1.25 and 1.27 in 1.26 one gets :

- Px 475p2dpx PB
Wx.dgx = G(EA,EX) Zghi); (p—A (130)

And finally, using equation 1.28, equation 1.29 and h = 2x/ in 1.30, one gets :

s .g—j.ex.dex (1.31)

The total transition probability I'y is obtained by integrating equation 1.31 over all possible
energies. I'y is the width of transition A — x+ B. One has :

Wy.dey = 6(Eq, €).

T, = /0 Wi (€x).de (1.32)

One of the problems of this model is that it uses capture cross-sections for the reverse
capture in excited states. These cross sections can not be determined with experiments.
Nevertheless, for a particle hitting a nucleus and beeing absorbed, Weisskopf shows [29] that
the reverse capture cross-section is :

0 if & < VCoulomb
G(EAa SX) =
Op.- (1 - ;/—x) if & > Veoutomn

1,2
where 69 = TR? and V = er €

charge of the particle.

, with Ze the charge of the nucleus, r its radius, Z’e the

As already mentioned, Schmidt has developed an evaporation model based for some part on
the Weisskopf-Ewing model. The version called KHSv3p has been recently coupled to the last
version of the Cugnon INC model called INCL4 [26]. Production of spallation products can
thus be estimated by the INCL4 + KHSv3p ensemble, INCL4 predicting the nuclei with mass
number around the one of the target, KHSv3p doing the simulation in the fission-evaporation
area.

In the Schmidt model, the emission of p, n and o particles is described by the Weisskopf-Ewing
model. A special fragment mass distribution function has been integrated in the model for
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describing the fission. Friction is also taken into account. More informations about the Schmidt
model as well as a description of the Schmidt code can be found in [27].

1.3.2 Fission

The case of fission is more complicated and there is no real way to describe it properly.
The description of the evolution of the fission probability as evaporation goes on, and also the
prediction of the fission products are both not very well managed. Bohr and Wheeler [30] have
proposed a formalism which let them find the fission width associated to a special state of the
compound nucleus, the state is defined by Z, A, E*. They obtained that :

LN
I~ 2mp(E) ~ 2mp

(E) /p*(E — Ef _Ekin)dEkin (133)

where N* is the number of levels in the transition state available with the given excitation.
p* is the density of levels of the compound nucleus in the transition state (at the saddle point)
which are above the fission barrier. E* is the energy of the compound nucleus at saddle point.

In the cases we are considering in this work, fission may be induced by high-energy inter-
actions. Two models are available in MCNPX for describing high-energy fission, the ORNL
model and the RAL model (Rutherfords Appleton Laboratory) [34]. The RAL model allows
fission for nuclei with Z above 71. It is the default option in MCNPX and it is the option we
used for all our calculations. The ORNL model simulates only fission for actinides.

1.3.3 The emission of photons and the nuclear decay

The y— emission is not very important when other de-excitation channels are open. The proba-
bility of y— emission is given by :

Ty

P=—1' 1.34
(oo (1.34)

where the I'; are the transition widths for the different open channels and I'y the width for
Y— emission.

As already said, nuclear decay is also a possible channel of de-excitation. Suppose that we
have a given nucleus which can decay through different nuclear decay channels as shown in fig.
1.9.

Figure 1.9: Nuclear decay.
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For example, the decay of nuclides N; and N4 is described with :

d]\gt(t) = —VoA N (1) — VadsNi (1) — (1 — vo — v4)A3Ni (t)

d]\gt(t) = V4)\«4N1 (t) — 7L5N4(t)

[13%4]

where N;(¢) is the number of nuclides of type “i” at time “t”, A; is the decay constant and v,
is the branching ratio for decaying to nucleus j (see also Appendix A).

Supposing that N1(0) = Nj o and N4(0) = N4 o, the solution is :

N] (t) — N] 06—[V2)\.2+V4)\.4—|—(1—V2—V4))\.3]l‘ — N] 06—0(11‘

_ VahaN1oy —hst  VaMaNio oyt
Na(t) = (Nap+ =) e ™ — e

1.3.4 Competition between the de-excitation channels

Evaporation and fission are the two major de-excitation channels. The probability that fission
occurs is given just as for 'y — emission by :

r

_ f
Pr=ravm

It is exactly the same for evaporation.
Usually evaporation and fission have the largest widths, thus one can write :

Ly 1

Pf ~ =
F‘f“‘l—‘evap 1+ Levap
Yy
and
P ~ Levap — 1
evap — Ff‘»‘revup 1+ rf
Tevap

evap

. . T
Important is then the ratio —*.
!
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Chapter 2

Simulation codes

For the simulation of the interaction of high energy light particles with matter, two develop-
ment lines may be recognised. In the western community, the HETC Code [14] from Oak Ridge
National Laboratory is the basis for the developments. In the eastern community, the CEM code
[31] from JINR Dubna plays a similar role. In the following, we will discuss the HETC line in
some details presenting the succesive developments of HETC : HETC, LCS, MCNPX. It should
also be mentioned that the CEM model has been integrated in the actual code MCNPX. Here
we concentrate on the HETC development line.

2.1 HETC

HETC, High Energy Transport Code, is a Monte Carlo code for treating the transport
problems of nucleons, pions and muons. It was developed at Oak Ridge National Laboratory
(ORNL). HETC has been used afterwards at Los Alamos National Laboratory (LANL) which
has developed its own version of the code.

HETC uses the Bertini intra nuclear cascade model [18], to describe the physics of the nuclear
interactions (see 1.2.3). It treats all interactions involving protons, pions and muons. For
interactions involving neutrons, it only treats those which are above a given cut off energy, for
example 20 MeV at LANL. In the case of neutrons created from a nuclear reaction with an
energy below the cut off energy, their kinetic parameters are stored in a special file NEUTP
(neutron file). NEUTP can be used afterwards by another Monte Carlo code such as MCNP
which is able to solve the transport problem by using the NEUTP file combined with neutron
cross-section libraries.

For the description of the intra nuclear cascade, HETC is based on the Bertini model [14]. We
will shortly describe its main caracteristics hereafter.

e Nucleon density in the nucleus :
For heavy or intermediate mass nuclei, the nucleon density in the nucleus can be written
as:

p(r) = pi1 [1+expl=9]~]

p1 is a parameter chosen for the normalisation, ¢ is defined through cA'/3 = 1.07 fm

where A is the mass number of the nucleus, r is the distance from the centre of the
nucleus and a = 0.545 fm.
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In HETGC, the nucleus is described as three concentrical spheres. The radius of each sphere
corresponds respectively to 0.9, 0.2 and 0.01 of the maximal density. The normalisation
is the same as explained in section 1.2.3.

o Momentum distribution in the nucleus :
The interactions between the nucleons are neglected. The momentum distribution is then
a Fermi distribution at zero temperature and one has in each density area :

2 i Pr
fp)=cp” with [y" f(p)dp =n
where n; means n, or n,, number of neutrons, respectively protons in the area.

Py is the momentum corresponding to the Fermi energy Ey which depends of the density
v of particles. Ey is therefore different for each zone of density and each type of particle.
One has :

_ T R /3m%nN\2/3
Ep= o =2 (5

The global momentum distribution is not a Fermi distribution anymore because it is dis-
continuous at each zone boundary.

e Potential energy distribution in the nucleus :
The separation energy of the least bound nucleon is considered to be 7 MeV for all the
nucleons and all the density zones. The distribution of the potential energy is obtained
by adding this binding energy to the Fermi energy of the nucleons in each zones. This
distribution is then also depending of the nucleons and the density zones.

e Nucleon-nucleon cross-sections :
HETC uses free nucleon-nucleon interaction cross-sections to compute the probability of
interaction during the intra nuclear cascade. These cross-sections have been derived from
experimental results and implemented in the code in a parametrised form. They are elastic
cross-sections and pion production cross-sections. The pion-nuclei interactions (such as
elastic diffusion, charge exchange, absorption) are also computed.

e The Pauli principle :
According to the Pauli principle, an interaction which would lead to an already occupied
state is forbidden. As already said, in HETC the nucleons are considered as a Fermi
gas (see momentum distribution). In such a gas, all the states with an energy smaller or
equal to the Fermi energy are occupied. Therefore, the Pauli principle is applied in the
HETC calculations by neglecting afterwards all interactions wich have led to a state with
an energy smaller than the Fermi energy for the considered zone and particles.
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As far as the evaporation stage is concerned, the method used in HETC is based on the
Weisskopf theory (see section 1.3.1). The main parameters are set as follows :

e Probability P;(¢) :
P;(g) is the probability that a nucleus excited at energy E* emits a particle of type i with
energy €.

P;(€) ~ gimigcci(e)p(E)

where E is the excitation energy of the remnant nucleus, E = E* — B; — €. g; is the number
of spin states, B; is the binding energy of the particle i, and p(E) the state density in the
remnant nucleus. G.; is the inverse cross-section for the reaction.

e State density in the remnant nucleus, p(E) :
p(E) ~ elalE=8)"/?
where § is the pairing energy and a = §[1+ 3(1 — 27)?]

o Cross-sections :
They are inverse cross-sections i.e cross-sections for formation of the compound nucleus
by bombarding the remnant nucleus with particle i.
- For neutrons :

Oon(E) = TR%a(14 £)
withoe=0.76+1.93A71/3, oaf=1.66A"13-0.05 and R=1.74A'/3

- For charged particles :

TR (14+¢,)(1-22) if E > KV
Gci(E) =
0 if E < KV,

Only five charged particles are considered in HETC : p, d, t, He?, . For these five
particles K;, V; and c; are defined as follows, depending on the charge number Z of the
target nucleus (see table 2.1).

Vi= i’fleé with R; = 0 fm for the protons, 1.2 fm for the four other particles.

K;=K,+0.06 c4="%2.
Ki=K,+0.12 ¢ =%.
KH€3 = Ka - 0.06 CH€3 = Cqo = 0.
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| ChargenumberZ | K, | ¢, | Ky |

0to 10 0.60 | 0.08 | 0.77
11t020 0.51 | 0.00 | 0.81
21to 30 0.60 | -0.06 | 0.85
31to0 40 0.66 | -0.10 | 0.89
41to 50 0.68 | -0.10 | 0.93
51to 60 0.69 | -0.10 | 0.97

> 61 0.69 | -0.10 | 1.00

Table 2.1: Values of K, ¢, and Ky for p, d, 1, He3 and o as defined in HETC [14].

2.2 LCS

The LAHET Code System (LCS) was developed at Los Alamos National Laboratory [32].
LAHET (Los Alamos High Energy Transport Code) is an improved version of HETC. LAHET
includes as user option an alternative intra nuclear cascade model called ISABEL. To complete
the particle transport below a cut-off energy (default 20 MeV) a direct coupling to the Monte
Carlo Code MCNP was realised with the help of the interface file NEUTP. In a first version, a
modified version of MCNP4B, called HMCNP, was issued for this coupling (see fig. 2.1). In
a next step, starting from the version MCNP4C, the coupling was realised on the basis of new
interface files and no special version of MCNP4C was needed.

In the last stage, LAHET was fully integrated in the MCNP code environment, leading to the
MCNPX code discussed in the next section.

LAHET

—| NEUTP File PHT | HISTP File

MRGNTP |<——| GAMTP File
COMTP File

—| HMCNP | — | HISTX File |— HTAPE

Edits for Gammas and Edits for high nenergy
low energy neutrons reactions, gammas and
low energy neutrons

Figure 2.1: The LAHET Code System [32].



2.3. MCNPX 25

2.3 MCNPX

The MCNPX code [34] was designed to replace the already existing LCS [35]. It is a
coupling of two previous calculations codes : LAHET and MCNP [33]. MCNPX only needs
one input file for both codes and avoids the transfer of large data files. It allows the treatment
of transport problems in a large range of energies, from thermal energy (25 meV) to a few
GeV. For energies lower than 20 MeV, quite complete sets of cross sections are available
for the major part of the stable nuclei. International cross-sections libraries such as ENDF,
JEF, JENDL, are available and are regularly updated. To treat the transport, MCNP uses data
deduced of these libraries after processing them with NJOY /ACER for instance. For energies
larger than 20 MeV, there are less cross-section data. The cross-sections which are needed for
the treatment of the transport problems have to be calculated by using nuclear physics models
available in the code. LAHET is a very complete code in this field. Presently the preparation
of complete data files up to 150 MeV is in progress in several projects. After running an
MCNPX-job, several evaluations can be performed with an auxilliary code, HTAPE3X, to
obtain specific informations (neutron spectrum, energy deposition, residual nuclei...)

Most LCS options are used in MCNPX. They include for example the following models :
- the Bertini and the ISABEL INC models as in LCS,
- a third INC model : the CEM model [31],
- a multistage pre-equilibrium model,
- an evaporation model,
- a nucleon elastic scattering model,
- a gamma production model...

For high energy fission, two models are available in MCNPX, the ORNL model and the
RAL model (Rutherfords Appleton Laboratory) [34]. The RAL model allows fission for nuclei
with Z above 71. It is the default option in MCNPX and it is the option we used for all our
calculations. The ORNL model simulates only fission for actinides.

A summary of the MCNPX variables and physics models is given in tables 2.2 and 2.3.

| Variable | Bertini | ISABEL | CEM |
Nuclei all all Carbon and heavier
Incident particles p, 0, pions A <= 4+ antiprotons p, 1, pions
Upper energy 3.5 GeV for nucl-nucl 1 GeV 5 GeV
2.5 GeV for pion-nucl
Lower energy 20 MeV - 150 MeV 20 MeV - 150 MeV ~ 100 MeV

Table 2.2: MCNPX variable range [34].

We will now explain how an MCNPX input file is created. An MCNPX input file is
constituted of six major parts generally labelled “Cells”, ”Surfaces”, ”Materials”, “Source”,
“Options”, “Tallies”.

In the “Cells” definition, one gives the list of the cells (i.e volumes) constituing the geometry
describing the problem. The cells are defined by their surrounding surfaces.

In the “Surfaces” definition, one gives the list of the surfaces which are needed to define the
cells of the problem. Note that in some cases, special surfaces are used for the source definition.
In the “Materials” definition, one gives a list of the materials involved in the problem. The
composition of each material is fully written by listing all its constitutive elements or isotopes
whith their relative amount (in atomic fraction or weight fraction). All the data libraries used
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Physics Process Bertini ISABEL CEM
Method INCH+EQ or INCH+EQ or INC+EQ+ PE
INC+EQ+PE INC+EQ+PE
Intranuclear Cascade Model Bertini INC ISABEL INC improved Dubna INC
p(r) = poll +exp TSI [ p(r) = poll +explZA]T [ p(r) = poll +expTZd] !
c=1.07A3 fm c=1.07AY3 fm c=1.07A3 fm
Nuclear density distribution a=0.545fm a=0.545fm a=0.545fm

p(r) = iposi = 17273
o =0.9, 0, =0.2, o3 = 0.01

p(r)y=oipo;i=1,...,16

p(r)=oipoii=1,...,7
o =095, 0p=0.8, O3 = 0.5
o4 =0.2, a5 = 0.1, o,g = 0.05

o7 = 0.01
Pn(r) _ N
pp(r) — Z
Nucleon potential Vv =Tr + By Nucleon kinetic energy VN =Tr + By
T(N) dependant potential
Vy = Vi(1 = 7=)
Pion potential Va=Vy Va=0 Vo =25MeV
Mean nucleon binding energy By ~TMeV initial By from mass table By ~TMeV
the same value is used
throughout the calculation
Elemantary cross sections standard Bertini INC standard ISABEL INC new CEM97

(old)

(old)

last update March 1999

Table 2.3: MCNPX physics models [34].

for the different elements are also specified in this part.

In the “Source” part, one gives all the informations which are needed to define the source
especially the type of the source particles, their energy, the shape of the beam, its direction, the
place where the beam encounters the target material, etc.

In the “Options” definition, one gives the specific computing options which will be used in
the calculation. For example, one may choose for which type of particles the summaries will
be written in the ouptput file, which INC model will be used, and one can set several cut off
energies.

In the “Tallies” part, one tells what is to be calculated for the particles. For example a flux
through a given surface or a neutron current. The way how the tally-results will be written in
the output file is also specified. For example, one can specify the print out of a neutron flux
through several given surfaces in a table where for each surface the flux is given as a function
of the energy.

At the end of the input file, one gives also the stop criterium which is to be used for the
calculation (time to run or number of simulated particles).

A simple example of an MCNPX input file is given hereafter in table 2.4. Note that there
is an empty line at the end of the “Cells” part and also at the end of the “Surfaces” part. These
blank lines are needed and may not be forgotten otherwise MCNPX does not run and one
may loose quite a lot of time in finding where the error is. The meaning of some terms of the
MCNPX example file is explained in table 2.5.

As already said, MCNPX is based on MCNP and LAHET. Here we want to explain a
bit more the physics used in MCNP. The very essence of MCNP is the calculation of neutron
transport by applying the Monte Carlo method (note that MCNP stands for Monte Carlo N-
Particle transport code). In fig. 2.2 we give a schematic representation of the history of a neutron

simulated by a Monte Carlo method (fission is represented as part of absorption without further
detail).
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¢ MCNPX test problem
c

¢ 600 MeV protons on a cylindrical Pb target of 20 cm radius and
¢ 50 cm thickness. Source uniformly distributed over circle of

¢ 2 cm radius. Tally of neutron current.
c

¢ Cells

c
1 1 -11.30 -12-3
2 0 -4 (1:-2:3)
3 0 4

C
¢ Surfaces
C

cz 20.0

pz 0.0

pz 50.0

sz 25.0 50.0

AW -

C
¢ Materials
C

ml 82000.42c 1
c

¢ Source
C

sdef par=9 erg=600 sur=2 dir=1
sil 2.0

ssw 1 2 3 4 CEL1

c

pos=000

rad = d1

¢ Options
c

impm 110
imph 110
physmm 660
phys:h 660
mode nhp
histp 1

Ica 212

c

¢ Tallies
C

EO 100 200 300 400 500 600

FC1 Neutron current integrated over surface 4 (unit:particles)

Fl:n 4
FQl fe
C

print
nps 2000

27

Table 2.4: Example of an MCNPX input file for calculating the neutron current produced over
a cylindrical lead target irradiated by a 600 MeV proton beam.
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| Input command

Meaning

¢ MCNPX test problem
c——
¢ 600 MeV protons...

the letter “c” at the beginning of a line is used
to write a comment in the input file. The line
will not be read by MCNPX as input key-words.

Cells

1 1 -11.30 -12-3

Cell Nr 1 is made of material Nr 1,

the density of which is 11.30 g/cm?.
The volume of cell 1 is made of the
intersection of three volumes : the inner
volume of cylinder 1, the volume

above plane 2 and the one below plane 3.

Surfaces

1 cz 4.0

Cylinder of 4.0 cm radius, axis of
which is Z-axis.

2 pz 00

Plane Z = 0.0

4 sz 25.0 50.0

Sphere of radius 50.0 cm
and center on Z-axis at Z = 25.0.

Materials

ml 82000.42c

Material Nr 1 is natural lead (82000)
and the ENDL92 library (.42c) is used.

Source

sdef par=9 erg=600 sur=2 dir=1 pos=000 rad=d1
sil 2.0

The source is a 600 MeV (erg=600) proton (par=9)
beam, encountering the target on

surface Nr 2 (sur=2) at the point (0,0,0) (pos=000).
The beam is going in the target along

the Z-axis (dir=1). The source is

uniformly distributed over a circle

of radius d1=2cm (rad=d1, sil  2.0).

ssw 1234 CEL1

An HISTX file called wssa will be
written. It will be an input file
for the HTAPE3X Code.

Options

mode n h p

The summary for neutrons, protons and
photons will be printed in the output file.

histp 1

An history file HISTP will be written.

It will be an input file for the
HTAPE3X Code. This code was used in
this work for the calculation of the
spallation residual nuclei production.

Ilca 2 1 2

One considers elastic scattering for
neutrons and protons (2), one uses a pre-
equilibrium model after the cascade (1),
the ISABEL model is used (2), all

the 6 other entries of the card

are left to their default value.

Tallies

EO
FC1
Flin 4
FQl fe

100 200 300 400 500 600

Neutron current integrated over surface
Nr 4 (F1:n 4). The results will be written
in a table with the current (f) as a
function of the energy (e). The energy
bins are 0 to 100MeV, 100 to 200, etc...

print

A list of specific tables will be
printed in the output file.

nps 2000

The run will be terminated after
2000 simulated source particles.

Table 2.5: Meaning of some terms of the input file.
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EMISSION

random choice
of the point

random choice
of the energy

random choice
of the direction

random choice
of the optical path

Reflexion

non isotropic

Calculation of
the impact point
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Goes through the limit

isotropic

Calculation
of the
direction

random choice
of the
direction

Lea

kage

Impact in medium

random choice of the
encountered element

random choice

of the interaction

Goes through an interface

Position at the interface

Absorption

END OF
THE
HISTORY

Scattering

Inelastic

Elastic

random choice of the
excitaion energy

random choice
of the direction

Calculation
of the energy

Figure 2.2: History of a neutron simulated by a Monte Carlo method.
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Chapter 3

Validation of the applied procedures

As already said, the present work is based on the use of MCNPX, a code which is still under
development in the moment. Therefore, before making any simulation of specific problems
with this code, it is necessary to validate its use. As MCNPX becomes the international standard
code for this area of applications, several validation tests were done by other groups and some
other are still in progress in many research teams. Nevertheless we have performed our own
validation investigations. Special emphasis was devoted to the generation of reaction products
which is the main issue of this study. Our validation tests as well as most of the international
tests presented previously are made in the scope of the BETA-testing of MCNPX. Some of our
validation investigations will be presented in the following sections.

3.1 Estimation of the neutron production

One of the important parameters of a spallation target is the neutron production per proton.
Therefore we wanted to test MCNPX abilities for the prediction of the neutron production in an
irradiated target. For this purpose, we based our study on recent experimental data of spallation
neutron production measurements [37]. We considered a cylindrical target of 10.2 cm radius and
61 cm thickness made of natural lead. This target was irradiated by a beam of protons on its axis.
The energy of the beam varied between 0.3167 GeV and 1.47 GeV. A schematic representation
of the experiment, taken from [37] is given in fig. 3.1. The results of the experiments and code
predictions are given in table 3.1 and can be seen in fig. 3.2.

Beam

Figure 3.1: Schematic representation of the experiment for spallation neutron measurements
[37].
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| Beam energy (GeV) | Experiment |  MCNPX |

0.3167 3.130 2.731 £ 0.008
0.5024 7.091 6.966 £ 0.021
0.54 7.960 7.959 £ 0.022
0.66 10.614 11.082 £ 0.027
0.72 11.760 12.707 £ 0.028
0.80 13.600 14.731 £ 0.029
0.8287 14.252 15.542 £ 0.030
0.96 16.640 18.819 £ 0.032
0.9899 17.288 19.546 £ 0.033
1.00 17.380 19.801 £ 0.034
1.20 22.310 24.314 £ 0.039
1.40 26.210 28.347 £ 0.043
1.47 26.400 29.665 £+ 0.044

Table 3.1: (n/p) ratio : MCNPX predictions compared with experimental data. Experimental
data taken from [37].

MCNPX calculated (n/p) ratio vs. experimental data for Pb
AECL, AERE and BNL Experiments (ADTT Conference, Sweden 1996)

(n/p) ratio

BNL-Experiment
v AERE-Experiment
AECL-Experiment
—— Linear regression for experimental data, (n/p) = 20.691 E - 5.559
- MCNPX
Linear regression for MCNPX predictions, (n/p) = 23.792 E - 4.519 |~
0 : : H I H I H I H I H
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Proton Energy (GeV)

Figure 3.2: Neutrons produced in the lead target and leaving it.

The experimental data are coming from three experiments which were carried out for
different energy ranges by different groups using different accelerators and measurement
techniques. One can see that the three experimental data sets are in good agreement one with
the other, one can fit these sets with the same straight line represented by y = 20.691x —3.181.
The correlation coefficient for this linear regression is R> = 0.9986. Therefore, one can be sure
that the systematics errors made in the measurements are not significant. Uncertainties in the
experimental data are about 1.3% at the 26 level.
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Spectrum of the neutrons coming out of the target

Cumulative neutron fraction as a function of the neutron energy in MeV.
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Figure 3.3: Cumulative spectrum of the neutrons leaving the target.

These experimental results were compared with predictions of MCNPX. For this numerical
simulation, the target was supposed to be irradiated by a pencil beam of protons, the energy
was varying in the range mentioned before. MCNPX was used to estimate the neutrons coming
out of the target i.e going outwards through the lateral and the bottom surfaces of the target. As
shown on fig. 3.2, the MCNPX data can be fit with a straight line too. In this case the equation
is y = 23.792x — 4.519 and the correlation coefficient is R? = 0.9985. For energies larger than
0.5 GeV, the calculated (n/p) ratio is higher than the measured ratio. This discrepancy is
becoming more significant with increasing energy of the proton beam. For instance at 1 GeV,
MCNPX overestimates the neutron production by about 14%. Such a situation had already
been observed by simulations with codes such as HETC or LAHET. The calculation of the
neutron production in this target had been performed whith LAHET at the time when the
experiments were carried out and LAHET was also overestimating the neutron production.
To make a comparison, at 1.0 GeV LAHET predictions were also about 14% higher than the
measurements.

One can suppose that the explanation for this discrepancy is that MCNPX takes into account all
the neutrons encountered during the calculation. That means that there is no energy threshold
below which the neutrons are not taken into account any more. On the contrary, for the
experiment, one can suppose that the detectors do not detect all neutrons. Therefore, one can
expect that MCNPX predicts more neutrons than the experiments.

The neutron energy spectrum was also determined and it is shown for 1 GeV protons in
fig.3.3. In principle, spallation can produce neutrons with an energy up to that of the source
particle, i.e 1 GeV, but one can notice in the neutron spectrum that about 94% of the neutrons
have an energy smaller or equal to 20 MeV. Note that these neutrons are therefore well in the
scope of MCNP. It is also to be mentioned that about 98% of the neutrons are below 100 MeV,
which is only a few scatterings away from the 20 MeV range.
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3.2 NEA benchmark

The evaluation of spallation products predicted with MCNPX was the most important
parameter to be tested in this study. For this purpose, we made a comparison between the
results given by MCNPX and by the so called Thick Target NEA benchmark. The NEA
benchmark we used [36] was analysing the results of a code comparison exercise in which
twelve institutions or laboratories took part. The specifications for this work were the following:

For the incident beam : a pencil beam of 800 MeV protons on the target axis.

For the target : a cylindrical target of diameter 20 cm and 60 cm length, made of lead
(density 11.34g/cm?).

We estimated the residual nuclei production over the whole target. The running time of the
calculations was set to 500 000 histories. We obtained the following results as shown in fig. 3.4.

These results are quite interesting because we see that our MCNPX results, using the
Bertini model, are in good agreement with the residual nuclei production estimated by the
other simulation codes. Important is also that the prediction of MCNPX agrees perfectly with
the prediction made by the LANL simulation. As the LANL simulation was made by using
LAHET and as MCNPX is a merged version of LAHET and MCNP, such a result was expected
and it was encouraging that it could be verified by this investigation.

We also compared the prediction made by MCNPX using the three available INC models :
Bertini, ISABEL and CEM. The calculation using the Bertini model was the fastest, the one
with CEM lasted the longest time.

We can see in fig. 3.5 that the residual nuclei production estimated by using these models

are a bit different. The predictions of the Bertini and ISABEL models are quite the same over
the mass number range A = 1 to A = 150. For A > 150, i.e. for mass numbers close to the mass
number of the target nucleus, i.e. also in the spallation area, the residual nuclei production
estimated by using ISABEL is lower than the one estimated by using Bertini. We can infer that
this comes from the fact that the nuclear models used to describe the spallation process are
slightly different. For example the nucleus charge density is represented with eight steps in the
ISABEL model but with three steps in the Bertini model. Although the predictions of CEM are
in good agreement with Bertini and ISABEL in the area of the fission fragments (especially
around the maximum in this zone), they are lying well below the predictions of those two
models in the major part of the considered mass range. The shape of the CEM data set is close
to the ones of Bertini and ISABEL, but the discrepancies between the predictions can be up to
a factor of 100 for A = 160, CEM predictions being lower than the other ones.
At this state of the present work, it was not possible to assess which one of the three models
would be best suited for evaluating the residual nuclei production in a target irradiated with a
proton beam. This should be explored in more detail by making comparisons to experimental
data, that will be done in the next chapter. Nevertheless, with these first model comparisons,
one can point out the fact that the code predictions are very sensitive to the model chosen for
describing the spallation processes. It is therefore advisable to make an experimental validation
of the codes.
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Figure 3.5: Residual nuclei production in a lead target irradiated by a proton beam of 800 MeV
: comparison of the predictions of the Bertini, ISABEL and CEM models.



3.3. THICK TARGET EXPERIMENTS 37

3.3 Thick target experiments

The use of MCNPX for estimating the production of spallation products has been validated
first by making code comparisons as already explained in section 3.2. The results we obtained
in this validation job were good as the agreement between the codes was reasonable and gave
confidence that we apply MCNPX properly. But these results did not give any proof that
MCNPX is representative of what is really happening in a spallation target. Therefore it was
still necessary to compare MCNPX predictions to experimental data for thick target proton
irradiations.

A recent experiment on a thick lead target is related to the SAD project which is in progress
in Dubna, Russia [40]. In the scope of the preparation of this project, several quantities relative
to the spallation products were measured, among them the activity due to these products. In
this experiment, a cylindrical Pb*08 target, 8 cm diameter and 30.6 cm length, was irradiated
by a 600 MeV proton beam. For a given spallation product, the activity due to this element was
measured in the target at several distances from the target front. The preliminary experimental
data have been provided to us by the research community of Cracow, Poland, one participant to
the SAD project [41]. In our simulation with MCNPX, we focussed on estimating the activity
due to spallation products. The results we obtained for Bi*% and Bi?% are shown respectively
in fig. 3.6 and fig. 3.7.

Preliminary results from thick target proton irradiation in Dubna

Bi™” buildup, 600 MeV protons on Pb" target
2e-12 ; | . -

= Bi"” SAD Experiment Dubna

+ Bi"” MCNPX prediction

1.5e-12

le-12

Activity [Bg/proton*gram]

Se-13

Distance from target front [cm]

Figure 3.6: SAD Experiment in Dubna : Activity due to Bi*% buildup in a Pb**8 target irradi-
ated by 600 MeV protons. Experimental data from the university of Cracow, Poland [41].
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Preliminary results from thick target proton irradiation in Dubna

Bi’” buildup, 600 MeV protons on P’ target
3e-12 T I T

,,,,,,,, = B’ SAD Experiment Dubna
2.5e-12 + Bi’® MCNPX prediction

2e-12

1.5e-12

Activity [Bg/proton*gram]

le-12

5e-13

Distance from target front [cm]

Figure 3.7: SAD Experiment in Dubna : Activity due to Bi**® buildup in a Pb*8 target irradi-
ated by 600 MeV protons. Experimental data from the university of Cracow, Poland [41].

To obtain our absolute results, we first calculated the number of Bi?%> nuclei and of BiZ0°

nuclei which are produced per source proton. Then we simplified a little bit the problem in
considering only the major mode of decay which is the electron capture for both isotopes.
Knowing the half-life of each isotope, we could then estimate the activity due to each isotope.
Per definition, the activity in Bq is the number of decays per second. As the time dependent
evolution of the number of Bismuth nuclei can be written as :

N(Z) = N()efh
with A = 22)
Ti)2

we can determine the number of decays per second A, and we get :

In(2)

A= Ny—N(lsec) = No(1—e "112%9)

For Bi?®, T} , = 15.31 days and for Bi**, T} ;, = 6.24 days so that we get :

Appos = 5.24010°7 Ny Bg/proton
Appos = 1.28610° Ny Bg/proton

To obtain the activity in Bg/proton.gram one has only to devide by the mass of lead.
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In fig. 3.6 and fig. 3.7, one can notice the sharp peak in the activity at about 29 cm
from the target front. Such a behaviour was to be expected : because of their high energy,
the protons are going through the target for a while. They are stopped at a given distance
from the target front (depending on their energy). This distance is their depth of penetration
in lead at 600 MeV. Therefore there is a larger rate of reactions at this point, the amount
of produced nuclei is larger and that is why the peak of Bi-activity stands there. One can
also notice the good agreement between MCNPX prediction and the experimental data, both
for the axial dependency and for the presence of the maximum at about 29 cm. At the
maximum, we can notice on both figures that the experimental data are well below MCNPX
predictions (about a factor 2). This is in contrast to the results of LAHET reported in [41].
The reason for this discrepancy between MCNPX and LAHET has to be analysed in more detail.

3.4 Thin target experiments

As we have seen in sections 3.2 and 3.3, MCNPX simulates the chains of spallation pro-
cesses occuring in thick targets quite good. It allows to predict spallation yields in reasonable
agreement with other codes and also with experimental results. Another experimental property
of spallation processes is the isotopic spallation cross section. From an experimental point
of view, the measurement of spallation cross sections is realised by carrying out irradiation
experiments on thin targets. Using a thin target allows indeed to consider only the first
spallation reaction i.e only the reaction initiated by the source particle.

Such an experiment has been recently carried out at GSI Darmstadt, Germany, for
Pb*%8 4 1GeV p reactions [38]. The isotopic production cross-sections were measured for all
elements from Z = 22 (Titanium) to Z = 82 (Lead) using the inverse-kinematics reaction : 1
GeV Pb*® were hitting a liquid-hydrogen target. The primary beam of Ph?"® was delivered
by the heavy-ion synchrotron SIS. The reaction products were separated and identified by
the fragment separator FRS. A simplified drawing of the experiment is shown in fig. 3.8. In
this experiment, the beam monitor was used to measure the proton beam intensity, the two
scintillators to measure horizontal positions and time of flight. The MUSIC detector was used
to measure the nuclear charge of elements from titanium to gadolinium, for elements heavier
than gadolinium the degrader was used [38].

Scintillators MUSIC
ToF AE
Beam monitor (Bo), (=36 m /
N
4“'_% =
| TN
Target S, (Bo), S,
Degrader

Figure 3.8: Schematic drawing of the fragment separator FRS with the detector equipment taken
from [38].
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The experiment carried out at GSI was simulated with MNCPX using the three available
models, Bertini, ISABEL and CEM. It was also simulated with LAHET using Bertini and
ISABEL models. In addition, this experiment was simulated with the Cugnon code (INCL4)
kindly provided by the team of J. Cugnon, University of Liege, Belgium [39]. The results of
the different simulations can be seen in fig. 3.9 to fig. 3.13 for mass yields in mb according to
mass number and in fig. 3.14 to fig. 3.16 for mass yields in mb according to charge number. In
these pictures, we have also given the experimental results obtained in a framework of ISTC,
Russia, (project ISTC839) for the same experiment done for the direct-kinematics reaction. The
direct-kinematics reaction is much more difficult to carry out, therefore isotopic cross-sections
could only be measured for fewer elements in this work.
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Figure 3.9: Comparison of experimental spallation yields (ISTC, GSI) and Code computed
spallation yields (INCL4, LAHET-Bertini, LAHET-ISABEL). Mass yields in millibarns (mb)
according to mass number A for A < 140. GSI experimental data taken from [38].
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Figure 3.10: Comparison of experimental spallation yields (ISTC, GSI) and Code computed
spallation yields (INCL4, LAHET-Bertini, LAHET-ISABEL). Mass yields in millibarns (mb)
according to mass number A for A > 140. GSI experimental data taken from [38].
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Figure 3.11: Comparison of experimental spallation yields (ISTC, GSI) and Code computed
spallation yields (MCNPX-Bertini, MCNPX-ISABEL, MCNPX-CEM). Mass yields in millibarns
(mb) according to mass number A for A < 140. GSI experimental data taken from [38].
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Figure 3.12: Comparison of experimental spallation yields (ISTC, GSI) and Code computed
spallation yields (MCNPX-Bertini, MCNPX-ISABEL, MCNPX-CEM). Mass yields in millibarns
(mb) according to mass number A for A > 140. GSI experimental data taken from [38].
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Figure 3.13: Comparison of LAHET and MCNPX computed spallation yields. Mass yields in
millibarns (mb) according to mass number A. GSI experimental data taken from [38].
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In these figures, one can notice that the predictions of the different codes agree more or less
with the experimental data depending on the model used and on the range of the mass number
of the products (fission range until A ~ 130, spallation range above A ~ 130).

First of all, a good thing is that, for a given model i.e. Bertini or ISABEL, MCNPX predictions
agree perfectly with LAHET predictions. We had already observed such a behaviour in the
code comparison in section 3.2.

Second good thing is that the shape of the predicted results is quite the same as the shape of the
experimental data : one can allways distinguish two regions in the plots at each side of a local
minimum which is at about A = 130. On the left side of the minimum is the fission area, on the
right is the spallation area.

Let us consider now more precisely the predictions of MCNPX. One notices immediately
that the Bertini model does not suit very well for estimating spallation cross-sections. There is
a discrepancy between MCNPX-Bertini and the experimental data almost over the whole range
of the considered mass numbers. This discrepancy can be up to a factor two or three. In the
fission area, MCNPX-Bertini underestimates the cross-section whereas it overestimates them
in the spallation area.

MCNPX-ISABEL seems to be more efficient for predicting production cross-sections. The
results obtained with the ISABEL model are in very good agreement with experimental data
for mass number A > 130. Nevertheless, for A < 130, MCNPX-ISABEL underestimates much
more the cross-sections than MCNPX-Bertini did, the discrepancy with the experimental data
can be up to a factor six or seven.

Just as MCNPX-ISABEL, MCNPX-CEM seems to be more adapted than MCNPX-Bertini.
The results obtained with the CEM model are in good agreement with the experiments for
A < 130. Nevertheless, for A > 130, MCNPX-CEM underestimates significantly the production
cross-sections, for A > 180 there is reasonable agreement between the experiments and the
CEM model.

A good solution for estimating isotopic production cross-sections with the present models
available in MNCPX would then be to run two MCNPX jobs, one with ISABEL, one with
CEM. The corresponding results are crossing at about A = 130. One would then have to take
the CEM predictions below this point and the ISABEL predictions above it.

The “best” code among the ones we have tested to compute the production cross-sections is
certainly the Cugnon-Code in its fourth version INCL4, combined with the K.-H. Schmidt
evaporation model. Its agreement with the experimental data is very good over the whole mass
number range unless for 130 < A < 155 where it slightly underestimates the cross-sections.
More informations about INCL4 can be found in [26].

We also estimated the production cross-section of several isotopes of given elements such
as Zn, Sn, Hg. Why we have focussed on these three elements is explained in chapter 4. The
computed cross-sections for mercury isotopes, with mass number between 180 and 205, are
compared to the experimental data from GSI in fig. 3.17. We can notice that the computed data
are quite in good agreement with the experimental data. The shape of the experimental curve
is very well reproduced by MCNPX, although MCNPX slightly underestimates the production
cross-sections for mass numbers lower than 190. For mass numbers above 190, the agreement
is very good : the discrepancy between calculated and experimental data is less than 5 %.
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Chapter 4
MEGAPIE

MEGAPIE is a joint initiative from European research institutions (among them PSI, FZK,
CEA, CNRS, ENEA) and the Japanese institution JAERI. The aim of the MEGAPIE project is
to design and to operate a liquid PbBi spallation target for the IMW proton beam available in
the SINQ facility at PSI. A simplified representation of the SINQ facility is given in fig. 4.1.
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Figure 4.1: SINQ spallation source. Picture taken from [45].
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The MEGAPIE project started in the year 2000 with the aim of installing a LBE (Lead-
Bismuth Eutectic) target in the SINQ facility in the year 2004. At present the project is
progressing well with small time delay. A final design of the target has already been proposed,
see fig. 4.2.
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Figure 4.2: Schematic representation of the MEGAPIE target surrounded by a water tank.
Picture taken from [46].

The MEGAPIE target will be designed and conceived so that contamination of the
accessible areas in SINQ is not likely to happen under any imaginable condition. The target
will stay for one complete year of experiments in the SINQ facility. There it will be irradiated
by a 1 MW proton beam at a proton energy of 575 MeV and a total proton current of 1.74 mA
[1, 46]. The neutrons which will be produced in the target will be slowed down in the heavy
water tank and then used for experiments as shown on fig. 4.1.
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4.1 Estimation of the prompt spallation source

To estimate the prompt spallation source, we performed simulations based on MEGAPIE
neutronic benchmarks [46]. The configuration we had to simulate is shown on fig. 4.2. The
estimated characteristics of the incoming proton beam are the following [46]:

e Incident proton energy : 575 MeV
e Total beam power : 1| MW

e Total beam current : 1.74 mA

¢ Radial distribution of proton current density : i(r) = Iy.exp (—

)
a
Q
[}
~ —
- (S]]
rL QT
NS
—
\/

i(r) = radial current density

Iy =1.74mA

r = radius from the centre of symmetry axis in cm
c=25cm

c=2

gaussian profile truncated at c.6 = 5.0 cm

We performed the calculation whith MCNPX and HTAPE3X and we obtained the following
results for the prompt spallation source as shown on fig. 4.3 and fig. 4.4.

In these two figures, one recognizes the typical shape of the curves with some discrepancies
between the predictions of the three models, as we could already notice it during our investiga-
tions related to the validation of the code. From these results concerning the spallation source
in the target, we could study more precisely the behaviour of specific nuclides as explained in
the next section. In particular, the predicted nuclei production in the target was the basis for the
work we carried out on elements responsible for the target contamination.



CHAPTER 4. MEGAPIE

54

V Joquuinu ssejy

SFcoccocoooozEzzzoooogszzzzooodcczzzzzoicooziizzIITHEVSI-XANOIN
m | WHD-XdNDI v
................. [ UnRg-XdNOW = |227]

H L
I
I
]
I
I
]
I
I
I
I
]
I
I
]
I
I
whs
I
I
]
I
I
]
I
11
TT
I
I
]
I
I
]
I
]

103181 IJVOHIN Y ur uononpoid 19[onu [enprsay

90-°1

€091

1000°0

100°0

10°0

10

uojoad 9o1nos 1od 1gqd ut uononpoid 1o[onu [enpisoy

Figure 4.3: Estimation of the prompt spallation source in the MEGAPIE target irradiated by

the 575 MEV proton beam of the SINQ facility. Residual nuclei production according to mass

number A. Target specifications taken from [46].
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4.2 Time dependent behaviour

4.2.1 Depletion calculations : use of ORIHET3

The MEGAPIE target which will be used in the SINQ facility must be taken out after the
spallation experiments, so that other experiments can be started very rapidly afterwards. Thus
it is quite important to know the state of the MEGAPIE target after given times of irradiation
and cooling. In other words, one should have a precise idea of the time dependent behaviour
of the target radioactivity. For safety reasons, for target maintenance or handling, one should
be able to predict the amount of “dangerous” isotopes which will have been created after
a given time. Interesting isotopes are for instance Polonium 210 which is an alpha-emitter
or Zn, Sn, and Hg which can probably damage the target material by causing chemical reactions.

To estimate this time dependent behaviour, we could use the ORIHET3 code which was
kindly provided to us by Dr. F. Atchinson of PSI Villingen [42]. ORIHET3 is an adaptation
of ORIGEN (Oak Ridge Isotope GENeration code). Knowing the nuclide production rates and
the nuclide concentrations in the target, we may study the build-up and the decay of the activity
in the target. In order to calculate the build-up and the decay of activity, ORIHET3 solves the
Bateman equations (Eq. 4.1) for the concentrations of the nuclides.

dN;
= —1T;N; Tk + B, = 1...N 4.1
7 +;fk KNk + i 4.1)

where N; is the concentration, T; the decay constant, f;; the branching ratio for the nuclides
k that have nuclides of species i as a direct decay product. B; are the production rates for
nuclides of species i.

For solving these equations, the so called matrix exponential method realised in three
routines (called EQUIL, DECAY and TERM) taken from ORIGEN are used. One can write
the N coupled differential equations of eq. 4.1 as :

] -+ @2)
A particular solution of equation 4.2 is [42] :
N = (= I 18] = (£ o ) @3

The nuclides treated as both matrices [A] and [B] are defined from the input file of initial
production rates of the problem and from nuclide decay data libraries. With these values the
code calculates the nuclide concentrations for given conditions and after several given time
intervals chosen by the user. The required derived quantities, which are also specified by the
user, are computed and written in the output file. The output file contains thus parameters such
as activity, power dissipation, gamma spectra, etc.[42]

The input production rates are derived from the MCNPX calculations and they should be
given in g.atom/sec. Lets first define what the unit g.arom/sec means. As Dr. E. Atchinson
kindly explained [43] : “The definition is that 1 gram.atom is the mass in grams numerically
equal to the atomic weight. That is why the factor 1/(6.022.10%3) is the conversion to the
number of lots of "A” grams (where A is the atomic/nuclear mass in AMU). For example,
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the weight of the proton in nuclear units is 938.27231 MeV /c?, 1 unified atomic mass unit is
931.49432 MeV /c* which means that A = 1.00727647. Dividing by the Avagadro constant
6.0221367 10> we get 1.6726231 10~ g~

Thus we first made an MCNPX calculation followed by a post-processing with HTAPE3X to
get the spallation yields in the target that is to say for each type of nuclide produced we had
the number N; of this nuclide created in the whole target per source proton. This was obtained
for the beam and target specifications as explained above. For the calculation of the decay and
continuous feed, we then needed to have this production rates [N;] in g.atom per second for 1
mA beam current. Thus we made the conversion as follows :

1A = 1C/s

Iproton = 1.60219 x 10~1°C

_ 10-3
} thus  1mA = 10— proton/sec

and then we get

1 103
[Ni] =N x Navogadro X 1.60219% 1019 g-atom/sec

where Nayogadro = 6.022 x 10%[1/Mol]

The nuclide decay data libraries contain the decay modes and the half-lives of the nuclides.
Two libraries can be used with ORIHET3 : the original ORIHET library and the NUBASEX
library [42]. The ORIHET library has been issued in its first form already more than twenty
years ago as it was supplied with the ORIGEN code. Since this time, several updates have
been made, once in 1979 to add new isotopes with mass above 40, then later to include neutron
emitters and to update the gamma data (1981). The last modification was done in 1983 to add
decay data for nuclides in the mass range below 40. The present version of the ORIHET library
contains decay data for 2456 nuclides. The NUBASEX library is an upgrade of a previous
library called NUBASE. In the present form of NUBASEX, data for the decay of the isomeric
states of some daughter nuclides have been added. The library contains now the decay data
for 3738 nuclides and it uses more than 40 decay modes. Note that the work to complete the
data for the isomeric state is still in progress, the present NUBASEX library is therefore a
preliminary version of what should be a quite complete library soon.

Let us explain now what is needed to launch an ORIHET3 calculation. One needs a deck
file in which all the parameters for the calculations are set and were the input data file and
library files are specified. One needs then the input data file whith the element concentrations
in gram.atom/sec. The results of the MCNPX-HTAPE3X calculations are to be converted as
explained before to create this file. One needs also the library file. An example of the input
deck file is given and commented in tables 4.1 and 4.2 respectively :
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Yotime_step 10 100.0 1e3 1e4 1e5 1e6 1.73e7 3e7 1e8 3e8;

%title SINQ Target activity build up [with fission];

%basis In total target mass for 1 mA;

9onuclide_library nubasex ;

%output none grammes/thresh=1.0e-7 activity/nucl /thresh=1.0e-3 gamma check=5;
%output unit = ci neutr/nucl alpha/nucl;

Joconc zero;

%prod file="nucdat.dat”;

Ycalculate logfile = 200EFPD.bup ;

Y%time_step 0.5 1.0 12.0 24.0 744.0 2192.0 4383. 8766. 17532. 8.77E+04 unit=h;
Yooutput check=1 ;

%title SINQ Target activity decay following 1 year irradiation;

Yoprod zero;
Yoconcen time_step=7 ;

Ycalculate logfile = 200EFPD.dec ;

Yoend ;

Table 4.1: Example of an ORIHET3 input file.

Term

Meaning

time_step 10 100...

irradiation time in seconds.
The results will be printed for 10 sec, 100 sec ...

title SINQ... Title to be printed as heading of the sample sheets corresponding
to this first calculation
basis In TOTAL... Second title to remind the basis of the calculation

nuclide_library nubasex

Specify which library will be used, here NUBASEX

output none
grammes/thresh=1.0e-7
activity/nucl /thresh=1.0e-3 gamma check=5

Specify the conditions for the printing of the results here the element
inventories in grams and the element activities in Curies will be
printed if they are larger than 1.0e-7 respectively 1.0e-3 at step time 5

conc zZ€ro

The initial concentrations are set to zero

prod file = “nucdat.dat”

The file nucdat.dat, containing data derived from
MCNPX-HTAPE3X calculation, will be used as input data file
with the element concentrations in gram.atom/sec

calculate logfile = 200EFPD.bup

The results of the calculation will be written
in a file called 200EFPD.bup

concen time_step=7

The initial concentrations for the decay calculation
are taken at step time number 7 of the previous calculation
i.e at 1.73e7=200 days of irradiation

Table 4.2: Meaning of the terms used in the ORIHET3 input file.
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4.2.2 Element concentrations after irradiation

The results of section 4.1 were used for a depletion calculation to estimate the production
of Sn, Zn, Hg and Po 210 after 200 EFPD (Equivalent Full Power Day) of irradiation. This
calculation was done with ORIHET3 and we obtained the following inventories for the above
mentioned elements, see table 4.3. The results are element concentrations im Grams in the total
target mass for the total beam current of 1.74 mA.

| Element |’®™Po| Smn | Zn | Hg |
MCNPX-Bertini
0 2.30E-01 | 5.21E-02 | 1.90E+01
Element Concentrations [g]
MCNPX-ISABEL
0 2.40E-01 | 5.42E-02 | 1.95E+01
Element Concentrations [g]
MCNPX-CEM
0 8.33E-02 | 1.85E-02 | 2.10E+01
Element Concentrations [g]

Table 4.3: 219Po, Sn, Zn, Hg inventories in grams in the PbBi after 200 EFPD.

One can notice that no 2!%Po is foreseen with this calculation method. 2!°Po is formed by
activation, i.e by the interaction of the produced neutrons on the target, but ORIHET3 does
not allow the simulation of the activation. Thus it was to be expected that the estimated 2!°Po
production would be zero.

The results of table 4.3 were compared to the results obtained by other participants to the
benchmark exercise proposed by CEA [47]. Our results are shown in table 4.4 and are given in
atoms.

| Element 210pg | Sn Zn Hg
MCNPX-Bertini 0 1.1670 E+21 | 47988 E+20 | 5.7041 E+22
MCNPX-ISABEL 0 1.2177 E+21 | 4.9922 E+20 | 5.8542 E+22
MCNPX-CEM 0 4.2264 E+20 | 1.7040 E+20 | 6.3045 E+22
Mean value of data 8.3725 E+21 | 9.5283 E+20 | 4.2113 E+20 | 4.5512 E+22
from 5 reference codes

Table 4.4: 219Po, Sn, Zn, Hg inventories in atoms in the PbBi after 200 EFPD. Data for com-
parison coming from calculations performed at PSI, ENEA, CEA, JAERI and taken from [47].

With these data, one can notice that Bertini and ISABEL models provide results which
are in good agreement with the data obtained by the other groups. But there are quite large
discrepancies between the data obtained with the CEM model and the results of the other
groups. Those groups and the corresponding codes were CEA (SPARTE), PSI (MCNPX), PSI
(FLUKA), ENEA (MCNPX), JAERI (NMTC). The discrepancies in % between the MCNPX
210pg Sn, Zn, Hg estimated amounts and the mean value of the estimations of the other refer-
ence codes are given in table 4.5. CEM underestimates the production of Sn and Zn. For Hg,
the estimation of CEM is on the contrary quite in good agreement with the other data. We have
already observed such a behaviour while validating MCNPX for the “thin target experiments”,
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| Element |?®Po| Sn | Zn | Hg |
MCNPX-Bertini -100 | +22.48 | +13.95 | +25.33
MCNPX-ISABEL | -100 | +27.80 | +18.54 | +28.63

MCNPX-CEM -100 | -55.64 | -59.54 | +38.52

Table 4.5: Discrepancies in % between the MCNPX *'9Po, Sn, Zn, Hg estimated amounts and

the mean value of the estimations of the other reference codes. Data for comparison coming
from calculations performed at PSI, ENEA, CEA, JAERI and taken from [47].

see section 3.4 fig. 3.15. In that case, CEM was in good agreement with the experimental
data for elements with a charge number Z close to the charge number of the irradiated element
(PbBi). Note that this lack of reliability of the CEM model has already been noticed by the
scientific community and the development of a new version of this model, called CEM2K, is in
progress.

We studied the production of Sn, Zn, and Hg a bit further. One could notice in section 3.4
that the best code for estimating the production cross-sections for 1000 MeV protons was
KHSv3p+INCL4. Thus, one can assume that this code would be the best suited for predict-
ing the produced amounts of Sn, Zn, and Hg for 600 MeV protons. To have an idea of what
this code would have predicted, we compared the production cross-sections of Sn, Zn, and Hg
obtained with MCNPX-Bertini and KHSv3p+INCL4 in section 3.4. We obtained the discrep-
ancies given in table 4.6. For the predicted amounts of Sn and Hg, although the values we
obtained with the Bertini model were about 25 % larger than the mean value of the reference
code calculations, it is to be expected that the Cugnon code would predict even larger amounts.
On the contrary for Zn, it is to be expected that the amounts predicted with the Cugnon code
would be in good agreement with the mean value of the reference code calculations.

| Element | Sn | Zn | Hg |
MCNPX-Bertini [mb] | 4.28 | 6.99 | 154.97
KHSv3p+INCL4 [mb] | 5.88 | 6.14 | 195.20

Bertini - INCL4 [%] -27.2 | +13.7 | -20.6

Table 4.6: Discrepancies in % between the MCNPX-Bertini and KHSv3p+INCLA4 estimated
production cross-sections for Sn, Zn and Hg.

4.2.3 Decay of elements causing chemical damages in the target

In this section we study the decay Sn, Zn, Hg after 200 EFPD irradiation. The estimation of the
decay was performed by using ORIHET3 as explained just before. For these three elements,
we obtained the following results, see table 4.7 :

To precise in some more detail the predictions of MCNPX, let us mention that :

e For Sn, MCNPX predicts the generation of isotopes from %Sn to '3*Sn. Among those
isotopes, H2gn, 1148 to 1298n, 1228n, 124Sn are stable. The unstable isotopes are created
in relative small amounts and decay rapidly (half-lives in the range of the minute, unless
for 129Sn where it is 10° years).

e For Zn, MCNPX predicts the generation of isotopes from *°Zn to 33Zn. Among those
isotopes, 6470, 967n, 677n, 987Zn, 79Zn are stable, the half life of ©3Zn is 244.5 days.
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| Decay time | MCNPX-Model | Sn | Zn | Hg |
Bertini 2.30e-01 | 5.21e-02 | 1.90e+01
0 ISABEL 2.40e-01 | 5.42e-02 | 1.95e+01
CEM 8.33e-02 | 1.85e-02 | 2.10e+01
Bertini 2.30e-01 | 5.21e-02 | 1.90e+01
30 min ISABEL 2.40e-01 | 5.42e-02 | 1.95e+01
CEM 8.33e-02 | 1.85e-02 | 2.10e+01
Bertini 2.30e-01 | 5.21e-02 | 1.90e+01
1h ISABEL 2.40e-01 | 5.42e-02 | 1.95e+01
CEM 8.33e-02 | 1.85e-02 | 2.10e+01
Bertini 2.30e-01 | 5.21e-02 | 1.90e+01
12h ISABEL 2.40e-01 | 5.42e-02 | 1.95e+01
CEM 8.33e-02 | 1.85e-02 | 2.10e+01
Bertini 2.30e-01 | 5.21e-02 | 1.90e+01
24 h ISABEL 2.40e-01 | 5.42e-02 | 1.95e+01
CEM 8.33e-02 | 1.85e-02 | 2.10e+01
Bertini 2.29e-01 | 5.22e-02 | 1.92e+01
31d ISABEL 2.39e-01 | 5.43e-02 | 1.96e+01
CEM 8.30e-02 | 1.85e-02 | 2.11e+01
Bertini 2.27e-01 | 5.20e-02 | 1.92e+01
91d ISABEL 2.38¢-01 | 5.41e-02 | 1.96e+01
CEM 8.25e-02 | 1.85e-02 | 2.11e+01
Bertini 2.25e-01 | 5.18e-02 | 1.91e+01
182d ISABEL 2.36e-01 | 5.39e-02 | 1.96e+01
CEM 8.20e-02 | 1.84e-02 | 2.11e+01
Bertini 2.23e-01 | 5.15e-02 | 1.91e+01
365d ISABEL 2.35e-01 | 5.36e-02 | 1.96e+01
CEM 8.16e-02 | 1.83e-02 | 2.11e+01
Bertini 2.22e-01 | 5.13e-02 | 1.91e+01
2y ISABEL 2.34e-01 | 5.33e-02 | 1.96e+01
CEM 8.14e-02 | 1.83e-02 | 2.11e+01
Bertini 2.22e-01 | 5.12e-02 | 1.91e+01
10y ISABEL 2.34e-01 | 5.32e-02 | 1.96e+01
CEM 8.13e-02 | 1.82e-02 | 2.11e+01

Table 4.7: Sn, Zn, Hg inventories in grams in the PbBi for decay times after 200 EFPD.
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e For Hg, MCNPX predicts the generation of isotopes from '8'Hg to 2°’Hg. Among those
isotopes, 1°Hg, 1%8Hg to 2°>Hg, 2**Hg are stable.

For those three elements, the major amounts are created for the stable isotopes. Therefore
it was to be expected that the amounts of Zn, Sn, Hg would not change significantly during 10
years of decay, as confirmed in table 4.7. Whereas the predicted amounts of Sn and Zn seem
to be quite low (in the range of 10~! grams respectively 10~2 grams, the quantities of Hg are
much more significant, about 20 grams. Thus, at least Hg can cause non negligeable chemical
reactions in the target material and possibly damage it. In addition, the production of Hg has to
be assessed because of its toxicity (in case of ingestion or inhalation) in case of an accident.

4.2.4 Decay of alpha emitters

In the previous sections, we have seen that light particles (n, p, a...) are produced during
the spallation process. These particles can take part in other reactions with the nuclei of
the target. Thus, the production of nuclei with a heavier mass than the nuclei of the target
is possible, alltough the probability is small. In this sense, Polonium may be created.
Polonium, especially some isotopes such as 2%Po, 2®Po and 2!°Po, has been recognised
by the research authorities as responsible for PbBi contamination in the MEGAPIE spalla-
tion target [49]. We therefore studied the production of the above mentioned Polonium isotopes.

The Polonium isotopes are created in the MEGAPIE spallation target by the following re-
actions :

29Bi (n,y) 21°Bi =219 po (4.4)
29Bi (p,xn) 29 *Po,  withx = 1...12 (4.5)
28pp (ot,xn) 2127 Po,  withx = 2...14 (4.6)

The major isotopes 2!°Po, 2P0, Po produced by these reactions are all alpha emitters.
Their half-lives are 138.4 days, 102 years, and 2.9 years respectively. These alpha-emitters
could be dangerous for someone who would handle the target. That is one of the reasons why
the contamination due to these Polonium isotopes should be assessed before implementing the
MEGAPIE target in the SINQ facility.

e Estimation of 2°®Po and >*Po :
As already said, ORITHET?3 does not allow us to estimate the production of 2!°Po because this
isotope is mainly created by neutron activation. Nevertheless ORIHET3 allows to simulate the
time dependant evolution of 2°Po and 2*’Po. Thus we started with those two isotopes. In
table 4.8 and table 4.9, we give their expected activity in the MEGAPIE target after 200 EFPD
irradiation and several times of decay.
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[ Decay time | MCNPX-Bertini | MCNPX-ISABEL | MCNPX-CEM |

0 2.61e+02 3.75e+02 2.90e+02
30 min 2.61e+02 3.75e+02 2.90e+02
1h 2.61e+02 3.75e+02 2.90e+02
12h 2.61e+02 3.75e+02 2.90e+02
24 h 2.61e+02 3.75e+02 2.90e+02
31d 2.56e+02 3.67e+02 2.84e+02
91d 2.46e+02 3.53e+02 2.73e+02
182d 2.32e+02 3.33e+02 2.58e+02
365d 2.06e+02 2.95e+02 2.29e+02
2y 1.62e+02 2.32e+02 1.80e+02
10y 2.39e+01 3.42e+01 2.65e+01

Table 4.8: 2% Po activity in Curies in the PbBi for several times of decay after 200 EFPD.

| Decay time | MCNPX-Bertini | MCNPX-ISABEL | MCNPX-CEM |

0 9.12e-01 2.55e-00 3.14e-00
30 min 9.12e-01 2.55e-00 3.14e-00
1h 9.12e-01 2.55e-00 3.14e-00
12h 9.12e-01 2.55e-00 3.14e-00
24 h 9.12e-01 2.55e-00 3.14e-00
31d 9.11e-01 2.55e-00 3.13e-00
91d 9.10e-01 2.55e-00 3.13e-00
182d 9.08e-01 2.54e-00 3.13e-00
365d 9.05e-01 2.54e-00 3.11e-00
2y 8.99¢e-01 2.52e-00 3.09¢-00
10y 8.52e-02 2.39e-00 2.93e-00

Table 4.9: 2% Po activity in Curies in the PbBi for several times of decay after 200 EFPD.

The evolution of the 2°®Po activity in the central PbBi of the MEGAPIE target is shown on
fig. 4.5.

Knowing %Po and 2*°Po activities at decay time 0 in tables 4.8 and 4.9, we could calculate
the amounts of those two isotopes existing in the target just after 200 EFPD irradiation.

The time dependent evolution of the number of unstable nuclei can be written as :

N(t) = Noe ™ 4.7)
. __In(2)
with A = T

The number of decays per second A is

in(2)

A=Ny—N(Isec) = No(1—e T1/26%9) (4.8)

So we can calculate the number of atoms of an unstable nucleus Ny existing before decay :



64 CHAPTER 4. MEGAPIE

*®Po Activity in the PbBi of the MEGAPIE target

Several times of decay after 200 EFPD irradiation

400 T T T TTTTT T |||||||| T |||||||| T |||||||| T |||||||| T T T TTTTT

300

200

Activity in the PbBi [Curies]

100
o—e MCNPX-Bertini
=—=a MCNPX-CEM
MCNPX-ISABEL
1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII
0.1 1 10 100 1000 10000 1e+05

Decay time [hours]

Figure 4.5: MCNPX estimations of the **®Po Activity (Curies) in the central PbBi of the
MEGAPIE target for several decay times after 200 EFPD of irradiation.

Ny = —ABD (4.9)

_In(2)
l—e Tl/z(sec)

and deduce the corresponding amount in grams my :

No
my = Matom — (4.10)
N, avogadro

where g0 1s the atomic mass of the considered nuclei, Nyyogadro = 6.023 105

The respective half-lives are :

T1 /2 (*® Po) = 2.9 years = 91.4544 10° sec (4.11)

T1 /2 (> Po) = 102 years = 3.2167 10° sec (4.12)

To give an example of the calculation, for 2°Po, ISABEL predicts A = 375 Curies at decay
time zero. Thus we have A = 375 x 3.7 10'° Bq.
Thus using equation 4.9 we get No(208) = 1.4843 10%! atoms.
And then using equation 4.10, we get m((208) = 0.51 grams.

The results we obtained are given in table 4.10. In this table, we also give as reference data
the results obtained by J.C. Klein (see [49]) who calculated, in the scheme of a framework with
CEA, the amount of Polonium isotopes generated in the MEGAPIE target.
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Element ‘ 208pg ‘ 209pg ‘

MCNPX-Bertini | 0.35 | 0.044
MCNPX-ISABEL | 0.51 | 0.12
MCNPX-CEM 0.40 | 0.15
Reference data 0.33 | 0.17

Table 4.10: 2% Po and 2 Po mass in grams generated in the PbBi of the MEGAPIE target.
Reference Data taken from [49].

The results of our calculation are well in the range of the results obtained by J.C. Klein,
alltough the prediction of the Bertini model for 2®Po is quite astonishing. It was not expected
that this model would give such a small value. This holds also for the fact that the CEM model
seems to agree best with the calculation of J.C. Klein although CEM was the model which gave
the less satisfactory results in our validation investigations.

e Estimation of >'Po :
210po is produced according to reaction 4.13 :

29Bi (n,y) 21°Bi =1 Po (4.13)

To simplify the notations let us write this as :

A(n,y)B—C (4.14)

By activation of 2%°Bi with the neutron flux, two isotopes of Bi may be reached, “normal”
210Bi and metastable 2!%"Bi. Let us call ¢ the cross-section for the (n,y) reaction giving “nor-
mal” 2'°Bi and let us call ® the neutron flux in the target and A the decay constant of !B
giving 2!°Po by B decay. Then from equation 4.14, we can write the equations giving the time
evolution of 2%9Bi, 219Bj and 2!%Po (i.e. A, B, C) and we have :

¢ dA()

¢ BO _ 5pA(r) — AB(1)

[ G = 1B(1)

We solved this system of differential equations using the following boundary conditions,
A(r=0)=A(0),B(t =0) =0and C(r =0) = 0 and we got :

(A(r) = A(0) (=%

! B(r) = A(0) 2% [e<—6<1>t) _ e(_m]

C(t) = A(0) [1 Lt %e(—m}

We could then estimate the amounts of 2'°Po formed in the target. For this purpose, we
first needed to calculate ® and © in the target according to the energy of the neutrons. This
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calculation was performed earlier [51]. Results for @ and G, are estimated in the mesh cells
Vies Wie, X16, Y16 and Vs to V1 (mesh cells as shown in [46] in fig.1.3). The calculated flux
as well as the cross-sections were given as one group quantities for all energies below 600 MeV.

We then had to calculate o, the cross-section for the neutron capture in 2% Bi giving 2!°Bi.
Let us remind that two elements may be formed by neutron irradiation of 2%°Bi : 21°Bi (we note
the corresponding cross-section ) and 2!%"Bi (the metastable nuclei, we note the corresponding
cross-section G,,). With these notations we have 6;,; = ¢ + G,,. Using the data of IEAF-2001

[50], we could calculate the ratio (H% = % and we found that this ratio was constant (about

1.478) for energies below 600 keV as shown in fig.4.6. Thus we could calculate G as ¢ = IC_Z—‘;’S.

209, . o . . . .
Bi Activation : Evolution of the cross-sections ratio (S+Sm) / S with the energy

. 210 210

. L0209 . . . P .
Cross-sections for neutron capture in * Bi, S for channel giving *' Bi, Sm for channel giving *"'Bi"" (metastable)
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Figure 4.6: Ratio ﬁ% as a function of the neutron energy. Data for G and G,, taken from [50].

We then calculated the mass of 2!°Po created in each mesh cell of the PbBi target and got
the following results (see table 4.11).

| Meshcel| o [mb] | ® [nem2s ]| %P0 [g] |

Vs 4.5288 5.7864 e+14 0.643
Vs 5.9356 3.5029 e+14 0.510
V7 8.7296 1.7223 e+14 0.368
Vs 11.1851 9.7635 e+13 0.268
Vo 13.2476 5.7132 e+13 0.182
Vio 14.8012 3.4521 e+13 0.125
Vi1 15.8957 1.2749 e+13 0.130
Vie

Wie mean value for 6 | mean value for &

X16 4.9331 6.1295 e+14 0.784
Y16

Table 4.11: Estimated & in mb, ® in n.cm=2.s~! and the created *'°Po mass in grams in the
PbBi mesh cells of the MEGAPIE target. Reference data for 6 and ® taken from [51].



4.2. TIME DEPENDENT BEHAVIOUR 67

Now we could compare our estimation of the poduced 2!°Po with the calculated value of J.
C. Klein [49] and the data obtained by five reference code calculations [47]. We obtained the
results given in table 4.12.

| Calculation | Total >''Po [g] |
MCNPX this work 3.01
Reference calculation [49] 2.60
Mean value of data 291
from five reference code [47] | maximum = 3.82 g, miminum = 2.24 g

Table 4.12: Total >'°Po mass in grams created in the PbBi of the MEGAPIE target. Reference
data taken from [49] and [47].

The amount of created >!°Po predicted by our calculation is about 3 grams. This result is in
the same order of magnitude as the values obtained by J. C. Klein as well as the mean value
of the data from five reference codes. For the moment, only a few calculations were done in
the field of 2!°Po production and the available values for the evaluated 2!°Po amounts are lying
between 2 and 4 grams. Special efforts are presently made at IRS-FZK in order to assess more
precisely the production of >!°Po. For this purpose, the improvement of the description of the
time dependence of the neutron irradiation is in progress [52].
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4.3 Impact for disposal

As shown by our calculations as well as by the already existing ones (J.C. Klein [49] and
MEGAPIE neutronic Benchmark [47]), the amount of Polonium created in the MEGAPIE target
is small. The activity due to Polonium is mainly due to 2°8Po, 2°Po, 2!9Po and is sufficiently
small to be considered at contamination level rather than at irradiation level [49].

There are several problems triggered by Polonium as explained in detail in [49]. One of the
issues is that Polonium interacts whith LBE to produce intermetallic compounds such as PbPo.
In addition radioactive gases, vapours, aerosols or even gaseous compounds such as PoH, are
formed. In case of a leakage, these elements would be responsible for some activity at the
surface and in the environment of the PbBi.

Two main solutions may be distinguished to solve the problem of Polonium contamination.
These solutions are presented and discussed in detail in [49]. One solution consists of keeping
the Polonium confined in the PbBi in case of an accident. The second solution consists of
extracting the Polonium from the PbBi. For this purpose, three methods may be considered :

e the use of chemical elements (cerium, tellurium, selenium) or salts (potassium chloride,
lithium chloride) used as extractors to remove Polonium as already done for commercial
purposes.

o the use of the so-called “Vacuum sublimation method” .

o the use of the so-called “Alkaline extraction method” .
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Conclusion

At the Institute for Reactor Safety (IRS) of the Reasearch Center of Karlsruhe, some of the
actual activities are focused on the near future developments of Accelerator Driven Systems.
In this scope, IRS is participating within the 5"* European Community Framework Program to
MEGAPIE, MUSE and XADS projects. The present work focused on the MEGAPIE project.
It aimed at qualifying the application of the available calculation tools, in particular MCNPX,
in order to make simulations on the MEGAPIE target for improving the knowledge about the
buildup of reaction products in the target.

The first part of the present work allowed us to validate our application of MCNPX.
This was done in the scope of the MCNPX Beta-Testing activities within which IRS-FZK
participates. In this part, special attention was paid on the estimation of parameters related
to reaction products created in the spallation target. For the prediction of the residual nuclei
production, MCNPX results were compared to reference code results obtained in the scope of a
benchmarking exercise. This showed that our MCNPX predictions are well in the range of other
reference code predictions. After these encouraging results, we focussed on the experimental
validation of the generation of spallation products. For this purpose, we used three experiments,
one made in the scope of the SAD project for measuring spallation products activities, the two
others carried out for measuring the production cross-sections of the spallation products (one
experiment made in the scope of an ISTC project, the other carried out at GSI-Darmstadt).
The results we got by simulating these experiments were in quite good agreement with the
experimental data and allowed us to validate our application of MCNPX for estimating this
sort of parameters. In addition, for the estimation of the production cross-section, we had
the opportunity to use the KHSv3p+INCL4 code of the Cugnon group. We could point out
that this code was the best suited for estimating cross-sections, although the predictions of
MCNPX-ISABEL were already quite good, especially for the nuclei with high mass number.

After validating our application of MCNPX, we investigated predictions for the MEGAPIE
spallation target. After defining which parameters were relevant and had to be studied in some
detail, we decided to focus on the time dependent behaviour of the target materials especially
on the production of elements which may lead to the contamination of the target (Mercury,
Polonium...). In particular for Polonium, our calculations showed that a few grams of Polonium
may be produced in the spallation target. It showed also that the main isotopes which would
be built, are alpha-emitters (298pg, 209pg, 210pg). which would trigger some contamination
problems because of their activity. Special efforts were done to estimate the production of 2!°Po
created by neutron activation of 2*?Bi. We found that about 3 g of >!°Po would be produced

69
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in the target. This value is in good aggreement with the predictions of recent calculations (J.C.
Klein predicted 2.6 g) [49] and reference code calculations, done for a MEGAPIE neutronic
Benchmark, predicted 2.9 g [47]). Solutions have then to be foreseen in order to manage the
elements formed in the MEGAPIE target, in particular Polonium. Several methods have already

been studied and proposed for this purpose.



Appendix A

Symbols used in chapters 1 and 2

Symbol Meaning
A mass number
Z charge number
C, C; cross-section
P, Pi» P(r) nucleon density
D, Di momentum
E, E; € energy
Wij, @i, W, o; probabilities
Vi velocity
Vij relative velocity
A wavelength
Ai mean free path in medium “i”’, decay constant
L, 7 time
S, Si separation energy
m, m; mass
\Y volume
Vi potential (energy)
r,R radius
h Planck’s constant 6.6262e-34 J.s
\Z branching ratio
g, gi number of spin states
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APPENDIX A. SYMBOLS USED IN CHAPTERS 1 AND 2



Appendix B
MOCNPX data for section 3.2

One will find hereafter the results obtained with MCNPX for the problem presented in section
3.2. These data were used for fig 3.4 and they are given in the following unit : number of
produced nuclei per source proton over the whole target.
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APPENDIX B. MCNPX DATA FOR SECTION 3.2

Mass number A | Nuclide production | Absolute error |

8
10
11
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

1.99999999E-06
1.99999999E-06
6.00000021E-06
1.99999999E-06
1.99999999E-06
3.99999999E-06
9.99999975E-06
3.99999999E-06
3.99999999E-06
7.99999998E-06
6.00000021E-06
3.99999999E-06
3.99999999E-06
9.99999975E-06
1.60000000E-05
1.80000006E-05
1.60000000E-05
2.59999997E-05
3.79999983E-05
4.40000003E-05
3.19999999E-05
3.40000006E-05
4.80000017E-05
2.99999992E-05
5.40000001E-05
6.80000012E-05
4.40000003E-05
7.40000032E-05
7.79999973E-05
1.18000004E-04
9.00000014E-05
1.25999999E-04
1.01999998E-04
1.06000000E-04
1.50000007E-04
1.61999997E-04
1.44000005E-04
1.65999998E-04
2.03999996E-04
2.47999997E-04
2.61999987E-04
2.34000006E-04
3.14000004E-04
3.19999992E-04
3.52000003E-04
3.87999986E-04

1.99999999E-06
1.99999999E-06
3.46380011E-06
1.99999999E-06
1.99999999E-06
2.82839983E-06
4.47200000E-06
2.82839983E-06
2.82839983E-06
3.99999999E-06
3.46440038E-06
2.82839983E-06
2.82839983E-06
4.47200000E-06
5.65760001E-06
5.99939995E-06
5.65760001E-06
7.20980006E-06
8.71719931E-06
9.38080029E-06
7.99999998E-06
8.24500057E-06
9.79680044E-06
7.74599994E-06
1.03896000E-05
1.16620004E-05
9.38080029E-06
1.21656003E-05
1.24877997E-05
1.53636011E-05
1.34190004E-05
1.58759995E-05
1.42800000E-05
1.45643999E-05
1.73250010E-05
1.79981998E-05
1.69632003E-05
1.82267995E-05
2.01959992E-05
2.22704002E-05
2.28987974E-05
2.16216013E-05
2.50572011E-05
2.53119979E-05
2.65408016E-05
2.78583993E-05




| Mass number A | Nuclide production | Absolute error

56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100

4.40000003E-04
3.52000003E-04
5.30000019E-04
5.55999984E-04
5.77999977E-04
5.01999981E-04
6.07999973E-04
6.30000024E-04
6.99999975E-04
6.12000003E-04
7.07999978E-04
7.91999977E-04
8.75999976E-04
8.69999989E-04
9.39999998E-04
8.64000001E-04
9.58000019E-04
1.01000001E-03
1.04799995E-03
9.66000021E-04
1.21999998E-03
1.13200000E-03
1.34399999E-03
1.20199996E-03
1.32799998E-03
1.33000000E-03
1.44400005E-03
1.33999996E-03
1.49800000E-03
1.44400005E-03
1.59200002E-03
1.51400000E-03
1.76599994E-03
1.53999997E-03
1.67799997E-03
1.48600002E-03
1.64200005E-03
1.55799999E-03
1.59400003E-03
1.48800004E-03
1.45200000E-03
1.40199997E-03
1.46800000E-03
1.40800001E-03
1.45400001E-03

2.96560011E-05
2.65408016E-05
3.25420006E-05
3.33600001E-05
3.39863982E-05
3.16762016E-05
3.48991998E-05
3.54690019E-05
3.73799994E-05
3.50064001E-05
3.75948002E-05
3.97584008E-05
4.18727977E-05
4.16729999E-05
4.33340028E-05
4.15584000E-05
4.37806011E-05
4.49450017E-05
4.57975948E-05
4.39530013E-05
4.94099986E-05
4.75439992E-05
5.18784000E-05
4.90415987E-05
5.16591972E-05
5.16040018E-05
5.37168016E-05
5.17240005E-05
5.49765973E-05
5.38612039E-05
5.65160008E-05
5.52609999E-05
5.95141973E-05
5.57480016E-05
5.80588021E-05
5.45361981E-05
5.73057987E-05
5.59321998E-05
5.67464012E-05
5.47584023E-05
5.40143992E-05
5.32759987E-05
5.43160022E-05
5.30816033E-05
5.39433968E-05
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APPENDIX B. MCNPX DATA FOR SECTION 3.2

| Mass number A | Nuclide production | Absolute error

101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145

1.40600000E-03
1.51600002E-03
1.46399997E-03
1.46399997E-03
1.29799999E-03
1.29599997E-03
1.25199999E-03
1.29799999E-03
1.00799999E-03
1.14199996E-03
1.09799998E-03
1.07400003E-03
9.56000003E-04
1.04400003E-03
7.74000015E-04
8.37999978E-04
8.18000000E-04
7.83999974E-04
6.98000018E-04
7.50000007E-04
6.96000003E-04
6.63999992E-04
6.14000019E-04
5.61999972E-04
5.00000024E-04
5.20000001E-04
4.95999993E-04
4.02000005E-04
4.36000002E-04
4.11999994E-04
3.52000003E-04
3.61999992E-04
3.31999996E-04
3.48000001E-04
2.65999988E-04
2.60000001E-04
2.50000012E-04
2.36000007E-04
2.55999999E-04
2.03999996E-04
1.74000001E-04
2.18000001E-04
1.82000003E-04
1.99999995E-04
1.93999993E-04

5.30062025E-05
5.50307996E-05
5.41679983E-05
5.41679983E-05
5.08816011E-05
5.09327983E-05
5.00799979E-05
5.08816011E-05
4.48560022E-05
4.77355970E-05
4.68845974E-05
4.62894022E-05
4.36892005E-05
4.57271999E-05
3.93191985E-05
4.09782006E-05
4.04092025E-05
3.95919997E-05
3.73430012E-05
3.87000000E-05
3.73055991E-05
3.64535990E-05
3.50594019E-05
3.35513978E-05
3.16000005E-05
3.22400010E-05
3.14960016E-05
2.83410009E-05
2.95171994E-05
2.87164003E-05
2.65408016E-05
2.68965996E-05
2.57632000E-05
2.63784004E-05
2.30621990E-05
2.28019999E-05
2.23500010E-05
2.17356010E-05
2.26304001E-05
2.01959992E-05
1.86527996E-05
2.08843994E-05
1.90736009E-05
1.99999995E-05
1.96909987E-05




| Mass number A | Nuclide production | Absolute error |

146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190

2.05999997E-04
2.32000006E-04
3.27999995E-04
3.22000007E-04
3.26000008E-04
3.57999990E-04
4.83999989E-04
4.72000014E-04
6.22000021E-04
7.42000004E-04
9.45999986E-04
8.39999993E-04
1.17199996E-03
1.17800001E-03
1.64200005E-03
1.88400003E-03
2.21799989E-03
2.50800001E-03
3.02399998E-03
3.26199993E-03
3.65599990E-03
4.12799977E-03
4.49599978E-03
4.84000007E-03
5.54999989E-03
6.18600007E-03
6.53199991E-03
8.02200008E-03
8.57200008E-03
9.80199967E-03
1.11060003E-02
1.15900002E-02
1.26219997E-02
1.48059996E-02
1.57619994E-02
1.61019992E-02
1.80680007E-02
2.09420007E-02
1.98160000E-02
2.17320006E-02
2.37900000E-02
2.44740006E-02
2.55779997E-02
2.37080008E-02
2.70680003E-02

2.02909996E-05
2.15296004E-05
2.56168005E-05
2.53735998E-05
2.55258001E-05
2.67425985E-05
3.11211988E-05
3.07272021E-05
3.52673997E-05
3.85097992E-05
4.35160000E-05
4.09919994E-05
4.84035954E-05
4.85336022E-05
5.73057987E-05
6.14184028E-05
6.65399930E-05
7.07256040E-05
7.77167952E-05
8.05714008E-05
8.55503968E-05
9.08159927E-05
9.48655943E-05
9.82520069E-05
1.05449995E-04
1.11347996E-04
1.14310002E-04
1.26747589E-04
1.31151595E-04
1.40168588E-04
1.48820400E-04
1.51829008E-04
1.59037198E-04
1.71749591E-04
1.76534391E-04
1.78732182E-04
1.89714003E-04
2.03137417E-04
1.98159993E-04
2.08627214E-04
2.16489003E-04
2.20265996E-04
2.25086391E-04
2.18113608E-04
2.32784805E-04
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APPENDIX B. MCNPX DATA FOR SECTION 3.2

Mass number A | Nuclide production | Absolute error |

191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207

2.69440003E-02
2.85299998E-02
3.29059996E-02
3.81679982E-02
4.25340012E-02
5.40239997E-02
5.81220016E-02
7.18979985E-02
8.04940015E-02
0.105076000
0.122475997
0.169661999
0.207846001
0.319110006
0.424834013
0.676127970
0.387825996

2.31718412E-04
2.36798995E-04
2.56666797E-04
2.74809572E-04
2.89231219E-04
3.29546398E-04
3.42919811E-04
3.81059392E-04
4.02470003E-04
4.62334399E-04
5.02151612E-04
5.93817036E-04
6.44322601E-04
8.29686003E-04
9.34634823E-04
1.21703034E-03
8.91999807E-04

Table B.1: MCNPX data for fig 3.4 : nuclide production given in number of produced nuclei

per source proton over the whole target.




Appendix C
MOCNPX data for section 3.3

One will find hereafter the results obtained with MCNPX for the problem presented in section
3.3. The data are given in the following unit : activity in Bq per proton per second.
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APPENDIX C. MCNPX DATA FOR SECTION 3.3

Distance from target front [cm] ‘ Activity [Bg/proton*sec] ‘ Absolute error [Bg/proton*sec] ‘

0
0.7
1.3
1.9
2.5
6.8

11.7
16.7
21.5
25.5
28.6
28.7
28.8
28.9
29.0
29.1
29.2
29.3
29.4
29.5
29.6
29.7
29.8
29.9
30.0
30.1
30.2
30.3
30.4
30.5
30.6

3.49333328E-13
5.33193010E-13
6.25122838E-13
4.59649083E-13
6.43508792E-13
5.88350874E-13
4.96421047E-13
4.96421047E-13
4.96421047E-13
1.83859641E-13
3.30947373E-13
3.12561419E-13
4.04491219E-13
6.43508792E-13
6.80280702E-13
6.98666656E-13
1.04800001E-12
1.17670175E-12
1.45249112E-12
1.67312279E-12
9.56070184E-13
8.64140356E-13
4.59649083E-13
2.57403501E-13
1.10315796E-13
3.67719296E-14
9.19298182E-29
1.83859648E-14
1.83859648E-14
1.83859648E-14
9.19298182E-29

8.01370621E-14
9.90139367E-14
1.07208567E-13
9.19298207E-14
1.08752986E-13
1.04020437E-13
9.55114080E-14
9.55114080E-14
9.55114080E-14
5.81364180E-14
7.80042941E-14
7.57961470E-14
8.62375289E-14
1.08752986E-13
1.11838151E-13
1.13323725E-13
1.38755205E-13
1.47087719E-13
1.63405246E-13
1.75343274E-13
1.32606925E-13
1.26078076E-13
9.19298207E-14
6.88039578E-14
4.50309074E-14
2.60014297E-14
9.19298182E-29
1.83859648E-14
1.83859648E-14
1.83859648E-14
9.19298182E-29

Table C.1: Data for fig 3.6.
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Distance from target front [cm] ‘ Activity [Bg/proton*sec] ‘ Absolute error [Bg/proton*sec] ‘

0
0.7
1.3
1.9
2.5
6.8

11.7
16.7
21.5
25.5
28.6
28.7
28.8
28.9
29.0
29.1
29.2
29.3
29.4
29.5
29.6
29.7
29.8
29.9
30.0
30.1
30.2
30.3
30.4
30.5
30.6

9.02456115E-13
1.17319294E-12
9.02456115E-13
1.12807019E-12
1.44392983E-12
9.47578929E-13
7.67087728E-13
6.31719286E-13
4.96350899E-13
3.60982457E-13
8.12210542E-13
8.12210542E-13
5.86596472E-13
9.02456115E-13
7.67087728E-13
4.96350899E-13
1.21831581E-12
1.62442108E-12
1.39880696E-12
2.70736840E-12
2.52687715E-12
2.30126313E-12
8.12210542E-13
4.06105271E-13
2.25614026E-28
4.51228071E-14
2.25614026E-28
2.25614026E-28
2.25614026E-28
2.25614026E-28
2.25614026E-28

2.01789188E-13
2.30063147E-13
2.01789188E-13
2.25614029E-13
2.55286786E-13
2.06761718E-13
1.86018789E-13
1.68858566E-13
1.49649783E-13
1.27643393E-13
1.91438025E-13
1.91438025E-13
1.62663204E-13
2.01789188E-13
1.86018789E-13
1.49649783E-13
2.34403968E-13
2.70791012E-13
2.51225744E-13
3.49521247E-13
3.37590795E-13
3.22176828E-13
1.91438025E-13
1.35354876E-13
2.25614026E-28
4.51228071E-14
2.25614026E-28
2.25614026E-28
2.25614026E-28
2.25614026E-28
2.25614026E-28

Table C.2: Data for fig 3.7.
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APPENDIX C. MCNPX DATA FOR SECTION 3.3



Appendix D
MOCNPX data for section 3.4

One will find hereafter the results obtained with MCNPX-Bertini for the problem presented in
section 3.4. The data are production cross sections and are given in mb.
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APPENDIX D. MCNPX DATA FOR SECTION 3.4

| Mass number A | Production cross section [mb] | Absolute error [mb] |

1.000000E+00
2.000000E+00
3.000000E+00
4.000000E+00
5.000000E+00
6.000000E+00
7.000000E+00
8.000000E+00
9.000000E+00
1.000000E+01
1.100000E+01
1.200000E+01
1.300000E+01
1.400000E+01
1.500000E+01
1.600000E+01
1.700000E+01
1.800000E+01
1.900000E+01
2.000000E+01
2.100000E+01
2.200000E+01
2.300000E+01
2.400000E+01
2.500000E+01
2.600000E+01
2.700000E+01
2.800000E+01
2.900000E+01
3.000000E+01
3.100000E+01
3.200000E+01
3.300000E+01
3.400000E+01
3.500000E+01
3.600000E+01
3.700000E+01
3.800000E+01
3.900000E+01
4.000000E+01
4.100000E+01
4.200000E+01
4.300000E+01
4.400000E+01
4.500000E+01

0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
4.073323E-02
2.036668E-02
2.036668E-02
0.000000E+00
0.000000E+00
2.036668E-02
0.000000E+00
2.036668E-02
2.036668E-02
0.000000E+00
2.036668E-02
2.036668E-02
0.000000E+00
0.000000E+00
6.110003E-02
6.110003E-02
2.036668E-02
8.146670E-02
1.222001E-01
1.425667E-01
6.109991E-02
8.146659E-02
6.109991E-02
1.425666E-01
2.647666E-01
2.036667E-01
3.258668E-01
3.462329E-01
2.240333E-01
2.443999E-01
3.665999E-01
4.277002E-01
3.665999E-01
3.666000E-01
3.462333E-01
5.091668E-01
5.498997E-01
7.331999E-01
6.313664E-01
5.906330E-01

0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
2.880247E-02
2.036668E-02
2.036668E-02
0.000000E+00
0.000000E+00
2.036668E-02
0.000000E+00
2.036668E-02
2.036668E-02
0.000000E+00
2.036668E-02
2.036668E-02
0.000000E+00
0.000000E+00
3.527612E-02
3.527612E-02
2.036668E-02
4.073335E-02
4.988799E-02
5.388112E-02
3.527582E-02
4.073310E-02
3.527582E-02
5.388295E-02
7.343654E-02
6.440917E-02
8.146090E-02
8.396691E-02
6.754603E-02
7.054635E-02
8.640128E-02
9.333045E-02
8.640338E-02
8.641016E-02
8.396667E-02
1.018325E-01
1.058300E-01
1.221827E-01
1.133968E-01
1.096689E-01




| Mass number A | Production cross section [mb] | Absolute error [mb] |

4.600000E+01
4.700000E+01
4.800000E+01
4.900000E+01
5.000000E+01
5.100000E+01
5.200000E+01
5.300000E+01
5.400000E+01
5.500000E+01
5.600000E+01
5.700000E+01
5.800000E+01
5.900000E+01
6.000000E+01
6.100000E+01
6.200000E+01
6.300000E+01
6.400000E+01
6.500000E+01
6.600000E+01
6.700000E+01
6.800000E+01
6.900000E+01
7.000000E+01
7.100000E+01
7.200000E+01
7.300000E+01
7.400000E+01
7.500000E+01
7.600000E+01
7.700000E+01
7.800000E+01
7.900000E+01
8.000000E+01
8.100000E+01
8.200000E+01
8.300000E+01
8.400000E+01
8.500000E+01
8.600000E+01
8.700000E+01
8.800000E+01
8.900000E+01
9.000000E+01

1.038700E+00
8.553998E-01

1.201635E+00
1.140533E+00
1.242366E+00
1.181267E+00
1.344201E+00
1.262733E+00
1.670066E+00
1.568232E+00
1.975566E+00
1.710799E+00
1.894101E+00
1.384933E+00
2.016300E+00
1.934832E+00
2.464366E+00
2.444000E+00
2.871702E+00
2.586566E+00
2.749501E+00
2.729135E+00
2.688400E+00
3.319764E+00
3.116099E+00
3.156831E+00
3.238302E+00
3.604901E+00
3.482698E+00
3.401236E+00
3.991866E+00
3.543800E+00
3.849299E+00
3.788202E+00
4.032599E+00
4.215900E+00
4.073333E+00
4.134433E+00
3.747470E+00
3.788201E+00
4.256630E+00
3.828934E+00
4.317733E+00
3.767834E+00
4.501034E+00

1.454469E-01
1.319902E-01
1.564313E-01
1.523986E-01
1.590559E-01
1.551004E-01
1.654585E-01
1.603562E-01
1.844303E-01
1.786738E-01
2.006012E-01
1.866353E-01
1.964049E-01
1.679462E-01
2.026471E-01
1.985015E-01
2.240019E-01
2.230610E-01
2.418057E-01
2.295263E-01
2.366033E-01
2.357377E-01
2.339555E-01
2.600339E-01
2.518447E-01
2.535530E-01
2.567826E-01
2.709335E-01
2.662631E-01
2.631444E-01
2.850989E-01
2.686126E-01
2.799979E-01
2.791598E-01
2.893797E-01
2.929828E-01
2.893991E-01
2.901699E-01
2.762478E-01
2.806858E-01
2.957451E-01
2.806816E-01
2.965224E-01
2.769666E-01
3.026834E-01
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APPENDIX D. MCNPX DATA FOR SECTION 3.4

| Mass number A | Production cross section [mb] | Absolute error [mb] |

9.100000E+01
9.200000E+01
9.300000E+01
9.400000E+01
9.500000E+01
9.600000E+01
9.700000E+01
9.800000E+01
9.900000E+01
1.000000E+02
1.010000E+02
1.020000E+02
1.030000E+02
1.040000E+02
1.050000E+02
1.060000E+02
1.070000E+02
1.080000E+02
1.090000E+02
1.100000E+02
1.110000E+02
1.120000E+02
1.130000E+02
1.140000E+02
1.150000E+02
1.160000E+02
1.170000E+02
1.180000E+02
1.190000E+02
1.200000E+02
1.210000E+02
1.220000E+02
1.230000E+02
1.240000E+02
1.250000E+02
1.260000E+02
1.270000E+02
1.280000E+02
1.290000E+02
1.300000E+02
1.310000E+02
1.320000E+02
1.330000E+02
1.340000E+02
1.350000E+02

3.706735E+00
4.114067E+00
2.729132E+00
3.564169E+00
3.503066E+00
3.340133E+00
3.584536E+00
3.604901E+00
3.401235E+00
3.238298E+00
2.810601E+00
2.953167E+00
2.830968E+00
3.238299E+00
2.769868E+00
2.668035E+00
2.301433E+00
2.281067E+00
2.077401E+00
1.873734E+00
2.036664E+00
2.097766E+00
1.751534E+00
1.853367E+00
1.914468E+00
1.995932E+00
1.384933E+00
1.731166E+00
1.344200E+00
1.222001E+00
1.649700E+00
1.181266E+00
1.079435E+00
1.038700E+00
1.018333E+00
8.961332E-01

1.059065E+00
9.368678E-01

9.979678E-01

1.323833E+00
1.221999E+00
1.018334E+00
1.201633E+00
1.507133E+00
1.670067E+00

2.761868E-01
2.893903E-01
2.357579E-01
2.694280E-01
2.670804E-01
2.608203E-01
2.701609E-01
2.709546E-01
2.632166E-01
2.567855E-01
2.392753E-01
2.452519E-01
2.400841E-01
2.568066E-01
2.375164E-01
2.331043E-01
2.164974E-01
2.154839E-01
2.056812E-01
1.953376E-01
2.036557E-01
2.066928E-01
1.888732E-01
1.942866E-01
1.974499E-01
2.015927E-01
1.679355E-01
1.877612E-01
1.654497E-01
1.577589E-01
1.832843E-01
1.550989E-01
1.482686E-01
1.454310E-01
1.440033E-01
1.350771E-01
1.468542E-01
1.381367E-01
1.425630E-01
1.641843E-01
1.577514E-01
1.440096E-01
1.564314E-01
1.752091E-01
1.844189E-01




| Mass number A | Production cross section [mb] | Absolute error [mb] |

1.360000E+02
1.370000E+02
1.380000E+02
1.390000E+02
1.400000E+02
1.410000E+02
1.420000E+02
1.430000E+02
1.440000E+02
1.450000E+02
1.460000E+02
1.470000E+02
1.480000E+02
1.490000E+02
1.500000E+02
1.510000E+02
1.520000E+02
1.530000E+02
1.540000E+02
1.550000E+02
1.560000E+02
1.570000E+02
1.580000E+02
1.590000E+02
1.600000E+02
1.610000E+02
1.620000E+02
1.630000E+02
1.640000E+02
1.650000E+02
1.660000E+02
1.670000E+02
1.680000E+02
1.690000E+02
1.700000E+02
1.710000E+02
1.720000E+02
1.730000E+02
1.740000E+02
1.750000E+02
1.760000E+02
1.770000E+02
1.780000E+02
1.790000E+02
1.800000E+02
1.810000E+02
1.820000E+02

2.179233E+00
1.670065E+00
2.647667E+00
2.729131E+00
3.340133E+00
3.503069E+00
4.276997E+00
3.808568E+00
4.317734E+00
4.908363E+00
5.865601E+00
5.458267E+00
6.395133E+00
6.945034E+00
7.759701E+00
7.515312E+00
8.492912E+00
9.327923E+00
1.038700E+01
1.044809E+01
1.234222E+01
1.148682E+01
1.315686E+01
1.372713E+01
1.533610E+01
1.482692E+01
1.625259E+01
1.727093E+01
1.877807E+01
1.957239E+01
2.040741E+01
1.896138E+01
2.177196E+01
2.156829E+01
2.285141E+01
2.470477E+01
2.317727E+01
2.680251E+01
2.627299E+01
2.830968E+01
3.026490E+01
3.093699E+01
2.961312E+01
3.321806E+01
3.350317E+01
3.138501E+01
3.183312E+01

2.106803E-01
1.844153E-01
2.322297E-01
2.357153E-01
2.607461E-01
2.671063E-01
2.950593E-01
2.784806E-01
2.964851E-01
3.160217E-01
3.455099E-01
3.333111E-01
3.607641E-01
3.759594E-01
3.972819E-01
3.909889E-01
4.156820E-01
4.356325E-01
4.596851E-01
4.611761E-01
5.010155E-01
4.831879E-01
5.174733E-01
5.283410E-01
5.583409E-01
5.491706E-01
5.748943E-01
5.926419E-01
6.177933E-01
6.306338E-01
6.443584E-01
6.204075E-01
6.651093E-01
6.621245E-01
6.817837E-01
7.081473E-01
6.858439E-01
7.381086E-01
7.307750E-01
7.586194E-01
7.839370E-01
7.920856E-01
7.756243E-01
8.207374E-01
8.246667E-01
7.983609E-01
8.039217E-01
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APPENDIX D. MCNPX DATA FOR SECTION 3.4

Mass number A | Production cross section [mb] | Absolute error [mb] |

1.830000E+02
1.840000E+02
1.850000E+02
1.860000E+02
1.870000E+02
1.880000E+02
1.890000E+02
1.900000E+02
1.910000E+02
1.920000E+02
1.930000E+02
1.940000E+02
1.950000E+02
1.960000E+02
1.970000E+02
1.980000E+02
1.990000E+02
2.000000E+02
2.010000E+02
2.020000E+02
2.030000E+02
2.040000E+02
2.050000E+02
2.060000E+02
2.070000E+02
2.080000E+02
2.090000E+02
2.100000E+02
2.110000E+02
2.120000E+02
2.130000E+02
2.140000E+02
2.150000E+02

3.661925E+01
3.358463E+01
3.256631E+01
3.232193E+01
3.309583E+01
3.362537E+01
2.928726E+01
3.081477E+01
2.833001E+01
2.775978E+01
2.904288E+01
3.079441E+01
3.146652E+01
3.505103E+01
3.224043E+01
3.403268E+01
3.397159E+01
3.486770E+01
3.466408E+01
3.551948E+01
3.611008E+01
4.142580E+01
4.613049E+01
5.759703E+01
1.311206E+02
1.257662E+03
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00

8.607324E-01
8.256508E-01
8.126371E-01
8.092521E-01
8.197009E-01
8.255590E-01
7.713348E-01
7.912087E-01
7.591031E-01
7.506766E-01
7.681963E-01
7.909909E-01
7.990860E-01
8.434978E-01
8.094776E-01
8.309857E-01
8.305554E-01
8.411410E-01
8.387814E-01
8.493329E-01
8.561776E-01
9.165288E-01
9.660647E-01
1.077918E+00
1.615681E+00
3.898317E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00

Table D.1: MCNPX data with Bertini model for fig 3.11 to fig 3.13.
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