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Abstract

The aim of this work is the experimental study of the '°Er(n,2n)"*'Er and '"®’Er(n,p)'*"Ho
nuclear reactions. The cross sections have been measured by means of the activation
technique by using as reference reactions '®”Au(n,2n)'Au, ?’Al(n,a)?**Na and *Nb(n,2n)**"Nb.
The quasi-monoenergetic neutron beams at 17.1, 18.1 and 19 MeV, were produced in the
Tandem Van der Graaf 5.5 MV accelerator of the Institute of Nuclear and Particle Physics of
N.C.S.R. “Demokritos”, by using the reaction *H(d,n)*He. The Erbium targets along with the
reference foils were irradiated for each neutron beam energy for 10 h. For the measurement
of the y-ray activity of the samples, two HPGe detectors with 100% and one with 16% relative
efficiency were used. After the energy calibration of the detection setup in the desired
geometry, the absolute peak efficiency for the three HPGe detectors was estimated. From
these data, the cross sections of the '®Er(n,2n)"®'Er and '"®’Er(n,p)'*’Ho nuclear reactions
were determined for the first time at three neutron energies.






MepiAnyn

2KOTTOG QUTAG TNG €PYACiag €ival n TTEIPAMATIKY HEAETN TWV TTUPNVIKWY avTIOPACEWYV
'%2Er(n,2n)""'Er kai *Er(n,p)'*’Ho Twv omoiwv n evepydg dIOTOUR METPABNKE WEOW TNG
MEBOOOU TNG €VEPYOTTOINONG OUYKPITIKA pe TIC avmidpdoeic avagopdc '*Au(n,2n)'**Au,
2Al(n,a)**Na kai ®*Nb(n,2n)*"Nb. O1 evepyég dlATOUEG TTPOCDIOPICTNKAV VIO TPEIG EVEPYEIES
veTpoviwv ota 17.1, 18.1 kai 19 MeV. Ta meipduarta TTPAyUaTOTTOIBNKAV OTIC EYKOOTAOTACEIS
Tou emitaxuvtl Tandem Van der Graaf 5.5 MV Tou IvoTitoutou MupnvikAg Kal ZWHATIOIAKAG
Quoikng Tou EK.E.®.E. “Anuékpitog”. O1 NUI-JOVOEVEPYEIAKEG OEOUEG VETPOVIWV Kal OTIG
TPEIC TTEPITITWOEIG TTaPdxOnKav XpnolhoTrolwvTag Tnv avTidpaon *H(d,n)*He. MNa TI¢ yeTPAOEIG
TWV EVEPYWV OIATOPWY xpnoiuotroindnkav dUo TtraoTiAieg EpRiou 1Tou armroteAouvTal atrd
okovn Er,05. O1 otdxol Tou EpBiou padi ye Toug oTOXoug avagpopdg akTIVOBoAABnkav yia KABe
evepyela  vetpoviwv yia 10 h. Tia Tnv pETPNON TNG €vEPYOTNTAG TWwV  OEIYUATWY,
xpnoigotoinenkav duo HPGe avixveutég pe oxetikn amodoon 100% kai évag HPGe
aviXveutng Pe 16%. Metd Tnv evepyelok BaBuovounon Tou aviXVEUTIKOU CUCTAUATOG OTNV
EMOUPNTA YEWWMETPIA, UTTOAOYIOTNKE N atTOAUTN atmmodoon yia Toug Tpelg HPGe avixveuTég.
ATé T1a dedopéva, TTPOCOIOPIOTNKAV YIA TTPWTN QOPA Ol EVEPYEC OIATOMES TWV TTUPNVIKWV
avTidpacewy "%?Er(n,2n)"'Er kai "’Er(n,p)'®’Ho oTIg TTapATTavw TPEIG EVEPYEIEG VETPOVIWV.
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CHAPTER 1
INTRODUCTION

1.1 Motivation

The study of nuclear reactions is a research field with exceptional interest both for the
Application field of Nuclear Engineering, Medicine and Energy but also for other areas such
as the Nuclear Astrophysics, Cosmology and the Basic Research in Nuclear Physics. The
problem of the dynamics of nuclear reactions can not be solved analytically in a mathematical
way and therefore different standards and theoretical models have now been developed in an
attempt to describe as accurately as possible the phenomenon. Given the complexity of the
description of nuclear reactions depending on the energy regions and the types of the
participant nuclides, there are different standards and calculation methods. Today, despite
sub-dividing the problem, there are still considerable scopes to improve the accuracy of both
theoretical calculations and experimental data.

Therefore, the study of neutron nuclear reactions and the comparison of experimental results
with the corresponding theoretical calculations can help in improving the existing nuclear
models such as that of the compound nucleus, both in terms of method but also as regards
their parameterization. In this way, useful conclusions will arise for a variety of queries related
both to Nuclear Astrophysics and Cosmology as well as to open issues concerning the
investigation of the nucleus structure and its role in theoretical calculations of nuclear
reactions as for example the parameters describing the binding energy, the density of excited
states of the nucleus and its moment of inertia.

In the Applications field, the scientific community has unanimously agreed that the energy
production in the coming years should be done with zero greenhouse gas emissions. Nuclear
energy may contribute in this direction only if the existing nuclear facilities will be replaced by
next generation reactors which produce as far a possible minimum nuclear waste or even
better produce energy by incineration of the already existing nuclear waste, while the
probability of an accident is almost zero. Technologically, in this era such an attempt is
feasible as it has already begun the development of the fourth- generation of nuclear reactors
of fast neutron reactors and the ADS systems (Accelerator Driven Systems). In this direction,
the development of Nuclear Data Bases in the fast neutron region is crucial given that the
scopes for improving of data accuracy, yet remain vast. For a significant number of isotopes
used or produced in thermal power reactors, the cross sections for induced reactions by fast
neutrons remain unexplored. The same applies also for isotopes used as structural materials
of reactors and/or neutron economy control materials.

One category of these materials that have a particular role in the development of the

absorbers and control rods are the rare earths such as Erbium. Erbium is one of the most
important elements in Nuclear Technology where due to the high neutron absorption cross
section is widely used as a neutron absorber. In fact it has emerged as one of the suitable
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materials for manufacturing consumable neutron absorbers (burnable neutron absorbers),
which limit the available number of neutrons per fission when the nuclear fuel is newly
installed and stop working negative in the neutron production- loss balance as the fuel is
used. In this way, the production- loss neutron rate is maintained constant despite the
decrease of the initial amount of nuclear fuel.

Erbium in its natural composition consists of six stable isotopes.

Nuclide Ti. of the State | Isotopic Abundance (%)
©2Er STABLE 0.139 + 0.005
®Er STABLE 1.601 £ 0.003
1%Er STABLE 33.503 £ 0.036
$Er STABLE /2.269 s 22.869 + 0.009
1SEr STABLE 26.978 + 0.018
Y STABLE 14.910 + 0.036

Table 1.1: Isotopic composition of natural Erbium.

Figure 1.1 : Location of Erbium Isotopes in the nuclide chart.

In the present thesis, cross sections of (n,x) reactions for Erbium isotopes at energies higher
than 17 MeV will be discussed. The cross section is usually given in barns (1 barn=102* cm?)
and is a function of the energy of the incident particle. The plot of o (E) against E is called
excitation function. For excitation function measurements, monoenergetic neutrons are
required. For this purpose, mainly accelerator based monoenergetic neutron sources are
employed.

Within the present work, the reaction cross section in all cases was determined by means of

the activation technique. The activation technique offers the advantage of high sensitivity and
selectivity. In this experiment, the samples were placed in front of the neutron production
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target (solid TiT) of the Tandem Van der Graaf 5.5 MV accelerator of the Institute of Nuclear
and Particle Physics of N.C.S.R. “Demokritos” in order to achieve high neutron fluxes.

The main goal of the present work, is the study of '®2Er(n,2n)"®'Er and "*’Er(n,p)'®"Ho nuclear
reactions for the first time at neutron beam energies higher than 17 MeV given that the
existing experimental information for both reactions is limited at neutron energies between 14
and 15 MeV.

1.2 Previous Experimental Data

The measurement of the '*?Er(n,2n)"®'Er nuclear reaction was motivated by severe
discrepancies among the existing data (up to 30%). On the other hand, almost all the
experimental data points in the excitation function of the '*’Er(n,p)'®’Ho are inaccurate mainly
for two reasons. Firstly, Prasad and Sarkat 1971, in the cross section determination used as
half-life of the "*’"Ho nucleus the value 2.8 h and not 3.1 h (which is the currently adopted
value). Secondly, Wille and Fink 1960, Liljavirta and Tuurnala 1978, Prasad and Sarkat 1971,
Lakshmana Das et al. 1978 and Kong et al. 1998 did not consider the contribution of the
interfering reaction "°Er(n,a)'®’Dy in their cross section calculations. All the results of the
previous researchers are presented in the following figures.
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Figure 1.2: Experimental data of previous studies of the "®Er(n,2n)'®'Er nuclear
reaction concerning the EXFOR data base [Dzy12] [Luo11] [Kon98] [LT78] [Lak74]
[Qai74] [Hav71] [Bar71] [Pra69].
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CHAPTER 2
THEORY

2.1 Nuclear Reaction Mechanisms

The phenomenon of interaction between nuclei, is called nuclear reaction. This is a process
which is accompanied by mass/energy exchange resulting in energy production or absorption
depending of the masses of the involved nuclei [BW91]. The process in its general form, is
described schematically as follows:

a+A->B+b (2.1)

In the above relation, a could match any nucleon, or any nucleus while the b stands for the
emission of one or more particles or nuclei. In fact, the nuclear reactions are not only
processes leading to the creation of a new nucleus. Each time that the particle a interacts with
the nucleus A, all of the following procedures are possible to occur:

a+A=> A+a (2.2)
a+A->A"+a

a+A->B+b
a+A->C+c+d

The asterisk (*) indicates that the initial nucleus after interacting with the incident particle, was
found in excited state.

The description of nuclear reactions mechanism is a very complex open issue of nuclear
physics. Thus, has prevailed, a separation of nuclear reactions, based on the time of the
interaction between the projectile and the target nucleus. Although that the existence of
different excitation mechanisms is experimentally confirmed, the way of this separation is
based on theoretical estimates of the time of interaction, since experimentally is not possible
to observe periods on the oder of 10? seconds, which is the time required for a nucleon to
cross the field of the nucleus. Thus in the first case of “long” interaction time, the projectile
and the target supposedly create a compound nucleus, which has reached a state of
thermodynamic equilibrium after the projectile has stimulated the maximum possible number
of degrees of freedom of the target. In the second case, the projectile makes a direct
interaction with the target nucleus stimulating only some of the degrees of it's freedom. In
practice, the reactions that last as long as the time of crossing the nuclear field (102 s) are
considered to be direct, while those lasting a few orders of magnitude longer (107 s), are
considered to result in the formation of the compound nucleus. Between these two extreme
mechanisms, lie the reaction mechanisms that the nucleus has not had time to reach in full
thermodynamic equilibrium, but in state of partial equilibrium (pre-equilibrium) is reached
[GH92].
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The interaction of the particle-projectile with the target-nucleus, regardless of the time scale at
which occurs, in most cases, leaves the system in an excited state, from which is de-excited
with emission of y-rays or particles. The possible methods, are defined in the first approach,
from the energy, the angular momentum and the deformation of the nucleus. At low excitation
energies, dominates the de-excitation via emitting gamma radiation. As the excitation energy
increases, the emission of particles from the nucleus becomes important given that
energetically is favored. For even higher excitation energies, the great deformation caused in
the nucleus, may even lead to fragmentation of the nucleus into fragments of smaller mass
which then in turn are de-excited by gamma emission and particles. In very heavy nuclei may
be caused significant distortion even at low excitation energies (e.g. thermal neutron
incidence), resulting in the fission of the nucleus into two fragments [Col00].

Typically, the mechanism of excitation and de-excitation of the nucleus, can be described
considering that the nucleus ground state consists of a number of particles filling all the
energy levels of the nucleus up to the Fermi energy. When the core is excited, a number of
particles rises energy levels, leaving behind an equal number of holes. The particles and
holes, are called quasiparticles. This description through the image of quasiparticles, is
particularly important for the explanation of the mechanism of thermodynamic equilibrium of
the nucleus, and especially for the description of the density of states of a nucleus.

2.1.1 The Compound Nucleus Reaction Mechanism

The nuclear reaction process through the compound nucleus, is described schematically from
the interaction: )
a+X->C->Y+b (2.3)

The particle a, interacts with the nucleus X and after multiple scattering within the nucleus, a
compound nucleus C* is formed, which is in thermodynamic equilibrium. Then the nucleus de-
excites by emitting a particle b, and thus creating the nucleus Y. Assuming that the compound
nucleus has reached thermodynamic equilibrium, the basic idea the compound nucleus
reaction mechanism is that its behavior does not depend on the manner in which it was
created. Thus, a nucleus which has reached a state of equilibrium, will be de-excited
independently from the way of its excitation. The cross section of the reaction X(a, b)Y, is
given by the formula:

o(a,b)=0.(a)-P.(b) (2.4)

where, 0. () is the cross section for the creation of the compound nucleus and P (b) is the
probability of decay with emission of particle b. The independent probability of de-excitation
of how to create the nucleus, is reflected in relation (2.4), and is the essence of "The
Assumption of Independence" of Bohr. The way of decay of the nucleus, is a process of
competition among the various possible types of radiation or particle emission, towards to the
de-excitation of the compound nucleus. Assuming that the overall probability of decay of the
compound nucleus in any way is P, then it is given by the formula:
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P=> [ P,(e)de, (2.5)

where, the index v corresponds to the different ways of de-excitation of the compound
nucleus. Thus, the probability of decay with emission of the particle b in case of reaction
X(a,b)Y, will be given by a relation of the form:

_ Pb(Eb) (2.6)
S T e,

expressing the statistical nature of the competition between the possible decay channels.
During the process of a compound nucleus reaction, all allowable energy decay channels can
be performed with a certain probability. Thus the compound nucleus can be de-excited either
by emitting y-rays or particles or by fission. At low energies, it is possible for a particle of the
same type as the original projectile of the reaction, to be reemitted (inelastic scattering via
compound nucleus) and indeed the ejectile may further have the same energy with the
projectile so that it is elastic scattering via the compound nucleus [BW91] [Col00].

2.1.2 Direct Reaction Mechanism

The opposite extreme of the compound nucleus mechanism, is the direct reaction
mechanism. In the time it takes for the incident particle to travel along the field of the nucleus,
it is possible to undergo through different ways of interaction, without creating a compound
nucleus. The incident particle, in the case of direct reactions, does not react with many
nucleons as in the case of compound nucleus reactions. On the contrary, in direct reactions
the incident nucleon or nuclei are transferring their energy to one or to few target nucleons
driving them to an excited state or even to an unbound state.

The simplest case of direct reaction is the elastic scattering, in which the projectile interacts
with the target nucleus without exchanging any nucleons and without causing any kind of
excitation. If the incident particle excites the target nucleus, this reaction is called inelastic
scattering. Many times, the energy of the projectile is sufficient enough to have a nucleon
transferred from the projectile to the target or vice versa. These reactions are called transfer
reactions. If the incident particle gives a nucleon sufficient energy to come out of the nucleus,
we have knock-out reaction.

There are some basic observable characteristics of direct reactions differentiating them with
respect to the corresponding compound nucleus reactions that produce the same products.
The processes of excitation and de-excitation of the compound nucleus, produce different
angular distributions of reaction products and different energy dependence of cross section.
Reactions of compound nucleus because of the thermodynamic equilibrium of the compound
system, lead to isotropic distribution of products, while direct reactions lead to strong
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preferred emission guidelines generally toward the forward angles.

2.1.3 Pre-equilibrium Nuclear Reactions

Apart from the mechanisms of the formation of compound nucleus and the direct reaction,
there is an intermediate mechanism of early de-excitation of the compound nucleus. In the
period between the time it takes the projectile to travel the field of the nucleus target and the
time required to bring about thermodynamic equilibrium of the compound nucleus, may be
excited by the incident particle a limited number of degrees of freedom of the compound
system.

This mechanism becomes obvious experimentally in several ways. In the emission spectra of
the particles from nuclear reactions where the projectile has a high energy, for different
masses of nuclei targets, there is a region without a structure with loose dependence on the
mass of the target, between the regions which are dominated by two other mechanisms of
nuclear reactions. While with the change in mass of the target, the emission of particles due
to the mechanism of compound nucleus or due to direct reactions can be varied even by an
order of magnitude, in the unstructured region because of pre-equilibrium reactions, the
emission of particles remains almost constant. Moreover, the angular distributions of the
products of pre-equilibrium reactions, while showing preference to the forward angles,
however, no change to their characteristics for different mass targets is observed [GH92].

2.1.4 Exothermic and Endothermic Nuclear Reactions

In order for the compound nucleus to be de-excited with a reaction channel, the excitation
energy should be energetically allowable. One of the fundamental quantities defining the
released or the absorbed energy of a nuclear reaction is the Q-value. The Q-value is equal to
the mass difference between the nuclei participating in a nuclear reaction minus the total
mass of the reaction products. If this value is positive, then the reaction is exothermic. If the
Q-value is negative, the reaction can only take place if this amount of energy is available in
the center of mass system (CMS). Based on the equation 2.3, the Q-value of the reaction
X(a,b)Y is given by the form:

Q:(ma"'mx_my_mb)'cz (2.7)
or as a function of the mass deficit: A=m—-A (2.8)

where, m is the mass of the neutral atom in atomic units (amu) and
A is the mass number of the atom in atomic units (amu)

Eventually, the Q-value can be written as: Q=A4,+A,—A,— A, (2.9)
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A nuclear reaction is characterized as:
* Exothermic when Q>0,
Endothermic when Q<0 and

* Elastic scattering when Q=0, where the nuclei before the reaction takes place are the
same with the reaction products.

2.2 The Nuclear Reactions ' Er.,(n,2n)'4Ere; and  '5Ere(n, p) e Hog,

Very important feature and a direct consequence of the thermal equilibrium inside a
compound nucleus is the fact that the mode decay of the compound nucleus does not depend
on the way the nucleus is formed. The large number of collisions between nucleons leads to
the loss of the information on the entrance channel from the system. The decay mechanism
(exit channel) that dominates the decay of C* is determined by the excitation energy in C* and
by the law of probability.

2.2.1 Energy Diagram of the Interaction n+'%Er

The n+'%Er is a compound nucleus reaction. In order to present the energy diagram of this
interaction the possible reaction channels have to be depicted accordingly. For this reason as
a reference energy level, the compound nucleus ground state was considered.

For example, for the reaction n+'%Ere,» 'S Eros»2 n+'SiEr,, , the energy level will be:

Q:A( lgéEr%)—2A (énl)—A(lgéEr%) =
O(MeV)=(—65.1663)—2(8.0713)—(—65.1992)~—16.11 MeV

The sign “-” indicates that considering as a reference level the ground state of the compound
nucleus "®*Er*, 16.1 MeV energy is required for populating the '®Er(n,2n)"®'Er reaction
channel. Similarly, for all interactions, the following table results (Table 2.1).
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Entry Interaction  Channel Output Q-value (MeV) Energy Level (MeV)

n+'CEro, 0.00 6.90
2n+'SEr, -9.20 16.11
3n+'QEr, -16.42 23.32
4n+"3Er,, -25.99 32.89
p+'HoSs 0.49 6.42
p+ ' Hogs 0.38 6.52
n+' o Erg, > G Erys pn+'"SHoé, -6.42 13.33
pn+'S) Hot, -6.66 13.54
2p+n+122Dy94 -11.24 18.14
a+'3 Dy, 8.48 -1.57
na+ ‘§§Dy92 1.65 5.26
d +'S Ho, -4.20 11.11
d+" Ho?, -4.41 11.32

Table 2.1: Potential Output Channels of the interaction n+'%?Er [1] [2].

Also, the neutron separation energy S, which is the amount of energy that is needed to
remove a neutron from a nucleus X, and equal to the difference in binding energies

between X, and (A’IZ)X(N_U , should be calculated. So, for the reaction under study:

Sn:A(énl>+A<lg§Er94)_A (123E’”93)
S, (MeV)=8.0713+(—66.3329) —(—65.1663)=6.9047~ 6.9 MeV’

By knowing with good precision the energy of the neutron beam in the laboratory system
using the NeuSDesc-2008 programme [Lov02] (see next chapter), it can be calculated the
energy of the neutron beam in the center of mass through the following relation.

A

_ targetnucleus
n,CMS A E

E n.LAB (2.10)

compound nucleus

where, A is the atomic number of the irradiated nucleus (here equal to 162),

target nucleus
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E (MeV)

A is the atomic number of the compound nucleus (here equal to 163) and

compund nucleus

E, 1.5 is the neutron beam energy in the laboratory system

Combining the above, the excitation energy of the compound nucleus can be obtained.

Ey=S5,+E, cu (2.11)

En,LAB (MeV) En,cms (MGV) Ex (MeV)
17.1 17 23.9
18.1 18 249
19 18.9 25.9

Table 2.2: The correspondence of the monoenergetic neutron beam between the LAB and the CM
system, coupled with the excitation energy of the compound nucleus '*Er* for each irradiation.
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Figure 2.1: Energy diagram of the interaction n+'%Er.
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2.2.2 Reaction Channels for the Interaction n+'%2Er

Below all the possible reaction channels are discussed one by one for the three neutron
irradiations performed at the Tandem Van der Graaf 5.5 MV accelerator of the Institute of
Nuclear and Particle Physics of N.C.S.R. “Demokritos”.

n+'Er,, : The channel of elastic scattering would be very interesting to be

investigated but it requires a different experimental setup for the study of the scattered
neutrons in space.

2n+'SEro; : This is the channel under study and is suitable for the conduction of the

current experiment using the activation method [ Pat04]. The product nucleus '*'Er has
half-life T,,=3.21h and the gamma-ray that will be studied and by which the cross

section of the reaction "®?Er(n,2n)"'Er will be extracted, has energy Ey=826.6keV
and intensity Iy=64% . In the figure below (Figure 2.2), the the gamma-rays emitted
from the unstable nucleus "*'Er can be seen.

3n+'%Er,, : The gamma-rays that are emitted from the the de-excitation of the

unstable nucleus "°Er are not recorded in the spectrum because have energy below
80 keV, which is the window threshold of the germanium detectors.

4n+"5Er, : This reaction channel is energetically not allowed.

p+'aHo$s : The nucleus "®2Ho in the ground state, hasa T,,=15min so it cannot

be studied with the current irradiation conditions (10h of irradiation and 35-45 min
waiting time).

p+'GHoss @ The same nucleus has a metastable state with  T,,=67min and emits

a gamma-ray with energy Ey=184.99keV and intensity Iy=23.94% but it cannot
be measured due to the fact that in the same area there is a background radiation.

pn+'S Ho§, : During the de-excitation of the nucleus ®'Ho from the ground state, the

gamma-rays that are emitted have no sufficient intensity so as be recorded in the
spectrum.
pn+'% Hoy, : The nucleus '®'Ho in the metastable state has a very short half live

T,,=6.76s and thus it cannot be studied.

2p+n+'wDy,, :The produced nucleus "Dy is stable and therefore is impossible to
be studied.
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e a+' Dy, :This channel with Energylevel=—1.57 MeV , has very low cross section

value given that an alpha particle has to be formed and to be emitted from the
compound nucleus through the Coulomb barrier.

*  na+'5Dy, :The produced nucleus "Dy is stable.

o d+'Hof, : The de-excitation of the nucleus *'Ho from the ground state has been
mentioned above.

e d+'CHou :The same applies on this channel too.

2.2.3 Energy Diagram of the Interaction n+'*’Er

For the reaction n+'$Ere = '"SErw= p+'eHo,, ,the energy level will be:

0=4 (lggE’”mo)_A (1?0)_A(123H0100)$
O(MeV )=(—62.9897)—(7.2889)—(—62.2799 )~—8 MeV

and the neutron separation energy S, will be:

S,=4 ((l)nl)"'A(lg;E’”w)_ A(lggEf’loo)
S, (MeV)=8.0713+(—63.2897)—(—62.9897)=7.7713~7.77 MeV

Likewise, for all the interactions the following table results (Table 2.3).
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Entry Interaction  Channel Output Q-value (MeV) Energy Level (MeV)

n+'8 Erg 0.00 7.77
2+ 'S Er, -6.44 14.21
3n+'SEr,, -14.91 22.68
4 n+'8Erog -21.56 29.33
p+"Ho -0.23 8
pn+'tHo, -7.51 15.28

n+'oErey> " Er 100 pn+"S Hol, -7.52 15.29
2 p+n+'eDys -14.26 22.03
2 p+n+'SDyn -14.36 22.14

a+ "% Dyog 8.32 -0.55
na+'% Dy, 0.66 7.1
d+'"SHo&, -5.28 13.05
d+"SSHo, -5.29 13.06

Table 2.3: Potential Output Channels of the interaction n+'*’Er [1] [2].

En,LAB (MEV) En,CMS (MeV) Ex (MeV)

171 17 24.77
18.1 18 25.77
19 18.9 26.67

Table 2.4: The correspondence of the monoenergetic neutron beam between the LAB and the CM
system, coupled with the excitation energy of the compound nucleus "*®Er* for each irradiation.
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Figure 2.3: Energy diagram of the interaction n+'®"Er.

2.2.4 Reaction Channels for the Interaction n+'*’Er

n+'Y'Er,, :The channel of elastic scattering would be very interesting to be

investigated but it requires a different experimental setup for the study of the scattered
neutrons in space.

o 2n+'%Er, : The produced nucleus '®Er is stable, therefore is impossible to be

studied.
*  3n+'GEr,, :The produced nucleus '*Er is de-excited with ec :100% directly to the
ground state of the stable nucleus '**Ho without the emission of gamma-rays.

o 4n+'%Ery : This reaction channel is energetically not allowed.
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p+'CHo, : This is the channel under investigation. The product nucleus "*"Ho has
half-life T,,=3.1h and the gamma-ray that will be studied and by which the cross

section of the reaction "*’Er(n,p)'®’Ho will be extracted, has energy Ey=346.5keV
and intensity Iy=57% . In the figure below (Figure 2.4), the the gamma-rays emitted
from the unstable nucleus '*"Ho can be seen.

pn+'SHof : The nucleus "®°Ho in the ground state has a half-life equal to

T,,=26.82h therefore considering the current irradiation and measuring conditions

as well as the small reaction cross section, the expected counting rate is bellow the
detection limits.

pn+'SHop : The same nucleus lives in the metastable state for a very long time

T,,=1.20x10° y therefore it is practically impossible to be studied.

2 p+n+'2Dy%, : Even though the nucleus '*Dy in the ground state has a
T,,=2.334h it cannot be studied because all the gamma rays which are emitted
during the de-excitation have intensities less than 4%.

2 p+n+'eDyy, : The same nucleus has a metastable state with a very short half-life
T,,=1.257m and is not possible to observe its decay.

a+'eeDye : This channel with  Energy level=—0.55MeV ,has very low cross section

value given that an alpha particle has to be formed and to be emitted from the
compound nucleus through the Coulomb barrier.

na+'&Dy,, :The produced nucleus "®°Dy is stable.

d+'$SHo&, : The de-excitation of the nucleus "®*Ho from the ground state has been
mentioned above.

d+'“Hob, : The same applies on this channel too.
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CHAPTER 3
EXPERIMENTAL METHOD AND SETUP

3.1 The Activation Technique

The activation technique is an established method for both basic research purposes as well
as for Nuclear Physics Applications. It can be adopted for the accurate determination of cross
sections as well as for analytical purposes. The sensitivity of the activation technique
promotes this method in many scientific and technological disciplines, in which there is a need
for trace detection. Therefore, the activation technique is the adopted method in applications
in medicine, archeometry, as well as in environmental studies. The sensitivity of the method in
detecting trace elements, is achieved by exposing the sample, to the large available neutron
fluxes, normally provided in nuclear reactors.

The method relies on the fact that many times the nuclei produced by a nuclear reaction are
unstable and de-excitated with half-lives long enough (from minutes to several months). Thus
it is possible to determine the number of nuclei produced by nuclear reaction, detecting the
radiation which accompanies their decay, after the irradiation process. In a reaction of the
form:

x+X>y+Y (3.1)

particle beam type x interacts with the nucleus X of the target and produces the unstable

nucleus Y with cross section for the interaction 0. The production rate of the nuclei ‘zi—]j of

type Y, is given by the formula (3.2), which describes the competition between the creation of
particles of type Y from the beam flux f(t) and the decay rate determined by the constant A.

N =6 f(e)}N,~AN (3:2)

This differential equation, in which the number of nuclei of the target is represented by N, ,
has the general solution:

(3.3)

fe“d[-G-NT-f(t)+C
N(t): efAdz

according to which, the number of nuclei, N(t.t) produced during an irradiation with duration ti.
, Is given by the formula:

[ fle)dt (3.4)

)=0-N_-®- > .o M

_ff(t)dt

N(t

act

In the last equation, the total flux ® in which the sample was exposed is given by the formula:
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@sz(t)dt (3.9)

0

The fractional term in relation (3.4), denotes the percentage of the nuclei created but de-
excitated until the end of the irradiation. The integral in the numerator of this term depends on
the fluctuations of the beam. For the ideal case of a constant flux of particles during
irradiation, the relation (3.4) takes the simplest form:
1—e ™

At

N(t,)=0N, ®- (3.6)

Generally speaking both relations (3.4) and (3.6) can be summarized in the following:
N(tact):G'NT.q)'fb (37)

At the end of the irradiation, the events per second or counts per second that are recorded by
the detector are given by the relation:
dN (3.8)

cpszs'I~E

The interval of the above relation from the start of the measurement t, till the end of the
measurement t, gives:

countSZ_[m ()\'No'eih'f‘l)dt (3.9)
0

that leads to the form: Counts:g.I.No(l_e—M) (3.10)

Between the end of the irradiation and the beginning of the measurement the nucleus is de-
excited through the relation : N,=N_, e " (3.11) where t,, is the waiting time.

Thus, the relation (3.10) takes the following form: counts=¢-I-N,_-e **[1—e™|  (3.12)

act

Combining the relations (3.7) and (3.12) the formula of the cross section is given as:

o= counts___ (3.13)
eI-®-Ne "1—e"|f,

Actually, during the irradiation of the sample, the particle beam is not stable in intensity,
therefore it is important to use some method of recording these fluctuations, as they
significantly affect the activation counts, especially when they involve short-lived isotopes.

Determining the number of Y nuclei produced by measuring in some way (e.g. y-ray
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spectroscopy ) their decay, it is possible to determine from the relation (3.7), any of the three
quantities @, N,, o providing that two out of three of them are known. The fact that in the

activation technique the measurement of the induced activity of the sample takes place after
the irradiation (off-line measurements), has a number of advantages in comparison with the
measurement during the irradiation (on-line measurements).Some of these advantages are:

v

v

AN

Lower background and less complexity of the spectra in the absence of the spectra of
the interaction of the beam with the rest of the ingredients and the target device.
Less stress on detection systems of the radiation generated by the interaction of the
beam.

Generally lower energy radiation produced, due only to decay of standard or
metastable levels of the nucleus, and is independent of the energy of the radiating
beam.

Ability to use simpler detection devices with generally lower costs.

Ability to use natural target to measure cross sections.

In many cases, simultaneous measurement of multiple cross sections, with properly
prepared target.

However, these measurements have some significant limitations in their application.

X

If the sample has isotopes that can be populated with different reactions resulting to
the same nucleus, then it is not possible to determine their contribution to the
production of this nucleus.

Too small and too long half-lifes are extremely difficult to be used in the method of
activation. The lower limit is of the order of ms and is determined by the time interval
between the discontinuation of the irradiation until the end of the measurement of the
activity of the target, while the upper limit is mainly determined by the activity that is
likely to result in very long measurement periods.

In many cases, the irradiation creates increased activity of the samples, which may
require the use of individual radiation protection measures.

In neutron induced reaction studies, the accurate determination of the total neutron flux ®, is
of prime importance. For this reason the appropriate reference reaction has to be used with
the following characteristics:

Fairly large, smoothly varying and very accurately known cross section, in the region of
interest.

Half-life that allows the creation of significant activity in the target during irradiation.
The detected radiation from the reaction, is such that in the experimental spectrum is
the minimum possible background, and minimal interference from natural radiation and
from activation of the impurities in the material of the target.

The isotope of interest should be easily available in large quantities in high purity
samples. Furthermore, the accurate determination of the content of the isotope in the
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target is of great importance.
* The sample has to be stable both mechanically and chemically. In general, the
handling of a fragile sample or a sample that is rapidly oxidized is an issue.

3.2 Application of the Activation Method in the Cross Section Measurement

In neutron physics experiments performed by means of the activation technique, the accurate
determination of the neutron flux across the sample is important. For this reason, the sample-
target of the reaction of interest is placed among two others sample-foils used as reference
reactions. The purpose to this, is that both the reference targets and the target nucleus should
receive the same flux of particles during irradiation. This technique is the one that was applied
in these experiments to study the nuclear reactions "®2Er(n,2n)'*'Er and "®’Er(n,p)'®"Ho. Within
the present work, the reference foils Au, Al and Nb were used and the neutron flux for each
irradiation was determined through the equation:

. counts-CF g,-CF ;.

_E'IY'G'NT'efh”’(l—efh"’)-fb (3.14)

where, counts originate from the daughter's nucleus induced activity
CF,, is the sample's self-attenuation correction factor

CF,, is the detector's dead time correction factor

¢ is the efficiency of the detector for the emitted y-ray
I, is the intensity of the y-ray emitted

o is the reference reaction cross section
N, is the number of parent nuclei in the target sample

t, is the waiting time between the end of the irradiation and the start of the

measurement
t,, is the measuring time of the daughter's induced activity

f, is the correction factor due to the decay of the daughter nucleus during the
irradiation

The number of parent nuclei inside the sample of the target is given by the form:

N,=an (3.15)
where, a is the natural abundance of the parent nucleus inside the sample
n is the number of the atoms in the molecule compound that is used as target
material
m is the mass of the sample target
N, is the Avogadro number and
mw is the molecular weight of the molecule compound used as target material
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Finally, the cross section of the reaction under study can be calculated using the inverse
solution of the above equation as:

_ counts-CFg,-CF
€-Iy-(I)-NT-efh‘”(l—efh"’)-fb (3.16)

where now @ is the flux deduced from the equation (3.14).

3.3 Accelerator

Nuclear reactions is a complex physical process and their study is directly connected with the
development of the accelerators. Through the acceleration of the particles, the required
energy can be achieved as to overcome the Coulomb barrier when charged particles are
considered. Furthermore, through the particle acceleration of the initial nuclei, the requires
conditions with respect the initial momentum and beam purity can be met. In this way the
experimentalist can decrease the degrees of freedom of the system under study. In any form
of accelerator, the creation of energetic particles takes place by exploiting the electric charge
of the nucleus. In an ion source, by adding or removing electrons in the corresponding neutral
atom, the ions of the nucleus that is about to be accelerated, are formed. Afterwards, they are
directed into an area with electric field E and possibly magnetic field B and thus Lorentz force
is exerted on ions.

F,=qE+q(iixB) (3.17)

Depending on the mode of application of the electric field, the accelerators can be divided into
three categories: electrostatic, linear and cyclotrons. The simplest form of an electrostatic
accelerator consists of a capacitor with flat armors.

lons with a positive charge q which are entering from a small hole in the positive armor the
space between the armors, are accelerated towards the negative armor from the force

F=qE . Thereby, from the corresponding hole of the negative armor, an ion beam with
kinetic energy qV is coming out, where V is the potential difference between the two armors
of the capacitor.
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Figure 3.1: Positive lon acceleration in capacitor with flat armors.

The layout of the capacitor with flat armors gives energies up to some tens of keV while is
unable to provide an ion beam with energies of a few MeV required for the excitation of a
nuclear system. If however this basic configuration is repeated several times in an array of
alternative electrodes in the form of metal discs and rings of insulating material, an
accelerating tube is generated. This constitutes the most important part of each electrostatic
accelerator.

The functional principle of an accelerator tube from where the positive ions enter, is a DC
power supply that generates a positive potential V relative to the right end of the accelerator
which is grounded. The sequential electrodes are connected to identical resistances R, so as
to ensure the uniform decline of the potential V=I-R at each stage of the layout. In this way
and by using hundreds of electrodes in the modern accelerators the maintenance of the
potential difference of the order of MV is achieved.

Various types of electrostatic accelerators differ in relation to the way of development of the
potential V at the ends of the accelerator tube. The experiments of the present work were
performed at the Tandem Van der Graaf 5.5 MV electrostatic accelerator of the Institute of
Nuclear and Particle Physics N.C.S.R. “Demokritos”.

The Van der Graaf generator achieves the development of high-voltage with the mechanical
transfer of electrical charge on a belt between two rotating rollers. The charge is delivered to
the outer surface of the belt by a pin connector arrangement at the bottom of the layout and is
discharged towards the high-voltage electrode by a second pin complex on the upper part
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(Figure 3.2). The layout creates a potential difference: V:%
where, Q is the total charge that accumulates in the electrode and

C is the capacitive connection of the high-voltage electrode relative to the ground

+++++
[ -

Fr+++
L [

Figure 3.2: Schematic depiction of the
Van der Graaf Generator.

The layout of this accelerator is located in the center of a tank containing SF; gas at a
pressure of 4.5 bar, in order to prevent electrical discharges from the high-voltage electrode to
the closest object in the ground potential. The kinetic energy of the particles that an
electrostatic accelerator produces is equal to n-e-V where n is the number of electrons
removed from the corresponding neutral atom in the ion source.

In this experiment, was used a tandem accelerator (Figure 3.3). This accelerator consists of
two simple electrostatic accelerators in series. The two ends of the accelerator system are
grounded and high positive voltage is applied in the center of the layout where the two
accelerating tubes meet. The ion source is located outside the main accelerator at ground
potential.

The procedure adopted is as follows: the negative ions are injected into the first accelerating

tube and are accelerated up to an energy equal to e-V . After that the negative ions are

accelerated through a multi-step process up to the center of the tank where the higher voltage

is. In the electrode's region, the ions are going through a thin carbon film, called Carbon

Stripper. In this way, one or more electrons are stripped resulting in n positive ions (charge
n-e ), which are accelerated to the other end of the system with total kinetic energy
e-V+n-e'V [Ass81].
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Figure 3.3: Part of the Tandem Van der Graaf accelerator complex.

3.4 Neutron Production from the Accelerator

Beside the ion beams, neutron beams are of special interest for the Basic Research purposes
as well as for Nuclear Astrophysics Applications. Considering the absence of electric charge
in neutron along with the fact that neutrons are unstable particles outside the nuclear field, the
neutron beams cannot be produced are directed directly as in the case with stable ion beams.
Usually, a nuclear reaction is used, which has a high neutron yield. The accelerator beam
(primary beam) is directed and focused on the primary target. In this way, a neutron field is
produced (secondary beam), with an azimuthally symmetric angular distribution with respect
the original beam. The angular distribution of the neutron beam depends on the reaction used
and on the kinetic energy of the primary beam.

The monoenergetic neutron beams are widely used in the last fifty years in Nuclear Physics,
with great success. In fact, the term “monoenergetic” is not always precise. The actual energy
distribution of the neutron beam is affected by several factors. For the production of
monoenergetic beams, are typically used reactions that are not populating excited states of
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the residual nucleus. This ensures the mono-energeticity of neutrons for a fixed emission
angle. In practice, this is achieved by using Hydrogen isotopes as a target. The projectile is
again usually a hydrogen isotope, normally a proton or a deuterium.

For the study of the "®2Er(n,2n)"®'Er and "*’Er(n,p)'®’Ho nuclear reactions , quasi-
monoenergetic neutron beams were produced by means of the *H(d,n)*He (D-T reaction).
The primary deuteron beam was provided by the Tandem accelerator of N.C.S.R.
“Demokritos”.

3.5 The Reaction *H(d,n)*He

The 3H(d,n)*He reaction is frequently used to produce high energy neutrons, because of the
relatively high Q-value equals to 17.589 MeV. This is also the main reaction used for neutron
beam production in small-scale devises as “neutron generators”. Given that a small
acceleration of the deuteron beam (~keV) can be enough to reach the resonance region at
107 keV, which allows the production of high intensity neutron beams at energies ~14.5 MeV.

Deuterium Helium

P = &

",

Tritium Neutron

Figure 3.4: The D-T reaction by which the
neutron beam is produced.

Deuterium beam is directed through a transmission line (Figure 3.5) which is maintained at
high vacuum, towards a CuTiT solid tritium target. In front of the tritium target a Mo foil 5um in
thickness was placed as to de-accelerate the deuteron beam towards to lower energies
where the cross section of the D-T reaction is higher (Figure 3.6). Furthermore, it has to be
mentioned, that the transmission efficiency of the “Demokritos” 5.5 MV Tandem Van der Graff
Accelerator is reduced for energies lower than ~2 MeV and this is an additional reason for
operating the accelerator at higher terminal voltage.
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Figure 3.6: Cross section of the D-T reaction in relation with

Figure 3.5: Deuterium Beam Transmission Line.
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The tritium target consists of a copper foil Cu, 28.5 mm in diameter and 1 mm thickness, over
which is deposited a thick titanium Ti layer, 25.4 mm in diameter. Inside the titanium lies
absorbed the tritium with nuclei ratio T/Ti=1.543. The activity of the Tritium is 373 GBq (Figure
3.7).

Neutrons

Figure 3.7: Depiction of the tritium target in the end of the
experimental line.

In front of tritium target, was used a molecular turbo-compressor pump. The exhaust of the
pump was directed in an control area outside the experimental hall. This configuration is
crucial for radio-protection reasons in case of tritium gas diffusion.

The neutron beams produced by the reaction of *H(d,n)*He, are monoenergetic up to the
energy of deuteriums of 3.7 MeV [IAE87]. At higher deuteron energies the break-up of the
deuteron as well as the population of excited states in the residual nucleus becomes
important. Therefore, the production of neutron beam for Eq> 3.7 MeV is not monoenergetic.

42



3.6 Determination of the Neutron Beam Energy Using the NeuSDesc Code

The NeuSDesc code (Neutron Source Description) [Lov02] is a neutron beam simulation
toolkit. This code offers a variety of software tools specialized for detailed Monte-Carlo
calculations of commonly used nuclear reactions for neutron beam production. The code was
developed in the research center JRC- IRMM (Joint Research Centre ) which is located in
Belgium.

For the determination of neutron energy distribution in an accurate way the physics
information with respect the excitation function and differential cross section for each nuclear
reaction is taken into account.

Among the calculations that are performed within the NeuSDesc toolkit is also the energy loss
and energy strangling of the charged particles within the material of the primary target. For
this calculation the different target configurations can be taken into account as well as the
different structural materials. The NeuSDesc stopping power calculations are performed by
means of the SRIM-TRIM [Zie08] code which is one of the most accurate codes of this kind.
For this reason the installation of SRIM-TRIM is one of the prerequisites for the full
functionality of the NeuSDesc code.

The SRIM-2008 software, in order to perform simulations makes use of the statistical method
of Monte Carlo. It creates and monitors the trajectory of an ion in the target material and then
performs detailed calculations of the energy that is attributed to the atoms of the target for
each atom-ion collision (BCA - Binary Collision Approximation).

The outgoing flux of neutrons is calculated by Monte Carlo integration on a circular surface.
This integration is performed by setting a few random points on the circular disc surface, and
then calculating the mean flux of neutrons at each of these points. To perform the calculation
the user must enter the radius of the circular disk in mm, and the desired number of points. At
the same time is given the opportunity to the user to select the use of SRIM-2008 software as
option to "Calculate spectrum software, full angle, including energy straggling”. In the
Appendix lies the full neutron beam distribution using the NeuSDesc code together with the
chosen settings for the three irradiations.

Below can be seen the simulations for the energy distribution of neutrons as derived from the
NeuSDesc code [Lov02] for each deuterium bombarding energy.
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Figure 3.8: Calculation of neutron energy distribution using NeuSDesc code for
deuterium incident energy Ed=2.5 MeV.

* For E4=3000 keV
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Figure 3.9: Calculation of neutron energy distribution using NeuSDesc code for
deuterium incident energy Ed=3.0 MeV.
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 For E;=3550 keV
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Figure 3.10: Calculation of neutron energy distribution using NeuSDesc
code for deuterium incident energy Ed=3.55 MeV.

The Table 3.1, summarizes the results from the above graphs.

Reaction Target Ed (MeV) En (MeV)

T(d,n)*He VAL 2.50 171 £0.3
3.00 18.1 £ 0.2
3.55 19.0£ 0.2

Table 3.1: Math between deuterium and neutron beam energy.
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3.7 Neutron Detection

During the irradiations, a BF3; neutron counter was used so as to record the fluctuations of the
neutron beam (Figure 3.11). The neutron beam intensity fluctuations were taken into account
for the accurate determination of the correction factor f, which corresponds to the decay
process during the irradiations. Due to the fact that neutron is neutral, their detection occurs in
an indirect way, by detecting the products of the interactions in which they participate.

/X

Figure 3.11:F3 detector.

A typical BF;detector consists of a cylindrical aluminum (brass or copper) tube filled with a
BF; fill gas at a pressure of 0.5 to 1.0 atmospheres. The boron trifluoride gas accomplishes
two things:

» it functions as the proportional fill gas

* itundergoes an (n,a) interaction with thermal neutrons

O-value
iLi+% 2792 MeV (ground state)

JLi* + %0 2310 MeV (excited state)

10 1
5B +Dn—->

Pulse Formation by Neutrons:

When a (thermal) neutron reacts with the '°B component of the gas, an alpha particle and a
recoil ‘Li nucleus are produced that travel off in opposite directions. The movement of the
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alpha particle and ’Li nucleus create primary ion pairs in the gas. The size of the resulting
pulse depends on whether the lithium nucleus was left in the ground state or an excited state.
When the lithium nucleus is left in the ground state (about 6% of the time), the pulse is larger
than if the nucleus was left in an excited state (about 94% of the time) because the alpha
particle and “Li nucleus have more kinetic energy (2.792 MeV vs 2.310 MeV) with which to
create ion pairs [Kno00].

x o

4 s N

B-10 B-10
IN ]
) ™\ (excited)

Alpha kinetic energy = 1.78 MeV
Li-7 kinetic enetgy = 1.02 MeV

Alphs kinetic energy = 1.47 MeV
Li-7 kinetic energy = 0.84 MeV

Figure 3.12: Alpha particle and ’Li nucleus create primary ion
pairs with different kinetic energies depending if the ‘Li was
left in an excited or ground state.

When neutrons interact with the '°B of the detector, the produced ’Li and “He are detected as
they lose energy in the gas. This reaction has particularly high cross section for the thermal
neutrons (~0.025 eV), which means that the detector has very high yield at low neutron
energies. In contrast, for high neutron energies , the yield decreases inversely with the speed
of the neutrons. For this purpose, the BF; counter is placed in the center of a paraffin barrel
which is very rich in hydrogen. Neutrons are scattered in the light nuclei of paraffin losing
much of their original energy in each impact. In this way the initial energy of the incident
neutron is drastically decreased or even thermalized.

In this experiment, three irradiations took place for energies 17.1, 18.1 and 19 MeV. Below

can be seen the fluctuations of the neutron beam for each irradiation as recorded from the
BF; counter.
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Figure 3.13: Neutron Flux Spectrum during irradiation for En=17.1 MeV.
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Figure 3.14: Neutron Flux Spectrum during irradiation for En=18.1 MeV.

48




3000

2500 2

2000

1500

Neutron Flux

1000

500

III|IIII|IIII|IIII|I

bo o vy v v v v by v v by v b v v b by

5000 10000 15000 20000 25000 30000 35000

Irradiation time (s)
Figure 3.15: Neutron Flux Spectrum during irradiation for En=19 MeV.
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3.8 Irradiation Setup

The irradiations were carried out in the neutron beam facility of TANDEM accelerator of the
Institute of Nuclear and Particle Physics, N.C.S.R. “Demokritos”. The irradiations of the
present work were carried out within the same experimental station, using the setup of the
Solid Tritium target for energies at 17.1, 18.1 and 19 MeV.

The targets were placed in a specially designed low-mass holder at the same position for all

irradiations at a distance of 1.5 cm with respect the tritium target flange. The duration of each
irradiation was three times the half-life time of the (n,2n) reaction product (~10 h).
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Figure 3.16: The irradiation setup depicting the "Sandwich Technique".

The determination of the neutron beam intensity is of prime importance and in the present
and work three different reference reactions were used :

e ZAl(n,a)**Na
* ®Nb(n, 2n)*"Nb
e "97Au(n,2n)'*Au

3.9 y-Ray Activity Measurements

Following the irradiation of the erbium samples and the monitor foils as described previously,
the induced activity of the samples was determined by using three coaxial High Purity
Germanium (HPGe) detectors.

+ Two of them had a relative efficiency 100%. For the y-ray activity measurements were
used in a closed geometry in the configuration that can be seen in Figure 3.17. Each
detector was kept in a distance of around 1 cm from the erbium sample which was
properly attached in a stable holder.

* The third had a relative efficiency 16%. The samples were placed in front of the

detector, in an aluminum holder movable along the axis of the detector. In this way, the
source to detector distance could be adjusted. The adopted source to detector window
distance from the monitor foil activity measurements was 7 cm (Figure 3.18).
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Figure 3.17: Er sample activity measurement.

Figure 3.18: 16% HPGe detector.
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Prior to the samples activity measurements, the efficiency calibration of the HPGe detectors
was performed by using a calibrated ' Eu point source. Several measurements were
performed for different distances as to fully characterize the detectors and of course a
measurement at the actual source to detector distance. More specifically for the efficiency
calibration of the two 100% relative efficiency detectors a **Mn point source was used.

% Mn source decays through electron capture to the 2 * state at 835 keV of **Cr that de-excites
to the ground state by emitting a single y-ray at the same energy, very close to the 826.6 keV
y-ray which is emitted during the de-excitation of the "®'Er nucleus. At close detection
geometry, the efficiency calibration cannot be performed by using y-ray sources emitting
photons with multiplicity higher than 1. In that case for the close geometry adopted in erbium
sample measurements and considering also the high relative efficiency of each detector
(100%), important corrections for coincidence summing effects had to be applied. On the
other hand, by using single y-ray sources, as in the present work, the absolute peak efficiency
can be experimentally determined without applying important corrections. Additionally, the fact
also that the energy of the calibration source is very close to the region of interest allows
further simplification of the data analysis.

3.10 Electronics

Signal

HPGe detector Signal Ampification
/Modulation

Crystal Pre-amplifier —J»  Amplifier ——J» ADC/MCA

Analog to
Digital Signal

Conversion

Computer

Figure 3.19: Scheme of electronic configuration for the HPGe detectors.

The interaction of a y-ray with the germanium crystal is accompanied by the generation of
electrons and holes in the stripping area. The electons-holes are collected through a strong
electric field (~kV) that is applied through the depleted semiconductor material. This results in
the creation of a detectable electric signal. Then, the small signal which is about to be
amplified, enters the preamplifier and comes out as signal of the order of mV. Afterwards, the
signal enters the amplifier as a signal of the order of Volt, while at the same time passes
through a process of Differentiation - Integration and ends up having the form of Gaussian
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curve. Finally, the ADC / MCA system converts the analog signal into digital information using
a Multi-Channel Analyzer. This information is disposed in a memory location of the computer
(channel) and eventually a spectrum is created. The calibration of the spectrum is achieved
through the assignment of the channels to energies.

3.11 Preparation of the Targets

The sample of natural Er is available in powder-form of Er,Os. The pellets constructed with
diameter 13 mm are consist of a mixture of 90% powder-form of Er,Oszand 10% of
Cellulosepulver D as to improve the mechanical properties of the pellets.

©

m_x%g
| so%eEro, | 4+ |r0% ceiuose] :>

|

Figure 3.20: Preparation of the Erbium pellet targets using a press
machine.

Before the beginning of the irradiations, all the foils were carefully cleaned up to remove any
impurities from their surface. Afterwards, the masses and the dimensions of the reference
foils and the erbium pellets were measured. The following table summarize these
informations.
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En=17.1 MeV

Foils-Targets Mass (gr) Diameter
(mm)

Er.0;(Sample A) R L1 r 12.95 2.00 263.4265 0.0040
Au_11 (front) 0.6791 13.32 0.27 37.6238 0.0180
AIl_A (front) 0.2207 14.31 0.55 88.4569 0.0025
Al_B (back) 0.2210 14.26 0.59 94.2288 0.0023
Au_2 (back) 1.4374 14.34 0.50 80.7529 0.0178

Volume (mm?3) Density
(gr/mm?)

Thickness (mm)

Table 3.2: Table with the characteristics of targets for the first irradiation.

En=18.1 MeV

Foils-Targets Mass (gr) Diameter  Thickness (mm) Volume (mm?)
(mm)

Er,0; (Sample B) 262.1093
Au_92 (front) 0.6466 13.40 0.25 35.2565 0.0183
Al_10 (front) 0.1808 13.07 0.53 71.1077 0.0025

Al_1 (back) 0.1817 13.03 0.59 78.6739 0.0023
Au_62 (back) 0.6548 13.51 0.25 35.8377 0.0183

Table 3.3: Table with the characteristics of targets for the second irradiation.

Foils-Targets Mass (gr) Diameter  Thickness (mm) Volume (mm?®) Density
(mm) (gr/mm?)

Er,0; (Sample A) [REKEL 12.95 2.00 263.4265 0.0040
Nb_2 (front) 0.3026 13.26 0.33 45.5712 0.0066
AL_F (front) 0.1662 11.99 0.59 66.6163 0.0025
Al_8 (back) 0.1918 13.31 0.58 80.7001 0.0024
Nb_11 (back) 0.3375 14.15 0.34 53.4665 0.0063

Table 3.4: Table with the characteristics of targets for the third irradiation.
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CHAPTER 4
DATA ANALYSIS

4.1 Calibration of the 16% HPGe Detector

For the energy calibration of the 16% HPGe detector a '*?Eu point source was used that emits
photons in an extended energy region. The "?Eu source was placed at 7, 10 and 13.4 cm
distance with respect to the detector's window. Below can be seen a typical energy spectrum
of the "?Eu decay.

h1
= Entries 4096
N Mean 416.6
10° Std Dev 342.8

10*

10

Counts

10°

10

'H|I| II|II|II| I|III||I| IIII||I|| ||IIII|I| T

v v v v v e e e e e e b b

1
200 400 600 800 1000 1200 1400 1600 1800 2000
Energy (keV)

Figure 4.1: Energy spectrum of the "®2Eu decay at 7cm from the window
of the 16% HPGe detector.

In order to create the efficiency curves of the 16% HPGe detector for several distances, the
absolute peak efficiency € of the detector should be calculated, for every photon energy. The
efficiency is given by the formula:

counts
_¢cps _ livetime
emissions A-1 (4.1)

where, the activity A of the '>?Eu source was calculated using the equation :
A=A, e " (4.2)

where, A, is the reference activity of the point source and
t is the time interval between the reference date and the date of the measurement.
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152Eu

A, (Bq) 217000
O (BQ) 3000
Reference Date 01/01/2011
Experiment Date 01/07/2014
Duration (days) 1277
Duration (years) 3.4986
Half-life (years) 13.517
Ohairife (YeQrs) 0.014
A(years™) 0.051280
o\(years™) 0.000053
A(Bq) 181361

Table 4.1: Activity of the ">?Eu point source for the spectra at 7 and 10 cm.

E (keV) oe (keV) | o Counts Ocounts € O
244.6974 0.0008 0.07550 0.00040 435778 1093 0.009197 | 0.000138
344.2785 0.0012 0.26590 0.00200 1079590 1254 0.006470 | 0.000102
443.9606 0.0016 0.02827 0.00014 93887 619 0.005292 | 0.000085
778.9045 0.0024 0.12930 0.00080 220385 696 0.002716 | 0.000042
964.0570 0.0050 0.14510 0.00070 205805 603 0.002260 | 0.000034
1112.0760 | 0.0030 0.13670 0.00080 17375 567 0.002025 | 0.000031
1408.0130 | 0.0030 0.20870 0.00090 208469 481 0.001592 | 0.000023

Table 4.2: Efficiencies from a spectrum with livetime= 3460.378 s where the "?Eu is placed at 7 cm
distance from the 16% HPGe detector's window [Mar13].
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Figure 4.2: Calibration Curve for the 16% HPGe at 7 cm.

E (keV) oe (keV) | (o]} Counts OCounts € o
2446974 0.0008 0.07550 0.00040 270207 864 0.005586 | 0.000085
344.2785 0.0012 0.26590 0.00200 652810 968 0.003832 | 0.000061
443.9606 0.0016 0.02827 0.00014 58006 478 0.003203 | 0.000054
778.9045 0.0024 0.12930 0.00080 134907 539 0.001629 | 0.000026
964.0570 0.0050 0.14510 0.00070 128150 476 0.001379 | 0.000021
1112.0760 0.0030 0.13670 0.00080 102699 414 0.001173 | 0.000018
1408.0130 | 0.0030 0.20870 0.00090 129395 372 0.000968 | 0.000014

Table 4.3: Efficiencies from a spectrum with livetime= 3532.468 s where the '*?Eu is placed at 10 cm
distance from the 16% HPGe detector's window [Mar13].
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Figure 4.3: Calibration Curve for the 16% HPGe detector at 10 cm.

152Eu
A, (Bq) 217000
Oro (BQ) 3000
Reference Date 01/01/2011
Experiment Date 30/06/2014

Duration (days) 1276
Duration (years) 3.4959
Half-life (years) 13.517
Ohairife (YeQrs) 0.014
A(years™) 0.051280
o\(years™) 0.000053

A(Bq) 181386
OABq) 2508

Table 4.4: Activity of the ">Eu point source for the spectrum at 13.4 cm.
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E (keV) oe (keV) | (o) Counts Ocounts € o
244.6974 0.0008 0.07550 0.00040 32680 322 0.003455 | 0.000061
344.2785 0.0012 0.26590 0.00200 77662 354 0.002331 | 0.000038
443.9606 0.0016 0.02827 0.00014 7256 173 0.002049 | 0.000058
778.9045 0.0024 0.12930 0.00080 16107 194 0.000994 | 0.000019
964.0570 0.0050 0.14510 0.00070 15574 167 0.000857 | 0.000016
1112.0760 | 0.0030 0.13670 0.00080 11947 144 0.000698 | 0.000013
1408.0130 | 0.0030 0.20870 0.00090 15910 130 0.000609 | 0.000010

Table 4.5: Efficiencies from a spectrum with livetime= 690.661 s where the "*?Eu is placed at 13.4 cm
distance from the 16% HPGe detector's window [Mar13].
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Figure 4.4: Calibration Curve for the 16% HPGe detector at 13.4 cm.
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4.2 Efficiency of the Reference Foils

In order to simplify the interpolation procedure and to get a valid efficiency curve for the
energy range of interest, the experimentally deduced efficiency points were presented
graphically in the form: In efficiency=f (InE). In this way, through the implementation of a
linear fit (least squares method) and by adopting 68% confidence level bands, we are able to
get the absolute peak efficiency at 7 cm for the characteristic y-rays from the decay of the
monitor foils. (Figure 4.5)

m  152Eu@7cm->16% HPGe detector
Linear Fit of In efficiency

68% LCL of In efficiency
48 68% UCL of In efficiency
Equation y=a+b*x
Adj. R-Square 0.99787
Value Standard Error
g‘ -5.6 - In efficiency Intercept 0.88429 0.061
é In efficiency Slope -1.01787 0.00938
9]
£
-6.4 -

T T T T T
5.6 6.4 7.2

InE

Figure 4.5: Graphical Representation of Ine=f (InE) of the 16% HPGe
detector at 7 cm.

The results are shown in the following table:

Target Nucleus Decay Nucleus Decay Radiation | efficiency O efficiency
YTAu AU 333.03 keV 0.06554 0.00013
®Nb 2mMNb 934.44 keV 0.002293 0.000035
A *Na 1368.626 keV 0.001554 0.000032

Table 4.6: Reference foils' efficiency for 7 cm distance from the window of the 16% HPGe detector
[Xia07],[Bag12],[Fir07].
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4.3 Determination of the **Mn Activity

For the efficiency determination of the two 100% HPGe detectors at close detection geometry,
the "™2Eu point source was not suitable because of its complicated y-ray cascade scheme. In
such a close geometry as the one finally adopted, considering also the high relative efficiency
of each detector, the complexity of the decay scheme would impose significant correction
factors for the coincidence summing effects. For this reason, for the calibration of the two
100% HPGe detectors used for the measurement of the erbium samples, was finally utilized
using a weak **Mn source that emits only one strong y-ray at 834.848 keV (Figure 4.6) which
is very close to the one at 826.6 keV from the '*'Er decay.

312.3d

Qr/\' 3+ 0
& 5401 ©
5 25Mn
% —
$ Qe =1377.1
70ps 2t S 834.855 _100% 6.2
stable L '54 0
24Cr

Figure 4.6:**Mn decay scheme.

To overcome the fact that the **Mn point source was not calibrated, the spectrum of the 16%
HPGe detector, from the measurement of the "?Eu source at 13.4 cm was used as to
determine the efficiency of the detector at 834.848 keV- the characteristic decay line of *Mn.
This relatively large distance was used as to minimize as possible the relative uncertainty
concerning the placement of the source relative to the detector's window (Figure 4.7). Having
determined the absolute peak detection efficiency, the **Mn point source activity was obtained
in an accurate way.
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m  152Eu@13.4cm->16% HP Ge detector
Linear Fit of In efficiency

-5.6 68% LCL of In efficiency
68% UCL of In efficiency
Equation y=a+b*x
6.4 - Adj. R-Square 0.99402
a Value Standard Error
_E) In efficiency Intercept -0.14122 0.07184
;,E_ In efficiency Slope -1.00863 0.01104
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Figure 4.7: Graphical Representation of Ine=f (InE) of the 16% HPGe
detector at 13.4 cm.
The results are shown in the following table:
Parent Nucleus | Daughter Nucleus | Decay Radiation | efficiency O efficiency
*Mn %Cr 834.848 keV 0.000981 0.000024

Table 4.7: **Mn source's efficiency for 13.4 cm distance from the window of the 16% HPGe detector
[DJ14].

The activity of the **Mn monoenergetic point source can be found using the formula (4.1).

E (keV)

oe (keV)

g

Counts

Ocounts

A (Bq)

o a(Bq)

834.848

0.003

0.99976

0.00001

1442

42

408

16

Table 4.8: Activity of the >*Mn source extracted from a spectrum with livetime=3599.494 s where the
source is placed at 13.4 cm distance from the 16% HPGe detector's window [DJ14].
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4.4 Efficiency of the 2 x 100% HPGe Detectors’ at Close Geometry

The absolute peak detection efficiency of the 2x100% HPGe detection setup had to be
determined at the 826.6 keV y-ray energy. Accordingly, the usage of the **Mn source is
optimum for three reasons already mentioned in the text but summarized also below:

« The energy of interest is very close to the one of the *Mn calibrated source

« The **Mn source is monoenergetic. For this reason, there is no need for coincidence
summing effect corrections. The same holds also for the actual measurements

« The **Mn source is weak enough as to keep as low as possible, probable implications
of pile-up and/or dead time issues

For the calibration procedure the same geometry was implemented as the one of the actual
Erbium sample measurements. The results of the calibration procedure are given in the tables
4.9-4 11.

E (keV) | oe (keV) | o Counts |Ocounts | A (Bq) | 0 4 (Bq) € o

ADC1| 834.848 | 0.003 | 0.99976 | 0.00001 | 23975 | 157 408 16 0.0052 | 0.0020

Table 4.9: Efficiency of the first HPGe detector at 834.848 keV at close geometry extracted from a
spectrum with livetime= 1136.31 s.

E (keV) | oe (keV) | o Counts |Ocounts | A (Bq) | 0 4 (Bq) € o

ADC2 | 834.848  0.003 | 0.99976 | 0.00001 | 23248 | 154 408 16 0.0051 | 0.0019

Table 4.10: Efficiency of the second HPGe detector at 834.848 keV at close geometry extracted from
a spectrum with livetime= 1136.233 s.

In order to find the total efficiency, there spectra are summed and the livetime of the spectrum arising
is defined as:
livetime , -+ livetime .,

livetime= > =1136.2715s
E (keV) | oe (keV) | o Counts |Ocounts | A (Bq) | 0 4 (Bq) € (o 8
Final | 834.848 | 0.003 | 0.99976 | 0.00001 | 47176 | 220 408 16 0.1017 | 0.0039

Table 4.11:Total Efficiency of the 2 x100% HPGe detectors at 834.848 keV at close geometry
extracted from a spectrum with livetime= 1136.2715 s.
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4.5 Correction Factors
4.5.1 The f, Correction Factor

The f,, factor is the correction factor by which the balance between the production and the
decay of nuclei during irradiation is calculated. As mentioned in the previous chapter fb is
expressed as:

e f(r)de
R N (4.3)

{ f(t)dt

Depending on whether the neutron beam flux is constant or not the fb correction factor can
take two forms:

« Constant Flux: means that f(t)»f, and the fb factor has the analytical solution

_(1—e™) 4.4
fb_ Atir ( )

* Non-Constant Flux: the fb factor can be determined via the relation:
e—At,,Z fi<e(i+1))\dt_ei)\dc)
i=1
Adt ) f,
i=1

(4.5)

fo=

where the intervals of the previous formula (4.3) are now calculated from the
corresponding channels of the neutron beam fluctuations spectra.

During all irradiations the BF3; detector was monitoring the fluctuations of the neutron flux and
the recorded spectra were used as input to a program developed in C++ that calculates the f,
correction factor for each target nucleus participating in the activations (see Appendix).

In the following table the f, correction factor for each irradiation setup is given.
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E.=17.1 MeV E.=18.1 MeV E.=19 MeV

Decay Nucleus fb correction factor
"¥1Er 0.41384 0.396773 0.392012
*Ho 0.403491 0.38648 0.381562
*Na 0.803986 0.79495 0.794199
WAy 0.97739 0.976229
2mNb 0.985438

Table 4.12: fb correction factor results.

4.5.2 The CFsa Correction Factor

During the detection process of y-radiation, a part of y-rays emitted by the sample is absorbed
or attenuated by the sample itself and therefore does not register under the detection peak.
The extent of self-absorption and self-attenuation depends upon the energy of y-rays,
physical characteristics (Z atomic number), chemical composition of the material (density,
mixtures), sample geometry (size, shape) and sample's position relative to the detector (solid
angle dependence). For this reason, the estimation of the CFsa correction factor is crucial.

To investigate the influence of the self-attenuation and self-absorption in the activity
measurements, detailed Geant4 Monte Carlo simulations were performed (See Appendix).

Firstly, the manufacturer geometry was adopted using the appropriate framework and classes
of the Geant4 detector simulation toolkit [Ago03]. The performance of the simulations with
respect different distances for the calibrated point sources was tested with respect the
experimental results. Having ensured that the simulation reproduces successfully the point
source calibration spectra for different source to detector distances the same detector
geometry was implemented for the monitor foils and erbium samples.

The CFsa correction factor for every reference foil was tracked down via the formula:

cF,, = MElenYes — (4.6)
efficiency g

where efficiency s is the point source detection efficiency and

efficiency . is the detection efficiency for the sample material ans actual dimensions

By considering the CFSA as the ratio of the detection efficiencies for a point source and for
the actual detection source, any systematic uncertainties from Geant4 MC calculation were
canceled out and the detection efficiency was based on experimental results.
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In the following table, the correction factors for self-attenuation concerning the reference foils
can be seen.

Reference Foils Ey (keV) CFsa o CFsa
En=17.1 MeV
1368.626 1.005 0.005
1368.626 1.005 0.005
333.03 1.128 0.002
333.03 1.0550 0.0014
En=18.1 MeV
1368.626 1.005 0.005
1368.626 1.005 0.005
333.03 1.0550 0.0014
333.03 1.0550 0.0014
En=19 MeV
1368.626 1.005 0.005
1368.626 1.005 0.005
934.44 1.007 0.004
934.44 1.007 0.004

Table 4.13: CFsa correction factors for the reference foils as retrieved from the Geant4 MC
calculations.

For the case of the decay of the "®'Er, the correction factor CFsa took into account not

only the self-attenuation but in addition the fact that the detection set-up system of the 2x100
% HPGe detectors was calibrated at the 834.848 KeV gamma-ray of the monoenergetic point
source of **Mn. Unlike the efficiency measurements for the reference foils, in the detection
set-up used for the measurement of erbium samples' activity, the efficiency value for the
826.6 keV gamma-ray is not possible to be experimentally known. This is because the use of
'S2Ey point source for the calibration curve design in such a close geometry would be subject
to extended coincidence summing effects.

The CFsa correction factor for the '®'Er case was calculated via the formula:

_ efficiency.,, (4.7)

CF ,=——
4 efficiency .,
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where efficiency..,, is the experimental efficiency of the **Mn monoenergetic point source at

834.848 KeV and
efficiency... is the efficiency taken from the Geant4 MC simulations for the extended

source of '®'Er at 826.6 KeV

The result of this calculation can be seen in the following table.

Nucleus Ey (keV)

"*Er 826.6 0.1017 0.0039 1.023 0.005

Table 4.14: CFsa correction factor for the "'Er decay as retrieved from the Geant4 MC calculations
along with the experimental efficiency that was taken into account in the calculations.

For the case of the decay of the '"Ho, the absolute peak efficiency was directly determined
from Geant4 MC calculations where the coincidence summing effects, self-attenuation
corrections as well as solid angle corrections for the extended erbium sample geometry were
included in the calculated efficiency (Table 4.15).
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Figure 4.8: Decay scheme of "*"Ho highlighting the summing coincidence effect.
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Coincidence summing effects:

Coincidence summing corrections are necessary when radioactive nucleus emits two or more
photons within the resolving time of the detector. The importance of this effect depends on the
detection geometry and the decay scheme of the radioactive source. For instance, when the
first photon y with energy E, deposits all its energy in the Ge crystal and if a second photon
y2 with E,, is also detected, a sum pulse is recorded at the energy Es.n= E,1+ E,> [DH88]. In
this scenario some counting rate is lost for the first peak and at the same time additional
artificial counts are recorded to the summing peak. In this way, when the multiplicity of a
decay event is higher than 1 and if the solid angle covered from the y-ray detector is large
enough, then the contribution of the summing effect to the overall recorded intensity of each
peak may be subject of important corrections. At larger source to detector distances, when
the expected counting rate allows so, the summing effect contribution is expected to be
negligible.

For the case of "'Er activity, the coincidence summing effect correction factor was not
considered given that the decay scheme for the most intense line at 826.6 keV is very simple
with a multiplicity very close to 1. On the other hand, for the decay of "®’Ho this correction has
to be taken into account in the efficiency value at 346.5 KeV. For this reason, the full isotopic
decay was followed in the Geant4 MC calculations by using appropriate classes( G4lonTable,
G4ParticleDefinition).

The results for the coincidence summing out correction are summarized in the next table.

Nucleus Ey (keV)
"*"Ho 346.5 0.15 0.00 1 0

Table 4.15: Efficiency for the "®’"Ho decay as retrieved from the Geant4 MC simulations taking into
account the coincidence summing effects from the decay of "®’Ho nucleus.

4.5.3 The CFpr Correction Factor

The dead time of a detector is defined as the minimum time interval that two consecutive
counts must be separated in order to be recorded as two different events. The effect of having
a dead time in a detector used to monitor counting rates is that the measured counting rates
will be lower than the real ones. However, the correction factor for the dead time of the
detector can be determined via the relation:

__realtime (4.8)

bPT™ live time

where realtime stands for the actual duration of the measurement and
livetime stands for the time period where the Data Acquisition System (DAQ) was
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really active and able to accept, process and record the produced pulses

4.6 Cross section of Reference Reactions

As mentioned above, the monitor foils were placed in front and back of the erbium sample
utilizing the neutron flux determination in the sample. As can be seen in the following figures,
the excitation function of the monitor reactions '*’Au(n,2n)'*Au, #Al(n,a)?**Na and
%Nb(n,2n)**"Nb is accurately known, allowing the neutron flux estimation of the reactions
under study '®?Er(n,2n)'"®'Er and *’Er(n,p)'*’"Ho by means of activation technique.

The reference cross sections used were retrieved from the IRDFF v. 1.05 data base (October
2014 ) [IRD14] and the results are summarized in the Table 4.16.

Reference Reaction cross section (barns) O cross section (DArNs)
En=17.1 MeV
¥TAu(n,2n)'*°Au 1.982 0.041
7Al(n,a)*Na 0.07472 0.00062
En=18.1 MeV
¥7Au(n,2n)"**Au 1.660 0.032
ZAl(n,a)**Na 0.05990 0.00059
En=19 MeV
%Nb(n,2n)**"Nb 0.3759 0.0045
7Al(n,a)*Na 0.04852 0.00058

Table 4.16: cross sections of reference reactions as retrieved from the IRDFF v. 1.05 data base.
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Figure 4.9: Excitation function of the "’Au(n,2n)'®Au reaction as retrieved from the
IRDFF v. 1.05 data base.
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Figure 4.10: Excitation function of the ?’Al(n,a)**Na reaction as retrieved from the
IRDFF v. 1.05 data base.
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Figure 4.11: Excitation function of the **Nb(n,2n)**"Nb reaction as retrieved
from the IRDFF v. 1.05 data base.

In order to determine the neutron flux at each irradiation, the relation 4.8 as reported in the
previous chapter will be used.

counts-CF ,-CF ;.

(4.8)

D= — =
el ,-0-Ny-e " (1—e"")f,

The neutron flux will be calculated as the result of the mean value of the recorded neutron flux
from the foil placed in front and in back position with respect to the erbium pellet target. The
uncertainty of the mean neutron flux for every irradiation has been estimated equal to 7% of

the its value.

o)

b= front foil + ®back foil (49)

2
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Reference Reaction

Mass (gr)

O Mass (gl')
Atomic Weight
# of atoms in the target

Natural Abundance of
target isotope

Half-life (h)
Irradiation time (s)
o (barns)

O, (barns)
Waiting time (s)
O Waiting time )
Measuring time (s)
efficiency
O efficiency
Gamma Intensity
O Gamma Intensity
Counts
O Counts
CFsa
O crsA
CFor
fo

® (neutrons/cm?)

En=17.1 MeV

"’Au(n,2n)"**Au

Front Foil Back Foil
0.6791 1.4374
0.0002 0.0002

196.966568786

196.966568786

1

1

1

1

148.0056 148.0056
36240 36240
0.07472 0.07472
0.00062 0.00062
2.48340 148892
60 60
18014 18016
0.06554 0.06554
0.00013 0.00013
0.22881 0.22881
0.00946 0.00946
1247 2514
57 76
1.0550 1.128
0.0014 0.002
1.0009 1.0010
0.97739 0.97739
1.30 E+10 1.17 E+10

Table 4.17: Neutron flux data analysis for the first irradiation.
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Reference Reaction

Mass (gr)

O Mass (gl')
Atomic Weight

# of atoms in the target

Natural Abundance of
target isotope

Half-life (h)
Irradiation time (s)
o (barns)

O, (barns)
Waiting time (s)
O Waiting time )
Measuring time (s)
efficiency
O efficiency
Gamma Intensity
O Gamma Intensity
Counts
O Counts
CFsa
O crsA
CFor
fo

® (neutrons/cm?)

En=18.1 MeV

"’Au(n,2n)"**Au

Front Foil Back Foil
0.6466 0.6548
0.0002 0.0002

196.966568786

196.966568786

1

1

1

1

148.0056 148.0056
36000 36000
1.660 1.660
0.032 0.032
220687 185034

60 60
34233 28826

0.06554 0.06554
0.00013 0.00013
0.22881 0.22881
0.00946 0.00946

1894 1147
103 73
1.0550 1.0550
0.0014 0.0014
1.0011 1.0010
0.976229 0.976229
1.27 E+10 8.61 E+09

Table 4.18: Neutron flux data analysis for the second irradiation.
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Reference Reaction

Mass (gr)

O Mass (gl')
Atomic Weight
# of atoms in the target

Natural Abundance of
target isotope

Half-life (h)
Irradiation time (s)
o (barns)

O, (barns)
Waiting time (s)
O Waiting time )
Measuring time (s)
efficiency
O efficiency
Gamma Intensity
O Gamma Intensity
Counts
O Counts
CFsa
O crsA
CFor
fo

® (neutrons/cm?)

En=19 MeV

Nb(n,2n)**"Nb

Front Foil Back Foil
0.3026 0.3375
0.0002 0.0002

92.906373004

92.906373004

1

1

1

1

243.6 243.6
35940 35940
0.3759 0.3759
0.0045 0.0045
222089 165575
60 60
25211 25212
0.002293 0.002293
0.000035 0.000035
0.9915 0.9915
0 0
294 277
21 21
1.007 1.007
0.004 0.004
1.0000 1.0006
0.985438 0.985438
1.05 E+10 9.46 E+09

Table 4.19: Neutron flux data analysis for the third irradiation.
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Counts

O o (neutrons/cm?)

® (neutrons/cm?)
En=17.1 MeV

1.23 E+10

8.64 E+08
En=18.1 MeV
En=19 MeV
9.46 E+09 6.62 E+08

Table 4.20: Neutron fluxes results for each irradiation.

4.8 Investigation of (n,x) Reactions for Erbium Isotopes
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Figure 4.12: Neutron induced reactions for Erbium Isotopes based on 7 hours spectra.
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According to the above spectrum taken from the 10 hours of neutron irradiation at En=17.1
MeV, three are the reactions that are triggered for the Erbium isotopes. The features of these
reactions are listed on the Table 4.21. The same reactions take place in the other two neutron
irradiations at 18.1 and 19 MeV as well.

Reaction E threshoia (MeV) radio-alx-tgfi\f:;l )n(:jfcleus Ey (keV) ly (%)
'2Er(n,2n)"*'Er | 9.262 + 0.009 3.21+£0.03 826.6 £ 0.1 64+4
¥’Er(n,p)'*”Ho 0.23 £ 0.06 3.1+£0.1 346.5+0.2 57 £ 15
"Er(n,y)'"Er 0 7.516 £ 0.002 308.291 £ 0.018 64+£3

Table 4.21: Characteristics of (n,x) reactions at neutron energies higher than 17 MeV, for Erbium
isotopes [Bag00], [Bag02], [Rei11].

4.9 Experimental Cross section Calculation for Erbium Isotopes

The experimental cross section of the reactions under study was obtained using the relation
4.11 (mentioned also in the previous chapter).

o counts-CFg,-CF ;.
el ®-Npe (1—e")f,

(4.11)

The total uncertainty for each cross section will be obtained by combing the individual
uncertainties in quadrature, according to the law of error propagation.
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4.9.1 Cross section of the '¢;Er,,(n,2n)'Ers; Nuclear Reaction

Reaction %2Er(n,2n)"*'Er
En=17.1 MeV En=18.1 MeV En=19 MeV
Mass (gr) 1.0597 0.9944 1.0597
O wass (Qr) 0.0005 0.0005 0.0005
Molecular Weight 382.52 382.52 382.52
# of atoms in the 2 2 2
target
Ng}‘:;ar;':‘fi‘;';fj::e 0.00139 0.00139 0.00139
Half-life (h) 3.21 3.21 3.21
Irradiation time (s) 36240 36000 35940
® (neutrons/cm?) 1.23 E+10 1.07 E+10 9.46 E+09
o o (neutrons/cm?) 8.64 E+08 7.47 E+08 6.62 E+08
Waiting time (s) 2816 3203 2349
O Waiting time (S) 60 60 60
Measuring time (s) 36034 18017 25225
efficiency 0.1017 0.1017 0.1017
O efficiency 0.0039 0.0039 0.0039
Gamma Intensity 0.6405 0.6405 0.6405
O Gamma Intensity 0.0370 0.0370 0.0370
Counts 2210 1178 1418
O counts 121 88 99
CFsa 1.023 1.023 1.023
O crsa 0.005 0.005 0.005
CFor 1.0018 1.0015 1.0016
fo 0.41384 0.396773 0.392012
o (barns) 1.96 1.84 1.92
o, (barns) 0.22 0.23 0.23

Table 4.22: cross section results for the "®?Er(n,2n)"*'Er nuclear reaction.




4.9.2 Cross section of the i Er(n, p)'s;Ho,,, Nuclear Reaction

Reaction "*’Er(n,p)'*"Ho
En=17.1 MeV En=18.1 MeV En=19 MeV
Mass (gr) 1.0597 0.9944 1.0597
O wass (Qr) 0.0005 0.0005 0.0005
Molecular Weight 382.52 382.52 382.52
# of atoms in the 2 2 2
target
Ng}‘:;ar;':‘fi‘;';fj::e 0.22869 0.22869 0.22869
Half-life (h) 3.1 3.1 3.1
Irradiation time (s) 36240 36000 35940
® (neutrons/cm?) 1.23 E+10 1.07 E+10 9.46 E+09
o o (neutrons/cm?) 8.64 E+08 7.47 E+08 6.62 E+08
Waiting time (s) 2816 3203 2349
O Waiting time (S) 60 60 60
Measuring time (s) 18017 27027 30629
efficiency 0.15 0.15 0.15
O efficiency 0 0 0
Gamma Intensity 0.57 0.57 0.57
O Gamma Intensity 0.15 0.15 0.15
Counts 1786 1786 2393
O counts 93 105 114
CFsa 1 1 1
O crsa 0 0 0
CFor 1.0021 1.0016 1.0015
fo 0.403491 0.38648 0.381562
o (barns) 0.0097 0.0106 0.0146
o - (barns) 0.0027 0.0030 0.0040

Table 4.23: cross section results for the '’Er(n,p)'®”"Ho nuclear reaction.




4.9.2.1 Contribution of the Interfering Reaction '}Er,,(n,a)'%Dy,

As the target material used was erbium of natural isotopes composition, the possibility that
some of the studied activation products might be formed not only with direct way but also via
other interfering reactions, must be definitely be examined [Luo13]. In the case of
'%’Er(n,p)'®*"Ho reaction, it is necessary to correct for this effect via the "°Er(n,a)'®’Dy process.
When de-excited, the nucleus "*’Dy leads to the formation of the "®’Ho nucleus as can be
seen in the following figure.
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Figure 4.13: Formation of the '*’"Ho nucleus via the '"°Er(n,a)'®’Dy neutron induced
reaction.

Taking into account the contamination of this channel to the "*’Er(n,p)'*"Ho reaction under
study, the cross section of the '"°Er(n,a)'*’Dy nuclear reaction should be subtracted. The
problem is that from the already taken data, the extraction of the cross section for this channel
is not possible due to the short half-life of the Dy nucleus (T1,= 6.20 s) in relation with the
long waiting time from the end of the irradiations until the start of the erbium's activity
measurement (>40 min which is longer than 3 times the nucleus's half-life). On the other
hand, a new measurement in the Tandem Van der Graaf 5.5 MV accelerator of the Institute of
Nuclear and Particle Physics of N.C.S.R. “Demokritos” is not feasible due to low cross section

of the "°Er(n,a)'®"Dy reaction (mbarn region) and the short half-life time of the product
nucleus.
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Therefore, for the necessary correction in the cross section the ENDF/B-VII.1 data base will
be used as there are no experimental data in the energy region of interest above 17 MeV.
Additionally, the excitation function will be rescaled before the extraction of the cross section
as all the existing experimental data are divergent in relation with the given excitation
function. The uplift of the line was calculated based on the more recent measurements and
more specifically those of Dzysiuk et al. ,2012 and Luo et al. ,2011.

0.0040 —
:_ ENDF/B-VII.1: Er-170(n,a)Dy-167
0.0035 — Rescaled Excitation Function
- A 2012 Dzysiuk
0.0030 — 2011 Luo
. — v 1997 Sakane
& - 1978 Liljavirta
g 0.0025 :_ 1960 Wille
c C
.0 C
= 0.0020—
o) _
n L
% —
8 0.0015—
O C
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: [l [l Il ] | ] | | 1 1 1 1
0.00000 3 25

Incident Energy (MeV)

Figure 4.14: Excitation function of the "°Er(n,a)'®’Dy reaction with the measured data as
retrieved from the ENDF/B-VII.1 data base [Dzy12] [Luo11] [Sak97] [LT78] [WF60].

The results from the interpretation of the above rescaled excitation function are presented in
the following table.

En (MeV) cross section (barns)
17.1 0.0025
18.1 0.0029
19 0.0032
Table 4.24: Estimation of the cross section for the reaction '"°Er(n,a)'®’Dy for the energy region of
interest.
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4.9.2.2 Final Cross section Estimation of the "\;Er,(n, p)'s;Ho,,, Reaction

En (MeV) cross section (barns) O cross section (DArns)

17.1 0.0072 0.0027
18.1 0.0077 0.0030
19 0.0114 0.0040

Table 4.25: Cross sections of the "’Er(n,p)'*’"Ho neutron induced reaction.

4.9.3 The Case of the ';;Er,,(n,y)';sEr,,; Reaction

It is not possible to extract the "°Er(n,y)''Er cross section from this experiment because the
reaction has zero threshold and the reaction is activated by low energy neutrons.
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CHAPTER 5
RESULTS AND DISCUSSION

5.1 Experimental Cross section Results

The results of the experimental cross sections of the present work for the reactions
1%2Er(n,2n)"®'Er and "*’Er(n,p)'®’Ho at neutron energies of 17.1, 18.1 and 19 MeV along with
previous experimental data points are depicted in the following figures.
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Figure 5.1: Cross section data points of the excitation function for the '®2Er(n,2n)"®'Er
nuclear reaction.
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Figure 5.2: Cross section data points of the excitation function for the '*’Er(n,p)'®"Ho
nuclear reaction.
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5.2 Summary and Final Conclusions

The aim of the present work was the experimental study of the (n,x) reactions for
Erbium isotopes at neutron energies higher than 17 MeV.

Within the present work, for the first time the cross sections of the nuclear reactions
'82Er(n,2n)'8'Er and "’Er(n,p)'*"Ho at 17.1, 18.1 and 19 MeV quasi-monoenergetic
neutron beam energies were measured.

The cross sections of the pre- mentioned nuclear reactions, have been measured by
means of activation technique compared to those of reference reactions
¥TAu(n,2n)'*Au, ZAl(n,a)**Na and *Nb(n,2n)*"Nb.

Especially, in the case of the "*?Er(n,2n)'®"'Er, the high sensitivity of the activation
technique was demonstrated given that the natural abundance of the "®?Er isotope in
the irradiated samples was only 0.139%.

The neutron beams were produced in the Tandem Van der Graaf 5.5 MV accelerator of
the Institute of Nuclear and Particle Physics of N.C.S.R. “Demokritos”, by using the
reaction *H(d,n)*He, with a solid Titanium -Tritide (TiT).

For the measurement of the gamma-ray activity of the Erbium samples, were used two
HPGe detectors with 100% relative efficiency in close geometry and for the monitor
foils one with 16% relative efficiency.

The contribution of the interfering reaction '°Er(n,a)'®’Dy to the cross section of the
'%’Er(n,p)'®"Ho reaction under study was subtracted.

The final results for the experimental cross sections at the three neutron energies for
the "°?Er and "*’Er Erbium isotopes, are summarized in Table 5.1.

For the 162Er(n,2n)161Er reaction the dominant sources of the overall uncertainty was
the counting rate statistics, while for the reaction 167Er(n,p)167Ho the most important
contribution in the reported cross section values uncertainty is the error of the given
intensity and the counting rate statistics.

Reaction En (MeV) Cross section (barns)

O Cross section (barnS)

162Er(n,2n)"*'Er 17.1 1.96 0.22
18.1 1.84 0.23
19 1.92 0.23
7Er(n,p)'*’Ho 17.1 0.0072 0.0027
18.1 0.0077 0.0030
19 0.0114 0.0040

Table 5.1: Final cross section results of the present work.
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As an extension of this study:

More measurements have been scheduled for the "2Er(n,2n)'*'"Er compound nuclear
reaction at near threshold energies at 10.7, 11 and 11.3 MeV neutron energy via the
’H(d,n)*He reaction, so as to have a complete overview of how the cross section
progresses across the energy region that the reaction takes place.

Improved decay and nuclear structure data are urgently needed for the 167Ho - given
that the dominant uncertainty in the presently reported "*’Er(n,p)'*”"Ho reaction cross
section values are originated from the uncertainty in th y-ray intensity (26.3%).

As a next step of the present work, are planned theoretical calculations based on the
statistical decay of the compound nucleus using the TALYS code. In this way, a better
understanding of the role of the pre-equilibrium reaction mechanism, as well as more
detailed parameterization of the compound nucleus model will result.
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Appendix A

Neutron beam distribution using NeuSDesc Code

Neutron field production characteristics based including detector area Energy loss based on SRIM
Date: 2016-11-25 Time: 15:26:51

--- Neutrons ---

Reaction: T(d,n)4He, T/Ti target

lon energy (keV): 2500

Neutron emission angle (degrees): 0

Solid target used

Target thickness (ug/cm2): 2123

OH/Li, H/Ti or D/Ti ratio: 1.543

Entrance window foil: Molybdenum

Entrance window thickness (nm) : 10000

lon energy loss in target (keV): 464.170

Beam current (uA): 1

Fluence calculation at target distance (mm): 20
Fluence calculation at target radius (mm): 6.5
Angular straggling used

lon energy (keV): 2500

Entrance window foil: Molybdenum

Entrance window thickness (nm) : 10000
Angular straggling used

Number of points to estimate average fluence: 200

For the reaction:

T(d,n)4He, T/Ti target

OHI/Li, H/Ti or D/Ti ratio: 1.5430

Minimum neutron energy (MeV):16.0675
Maximum neutron energy (MeV):17.8156
Average neutron energy (MeV):17.1047

Centroid neutron energy (MeV):16.9415

Median neutron energy (MeV):17.1042

Standard deviation of neutron energy distribution (MeV): 0.2719
Total fluence (n/cm2 s): 0.1090E+07

Energy bin width of histogram (MeV): 0.2033E-01

------ Neutron spectrum ------
Neutron energy Fluence
(MeV) (n/(cm2 s)
15.9048 0.00000E+00
15.9252  0.00000E+00
15.9455  0.00000E+00
15.9658  0.00000E+00
15.9862  0.00000E+00
16.0065 0.00000E+00
16.0268  0.00000E+00
16.0471  0.00000E+00
16.0675  0.97013E+00
16.0878  0.17263E+02
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16.1081
16.1284
16.1488
16.1691
16.1894
16.2098
16.2301
16.2504
16.2707
16.2911
16.3114
16.3317
16.3520
16.3724
16.3927
16.4130
16.4334
16.4537
16.4740
16.4943
16.5147
16.5350
16.5553
16.5756
16.5960
16.6163
16.6366
16.6570
16.6773
16.6976
16.7179
16.7383
16.7586
16.7789
16.7992
16.8196
16.8399
16.8602
16.8806
16.9009
16.9212
16.9415
16.9619
16.9822
17.0025
17.0228
17.0432
17.0635
17.0838
17.1042
17.1245
17.1448
17.1651
17.1855

0.39515E+02
0.53010E+02
0.65731E+02
0.75609E+02
0.84077E+02
0.91411E+02
0.10377E+03
0.12701E+03
0.15485E+03
0.19225E+03
0.25882E+03
0.35316E+03
0.50001E+03
0.77136E+03
0.11833E+04
0.16006E+04
0.20389E+04
0.25313E+04
0.30365E+04
0.36402E+04
0.44095E+04
0.52003E+04
0.60285E+04
0.69026E+04
0.76724E+04
0.85853E+04
0.95081E+04
0.10270E+05
0.11251E+05
0.12417E+05
0.13560E+05
0.14772E+05
0.15920E+05
0.16908E+05
0.17684E+05
0.18372E+05
0.19176E+05
0.20078E+05
0.21054E+05
0.22018E+05
0.23028E+05
0.24144E+05
0.25377E+05
0.26505E+05
0.27596E+05
0.28660E+05
0.29466E+05
0.30129E+05
0.30638E+05
0.30967E+05
0.31086E+05
0.30891E+05
0.30606E+05
0.30227E+05
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17.2058  0.29817E+05
17.2261  0.29310E+05
17.2464  0.28620E+05
17.2668 0.27689E+05
17.2871  0.26724E+05
17.3074  0.25794E+05
17.3278  0.24857E+05
17.3481  0.23674E+05
17.3684  0.22336E+05
17.3887  0.21052E+05
17.4091  0.19669E+05
17.4294  0.18080E+05
17.4497  0.16658E+05
17.4701  0.15320E+05
17.4904  0.14037E+05
17.5107  0.12835E+05
17.5310  0.11585E+05
17.5514  0.10209E+05
17.5717  0.86835E+04
17.5920 0.71191E+04
17.6123  0.57120E+04
17.6327  0.44882E+04
17.6530  0.32805E+04
17.6733  0.22206E+04
17.6937  0.13672E+04
17.7140  0.71469E+03
17.7343  0.31560E+03
17.7546  0.12030E+03
17.7750  0.28021E+02
17.7953  0.48925E+00
17.8156  0.00000E+00
17.8359  0.00000E+00
17.8563  0.00000E+00
17.8766  0.00000E+00
17.8969  0.00000E+00
17.9173  0.00000E+00
17.9376  0.00000E+00
17.9579  0.00000E+00

The sum of the spectra from the reaction(s):
T(d,n)4He, T/Ti target

Total summed fluence (n/cm2 s): 0.1090E+07

------ Neutron spectrum ------
Neutron energy Fluence

(MeV) (n/(cm2 MeV s)
15.9353  0.00000E+00
15.9557  0.00000E+00
15.9760 0.00000E+00
15.9963  0.00000E+00
16.0166  0.00000E+00
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16.0370
16.0573
16.0776
16.0980
16.1183
16.1386
16.1589
16.1793
16.1996
16.2199
16.2402
16.2606
16.2809
16.3012
16.3216
16.3419
16.3622
16.3825
16.4029
16.4232
16.4435
16.4638
16.4842
16.5045
16.5248
16.5452
16.5655
16.5858
16.6061
16.6265
16.6468
16.6671
16.6874
16.7078
16.7281
16.7484
16.7688
16.7891
16.8094
16.8297
16.8501
16.8704
16.8907
16.9110
16.9314
16.9517
16.9720
16.9924
17.0127
17.0330
17.0533
17.0737
17.0940
17.1143

0.00000E+00
0.00000E+00
0.47725E+02
0.84925E+03
0.19439E+04
0.26078E+04
0.32336E+04
0.37195E+04
0.41362E+04
0.44970E+04
0.51048E+04
0.62482E+04
0.76177E+04
0.94577E+04
0.12733E+05
0.17374E+05
0.24598E+05
0.37947E+05
0.58211E+05
0.78743E+05
0.10030E+06
0.12453E+06
0.14938E+06
0.17908E+06
0.21692E+06
0.25583E+06
0.29657E+06
0.33957E+06
0.37744E+06
0.42235E+06
0.46775E+06
0.50522E+06
0.55351E+06
0.61085E+06
0.66710E+06
0.72673E+06
0.78319E+06
0.83176E+06
0.86995E+06
0.90380E+06
0.94336E+06
0.98775E+06
0.10358E+07
0.10832E+07
0.11328E+07
0.11878E+07
0.12484E+07
0.13039E+07
0.13576E+07
0.14099E+07
0.14496E+07
0.14822E+07
0.15072E+07
0.15234E+07
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17.1346
17.1550
17.1753
17.1956
17.2160
17.2363
17.2566
17.2769
17.2973
17.3176
17.3379
17.3582
17.3786
17.3989
17.4192
17.4396
17.4599
17.4802
17.5005
17.5209
17.5412
17.5615
17.5819
17.6022
17.6225
17.6428
17.6632
17.6835
17.7038
17.7241
17.7445
17.7648
17.7851
17.8055
17.8258
17.8461
17.8664
17.8868
17.9071
17.9274
17.9477
17.9528

0.15293E+07
0.15197E+07
0.15057E+07
0.14870E+07
0.14669E+07
0.14419E+07
0.14080E+07
0.13621E+07
0.13147E+07
0.12689E+07
0.12228E+07
0.11646E+07
0.10988E+07
0.10357E+07
0.96763E+06
0.88945E+06
0.81947E+06
0.75365E+06
0.69053E+06
0.63140E+06
0.56992E+06
0.50222E+06
0.42718E+06
0.35022E+06
0.28100E+06
0.22079E+06
0.16139E+06
0.10924E+06
0.67260E+05
0.35159E+05
0.15526E+05
0.59183E+04
0.13785E+04
0.24069E+02
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
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Neutron field production characteristics based including detector area Energy loss based on SRIM
Date: 2016-11-25 Time: 17:08:47

--- Neutrons ---

Reaction: T(d,n)4He, T/Ti target

lon energy (keV): 3000

Neutron emission angle (degrees): 0

Solid target used

Target thickness (ug/cm2): 2123

OHI/Li, H/Ti or D/Ti ratio: 1.543

Entrance window foil: Molybdenum

Entrance window thickness (nm) : 10000

lon energy loss in target (keV): 359.085

Beam current (UA): 1

Fluence calculation at target distance (mm): 20
Fluence calculation at target radius (mm): 6.5
Angular straggling used

lon energy (keV): 3000

Entrance window foil: Molybdenum

Entrance window thickness (nm) : 10000
Angular straggling used

Number of points to estimate average fluence: 200

For the reaction:

T(d,n)4He, T/Ti target

OH/Li, H/Ti or D/Ti ratio: 1.5430

Minimum neutron energy (MeV):17.3261
Maximum neutron energy (MeV):18.6570
Average neutron energy (MeV):18.1036

Centroid neutron energy (MeV):17.9915

Median neutron energy (MeV):18.1063

Standard deviation of neutron energy distribution (MeV): 0.1866
Total fluence (n/cm2 s): 0.8542E+06

Energy bin width of histogram (MeV): 0.1530E-01

------ Neutron spectrum ------
Neutron energy Fluence
(MeV) (n/(cm2 s)
17.2037  0.00000E+00
17.2190 0.00000E+00
17.2343  0.00000E+00
17.2496  0.00000E+00
17.2649  0.00000E+00
17.2802  0.00000E+00
17.2955  0.00000E+00
17.3108  0.00000E+00
17.3261  0.11184E+00
17.3414  0.14576E+01
17.3567  0.53208E+01
17.3720  0.89471E+01
17.3873  0.12700E+02
17.4026  0.15838E+02
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17.4179
17.4332
17.4485
17.4638
17.4790
17.4943
17.5096
17.5249
17.5402
17.5555
17.5708
17.5861
17.6014
17.6167
17.6320
17.6473
17.6626
17.6779
17.6932
17.7085
17.7238
17.7391
17.7544
17.7697
17.7850
17.8003
17.8156
17.8309
17.8462
17.8615
17.8768
17.8921
17.9074
17.9227
17.9380
17.9533
17.9686
17.9839
17.9992
18.0145
18.0298
18.0451
18.0604
18.0757
18.0910
18.1063
18.1216
18.1369
18.1522
18.1674
18.1827
18.1980
18.2133
18.2286

0.18407E+02
0.22065E+02
0.31611E+02
0.46461E+02
0.73207E+02
0.10903E+03
0.14919E+03
0.18905E+03
0.23764E+03
0.32514E+03
0.44279E+03
0.57664E+03
0.73198E+03
0.93139E+03
0.11896E+04
0.15226E+04
0.19264E+04
0.24234E+04
0.29744E+04
0.35948E+04
0.43091E+04
0.51323E+04
0.60638E+04
0.70459E+04
0.80487E+04
0.90989E+04
0.10178E+05
0.11319E+05
0.12402E+05
0.13523E+05
0.14606E+05
0.15715E+05
0.16869E+05
0.17969E+05
0.19022E+05
0.20030E+05
0.21024E+05
0.21893E+05
0.22716E+05
0.23437E+05
0.24083E+05
0.24664E+05
0.25191E+05
0.25647E+05
0.25982E+05
0.26109E+05
0.26078E+05
0.25904E+05
0.25619E+05
0.25202E+05
0.24672E+05
0.24066E+05
0.23295E+05
0.22387E+05
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18.2439  0.21340E+05
18.2592  0.20251E+05
18.2745  0.19120E+05
18.2898  0.18002E+05
18.3051  0.16798E+05
18.3204  0.15566E+05
18.3357  0.14364E+05
18.3510  0.13114E+05
18.3663  0.11855E+05
18.3816  0.10570E+05
18.3969  0.92736E+04
18.4122  0.80030E+04
18.4275  0.67707E+04
18.4428  0.56190E+04
18.4581  0.45982E+04
18.4734  0.36518E+04
18.4887  0.28070E+04
18.5040  0.20865E+04
18.5193  0.14395E+04
18.5346  0.94444E+03
18.5499  0.57512E+03
18.5652  0.34307E+03
18.5805 0.17812E+03
18.5958  0.87057E+02
18.6111  0.22762E+02
18.6264  0.23542E+01
18.6417  0.24343E-01

18.6570  0.00000E+00
18.6723  0.00000E+00
18.6876  0.00000E+00
18.7029  0.00000E+00
18.7182  0.00000E+00
18.7335  0.00000E+00
18.7488  0.00000E+00

The sum of the spectra from the reaction(s):
T(d,n)4He, T/Ti target

Total summed fluence (nfcm2 s): 0.8542E+06

------ Neutron spectrum ------
Neutron energy Fluence

(MeV) (n/(cm2 MeV s)
17.2266  0.00000E+00
17.2419  0.00000E+00
17.2572  0.00000E+00
17.2725  0.00000E+00
17.2878  0.00000E+00
17.3031  0.00000E+00
17.3184  0.00000E+00
17.3337  0.73108E+01
17.3490  0.95281E+02
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17.3643
17.3796
17.3949
17.4102
17.4255
17.4408
17.4561
17.4714
17.4867
17.5020
17.5173
17.5326
17.5479
17.5632
17.5785
17.5938
17.6091
17.6244
17.6397
17.6550
17.6703
17.6856
17.7009
17.7162
17.7315
17.7468
17.7621
17.7774
17.7927
17.8080
17.8232
17.8385
17.8538
17.8691
17.8844
17.8997
17.9150
17.9303
17.9456
17.9609
17.9762
17.9915
18.0068
18.0221
18.0374
18.0527
18.0680
18.0833
18.0986
18.1139
18.1292
18.1445
18.1598
18.1751

0.34782E+03
0.58486E+03
0.83017E+03
0.10353E+04
0.12032E+04
0.14423E+04
0.20664E+04
0.30371E+04
0.47855E+04
0.71271E+04
0.97524E+04
0.12358E+05
0.15534E+05
0.21254E+05
0.28945E+05
0.37694E+05
0.47849E+05
0.60884E+05
0.77764E+05
0.99529E+05
0.12592E+06
0.15842E+06
0.19443E+06
0.23499E+06
0.28168E+06
0.33550E+06
0.39638E+06
0.46059E+06
0.52614E+06
0.59479E+06
0.66530E+06
0.73990E+06
0.81073E+06
0.88398E+06
0.95481E+06
0.10273E+07
0.11027E+07
0.11746E+07
0.12434E+07
0.13094E+07
0.13743E+07
0.14311E+07
0.14849E+07
0.15321E+07
0.15743E+07
0.16123E+07
0.16467E+07
0.16765E+07
0.16984E+07
0.17067E+07
0.17047E+07
0.16933E+07
0.16747E+07
0.16474E+07
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18.1904
18.2057
18.2210
18.2363
18.2516
18.2669
18.2822
18.2975
18.3128
18.3281
18.3434
18.3587
18.3740
18.3893
18.4046
18.4199
18.4352
18.4505
18.4658
18.4811
18.4964
18.5116
18.5269
18.5422
18.5575
18.5728
18.5881
18.6034
18.6187
18.6340
18.6493
18.6646
18.6799
18.6952
18.7105
18.7258
18.7411
18.7449

0.16128E+07
0.15732E+07
0.15228E+07
0.14634E+07
0.13950E+07
0.13238E+07
0.12499E+07
0.11768E+07
0.10981E+07
0.10175E+07
0.93895E+06
0.85728E+06
0.77495E+06
0.69095E+06
0.60621E+06
0.52315E+06
0.44259E+06
0.36731E+06
0.30058E+06
0.23871E+06
0.18349E+06
0.13639E+06
0.94102E+05
0.61737E+05
0.37595E+05
0.22426E+05
0.11644E+05
0.56908E+04
0.14879E+04
0.15389E+03
0.15913E+01
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
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Neutron field production characteristics based including detector area Energy loss based on SRIM
Date: 2016-11-25 Time: 18:06:27

--- Neutrons ---

Reaction: T(d,n)4He, T/Ti target

lon energy (keV): 3550

Neutron emission angle (degrees): 0

Solid target used

Target thickness (ug/cm2): 2123

OHI/Li, H/Ti or D/Ti ratio: 1.543

Entrance window foil: Molybdenum

Entrance window thickness (nm) : 10000

lon energy loss in target (keV): 297.516

Beam current (UA): 2

Fluence calculation at target distance (mm): 20
Fluence calculation at target radius (mm): 6.5
Angular straggling used

lon energy (keV): 3550

Entrance window foil: Molybdenum

Entrance window thickness (nm) : 10000
Angular straggling used

Number of points to estimate average fluence: 200

For the reaction:

T(d,n)4He, T/Ti target

OHI/Li, H/Ti or D/Ti ratio: 1.5430

Minimum neutron energy (MeV):18.2528
Maximum neutron energy (MeV):19.4900
Average neutron energy (MeV):19.0031

Centroid neutron energy (MeV):18.8714

Median neutron energy (MeV):18.9979

Standard deviation of neutron energy distribution (MeV): 0.1569
Total fluence (n/cm2 s): 0.1768E+07

Energy bin width of histogram (MeV): 0.1406E-01

------ Neutron spectrum ------
Neutron energy Fluence
(MeV) (n/(cm2 s)
18.1404  0.00000E+00
18.1544  0.00000E+00
18.1685  0.00000E+00
18.1826  0.00000E+00
18.1966  0.00000E+00
18.2107  0.00000E+00
18.2247  0.00000E+00
18.2388  0.00000E+00
18.2528  0.29937E+00
18.2669  0.13357E+01
18.2810  0.34400E+01
18.2950 0.69919E+01
18.3091  0.12447E+02
18.3231  0.16061E+02
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18.3372
18.3513
18.3653
18.3794
18.3934
18.4075
18.4215
18.4356
18.4497
18.4637
18.4778
18.4918
18.5059
18.5200
18.5340
18.5481
18.5621
18.5762
18.5902
18.6043
18.6184
18.6324
18.6465
18.6605
18.6746
18.6887
18.7027
18.7168
18.7308
18.7449
18.7590
18.7730
18.7871
18.8011
18.8152
18.8292
18.8433
18.8574
18.8714
18.8855
18.8995
18.9136
18.9277
18.9417
18.9558
18.9698
18.9839
18.9979
19.0120
19.0261
19.0401
19.0542
19.0682
19.0823

0.21068E+02
0.33233E+02
0.49309E+02
0.71687E+02
0.99296E+02
0.12163E+03
0.14399E+03
0.17326E+03
0.21737E+03
0.27756E+03
0.36728E+03
0.46750E+03
0.58781E+03
0.73712E+03
0.92162E+03
0.11517E+04
0.14406E+04
0.17947E+04
0.22564E+04
0.28451E+04
0.35965E+04
0.45454E+04
0.56667E+04
0.69332E+04
0.83413E+04
0.99641E+04
0.11813E+05
0.13886E+05
0.16145E+05
0.18656E+05
0.21358E+05
0.24130E+05
0.27039E+05
0.30034E+05
0.33044E+05
0.35912E+05
0.38684E+05
0.41563E+05
0.44386E+05
0.47076E+05
0.49624E+05
0.51963E+05
0.54188E+05
0.56144E+05
0.57729E+05
0.58880E+05
0.59768E+05
0.60380E+05
0.60359E+05
0.60048E+05
0.59350E+05
0.58137E+05
0.56673E+05
0.54972E+05
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19.0964  0.52891E+05
19.1104  0.50414E+05
19.1245 0.47654E+05
19.1385  0.44860E+05
19.1526  0.41899E+05
19.1666  0.38612E+05
19.1807 0.35187E+05
19.1948  0.31988E+05
19.2088  0.28746E+05
19.2229  0.25562E+05
19.2369 0.22476E+05
19.2510  0.19330E+05
19.2651 0.16375E+05
19.2791  0.13673E+05
19.2932  0.11315E+05
19.3072  0.92403E+04
19.3213  0.73357E+04
19.3353  0.55232E+04
19.3494  0.39092E+04
19.3635 0.26475E+04
19.3775  0.17466E+04
19.3916  0.11162E+04
19.4056 0.62168E+03
19.4197  0.31465E+03
19.4338  0.14097E+03
19.4478  0.45376E+02
19.4619  0.34821E+01
19.4759  0.73513E-03
19.4900 0.00000E+00
19.5041  0.00000E+00
19.5181  0.00000E+00
19.5322  0.00000E+00
19.5462  0.00000E+00
19.5603  0.00000E+00

The sum of the spectra from the reaction(s):
T(d,n)4He, T/Ti target

Total summed fluence (n/cm2 s): 0.1768E+07

------ Neutron spectrum ------
Neutron energy Fluence

(MeV) (n/(cm2 MeV s)
18.1615  0.00000E+00
18.1755  0.00000E+00
18.1896  0.00000E+00
18.2036  0.00000E+00
18.2177  0.00000E+00
18.2318  0.00000E+00
18.2458  0.00000E+00
18.2599  0.21295E+02
18.2739  0.95012E+02
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18.2880
18.3020
18.3161
18.3302
18.3442
18.3583
18.3723
18.3864
18.4005
18.4145
18.4286
18.4426
18.4567
18.4708
18.4848
18.4989
18.5129
18.5270
18.5410
18.5551
18.5692
18.5832
18.5973
18.6113
18.6254
18.6395
18.6535
18.6676
18.6816
18.6957
18.7097
18.7238
18.7379
18.7519
18.7660
18.7800
18.7941
18.8082
18.8222
18.8363
18.8503
18.8644
18.8784
18.8925
18.9066
18.9206
18.9347
18.9487
18.9628
18.9769
18.9909
19.0050
19.0190
19.0331

0.24469E+03
0.49734E+03
0.88537E+03
0.11424E+04
0.14986E+04
0.23639E+04
0.35074E+04
0.50992E+04
0.70631E+04
0.86519E+04
0.10242E+05
0.12325E+05
0.15462E+05
0.19744E+05
0.26125E+05
0.33254E+05
0.41812E+05
0.52432E+05
0.65556E+05
0.81922E+05
0.10247E+06
0.12766E+06
0.16050E+06
0.20238E+06
0.25583E+06
0.32332E+06
0.40308E+06
0.49317E+06
0.59333E+06
0.70876E+06
0.84028E+06
0.98772E+06
0.11484E+07
0.13270E+07
0.15192E+07
0.17164E+07
0.19233E+07
0.21364E+07
0.23505E+07
0.25545E+07
0.27517E+07
0.29565E+07
0.31572E+07
0.33486E+07
0.35299E+07
0.36962E+07
0.38545E+07
0.39936E+07
0.41064E+07
0.41882E+07
0.42514E+07
0.42949E+07
0.42934E+07
0.42713E+07
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19.0472
19.0612
19.0753
19.0893
19.1034
19.1174
19.1315
19.1456
19.1596
19.1737
19.1877
19.2018
19.2159
19.2299
19.2440
19.2580
19.2721
19.2861
19.3002
19.3143
19.3283
19.3424
19.3564
19.3705
19.3846
19.3986
19.4127
19.4267
19.4408
19.4548
19.4689
19.4830
19.4970
19.5111

19.5251
19.56392
19.56533
19.5568

0.42217E+07
0.41354E+07
0.40313E+07
0.39102E+07
0.37622E+07
0.35860E+07
0.33897E+07
0.31910E+07
0.29803E+07
0.27465E+07
0.25029E+07
0.22754E+07
0.20448E+07
0.18182E+07
0.15988E+07
0.13750E+07
0.11648E+07
0.97260E+06
0.80487E+06
0.65727E+06
0.52180E+06
0.39288E+06
0.27806E+06
0.18832E+06
0.12424E+06
0.79396E+05
0.44221E+05
0.22381E+05
0.10027E+05
0.32276E+04
0.24769E+03
0.52291E-01

0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
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Appendix B

Calculation of fb Correction Factor for non-constant flux

# include <iostream>
# include <cmath>

# include <fstream>
using namespace std;

int main ()
{
char filename[80];
double half_life;
double lamda;
double Irradiation_time;
double dft;
double flux[5000];
double sum_1=0., sum_2=0.;
int number_of channels;
cout<<"give the half life in second: ";
cin>>half_life;
lamda=log(2)/half _life;
cout<<"give the name of the BF3 file: ";
cin>>filename;
cout<<"give the number of channels: ";
cin>>number_of_channels;
cout<<"give the Irradiation time is second :" ;
cin>>Irradiation_time;
cout<<"give the dt of each channel: ",
cin>>dt;
double b, fb_constant, TotCor;

ifstream infile;

infile.open(filename);

for (int i=0;i<number_of channels;i++){

infile>>flux[i];

Y

for(int j=0;j<number_of channels;j++){

sum_2=sum_2+flux[j];
sum_1=sum_1+flux[j]*(exp((j+1)*lamda*dt)-exp((j)*lamda*dt));

fb=(exp(-lamda*Irradiation_time)/(lamda*dt))*(sum_1/sum_2);
TotCor=sum_2*lamda*dt/(sum_1*exp(-lamda*Irradiation_time));
fb_constant=(1-exp(-lamda*Irradiation_time))/(lamda*Irradiation_time);
cout<<"the correction factor for non constant flux is: ";

cout<<fb<<"\n";

cout<<"the correction factor for constant flux is: ";
cout<<fb_constant<<"\n";

cout<<"the 1/fb for non constant flux is: ";

cout<<TotCor<<"\n";

}
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Appendix C

Calculation of Self-Attenuation Correction Factor for the Erbium targets

#include "XriDetectorConstruction.hh"
#include "G4SDManager.hh"
#include "G4Element.hh"

#include "G4Material.hh"

#include "G4Box.hh"

#include "G4Tubs.hh"

#include "G4Cons.hh"

#include "G4LogicalVolume.hh"
#include "G4ThreeVector.hh"
#include "G4PVPlacement.hh"

#include "G4UnitsTable.hh"
#include "globals.hh"

#include "G4SystemOfUnits.hh"
#include "G4PhysicalConstants.hh"

#include "G4VisAttributes.hh"
#include "G4Colour.hh"

#include "G4SystemOfUnits.hh"
#include "G4PhysicalConstants.hh"

XriDetectorConstruction::XriDetectorConstruction()

{}

XriDetectorConstruction::~XriDetectorConstruction()

{}

G4VPhysicalVolume* XriDetectorConstruction::Construct()
{

G4UnitDefinition::BuildUnits Table();

G4double a;

G4double z;

Gdint iz, in;

G4double density;
G4String name, symbol;
G4int ncomponents;
G4double fractionmass;
G4int natoms;

[ =mmmmmeee plexiglass of Eu source

a =12.011*g/mole;
G4Element* elC = new G4Element(name="Carbon",symbol=" C" , z= 6., a);
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a = 1.008*g/mole;
G4Element *elH = new G4Element(name="Hydrogen", symbol="H", z= 1., a);

a = 15.999*g/mole;
G4Element *elO = new G4Element(name="Oxygen", symbol=" Q" , z= 8., a);

/l ERBIUM TARGET
a=167.259*g/mole;

G4Element *elEr = new G4Element(name="Erbium", symbol="Er", z= 68., a);
density = 8.64*g/cm3;
G4Material* Er203 = new G4Material(name="Erbium_oxide",density,ncomponents=2);

Er203->AddElement(elEr, natoms=2);
Er203->AddElement(elO, natoms=3);

density = 1.5*g/cm3;

G4Material* Cellulose = new G4Material("Cellulose" , density, ncomponents=3);
Cellulose->AddElement(elH, natoms=10);

Cellulose->AddElement(elC, natoms=6);

Cellulose->AddElement(elO, natoms=5);

density = 3.9*g/cm3;

G4Material* ErTarget = new G4Material(name="ErTarget",density,ncomponents=2);
ErTarget->AddMaterial(Cellulose,fractionmass=9.1*perCent);
ErTarget->AddMaterial(Er203,fractionmass=90.9*perCent);

/* IIPOINT SOURCE

density = 1.19*g/cm3;

G4Material* Plexiglass = new G4Material(name="Plexiglass",density,ncomponents=3);
Plexiglass->AddElement(elC, natoms=5);

Plexiglass->AddElement(elH, natoms=8);

Plexiglass->AddElement(elO, natoms=2); */

I - defining Ge crystal

a =72.61*g/mole;

density = 5.323*g/cm3;

G4Material* Ge = new G4Material(name="Ge",z=32., a, density);
I - defining Mg housing

a = 24.305*g/mole;

density = 1.738*g/cm3;
G4Material* Mg = new G4Material(name="Mg", z=12., a, density);

I —=mmmm- defining Al housing

a = 26.981539*g/mole;
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density = 2.70*g/cm3;
G4Material* Al = new G4Material(name="Al", z=13., a, density);

[f-=mmmmm - defining Air

a =14.007*g/mole;
G4Element* eIN = new G4Element(name="Nitrogen",symbol=" N", z= 7., a);

/I 'a =15.999*g/mole;
/l G4Element *elO = new G4Element(name="0Oxygen", symbol=" 0", z= 8., a);

density = 1.29*mg/cm3;

G4Material *Air = new G4Material(name="Air ",density,ncomponents=2);
Air->AddElement(elO, fractionmass=30.0*perCent);
Air->AddElement(elN, fractionmass=70.0*perCent);

I - defining vacuum

G4double pressure, temperature;

density = universe_mean_density;

pressure = 3.0E-18*pascal;

temperature = 2.73*kelvin;

G4Material *Vacuum = new G4Material(name="Vacuum", z=1.0, a=1.01*g/mole,
density, kStateGas, temperature, pressure);

G4cout << "\n\n ##HH H#HEE \n";
G4cout << "\n\t\t##H#HE List of isotopes used #H#HHE \n";
/I Gdcout << *(G4lsotope::GetlsotopeTable());
G4cout << "\n\n\n\n\t\t ##### List of elements used ###H# \n";
G4cout << *(G4Element::GetElementTable());
G4cout << "\n\n\n\n\t\t #### List of materials used #### \n";
G4cout << *(G4Material::GetMaterialTable());
G4cout << "\n\n ##H# H#HEE \N";

I beam line along z axis

G4double startFi = 0.0*deg;
G4double endFi = 360.0*deg;

Il world volume

G4double WorldOutR = 20.0*cm;
G4double WorldInR = 0.0*cm;
G4double WorldHalfh = 30.0*cm;

G4Tubs *World_tub

= new G4Tubs("World_tub",WorldInR,WorldOutR,WorldHalfh,
startFi,endFi);
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G4LogicalVolume *World_log
= new G4LogicalVolume(World_tub,Air,"World_log",0,0,0);

G4VPhysicalVolume *World_phys
= new G4PVPlacement(0,G4ThreeVector(),"World",
World_log,0,false,0);

/——— Mg entrance window

G4double SD = 1.75*cm;//1.75*cm;  // SD=Source-Detector distance, set equal to 7cm+0.5mm to the source
centre

G4double MgWOULtR = 4.5*cm;

G4double MgWInR = 0.*cm;

G4double MgWHalfh = (1.5/2)*mm;

G4Tubs *MgW _tube
= new G4Tubs("MgW_tube",MgWInR,MgWOutR,MgWHalfh,
startFi,endFi);

G4LogicalVolume *MgW_log
= new G4LogicalVolume(MgW _tube,Mg,"MgW _log",0,0,0);

G4double Pos_x = 0.0*cm;
G4double Pos_y = 0.0*cm;
G4double Pos_z = -SD-MgWHalfth;
G4VPhysicalVolume *MgWTube_phys
= new G4PVPlacement(0,
G4ThreeVector(Pos_x,Pos_y,Pos_z),
MgW_log,"MgWTube",World_log,false,0);

[f-mmmmmmmmm e Mg entrance window 2

G4LogicalVolume *MgW_log2
= new G4LogicalVolume(MgW_tube,Mg,"MgW _log2",0,0,0);

Pos x =0.0*cm;
Pos_y =0.0*cm;
Pos_z = SD+MgWHalfh;
G4VPhysicalVolume *MgWTube phys2
= new G4PVPlacement(0,
G4ThreeVector(Pos_x,Pos_y,Pos_z),
MgW_log2,"MgWTube2",World_log,false,0);

[ Mg housing
G4double MgThickness = 1.5*mm;
G4double MgOutR = MgWOUItR;
G4double MgInR = 0.*cm;
G4double MgHalfh = (16.4/2.)*cm;

G4Tubs *Mg_tube
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= new G4Tubs("Mg_tube",MgInR,MgOutR,MgHalfh,
startFi,endFi);

G4LogicalVolume *Mg_log
= new G4LogicalVolume(Mg_tube,Mg,"Mg_log",0,0,0);

Pos_x =0.0*cm;
Pos_y =0.0*cm;
Pos_z = -SD-2.*MgWHalfh-MgHalfh;
G4VPhysicalVolume *MgTube_phys
= new G4PVPlacement(0,
G4ThreeVector(Pos_x,Pos_y,Pos_z),
Mg_log,"MgTube",World_log,false,0);

e ——— Mg housing 2

G4LogicalVolume *Mg_log2
= new G4LogicalVolume(Mg_tube,Mg,"Mg_log2",0,0,0);

Pos x =0.0*cm;
Pos_y =0.0*cm;
Pos_z = SD+2.*MgWHalfh+MgHalfh;
G4VPhysicalVolume *MgTube_phys2
= new G4PVPlacement(0,
G4ThreeVector(Pos_x,Pos_y,Pos_z),
Mg_log2,"MgTube2",World_log,false,0);

[f-mmmmmmm e Vacuum between Mg window and Mg housing

G4double VacuumOutR = MgOutR - MgThickness;
G4double VacuumInR = 0.*cm;
G4double VacuumHalfh = MgHalfh - MgThickness/2.;

G4Tubs *Vacuum_tube
= new G4Tubs("Vacuum_tube",VacuumInR,VacuumOutR,VacuumHalfh,
startFi,endFi);

G4LogicalVolume *Vacuum_log
= new G4LogicalVolume(Vacuum_tube,Vacuum,"Vacuum_log",0,0,0);

Pos x =0.0*cm;
Pos_y =0.0*cm;
Pos_z = MgThickness/2.;
G4VPhysicalVolume *VacuumTube_phys
= new G4PVPlacement(0,
G4ThreeVector(Pos_x,Pos_y,Pos_z),
Vacuum_log,"VacuumTube",Mg_log,false,0);

-------------- Vacuum between Mg window2 and Mg housing2

G4LogicalVolume *Vacuum_log2
= new G4LogicalVolume(Vacuum_tube,Vacuum,"Vacuum_log2",0,0,0);
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Pos x =0.0*cm;
Pos_y =0.0*cm;
Pos_z = -MgThickness/2.;
G4VPhysicalVolume *VacuumTube_phys2
= new G4PVPlacement(0,
G4ThreeVector(Pos_x,Pos_y,Pos_z),
Vacuum_log2,"VacuumTube2",Mg_log2,false,0);

/—— Al mylar entrance window

G4double gapMg_Al = 3.95*mm;
G4double AIWOuUtR = 3.956*cm;
G4double AIWINR = 0.*cm;
G4double AlWHalfh = (0.05/2)*mm;

G4Tubs *AIW_tube
= new G4Tubs("AIW_tube", AIWInR,AIWOutR,AlWHalfh,
startFi,endFi);

G4LogicalVolume *AlW_log
= new G4LogicalVolume(AIW_tube,Al,"AIW _log",0,0,0);

Pos_x =0.0*cm;
Pos_y =0.0*cm;
Pos_z = VacuumHalfh-gapMg_Al-AlWHalfh;
G4VPhysicalVolume *AlWTube_phys
= new G4PVPlacement(0,
G4ThreeVector(Pos_x,Pos_y,Pos_z),
AW _log,"AIWTube",Vacuum_log,false,0);

[f-mmmmmmmmm e Al mylar entrance window?2

G4LogicalVolume *AlW_log2
= new G4LogicalVolume(AIW_tube,Al,"AIW _log2",0,0,0);

Pos x =0.0*cm;
Pos_y =0.0*cm;
Pos_z = -(VacuumHalfh-gapMg_AI-AlWHalfh);
G4VPhysicalVolume *AlWTube_phys2
= new G4PVPlacement(0,
G4ThreeVector(Pos_x,Pos_y,Pos_z),
AW _log2,"AlIWTube2",Vacuum_log2,false,0);

------------------ Al housing
G4double AlThickness = 0.76*mm;
G4double AIOutR = AIWOUtR;

G4double AlINR = 0.*cm;
G4double AlHalfh = (12.68/2.)*cm;
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G4Tubs *Al_tube
= new G4Tubs("Al_tube",AllnR,AlOutR,AlHalfh,
startFi,endFi);

G4LogicalVolume *Al_log
= new G4LogicalVolume(Al_tube,Al,"Al_log",0,0,0);

Pos x =0.0*cm;
Pos_y =0.0*cm;
Pos_z = VacuumHalfh-gapMg_Al-2*AlWHalfh - AlHalfh;
G4VPhysicalVolume *AlTube_phys
= new G4PVPlacement(0,
G4ThreeVector(Pos_x,Pos_y,Pos_z),
Al_log,"AlTube",Vacuum_log,false,0);

A ———— Al housing?2

G4LogicalVolume *Al_log2
= new G4LogicalVolume(Al_tube,Al,"Al_log2",0,0,0);

Pos x =0.0*cm;
Pos_y = 0.0*cm;
Pos_z = -(VacuumHalfh-gapMg_Al-2*AlWHalfh - AlHalfh);
G4VPhysicalVolume *AlTube phys2
= new G4PVPlacement(0,
G4ThreeVector(Pos_x,Pos_y,Pos_z),
Al_log2,"AlTube2",Vacuum_log2,false,0);

[fmmmmmmem e Vacuum between Al window and Al housing

G4double InVacuumOutR = AlIOutR - AlThickness;
G4double InVacuumInR = 0.*cm;
G4double InVacuumHalfh = AlHalfh - AlThickness/2.;

G4Tubs *InVacuum_tube
= new G4Tubs("InVacuum_tube",InVacuumInR,InVacuumOutR,InVacuumHalfh,
startFi,endFi);

G4LogicalVolume *InVacuum_log
= new G4LogicalVolume(InVacuum_tube,Vacuum,"InVacuum_log",0,0,0);

Pos x =0.0*cm;
Pos_y = 0.0*cm;
Pos_z = AlThickness/2.;
G4VPhysicalVolume *InVacuumTube_phys
= new G4PVPlacement(0,
G4ThreeVector(Pos_x,Pos_y,Pos_z),
InVacuum_log,"InVacuumTube",Al_log,false,0);

[f-mmmmmmmm e Vacuum between Al window2 and Al housing2
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G4LogicalVolume *InVacuum_log2
= new G4LogicalVolume(InVacuum_tube,Vacuum,"InVacuum_log2",0,0,0);

Pos x =0.0*cm;
Pos_y =0.0*cm;
Pos z = -AlThickness/2.;
G4VPhysicalVolume *InVacuumTube_phys2
= new G4PVPlacement(0,
G4ThreeVector(Pos_x,Pos_y,Pos_z),
InVacuum_log2,"InVacuumTube2",Al_log2,false,0);

[ - Dead layer Window Ge cone front

G4double FDLWConeRadiusUpMax = 3.58 *cm; //Front Dead Layer Window Uppper Max Radius
G4double FDLWConeRadiusUpMin = 0.0 *cm; //Front Dead Layer Window Uppper Min Radius
G4double FDLWConeRadiusBottomMax = 3.68 *cm; //Front Dead Layer Window Bottom Max Radius
G4double FDLWConeRadiusBottomMin = 0.0 *cm; //Front Dead Layer Window Bottom Min Radius
G4double FDLWConeHalfHeight = (0.00003/2.0)*cm; //Front Dead Layer thinkness

G4Cons *FDLW_cone
= new G4Cons("FDLW_cone", FDLWConeRadiusBottomMin, FDLWConeRadiusBottomMax,
FDLWConeRadiusUpMin,FDLWConeRadiusUpMax,
FDLWConeHalfHeight,
startFi,endFi);

G4LogicalVolume *FDLW _log
= new G4LogicalVolume(FDLW _cone,Ge,"FDLW _log",0,0,0);

Pos x =0.0*cm;
Pos_y = 0.0*cm;
Pos_z = InVacuumHalfh-FDLWConeHalfHeight;
G4VPhysicalVolume *FDLWCone_phys
= new G4PVPlacement(0,
G4ThreeVector(Pos_x,Pos_y,Pos_z),
FDLW _log,"FDLWCone",InVacuum_log,false,0);

[f-mmmmmmmmm e Dead layer Window2 Ge cone front

G4double FDLWConeRadiusUpMax2 = 3.68 *cm; //Front Dead Layer Window Uppper Max Radius
G4double FDLWConeRadiusUpMin2 = 0.0 *cm; //Front Dead Layer Window Uppper Min Radius
G4double FDLWConeRadiusBottomMax2 = 3.58 *cm; //Front Dead Layer Window Bottom Max Radius
G4double FDLWConeRadiusBottomMin2 = 0.0 *cm; //Front Dead Layer Window Bottom Min Radius
G4double FDLWConeHalfHeight2 = (0.00003/2.0)*cm; //Front Dead Layer thinkness

G4Cons *FDLW_cone2
= new G4Cons("FDLW_cone2", FDLWConeRadiusBottomMin2, FDLWConeRadiusBottomMax2,
FDLWConeRadiusUpMin2,FDLWConeRadiusUpMax2,
FDLWConeHalfHeight2,
startFi,endFi);
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G4LogicalVolume *FDLW _log2
= new G4LogicalVolume(FDLW_cone2,Ge,"FDLW _log2",0,0,0);

Pos x =0.0*cm;
Pos_y =0.0*cm;
Pos_z = -(InVacuumHalfh-FDLWConeHalfHeight2);
G4VPhysicalVolume *FDLWCone_phys2
= new G4PVPlacement(0,
G4ThreeVector(Pos_x,Pos_y,Pos_z),
FDLW_log2,"FDLWCone2",InVacuum_log2,false,0);

/— Front Ge cone

G4double FrontGeConeRadiusUpMax = 3.68 *cm; // Ge cone upper max radius
G4double FrontGeConeRadiusUpMin = 0.0 *cm; // Ge cone upper min radius
G4double FrontGeConeRadiusBottomMax = 3.78 *cm; // Ge cone bottom max radius
G4double FrontGeConeRadiusBottomMin = 0.0 *cm; // Ge cone bottom min radius
G4double FrontGeConeHalfHeight = (0.1/2.0)*cm; //Front Dead Layer thinkness

G4Cons *frontGe_cone
= new G4Cons("frontGe_cone",FrontGeConeRadiusBottomMin, FrontGeConeRadiusBottomMax,
FrontGeConeRadiusUpMin,FrontGeConeRadiusUpMax,
FrontGeConeHalfHeight,
startFi,endFi);

G4LogicalVolume *frontGeCone_log
= new G4LogicalVolume(frontGe_cone,Ge,"frontGeCone_log",0,0,0);

Pos x =0.0*cm;
Pos_y = 0.0*cm;
Pos_z = InVacuumHalfh-2*FDLWConeHalfHeight-FrontGeConeHalfHeight;
G4VPhysicalVolume *frontGeCone_phys
= new G4PVPlacement(0,
G4ThreeVector(Pos_x,Pos_y,Pos_z),
frontGeCone_log,"frontGeCone",InVacuum_log,false,0);

[ —— Front Ge cone2

G4double FrontGeConeRadiusUpMax2 = 3.78 *cm; // Ge cone upper max radius
G4double FrontGeConeRadiusUpMin2 = 0.0 *cm; // Ge cone upper min radius
G4double FrontGeConeRadiusBottomMax2 = 3.68 *cm; // Ge cone bottom max radius
G4double FrontGeConeRadiusBottomMin2 = 0.0 *cm; // Ge cone bottom min radius
G4double FrontGeConeHalfHeight2 = (0.1/2.0)*cm; //Front Dead Layer thinkness

G4Cons *frontGe_cone2
= new G4Cons("frontGe_cone2",FrontGeConeRadiusBottomMin2, FrontGeConeRadiusBottomMax2,
FrontGeConeRadiusUpMin2,FrontGeConeRadiusUpMax2,
FrontGeConeHalfHeight2,
startFi,endFi);
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G4LogicalVolume *frontGeCone_log2
= new G4LogicalVolume(frontGe_cone2,Ge,"frontGeCone_log2",0,0,0);

Pos x =0.0*cm;
Pos_y =0.0*cm;
Pos_z = -(InVacuumHalfh-2*FDLWConeHalfHeight2-FrontGeConeHalfHeight2);
G4VPhysicalVolume *frontGeCone_phys2
= new G4PVPlacement(0,
G4ThreeVector(Pos_x,Pos_y,Pos_z),
frontGeCone_log2,"frontGeCone2",InVacuum_log2,false,0);

----------- Plexiglass or target

G4double PlexiOutR = 1.295/2.*cm;//2.0/2.*cm;
G4double PlexilnR = 0.*cm;
G4double PlexiHalfth = 0.2/2.*cm;

G4Tubs *Plexi_tube
= new G4Tubs("Plexi_tube",PlexilnR,PlexiOutR,PlexiHalfh,
startFi,endFi);

G4LogicalVolume *Plexi_log
= new G4LogicalVolume(Plexi_tube,ErTarget,"Plexi_log",0,0,0);

Pos_x =0.0*cm;
Pos_y =0.0*cm;
Pos_z = 0.0*cm; //Here Christine had: -PlexiHalth/2.;
G4VPhysicalVolume *PlexiTube_phys
= new G4PVPlacement(0,
G4ThreeVector(Pos_x,Pos_y,Pos_z),
Plexi_log,"PlexiTube",World_log,false,0);

-------------- Dead layer of crystal at the crystal sides: denoted as "outDead"

G4double GeOutR = 3.77997*cm; //***HTAN 50/2*
G4double GeHalfh = 8.99/2.*cm;

G4double outDeadThickness = 0.00003*cm;

G4double outDeadOutR = GeOutR + outDeadThickness;
G4double outDeadInR = 0.*mm;

G4double outDeadHalfh = GeHalfh;

G4Tubs *outDead_tube
= new G4Tubs("outDead_tube",outDeadInR,outDeadOutR,outDeadHalfh,
startFi,endFi);

G4LogicalVolume *outDead_log
= new G4LogicalVolume(outDead_tube,Ge,"outDead_log",0,0,0);

Pos x =0.0*cm;

Pos_y =0.0*cm;
Pos_z =InVacuumHalfh-2*FDLWConeHalfHeight-2*FrontGeConeHalfHeight-outDeadHalfh;
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G4VPhysicalVolume *outDeadTube phys
= new G4PVPlacement(0,
G4ThreeVector(Pos_x,Pos_y,Pos_z),
outDead_log,"outDeadTube",InVacuum_log,false,0);

[f-mmmmmmmmmmeem Dead layer 2 of crystal at the crystal sides: denoted as "outDead2"

G4LogicalVolume *outDead_log2
= new G4LogicalVolume(outDead_tube,Ge,"outDead_log2",0,0,0);

Pos_x =0.0*cm;
Pos_y =0.0*cm;
Pos_z =-(InVacuumHalfh-2*FDLWConeHalfHeight2-2*FrontGeConeHalfHeight2-outDeadHalfh);

G4VPhysicalVolume *outDeadTube phys2

= new G4PVPlacement(0,
G4ThreeVector(Pos_x,Pos_y,Pos_z),
outDead_log2,"outDeadTube2",InVacuum_log2,false,0);

[ Ge crystal
G4double GelnR = 0.*mm;

G4Tubs *Ge_tube
= new G4Tubs("Ge_tube",GelnR,GeOutR,GeHalfh,
startFi,endFi);

G4LogicalVolume *Ge_log
= new G4LogicalVolume(Ge_tube,Ge,"Ge_log",0,0,0);

Pos x =0.0*cm;
Pos_y = 0.0*cm;
Pos_z =0.0*cm;
G4VPhysicalVolume *GeTube_phys
= new G4PVPlacement(0,
G4ThreeVector(Pos_x,Pos_y,Pos_z),
Ge_log,"GeTube",outDead_log,false,0);

e —— Ge crystal 2

G4LogicalVolume *Ge_log2
= new G4LogicalVolume(Ge_tube,Ge,"Ge_log2",0,0,0);

Pos_x =0.0*cm;

Pos_y =0.0*cm;

Pos z =0.0*cm;

G4VPhysicalVolume *GeTube_phys2

= new G4PVPlacement(0,
G4ThreeVector(Pos_x,Pos_y,Pos_z),
Ge_log2,"GeTube2",outDead_log2,false,0);
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----------- Dead layer in borehole: denoted as inDead

G4double BoreholeHalfh = 84/2.*mm;

G4double BoreholeOutR = 10.1/2.*mm;

G4double inDeadThickness =0.7*mm;

G4double inDeadOutR = BoreholeOutR + inDeadThickness;
G4double inDeadInR = 0.*mm;

G4double inDeadHalth = BoreholeHalfh + inDeadThickness/2.;

G4Tubs *inDead_tube
= new G4Tubs("inDead_tube",inDeadInR,inDeadOutR inDeadHalth,
startFi,endFi);

G4LogicalVolume *inDead_log
= new G4LogicalVolume(inDead_tube,Ge,"inDead_log",0,0,0);

Pos x =0.0*cm;
Pos_y =0.0*cm;
Pos z = - GeHalfh + inDeadHalfh;
G4VPhysicalVolume *inDeadTube_phys
= new G4PVPlacement(0,
G4ThreeVector(Pos_x,Pos_y,Pos_z),
inDead_log,"inDeadTube",Ge_log,false,0);

----------- Dead layer 2 in borehole 2: denoted as inDead?2

G4LogicalVolume *inDead_log2
= new G4LogicalVolume(inDead_tube,Ge,"inDead_log2",0,0,0);

Pos x =0.0*cm;
Pos_y = 0.0*cm;
Pos_z = -(- GeHalfh + inDeadHalfh);
G4VPhysicalVolume *inDeadTube_phys2
= new G4PVPlacement(0,
G4ThreeVector(Pos_x,Pos_y,Pos_z),
inDead_log2,"inDeadTube2",Ge_log2,false,0);

——————————————— Borehole
G4double BoreholelnR = 0.*mm;
G4Tubs *Borehole_tube
= new G4Tubs("Borehole_tube",BoreholeInR,BoreholeOutR,BoreholeHalfh,
startFi,endFi);

G4LogicalVolume *Borehole_log
= new G4LogicalVolume(Borehole tube,Vacuum,"Borehole log",0,0,0);

Pos x =0.0*cm;
Pos_y =0.0*cm;
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Pos_z = - inDeadThickness/2.;
G4VPhysicalVolume *BoreholeTube_phys
= new G4PVPlacement(0,
G4ThreeVector(Pos_x,Pos_y,Pos_z),
Borehole log,"BoreholeTube",inDead_log,false,0);

/A —— Borehole 2

G4LogicalVolume *Borehole_log2
= new G4LogicalVolume(Borehole_tube,Vacuum,"Borehole_log2",0,0,0);

Pos x =0.0*cm;
Pos_y =0.0*cm;
Pos_z =-(- inDeadThickness/2.);
G4VPhysicalVolume *BoreholeTube_phys2
= new G4PVPlacement(0,
G4ThreeVector(Pos_x,Pos_y,Pos_z),
Borehole_log2,"BoreholeTube2",inDead_log2,false,0);

World_log->SetVisAttributes (G4VisAttributes::Invisible);

G4VisAttributes *MgWTubeAttr = new G4VisAttributes(G4Colour(0.,0.,1.)); //Blue
G4VisAttributes *AIWTubeAttr = new G4VisAttributes(G4Colour(0.,0.,1.)); //Blue
G4VisAttributes *MgTubeAttr = new G4VisAttributes(G4Colour(1.,0.,0.)); //IRed

G4VisAttributes *AlTubeAttr = new G4VisAttributes(G4Colour(1.,0.,0.)); //IRed
G4VisAttributes *VacuumTubeAttr = new G4VisAttributes(G4Colour(0.3,0.3,0.3)); //light gray
G4VisAttributes *InVacuumTubeAttr = new G4VisAttributes(G4Colour(0.3,0.3,0.3)); //light gray
G4VisAttributes *outDeadTubeAttr = new G4VisAttributes(G4Colour(0.,1.,0.)); //green
G4VisAttributes *GeTubeAttr = new G4VisAttributes(G4Colour(0.8,0.8,0.8));  //grey
G4VisAttributes *inDeadTubeAttr = new G4VisAttributes(G4Colour(0.,0.4,0.3)); //tale
G4VisAttributes *Borehole TubeAttr = new G4VisAttributes(G4Colour(0.,0.,1.)); //blue
G4VisAttributes *PlexiTubeAttr = new G4VisAttributes(G4Colour(0.8,0.8,1.)); //gray

/I G4VisAttributes *VerticalPbAtir = new G4VisAttributes(G4Colour(1.,1.,1.));

/I G4VisAttributes *HorizontalPbAttr = new G4VisAttributes(G4Colour(1.,1.,1.));
G4VisAttributes *FDLWConeAttr = new G4VisAttributes(G4Colour(0.,1.,0.)); //gree
G4VisAttributes *FrontGeConeAttr = new G4VisAttributes(G4Colour(0.,1.,0.)); //gree

I* VerticalPbAttr->SetVisibility(true);

VerticalPbAttr->SetForceWireframe(true);
vertPb_log->SetVisAttributes(VerticalPbAttr);

HorizontalPbAttr->SetVisibility(true);

HorizontalPbAttr->SetForceWireframe(true);

horPb_log->SetVisAttributes(HorizontalPbAttr);
*/

PlexiTubeAttr->SetVisibility(true);
PlexiTubeAttr->SetForceWireframe(true);
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Plexi_log->SetVisAttributes(PlexiTubeAttr);

MgWTubeAttr->SetVisibility(true);
MgWTubeAttr->SetForceWireframe(true);
MgW_log->SetVisAttributes(MgWTubeAttr);
MgW_log2->SetVisAttributes(MgWTubeAttr);

MgTubeAttr->SetVisibility(true);
MgTubeAttr->SetForceWireframe(true);
Mg_log->SetVisAttributes(MgTubeAttr);
Mg_log2->SetVisAttributes(MgTubeAttr);

AlTubeAttr->SetVisibility(true);
AlTubeAttr->SetForceWireframe(true);
Al_log->SetVisAttributes(AlTubeAttr);
Al_log2->SetVisAttributes(AlTubeAttr);

AlWTubeAttr->SetVisibility(true);
AlWTubeAttr->SetForceWireframe(true);
AIW_log->SetVisAttributes(AIWTubeAttr);
AIW_log2->SetVisAttributes(AIWTubeAttr);

VacuumTubeAttr->SetVisibility(true);
VacuumTubeAttr->SetForceWireframe(true);
Vacuum_log->SetVisAttributes(VacuumTubeAttr);
Vacuum_log2->SetVisAttributes(VacuumTubeAttr);

InVacuumTubeAttr->SetVisibility(true);
InVacuumTubeAttr->SetForceWireframe(true);
InVacuum_log->SetVisAttributes(InVacuumTubeAttr);
InVacuum_log2->SetVisAttributes(InVacuumTubeAttr);

FDLWConeAttr->SetVisibility(true);
FDLWConeAttr->SetForceWireframe(true);
FDLW_log->SetVisAttributes(FDLWConeAttr);
FDLW_log2->SetVisAttributes(FDLWConeAttr);

FrontGeConeAttr->SetVisibility(true);
FrontGeConeAttr->SetForceWireframe(true);
frontGeCone_log->SetVisAttributes(FrontGeConeAttr);
frontGeCone_log2->SetVisAttributes(FrontGeConeAttr);

outDeadTubeAttr->SetVisibility(true);
outDeadTubeAttr->SetForceWireframe(true);
outDead_log->SetVisAttributes(outDeadTubeAttr);
outDead_log2->SetVisAttributes(outDead TubeAttr);

GeTubeAttr->SetVisibility(true);
GeTubeAttr->SetForceWireframe(true);
Ge_log->SetVisAttributes(GeTubeAttr);
Ge_log2->SetVisAttributes(GeTubeAttr);

inDeadTubeAttr->SetVisibility(true);
inDeadTubeAttr->SetForceWireframe(true);

115



inDead_log->SetVisAttributes(inDead TubeAttr);
inDead_log2->SetVisAttributes(inDead TubeAttr);

BoreholeTubeAttr->SetVisibility(true);
BoreholeTubeAttr->SetForceWireframe(true);
Borehole_log->SetVisAttributes(BoreholeTubeAttr);
Borehole_log2->SetVisAttributes(BoreholeTubeAttr);

return World_phys;
}
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