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ABSTRACT 
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In the study of the field of Nuclear Astrophysics, we have sought to answer questions about the origin of 

elements, how they were formed in the Universe and why they exist in their abundances. Nuclear fusion 

and nuclear reactions provide energy for stars to live and evolve. During this process, elements are 

produced and synthesized. Nuclear reaction rates provide an essential ingredient and it is critical for the 

understanding of the synthesis of elements in the solar system and the Universe. The production of 

heavier elements can occur during supernova explosions. Alpha particle induced reactions on elements 

heavier than the Iron group nuclei may quickly produce heavier elements in a short time in the order of 

seconds. The s- and r- processes of neutron capture are currently well understood. However, a third 

process, known as the p- process may provide more understanding for the proton rich elements which 

cannot be explained by the neutron capture processes. This study presents the experimental measurements 

of the (α, p) reaction cross sections on 65Cu and 85Rb. The experimental cross sections may be compared 

with the theoretical predictions. This comparison gives a scale factor which may then be used to scale the 

predicted cross sections at lower energies, below the Coulomb threshold, where experiments become 

practically impossible. These scaled theoretical cross sections may be used to calculate the astrophysical 

S-factor, which can go into the calculation of reaction rates at particle energies relevant to the temperature 

at the time of supernova explosions. The experiment was conducted at the Nuclear Facility at the 

University of Notre Dame in South Bend, Indiana. The energy of the incident alpha particle ranges 
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between Eα = 8.5 - 11 MeV. An array of charged particle detectors placed at angles between θlab = 25o – 

160o was used so that data can be accumulated at various angles for a given incident energy, all at one 

time using a Data Acquisition Software. Data at a different energy is obtained by simply changing the 

energy of the incident alpha particle. Experimental set up and data analysis will be reported and compared 

to the Hauser-Freshbach theoretical calculations using the NON-SMOKER simulations.  
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Chapter 1  

 

INTRODUCTION 

1.1 Motivation 

In an attempt to understand the abundance of elements, H.E. Suess and H.C. Urey[1]compiled a 

list of elemental data (refer to Figure 2-1) by studying various luminous stellar objects. Over the years, 

tremendous progress and ongoing research have been made regarding nuclear transformation relating 

stellar evolution since the publication of the paper by Burbidge, Burbidge, Fowler and Hoyle in 1957. 

There has not been a complete model yet for nuclear reactions and the synthesis of heavy elements. Most 

of the heavy elements beyond iron are produced via neutron capture processes such as the r- and s-

processes along with several others in the stars. There is also a p-process (proton capture) which leads to 

the production of rare proton-rich nuclei. The production of these nuclei in stars proceeds via the p-

process on heavy nuclei at temperature of about 1 − 4 x 109 K on a time scale of the order of seconds. 

The abundances of the p-process nuclei are small compared to those of the r- and s- process nuclei. Not 

too much experimental work to measure nuclear cross section σ (E) has been reported for the p-process, 

because the Coulomb barrier exponentially suppresses low-energy cross sections. Complete network 

calculations for the p nuclei abundances involve more than 20,000 nuclear reactions of almost 2000 

nuclei. These are usually calculated with the statistical Hauser Freshbach model[2]. Energy greater than 8 

MeV is used in this work to give an understanding of the reaction which can be extrapolated to a lower 

energy and used for the calculation of reaction rates. Data from this work will be analyzed and used to test 

the predicted Hauser-Freshbash theoretical cross sections[3]. 
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1.2 Experiment 

 The FN Tandem Van de Graaff Accelerator (refer to Figure 4-1) at the University of Notre 

Dame’s Nuclear Science Laboratory (NSL) was used to conduct these experiments. The target of interest 

(65Cu or 85RbCl) was bombarded with a beam of alpha particles. The measurements were made over an 

energy range from Eα = 8.5 - 11 MeV. Beam currents were in the order of a few hundred nA. The target 

thickness of 65Cu was about 636 μg cm2⁄  and 85RbCl was 240 μg cm2⁄ . Although many nuclear reaction 

channels are open, as shown in Figure 3-1, the reaction of interest for this study was (α, p) , on 65Cu and 

85Rb. An array of charged particle detectors as shown in Figure 4-4 were mounted at θlab = 29.15o, 

49.23o, 54.23o, 74.22o, 89.16o, 89.17o, 99.22o, 109.51o, 129.87o, 140.28o, 150.45o and 160.66o 

approximately 63 cm away from the target used. The detectors were mounted with 0.625cm (1/4 inch) 

diameter collimators[4]. Two detectors were placed symmetrically across the beam axis at θlab ≈ 90°. 

The calibration of the detectors was done using 197Au (p, p). A Faraday cup was used to integrate the 

beam current so that the total charge at the end of each run is recorded. To filter out the alpha particles 

from elastic scattering, each detector was masked with thin foils. By placing an aluminum or tantalum foil 

in front of the detector, alpha particles were stopped from penetrating through the detectors. The foil 

thickness was chosen to stop the alpha particles but still allowing the proton to penetrate the foil to reach 

the detector. This is possible due to charge difference between alpha particle and proton. A proton loses 

less energy due to its lower charge number. This gave a desired spectrum showing only the protons 

produced from (α, p) reaction. In all the runs, a Data Acquisition Software (DAQ) was used to record the 

data. A schematic diagram of the setup is similar to that shown in Figure 4-5[5].  
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Chapter 2  

 

ELEMENTAL SYSNTHESIS 

Different concepts will be reviewed in this chapter to understand the specifics of the experiment by 

looking at the nuclear and astrophysics aspects. 

2.1 Nucleosynthesis 

  The sun consists largely of hydrogen and helium. These are the lightest and most abundant 

elements that are thought to have been produced in the primordial process just after the Big Bang 

nucleosynthesis (BBN) about 14 billion years ago. They then condensed through gravitational force into 

massive incandescent balls of gas, the first stars. As far as we know, the remaining elements we have in 

our Universe today were created after the Big Bang nucleosynthesis in stellar environments. In Stars, 

large amount of pressure and heat drives the fusion of the hydrogen nuclei into more helium as well as 

Carbon, Oxygen, and other nuclei. Energy is released during this process. The explosive force of nuclear 

fusion counters the compressing gravitational force, thereby achieving what is known as hydrostatic 

equilibrium. Nuclear reactions can be categorized as being either endothermic or exothermic. The kind of 

thermonuclear reactions that heats the core of a star are exothermic reactions. Throughout the lifetime of a 

heavy mass star, elements up to Iron or nickel with atomic mass close to 60 are produced by nuclear 

fusion in its core. Fusion ends here because the binding energy per nucleon is greatest at mass number 60 

as seen in Figure 3-2. An event occurs in the stars when it can no longer support itself from fusion. The 
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onion model as seen in Figure 2-2 for shell-burning shows a representation of the shells that develop 

around the core of a high mass star right before the event. Once the core has burnt up to iron, burning 

becomes impossible. At this point the stars envelope rapidly collapses inward, and then rebounds off its 

core in an incredible explosion that destroys the entire star[6]. This process is known as a supernova 

(Type II) explosion. Type II supernovae are produced by the catastrophic collapses of the cores of 

massive stars. This takes place in the centers of massive stars that have consumed the last of their nuclear 

fuel[7]. The temperatures and densities required for some nuclear reactions to occur can only be found in 

this type of explosion. Heavier elements are believed to be produced during the supernova explosions and 

are sometimes referred to as explosive nucleosynthesis[8]. The heavier isotopes beyond iron are produced 

in this way. All the elements we have come to know with atomic masses greater than 60 are believed to 

have had such favorable conditions and environment to be produced and synthesized. While the explosion 

is horrendous, it does not destroy the core in the ensuing supernova. If the star is between 8 and 25 solar 

masses, the core becomes a neutron star. If the star is however large, its core becomes a black hole[9]. 

Recent developments in the field of nuclear astrophysics are summarized by Rolfs and Rodney[10]. 

In the papers published by Burbidge, Burbidge, Fowler, and Hoyle[11] and also Cameron[12], 

they hypothesized that, with iron and other nuclei, processes involving neutron capture and beta decay 

operate within stars to synthesize the heavier elements. This either occurs at a rapid rate (r - process) or a 

slow rate (s –process). A.Palumbo et al. [13] also mentioned in their paper that majority of the heavy 

elements beyond iron are produced via neutron capture processes in stars, the so-called s and r process. 

Burbidge, Burbidge, Fowler, and Hoyle again theorized that elemental synthesis in the stars and 

supernovae was due to nuclear reactions. Although this theory today is incomplete and seen as 

fragmentary evidence from nuclear physics, it has been one of most leading theories that helps us explain 

and understand the synthesis of elements. Nuclear reactions are essential for nucleosynthesis in stars. 

Depending on temperature, density and other parameters, stellar burning may involve several reactions of 

different nuclei from light to heavy, and from stable neutron- and proton-rich ones[14]. 
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Figure 2-1. Observed relative abundances of the elements as reported by Suess and Urey. 

 

Figure 2-2. The Onion Model. 
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2.1.1 Hydrogen Burning (pp chain) 

There are a number of possibilities for the fusion of hydrogen. H.A. Bethe and C.L. 

Critchfield[15] described this process of converting hydrogen to helium with the release of energy. The 

basic nuclear fusion reactions are that of protons into α particle (helium nucleus). Hydrogen burning 

provides the main source of energy for main sequence stars like our sun[9]. The primary reaction 

mechanism for our Sun’s energy is believed to be the proton-proton chain (pp chain). They are critical for 

energy production. So far; three reaction branches have been discovered and are labelled as PP I, PP II, 

and PP III. The pp chain occurs under conditions such as low temperature and pressure. With the 

dropping of temperature, H+ was able to fuse into 2H and from 2H to 4He[16].  

PP I process: 

1H + 1H → 2H + e+ + 𝜈  

1H + 2H → 3He + 𝛾  

3He + 3He → 4He + 1H + 1H  

This process occurs with a frequency of 83.30%. 

PP II process: 

1H + 1H → 2H + e+ + 𝜈  

2H + 1H → 3He + 𝛾  

3He + 4He → 7Be + 𝛾 
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7Be + e-  →7Li + 𝜈 

7Li + 1H → 2 4He 

This process occurs with a frequency of 16.68%. 

PP III process: 

1H + 1H → 2H + e+ + 𝜈  

2H + 1H → 3He + 𝛾  

3He + 4He → 7Be + 𝛾 

1H + 7Be → 8Be + e+ + 𝜈 

8Be → 2 4He 

This process occurs with a 0.02%.  

 

2.1.2 Hydrogen Burning (CNO cycle) 

There is also another reaction that provides energy for the stars known as the Carbon-Nitrogen-

Oxygen cycle (CNO cycle). The mechanism used depends on what the conditions are in the core of the 

star. As another form of hydrogen burning, this reaction requires high temperature. Massive stars have 

high core temperatures to make the CNO cycle the primary process. Like the pp chain, CNO converts 

four protons to a helium nucleus. 4He is thought to produce 1% of the Sun’s energy. 
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Branch 1:  

     12C + 1H → 13N + 𝛾 

              13N→ 13C + e+ + 𝜈 

13C + 1H → 14N + 𝛾 

14N + 1H → 15O + 𝛾 

              15O→ 14N + e+ + 𝜈 

15N + 1H → 12O + 4He 

Branch 2: 

     12C + 1H → 13N + 𝛾 

              13N→ 13C + e+ + 𝜈 

13C + 1H → 14N + 𝛾 

14N + 1H → 15O + 𝛾 

              15O→ 14N + e+ + 𝜈 

15N + 1H → 16O + 𝛾 

16O + 1H → 17F + 𝛾 

                17F→ 17O + e+ + 𝜈 
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17O + 1H → 17N + 4He 

Branch 3 

12C + 1H → 13N + 𝛾 

              13N→ 13C + e+ + 𝜈 

13C + 1H → 14N + 𝛾 

14N + 1H → 15O + 𝛾 

              15O→ 14N + e+ + 𝜈 

15N + 1H → 16O + 𝛾 

16O + 1H → 17F + 𝛾 

                17F→ 17O + e+ + 𝜈 

17O + 1H → 18F + 𝛾 

18O + 1H → 15N + 4He 

Branch 4:  

12C + 1H → 13N + 𝛾 

              13N→ 13C + e+ + 𝜈 

13C + 1H → 14N + 𝛾 
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14N + 1H → 15O + 𝛾 

              15O→ 14N + e+ + 𝜈 

15N + 1H → 16O + 𝛾 

16O + 1H → 17F + 𝛾 

                17F→ 17O + e+ + 𝜈 

17O + 1H → 18F + 𝛾 

18O + 1H → 15N + 4He 

The CNO cycle is important when looking at nucleosynthesis because it produces significant amounts of 

14N[17]. 

 

2.2 Neutron Capture 

For the r-process to occur, the neutron density must be very high. The neutron capture is given in 

the form:  

(Z, A) + n𝑖 → (Z, A + 𝑖) +  γ1    

The index i represent the possibility for continued neutron capture before nucleus can β decay. Some 

isotopes are created by simple neutron, but others may be created by a convoluted path of several neutron 

captures and β decays[18]. Burbidge, Burbidge, Fowler and Hoyle categorized neutron capture into two 
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processes known as the r-process and s-process which represent the rapid neutron capture and slow 

neutron capture respectively[11]. These processes including p-process (reactions leading to proton rich 

isotopes of elements) have also been proposed[19],[20],[21].  

 

2.2.1 r-process 

The process by which the heaviest elements we have come to know are synthesized is what we 

call the rapid neutron capture or r-process. The r-process has been associated with supernova 

explosion[19]. The dominant site for synthesis of the r-process nuclides is probably the neutron-rich deep 

interior of a Type II supernova. It is thought to be the sole source of trans-iron nucleosynthesis above 

209Bi[10]. The maximum atomic number to be produced in this process is said to be around 270. This 

maximum allows for elements such as 235U and 232Th to be produced[19]. The r-process is so abundant 

because the reaction rate is higher than that of β− decay and also the absence of Coulomb barrier to affect 

the reaction. The neutron does not experience electromagnetic repulsion like that of proton and α-particle 

reactions. The r-process reactions continue for longer periods of time while the expanding shock wave 

cools[22]. 

 

2.2.2 s-process 

Most of the heavy elements are built using the r-process, but there is another neutron capture 

process known as the slow neutron capture process or s-process. Even though these reactions are not as 
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important for energy production in the stars, they are important for the production of heavy nuclei beyond 

Iron. Its reaction rate is less than that of β− decay and must go through a chain of nuclei that are stable or 

longer-lived than in the r-process. The s-process also operates in the hydrostatic burning layers of stars, 

principally the helium burning layer and these appear to be the primary sites for synthesis of the lighter s-

process elements (Zn-Sr). The s-process forms many of the isotopes near the valley of stability where 

there are most stable isotopes from 56Fe as high as 209Bi[18]. Between the s- and r- process, most of the 

heavy nuclei can be created, however there are still 32 nuclei to the valley of stability which cannot be 

reached[11],[22]. 

2.2.3 p-process 

Most of the nuclides beyond the Iron peak are known to have synthesized in stars by neutron 

capture. There is however a third process which produces proton-rich isotopes referred to as the p-

process. These are relatively rare elements and can be formed at extremely high temperatures (~ 109 K) to 

overcome the huge Coulomb barrier or by (γ, n) reactions during supernova explosions. Their abundances 

are considerably less than those of the r- process and s-process nuclei. The 35 stable nuclei on the proton-

rich side of the valley of stability, known as the p nuclei, are shielded from the s and r processes and have 

to be synthesized via the so-called p-process[13]. A. Palumbo et al., showed the systematic study of the 

alpha scattering on Te, Sn and Cd isotopes. So far there has not been any astrophysical evidence of the 

availability for the occurrence of this p-process. The current model for the creation of this process 

involves the photodisintegration reactions of heavy nuclei. Recent work on (p, γ) and (γ, n) reactions 

have been conducted. Audouze and Truran[23] experimented with different densities and temperatures to 

discover the conditions needed to achieve observed abundances. They showed detailed results for 

(p, n), (n, γ), (α, p), (p, n) and (α, n) reactions. With all the current studies and experiments, we still do 

not fully understand the p-process. There also exist an rp-process which has recently been formulated by 
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Wallace and Woosley[24]. This process occurs in the supernova of Type I where there is high 

temperature. The rp-process[25],[26] is important to the p-process because it creates seed for the heavy p-

nuclei[8]. Despite recent considerable experimental effort, there are still very few cross sections that have 

been determined experimentally. Thus, the p-process calculations are mainly on theoretical cross sections. 

The most recent computer simulations predicting almost all forms of nucleosynthesis have been published 

by T. Rauscher. In his work, he predicts that most p-nuclei can be produced in the oxygen-burning shell 

just before the collapse of a massive star[27].  

 

2.2.4 𝛎 – and 𝛂– processes  

There is the neutrino and α-capture reactions which are known as ν- process[28] and α- process. 

Through the weak force, neutrinos act to carry energy away from the star. This type of force has very low 

cross sections and according to Woosley et al. [28] it could have substantial effect on nucleosynthesis. 

They have been found to interact with 139La and 181Ta to form 138La and 180Ta through the ν- process. The 

α-process takes over when the neutrinos cease to interact. While the temperature is high, 

photodisintegration of the nuclei occurs but when the temperature drops, free protons and neutrons 

combine to form α- particles. These α- particles go through series of proton, neutron and form α- captures 

to form many of the same elements that are created by the r-process[29]. 
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Chapter 3  

 

THEORY 

The study of nuclear physics has provided the ingredients for the study of heat and energy in the 

stars. Astrophysics requires the use of nuclear physics in understanding the atomic abundance in the 

universe. The connection between the two fields has given rise to a new discipline of the study of nuclear 

astrophysics. Nuclear astrophysics is the study of the nuclear reactions that fuel the Sun and other stars 

across the universe which creates the variety of atomic nuclei. Theoretical ideas in both nuclear physics 

and astrophysics are used in this study and will be explained. In this chapter, some basic concepts needed 

to understand the experiment and data analysis are reviewed.  

 

3.1 Q-value 

The Q-value of a reaction is defined as the difference in mass energies. That is, 

 Q = (mi − mf)c2                      (1) 

Where,  mi is the initial mass energy and mf is the final mass energy.  

The Q value may either be positive, negative or zero. A positive Q-value is exoergic or exothermic which 

means it releases energy and a negative Q-value means it is endoergic or endothermic and consumes 
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energy[30]. 65Cu has a Q-value of -2.12063 MeV whiles 85Rb and 35Cl have positive Q-values of 0.89023 

MeV and 0.83724 MeV respectively. The Q-value affects the reaction rates such that the larger the 

positive Q-value, the faster the reaction proceeds.  

From the experimental setup, the total charge was calculated for each run by the Faraday cup. This is 

given by: 

Q = Qlive  x multiplier                                  (2) 

This value is multiplied by a multiplier (10-7). 

 

3.2 Compound-Nucleus Reactions 

Most nuclear reactions are studied by inducing a collision between two nuclei where one is 

stationary (target) whiles the other (projectile particle) is in motion. The incoming and target nuclei are 

merged briefly for a complete sharing of energy before the outgoing nucleon is ejected. This is referred to 

as Compound-Nucleus Reactions. The compound-nucleus model works best for low incident energies (10 

- 20 MeV) and for medium weight and heavy nuclei[30]. This is generally given as: 

a + X → C∗ → Z + b 

Where, a, is the incident particle (the projectile), X is the target (usually stationary in the laboratory), C∗ is 

the compound nucleus and Z and b are the reaction products.  

The reaction for 65Cu is shown in Figure 3-1. This can be written as: 
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α + 65 Cu → 69 Ga → 68 Zn + p 

A typical nuclear reaction however, is written alternatively as, 

X (a, b) Z 

 

 

Figure 3-1. Alpha induced reactions on 65 Cu. 

 This makes it easier to refer to the classes of reactions that have common properties such 

as (α, n), (α, p), (p, p), (α, α), reactions, etc. Nuclear reactions are classified in two distinct ways. If an 

incident and outgoing particle are the same, it is a scattering process. It is said to be elastic scattering if Z 

is in the ground state and inelastic if Z is in an excited state[30]. 
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3.3 Binding Energy 

The nucleus of an atom is made up of protons and neutrons. Binding energy is the energy that 

holds the nucleus together. It is in the range of millions of electron volts. The binding energy curve is 

obtained by dividing the total binding energy by the number of nucleons. The buildup of heavier elements 

as a result of nuclear fusion processes in stars is limited to elements below Iron. Iron is abundant in stellar 

processes, and most tightly bound. It has a binding energy per nucleon of about 8.8 MeV as seen in 

Figure 3-2.  

 
 

Figure 3-2. Binding energy per nucleon as a function of mass number [34]. 
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3.4 Energy Levels 

In the nucleus of an atom we find nucleons occupying different energy states. Collectively, a 

nucleus can occupy various energy levels. The lowest energy state of a nucleus is referred to as the 

ground state and higher energy levels are referred to as excited states. Like atomic excited states, the 

nuclear excited states are unstable and they decay quickly to the ground state. Quantum mechanically, 

these allowed orbits of nucleons exist at discrete energies. The nucleus of an atom also populates discrete 

energy states. A level diagram for 68Zn is shown below (Figure 3-3). The ground state and a few of the 

excited states are far enough apart to be resolvable. The 2nd and 3rd excited states are seen to be closer in 

energy with a difference of 227.29 keV. Due to the closeness, they appear as one peak in the scattering 

spectrum (data shown in Chapter 5). The 4th and 5th excited states also combine to form one peak with the 

energy difference of 78.95 keV. As we go to the higher excited states, they are unresolved. The cross 

sections calculated for the various states are shown in Table 5-4 to 5-9. The total cross section was 

obtained by adding all the states. 
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Figure 3-1. Level Diagram of 68Zn. 

3.5 Stopping Power 

The energy loss by a particle per unit length is given by dE/dx (MeV/mm), also sometimes 

referred to as stopping power. Nuclear stopping power is the elastic collision between the projectile ion 

and atoms in the sample[31]. In using the thin foil (Section 1.2), we needed to know how much energy 

would be lost as a charged particle passes through the foil in front of detectors. SRIM (Stopping and 

Range of Ions in Matter) was used primarily for the quantitative evaluation of how ions lose energy into 

matter and the final distribution of these ions after they stop within the target nuclei. This software 

package obtained from the University of Notre Dame was used to calculate the stopping powers of 

aluminum and tantalum for both alpha and proton. SRIM is a group of programs that calculates the 

stopping and range of ions into matter using a quantum mechanical treatment of ion-atom collisions (a 
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moving atom as an "ion", and all target atoms as "atoms"). Using statistical algorithms, the calculation is 

made which allows the ion to make jumps between calculated collisions and then averaging the collision 

results over the intervening gap. During the collisions, the ion and atom have a screened Coulomb 

collision, including exchange and correlation interactions between the overlapping electron shells. The 

ion has long range interactions creating electron excitations within the target (foil). These are described 

by including a description of the target's collective electronic structure and interatomic bond structure 

when the calculation is setup. The charge state of the ion within the target is described using effective 

charge, which includes a velocity dependent charge state and long-range screening due to the collective 

electron sea of the target[32].  

 

3.6 Nuclear Cross Sections 

In the field of Nuclear Astrophysics, an important concept is that of cross sections (σ). This is a 

measure of the relative probability for that reaction to take place. Cross sections σ are measured in the 

units of length squared (cm2) or barns (b). One barn is equal to 10−24cm2. The cross section can be 

written as: 

σ =
R

I N
               (3) 

Where R is the rate of the outgoing particles, I is the current of the incident particles and N is the target’s 

nuclei per unit area. It can also be expressed in differential form with respect to the scattering angle. In 

experiments, the differential cross sections σ(θ) are often measured and the total cross sections can be 

calculated [33]. This can therefore be expressed as an expansion of Legendre polynomial as: 
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σ(θ) = ∑ AlPl(cos θ)l=0                    (4) 

We can integrate over the solid angle due to the orthogonality properties of Legendre polynomials. This 

gives a simpler result that only depends on A0 (zeroth-order coefficient). This can be written as: 

σT = 4πA0                 (5) 

The expression above represents the angle-integrated total cross section for a specific energy state. The 

total cross section at a specific energy can be obtained by summing the individual states. The functional 

fits can be obtained using Legendre polynomials with Matlab[33]. Using the Curve Fitting Toolbox in 

Matlab, Legendre polynomials were fit to the measured values of the angular cross sections at some 

specific energies and angles as seen in Figure 5.9-5.11. Matlab made it possible to remove some of the 

extraneous data points which are not shown on the final fit.  

 

3.7 The Gamow Energy 

This is the most probable energy for a nuclear reaction to occur for two interacting particles. It is 

represented as Eo. For such a reaction to occur, the particles must be energetic to penetrate through the 

Coulomb barrier. This is a quantum mechanical phenomenon. Nuclear reactions are therefore able to 

proceed at lower energies. The Gamow peak is the energy of the Maxwell Boltzmann probability and the 

quantum mechanical Coulomb barrier probability. Eo is the Gamow peak that gives the highest 

probability for charged particle reactions to occur and can be calculated using:  

Eo = 1.220 (Z1
2 Z2

2 A T6
2)

1

3                  (6) 
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Where E0 is the peak of the Gaussian energy curve (the most effective energy) in keV, Z1 and Z2 are the 

charges of the two nuclei,T6 is the temperature in million degrees and A, is defined as the reduced atomic 

weight which is given as:  

A =  
m1m2

m1+m2
                    (7) 

Here m1 and m2 are the atomic masses of the incident and target particles, respectively.  

 

3.8 S-factor 

After calculating the cross sections, we may plot cross section versus energy. For applications in 

Nuclear Astrophysics there is the need to calculate the S-factor for reactions at lower energies. The 

Coulomb barrier causes the cross section to have a strong exponential dependence on the center-of-mass 

energy (E). The S-factor remedies this by factoring out the Coulomb component of the cross section. This 

can be expressed as: 

S(E) =  σ (E)EebE−1/2
                   (8) 

Where S (E) is the S-factor, 

σ (E) is the cross section, and E is the energy[6], 

                             b = 31.28 𝑍1𝑍2A1/2                                     (9) 

where Z1and Z2 are the charges of the incident and target particles respectively. 
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When the nuclear properties are expressed in this form it is easier to extrapolate to different energies. The 

full width at 1 e⁄  is given by: 

∆ = 0.75 (Z1
2 Z2

2 A T6
5)

1

6           (10) 
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Chapter 4  

 

THE EXPERIMENT 

4.1 Experimental Setup 

In this section, the setup for the experiment will be discussed.  

Data was collected at the University of Notre Dame’s Nuclear Science Laboratory (NSL). The 

two targets of interest used were 65Cu and 85RbCl. A beam of He++ (Figure 4-2) from Eα = 8.5 MeV up to 

11 MeV was produced with the FN Tandem Accelerator (Figure 4-1) and bombarded on 65Cu or 85RbCl 

targets which entered the scattering chamber (Figure 4-3). The beam currents on the target were kept 

between 150 − 200 nA. An array of charged particle detectors (Figure 4-4) were placed to measure the 

angular distribution of scattered alpha particles. The detectors were placed at a distance of about 63 cm 

from the target, with a small collimator of diameter, 0.635 cm. The scattered protons were detected by the 

charged particle detectors located at angles ranging from θlab = 25° − 160°. All the detectors were 

masked with tantalum or Aluminum foils which were thick enough to stop most of the α particles 

penetrating, yet thin enough to allow only protons to be detected.  
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4.1.1 Calibration of detector 

In order to determine the energy of the protons detected, channel numbers in the spectra need to 

be converted to energies. This was accomplished by calibrating the detectors with known proton energies. 

Using the elastic scattering of proton from gold 197Au (p, p), the energies were obtained. 197Au was used 

because it is one of the most stable targets. Two incident energies were used for the calibration (6 MeV 

and 7 MeV). The energies obtained after scattering were calculated from particle kinematics (pkin) 

software obtained from the University of Notre Dame, to be 5.882 MeV and 6.862 MeV for 6 MeV and 7 

MeV respectively. With the energies and Channel numbers the detectors were calibrated. Charged particle 

detectors are 100 % efficient so the efficiency was not measured.  

 

4.1.2 FN Tandem Van de Graaff Accelerator 

The FN Tandem accelerator (see Figure 4-1) at the University of Notre Dame[34] has an 

operating range of the terminal voltage as 2 MV- 10 MV. This is a special type of Van de Graaff 

accelerator that requires a negatively charged beam produced by an ion source external to the accelerator. 

This negatively charged beam is injected into the accelerator. The ion source produces beams with one 

extra electron and this beam accelerates towards the positive potential at the terminal and gains energy. 

As the incoming negatively charged beam accelerates to the terminal electrode, it is forced to travel 

through a thin carbon foil placed at the center of the terminal region. From the ions in the beam, electrons 

are stripped, producing a distribution of positively charged beams. These positively charged beams 

accelerate away from the positive terminal, gaining an additional energy. The FN Tandem accelerator was 
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used to produce the incident beam of alpha particles at energies ranging from 8.5 MeV – 11 MeV in this 

experiment. 

 

Figure 4-1. Photograph of the Van de Graaff Accelerator. 

 
 

 

Figure 4-2. Photograph of an example of a beam from the accelerator. 
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4.1.3 Scattering Chamber 

Figure 4-3, shows the setup of the scattering chamber. A beam of alpha particles enters the 

scattering chamber and hits the target. The scattering chamber houses the array of charged particle 

detectors. The twelve detectors were mounted and placed from the center of the target ladder to the back 

of the detector mounts. The collimator size of the 65Cu target was 0.635 cm with beam current kept 

between 150 nA − 200 nA. The beam current for 85RbCl was kept at 170 nA. A closer look inside the 

scattering chamber shows a partial array of the detectors arranged to measure the angular distribution of 

the alpha particles (refer to Figure 4-4). These are placed in both forward and backward angles and are 

symmetric at the θlab ≈ 90°. Twelve detectors were used to collect data at twelve different angles to 

obtain angular distribution.  A Faraday cup was used to record the total charge per run. Data from six runs 

were recorded in this experiment. 

 

Figure 4-3. Photograph of the Scattering Chamber. 
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Figure 4-4. Photograph of the Scattering Chamber. 

 

 

Figure 4-5.Example of schematic diagram of the scattering chamber. 
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4.2 65Cu as a Target 

The target 65Cu was purchased from Oak Ridge National Laboratory with 99% purity. This was to ensure 

high precision cross sections. The thickness was measured to be 636μg cm2⁄ . At the end of each run, 

protons come out and leave the residual nuclei 68 Zn in the ground and excited states. The excitation 

energies of 68 Zn are as seen in the energy level diagram (refer to Figure 3-3). The spectra obtained for 

various energies and angles are seen in Figure 5-1 to 5-4. The proton energies were determined after 

calculating the loss of energy to the masking foil. This made it possible to determine which energy 

corresponds to that state. The peaks from the spectrum of 65Cu for example, corresponds to the various 

states (p0, p1, p2&3 and p4,5&6). If the incident energy Eα is very high, some of the other states could be 

excited as well. The differential cross sections σ (θ), were extracted from the total number of counts or 

yield (Y) for each group of protons at each energy. Impurities of this target may have negligible effect on 

the measured cross sections.  
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Chapter 5  

 

RESULTS AND ANALYSIS 

The goal of this study was to calculate the cross sections and compare them to the theoretical results 

predicted by Hauser-Freshbach theoretical calculations using the NON-SMOKER simulations[3]. In this 

Chapter, the data reduction and experimental results will be discussed. 

5.1 Angular Cross Sections 

The data acquisition files were used to obtain each spectrum and the number of counts under each 

resolvable peak was determined. Tv[35], a spectra and matrix analysis program obtained from the 

University of Notre Dame was used for spectral analysis. In Tv, data is plotted in the form of histograms 

graphically. The peaks can be seen because there is a higher probability that protons will be at some 

energies over others. For the 65Cu (α, p) 68Zn, peaks are identified with the states in which the residual 

nucleus 68Zn is populated (see energy level in Figure 3-3). The total charge Q (Equation 2) is obtained 

from the Faraday cup and represented as Qlive in a data sheet. The multiplier (10−7), was needed to 

normalize the amount of charge due to the setting in the scalar connected to the Faraday cup. The 

background for each individual peak is found by selecting and averaging the background on each side of 

the peak. The range is then obtained by integrating the total number of counts (yield) in the peak and 

subtracting off the average background. With the number of counts, the cross section can be calculated 

using the equation, 
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σ(θ) =
Y

Nα x N x dΩ
                (11) 

Here, the number of counts in the detector or the yield (Y) is divided by the total number of α-particles 

(Nα), the number of target nuclei (N) and the solid angle (dΩ) subtended by a detector with respect to the 

target. 

The total number of α-particles (Nα) in each run was found using this relation, 

    Nα =  
Q

3.2 x 10−19                 (12)   

Where Q is the total charge collected by the Faraday cup. For a doubly charged α-particle we have (2 x 

charge of an electron). i.e. 2 (1.6 x 10−19) = 3.2 x 10−19 C  

The number of target nuclei of some thickness (t) in μg/cm2  is given by, 

       N =  
Na 

A
𝑡                              (13) 

Where Na is Avogadro’s number and A is the atomic mass number of the target in 
μg

 mol
. 

The solid angle dΩ is obtained by dividing the area (A) of the detector by the square of the distance (r) 

from the detector to the target. This is given by, 

  dΩ =  
A

r2                       (14) 
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5.2 Experimental analysis of 65Cu (α, p) 68Zn 

A spectrum is represented graphically in the form of a histogram with the number of particles on 

the vertical axis and the channel numbers in the horizontal axis. Channel numbers represent the energies 

of the outgoing particles after a nuclear reaction (see Figure 5-1 to 5-4). A higher channel number 

represents protons with higher energy. The resulting spectrum makes it easy to see the particles coming 

from the discrete energy levels of the nucleus which is seen as peaks in the spectrum. The various peak 

energies correspond to the energy of the proton after loss of energy to the masking foil. Determining the 

number of counts under these peaks allows for the calculations of cross sections and also S-factors to be 

used for nuclear reaction rates. 

 

 

Figure 5-1. A typical spectrum of 65Cu (α, p) 68Zn reaction at Eα= 10 MeV and θlab= 160o 
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Figure 5-1 shows the energy (channels in the horizontal axis represent energy) spectrum for a long run. 

The data accumulation time for this run was about 480 minutes. The ground and first excited states can be 

easily identified from this spectrum. The second and third excited states are folded together in energy and 

cannot be easily separated; hence they combine to form an indistinguishable peak. In this spectrum, the 

higher excited states are resolvable such that the combined fourth, fifth and sixth states are resolvable 

from the second and third excited states. The remaining higher order excited states are unresolvable. This 

is due to alpha scattering from 65Cu. Not all the alpha particles were completely stopped by the aluminum 

and tantalum foil on the detector.  

 

 
 

Figure 5-2. A typical spectrum of 65Cu (α, p) 68Zn reaction at Eα= 11 MeV and θlab= 50o 

0

10

20

30

40

50

60

70

200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700

C
o
u
n
ts

Channel Number

Unresolved Excited States P0 = 7.568 MeV 

P1 = 6.391 MeV 

P2&3 = 5.666 MeV 

P4,5&6 = 4.829 MeV 



43 

Figure 5-2 shows a spectrum of incident energy Eα = 11 MeV and θlab = 54° in the forward angle. The 

extreme left of the spectrum shows a sharp peak which is due to alpha scattering of 65Cu even after losing 

most of its energy.  

 

For the spectrum above, there are only two resolvable states, the ground state and the first excited state. 

The other higher excited states are unresolvable. The number of counts compared to the other runs is 

lower due to the relatively lower incident energy, and lower cross sections. At higher energy (see Figure 

5-2), we observe more counts. At lower beam energies therefore, the higher energy states did not produce 

measurable results. 

 

 

 

 

Figure 5-3. A typical spectrum of 65Cu (α, p) 68Zn reaction at Eα= 8.5 MeV and θlab= 50o 
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In some of the spectra, such as Figure 5-4 above, the very far right showed some peak-like structures 

which could be due to electronic noise. Experimental values for the angular cross sections were calculated 

for each peak in the spectra using 11(refer to Appendix A). The differential cross sections σ (θ) is as 

shown in Figure 5.5 to 5.8.  

 

 

 

 

Figure 5-4. A typical spectrum of 65Cu (α, p) 68Zn reaction at Eα= 10.5 MeV and θlab= 50o 
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5.2.1 Total Cross Section  

Complete angular distributions of cross sections for each state at all energies were fitted with 

Legendre polynomials, and the total angle-integrated cross sections were extracted. The Legendre 

Polynomial fits were accomplished with Matlab. 

 

 

There is symmetry in the cross sections about θlab ≈ 90° from Figure 5-5 to 5.8. As seen, at 90o, there are 

two data points. This confirms what was expected where the two data points, one with the forward angle 

array and the other with the back-angle array, both at 90o, give cross sections which are within the 

statistical errors. 
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Figure 5-5.  Differential cross section: Eα= 9 MeV (α, P0) 
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Figure 5-6.  Differential cross section: Eα= 10 MeV (α, P1) 

Figure 5-7.  Differential cross section: Eα= 10 MeV (α, p4,5&6) 
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After making the plots with the curve fitting tool in Matlab, the zeroth (Ao) order Legendre 

coefficient for a specific state was obtained. The total cross section was calculated by multiplying Ao by 

4π. The angular distributions of cross sections for all observed states were fitted with Legendre 

polynomials. By adding the total cross sections from all observed states at a specific incident energy, the 

total cross section for 65Cu (α, p) 68Zn at that energy was obtained.  
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Figure 5-8.  Differential cross section: Eα= 8.5 MeV (α, p0) 
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Figure 5-9. Legendre polynomial fit for Eα= 8.5 MeV (p0) 

Figure 5-10. Legendre polynomial fit for Eα= 8.5 MeV (p1) 
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Figure 5-11. Legendre polynomial fit for Eα= 9 MeV (p0) 
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The experimental data for the study is as summarized in Table 5.1 below. 

Table 5-1. Experimental results for A0 and angular cross sections. 

 

Energy (Lab) 

  

 

(MeV) 

  

State A0 

 

 

(mb) 

A0 

 

Uncertainty 

(mb) 

 σT = 4πA0 
 

 

(mb) 

Cross Section 

Uncertainty  

 

(mb) 

  

11 0  0.069 0.007 0.87 0.08 

11 1  0.175 0.022 2.19 0.28 

11 2&3  0.114 0.010 1.43 0.13 

11 4,5&6  0.181 0.019 2.28 0.24 

10.5 0  0.078 0.003 0.98 0.04 

10.5 1  0.143 0.004 1.79 0.05 

10.5 2&3  0.145 0.012 1.82 0.15 

10.5 4,5&6  0.145 0.002 1.82 0.03 

10 0 0.086 0.001 1.08 0.01 

10 1 0.162 0.001 2.04 0.01 

10 2&3 0.186 0.001 2.34 0.01 

10 4,5&6 0.098 0.001 1.23 0.01 

9.5 0 0.117 0.001 1.47 0.01 

9.5 1 0.170 0.001 2.14 0.01 

9.5 2&3  0.238 0.001 2.99 0.01 

9.5 4,5&6  0.194 0.001 2.44 0.01 

9 0  0.086 0.001 1.08 0.01 

9 1  0.109 0.001 1.37 0.01 

9 2&3  0.142 0.002 1.78 0.03 

8.5 0  0.116 0.001 1.46 0.01 

8.5 1  0.119 0.001 1.49 0.01 

8.5 2&3  0.276 0.001 3.47 0.01 
 

The uncertainties recorded in this study are statistical[36]. If the measured quantity x represents 

the number of counts in a detector per unit time interval for a random process, then the uncertainty is 

statistical.  
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Table 5-2. Total cross sections of 65Cu (α, p) 68Zn. 

 

Energy 

 (MeV) 

Total cross section 

 (mb) 

Uncertainty 

 (mb) 

8.5 6.42 0.03 

9 4.23 0.05 

9.5 9.04 0.04 

10 6.69 0.04 

10.5 6.42 0.27 

11 6.77 0.73 

 

 

5.3 Comparison of Experimental Cross Section with Theoretical Prediction and Scale Factor  

The experimental total cross sections were now compared to the theoretical calculations of the 

total cross sections from the NON-SMOKER simulations. The online database provides free access to the 

NON-SOMKER code output for several nuclear reactions. Data were obtained from the NON-SMOKER 

website database for 65Cu (α, p) 68Zn reaction [34] and are compared to the experimental data at the lower 

energies. The comparison is shown on Table 5-3. The average scale factor of 0.58 was needed to match 

the theoretical calculations. The experimental energies (C.M) were slightly different from the theoretical 

energies. The NON-SMOKER program does not give the freedom to manually choose specific energies 

but rather calculates the energy based on how much the cross section is changing in a certain region.   
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Table 5-3. Scale Factor  

 

Experimental Theoretical  

Energy (C.M) 

(MeV) 

Total Cross section 

(mb) 

Energy (C.M) 

(MeV) 

Total Cross section 

(mb) 

Scale Factor 

8 1.49 8 1.51 0.98 

8.5 1.94 8.6 3.10 0.63 

9 3.12 8.9 4.64 0.67 

9.4 2.91 9.3 6.18 0.47 

9.9 3.83 9.8 8.78 0.44 

10.4 4.46 10.2 11.4 0.39 

 

 

 

5.4 Experimental Analysis of 85 Rb (α, p) 88Sr  

The FN Tandem Van Der Graaff accelerator from the University of Notre Dame’s National 

Science Laboratory was also used for the 85 Rb (α, p) 88Sr experiment. A pure 85Rb target could not be 

made and hence 85RbCl was obtained from Oak Ridge national Laboratory as the target. The thickness of 

the target as quoted by the manufacturer was 240 μg cm2⁄ . Beams of doubly charged alpha particles at 

Eα =11 MeV entered the target chamber. The beam current was kept at 170 nA for a run time of about 

145 minutes. Detectors were located at angles ranging from θlab = 25° − 160°. These charged particle 

detectors were again masked with thin foils of tantalum or aluminum to stop most of the α particles from 

passing through. Figure 5-13 shows an example of a typical spectrum at Eα =11 MeV and θlab = 160o in 
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the backward angle. The various peaks from the spectrum correspond to excited states from the 85Rb (α, 

p) 88Sr and 85Cl (α, p) 38Ar. From the spectra observed, most of the excited states identified corresponded 

to one state of 88Sr and more excited states of 38Ar. This unexpected result may be due to the fact that the 

set up for the experiment was made with high gain amplifiers. The proton energies from the ground state 

and two lower excited states of 88Sr fell in the higher channel numbers, beyond the scale set up in the data 

acquisition software, and are not seen in the spectrum (refer to Figure 5-13).  

 

 

 

                   

Figure 5-12:  Level diagram for 38Ar and 88Sr 
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Figure 5-13:  A spectrum of 85Rb (α, p) 88Sr at Eα= 11 MeV and θlab = 160o 
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Chapter 6  

SUMMARY AND CONCLUSION 

The measurement of the reaction rates is one of the challenges in Nuclear Astrophysics. Reaction 

rates are essential for the understanding of the origin of elements and how they are synthesized. The 

experiment to study the 65Cu (α, p) 68Zn reaction was conducted at energies above the Coulomb threshold 

(≈ 8 MeV). Below the Coulomb threshold, experimental measurement is not practical, even though such 

reactions happen during a supernova explosion, due to quantum mechanical tunneling. Practically, we do 

not have such intense beam of particles as is produced in a supernova explosion. Low energy nuclear 

physics is often difficult and as such, not many experiments have been conducted over the years on p-

process nuclei. Theoretical calculations based on compound nuclear reactions using Hauser-Freshbach 

model were obtained using the NON-SMOKER simulations. These were compared with the experimental 

values. An average scale factor of 0.58 was obtained after comparing the experimental total cross sections 

with the theoretical prediction at corresponding energies. This scale factor for 65Cu (α, p) 68Zn may be 

used to normalize the theoretical predictions below Coulomb threshold. Hence, the scaled down 

theoretical cross sections may be used reliably to calculate the reaction rates for the energies of supernova 

explosion. SRIM gave a wider range of energy which did not match exactly with the values obtained after 

calculation. The masking foil to stop incoming alpha particles complicated the calibration of detectors, 

and also generated background, especially for higher excited states. Experimental set up without masking 

foil will greatly improve the quality of data and uncertainty in cross sections. Even though this reaction 

has been studied previously Islam et al. [37] and R.J.deBoer et al. [18], an extension of 65Cu (α, p) 68Zn 

has been reported. 
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The 85Rb (α, p) 88Sr reaction yielded no significant results or measurable cross sections even 

though it has a positive Q-value. The 85Rb (α, p) 88Sr target was in a chemical form. The Coulomb barrier 

for 37Cl (α, p) 38Ar is much lower, and hence most of the detectable peaks in the spectrum are due to 37Cl 

(α, p) 38Ar. As mentioned before, there are probably inconsistencies between the hardware and software 

setups, and hence the ground state and two lower excited states fell beyond the scale of the spectrum. So, 

it will be worthwhile to repeat this experiment on 85Rb (α, p) 88Sr in the future with careful hardware and 

software settings to obtain data that can be analyzed. Also, a pure 85Rb or any compound of 85Rb with 

another element with high Z can improve the measurement for this reaction. The cross sections obtained 

for 65Cu (α, p) 68Zn reaction can now be used to calculate the S-factors and then determine the reaction 

rates. The reaction rate can go into the network of calculations to give a better understanding of p-process 

nucleosynthesis which contributes to the production of elements.  
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Table of Cross Sections 

 

 

 

 

Table 5-4: Experimental values of differential cross section Eα= 8.5 MeV for 65Cu (α, p) 68Zn. 

 p0 p1 p2&3 

θ (degrees) σ(θ) ± 0.0055 (mb/sr) σ(θ) ± 0.0071 (mb/sr) σ(θ) ± 0.0229 (mb/sr) 

29.15 0.051035526 - 0.092349999 

49.23 0.048909046 - 0.05665551 

54.23 0.045698876 0.066554739 0.033430721 

74.22 0.035542598 0.056047944 0.028251809 

89.16 0.034935033 0.050124177 0.020657237 

89.17 0.038956875 0.059486756 0.04302008 

99.22 0.045942737 0.062623265 0.054389928 

109.51 0.049934658 0.068219083 0.066151839 

129.87 0.046227874 0.054283001 0.062231202 

140.28 0.047439707 0.064512299 0.07395747 

150.45 0.049150531 0.066116196 0.083260073 

160.66 0.045016041 0.048402046 - 
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Table 5-5: Experimental values of differential cross section Eα= 9 MeV for 65Cu (α, p) 68Zn. 

 p0 p1 p2&3 p4,5&6 

(θ) 

(degree) 

σ(θ) ± 0.0083 

(mb/sr) 

σ(θ) ± 0.0083 

(mb/sr) 

σ(θ) ± 0.0141 

(mb/sr) 

σ(θ) ± 0.0084 

(mb/sr) 

29.15 0.067078342 0.090832142 - - 

49.23 0.061251938 0.087545453 - - 

54.23 0.052640177 0.083258962 0.075868221 - 

74.22 0.037796928 0.0772372 0.061102543 0.054678559 

89.16 0.040635432 0.077087805 0.054977349 0.04870276 

89.17 0.046519767 0.084696124 0.062645684 0.04399571 

99.22 0.046835274 0.087150068 0.064959403 0.049885176 

109.51 0.047220894 0.093775717 0.063802544 0.057247008 

129.87 0.049394387 0.088201758 0.073127531 - 

140.28 0.051392598 0.09672045 0.07246146 - 

150.45 0.057422289 0.098297985 0.093530322 0.068009305 

160.66 0.05991129 0.104783408 0.098403154 - 
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Table 5-6: Experimental values of differential cross section Eα= 9.5 MeV for 65Cu (α, p) 68Zn. 

 p0 p1 p2&3 p4,5&6 

θ (degrees) σ(θ) ± 0.0092 

(mb/sr) 

σ(θ) ± 0.0095 

(mb/sr) 

σ(θ) ± 0.0261 

(mb/sr) 

σ(θ) ± 0.0206 

(mb/sr) 

29.15 0.075062818 0.126048884 - - 

49.23 0.06294576 0.107794613 0.060900022 0.06404731 

54.23 0.053382843 0.103270381 0.055289373 0.056878148 

74.22 0.046894591 0.097251199 0.053818625 0.056179091 

89.16 0.042645752 0.091271352 0.049569786 0.052402345 

89.17 0.04457018 0.108452874 0.089509624 0.07998261 

99.22 0.047561219 0.109597592 0.089805035 0.091208239 

109.51 0.050072215 0.109893004 0.092906854 0.096599495 

129.87 0.0503307 0.105720319 0.105498761 0.095307071 

140.28 0.053063255 0.110483826 0.111111575 0.095787114 

150.45 0.058011394 0.112440926 0.111813177 0.10416941 

160.66 0.061223992 0.122558763 0.119346165 0.106052657 
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Table 5-7: Experimental values of differential cross section Eα= 10 MeV for 65Cu (α, p) 68Zn. 

 p0 p1 p2&3 p4,5&6 

θ (degrees) σ(θ) ± 0.0071 

(mb/sr) 

σ(θ) ± 0.0140 

(mb/sr) 

σ(θ) ± 0.0146 

(mb/sr) 

σ(θ) ± 0.0070 

(mb/sr) 

29.15 0.054503758 0.123659064 0.105784176 - 

49.23 0.042342973 0.107981908 0.07809275 0.088348834 

54.23 0.040531251 0.101180203 0.071447424 0.086091927 

74.22 0.035603261 0.097286278 0.066518027 0.081755637 

89.16 0.034284622 0.092744298 0.053331634 0.080436998 

89.17 0.036649777 0.086123539 0.072164993 0.06886445 

99.22 0.036477874 0.092518341 0.07935055 0.070205296 

109.51 0.037749958 0.099703897 0.081516531 0.076840762 

129.87 0.042081921 0.108986674 0.084335745 0.079109885 

140.28 0.04679207 0.115347095 0.090249217 0.080244447 

150.45 0.051364697 0.122188845 0.091039972 0.082032241 

160.66 0.052911827 0.130543344 0.100529033 0.092312057 
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Table 5-8: Experimental values of differential cross section Eα= 10.5 MeV for 65Cu (α, p) 68Zn 

 p0 p1 p2&3 p4,5&6 

θ (degrees) σ(θ) ± 0.0117 

(mb/sr) 

σ(θ) ± 0.0167 

(mb/sr) 

σ(θ) ± 0.0166 

(mb/sr) 

σ(θ) ± 0.0130 

(mb/sr) 

29.15 0.044687747 0.110794792 0.119270054 0.116188141 

49.23 0.026966744 0.087834536 0.074274117 0.099699903 

54.23 0.015402158 0.06892077 0.08541197 0.096302385 

74.22 0.014947281 0.048694234 0.083365762 0.104939156 

89.16 0.01356042 0.07627736 0.060097314 0.08983778 

89.17 0.0308078 0.079297541 0.072608054 0.087361084 

99.22 0.018694404 0.081611741 0.06570161 0.114769901 

109.51 0.025853963 0.086384781 0.087469562 0.115818524 

129.87 0.038256634 0.087831156 0.100161508 0.119362144 

140.28 0.03850975 0.098462017 0.087867316 0.129920685 

150.45 0.040028444 0.098462017 0.082913479 0.101173971 

160.66 0.043608223 0.102945781 0.10359665 0.116216277 
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Table 5-9: Experimental values of differential cross section Eα= 11 MeV for 65Cu (α, p) 68Zn 

 p0 p1 p2&3 p4,5&6 

θ (degrees) σ(θ) ± 0.0209 

(mb/sr) 

σ(θ) ± 0.0288 

(mb/sr) 

σ(θ) ± 0.0135 

(mb/sr) 

σ(θ) ± 0.0213 

(mb/sr) 

29.15 0.0429 0.09537065 0.095217812 0.125632491 

49.23 0.0254 0.025371038 0.065567322 0.08146243 

54.23 0.0827 0.082685131 0.096440513 0.133732882 

74.22 0.006113503 0.006113503 0.08207378 0.127313704 

89.16 0.015436596 0.015436596 0.052270452 0.084060669 

89.17 0.027687139 0.027687139 0.09306752 0.10992368 

99.22 0.007065241 0.007065241 0.067568096 0.083886293 

109.51 0.013377335 0.013377335 0.077789384 0.077789384 

129.87 0.016138876 0.016138876 0.072051117 0.093677211 

140.28 0.024674549 0.024674549 0.070042723 0.111358247 

150.45 0.015170544 0.015170544 0.081411665 0.125811507 

160.66 0.033963369 0.033963369 0.087293389 0.126851568 
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Appendix B 

 

Legendre Coefficients for 65Cu (α, p) 68Zn reaction 

Energy (Lab) 

  

MeV 

  

State A0 A1 A2 A3 

11 0 0.06919 -0.001139 3.3837e-06  

11 1 0.1745 -0.003197 1.013e-05  

11 2&3 0.1138 -0.000977 3.354e-06  

11 4,5&6 0.1807 -0.002102 7.611e-06  

10.5 0 0.07797 -0.001385 4.927e-06  

10.5 1 0.1429 -0.001411 5.054e-06  

10.5 2&3 0.1449 -0.0015 5.188e-06  

10.5 4,5&6 0.1448 -0.001216 4.312e-06  

10 0 0.086 -0.001394 7.728e-06 -1.044e-08 

10 1 0.1619 -0.001621 7.508e-06 -5.937e-09 

10 2&3 0.1857 -0.003623 2.197e-05 -3.411e-08 

10 4,5&6 0.09841  -8.771e-05 -2.512e-06 1.015e-08 

9.5 0 0.1165 -0.001806 9.162e-06  

9.5 1 0.1704 -0.001934 9.836e-06  

9.5 2&3 0.2376 -0.00664 4.873e-05  

9.5 4,5&6 0.1935 -0.004706 3.29e-05  

9 0 0.08593 -0.0007952 2.645e-06  

9 1 0.1091 -0.0007452 2.983e-06  

9 2&3 0.1417 -0.001704 6.104e-06  

8.5 0 0.1156 -0.002217 0.00001347 -2.2337e-08 

8.5 1 0.1199 -0.001247 2.901e-06 4.168e-09 

8.5 2&3 0.2759    -0.008918 6.629e-05 -1.294e-07 
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