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Abstract 

 
This Master dissertation refers to the study of the 20Ne + 28Si elastic 

scattering at near barrier energies, and includes a description of the experimental 

setup and the analysis of experimental data at three energies, namely 42.5, 52.3 and 

70.0 MeV.  

The experimental setup was visualized in ICARE facility of the Heavy Ion 

Laboratory in the University of Warsaw. ICARE includes two rotating platforms and 

several rings for setting up numerous detectors or telescopes. Four telescopes, 

comprised of two parts, were used in the present experiment. The first part is a gas 

detector (C4H10) with thickness 47mm and a gas pressure of 11.25 Torr, while the 

second one is a Silicon detector with a thickness of 500μm. The first part of the 

telescope absorbs a part of the recoil ions, allowing a Z separation via the 

conventional ΔE-E technique. Furthermore, several single silicon detectors, 40μm 

thick, were placed at the more backward angles, while two of them were set at 

forward symmetrical positions, ±20ο, serving as flux monitors and for correcting 

beam misalignments. The 28Si targets with thicknesses of ~ 132 μg/cm2 and ~ 200 

μg/cm2 were set perpendicular to the beam and were bombarded by a 20Ne beam 

delivered by the U-200P Cyclotron. 

The energy calibration for the detectors and the telescopes was based on 

measurements via an 241Am source and a pulser. Also, the solid angles of the 

detectors were determined by the known activity of 241Am source as well as through 

a Monte – Carlo simulation using the program GATE. The data analysis was 

performed using the program PAW while, the identification of the elastic channel 

was performed via the ΔE-E technique, taking into account the kinematics of the 

colliding ions and the energy losses, using the programs LISE++ and NRV.  

The theoretical analysis of the data was performed in the optical model 

framework. Two macroscopic potentials of Woods – Saxon type were adopted, one 

with a deep and one with a shallow depth for the real part taking into account as 

initial values the parameters obtained by the Lee – Chan and the Christensen 

potential, respectively. A third microscopic potential was also adopted taking into 

account the BDM3Y1 interaction. In all three cases, the imaginary part was described 

by a Woods – Saxon form factor. For the easiness of the reader the BDM3Y1 

interaction was also parameterized by a Woods – Saxon form factor. The data were 

described adopting the same optical potential for all energies but with small 

variations, mainly at the imaginary part of it. Also, as to determine the sensitive 

radial range, where the deep or the shallow potential is unique, the “Crossing point 

method” was applied. 
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The main conclusion of the analysis is that the experimental cross sections at 

backward angles and at near barrier energies, even with a heavy projectile like 20Ne, 

present an anomalous increase with oscillating trend.  

Two macroscopic and one microscopic potential were also deduced, by fitting 

adequately well the experimental data. However,  the most appropriate were 

chosen to be the shallow depth macroscopic potential and the microscopic one – 

BDM3Y1 interaction, the last giving by far the appropriate oscillating phase at least 

for the data at 52.3 MeV.  

Finally, Coupled Reaction Channels calculations, performed by Nick Keeley, 

present evidence that the 8Be –  elastic transfer process from 28Si to 20Ne is the main 

mechanism to produce the oscillatory structure of the data.  
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Περίληψη 

 
Θ παροφςα μεταπτυχιακι εργαςία αναφζρεται ςτθν μελζτθ τθσ ελαςτικισ 

ςκζδαςθσ για το ςφςτθμα 20Ne + 28Si ςε ενζργειεσ κοντά ςτο φράγμα Coulomb, 

περιλαμβάνοντασ τθν περιγραφι τθσ πειραματικισ διαδικαςίασ και τθν ανάλυςθ 

των πειραματικϊν δεδομζνων  ςτισ ενζργειεσ 42.5, 52.3 και 70.0 MeV.  

Σο πείραμα ζλαβε χϊρα ςτθν πειραματικι διάταξθ ICARE του Εργαςτθρίου 

Βαρζων Ιόντων του Πανεπιςτθμίου τθσ Βαρςοβίασ. Σο ICARE περιλαμβάνει δφο 

περιςτρεφόμενεσ πλατφόρμεσ και αρκετοφσ δακτυλίουσ κατάλλθλουσ για τθν 

τοποκζτθςθ πλικουσ ανιχνευτϊν ι τθλεςκοπίων. ΢το ςυγκεκριμζνο πείραμα 

χρθςιμοποιικθκαν τζςςερα τθλεςκόπια, τα οποία αποτελοφνται από δφο μζρθ. Σο 

πρϊτο μζροσ είναι ο ανιχνευτισ αερίου (ιςοβουτάνιο) με πάχοσ 47 χιλιοςτά και 

πίεςθ αερίου 11.25 Torr, ενϊ το δεφτερο μζροσ είναι ζνασ ανιχνευτισ πυριτίου 

πάχουσ 500 μικρομζτρων. Σο πρϊτο μζροσ του τθλεςκοπίου απορροφά ζνα μζροσ 

τθσ ενζργειασ του διερχόμενου ςωματίου, επιτρζποντασ ζτςι τον διαχωριςμό των 

ςωματίων με βάςθ τον ατομικό τουσ αρικμό, ςφμφωνα με τθν γνωςτι τεχνικι ΔΕ-Ε. 

Επιπλζον, αρκετοί ανιχνευτζσ πυριτίου, πάχουσ 40 μικρομζτρων, τοποκετικθκαν ςε 

μεγάλεσ γωνίεσ, ενϊ δφο από αυτοφσ τοποκετικθκαν ςε ςυμμετρικζσ κζςεισ, ςτισ  

μπροςτινζσ γωνίεσ ±20ο, λειτουργϊντασ ωσ εργαλείο υπολογιςμοφ τθσ ροισ τθσ 

δζςμθσ και διόρκωςθσ τυχόν αςυμμετρίασ τθσ. Οι ςτόχοι πυριτίου, πάχουσ περίπου 

132 και 200 μικρογραμμαρίων ανά τετραγωνικό εκατοςτό αντίςτοιχα, 

τοποκετικθκαν κάκετα ςτθν πορεία τθσ δζςμθσ 20Ne και βομβαρδίςτθκαν από 

αυτιν. Θ δζςμθ ιταν διακζςιμθ από το Κυκλοτρόνιο U-200P του εργαςτθρίου τθσ 

Βαρςοβίασ. 

Θ ενεργειακι βακμονόμθςθ για τουσ ανιχνευτζσ και τα τθλεςκόπια 

βαςίςτθκε ςε μετριςεισ με μια ραδιενεργι πθγι 241Am και μία παλμογεννιτρια. 

Επίςθσ οι ςτερεζσ γωνίεσ των ανιχνευτϊν προςδιορίςτθκαν χρθςιμοποιϊντασ τθν 

ανωτζρω πθγι γνωςτισ ενεργότθτασ αλλά, και μια Monte – Carlo προςομοίωςθ 

χρθςιμοποιϊντασ το πρόγραμμα GATE. Θ ανάλυςθ των πειραματικϊν δεδομζνων 

ζγινε με το πρόγραμμα PAW ενϊ, θ ταυτοποίθςθ του ελαςτικοφ καναλιοφ 

επετεφχκθ με τθν χριςθ τθσ τεχνικισ ΔE-E, λαμβάνοντασ υπόψθ τθσ κινθματικζσ των 

ςυγκρουόμενων ςωματιδίων και τισ απϊλειεσ ενζργειασ μζςα ςτον ςτόχο ι ςτον 

ανιχνευτι, χρθςιμοποιϊντασ τα προγράμματα LISE++ και NRV.  

Θ κεωρθτικι ανάλυςθ των δεδομζνων πραγματοποιικθκε ςτα πλαίςια του 

οπτικοφ μοντζλου. ΢τα πλαίςια αυτά υιοκετικθκαν δφο μακροςκοπικά δυναμικά 

τφπου Woods – Saxon, ζνα με μεγάλο και ζνα με μικρό βάκοσ του πραγματικοφ 

μζρουσ του δυναμικοφ, λαμβάνοντασ υπόψθ ωσ αρχικζσ τιμζσ τισ παραμζτρουσ που 

προζκυψαν από το δυναμικό Lee – Chan και το δυναμικό Christensen, αντίςτοιχα. 

Τιοκετικθκε επίςθσ ζνα τρίτο μικροςκοπικό δυναμικό λαμβάνοντασ υπόψθ τθν 

αλλθλεπίδραςθ BDM3Y1. Και ςτισ τρεισ περιπτϊςεισ το φανταςτικό μζροσ του 
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δυναμικοφ περιγράφθκε από ζνα ςυντελεςτι τφπου Woods – Saxon. Για ευκολία 

του αναγνϊςτθ θ αλλθλεπίδραςθ BDM3Y1 παραμετροποιικθκε από ζνα 

ςυντελεςτι τφπου Woods – Saxon. Θα πρζπει να τονιςτεί, ότι τα πειραματικά 

δεδομζνα περιγράφθκαν υιοκετϊντασ ςε όλεσ τισ ενζργειεσ το ίδιο οπτικό δυναμικό 

αλλά, με μικρζσ αλλαγζσ όπου ιταν απαραίτθτο, κυρίωσ όμωσ ςτο φανταςτικό 

μζροσ του δυναμικοφ. Σζλοσ, εφαρμόςτθκε θ “μζκοδοσ του ςθμείου τομισ’’ ςτα 

πλαίςια του προςδιοριςμοφ τθσ ακτινικισ περιοχισ όπου το βακφ ι το ρθχό 

δυναμικό είναι μοναδικό. 

Σο βαςικό ςυμπζραςμα τθσ ανάλυςθσ είναι ότι οι πειραματικζσ ενεργζσ 

διατομζσ ςτισ μεγάλεσ γωνίεσ και ςε ενζργειεσ κοντά ςτο φράγμα Coulomb, ακόμα 

και με μία δζςμθ βαρζων ιόντων όπωσ είναι το 20Ne, παρουςιάηει μια ανϊμαλθ 

αφξθςθ με παράλλθλθ τάςθ δθμιουργίασ διακυμάνςεων. 

Ζνα μικροςκοπικό και δφο μακροςκοπικά δυναμικά προζκυψαν μετά από 

μια αρκετά καλι προςαρμογι ςτα πειραματικά δεδομζνα. Παρόλα αυτά ωσ 

καταλλθλότερα προτείνονται, το δυναμικό Woods-Saxon με μικρό βάκοσ του 

πραγματικοφ μζρουσ κακϊσ και το μικροςκοπικό δυναμικό που ςτθρίηεται ςτθν 

αλλθλεπίδραςθ BDM3Y1. Σο τελευταίο παρουςιάηει μακράν τθν καταλλθλότερθ 

φάςθ ςτισ διακυμάνςεισ που εμφανίηονται ςτισ μεγάλεσ γωνίεσ, τουλάχιςτον ςτα 

δεδομζνα που ζχουμε ςτθν ενζργεια των 52.3 MeV. 

Σζλοσ, πραγματοποιικθκαν από τον Nick Keeley, υπολογιςμοί που 

ςτθρίηονται ςτθν τεχνικι των ςυηευγμζνων καναλιϊν αντιδράςεων. Οι 

ςυγκεκριμζνοι υπολογιςμοί αποδεικνφουν ότι θ ςφηευξθ ςτο ελαςτικό κανάλι, 

αντιδράςεων μεταφοράσ είναι ςθμαντικι και ιδιαίτερα θ ςφηευξθ με τθν ελαςτικι 

αντίδραςθ μεταφοράσ όπου ζνασ ολόκλθροσ πυρινασ 8Be μεταφζρεται από το 

ςτόχο 28Si ςτο βλιμα 20Ne είναι ο βαςικόσ μθχανιςμόσ ερμθνείασ των 

διακυμάνςεων ςτθν πειραματικι ενεργό διατομι.  
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Introduction 

 
 This work is part of the curriculum of the Postgraduate Program of the 

Department of Physics, University of Ioannina. The research area belongs to the 

basic direction of Nuclear Physics and in particular on the subject of elastic scattering 

for determining the optical potential.  

 Research for the optical nuclear potential at near Coulomb barrier energies 

has been popular for many years in the Nuclear Physics community1-4. The optical 

model is a simple model with an impressive success in the last six decades and it is 

able to give precision fits to elastic scattering cross sections2,5-9, polarizations10,11, 

reaction cross sections12-14 and also total cross sections2,10. In the optical model 

framework, both macroscopic and microscopic potentials have been used to 

describe the real and the imaginary part of the potential. In the microscopic 

approach the potential is obtained by assuming a nucleon-nucleon effective 

interaction, while in the macroscopic approach we take into account the nucleus as a 

whole system. Into this content, elastic scattering of heavy ions is the main tool for 

investigating the optical potential.  

The team of the Nuclear Physics Laboratory (NPL) at the Physics Department 

of the University of Ioannina in recent years is dealing with the optical potential of 

weakly bound nuclei at near barrier energies15-31.  While such studies are still in 

progress, the interest of the group is focused also in projectiles with a clustering 

structure. In particular, the elastic scattering of systems with a cluster structure is 

very interesting, as the oscillatory pattern together with a rise of the cross section, 

observed at backward angles, present a challenge to different models of the 

underlying mechanism4. It should be noted that, the clustering (with hierarchy32: α, 
8Be, 12C e.t.c.) is a very important aspect in the structure of nuclei with a prominent 

impact on the genesis of heavier systems. Moreover, the excited state of 12C, known 

as the “Hoyle state”, continues to be a challenge in nuclear physics33-35. On the other 

hand, the main mechanism responsible for the rising and the oscillatory behavior at 

backward angles in elastic scattering involving nuclei with clustering structure, by 

itself attracts the interest of the community as the subject is still open. Several 

approaches have been proposed in order to interpret this type of anomaly. 

Especially at higher energies, a semiclassical approach was introduced and it appears 

as an interference phenomenon between near-side and far-side scattering7,36-40. The 

near-side trajectories correspond to a repulsive potential or a reflection while the 

far-side ones correspond to attractive interactions and diffractions40. Furthermore, a 

comprehensive analysis was also performed by W. von Oertzen et al. assuming 

molecular orbits and alpha – clustering for the involved nuclei41-43. Nevertheless, at 

near barrier energies, some other mechanisms based on reaction couplings, nucleus 

or elastic transfer and anti-symmetrization effects may be more prominent8,32,44-49. 
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Especially for projectiles like 12C and 16O, due to alpha clustering, coupling 

effects to the elastic scattering are significant and appear as an increase in cross 

sections at backward angles, which for projectiles with a simple structure is not 

observable4,6-8,32,50-56. Into this content, in order to describe the oscillatory pattern 

and the cross section rise at systems with projectiles like 12C and 16O, several 

potentials were adopted such as the Lee – Chan51,57-58, the Kobos – Satchler7 and the 

Ginocchio potential9. It should be mentioned, that in some potentials, like the Kobos 

– Satchler, some supplementary surface terms, besides the volume terms, have also 

been taken into account, to simulate couplings to peripheral reaction mechanisms 

like nucleon, nucleus or elastic transfer45,46,49.  

Coupling effects due to alpha clustering structure of the target are also 

significant. In that case, it is known that there is a limit on Z (Z≥20) where this 

anomaly stops to exist4,59. So, the main question is if the increase of cross section at 

backward angles is persistent for heavier projectiles. 

 Considering all the above and as the team of the Nuclear Physics Laboratory 

(NPL) is dealing with such issues15-30, it was proposed the investigation of the elastic 

scattering of the system 20Ne + 28Si at three near barrier energies, namely 42.5, 52.3 

and 70.0 MeV. The 20Ne nucleus is heavier than 12C and 16O and the effect of its 

cluster structure may not be as strong. So the question is if the increase of cross 

sections at backward angles is persistent for 20Ne. The experimental data were 

collected in Heavy Ion Laboratory, University of Warsaw60-61 while, the analysis of 

the data was completed at the NPL – Ioannina15. This work includes:  

 A chapter with the theoretical background, necessary for the theoretical analysis 

(Chapter 1). 

 The description of the experimental setup (Chapter 2). 

 The data reduction (Chapter 3) and in particular the energy calibration (3.1), the 

identification of the reaction channels (3.2) and the determination of the cross 

sections (3.3). 

 The theoretical analysis (Chapter 4) in the optical model framework (4.1-4.3) 

adopting a microscopic and two macroscopic potentials, one with a deep and 

one with a shallow depth, as well as some CRC calculations performed by Nick 

Keeley in the CRC framework62-63 (4.4). 

 The conclusions (Chapter 5). 
  

This work also contains an appendix with: 
 

 the error calculation of ς/ςRuth ratio,  

 a Monte Carlo simulation64-66 for the solid angle determination, 

 some information about the ECIS code67 and  

 tables related to the platform and energy calibration as well as the identification 

of the reaction channels. 
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1.  Theory 
 

1.1. Elastic scattering 

 

 Scattering theory is the standard tool in the basic direction of Nuclear 

Physics. It is known that several discoveries in Nuclear Physics have been performed 

via scattering experiments. In that process, a beam of particles is scattered from a 

target with possible outcomes  the Elastic scattering, the Inelastic scattering and the 

absorption. This dissertation focuses on Elastic scattering in which energy, 

momentum and particle number are conserved while, on inelastic scattering only the 

momentum is conserved in general. 

 Scattering is characterized by the differential and the total cross section. The 

differential cross section is given as:  

 
2

,
d

f
d


 


      (1.1) 

where f(κ,φ) is the scattering amplitude while, total cross section is given by the 

formula:  
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 The most famous classical scattering phenomenon is the Coulomb scattering.  

Assuming the Schrödinger equation and the wavefunction for a Coulomb potential: 
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and  
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where Z1, Z2 are the atomic number of the projectile and the target, e the charge of 

the proton, m the mass of the projectile, Ψ the wavefunction, E>0 the center of mass 

energy and k, k’ the incident and scattering wavenumbers, it is possible to lead to 

the Rutherford cross section. The f(κ,φ) quantity, applied the Born approximation, 

behave as: 
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where 

'q k k   ,   'k k      (1.8) 

Using the integral: 
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the formula (1.7) can be written as: 
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On the other hand, the |q2| quantity can be written as: 
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where κ is the scattering angle. 

Then, the scattering amplitude is given by the following formula: 
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Finally, the Rutherford cross section is given by the formula below: 
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where the energy E is given as: 

2 2

2

k
E
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       (1.15) 

In a quantum mechanical description68, the elastic scattering cross section 

may be calculated from an optical potential V(r) by solving the Schrödinger equation: 

      2

2

2
, , , , 0

m
r E V r r        


   (1.16) 

assuming the wavefunction (1.4). It is important to note that, if the potential V(r) is 

real, only elastic scattering can take place.  
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The solution of eq. (1.16) is given by the formula: 
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where αL is the amplitude of Lth partial wave and L is the orbital angular momentum 

quantum number. Considering system independence of the azimuthal angle φ, only 

spherical harmonics with m=0 are involved. The spherical harmonic YL0(φ) is an 

eigenfunction of the angular part of eq. (1.16) with eigenvalue L(L+1) so, the radial 

wavefunction is given by the equation: 
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Define as: 

   L Lu r rR r       (1.19) 

The equation (1.18) could be written as: 
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where: 
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In an asymptotic region ( r ), the differential equation (1.20) leads to the 

following simple second – order differential equation: 
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The solution for r  is written as: 
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where AL , BL and CL are constants and δL is the phase shift. Taking into consideration 

all the above, the eq. (1.17) may be written as: 
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where the αL’ quantity can be determined as: 

 ' 4 2 1LiL
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The scattering amplitude is given by the formula: 
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and the differential scattering cross section: 
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1.2. Optical potential 

 

The basic idea of the optical model is that a nucleon incident on a nucleus 

may be elastically scattered or it may create a variety of reactions2. In this 

framework the interaction between two nuclei is represented by a complex 

potential. The real part is referred to the refraction while the imaginary part 

accounts for the loss of flux going to any other open channel. At low energies the 

attenuation of the incident wave is predominant near the nuclear surface, due to the 

fact that the imaginary part of the potential may be large near the surface. As the 

incident energy increases, this phenomenon may become less important while, the 

absorption of the incident wave may take place throughout the whole nuclear 

volume69. In general, the potential is given by the form70:  

0 0V V iW         (1.30) 

where V0, W0 are the real and the imaginary part of the potential, respectively. 

In this framework, both macroscopic and microscopic potentials can be used. 

In the microscopic approach the potential is obtained by assuming a nucleon-

nucleon effective interaction, while in the macroscopic approach we take into 

account the nucleus as a whole system. The problem of this approach is that many 

different sets of parameters can be found to give good fits to the experimental data. 

This raises the question which physical content is correct.  

It is known from previous heavy ion scattering experiments4,7,51,57,58, relevant 

to the present investigation for the system 20Ne+28Si with cluster structure, that the 

cross section presents an oscillating behavior at backward angles. Into this context, 

several potentials like the Lee – Chan potential51,57-58, the Ginocchio potential9 and 

the Kobos – Satchler potential7 were introduced to describe this behavior. 

In this dissertation, two macroscopic potentials were used, one with a deep 

and one with a shallow depth of the real part.  These potentials were based on a 

Woods – Saxon form factor2 taking into account as initial values the parameters 
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obtained by the Lee – Chan51,57-58 and the Christensen71 potential, respectively. A 

microscopic potential based on the BDM3Y1 interaction72 was also considered, while 

the ambiguities of the potentials were searched via a crossing point approach to be 

described in a following chapter. Finally, the optical model calculations were 

performed using the code ECIS67, of which details are presented at the Appendix C. 

 

1.3. The Woods – Saxon potential 

 

 The Woods – Saxon potential is a phenomenological potential proportional to 

the density of nucleons: 
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and it is given by the following formula: 
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where V0 (MeV) represents the potential depth, R=r0A1/3 (fm) the nuclear radius and 

α (fm) the diffusivity. Also, A is the mass number and r0~1.25 fm2. 

 The Woods – Saxon potential is an attractive potential (increase with 

distance) and it is approximately flat in the center, for large A.  Usually, in optical 

model framework, this potential is used to describe both a real and an imaginary 

part, according to the following formula: 
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 (1.33) 

 
Figure 1.1: A comparison between the Woods – Saxon potential, the harmonic 

oscillator and the square well. 
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1.4. The Lee – Chan potential 

 

The Lee – Chan (LC) potential was introduced by Lee and Chan in 1977 51. This 

optical potential was applied describing the elastic scattering data for the system 
16O+28Si with satisfactory results, principally at lab energy of about 55 MeV 

(Ecm=35MeV)58. The LC potential is given by the formula bellow: 

   
1

0 0 1
r R r R

bV r V iW e e


  

     
 

  (1.34a) 

where 

 1 2

1 3 1 3

0R r A A       (1.34b) 

while, A1 and A2 are the mass numbers of the projectile and the target, respectively. 

For the system 16O+28Si the parameters are presented at the following table57: 

V0 W0 β α b r0 

286.5 MeV 19.7 MeV 0.99 3.7 fm 0.49 fm 1.122 fm 
 

Also, the Coulomb radius was set rC=1.2 fm.  

 It should be noted that, this potential is very interesting in the present study 

because it refers to a system similar to 20Ne+28Si, that is to 16O+28Si, and also at 

energies similar to the present study. It should be also noted that for β=0, the 

formula (1.34) drops to the usual Woods – Saxon formula51,57-58. 

 

Figure 1.2: Elastic scattering data of 16O+28Si at five different energies. Solid lines 

represent calculated results using the Lee – Chan potential (figure from S. K. 

Agarwalla et al, J. Phys. G Nucl. Part. Phys. 32, 165 (2006)). 
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1.5. The Christensen potential  

 

P.R. Christensen and A.Winther proposed an empirical potential in 1976. 

Using the formula bellow, they calculated the nuclear potential at the sensitive 

radius (further details about the sensitive radius in chapter 1.8) for various heavy ion 

collisions. After that, they performed a comparison between their potential and 

several potentials used in experimental data describing these collisions. It was found 

that for light projectiles (5≤ZP≤10) and various targets (5≤ZT≤82), the variation 

between the Christensen potential and the experimental potentials was very small71. 

The Christensen potential is given by the following formula, where RP and RT are the 

radius of projectile and the target respectively71: 
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   (1.35a) 

with 
1 3 1 31.233 0.978i i iR A A   , ,i P T    (1.35b) 

and α=0.63 fm. 

 

1.6. Microscopic potentials 

 

 A microscopic potential of interest is obtained in a double folding model, by 

using an effective nucleon-nucleon (NN) interaction folded over matter densities of 

the interacting nuclei73. For complex nuclei the total double folding potential is given 

by the formula: 

       1 2 12 1 2P P TU r r r u r drdr      (1.36) 

where r12=rp-r1+r2, ρP is the density distribution of the projectile, ρT is the density 

distribution of the target and u(r12) is the effective interaction and it has the form: 

 12 00 01 1 2 10 1 2 11 1 2 1 2u r u u u u                (1.37) 

with ς and τ the Pauli and Isospin matrixes, respectively. 

 
Figure 1.3: Coordinates of the surface intergral (1.36). 
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The most famous effective interaction is the M3Y interaction, where the two 

first terms of equation (1.37) are given as (in MeV)73: 

 
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It is known, that the wave function of N identical fermions has to be 

antisymmetric. So, the wave functions of the projectile and the target have to be 

antisymmetric. However, the term that describes the effective interaction between 

two nearby nucleons in the same nucleus is not antisymmetric. Taking this fact into 

account, an additional correction term should be added and then the effective 

interaction u00 is given by one of the following formulas53,73: 
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 This model, with M3Y interaction, can reproduce the scattering of many 

different systems in the bombarding energy range of 5 to 20 MeV per nucleon3. Also, 

the real part of the potential in order to fit the data should be renormalized by a 

factor of 1.11±0.13 (with two exceptions: 6Li and 9Be)3. Apart from that, only the real 

part of the optical model potential can be described from the M3Y interaction and 

the imaginary part should be treated phenomenologically. 

 M3Y interaction has no energy or density dependence. A DDM3Y (Density 

Dependent M3Y) interaction takes into account the nuclear density. In particular, it is 

used a density range, approximately the 1/3 of the density of a normal nuclear 

matter. This density is introduced via the function: 
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where ρ is the density of nuclear matter in which the interacting nucleons are 

embodied and C(E), α(E), β(E) are energy dependent parameters. Then, the first term 

of the interaction is given by the formula: 

     ruEfEruDD

0000 ,,,      (1.43) 

where u00 is the original M3Y interaction. 

Also, W.D. Myers74, Dao T. Koa and W. von Oertzen72 introduce a more 

realistic function for the density: 

  1f C a          (1.44) 
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where C, α, β are parameters. This interaction was called BDM3Y  and the relation 

(1.36) was changed accordingly. Some typical parameters for different types of the 

BDM3Y interaction are given at the following table72.  

Table 1.1: Applied parameters for the four different types of the BDM3Y interaction. 

Interaction C α β 

BDM3Y0 1.3827 1.1135 fm2 2/3 

BDM3Y1 1.2253 1.5124 fm3 1.0 

BDM3Y2 1.0678 5.1069 fm6 2.0 

BDM3Y3 1.0153 21.073 fm9 3.0 

 

1.7. The Kobos – Satchler potential 

 

The Kobos – Satchler potential was introduced by A.M.Kobos and 

G.R.Satchler in 1984 describing the elastic scattering data for the system 16O+28Si 7. 

This system is similar to the 20Ne+28Si system, the system under investigation in the 

present work so, the behavior of this potential is very interesting for us.  

For the real part of the potential, a microscopic term was used, described by 

an M3Y effective nucleon-nucleon interaction73,75. The renormalization factor was 

set equal to 0.96. The systematic behavior of the experimental data at different 

energies indicated that some additional terms should be taken into account. Into this 

context, the optical model analysis yields better fits to the data when two surface 

terms were added to the M3Y volume term. Both terms were described by the first 

derivative of a Woods-Saxon potential. As a result, two small “pockets” were created 

(figure 1.4) to the overall nuclear potential with an important impact to the 

interference between the barrier and the internal waves56. Therefore, the energy-

independent real surface potential is given by the following expression: 
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taking into consideration the convention that R2<R1. The radial range was found to 

be satisfactory between 5 and 10 fm after preliminary tests. 
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On the other hand, the imaginary part was chosen to have the following 

form: 

   
 , ,

, , 4
D D

V V V D D

df r R a
W r W f r R a W a

dr
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with the factor f given by eq. (1.45c). In addition, Kobos and Satchler impose a 

limitation on imaginary radii RV, RD according to the formula: 

 0 01j jR R a E E      , ,j V D    (1.47) 

where E is the center of mass bombarding energy (in MeV) and E0=26.2MeV is an 

arbitrary parameter. Finally, a Coulomb potential with radius 7.79 fm was added. 

 The problem of this potential is the big number of parameters. It is obvious 

that the potential contains 13 parameters, V1, R1, α1, V2, R2, α2 for the surface real 

terms, WV, R0V, αV, WD, R0D, αD for the imaginary part and the α factor that 

determines the energy dependence of the RV and RD. The parameters are shown at 

table 1.2. Comparisons between the experimental data and the fits are shown in 

Figure 1.5, where the agreement is satisfactory.  

Table 1.2: Optical potential parameters for 16O+28Si scattering. Set I refers to center 

of mass energies from 18.67 to 26.2 MeV while, set II refers to energies from 31.6 to 

34.8MeV (table from A. M. Kobos and G. R. Satchler, Nucl. Phys. A 427, 589 (1982)). 

 

 
Figure 1.4: The surface terms of the real part of the Kobos – Satchler potential U1, U2 

and ΔU as a function of the radius.  
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Figure 1.5: Comparison of cross sections calculated using the optical parameters 

from set I (solid curves) with the experimental data. Predictions using the microscopic 

M3Y potential, without the surface factor ΔU, represented with the dashed lines at 

20.83 and 26.2MeV (figure from A. M. Kobos and G. R. Satchler, Nucl. Phys. A 427, 

589 (1982)).  

 

1.8. Ambiguity and sensitivity tests 

 

Both discrete and continuous ambiguities may exist in an optical model 

determination. The first one refers to different families of potential depths that may 

give equivalent fits to the experimental data. The second one refers to a continuous 

ambiguity which arises when a small variation of one parameter can be 

compensated by adjusting one or more parameters of the optical potential to give 

equivalent fits to the data76. However, there is a radial range, near the nuclear 

surface, where the potential determination is accomplished accurately. As to 

determine this range, two different sensitivity tests were introduced: the “Crossing 

point method”23,76-78 and the “Notch Perturbation method”79. 
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In particular, assuming a typical case with a Woods – Saxon optical potential: 

   
0 0

/ /
1 1V V W W

opt WS WSr R a r R a

V W
V i V iW

e e
 

   
 

 (1.48) 

and working separately for the real and the imaginary part, it is easy to determine 

the sensitive radial range using the “Crossing point method”23,77. As it was 

mentioned, many different potentials provide equivalent fits to the experimental 

data. Plotting these potentials as a function of radius, they cross each other at a 

specific radial point. In the vicinity of this crossing point, the nuclear potential can be 

determined in a unique way. As an example, the VWS quantity as a function of radius 

r, for the system 20Ne+28Si, is presented in figure 1.6 where, the sensitive radius or 

the crossing point is about 8.04 fm. Further details of this procedure are presented in 

chapter 4. 

 

Figure 1.6: The real part of an optical potential, for the system 20Ne+28Si,  as a 

function of radius for five different values of diffusivities α: 0.50, 0.55, 0.60, 0.65 and 

0.70 with the blue, red, green, violet and turquoise blue line, respectively. The circled 

area presents the crossing point appeared at r=8.04 fm.  

On the other hand, the “Notch Perturbation method”79 is based on the 

introduction of a localized perturbation (notch) into the radial real or imaginary 

optical potential and the observation of the effect of such a perturbation on the 

predicted cross section as the perturbation is moved systematically through the 

potential.  This approach can be accomplished, decreasing the potential in a small 

region and then increasing it in the normal value (figure 1.7). There are two different 
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techniques for obtaining this. The first one is based on a Woods – Saxon form factor 

perturbation: 

      ', ', , 1 ', ', 1 ', ',g R a d r f R a r d f R a r      (1.49) 

where f (R’,α’,r) is the Woods – Saxon form factor given by the formula (1.45c). Then, 

assuming a Woods – Saxon potential, the potential could be written as: 

     ' '

0 , , , , ,V r V f R a r g R a d r   (1.50) 

where R, α are the known Woods – Saxon parameters and R’, α’ determines the 

position and the width of the notch, respectively. The d parameter is the fraction by 

which the potential is reduced.  

On the other hand, according to the second technique, the nuclear potential 

is reduced by a factor of (1-d). Both techniques give similar results. 

 In summary, this sensitivity test is based on the fact that, at positions where 

the calculation strongly depends on the details of the potential, the calculation will 

be changed by the perturbation while, at radial positions where the calculation has 

no sensitivity to the parameters of the potential, the perturbation will have no effect 

to the calculation.  

 

Figure 1.7: Comparison of unperturbed potential with the two techniques of the 

“notch perturbation method” described above.  The Woods – Saxon notch, the step 

function notch and the unperturbed potential presented with the blue dashed, the 

red dotted and the green solid line respectively (potential from John G. Cramer and 

Ralph M. DeVries, Phys. Rev. C 22, 91 (1980)). 
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2.  Experimental setup 
  

2.1. The ICARE chamber 

  

 The experimental setup was visualized in the ICARE facility of the Heavy Ion 

Laboratory (H.I.L.) in Warsaw, using a 20Ne beam delivered by the U-200P cyclotron 

and a 28Si target. The setup is described in details below. ICARE is a charged particle 

detection system, initially builted in the IReS (Strasbourg). It consists of 1m diameter 

reaction chamber with various facilities for setting up numerous silicon detectors 

and telescopes (up to 48)60. In this respect, the chamber includes two platforms (A 

and B) and several rings that allow us to place many detectors. ICARE is supported by 

the vacuum and gas systems, electronics and data acquisition systems.  

Inside the ICARE chamber, a motherboard is attached, which includes the 

preamplifiers (Figure 2.1). After that, the analog and logical signals are fed to the 

appropriate electronics and in particular the amplifiers, the discriminators and the 

ADC’s, to be modified properly and finally to be handled by the “Midas” acquisition 

system. “Midas” system provides also a facility for monitoring the performance for 

the electronics and power supplies. 

Some details of the ICARE facility are presented in Figures 2.1 – 2.3.  

 

Figure 2.1: The main electronics devices attached to ICARE chamber: motherboard 

[left] and preamplifier with its cover [right] (photo from I. Strojek: private 

communication).  
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Figure 2.2: The ICARE chamber. 

 
Figure 2.3: The ICARE chamber. 

A general description for silicon (Si) and gas detectors is given below. 

  

2.2. Silicon detectors  

 

A Si surface barrier detector (semiconductor detector) is based on a p-n 

junction. The p – n junction is the border between a “p” and an “n” type zone. Both 

sides are electrically neutral, but they have different concentration of electrons (n-

type) or holes (p-type). The free electrons from the n-type material begin to diffuse 

across the p – n junction between the two materials and fill some of the holes in the 
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p-type material. This procedure stops when the system equilibrates and that leads to 

the formation  of a – charge free – depletion region between the p and n type zone. 

When an incident radiation passes through the depletion region, pairs of 

holes and electrons are created. Under the influence of an electric field, electrons 

and holes move towards the electrodes creating a pulse proportional to the total 

number of electrons – holes pairs. So, this pulse is proportional to the energy of the 

incident particle. Also, by raising the bias, the depletion zone is broadened leading to 

an increase in the flux of the electrons and holes pairs. This procedure increases the 

collection rate. 

In particular, in this experiment, we used surface barrier silicon detectors. 

These ones are the most usual Si detectors and they are very useful for measuring 

the energy loss of passing charged particles. These detectors have a much higher 

resolution in tracking charged particles than older technologies such as cloud 

chambers but, the disadvantages are that surface barrier Si detectors are much more 

expensive than older detectors and they are sensitive to light and to surface 

contaminations 81-83.  

 
Figure 2.4: A p–n junction in thermal equilibrium with zero-bias voltage applied. 

Under the junction, plots for the charge density, the electric field and the voltage are 

reported. Electrons and holes concentration are reported with blue and red lines, 

respectively.  
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2.3. Gas detectors  

 

A typical gas detector is based on the ionization phenomenon and consists of 

a cylinder, filled with an applicable gas, and a conducting wire is placed along its axis 

to which a positive potential difference is applied. Therefore, a radial electrical field 

is produced and when a charged particle crosses the detector, a number of pairs of 

positive and negative charged ions are formed along its orbit. The negative ions 

(electrons) are forced to move to the anode while, the positive ones move to the 

cathode. Also, in this experiment, the gas detectors were used as ionization 

chambers. The basic construction of a gas detector is presented at figure 2.5 81. 

 
Figure 2.5: Basic construction of a simple gas ionization detector. 

 

2.4. Detectors – Telescopes  

 

 In this experiment both single silicon detectors and telescopes were used. 

The thickness of the single detectors was 40μm. The structure of Si detectors is 

shown in Figure 2.6.  

On the other hand, the telescopes were consisting of two parts. The first part 

was the gas detector (C4H10) with thickness 47mm and a gas pressure at 11.25Torr, 

while the second part was a Si detector with thickness 500μm. The telescope 

window is a Mylar foil with thickness 2.5μm. The structure of telescopes is shown in 

Figure 2.7 80,84. The first part of the telescope absorbs a part of the recoil ion, 

allowing a Z separation via ΔE-E technique. 
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Figure 2.6: The Si detector’s structure. 

 
Figure 2.7: The telescope’s structure. 

 

2.5. Details of the setup 

 

In this experiment, the 20Ne+28Si elastic scattering was studied at energies of 

42.5, 52.3 and 70.0 MeV using silicon targets with thicknesses of ~132 μg/cm2 and 

~200 μg/cm2. 

2.5.1.  Detector’s position 

 Taking into consideration an expected angular distribution, the theoretical 

calculations performed by N. Keeley  concerning the system of 20Ne + 28Si 62 and the 

elastic scattering experiments of 16Ο + 28Si 4,7,53,57, the position of the detectors and 

the telescopes was decided to be as in the lay out presented in Figures 2.8 and 2.9: 
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 Platform A: In this platform (Side A), a telescope (T1) was placed which is scanning 

the angular range between 25ο and 85ο in steps of 5 degrees. In the same platform, a 

single detector (S1) is set such as to rotate between 75ο and 135ο.  

 Platform B: In platform B (Side Β), two telescopes (Σ2 and Σ3) were scanned the 

angular range 37ο - 60ο and 57ο - 80ο, respectively. 

 Rings: Eight single silicon detectors were placed at fixed positions at the rings. In 

forward angles two monitors (M1, M2) were set in symmetrical positions, at ±20ο, 

for correcting beam misalignments. Finally, in order to “capture” the elastic part of 

the reaction at backwards angles six detectors (S2, S3, S4, S5, S6,S7) were placed at 

+55o, +85o, +125o, -45o, -75o, -100o respectively.  

 Distances between detectors – target: The distances between detectors/telescopes 

and target were adjusted as shown at table 2.1. The error concerning the distance 

measurements is ± 0.1cm. 

It should be noted however that, in this experiment, the telescopes were the 

main tools to perform the angular distribution and also to separate the elastic 

channel from the other reaction products. 

Table 2.1: Detectors’ distances from the target. 

Detector Name Detector ID 
Distance from the 

target (cm) 

M1 8 31.5 

M2 26 31.5 

T1 104 11.5 

T2 106 11.5 

T3 107 11.4 

S1 19 11.1 

S2 11 11.5 

S3 23 11.5 

S4 24 11.5 

S5 13 11.6 

S6 16 13.5 

S7 9 11.6 
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Figure 2.8: Schematical details of the setup. 

 

 
Figure 2.9: Experimental design: Photo of ICARE chamber, with the present setup. 
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2.5.2.  «Masks» 

 Masks were placed in front of the detectors for defining in a more accurate 

way their solid angle. The dimensions of the masks for all the single silicon detectors 

were (4x7) mm2, while for the monitors were (2x7) mm2 and for the telescopes were 

(3.5x10.5) mm2. 

2.5.3.  Target position  

 A target holder was set at the middle of the chamber. The target holder is 

shown in Figure 2.10 with all the details of the targets. A quartz was also placed for 

defining the beam position. 

 
Figure 2.10: The target holder.  

 

2.5.4.  Platform’s calibration 

The rotation of platforms was calibrated in degrees before the experiment and the 

data are shown at tables T2.1a and T2.1b 80. 
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3.  Data reduction 
 

3.1. Energy calibration 

 

 The main step for an accurate data reduction is a good energy calibration. 

The energy calibration for each detector was based on measurements via an 241Am 

source with an α-peak at 5.486 MeV and a pulser (Figure 3.1 and table T3.1). 

 In particular, the pulser was calibrated through the alpha source (table T3.2) 

and the detectors were calibrated via the pulser in a large energy range (table T3.3 

and Figure 3.2) according to the formula:  

Energy = A*(channel) + B     (3.1) 

where A, B parameters given at table T3.3. 

 
Figure 3.1: Spectrum with pulser and alphas peaks used in energy calibration. 
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Figure 3.2: Energy as a function of the channel for three representative detectors: 

M1, T1-Si and T1-gas. 

 

3.2. Identification of reaction channels 

 

 The data analysis was performed with the program PAW85. Taking into 

account the kinematics of the colliding ions and the energy losses, using the 

programs LISE++86 and NRV87, the identification of the reaction channels was 

performed as appears at the table 3.1. In particular, for the input channel 20Ne+28Si 

of interest, four output channels were observed: the elastic scattering 
28Si(20Ne,20Ne)28Si, the one – alpha transfer reactions 28Si(20Ne,16O)32S (stripping 

reaction) and 28Si(20Ne,24Mg)24Mg (pick-up reaction) and the 8Be-transfer reaction 
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28Si(20Ne,12C)36Ar (stripping reaction). Some typical spectra are presented at figures 

3.3-3.5. 

Table 3.1: The identification of the reaction channels observed at the experiment. 

The observed quantity is represented with the blue color at the output channel’s 

column. 

Input 

channel 

Output 

channel 
Q value 

42.5 

MeV 

52.3 

MeV 

70.0 

MeV 
Notation 

20
Ne  +  

28
Si 

20
Ne  +  

28
Si 0.00 MeV X X X 

Elastic  

scattering 

20
Ne  +  

28
Si 

16
O + 

32
S 2.22 MeV  X X 

One alpha transfer, 

stripping 

20
Ne  +  

28
Si 

24
Mg  +  

24
Mg -0.67 MeV  X X 

One alpha transfer, 

pick-up 

20
Ne  +  

28
Si 

12
C  + 

36
Ar 1.70 MeV  X X 

Two alpha transfer, 

stripping 

20
Ne  +  

24
Mg 

24
Mg +  

20
Ne 0.00 MeV  X X 

Impurities, elastic 

scattering recoil 

20
Ne  +  

24
Mg 

16
O  +  

28
Si 5.25 MeV  X X 

Impurities, 

one alpha transfer 

20
Ne  +  

16
O 

20
Ne +  

16
O 0.00 MeV   X 

Target oxidation, elastic 

scattering 

20
Ne  +  

16
O   

16
O  + 

20
Ne 0.00 MeV  X X 

Target oxidation, elastic 

scattering recoil 

20
Ne  +  

16
O    

12
C  + 

24
Mg 2.15 MeV  X X 

Target oxidation, one  

alpha transfer 

20
Ne  +  

16
O 

24
Mg +  

12
C 2.15 MeV   X 

Target oxidation, 

one alpha transfer 

20
Ne  +  

12
C   

12
C  + 

20
Ne 0.00 MeV  X X 

Contamination, elastic 

scattering recoil 

  20
Ne  +  

120
Sn 

20
Ne  +  

120
Sn 0.00 MeV X X X 

Impurities, 

elastic scattering 

  20
Ne  +  

197
Au 

20
Ne  +  

197
Au 0.00 MeV X X X 

Impurities, 

elastic scattering 

  20
Ne  +  

208
Pb 

20
Ne  +  

208
Pb 0.00 MeV X X X 

Impurities, 

elastic scattering 
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Figure 3.3: A typical 1d spectrum from the monitor M1 (20deg) at energy of 52.3 

MeV. 

 
Figure 3.4: A typical 2d spectrum from T1 telescope at 45deg and at energy of 52.3 

MeV. The circled area presents 20Ne from the elastic scattering 28Si(20Ne,20Ne)28Si. 

The solid lines are there to guide the eye. 
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Figure 3.5: The projection of figure 3.4 on E - axis (T1- E, 45deg, 52.3MeV). The 

smaller peaks at the right side of the spectrum present elastic scattering to heavier 

impurities. 

In contour with Z=10, except of the main peak (coming from the 20Ne+28Si 

elastic scattering), four other peaks were observed due to target oxidation 

(20Ne+16O) or impurities (20Ne+120Sn, 197Au, 208Pb).  

 

3.3. Determination of cross section 

 

The cross section gives us the probability for a reaction to take place. The 

differential cross section is given by the following formula:  

 
 

N

D
  

 
      (3.2) 

where:   

σ(κ) is the cross section 

N represents the number of counts,  

Ω is the solid angle, 

Φ is the flux of the beam and 

D are the scattering centers. 
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The  D quantity is calculated via the monitors’ information (±20o), by the 

known Rutherford scattering using the formula:  

m

Ruth Ruth m

NN
D

 

 
   

  
    (3.3) 

where:  

Nm is the number of counts of the monitor,  

σRuth  is the Rutherford scattering cross section and  

Ωm  is the solid angle of the monitor. 

The ςRuth calculations were performed by the program LISE++86, assuming that the 

reaction took place at the middle of the target. The DΦ quantity is determined with 

a low error because at 20o where the monitors were placed, the statistical errors 

were not significant. Also, the two monitors at symmetric positions minimize the 

error due to the asymmetry of the beam.  

Using the formulas (3.2) and (3.3) the final expression for the differential 

cross section is given by the formula below: 

 
m

mRuth

N

N







      (3.4) 

The above formula does not depend on the flux of the beam or the thickness of the 

target. 

The Ω quantity was determined by the known activity of 241Am source given 

by the formula below:  

 
4 4

40000
a

R t Bq t

   
       (3.5) 

where: 

Na is the number of counts of alpha source,  

R  is the activity of the source (40kBq) and  

t  is the time of the measurement. 

 The solid angle was also calculated by the program GATE64-66. GATE is a 

simulation toolkit based on Geant4 Monte Carlo simulation, details of which are 

presented in appendix B. We assumed a cylindrical isotropic alpha source (241Am) 

with radioactivity 40kBq and the geometry presented at table 3.2. Simulated and 

actual values of the solid angle used in the experimental analysis are presented at 

table 3.3.  Although the variation between the experimental and the simulated solid 

angle values is significant, at the cross section expression (3.4), the variations in the 

ratio Ωm/Ω, which  is introduced in our calculations is more acceptable. This variation 

between the experimental and the simulated Ωm/Ω ratio is presented at table 3.4. 
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Table 3.2: Geometry for the Monte Carlo simulation. 

Detector 
Distance from 

the source (cm) 
Mask 
(mm2) 

Thickness 
of the 

detector  

Radius of 
the source 

(mm) 

Thickness of 
the source 

(mm) 

M1 31.5 2x7 40μm 1.5 0.1 

M2 31.5 2x7 40μm 1.5 0.1 

T1-gas 11.5 3.5x10.5 47 mm 1.5 0.1 

T2-gas 11.5 3.5x10.5 47 mm 1.5 0.1 

T3-gas 11.4 3.5x10.5 47 mm 1.5 0.1 

T1-Si 17.1 3.5x10.5 500μm 1.5 0.1 

T2-Si 17.1 3.5x10.5 500μm 1.5 0.1 

T3-Si 17.0 3.5x10.5 500μm 1.5 0.1 

S3 11.5 4x7 40μm 1.5 0.1 

S4 11.5 4x7 40μm 1.5 0.1 

S5 11.6 4x7 40μm 1.5 0.1 

S6 13.5 4x7 40μm 1.5 0.1 

S7 11.6 4x7 40μm 1.5 0.1 

 

 

Table 3.3: A comparison between the solid angle values calculated by the known 

activity of Americium source (Ωα) and via GATE simulation (ΩGATE) for the detectors 

used in the experimental analysis. Also, Na is the number of counts of the alpha peak 

and t is the time of the measurement. 

Detector t [sec] Nα [Counts] Ωα [sr] ΩGATE [sr] Variation 

Μ1 1080 429 1.247E-04 1.774E-04 29.7% 

Μ2 1080 395 1.148E-04 1.774E-04 35.2% 

Τ1-Ε 1680 11260 2.105E-03 2.584E-03 18.5% 

Τ2-Ε 1260 8888 2.215E-03 2.582E-03 14.2% 

Τ3-Ε 840 4673 1.747E-03 2.621E-03 33.3% 

 

 

Table 3.4: A comparison between the ratio Ωm/Ω,  calculated by the known activity of 

Americium source [(Ωm/Ω)α] and via GATE simulation [(Ωm/Ω)GATE] for the detectors 

used in the experimental analysis. 

Detector (Ωm/Ω)α  (Ωm/Ω)GATE   Variation 

Τ1-Ε 5.927E-02 6.864E-02 -13.7% 

Τ2-Ε 5.185E-02 6.868E-02 -24.5% 

Τ3-Ε 6.574E-02 6.767E-02 -2.8% 
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The ς and ς/ςRuth quantities for the elastic scattering 28Si(20Ne,20Ne)28Si were 

determined using the formulas (3.4) and (3.5) at the near barrier energies of 52.3, 

42.5 and 70.0 MeV (tables T3.4 – T3.6). The uncertainties were calculated via the 

formula below and are included at tables T3.4 – T3.6. 

1
2 2 2 2 2

2 2

1 1

Ruth

t m m tm

Ruth m m m

t t

N t t


 

 

 




   
    

   
 (3.6) 

where:   

N   is the number of counts of 20Ne from the elastic scattering,  

Nα   is the number of counts of alpha source, 

t   is the time of the measurement, 

ςt  is the error at the time measurement (±30 sec)  

The index m  refers to the monitor. It should be noted that the last two terms of 

equation (3.6) refer to the solid angle error. Further details are shown at the 

appendix A. 

The cross sections were determined via information of detectors placed at 

symmetrical positions as the weighted mean of ς/ςRuth ratio and its error were 

estimated, according to the following formulas 81:  

 

 

2

21

i i

i
mean

i

i

f

f








    (3.7) 

2

1

1mean

i i








     (3.8) 

where f = ς/ςRuth and ςmean is the error on the weighted mean fmean. 

In some cases, an additional error term, due to the angle uncertainty (about 

±2o), was necessary because in some angles the peak width was not accurately  

determined. The final results for ς/ςRuth ratio are presented at tables 3.5, 3.6 and 3.7 

for the energies of 52.3, 42.5 and 70.0 MeV, respectively. 
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Table 3.5: Ratio σ/σRuth for the elastic scattering 28Si(20Ne,20Ne)28Si at bombarding 

energy of 52.3 MeV. 

Lab Energy of 52.3 MeV (Ecm=30.5MeV) 

θlab [deg] θcm [deg] ς/ςRuth error error % 
20.00 34.16 1.000E+00 3.267E-02 3.27% 

25.00 42.60 1.299E+00 5.552E-02 4.27% 

27.00 45.96 1.135E+00 6.731E-02 5.93% 

30.00 50.96 1.098E+00 6.517E-02 5.94% 

33.00 55.94 7.663E-01 4.543E-02 5.93% 

35.00 59.23 7.032E-01 4.177E-02 5.94% 

37.00 62.51 3.125E-01 1.979E-02 6.33% 

40.00 67.38 2.236E-01 8.270E-03 3.70% 

45.00 75.39 1.238E-01 5.764E-03 4.65% 

47.00 78.55 8.614E-02 5.475E-03 6.36% 

50.00 83.23 6.399E-02 2.528E-03 3.95% 

55.00 90.87 2.980E-02 2.370E-03 7.95% 

57.00 93.86 2.430E-02 1.956E-03 8.05% 

60.00 98.27 2.273E-02 1.217E-03 5.35% 

62.00 101.16 3.514E-02 3.303E-03 9.40% 

65.00 105.40 1.735E-02 1.309E-03 7.54% 

67.00 108.17 1.649E-03 5.578E-04 33.82% 

70.00 112.22 8.917E-03 1.383E-03 15.51% 

75.00 118.68 2.809E-03 8.222E-04 29.27% 

 

Table 3.6: Ratio σ/σRuth for the elastic scattering 28Si(20Ne,20Ne)28Si at bombarding 

energy of 42.5 MeV. 

Lab Energy of 42.5 MeV (Ecm=24.8MeV) 

θlab [deg] θcm [deg] ς/ςRuth Error Error % 

20.00 34.16 1.000  0.057  5.67% 

25.00 42.60 1.082  0.066  6.06% 

30.00 50.96 1.093  0.084  7.64% 

35.00 59.22 1.131  0.078  6.92% 

40.00 67.37 1.122  0.074  6.57% 

45.00 75.38 0.850  0.045  5.27% 

50.00 83.22 0.629  0.039  6.12% 

55.00 90.86 0.472  0.034  7.15% 

60.00 98.26 0.334  0.027  7.96% 

65.00 105.39 0.164  0.022  13.12% 
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Table 3.7: Ratio σ/σRuth for the elastic scattering 28Si(20Ne,20Ne)28Si at bombarding 

energy of 70.0 MeV. 

 

Lab Energy of 70.0 MeV (Ecm=40.8MeV) 

θlab [deg] θcm [deg] ς/ςRuth error error % 

20.00 34.16 1.000E+00 4.000E-02 4.00% 

25.00 42.60 4.868E-01 2.902E-02 5.96% 

30.00 50.96 1.490E-01 8.954E-03 6.01% 

35.00 59.22 4.712E-02 2.845E-03 6.04% 

40.00 67.38 1.425E-02 7.304E-04 5.13% 

45.00 75.39 8.016E-03 3.996E-04 4.99% 

50.00 83.23 3.257E-03 1.691E-04 5.19% 

55.00 90.87 4.875E-03 2.435E-04 4.99% 

60.00 98.27 4.020E-03 2.579E-04 6.42% 

65.00 105.40 2.419E-03 3.036E-04 12.55% 

70.00 112.22 9.991E-04 5.559E-04 55.64% 

75.00 118.68 9.024E-04 5.270E-04 58.40% 
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4. Theoretical analysis 
 

The goal of the theoretical analysis was the deduction of the optical 

potential. For that, the experimental results were compared with calculations 

performed with the code ECIS67, adopting various optical potentials as will be 

explained in detail below.  

Initially, the Lee – Chan potential51,57-58 and the Kobos – Satchler potential7 

were used, since these potentials were extracted from a similar system and energy 

range to ours. For the easiness of the procedure these potentials were fitted with a 

Woods – Saxon form factor2 following a minimization procedure with the code 

PAW85. Subsequently by using the code ECIS, differential cross sections were 

calculated and compared with our elastic scattering data. Unfortunately, the 

calculated results were far out from the experimental ones.  

Therefore, subsequently, we have proceeded with an analysis, adopting two 

phenomenological potentials of Woods – Saxon type, one with a deep depth and one 

with a shallow depth for the real part as well as a third potential adopting for the 

real part a microscopic BDM3Y1 interaction72-74. In all cases, the imaginary part was 

described by a Woods – Saxon form factor. For the fitting procedure and deduction 

of the macroscopic potentials in general the following steps were implemented in a 

minimization procedure with the code ECIS: 

1. For the deep and shallow depth potentials the fit started taking into account for 

the real part the Lee – Chan51,57-58 and the Christensen71 potentials and fitting 

the three parameters for the imaginary part. So, the imaginary part was 

deduced freely fitting the experimental data.  

2. Changing manually in small steps the depth of the real part, the previous step 

was repeated until we have achieved a reasonable fit to the experimental data.  

3. Finally, in order to optimize the fit, we changed manually the depth of the 

imaginary part.  

For the third potential, where a microscopic interaction was adopted, we added to 

the real part an imaginary Woods – Saxon form factor. Initially, a fit was performed 

with free parameters the normalization factor and the depth of the imaginary part, 

while in a second step the other two parameters were freely fitted. The best fitted 

normalization factors of the real part was NV=0.484 for 42.5 MeV, NV=0.351 for 52.3 

MeV and NV=0.198 for 70.0 MeV. Additionally, for the easiness of the reader, the 

BDM3Y1 interaction was parameterized with a Woods – Saxon form factor and 

changing the parameters of the imaginary part a new fit was performed. 
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4.1. 20Ne+28Si elastic scattering at 52.3 MeV 
 

The experimental results at 52.3 MeV were compared with different 

calculations performed with the code ECIS.  

4.1.1. The macroscopic potentials 

The deep potential (Set 1) 

The elastic scattering data were compared with an optical model calculation 

based on a phenomenological Woods – Saxon potential consisted of a real and an 

imaginary volume part. In the fit to the experimental data,  as initial values to the  

Woods – Saxon form factor  were taken parameters obtained by the Lee – Chan 

potential using the methodology, described in the previous chapter. The deduced 

parameters of this deep potential are shown in table 4.2 under the label Set 1, while 

the calculated cross sections are compared with the data in Figure 4.1.  

 The shallow potential (Set 2) 

A second calculation was also performed using as initial values for the real 

volume part the term obtained by fitting the (pure real) global Christensen potential 

with a Woods – Saxon form factor (table 4.1). Using the same methodology as before 

a shallow potential was obtained. The results of the optical model calculation are 

presented in figure 4.1 while, the relevant parameters are presented at table 4.2 

under the label Set 2. 

4.1.2. The BDM3Y1 microscopic potential (Set 3 and Set 4) 

The experimental data were also compared with an optical model calculation 

using for the real part the BDM3Y1 microscopic interaction72-74. Using the ECIS code 

a fit was performed with two free parameters: the normalization factor in the real 

part and the depth of the Woods-Saxon imaginary part. In a second step the other 

two parameters of the imaginary part (radius, diffusivity) were freely fitted. The best 

fit for the energy of 52.3 MeV gave a normalization factor equal to 0.351. The 

parameters for the imaginary part are presented at table 4.2 (Set 3).  

After that, for convenience of the reader, the BDM3Y1 interaction was 

parameterized with a Woods – Saxon form factor using the program PAW. 

Unfortunately, a Woods – Saxon form factor is not able to fit exactly, the BDM3Y1 

interaction. Therefore a fit to the elastic scattering data, changing the imaginary 

parameters, was also performed and the results are presented as set 4 to table 4.2. 

4.1.3. The bare potential (Set 5) 

Finally, an optical potential, describing the behavior of the first data points, 

was extracted from these data and was taken as the bare potential that is the 

potential without couplings to other degrees of freedom. This was done, taking the 

parameters of the real part from Set 1 and adjusting the imaginary part to the first 
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13 experimental data points. It is very interesting to note that this obtained potential 

is capable for describing the behavior of the first data points at all energies. The 

results for the energies 52.3 MeV, 70.0 MeV and 42.5 MeV are presented in figures 

4.1, 4.9 and 4.11, respectively, while the parameters are presented at table 4.2 as 

Set 5. 

The optical model calculations adopting the sets mentioned above are 

presented in figure 4.1. It is obvious that, at forward angles all the potentials provide 

equivalent fits to the data, while at more backward angles, where the cross section 

appears an anomalous increase, only the calculation based on the BDM3Y1 

interaction (Set 3 and Set 4) presents the appropriate phase. In all three cases, the 

depth of the imaginary part of the potential was shallow, indicating that peripheral 

reactions may be the most dominant. Also, it should be noted that, in order to 

optimize the fits, a surface real term was taken into account but, with no important 

impact to the calculation, probably due to the limited angular range of the 

experimental data. So, this term was not further considered.  

 
Figure 4.1: Elastic scattering data for the system 20Ne + 28Si at energy of 52.3 MeV 

are compared with phenomenological calculations. Results using Sets 1, 2 and 3 are 

denoted with the blue dashed, the red dotted and the green solid line respectively, 

while the prediction using a bare potential is denoted with the black dashed – dotted 

line. 
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Figure 4.2: Angular distribution data for the system 20Ne + 28Si at energy of 52.3 MeV 

are compared with optical model calculations. Results using Set 3 and Set 4 are 

denoted with the magenta solid line and the blue dashed line, respectively.  

 

Figure 4.3: A comparison between the real part of an optical potential using a Woods 

– Saxon form factor for the system 20Ne + 28Si at energy of 52.3 MeV. The real parts 

of Set 1, 2 and 4 are denoted with the blue dashed, the red dotted and the green solid 

line, respectively.  
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Figure 4.4: A comparison between the imaginary part of an optical potential using a 

Woods – Saxon form factor for the system 20Ne + 28Si at energy of 52.3 MeV. The 

imaginary parts of Set 1, 2 and 4 are denoted with the blue dashed, the red dotted 

and the green solid line, respectively. 

4.1.4. Sensitivity test 

As it was mentioned in chapter 1.8, both discrete and continuous ambiguities 

may exist in an optical model determination with Woods-Saxon form factors. As to 

determine the sensitive radial range, where the deep or the shallow potential is 

unique, the “Crossing point method”23,76-78 was applied. 

In particular, working separately for the real and the imaginary part of the 

Woods – Saxon potential (formula 1.48), it is easy to determine the sensitive radial 

range using this method. So, with the code ECIS, a free search for V0 and Rv is 

performed, for a standard value of diffusivity αv. This procedure must be repeated by 

changing the diffusivity, for example, in steps of 0.05 fm. Then, for the sets of 

parameters with the best χ2 values, we calculated the VWS quantity (formula 1.48) 

within the radial range from 0.1 to 20.0 fm in steps of 0.1 fm. The same procedure 

was applied to the imaginary part of the potential. 

So, the VWS and the WWS quantities adopting the deep potential, as a function 

of radius r are presented in figures 4.5 and 4.6. The crossing point appears at 5.50 fm 

for the real part while, the sensitive radial range is approximately 8.40 fm for the 

imaginary part. 

On the other hand, these quantities for the shallow potential, as a function of 

radius r in the sensitive radial range are presented in figures 4.7 and 4.8. The 

crossing point or the sensitive radius is about 8.04 fm for the real part VWS while, it 

appears at 6.90 fm for the imaginary part WWS.  
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Figure 4.5: The real part of the deep potential (Set 1) for the system 20Ne+28Si, as a 

function of radius for five different values of the diffusivity α: 0.52, 0.54, 0.56, 0.58 

and 0.60 is denoted with the turquoise blue, blue, red, green and violet line, 

respectively. The circled area presents the crossing point appeared at r=5.50 fm.  

 
Figure 4.6: The imaginary part of the deep potential (Set 1) for the system 20Ne+28Si, 

as a function of radius for four different values of the diffusivity α: 0.20, 0.25, 0.27 

and 0.30 is denoted with the red, green, turquoise blue and blue line, respectively. 

The circled area presents the crossing point appearing at about 8.40 fm.  
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Figure 4.7: The real part of the shallow potential for the system 20Ne+28Si,  as a 

function of radius for five different values of the diffusivity α: 0.50, 0.55, 0.60, 0.65 

and 0.70 is denoted with the blue, red, green, violet and turquoise blue line, 

respectively. The circled area presents the crossing point appearing at r=8.04 fm.  

 
Figure 4.8: The imaginary part of the shallow potential for the system 20Ne+28Si, as a 

function of radius for three different values of the diffusivity α: 0.25, 0.30 and 0.40 is 

denoted with the turquoise blue, blue and red line, respectively. The circled area 

presents the crossing point appeared at r=6.90 fm.  

 



~ 54 ~ 
 

4.2. 20Ne+28Si elastic scattering at 70.0 MeV 

 

The experimental results at the energy of 70 MeV were also compared with 

optical model calculations using the phenomenological potentials from the previous 

energy of 52.3 MeV (Figure 4.9). The transition from the energy of 52.3 MeV to 70.0 

MeV, using Set 1 and Set 2, required a small variation to the potential. In particular, 

the most important change was an increase of the depth of the imaginary part. The 

new results are presented at table 4.2 and in figure 4.9. It is seen that the fits are not 

very good. The difficulty to fit the experimental data at this high energy occurs, 

probably due to an unexpected resonance in this energy region. This fact makes 

necessary the existence of many more experimental data. 

Also, fits adopting Set 3 and Set 4 are presented in figure 4.10. It is obvious 

that, each set provides a different fit to the data. A reasonable explanation is that 

the Woods – Saxon form factor is not able to fit the BDM3Y1 interaction well 

enough.  

 
Figure 4.9: Elastic scattering data for 20Ne + 28Si at energy of 70.0 MeV are compared 

with phenomenological calculations. Results using the Sets 1, 2 and 3 are denoted 

with the blue dashed, the red dotted and the green solid line respectively, while the 

results using a bare potential are denoted with the black dashed – dotted line. 
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Figure 4.10: Angular distribution data for the system 20Ne + 28Si at energy of 70.0 

MeV are compared with optical model calculations. Results using Set 3 and Set 4 are 

denoted with the magenta solid line and the blue dashed line, respectively.  

 

4.3. 20Ne+28Si elastic scattering at 42.5 MeV 

 

Finally, the data at the low energy of 42.5 MeV are compared with optical 

model calculations based on the potentials extracted from the data at 52.3 MeV. It 

should be noted that the deep potential was adequate for describing these data, 

while for the shallow one, some changes were necessary (table 4.2).  

In this low energy, using the shallow potential, our calculations did not 

predict any oscillating behavior but, using the deep one, an oscillating behavior 

appears. Unfortunately, this prediction cannot be confirmed experimentally, due to 

the lack in data at backward angles (Figure 4.11). Finally, a comparison between the 

fits using Set 3 and Set 4 is presented in figure 4.12. 
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Figure 4.11: Elastic scattering data for 20Ne + 28Si at energy of 42.5 MeV are 

compared with phenomenological calculations. Results using the Sets 1, 2 and 3 are 

denoted with the blue dashed, the red dotted and the green solid line respectively, 

while the results using a bare potential are denoted with the black dashed – dotted 

line. 
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Figure 4.12: Angular distribution data for the system 20Ne + 28Si at energy of 42.5 

MeV are compared with optical model calculations. Results using Set 3 and Set 4 are 

denoted with the magenta solid line and the blue dashed line, respectively.   

 

Table 4.1: The Lee – Chan and the Christensen potential for 20Ne+28Si. These values 

were obtained by fitting the potential with a Woods – Saxon form factor.  

Potential 
Energy 

(MeV) 

REAL Volume IMAGINARY Volume 

V (MeV) RV (fm) aV(fm) W (MeV) RW (fm) aW(fm) 

Lee – Chan  178.43 1.133 0.575 12.27 1.133 0.575 

Christensen  20.41 1.268 0.570    
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Table 4.2: Optical model parameters, used in the present calculation, at 42.5, 52.3 

and 70.0 MeV. Set 1 and 2 include parameters from a best fit with initial values taken 

from Lee – Chan and Christensen potential, respectively. Set 3 includes the 

parameters of the imaginary part of the potential deduced while using for the real 

part a BDM3Y1 interaction. The best fitted normalization factors of the real part was 

NV=0.484 for 42.5 MeV, NV=0.351 for 52.3 MeV and NV=0.198 for 70.0 MeV. The 

BDM3Y1 interaction was also approximated with a Wood’s Saxon form factor and 

the results are shown as set 4 while, Set 5 includes the parameters for the bare 

potential. The χ2 value is also presented in the last column. 

Potential 
Energy 

(MeV) 

REAL Volume IMAGINARY Volume  

V (MeV) RV (fm) aV(fm) W (MeV) RW (fm) aW(fm) χ
2
 

Set 1 

42.5 150.00 1.133 0.575 2.50 1.464 0.248 12.7 

52.3 150.00 1.133 0.575 2.50 1.464 0.248 299 

70.0 150.00 1.133 0.575 3.90 1.530 0.248 8.6 

Set 2 

42.5 20.41 1.298 0.570 4.44 1.190 0.160 19.2 

52.3 20.41 1.268 0.570 2.44 1.190 0.160 595 

70.0 20.41 1.238 0.570 4.84 1.190 0.160 5.2 

Set 3 

42.5    3.016 1.493 0.309 7.0 

52.3    2.162 1.493 0.309 144 

70.0    2.462 1.393 0.309 2.8 

Set 4 

42.5 63.77 1.005 0.871 3.150 1.493 0.309 8.6 

52.3 52.77 1.023 0.816 1.458 1.403 0.198 183 

70.0 32.60 1.002 0.828 1.102 1.393 0.309 19.2 

Set 5 

42.5 150.00 1.133 0.575 11.00 1.444 0.438 15,8 

52.3 150.00 1.133 0.575 11.00 1.444 0.438 32.6* 

70.0 150.00 1.133 0.575 11.00 1.444 0.438 11.8* 

         * adjusting to the first data points 

 

4.4. 20Ne+28Si elastic scattering: CRC calculations 

 

The elastic scattering data were also analyzed in the Coupled Reaction 

Channels (CRC) framework by Dr. N.Keeley62 using the code FRESCO63. To achieve 

that, the following partitions were included: 

 Inelastic excitation of the 1.63 MeV 2+ state of 20Ne, 

 Inelastic excitation of the 4.25 MeV 4+ state of 20Ne, 

 Inelastic excitation of the 5.62 MeV 3– state of 20Ne, 

 Inelastic excitation of the 1.78 MeV 2+ state of 28Si, 

 Inelastic excitation of the 4.62 MeV 4+ state of 28Si, 

 Inelastic excitation of the 6.88 MeV 3– state of 28Si, 

 α particle pickup to the 24Mg+24Mg partition, 

 α particle stripping to the 16O+32S partition, 

 Sequential α particle pickup 28Si(20Ne,24Mg)24Mg ; 24Mg(24Mg, 28Si)20Ne, 

 Sequential α particle stripping 28Si(20Ne, 16O)32S ; 32S(16O, 12C)36Ar, 

 Inelastic excitation of the 1.37 MeV 2+ state of 24Mg, 

 Inelastic excitation of the 2.23 MeV 2+ state of 32S, 
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 Inelastic excitation of the 4.44 MeV 2+ state of 12C, 

 Inelastic excitation of the 1.97 MeV 2+ state of 36Ar, 

 Elastic transfer of a whole 8Be cluster and 

 Direct stripping of a whole 8Be cluster to the 12C+36Ar partition. 

The optical model potentials in all partitions consisted of double folded real parts, 

using the M3Y interaction75, and Woods – Saxon form factors for the imaginary 

parts. The imaginary parts were obtained by fitting the experimental data at energies 

of 42.5 and 52.3 MeV.  

 The data at 52.3 MeV are well described by the calculations but, the phase of 

some oscillations is not reproduced. Apart from that, only the inclusion of a whole 
8Be transfer process could  produce this oscillatory structure of the data. Similar 

calculations predict an oscillatory structure for the angular distribution of 42.5 MeV. 

Such behavior has been observed at similar energies in the system 12C+24Mg, and it 

has been suggested that it is due to an elastic transfer process32.  

In summary, Coupled Reaction Channel calculations were performed to 

interpret the experimental data. These calculations might therefore be considered to 

suggest significant 8Be clustering in the ground states of 20Ne, 28Si, and 36Ar. 

However, the following reasons seem to rule out this possibility: 

1. The large 8Be separation energies for these nuclei and 

2. The spectroscopic amplitudes for the <20Ne|12C + 8Be> and <28Si|20Ne + 8Be> 

overlaps, required to give the best description of the data, are much larger than 

calculated values from the literature. 

The available data evidence that the origin of the observed structure may be the 

compound nucleus effects rather than cluster transfer.  

Finally, for the energy of 70.0 MeV, CRC calculations were also performed 

but, the compatibility between calculated and experimental cross sections was not 

satisfactory maybe due to the contribution of compound nucleus effects. 
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Figure 4.13: CRC calculation compared with elastic scattering data for the system 
20Ne + 28Si at the energy of 42.5 MeV. The red solid line denote the full calculation 

while, the black dashed line the calculation that do not include direct 8Be-cluster 

elastic transfer (figure from private communication with N. Keeley). 

 
Figure 4.14: CRC calculations compared with elastic scattering data for the system 
20Ne + 28Si at the energy of 52.3 MeV. The red solid line denote the full calculation 

while, the black dashed line the calculation that do not include direct 8Be-cluster 

elastic transfer (figure from private communication with N. Keeley). 
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5. Conclusions 
   

In summary, from the study of 20Ne + 28Si elastic scattering at energies 

ELab=42.5, 52.3 and 70.0 MeV, the following conclusions can be drawn: 

1. At backward angles an anomalous raising of the differential cross sections is 

observed with oscillating trend, similar to the one presented by the lighter 

projectiles 12C and 16O.  

2. Macroscopic potentials deduced by fitting similar data, like for example the Lee – 

Chan, or global potentials as the Christensen one were not adequate for 

explaining the oscillating behavior at backward angles. New potentials were 

deduced based on Woods-Saxon form factors, one with a deep and one with a 

shallow depth. The results were in favor of the shallow depth potential while the 

appropriate phase at least for the data at 52.3MeV was only described adopting 

for the real part of the optical potential, a microscopic – BDM3Y1 interaction. 

3. The results from a sensitivity test based on the crossing point method, showed 

that for the shallow phenomenological potential the sensitive radius of the real 

part is bigger than the one of the imaginary part. On the other hand, for the deep 

optical potential, the sensitive radial range seems smaller than the systematic 

behavior of the other systems. 

4. The data were described adopting the same optical potential for all three 

energies but with small variations, mainly at the imaginary part of it.  

5. The oscillating behavior appears at energy of 52.3 MeV after κc.m.90o while, at 

energy of 70.0 MeV from κc.m.70o. At the lower energy of 42.5 MeV such a 

behavior cannot be confirmed due to the lack of experimental data at backward 

angles. 

6. Coupled Reaction Channels calculations, performed by Nick Keeley, present 

evidence that the elastic transfer process is the main mechanism to produce the 

oscillatory structure of the data. However, the unusual large spectroscopic 

amplitudes evidence that the compound nucleus effects are also significant. 

On the other hand, we can’t ignore the fact that: the total errors were significant and 

the angular distributions were limited to a selected angular range with a poor 

angular resolution. Taking into consideration all the above, we conclude that a 

further investigation of that system is necessary, both theoretically and 

experimentally. From the experimental point of view it is necessary for obtaining 

precise cross sections at several energies and especially several angles. This can be 

achieved by doing the measurement in inverse kinematics and using for a good 

angular resolution a magnetometer.  
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A. Error calculation of ς/ςRuth ratio 
 

Define as: Χ= ς/ςRuth.  

Also:  
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         (A.1) 

where  

Ν  is the number of counts of each single detector or telescope, 

Νm  is the number of counts of monitor, 

Ω  is the solid angle of each single detector or telescope and  

Ωm  is the solid angle of the monitor 

So the error is given by the formula: 
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 On the other hand, the solid angle Ω is calculated from alphas radiation 

formula:  

4

Rt


            (A.7) 

where: 

Να is the counts from α source (Americium), 

R is the radioactivity of alphas source (40kBq) and 

t is the record time 

The most important errors in this formula are introduced from the Να (statistic error 

= 1/ 2

    ) and from the time (ςt=±30sec ).  

So,  
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that leads to:  
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In the same way, the last term of the expression (A.3) is given as: 

2

2 2 2

2

m m m tm

m mm

t

t





  



        (A.11) 

Finally:  
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B. Gate simulation for the solid angle calculation 
 

            The solid angle was also calculated by the program GATE64-66. GATE is a 

simulation toolkit based on Geant4 Monte Carlo simulation. We used the code 

presented below and the analysis was performed by the code PAW85.  

#  Solid angle calculation via GATE simulation  

#  for Si and gas detectors 

#  UOI, December 2012 

 

# 

# V I S U A L I S A T I O N 

# 

 

/vis/open OGLSX 

/vis/viewer/reset 

/vis/viewer/set/viewpointThetaPhi   60  60 

/vis/viewer/zoom  2.5 

/vis/viewer/set/style surface 

/vis/drawVolume 

/tracking/storeTrajectory 1 

/vis/scene/endOfEventAction accumulate 

/vis/viewer/update 

/gate/geometry/enableAutoUpdate 

 

# 

# W O R L D 

# 

 

/gate/world/geometry/setXLength  100 cm 

/gate/world/geometry/setYLength  100 cm 

/gate/world/geometry/setZLength  100 cm 

 

# 

# Detector Volumes 

# 

 

/gate/world/daughters/name SPECThead 

/gate/world/daughters/insert box 

/gate/SPECThead/geometry/setXLength           100.00 cm 

/gate/SPECThead/geometry/setYLength           100.00 cm 

/gate/SPECThead/geometry/setZLength           100.00 cm 

/gate/SPECThead/placement/setTranslation    0.00  0.00  0.00 cm 

/gate/SPECThead/setMaterial Vacuum 

/gate/SPECThead/vis/setColor magenta 

/gate/SPECThead/vis/forceWireframe 

 

 

/gate/SPECThead/daughters/name mask 

/gate/SPECThead/daughters/insert cylinder 

/gate/mask/geometry/setRmin             0.00 cm 

/gate/mask/geometry/setRmax            10.00 cm 

/gate/mask/geometry/setHeight           0.50 cm 

/gate/mask/placement/setTranslation   0.00  0.00 -10.50 cm 

/gate/mask/setMaterial Aluminium 

/gate/mask/vis/setColor grey 

/gate/mask/vis/forceSolid 
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/gate/mask/daughters/name hole 

/gate/mask/daughters/insert box 

/gate/hole/geometry/setXLength             3.50 mm 

/gate/hole/geometry/setYLength            10.50 mm 

/gate/hole/geometry/setZLength             0.55 cm 

/gate/hole/placement/setTranslation   0.00  0.00   0.00 cm 

/gate/hole/setMaterial Vacuum 

/gate/hole/vis/setColor magenta 

/gate/hole/vis/forceWireframe 

 

 

/gate/SPECThead/daughters/name tel 

/gate/SPECThead/daughters/insert cylinder 

/gate/tel/geometry/setRmin              00.00 cm 

/gate/tel/geometry/setRmax              10.00 cm 

/gate/tel/geometry/setHeight            20.00 cm 

/gate/tel/placement/setTranslation    0.00  0.00  0.00 cm 

/gate/tel/setMaterial Vacuum 

/gate/tel/vis/setColor red 

/gate/tel/vis/forceWireframe 

 

/gate/tel/daughters/name myl1 

/gate/tel/daughters/insert box 

/gate/myl1/geometry/setXLength            5.00 cm 

/gate/myl1/geometry/setYLength            5.00 cm 

/gate/myl1/geometry/setZLength            2.50 um 

/gate/myl1/placement/setTranslation   0.00  0.00   -9.90 cm 

/gate/myl1/setMaterial Mylar 

/gate/myl1/vis/setColor blue 

/gate/myl1/vis/forceSolid 

 

#/gate/tel/daughters/name gas 

#/gate/tel/daughters/insert cylinder 

#/gate/gas/geometry/setRmin               0.00 cm 

#/gate/gas/geometry/setRmax               1.00 cm 

#/gate/gas/geometry/setHeight             4.70 cm 

#/gate/gas/placement/setTranslation   0.00  0.00   -7.50 cm 

#/gate/gas/setMaterial Butane15mbar 

#/gate/gas/vis/setColor yellow 

#/gate/gas/vis/forceSolid 

 

/gate/tel/daughters/name Det1 

/gate/tel/daughters/insert cylinder 

/gate/Det1/geometry/setRmin             0.00 cm 

/gate/Det1/geometry/setRmax             1.00 cm 

/gate/Det1/geometry/setHeight           0.50 mm 

/gate/Det1/placement/setTranslation   0.00  0.00  -5.10 cm 

/gate/Det1/setMaterial Silicon 

/gate/Det1/vis/setColor green 

/gate/Det1/vis/forceSolid 

 

#/gate/tel/daughters/name single 

#/gate/tel/daughters/insert cylinder 

#/gate/single/geometry/setRmin           0.00 cm 

#/gate/single/geometry/setRmax           1.00 cm 

#/gate/single/geometry/setHeight         0.04 mm 

#/gate/single/placement/setTranslation   0.00  0.00  -7.10 cm 

#/gate/single/setMaterial Silicon 

#/gate/single/vis/setColor green 

#/gate/single/vis/forceSolid 
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#-------------------oooooOOOOO00000OOOOOooooo---------------------# 

#                                                                 # 

#              S E N S I T I V E   D E T E C T O R                # 

#                                                                 # 

#                                                                 # 

#-------------------oooooOOOOO00000OOOOOooooo---------------------# 

 

#  

# Crystal SD 

# 

 

/gate/systems/SPECThead/crystal/attach tel 

#/gate/gas/attachCrystalSD 

/gate/Det1/attachCrystalSD 

#/gate/single/attachCrystalSD 

 

# 

# Phantom SD 

# 

# /gate/P0/attachPhantomSD 

# /gate/P1/attachPhantomSD 

# /gate/P2/attachPhantomSD 

# /gate/Collimator/attachPhantomSD 

 

 

#-------------------oooooOOOOO00000OOOOOooooo---------------------# 

#                                                                 # 

#     D E F I N I T I O N   A N D   D E S C R I T I O N           # 

#             O F   Y O U R   P H Y S I C S                       # 

#                                                                 # 

#-------------------oooooOOOOO00000OOOOOooooo---------------------# 

 

#       EM  P R O C E S S 

 

#/gate/physics/gamma/selectRayleigh lowenergy 

#/gate/physics/gamma/selectPhotoelectric lowenergy 

#/gate/physics/gamma/selectCompton lowenergy 

 

#I N A C T I V E    S E C O N D A R Y   E L E C T R O N S  

 

# /gate/physics/setElectronCut 100 m 

 

 

#I N A C T I V E    X - R A Y S 

 

# /gate/physics/setXRayCut 1. GeV 

# /gate/physics/setDeltaRayCut 1. GeV 

 

 

#-------------------oooooOOOOO00000OOOOOooooo---------------------# 

#                                                                 # 

#     I N I T I A L I Z A T I O N   O F   Y O U R                 # 

#                 S I M U L A T I O N                             # 

#                                                                 # 

#-------------------oooooOOOOO00000OOOOOooooo---------------------# 

 

 

/gate/geometry/enableAutoUpdate 

/run/initialize 
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#-------------------oooooOOOOO00000OOOOOooooo---------------------# 

#                                                                 # 

#  D E F I N I T I O N   O F   Y O U R   A C Q U I S I T I O N    # 

#  D I G I T I Z E R   &   C O I N C I D E N C E   S H O R T E R  # 

#                                                                 # 

#-------------------oooooOOOOO00000OOOOOooooo---------------------# 

 

/gate/output/digi/enable 

 

 

#A D D E R 

/gate/digitizer/Singles/insert adder 

 

#       R E A D O U T  

# /gate/digitizer/Singles/insert readout 

# /gate/digitizer/Singles/readout/setDepth 1 

 

 

#      E N E R G Y   B L U R R I N G 

/gate/digitizer/Singles/insert blurring 

/gate/digitizer/Singles/blurring/setResolution 0.075 

/gate/digitizer/Singles/blurring/setEnergyOfReference 662. keV 

 

 

#       E N E R G Y   C U T 

# /gate/digitizer/Singles/insert thresholder 

# /gate/digitizer/Singles/thresholder/setThreshold 50. keV 

# /gate/digitizer/Singles/insert upholder 

# /gate/digitizer/Singles/upholder/setUphold 250. keV 

 

 

 

#-------------------oooooOOOOO00000OOOOOooooo---------------------# 

#                                                                 # 

#                   D E F I N I T I O N   O F                     # 

#                Y O U R   O U T P U T   F I L E                  # 

#                                                                 # 

#-------------------oooooOOOOO00000OOOOOooooo---------------------# 

 

/gate/output/analysis/enable 

/gate/output/ascii/enable 

/gate/output/root/disable 

/gate/output/projection/disable 

/gate/output/interfile/disable 

 

# /gate/output/sinogram/disable 

# /gate/output/ecat7/disable 

# /gate/output/lmf1/disable 

 

#       C H A N G E    T H E     S E E D (1)  O R   N O T (0) 

# /gate/output/root/setSaveRndmFlag 1 

 

#       S E T U P  - R O O T  F I L E 

# /gate/output/root/setFileName YourSPECTSimu 

# /gate/output/root/setRootSinglesAdderFlag 0 

# /gate/output/root/setRootSinglesBlurringFlag 0  

# /gate/output/root/setRootSinglesThresholderFlag 0 

# /gate/output/root/setRootSinglesUpholderFlag 0 

 

 

 



~ 73 ~ 
 

#       S E T U P  - A S C I I  F I L E 

# /gate/output/ascii/setOutFileSinglesAdderFlag 0 

# /gate/output/ascii/setOutFileSinglesBlurringFlag 0 

# /gate/output/ascii/setOutFileSinglesThresholderFlag 0 

# /gate/output/ascii/setOutFileSinglesUpholderFlag 0 

/gate/output/ascii/setOutFileSinglesFlag 1 

/gate/output/ascii/setOutFileHitsFlag 1 

 

#       I N T E R F I L E   P R O J E C T I O N 

# /gate/output/projection/pixelSizeX 0.904 mm 

# /gate/output/projection/pixelSizeY 0.904 mm 

# /gate/output/projection/pixelNumberX 128 

# /gate/output/projection/pixelNumberY 128 

# Specify the projection plane (XY, YZ or ZX) 

# /gate/output/projection/projectionPlane YZ 

 

#-------------------oooooOOOOO00000OOOOOooooo---------------------# 

#                                                                 # 

#                   D E F I N I T I O N   O F                     # 

#            Y O U R   V E R B O S I T Y   L E V E L              # 

#                                                                 # 

#-------------------oooooOOOOO00000OOOOOooooo---------------------# 

 

/control/verbose 0 

#/grdm/verbose 0 

/run/verbose 0 

/event/verbose 0 

/tracking/verbose 0 

/gate/application/verbose 0 

/gate/generator/verbose 0 

/gate/stacking/verbose 0 

/gate/event/verbose 0 

/gate/source/verbose 0 

 

#-------------------oooooOOOOO00000OOOOOooooo---------------------# 

#                                                                 # 

#                   D E F I N I T I O N   O F                     # 

#                    Y O U R   S O U R C E S                      # 

#                                                                 # 

#-------------------oooooOOOOO00000OOOOOooooo---------------------# 

 

#          ALPHA SOURCE 

/gate/source/addSource Am 

/gate/source/Am/gps/type Volume 

/gate/source/Am/gps/shape Cylinder 

/gate/source/Am/gps/radius   0.15 cm 

/gate/source/Am/gps/halfz   0.05 mm 

/gate/source/Am/gps/centre   0.00  0.00   -21.75 cm 

/gate/source/Am/gps/angtype iso 

/gate/source/Am/setActivity  40000. Bq 

/gate/source/Am/gps/particle ion 

/gate/source/Am/gps/ion 2 4 2 0.0 

/gate/source/Am/gps/energytype Mono 

/gate/source/Am/gps/energy     5.486 MeV 

/gate/source/Am/gps/mintheta   0. deg 

/gate/source/Am/gps/maxtheta 180. deg 

/gate/source/Am/gps/minphi     0. deg 

/gate/source/Am/gps/maxphi   360. deg 
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#-------------------oooooOOOOO00000OOOOOooooo---------------------# 

#                                                                 # 

#               S T A R T   A C Q U I S I T I O N                 # 

#                 T I M E   P A R A M E T E R S                   # 

#                                                                 # 

#-------------------oooooOOOOO00000OOOOOooooo---------------------# 

 

 

# 

#       E X P E R I M E N T 

# 

 

#/random/setSavingFlag  0 

#/random/resetEngineFrom currentEvent.rndm 

 

/gate/application/setTimeSlice    10.00  s 

/gate/application/setTimeStart     0.00  s 

/gate/application/setTimeStop    840.00  s 

 

/gate/application/startDAQ 

 

#-----------# 

#  E X I T  # 

#-----------# 

 

exit 
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C. Theoretical analysis with ECIS 
 

As it was mentioned, the experimental results were compared with 

phenomenological calculations performed with the code ECIS (Equations Couplées 

en Itérations Séquentielles)67. In particular, we compared the elastic scattering data 

with optical model calculations using different Woods – Saxon potentials.  In this 

case, the input file had the following form: 

     ***20Ne+28Si elastic scattering  *** 

FFFFFFTTFFFFFFFTFFFFTFFFFFFTFFttFFFFFFFFFtFFFFFFFF 

TFFFFFFFFFFFFFFFFFFFtFFFFFFFFFFFFFFFFFFFFFFFFFFFFF 

    1 1000                   2                                

             22.             

0.0000   +    52.30   0.00     20.000      28.00       140.00 

0.00      5.000     180.00000 

    1    3 

f 19    1    1 

  34.16000   1.00000   0.10000 

  42.60000   1.29630   0.12963 

  45.96000   1.13538   0.11354 

  50.96000   1.09794   0.10979 

  55.94000   0.76627   0.07663 

  59.23000   0.70319   0.07032 

  62.51000   0.31247   0.03125 

  67.38000   0.22591   0.02259 

  75.39000   0.12456   0.01246 

  78.55000   0.08614   0.00861 

  83.23000   0.06251   0.00625 

  90.87000   0.02888   0.00289 

  93.86000   0.02430   0.00243 

  98.27000   0.02282   0.00228 

 101.16000   0.03514   0.00351 

 105.40000   0.01729   0.00173 

 108.17000   0.00165   0.00016 

 112.22000   0.00885   0.00089 

 118.68000   0.00287   0.00029 

  0.001      0.001     0.001                      

 36   38   39       

    1    1    0 

    1    1    0    1    0    0    0   -1   -1 

 52.77        1.023     0.816 

    1    1    0    2    0    0    0   -1   -1 

 1.458        1.403     0.198 

    1    1    0    3    0    0    0   -1 

  0.          0.000     0.000 

    1    1    0    4    0    0    0   -1 

 0.00         0.000     0. 

    1    1    0    7    0    0    0   -1   -1 

 140.         1.20       .000 

FIN 

// 
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The explanation of each important number is giving at the following file with 

the red index. An extended explanation is giving at the output file. 

     ***20Ne+28Si elastic scattering  *** 

FFFFFFTTFFFFFFFTFFFFTFFFFFFTFFttFFFFFFFFFtFFFFFFFF 

TFFFFFFFFFFFFFFFFFFFtFFFFFFFFFFFFFFFFFFFFFFFFFFFFF 

    1 1000                   2                                

             22.             

0.0000   +    52.30
1
   0.00     20.000

2
     28.00

3
      140.00

4
 

0.00
5
      5.000

6
     180.00000

7
 

    1    3
8
 

F
9
 19

10
    1    1 

  34.16000
11a 

1.00000
11b  

0.10000
11c
 

  42.60000   1.29630   0.12963 

  45.96000   1.13538   0.11354 

  50.96000   1.09794   0.10979 

  55.94000   0.76627   0.07663 

  59.23000   0.70319   0.07032 

  62.51000   0.31247   0.03125 

  67.38000   0.22591   0.02259 

  75.39000   0.12456   0.01246 

  78.55000   0.08614   0.00861 

  83.23000   0.06251   0.00625 

  90.87000   0.02888   0.00289 

  93.86000   0.02430   0.00243 

  98.27000   0.02282   0.00228 

 101.16000   0.03514   0.00351 

 105.40000   0.01729   0.00173 

 108.17000   0.00165   0.00016 

 112.22000   0.00885   0.00089 

 118.68000   0.00287   0.00029 

  0.001
12a
      0.001

12b
     0.001

12c
     

 36
13a
   38

13b
   39

13c
      

    1    1    0 

    1    1    0    1
14a
    0    0    0   -1   -1

15a
 

 52.77
16 
      1.023

17 
   0.816

18
 

    1    1    0    2
14b
    0    0    0   -1   -1

15b
 

 1.458        1.403     0.198 

    1    1    0    3
14c
    0    0    0   -1 

  0.          0.000     0.000 

    1    1    0    4
14d
    0    0    0   -1 

 0.00         0.000     0. 

    1    1    0    7
14e
    0    0    0   -1   -1 

 140.
4
        1.20

19
     .000 

FIN 

// 

1. Energy of the projectile. 

2. Mass of the projectile (MP). 

3. Mass of the target (MT). 

4. ZP*ZT , where ZP and ZT are the atomic number of the projectile and the target, 

respectively. 
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5. Minimum angle – theta (deg). 

6. Step of the angle (deg). 

7. Maximum angle – theta (deg). 

8. Number of the parameters which change by the ECIS. 

9. The program take into account the error 11c. 

10. Number of data points. 

11. Angle, ς/ςRuth and error at the ς/ςRuth ratio. 

12. The step at the change of each parameter. As it was mentioned at 8, in this case 

the ECIS change only three parameters. 

13. With these numbers the code identify which are the not fixed parameters. 

Further information are provided at the output file. 

14. With these numbers the code, we define the potential type: 

1   Real volume 

2   Imaginary volume 

3   Real Surface 

4   Imaginary Surface 

7   Coulomb 

15. We don’t write anything when we put the whole radius at 17: 

 1/3 1/3

0 P TR R A A  , where AP and AT are the atomic masses of the projectile and 

the target, respectively. On the other hand, we write “-1” when we want to put 

the R0. Then, the ECIS calculates the R itself. 

16. Depth of the Woods – Saxon potential. 

17. Radius R or R0 of the Woods – Saxon potential (further information at 15). 

18. Diffusivity of the Woods – Saxon potential. 

19. ZP*ZT (see also 4). 

20. Coulomb radius rC. 
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Tables 
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Table T2.1a: Calibration of platform A (Table from I. Strojek – private contact). 
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Table T2.1b: Calibration of platform B (Table from I. Strojek – private contact). 
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Table T3.1: Pulser and alphas peaks used in energy calibration. 

                    

Detector M1 M2 S1 S2 S3 S4 S5 S6 S7 T1-Si T2-Si  Detector T3-Si  Detector T1-gas T2-gas T3-gas 

Pulser Channel  Pulser Channel  Pulser Channel 

0.1   133 105 115 114         99.6 107  0.1 100  0.03 840 774 873 

0.2 252 260 205 227 223       223 195.87 210  0.15 150  0.04   1015   

0.3 376 390 306 340 331     346 331 292 314  0.2 198  0.05 1390 1242 1438 

0.4 498 516 405 453 442   359 459 440 388 417  0.3 294  0.07 1936 1773 2004 

0.5 621 644 506 564 552 523 449 573 549 483 520  0.4 393  0.1 2767 2544 2865 

0.6 744 771 606 677 660 627 538 686 658 580 623  0.5 490  0.15 4110 3807 4287 

0.7 866 897 706 788 769 731 627 799 767 675 726  0.6 587  0.2 5487 5068 5711 

0.8 989 1025 807 900 878 835 717 912 875 771 828  0.7 684  0.25 6836 6325 7130 

0.9 1112 1151 906 1012 987 939 806 1025 984 866 931  0.8 780  0.3 8163 7575   

1.0 1235 1279 1006 1124 1096 1044 896 1138 1093 962 1034  0.9 878  Alpha peak 342 330 358 

2.0 2459 2545 2004 2242 2184 2083 1789 2267 2181 1917 2061  1.0 976      

3.0 3683 3810 3003 3359 3272 3122 2681 3397 3268 2871 3089  2.0 1944      

4.0 4909 5074 4002 4476 4359 4162 3573 4527 4356 3825 4117  3.0 2913      

5.0 6134 6338 5001 5593 5447 5201 4466 5658 5444 4779 5146  4.0 3883      

6.0     6000 6708 6533 6240 5377 6789 6532 5733 6175  5.0 4852      

7.0                   6688 7204  6.0 5824      

Alpha peak 300 316.7 247 262 266 246 224 254 246.5 218 234  7.0 6796      

             Alpha peak 210      
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Table T3.2: The relation between pulser and channel. 

Detector or 
Telescope 

(pulser) = A0 + A1X + A2X
2 + A3X

3 +  A4X
4 +  A5X

5 , where X=channel  α-peak  α-peak  

A0 A1 A2 A3 A4 A5  (channel) (pulser) 

M1 -5.270E-03 8.132E-04 4.692E-10 5.253E-13 -1.739E-16 1.433E-20  300 0.238741 

M2 -3.720E-03 7.790E-04 7.094E-09 -2.229E-12 3.404E-16 -1.956E-20  316.7 0.243626 

S1 -4.150E-03 9.936E-04 6.534E-09 -2.313E-12 3.616E-16 -2.076E-20  247 0.241627 

S2 -2.330E-03 8.885E-04 3.754E-09 -9.742E-13 1.146E-16 -4.757E-21  262 0.230694 

S3 -3.790E-03 9.129E-04 3.474E-09 -8.064E-13 8.052E-17 -2.530E-21  266 0.239264 

S4 -5.583E-04 9.555E-04 4.634E-09 -1.454E-12 2.081E-16 -1.101E-20  246 0.234742 

S5 -3.818E-05 1.110E-03 9.091E-09 -4.860E-12 1.239E-15 -1.155E-20  224 0.249006 

S6 -4.730E-03 8.793E-04 4.483E-09 -1.383E-12 1.861E-16 -9.276E-21  254 0.218872 

S7 -4.810E-03 9.200E-04 -1.117E-09 5.553E-13 -1.050E-16 6.671E-21  246.5 0.221916 

T1-Si -3.810E-03 1.040E-03 5.038E-09 -1.449E-12 2.010E-16 -1.076E-20  218 0.223135 

T2-Si -3.710E-03 9.670E-04 4.849E-09 -1.525E-12 2.028E-16 -9.798E-21  234 0.222816 

T3-Si -3.120E-03 1.030E-03 3.842E-09 -1.030E-12 1.223E-16 -5.758E-21  210 0.21334 

T1-gas 1.240E-04 3.520E-05 5.694E-10 -8.154E-14 2.239E-18 2.487E-22  342 0.012226 

T2-gas -5.920E-03 5.141E-05 -7.848E-09 2.200E-12 -2.757E-16 1.277E-20  330 0.010267 

T3-gas -2.230E-03 3.822E-05 -1.954E-09 5.463E-13 -7.042E-17 3.414E-21  358 0.011228 
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Table T3.3: The relation between energy and channel assuming that energy is a linear function of the channel. 

Detector or 
Telescope 

(Energy) = A*(channel) + B 
A B 

M1 0.01876 -0.16025 

M2 0.01779 -0.18490 

S1 0.02273 -0.14320 

S2 0.02128 -0.11858 

S3 0.02107 -0.14598 

S4 0.02248 -0.08169 

S5 0.02463 -0.01486 

S6 0.02218 -0.16673 

S7 0.02273 -0.11596 

T1-Si 0.02360 -0.14988 

T2-Si 0.02194 -0.11551 

T3-Si 0.02429 -0.10452 

T1-gas 0.00139 -0.05128 

T2-gas 0.00177 -0.01067 

T3-gas 0.00144 -0.02364 
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Table T3.4a: Determination of cross section for the elastic scattering 20Ne + 28Si at energy of 52.3 MeV – SIDE A. 

θlab 
[deg] 

θcm [deg] Detector & run DΦ 
Νmonitor 

[counts] 
Ν 

[counts] 
Ω *sr+ ς *mb+ 

ςRuth 
[mb] 

ς/ςRuth error error % Target 

20.00 34.17 Μ1  442063.89 562830 562830 1.247E-04 10210 10210 1.00000 0.07880 7.88% vertical 200μg/cm
2
 

25.00 42.60 Σ1 *run139+ 36420.42 46370 416100 2.105E-03 5429 4223 1.28550 0.07642 5.94% vertical 200μg/cm
2
 

40.00 67.38 Σ1 *run154+ 15472.98 19700 7200 2.105E-03 221.1 668 0.33100 0.02013 6.08% vertical 200μg/cm
2
 

45.00 75.39 Σ1 *run155+ 16729.67 21300 2500 2.105E-03 71.01 423 0.16786 0.01056 6.29% vertical 200μg/cm
2
 

50.00 83.23 Σ1 *run156+ 19753.58 25150 1148 2.105E-03 27.61 282 0.09792 0.00651 6.65% vertical 200μg/cm
2
 

55.00 90.87 Σ1 *run157+ 17892.11 22780 284 2.105E-03 7.542 195 0.03868 0.00325 8.41% vertical 200μg/cm
2
 

60.00 98.27 Σ1 *run140+ 43740.63 55690 340 2.105E-03 3.693 138.5 0.02667 0.00214 8.04% vertical 200μg/cm
2
 

62.00 101.16 Σ1 *run158+ 21002.41 26740 189 2.105E-03 4.276 121.7 0.03514 0.00330 9.40% vertical 200μg/cm
2
 

65.00 105.40 Σ1 *run141,146,149+ 271052.09 345100 994 2.105E-03 1.743 101.1 0.01724 0.00116 6.72% vertical 200μg/cm
2
 

20.00 34.17 Μ1  157431.30 198280 198280 1.247E-04 10100 10100 1.00000 0.07883 7.88% vertical 132μg/cm
2
 

25.00 42.60 Σ1 *run138+ 3255.34 4100 37360 2.105E-03 5453 4150 1.31403 0.08080 6.15% vertical 132μg/cm
2
 

30.00 50.96 Σ1 *run130,132+ 75523.83 95120 356000 2.105E-03 2240 2040 1.09794 0.06517 5.94% vertical 132μg/cm
2
 

35.00 59.23 Σ1 *run135,136+ 78652.13 99060 129900 2.105E-03 784.8 1116 0.70319 0.04177 5.94% vertical 132μg/cm
2
 

20.00 34.17 Μ1  921938.41 1173800 1173800 1.247E-04 10210 10210 1.00000 0.07878 7.88% tilted by 30
o
, 200μg/cm

2
 

27.00 45.96 Σ1 *run159,160+ 200206.25 254900 1483000 2.105E-03 3520 3100 1.13538 0.06731 5.93% tilted by 30
o
, 200μg/cm

2
 

33.00 55.94 Σ1 *run161,162,163+ 281576.86 358500 644800 2.105E-03 1088 1420 0.76627 0.04543 5.93% tilted by 30
o
, 200μg/cm

2
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Table T3.4b: Determination of cross section for the elastic scattering 20Ne + 28Si at energy of 52.3 MeV – SIDE B 

θlab [deg] θcm [deg] Detector & run DΦ Νmonitor [counts] Ν *counts+ Ω *sr+ ς *mb+ 
ςRuth 
[mb] 

ς/ςRuth error error % Target 

20.00 34.16 Μ2  406438.66 476390 476390 1.148E-04 10210 10210 1.00000 0.08130 8.13% vertical 200μg/cm2 

37.00 62.51 T2 [154-158] 82842.20 97100 52060 2.215E-03 283.7 908 0.31247 0.01979 6.33% vertical 200μg/cm2 

40.00 67.38 T2 [139-140] 71230.64 83490 21560 2.215E-03 136.7 668 0.20457 0.01300 6.36% vertical 200μg/cm2 

55.00 90.87 T2 [141,146,149] 252365.82 295800 3640 2.215E-03 6.512 195 0.03339 0.00218 6.53% vertical 200μg/cm2 

57.00 93.86 T3 [154-158] 82842.20 97100 596 1.747E-03 4.118 169.5 0.02430 0.00196 8.05% vertical 200μg/cm2 

60.00 98.27 T3 [139-140] 71230.64 83490 370 1.747E-03 2.973 138.5 0.02147 0.00186 8.66% vertical 200μg/cm2 

75.00 118.68 T3 [149,141,146] 252365.82 295800 56 1.747E-03 0.127 56.85 0.00223 0.00034 15.05% vertical 200μg/cm2 

20.00 34.16 Μ2  138820.85 160960 160960 1.148E-04 10100 10100 1.00000 0.08136 8.14% vertical 132μg/cm2 

40.00 67.38 T2 [130,132,138] 70221.13 81420 20590 2.215E-03 132.4 665 0.19907 0.01266 6.36% vertical 132μg/cm2 

45.00 75.39 T2 [135] 37413.32 43380 3660 2.215E-03 44.17 420 0.10516 0.00688 6.54% vertical 132μg/cm2 

50.00 83.23 T2 [136] 31212.27 36190 1170 2.215E-03 16.92 279 0.06066 0.00423 6.97% vertical 132μg/cm2 

60.00 98.27 T3 [130,132,138] 70221.13 81420 355 1.747E-03 2.894 137.3 0.02108 0.00184 8.73% vertical 132μg/cm2 

65.00 105.40 T3 [135] 37413.32 43380 116 1.747E-03 1.775 100.2 0.01771 0.00205 11.59% vertical 132μg/cm2 

70.00 112.22 T3 [136] 31522.75 36550 42 1.747E-03 0.763 75.6 0.01009 0.00171 16.92% vertical 132μg/cm2 

20.00 34.16 Μ2  879270.51 1030600 1030600 1.148E-04 10210 10210 1.00000 0.08129 8.13% tilted by 30o, 200μg/cm2 

47.00 78.55 T2 [161,162,163] 270538.21 317100 18480 2.215E-03 30.84 358 0.08614 0.00548 6.36% tilted by 30o, 200μg/cm2 

50.00 83.23 T2 [159,160] 188549.18 221000 6596 2.215E-03 15.79 282 0.05601 0.00360 6.43% tilted by 30o, 200μg/cm2 

55.00 90.87 T2 [150-153] 420183.12 492500 4621 2.215E-03 4.965 195 0.02546 0.00165 6.48% tilted by 30o, 200μg/cm2 

70.00 112.22 T3 [159,160] 188549.18 221000 215 1.747E-03 0.653 75.6 0.00863 0.00084 9.72% tilted by 30o, 200μg/cm2 

75.00 118.68 T3 [150-153] 420183.12 492500 148 1.747E-03 0.202 56.85 0.00355 0.00038 10.75% tilted by 30o, 200μg/cm2 

67.00 108.17 T3 [161-163] 270538.21 317100 70 1.747E-03 0.148 89.8 0.00165 0.00023 13.81% tilted by 30o, 200μg/cm2 
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Table T3.5: Determination of cross section for the elastic scattering 20Ne + 28Si at energy of 42.5 MeV, using perpendicular target 132 μg/cm2. 

θlab 
[deg] 

θcm 
[deg] 

Detector & run DΦ 
Νmonitor 

[counts] 
Ν 

[counts] 
Ω *sr+ ς *mb+ 

ςRuth 
[mb] 

ς/ςRuth error error % 

20.00 34.20 Μ1  35097.76 67970 67970 1.247E-04 15530 15530 1.00000 0.07896 7.90% 

25.00 42.60 Σ1 *run92,95,96+ 3568.13 6910 51940 2.105E-03 6917 6390 1.08244 0.06561 6.06% 

30.00 51.00 Σ1 *run97+ 281.42 545 2019 2.105E-03 3409 3120 1.09261 0.08350 7.64% 

35.00 59.20 Σ1 *run98+ 594.86 1152 2414 2.105E-03 1928 1705 1.13094 0.07829 6.92% 

40.00 67.40 Σ1 *run99+ 1149.96 2227 2756 2.105E-03 1139 1015 1.12195 0.07376 6.57% 

45.00 75.38 Σ1 *run100+ 1524.84 2953 1937 2.105E-03 603.6 641 0.94165 0.06221 6.61% 

50.00 83.22 Σ1 *run101+ 1493.86 2893 1070 2.105E-03 340.3 427 0.79705 0.05517 6.92% 

55.00 90.86 Σ1 *run102+ 2416.62 4680 846 2.105E-03 166.3 295 0.56387 0.03950 7.00% 

60.00 98.26 Σ1 *run103+ 12083.09 23400 1792 2.105E-03 70.47 210 0.33557 0.02152 6.41% 

65.00 105.39 Σ1 *run104+ 11984.98 23210 652 2.105E-03 25.85 153.2 0.16873 0.01203 7.13% 

            

20.00 34.20 Μ2  32549.12 58030 58030 1.148E-04 15530 15530 1.00000 0.08149 8.15% 

45.00 75.38 T2 [run92, 95-98] 4225.83 7534 4719 2.215E-03 504.2 641 0.78653 0.05174 6.58% 

50.00 83.22 T2 [run99-101] 3938.65 7022 2056 2.215E-03 235.7 427 0.55193 0.03748 6.79% 

55.00 90.86 T2 [run102] 2212.20 3944 597 2.215E-03 121.8 295 0.41301 0.03175 7.69% 

60.00 98.26 T2 [run103] 11206.81 19980 1728 2.215E-03 69.61 210 0.33150 0.02251 6.79% 

65.00 105.39 T2 [run104] 10965.63 19550 592 2.215E-03 24.37 153.2 0.15910 0.01204 7.57% 
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Table T3.6: Determination of cross section for the elastic scattering 20Ne + 28Si at energy of 70.0 MeV. 

θlab 
[deg] 

θcm 
[deg] 

Detector & run DΦ 
Νmonitor 
[counts] 

Ν 
[counts] 

Ω *sr+ ς *mb+ 
ςRuth 
[mb] 

ς/ςRuth error error % Target 

20.00 34.16 Μ1 1925375.62 1272500 1272500 1.247E-04 5300 5300 1.000E+00 0.07878 7.88% vertical 200μg/cm2 

25.00 42.60 Σ1 *run182,183+ 45785.36 30260 103200 2.105E-03 1071 2200 4.868E-01 0.02902 5.96% vertical 200μg/cm2 

30.00 50.96 Σ1 *run184,185+ 44196.64 29210 14890 2.105E-03 160.1 1074.5 1.490E-01 0.00895 6.01% vertical 200μg/cm2 

35.00 59.22 Σ1 *run186,191+ 137431.72 90830 8000 2.105E-03 27.66 587 4.712E-02 0.00285 6.04% vertical 200μg/cm2 

40.00 67.37 Σ1 *run192+ 79738.54 52700 1121 2.105E-03 6.680 349.5 1.911E-02 0.00127 6.65% vertical 200μg/cm2 

45.00 75.38 Σ1 *run193,194+ 169463.32 112000 620 2.105E-03 1.738 221 7.866E-03 0.00056 7.16% vertical 200μg/cm2 

50.00 83.22 Σ1 *run195-197] 274318.74 181300 455 2.105E-03 0.788 187.5 4.203E-03 0.00032 7.56% vertical 200μg/cm2 

55.00 90.86 Σ1 *run199,206+ 1174441.30 776200 1270 2.105E-03 0.514 101.6 5.057E-03 0.00033 6.56% vertical 200μg/cm2 

20.00 34.16 Μ2 1398330.16 850800 850800 1.148E-04 5300 5300 1.000E+00 8.129E-02 8.13% vertical 200μg/cm2 

40.00 67.38 T2 [182-185] 65413.19 39800 600 2.215E-03 4.141 349.5 1.185E-02 8.926E-04 7.53% vertical 200μg/cm2 

45.00 75.39 T2 [186,191-195] 302412.73 184000 1209 2.215E-03 1.805 221 8.167E-03 5.667E-04 6.94% vertical 200μg/cm2 

50.00 83.23 T2 [196,197,199-206] 1030504.24 627000 1232 2.215E-03 0.540 187.2 2.883E-03 1.997E-04 6.93% vertical 200μg/cm2 

60.00 98.27 T3 [182-185] 65413.19 39800 38 1.747E-03 0.264 72.35 3.651E-03 6.358E-04 17.41% vertical 200μg/cm2 

65.00 105.4 T3 [186,191-195] 302412.73 184000 85 1.747E-03 0.128 52.85 2.419E-03 3.036E-04 12.55% vertical 200μg/cm2 

70.00 112.22 T3 [196,197,199-206] 1030504.24 627000 84 1.747E-03 0.037 37.1 9.991E-04 1.259E-04 12.61% vertical 200μg/cm2 

20.00 34.16 Μ2 2475018.08 1505900 1505900 1.148E-04 5300 5300 1.000E+00 8.129E-02 8.13% tilted by 30o, 200μg/cm2 

55.00 90.87 T2 [225-229] 492899.88 299900 517 2.215E-03 0.474 101.6 4.661E-03 3.586E-04 7.69% tilted by 30o, 200μg/cm2 

60.00 98.27 T2 [207-218] 1982118.20 1206000 1300 2.215E-03 0.296 72.35 4.093E-03 2.822E-04 6.89% tilted by 30o, 200μg/cm2 

75.00 118.68 T3 [225-229] 492899.88 299900 29 1.747E-03 0.027 29.65 9.024E-04 1.770E-04 19.61% tilted by 30o, 200μg/cm2 
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