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Chapter 1

1. Introduction

This chapter will present the motivation and explanation for both
experiments. Below will be discussed different models and how they can be

used, the advantages and disadvantages of each model.

1.1 Introduction

Since the beginning of ancient times, human kind always tried to explain
the nature and the universe. In the end of 19th century, when the radioactivity
was discovered by Becquerel new era in science began. That was the first step
in the nuclear physics. Scientists begun to use models and symmetries to
explain structure of nuclei and use reactions to explain the way the nuclei were

produced. Huge amount of work was done so far, but there is still more to do.

Nuclear physics play big role in the explanation of the “Big Bang” theory
and stellar evolution. Accelerator made possible to produce the reactions that

are going on the stars and produce matter.

In my work | will show the results from two experiments which are

necessary in understanding nuclear structure and models.

1.2 Shell Model

The only way to describe why for some number of nucleons the nucleus
has higher stability than for other was to implement shell structure of nucleus.
The model that describes the shell structure is the shell model. In the shell
model the Pauli exclusive principle is taken into account. The observations
showed that the Magic numbers are 2, 8, 20, 28, 50, 82 and 126. When the

nucleus has the proton or neutron numbers equal to the Magic number than
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the nucleus will have comparably higher binding energy than nearby nuclei. It
Is possible that both proton and neutron number will be equal to Magic
numbers. That kind of nuclei called double-magic nuclei (*He, '®0, *°Ca and

etc.).

The shell model of the nuclei is very similar to the atomic shell structure.
In the 1S(n=0, j=1/2) shell possible nucleon number is 2. The 1P(n=1,
j=1/2,3/2) shell has two parts when j=1/2 then 2 nucleons, when the j=3/2 4
nucleons. There are total 6 nucleons in the 1P shell. 1st shell and 2nd shell
numbers together will be 8 which is the magic number. With this way will be
possible to get all magic numbers. Fig. 1.1 shows the structure of all shells and

magic numbers in the shell.

Having the appropriate potential for the model is very important. It will
allow to solve the Schrodinger equation and find the eigenvalues of energy. In
the shell model a lot of simplifications lead to the central potential. So the
potential depends only from radial distance and does not have angular
dependence. The potential in the shell model is attractive and U(r)g O as rg O.

Schrodinger equation for such case is shown in the Eq. 1.1.

HY =[S+ UD)| Y (1.1)

The equation is separable to the radial and angular parts therefore the

solution can be written:
Yt () = Vi (7,6, 8) = = Ry ()1 (6, $) (1.2)
The radial part of the Eq. 1.1 can be written to Eq. 1.3

RZ 1(+1)
2M e

A dRnin) [Em —U@) — R, (r) =0 (1.3)

M dr?



This model allows to explain magic numbers and the structure of the

nuclei, but the model has some problems.
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Figure 1.1 Nuclei shells and number of nucleon in each shell
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Main issue is that there is no difference between proton and neutron. It does
not take into account the charge of the proton which means absence of
Coulomb force. That can lead that the stability should correspond the
Z/=N=A/2. However, the Coulomb interactions makes it difficult to add
additional proton rather than a neutron. Due to there is a neutron excess

when in the stable heavy nuclei.

1.3 Internal Conversion Electrons

The de-excitation of the nuclei can happen with multiple ways. One of the
way is that the nuclei will emit y-ray or multiple and reach ground states.
Other way is that the nuclei will pass the energy to the electron in the K, L ...
shell and they will come out from the atom. Those electrons called the
conversion electrons. Fig. 1.2 shows the diagram for emitting the conversion

electrons.

Conversion
Electron

Figure 1.2 The diagram of emitting internal conversion electron.

After emitting the electron another electron from higher energy level will

take that place and emit X-ray.
11



Same excited level can emit both electron and y-ray, if it is not an EO
transition. Measuring the Yields of the electron and y-rays will be possible to
measure Internal Conversion Coefficient (ICC) and do some predictions for

spin and multi polarity of the excited level.

1.4 “Nuclear” Super Symmetry (SUSY) in the
medium-heavy nuclei range (A- 190)

Studying the nucleus in the physics means have a model that will describe

structure, deformation, excitation energy levels and etc. of the nucleus.

The shell model can describe nuclei with low mass up to 50 nucleons.
Then more nucleon in the nuclei, more shells should be taken into account
and the number of nucleons configuration becomes so big that shell model will

be intractable.

The idea that the symmetries are key part of the nature lead to the
developing of the new dynamical models [1]. The model that was developed
initially was Interacting Boson Model (IBM) [2]. The model describes the even-
even nuclei and allows to do predictions for excitation energies. Later model
was developed to include even-odd or odd-even nuclei, and excitation energies
was possible to predict. The model was the Interacting Boson-Fermion Model
(IBFM) [2, 3]. Finally, during 80's the final model was developed that describes
the odd-odd nuclei excited levels as well [4, 5, 6]. The model is “Nuclear”

Super Symmetry (SUSY).
The “Nuclear” SUSY should not be confused with the SUSY that is

describing the unified fundamental forces and studying with Large Hadron
Collider. The nuclear SUSY is not a fundamental as the particle SUSY, it is a
composite symmetry of bosons and fermions in an approach that can be used
to predict the structure of odd-odd nuclei. Model that can predict the odd-odd

nuclei structure remains the problem even today.
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IBM is the framework with the dynamical symmetries via Lie Algebras to
describing collective properties of even-even nuclei of various geometrical

shapes and the transition regions between them in a unified network.

The IBM and its inherent symmetries proved valuable benchmarks in
nuclear structure by providing equation to calculate energy levels, selection
rules for de-exciting transitions, and transfer strengths that could be directly
compared with experimental findings near the symmetries and in the
transitions between them by a unified Hamiltonian that could reflect the

observed evolution of structure.

The model describes the nuclei as an inert core combined with bosons
which represents pair of identical nucleons. In this model neutron and proton
behave as same particle. The even-even member of this super group is known

to exhibit the O(6) symmetry [7].

This IBM concept was later expanded to include odd-even and even-odd
nuclei via symmetries of the Interacting Boson Fermion Model (IBFM). In this
model neutron and proton behave as a different particles due to was possible

to extend the model.

IBFM describes nucleus as a core, which is inert even-even nucleus, and

fermion which interacts with the core.

There is possibility of two kind of interaction between the fermion and
even-even nucleus. The subsections will describe Lia algebra and then each of

possible interactions.

1.4.1 Lie Algebra

The Lie Algebra is the mathematical method of describing the abstract

group. Lets assume a group G with the group members (51,52,...,{?“). The

group should satisfy following conditions:
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1. Closure:

If the G, and G; are the members of the group then their product G,G; is
also a member.

2. Associativity:

The G, (ﬁjﬁk] = (ﬁif?}]ﬁk property is always valid.

3. ldentity:

There exist an E element of G group that E@i = ﬁiﬁ = 51-.

4. Inverse:

For every G, there is an element G * such that G,G7* = GG, = E.

The elements of the group can be obtain by the set of the elements g,

i=1,2,...,s called generators. Simplest example of the group that satisfy Lie

algebra is SO(2) group of rotations. The group members can be written as:

G(a) = eialz (1.4)

Where « is rotation angle and

= . a a
=—tx7=y3) (1.5)

is the generator of transformation in the x-y plane. Transformations in the z-x

and y-z planes will be

S

.. 3 3. 7 .. 8 3
L =—i(z_-—x_), L, = _1@5_35] (1.6)

Finite rotation in the three-dimensions can be parametrized by three Euler

angles.
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Now let’s apply this to physical systems. Invariance of the Hamiltonian

under the algebra leads to the

[Hg] =0 (1.7)
and g plays the role of symmetry algebra for the system.

If there is a chain of algebra will lead to introducing the dynamical

symmetries. That will lead to the following Hamiltonian:

H' = aC, (g,) + BC(g2) (1.8)

where C;,(g;) is the Casimir invariant of g; .

1.4.2 U(6/4) Super Symmetry

First case is the SO®(6) boson group and SU"(4) fermion group. The
subgroup is called U(6/4) dynamical supersymmetery. This group describes

the fermion-core interaction, when fermion can occupy only single level.

The Hamiltonian for this case can be written as

H = AC;508(6) T Blospines) + Dlaspin(a (1.9)

which leads to an analytic form for the energy as a function of the quantum

numbers

E=AYZ+4)+Bloy(g; +4)+0,(0, +2)+ d2] +

+C[t(t;, +3) + 1, (, + D]+ DJ(J + 1) (1.10)
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The coefficients A, B, C and D are determined in a simultaneous fir of the
excitation energies of even-even and odd-even nuclei that belongs to the same

supermultiplet. Both equations deviations can be found in the Ref. [8].

1.4.3 U(6/12) Super Symmetry

Second case is the SO8(6) boson group and SUf(12) fermion group. The
subgroup is called U(6/12) dynamical supersymmetry. This group describes the

fermion-core interaction, when fermion can occupy multiple level.

The Hamiltonian for this case can be written as

H = aC,yspi) + BCososr ey + YCos057 5y + 00,5057 (3) + ECaspinga (1.11)

which leads to an analytic form for the energy as a function of the quantum

numbers

E = a[N,(N,+5) + N,(N, +3)] + Bloy (o, + 4) + 0,(0, + 2) + 03] +

+y[ty(ry +3) + 1, (t, + D]+ SL(L+ 1) +€¢/(J + 1) (1.12)

Again the equations where taken from the Ref. [8].

1.4.4 Super Symmetry (SUSY)

Final stage of the extension of the model is “Nuclear” Super Symmetry
(SUSY). In the “Nuclear” SUSY the bosonic and fermionic degrees of freedom
are combined in one common set of multiplets that could predict the structure
of the odd-odd nucleus [4, 5, 6].

This theoretical formalism leads to a quartet of nuclei with equal numbers
of bosons and fermions that could be linked by SUSY. The supersymmetry that
describes the super group is U(6/12)®(6/4).

16



As super group members was used "**'°Pt and '®>'%Au. The number of
bosons and fermions are related to the number of valence nucleons the
number of protons and neutrons outside the close shells. For example, Pt
has 78 protons and 116 neutrons. The quantum numbers can be calculated
N,=(82-78)/2=2and N, = (126 —116)/2 = 5. On the other hand, '®Au

has 79 protons and 116 neutrons, so it has 3 valence protons and 10 valence

neutrons. It means that N, =1, M_ =1 and N, =5, M,=0. Table 1.1 shows

the quantum numbers for all members.

Table 1.1. Number of proton and neutron bosons (N, ,)

and fermions (M, for **'%Pt and '®>1%°Ay
members of the quartet.

Nucleus

N, M, N, M,
194py116 2 0 5 0
195 py116 2 0 4 1
195 Ay 116 1 1 5 0
196 Ay 116 1 1 4 1

The invariant for the SUSY is “N+M”, compare to IBM in which “N” is

invariant. The odd neutron of this group can occupy 3p:, 3pz and 3fs, orbits

17



and the odd proton can occupy only 2d= orbit. So for this super group the

U(6/12)®(6/4) SUSY should be used.

The Hamiltonian for the U(6/12)®U(6/4) is shown in the Eq. 1.13
from Ref. [8].

H = ACEUEFv{ﬁ] + BCESGEF{EJ + BICzsmn{ﬁ] + Clospin(s) +

+DC:25pm{2] + ECESU{Z] (1 '13)

Solution of the eigenvalues problems is shown in the Eq. 1.14. A, B, B, C,
D, E are the fitting parameters. With the following equation will be possible to

predict the "°Au energy levels.
E =A[N,(N,+5)+N, (N, +3)]+B[Z,(Z, + )+ Z,(Z,+2)] +
+B'[loy(gy +4) + 0,(0, +2)+ 2]+ Clry (1, + 3D + (7, + D] +

+DL(L+ D)+ EJJ+ 1) (1.14)

The predictions for the level structure of '®°Au involve only six parameters
and can be compared with experiment. Extensive experimental efforts have
been made before [9, 10, 11] to study the structure of '“°Au utilizing transfer
reactions with protons as well as deuterons, by in-beam y-ray and internal
conversion spectroscopy to provide robust evidence for the existence of
“Nuclear” SUSY. With excellent agreement between prediction and
experiment up to approximately 250 keV and fairly good agreement up to 500
keV in excitation energy. Groger et al. [9] were careful to point to the
dependence of the predictions for '®Au on the detailed spectroscopy of the

odd-even and even-odd members of the multiplet.
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1.5 Clusters in the a-conjugate nuclei

After the Big Bang only light nuclei (H, He and Li) were created. These
nuclei become a building block for synthesis of higher mass elements. The
a-nucleus as a cluster component has been identified in a-conjugate nuclei
that are nuclei with equal and even number of proton and neutrons. The
special stability of the a-nucleus or clusters of a-particles continue to persist in
heavier nuclei such as "C, '°0, *°Ne, **Mg and others [21]. Besides that “He is
noble gas and interacts very weakly, first excited state of this nucleus is around
20 MeV. The binding energy of this nucleus is also very high compare to
nearby nuclei. Addition to this a-a strong and repulsive interaction coming

from Pauli Exclusion Principle [22, 23], made a-cluster model [24].

1.5.1 a-particle Model

The liquid-droplet model of the nucleus that was discovered by Bohr,
gives good description of many nuclear processes and information on nuclear
binding energy. But better understanding of the excited levels of the nuclei
only with other models based on more specific assumptions. The difference
between the liquid-droplet model and the a-particle model [24] is that the first
model discuss neutrons and the protons as independent particles, however,
the second model first discuss two protons and two neutrons interactions

(a-particle) and then such subgroups interactions between each other.

The interaction-potential for a-particles is shown in the Fig. 1.3 from Ref.
[24]. The ry is the radius of the nuclei. There is attractive force only when the
a-particles in the nuclei are within some range near the radius. After some
radius there is a repulsive force so a-particle will be ejected. With this model

Is possible to describe a-decay in heavy nuclei.
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Figure 1.3 The interaction potential between the a-particles Ref. [24].

During 1960s multiply studies were done to revival the model [25, 26]
and eventually in 1968 lkeda suggested the structure of a-clusters in the

a-conjugate nuclei excited states [27].

Ilkeda showed that since some threshold in the a-conjugate nuclei begin to
form the a-particles. Eventually at some point nuclei will be completely
clustered. That energy is called a break-up energy. For example, '°O breakup
energy is the 14.44 MeV. So any excited level above the 14.44 MeV will

break-up into 4 a-particles.

Another important quality of this model is ability to measure the
momentum of inertia of the nucleus in the excited level. That can be done with
the Eq. 1.15, where “E,” is the excitation energy of the nucleus coming from

“I”

the rotation, is the momentum of inertia and the “J” is the spin of the state.

20



E:=2J0+1) (1.15)

As the a-particles is Bose particle and the  wave functions are

asymmetric than only the ] = 0, 2, 4 ... spins will be allowed.

1.5.2 %0 cluster

The one of the important parameters in the a-conjugate is the a-bonds in
the nuclei. The a-bonds shows how many a-a interactions are in the nuclei.
For example, ®Be has only one a-a bond, ’C has 3 a-a bonds and etc. The
binding energy of the nuclei depends from number of the bonds linearly
(Ref. [28]) as shown in the Fig. 1.4.

One of the best example that forms a-cluster is '°0. Numerous
experiments with different methods were done [21, 29, 30, 31] to study
a-cluster components in the structure of '°0. The structure of the '°0 is very
interesting as the number of protons and neutrons is magic number and the

shell is closed.

The other aspect of the '°0 structure is relevant for a-burning reactions
thought to play a significant role in stellar evolution. C/*®0 rate is very

important for stars age measurements.
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Figure 1.4 The binding energy versus to number of bond in the binding
energy versus to number of bond in the a-conjugate
nuclei from Ref. [28].

The experiment that was done and results are shown in the dissertation is
related to only 'O structure. The Chevallier et al Ref. [29] measured the
momentum of inertia of the '®0 excited levels above the 4a break-up level and

showed that there is a possible linear a-chain in some excited levels of '°0.

The measurements in the Ref. [29] shows that the bands have four time
larger momentum of inertia compared to relatively low-lying energy levels.
That is very big number for momentum of inertia. That kind of momentum of
inertia can be reached only if all a-particles will lie together on the same line

making the linear chain.
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Chapter 2
2. Facility and Used Packages

Both experiments were carried out at the University of Notre Dame, IN,
USA. This chapter will presents the facilities that was used for experiments and
the main packages that were used for simulation and data analyzing. The
layout of the facility is shown in the Fig. 2.1. The FN Tandem is accelerator,
Helium lon Source (HIS) and Multi-Cathode Source of Negative lons by Cesium
Sputtering (MC-SNICS) are the ion sources. The detail explanation of all that
will be presented below. All the information about the facility can be found in
the Ref. [34, 35, 36, 37].

The packages that were used are Geant4 and ROOT. Those are OOP
packages mainly developed for high energy physics, but later modified to be
used for nuclear physics simulation (Geant4) and any kind of data analyzing
(ROOT).

2.1 FN Tandem

The facility that was used for experiments is mostly concentrated on low
energy nuclear physics. In the following section | will present the facility that
was used to do experiments. The charging and acceleration systems will be

discussed more detailed.

The main part of the FN Tandem is the terminal. It is the part where all
positive charge is concentrated. So for example the Tandem that was used is 11
MV so in principle it should be possible to put so much charge into the

terminal to create 11 MV potential.
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The terminal will be charged with two “Pelletron chains” low and high
energy part. That is why this type of accelerators called “Pelletron

accelerators”.

Figure 2.1 The layout of the Nuclear Science Laboratory
at the University of Notre Dame.

The pellets are metal and connected together with nylon inter-connectors.
All pellets are isolated from each other. The chains rotate all the time and keep

the terminal positive voltage constant.

After putting voltage to the terminal with the chains it is necessary to use
the field for acceleration. As it is electrical field than the Coulomb force is
relative to 1/r>. So the Fig. 2.2 first figure is presenting the electrical field
dependence from distance. This way of the acceleration is very bad as the ion

will et most of its energy when it will be close to the terminal.
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Figure 2.2 Electric field dependence from distance
with and without resistances.

That is why method was used to make acceleration better. All the LE and
HE tubes the metallic plates are put and connected each other with
300 MOhm resisters. All that are connected to the terminal and the charge of
the terminal is spreader between the plates. The Fig. 2.2 second figure shows
the electric field strength dependence from distance for this case. Now the ion

will accelerated linearly. Fig. 2.3 shows the detailed structure of the FN

Tandem.

Next step is to accelerate ions. lons entered to the FN Tandem with the -1
negative charge so the electrical field will attract them and accelerate. Than in
the terminal when there is no electrical field with the stripper foil the ion's

charge will be changed to positive and with the repulsive forces the ion again

will be accelerated.

There is possible that ion has multiple electrons whichever charge is
preferable can be chosen later with magnetic fields. Different charges mean

different energies. So same beam energy can be increased or decreased if the
magnetic field's configuration will be changed.
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Figure 2.3 Charging system diagram of the FN Tandem accelerator.
The way to calculate the beam energy is very simple: If the ion has the -1
negative parity at low energy column and Q positive parity at the high energy
column than total beam energy will be (1+Q)V where V is the voltage on

terminal.

For example if the ion is the C and the terminal voltage is 3 V than after
passing high energy column as the C has 6 electrons than 6 different *C will
exist. If the charge is +1 then the energy will be 6 MeV, and for +6 the energy
will be 21 MeV. But usually it is very difficult to strip all the electrons from the
ion so the >C beam usually has either +2 or +3 charges. The way to increase
the amount of the +6 charged ions was putted second stripper foil in the
middle of the high energy column. So after the stripper more ions will have +6

charge and the beam intensity with high energy will increase.

2.2 lon Sources

Except from the FN Tandem the other important facilities are the ion
sources. The detailed explanation of how each ion source is working will be

presented in the subsections below.
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2.2.1 Multi-Cathode Source of Negative lons by Cesium
Sputtering (MC-SNICS)

The Multi-Cathode Source of Negative lons by Cesium Sputtering
(MCSNICS) is the sputter ion source. This ion source can produce all kind of
stable ion beams except the Helium. It has advantage that is possible to load
the wheels of cathodes 20 or 40 at any time and do different beam runs if it is

necessary.

The production of ion is very simple. It has the reservoir of cesium which
is heated and creating the cesium vapour. The cesium vapour rise into close
space under high vacuum between the cathodes which is cooled and heated

jonizer.

lanizer

Cathode Extractor

Fowder

Cesiurm

Eeservoir

SNICS || Schematic Diagram

Figure 2.4 Charging system diagram of the FN Tandem accelerator.
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Hitting the surface of ionizer the cesium gain positive charge and
accelerates towards the cathode. In the cathode it interacts with the material
and part of the atoms capture electron and become negative. Negative ions get
out and produce beam. The Fig. 2.4 shows the diagram how everything is
happening. After having the negative beam it will be accelerated through the

tandem and change charge to positive.

2.2.2 Helium lon Source (HIS)

The *He and *He cannot be ionized with the MC-SNICS. As the Helium is a
noble gas it interacts with matter very rare. So simple way of adding a electron

to the Helium atom will not work, but there is complicated way to do it.

Lithnom Charge Exchanze

Duoplasmatron
Helium Ion Souce (HIS)

Figure 2.5 Charging system diagram of the FN Tandem accelerator.

The electron can be added to the Helium atom with duoplasmatron. It has
the small tungsten wire in it called filament, which is heated by passing current
through it. The filament will create electrons in the region and the gas will be

ionized with that electrons.

The positive charged ions will pass through the small hole called “button”.
The beam will focused and send to the region filled with lithium vapour. lons

interaction with the vapor will make ions to pick-up one or multiple electrons.
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That way a negative charged Helium ions will be created. Afterwards, all that

negative ions will be injected into the accelerator.

2.3 Internal Conversion Electron Ball (ICEBall)

Internal Conversion Electron Ball (ICEBall) is constructed mainly for
electron detection. It has six Silicon-Lithium (Si(Li)) detectors. The detectors
have 5 mm thickness and around 750 mm? surface. The allowed energy
window for the electron detection is approximately from 50 keV to 2 MeV. The

energy window is due to the mini-orange filter in front of the detector.

The mini-orange filter is magnetic field which allows to pick certain
energy range in place of the total range. The Fig. 2.6 shows the structure of
one mini-orange filter and single Si(Li) detector. The magnetic field is between
the wings of the filter and it has certain distance from the detector. If the
magnetic field will be picked certain way only electrons with the energy of
interest will reach to the detector. As it shown in the Fig. 2.6 electrons for the
fixed energy electrons will pass and reach to detector. Electrons that have low
energy will hit the mini-orange filter which is Tungsten and the electrons will
be completely stopped there. Electrons that have higher energy will be bended

too much and will miss the detector.

In the current experiment the mini-orange filter was setup to allow
detection the electrons with the energy range from 50 keV to 750 keV, as low-

lying energy levels of the 195Au are important to study.

The binding energy of the electrons in the K-shell is around 80 keV and
in the M and L shells is around 15 keV. So the y-rays energies range will be
from 65 keV to 830keV. Any y-ray transition that will have other energy can
be measured in the y-ray detectors but cannot be used to calculate internal

conversion coefficient.
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Figure 2.6 The mini-orange filter plus Si(Li) detector.
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2.4 High-Purity Germanium Detector

High-Purity Germanium (HPGe) detectors are the best detectors for the y-
rays detection. They have very good resolutions and y-rays can be separated
from each other very well, but they have also disadvantage. Under neutron flux
the crystal of the detector damages very fast as it is under high voltage. The

neutron flux limits the beam intensity.

High voltage power supplies are required for this detectors as the voltage
is around 3 kV — 5 kV. In the experiment that is presented in the current
dissertation two this kind of detectors were used. The energy range of the

detectors was until 2 MeV.

2.5 Packages

Except the technical problems to do the experiment, another problem is
data analyzing. Multiple codes and packages were developed for that. | used
the ROOT package to do all my data analyzing and Geant4 package for nuclear
reactions simulations. Both packages were developed in CERN for high energy
physics as they need to have good idea where to put the detectors and after
reading out the huge amount of data make it fairly easy to analyze that. Both

codes are Object Oriented and based on C++ coding style.

2.5.1 ROOT

ROOT is very powerful package for data analyzing. It allows to make trees
with branches and fill them. So it is possible to have a lot of detectors, read
out the data from all of them and fill into the tree. Later will be possible to do

gates on one branch and look to the other detector results.
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The electronics that was used does not write exactly everything into the
root fills. There should be converter to do that. There is evt2root package

written by Karl Smith which can be used to convert all data into the root files.

| did some modification in that package to be able to use it for this

experiments data conversion.

The root has also another important advantage compare to other
packages for data analysing. It has interface with multiple functions and ability

to do design of the spectrum.

In the data analysis the scripts where written which will go over all entries
and do the important measurements and fill or draw histograms. Additional
the main root scripts other header files were written and used to make the

process of running the code much faster and easier to read.

The advantage of the ROOT is also that it does not need a lot of space in
the hard drive. Few Gigabytes of information can be stored in the few

Megabytes ROOT file. This helps save the space in the hard drive as well.

During the experiment DAQ can be stopped for different reasons and new
files will be created every time new run will be started. ROOT allows to chain

all the files together and use all at once.

2.5.2 GEANT4

Geant4 is a simulation package developed in the CERN as well. The main
purpose of the package was to help high energy physicist to choose best
location for their detectors as the detectors are very big and difficult or even
not possible to move. Later the code modified, models were developed to use

for low and intermediate nuclear physics as well.
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The Geant4 consist of 3 mandatory classes: “DetectorConstruction”,
“PhysicsList” and “PrimaryGeneratorAction”. Then there are other action

classes that can be used like “RunAction”, “SteppingAcion” and so on.

“DetectorConstruction” is the class that describes the experimental hall,
detectors, target chamber and other thing that describe the experimental
setup. In the “DetectorConstruction” basic used classes are for shape of the
volume, material of the volume and the physical position of it. There can be
daughter and mother volumes. It is possible to rotate the volumes and position
as the author will prefer. If mother volume rotates all daughter volumes rotate

automatically with it.

The next class is “PhysicsList” is the class that contains all physical
process that should be taken into account. There are a lot of the already
existing physics list which include both hadronic and electromagnetic
interactions, but the author can easily write the “PhysicsList”. For example
someone wants to study only pair production or Compton scattering than he

can only use the header files for that physics.

Finally the “PrimaryGeneratorAction” controls the initial particle number,
energy, direction and etc. In this class only some particles can be chosen like
proton, electron, y-ray, neutron a-particle and so on. lon cannot be generated
as initial particle since the Geant4.10 version. But still there is way to generate
lons. Initial  particle can be defined any particle in the
“PrimaryGeneratorAction” (there is a special particle called geantino that can
be used as well) and then after running the code in the command line can be

typed the following commands:
\gun\ particle ion

\gun\ ion Z A E,
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where Z is the number of protons, A is the mass number and E, is
excitation energy of the ion. For example ®Be ion in the ground state can be

generated with the following commands:
\gun\particle ion

\gun\ion 4 8 0
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Chapter 3

3. 19519pt(p,xn) '*Au Experimental Data

The '9>196Pt(p,xn)'®Au experiment was carried out at the University of
Notre Dame Nuclear Science Laboratory with the 11 MV Tandem. The Internal
Conversion Electron Ball (ICEBall) array of 6 Silicon-Lithium (Si(Li)) detectors
with an energy resolution of 3-5 keV and 2 High-Purity Germanium (HPGe)
detectors with 109% relative efficiency [39] was used during experiment.
Relative efficiency is in comparison to Nal detector with 3 inch diameter and 3

inch width.

The Pt and '"°Pt targets with thicknesses of 1.07 mg/cm? and
1.34 mg/cm?, respectively were used. A beam of bunched protons was used
with 7.75 MeV on Pt and 12 MeV on '°Pt to populate levels in '®*Au and

196Au

Hardware coincidences were used for the '>19Pt(p,xn) reactions studies.
DAQ was set up to read out only when any two detectors triggered
simultaneously. This reduced the background, making lower intensity peaks

more pronounced.

Following chapter shows the experimental methods, results and

discussions for the experiment.

3.1 Experimental Methods

In this experiment y-ray and electron spectroscopies were done. It is
important to have good ADC to get precise result for y-s and electrons
energies. In the following section will be discussed the test and comparison of
two different ADCs, as well as, used software important information. First ADC
is the NIM standard ORTEC ASPec-927 [40] ADC, which is one of the best
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ADC for y-ray spectroscopy. This ADC has a maximum resolution of 16K bit
and yields an energy resolution 1.6 keV at 1 MeV, but this ADC is very
expensive. Second one was Mesytec MADC-32 [41] with 32 input channels.
Compare to the ORTEC ADC, Mesytec is much cheaper and faster. So it is
important to show that the resolution and integral linearity is similar for both
modules to use MADC-32.

The HPGe detector that was used during experiment was used to detect
y-s from >2Eu calibration source during the test. Signals from HPGe detector
were divided into two parts one for MADC-32 module and other for ORTEC
module. RadWare [42] software was used to analyze both spectra and look at

the resolutions of the ADCs as a function of energy, as well as, the linearity.

Si(Li)
HPGe |
li"FR"'"_,_ : wjﬁ" f’Nchun
" ~E\ petector
J Target \N .
Beam - o ! Beam Stop
~// Neutron \
—~_\ Detector /
HPGe
BGO

Figure 3.1 The experimental setup of this experiment using the ICEBALL

array of Si(Li) detectors, 2 HPGe detectors, and 2 neutron scintillators.

ICEBall is shown from a top down perspective showing 4 of the 6 Si(Li)

detectors, the other two detectors are at the top and bottom centered
over the target.
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Two neutron scintillators were used to do only to put gates and make sure
that the neutron was produced during the reaction. The gates on neutron
detector improved the peak/background ratio a lot. BGOs are y-ray detectors
working as a veto on the HPGe detector. It helps to reduce Compton scattered
y-rays from the spectra, but unfortunately only one of the detectors had BGO
shielding.

Figure 3.2 The carbon target ladder shown with a target frame, and
collimator. The collimator is made out of tantalum and was used for
beam tuning. All calibration sources were mounted on the same ladder
to insure centering in the ICEBAIIl array.

The detailed information of the experimental setup were accepted to

publish in the European journal of Physics (Ref. [33]).

Targets were mounted on the special target ladder which was mad
carbon. Usually target ladders are from the aluminum, but it increase
background and the excited levels of the aluminum are very low. On the other
hand carbon excited levels is around 4 MeV which is too high and there will
not be background from the target ladder. There are few positions in the
target ladder as shown in the Fig. 3.2. One of them was used as target position
another one as a small collimator to tune beam exactly to the center of the

target.
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3.1.1 RadWare

Radware is least-squares peak-fitting program designed to do y-ray
spectroscopy, but it can be used for electron spectroscopy as well. In the
current program peak will be divided into three components. First one is
Gaussian function, second is skewed Gaussian and third one is step function.
Fig. 3.3 shows how each component make up main peak. There are two
parameters “R” and “Step”. “R” describes part of the peak coming from
skewed Gaussian and “Step” describes low-energy side background increase.
There is also another important parameter that describes skewness of skewed

Gaussian function. It is called B-decay constant.

During the y-ray detection is possible that the y-ray will have Compton
scattering in the detector. Due to last two components in the peak shape

description arise.

It is possible to put in the software both second and third function zero if
they are not required. It is important to define background of whole spectrum

after peak shape definition. Background can be defined with the Eq. 3.1:

Background = A + B = X + C = X? (3.1)
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Figure 3.3 There components and how they make up total peak

shape in the RadWare. Total height of the peak is “H”.
First component is Gaussian function with “H*(1-R/100)” part,

second component is skewed Gaussian function with “H*R/100”.
Third component is “Step” function with part “H*Step/100”.

In the background function A, B and C are parameters. Totally there are

six parameters to describe background and peak shape to get best fitting
results.

The variation of that parameters will give completely different results. |
tried to find the optimal combination of the parameters for which the fitted

result will have the least uncertainty. That was done during the ADCs test.
Multiple cases were tried to find the solution.

It is possible not to fix the parameters, and let them free. | did that case

as well, but | will not present that case, because it gave very bad results,
compare to other cases.
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3.1.2 Electronics

Electronics have a key role in the experimental nuclear physics. The faster
electronics are required to handle data flow. Due to a lot of developments
were done to find out the good electronics that will work properly with the

detectors used in the experiment and can handle fast data flow.

The problem of the electronics is that they can implement additional
uncertainty into the measured value that is why important to do good test and

find out systematic uncertainty from electronics as well.

Due to test was done to compare too modules and find out can ORTEC
module which is one of the best in the y-ray spectroscopy be replaced with the
new and fast MADC-32 module.

During the test both modules worked simultaneously. So the spectra of
both modules were from the same "™Eu source with the same period of time.
Fig. 3.4 shows the spectrum from the MADC-32 module and Fig. 3.5 shows
the spectrum from the ORTEC module. All labeled peaks have more than 1%
intensity. The peaks energy intensity was taken from Ref. [38] and shown in

the
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Figure 3.4 Spectrum of *?Eu from Mesytec MADC-32 module.
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