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Abstract

The nuclear reactions 16O(p, α)13N and 13N(α, p)16O play critical roles in stel-

lar nucleosynthesis within Type Ia (SNIa) and core-collapse supernovae (CCSN).

The 16O(p, α)13N reaction influences Ca/S abundance ratios in SNIa, while the in-

verse 13N(α, p)16O reaction affects 13C production in CCSN. However, the reaction

rates for both remain poorly constrained due to limited direct measurements and

uncertainties in nuclear structure inputs.

This work presents a new direct measurement of the 16O(p, α)13N cross-section

using the MUSIC active-target detector over the centre-of-mass energy range Ecm =

5.7−7.1 MeV, where previous datasets exhibit significant discrepancies. The re-

sulting cross-sections were used to recalculate the stellar reaction rate under SNIa

conditions, revealing a maximum enhancement of only 1.5 times the CF88 rate.

The new rate was substantially lower than previous estimates of up to a factor of

seven. These findings indicate that 16O(p, α)13N alone cannot account for the ob-

served Ca/S variations, suggesting a need to re-evaluate alternative reactions, such

as 16O + 12C fusion.

To constrain the inverse 13N(α, p)16O rate relevant to CCSN, the low-energy cross

section was derived from R-matrix analysis of available 17F state information above

α-threshold. By combining the R-matrix derived cross-section at low energies with

the new experimental 16O(p, α)13N data at higher energies, an updated 13N(α, p)16O

rate was obtained. The new 13N(α, p)16O rate exceeded previous estimates by up to

a factor of three in the temperature range T = 0.4−0.7 GK.

Moreover, the contribution of thermally excited states was assessed. The results

show that, for the temperatures of T < 5 GK, the cross-section measured for the

ground-state transition adequately represents the stellar reaction rate.
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Chapter 1

Introduction

1.1 Nuclear astrophysics

Nuclear astrophysics combines nuclear physics and astrophysics to answer funda-

mental questions about the universe, from supernova explosions to the origin of

elements [1, 2]. A central goal of this �eld is determining accurate reaction rates in

stellar environments, as these govern elemental abundances in stars and galaxy evo-

lution. However, nuclear reactions in stars occur at low energies near the Coulomb

barrier, resulting in extremely small cross-sections. To overcome this, researchers

employ high-precision experiments, often conducted in underground laboratories

to reduce background noise from cosmic rays. When experimental data are not

available, phenomenological and statistical models are used to estimate the cross-

section [3].

1
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1.2 The Role of 16O(p; �) 13N and 13N(�; p) 16O in Ex-

plosive Nucleosynthesis

The importance of the16O(p; �) 13N reaction in explosive nucleosynthesis was �rst

pointed out by Woosley et al. (1972) [4], who showed that the rate of this reaction

is crucial for determining the nature of explosions that have produced the abun-

dant elements between28Si and 42Ca. Additionally, studies have shown that the

16O(p; �) 13N reaction plays a key role in determining the metallicity dependence

of the (Ca=S) and (Ar=S) mass ratios in Type Ia supernova models. Yet, with

current reaction rates, models fail to reproduce the observed (Ca=S) and (Ar=S)

ratios in SNIa remnants. An observational study [5] proposed that increasing the

16O(p; �) 13N reaction rate by a factor of seven relative to the REACLIB [6] value

signi�cantly improves agreement with the observed (Ca=S) ratios across di�erent

progenitor metallicities. However, without direct experimental con�rmation, this

proposed rate increase remains unveri�ed.

On the other hand, the reversed reaction of13N(�; p) 16O has an important role

in processes occurring in core-collapse supernovae (CCSN), particularly within the

helium shell. Its importance stems from its competition with the �+ decay of13N

to 13C. This reaction contributes to the destruction of13N, thus regulating the 13C

a�ects the isotopic signature observed in presolar grains.

A revised reaction rate for13N(�; p) 16O was proposed [7] based on the unbound

states in the 17F compound nucleus. However, missing information and uncon-

strained �-widths in the relevant 17F states resulted in an uncertainty of a fac-

tor of 50 in the �nal 13C production in CCSN models. In summary, the rates of

16O(p; �) 13N and 13N(�; p) 16O reactions play key roles in explosive nucleosynthesis.

A new experimentally constrained rate is essential for their impact on astrophysical
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models.

1.3 The Structure of 17F Nuclei

The structure of 17F above the �-threshold plays a crucial role in determining the

reaction rate of 13N(�; p) 16O. Since these states predominantly decay via proton

emission (�p � � � ), the reaction rate is primarily governed by the small but signif-

icant �-particle widths (� � ).

Early studies reported tentative spin-parity assignments and unconstrained total

widths. These uncertainties have complicated the reliability of17F state information

for estimating the 13N(�; p) 16O reaction rate. Therefore, an extensive evaluation of

these states was carried out in this thesis to identify the sources of uncertainty and

examine the currently available information.

1.4 Aim of the Work and Thesis Structure

This study aims to provide a new, experimentally constrained reaction rate for the

16O(p; �) 13N reaction, which is essential for accurately modelling Type Ia supernovae

(SNIa). The new rate is intended to clarify whether the16O(p; �) 13N reaction alone

can account for the observed variations in Ca/S and Ar/Si abundance ratios across

di�erent SNIa progenitor metallicities. Additionally, the study investigates uncer-

tainties in the structure of the 17F compound nucleus, which directly in�uences the

nucleosynthesis of13C via the inverse13N(�; p) 16O reaction during the shock-wave

phase of CCSNe. This study therefore tests whether the available spectroscopic

information on 17F is su�cient to constrain the 13N(�; p) 16O rate and determine its

3
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role in 13C production.

To achieve these goals, this study combines a detailed analysis of the nuclear

structure of 17F with a comprehensive evaluation of available experimental data

using the R-matrix code AZURE2 [8]. Existing spectroscopic information was com-

pared with measurements of the16O(p; �) 13N reaction to derive an improved the-

oretical cross-section in the low-energy region, where direct measurements are par-

ticularly challenging. At higher energies, a new experimental measurement of the

16O(p; �) 13N cross-section was performed. The experiment employed the MUSIC

active-target multi-sampling detector to measure the reaction in inverse kinemat-

ics, where events were identi�ed through variations in the energy loss (�E) of the

detected particles.

Finally, the combined spectroscopic and experimental results are used to calcu-

late updated reaction rates for both16O(p; �) 13N and 13N(�; p) 16O. These revised

rates are expected to enhance the accuracy of astrophysical models for both Type

Ia and core-collapse supernovae, improving our understanding of nucleosynthesis

processes in explosive stellar environments. The thesis is organised as follows:

ˆ Chapter 2: Theoretical background.

ˆ Chapter 3: Literature review on the 16O(p; �) 13N reaction.

ˆ Chapter 4: Nuclear structure of the 17F compound nucleus.

ˆ Chapter 5: New cross-section measurements of16O(p; �) 13N using the MU-

SIC detector.

ˆ Chapter 6: Results and discussion.

ˆ Chapter 7: Conclusion.
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Chapter 2

Background

2.1 Explosive Oxygen Burning and Intermediate-

Mass Element Production in SNe Ia

Type Ia supernovae (SNe Ia) are among the most energetic events in the universe,

resulting from the thermonuclear explosion of a white dwarf star. These explosions

occur in binary systems where the white dwarf accretes matter from a companion

star until reaching the Chandrasekhar limit (� 1:4 M � ), triggering a thermonuclear

runaway [10] (Figure 2.1). In addition to their essential role as standardised can-

dles for measuring cosmic distances, SNe Ia are signi�cant sites of nucleosynthesis,

particularly for iron-group and intermediate-mass elements that contribute to the

evolution of galactic chemistry [11], [12]. The presence of silicon in SNe Ia light

curves distinguishes them from Type Ib and Ic supernovae, and observations con�rm

the abundance of other intermediate-mass elements, including sulphur, argon, and

calcium [13, 14].
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Figure 2.1: The two leading scenarios for triggering a Type Ia supernova: the single-
degenerate (SD) and double-degenerate (DD) models. In the SD scenario, a white
dwarf accretes material from a companion star, typically a fusion-burning star, even-
tually reaching the Chandrasekhar mass and exploding. In contrast, the DD scenario
involves the merger of two white dwarfs, where their combined mass or the force of
the collision triggers a runaway nuclear reaction, leading to the supernova explosion.
Taken from Ref. [9].

Nucleosynthesis in SNe Ia proceeds in distinct layers under varying temperature

and density conditions. While the central, high-temperature regions produce iron-

group elements through silicon fusion, the outer, cooler layers experience oxygen

and carbon burning, yielding intermediate-mass elements such as silicon, sulphur,

and calcium [15] [16].

During the explosive oxygen-burning stage, at temperatures of around (3�4) GK,

the destruction of 16O proceeds through multiple pathways. One major channel

involves the fusion of two 16O nuclei to form an excited 32S� nucleus [17]:

16O + 16 O ! 32S� !

8
>>>>>>>>>><

>>>>>>>>>>:

28Si + � + 9:59 MeV; (34%)

31P + p + 7:68 MeV; (56%)

31S + n + 1:45 MeV; (5%)

30P + d � 2:41 MeV; (5%)

(2.1)

6



Chapter 2. Background Chapter 2. Background

Additionally, 16O can be converted to12C + � either via photodisintegration:

16O(
; �) 12C; (2.2)

Or through a proton-capture pathway:

16O(p; �) 13N(
; p) 12C: (2.3)

By providing an alternative route to form 12C, 16O(p; �) 13N bypasses the pho-

todisintegration channel and increases the �-particle population. The16O(p; �) 13N

reaction is particularly signi�cant under �-rich conditions during explosive oxygen

burning [18], where it strongly in�uences the abundances of intermediate-mass el-

ements, speci�cally a�ecting Ca/S and Si/Ar ratios. In fact, the reaction chain

16O(p; �) 13N (
, p) 12C within the �-rich branch is considered one of the most in�u-

ential factors in determining the abundance of40Ca [19, 17].

The e�ectiveness of this reaction in �-rich environments arises from their low

metallicity. At low metallicity, the abundance of free neutrons is reduced, which

limits the ability to neutralise protons and leads to a higher proton fraction. Un-

der these conditions, the16O(p; �) 13N reaction becomes even more important for

converting 16O to 12C [5]. Consequently, the impact of the16O(p; �) 13N rate on

nucleosynthesis varies with the metallicity of the progenitor.
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2.2 Hydrogen Ingestion and Nucleosynthesis of

13C in Core-Collapse Supernovae

CCSNe occur when massive stars ( � 8M� )reach the end of their life cycle and

undergo gravitational collapse [20]. Throughout their lifetime, these massive stars

experience stages of nuclear fusion, starting from hydrogen and then progressing to

helium, carbon, neon, oxygen, and silicon. This process creates a layered structure

similar to an onion, with an iron core at the centre. However, because elements

heavier than iron cannot produce energy through nuclear fusion, the core can no

longer generate the energy needed to resist gravitational forces. As the iron core

grows and eventually exceeds the Chandrasekhar limit (�1.4 M� ), the electron

degeneracy pressure is insu�cient to support it, causing the core to collapse [21].

Figure 2.2: Schematic representation of the core-collapse supernova mechanism,
illustrating the key stages of collapse, bounce, and explosion. The �gure depicts the
evolution from a massive star with an onion-shell structure to the collapse of the
iron core within half a second. The process results in the formation of a shock wave,
the emission of neutrinos, and the subsequent explosion. Taken from [22].

The collapsing mechanism can be seen in (Figure 2.2); as the iron core under-

goes gravitational collapse, extreme pressure forces electrons and protons to merge,
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forming neutrons and releasing a signi�cant �ux of neutrinos. The collapse continues

until the nuclear density is reached, generating an outward shock wave [23]. During

the explosion, shock-induced mixing can drive hydrogen into the helium shell [24],

enabling a network of proton capture reactions that signi�cantly in�uence the nu-

cleosynthetic yields. Among these reactions, the13N(�; p) 16O process is particularly

important because it competes with �+ decay of13N to 13C. The process begins

with proton capture on carbon:

12C + p ! 13N + 
 (2.4)

The resulting 13N can then follow one of two competing pathways:

13N
� +

�! 13C + e+ + � e (2.5)

13N(�; p) 16O (2.6)

The competition between these pathways signi�cantly in�uences the �nal isotopic

composition of supernova ejecta. When the13N(�; p) 16O reaction is dominant, it

increases the production of16O while suppressing the formation of13C and 15N.

On the other hand, a lower13N(�; p) 16O reaction rate allows more13N to decay,

which results in higher abundances of13C and 15N. This balance is crucial for

understanding the isotopic signatures of elevated levels of both13C and 15N observed

in presolar grains [25].
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2.3 The Physics of Nuclear Reactions

Nuclear reactions involve interactions between atomic nuclei and subatomic parti-

cles, transforming elements and releasing or absorbing energy. These reactions are

central to stellar nucleosynthesis, where elements are formed through fusion and

other nuclear processes. Nuclear reactions can be broadly classi�ed based on the

interacting particles and the resulting products. When two nuclei or a nucleus and

a subatomic particle collide, the reaction can be represented as:

0 + 1 ! 2 + 3 (2.7)

Alternatively, this reaction can be expressed in shorthand notation:

0(1; 2)3 (2.8)

In this notation, 1 represents the target nucleus, 0 the incident particle, 2 the out-

going particle, and 3 the residual nucleus. Typically, 2 is the lighter ejected particle,

and 3 is the heavier product nucleus.

2.3.1 Q-Value and Energy Considerations

Nuclear reactions involve changes in the nuclear binding energy, characterised by

the Q-value. The Q-value is the net energy change in a reaction and is given by:

Q = (m 01 � m 23) c2 (2.9)
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Where m01 and m01 are the total masses of the reactants and products, respectively,

and c is the speed of light. Q-value determines whether a reaction releases or absorbs

energy: With a positive Q-value, the reaction is exothermic, releases energy and in-

creases the kinetic energy of the products. With a negative Q-value, the reaction is

endothermic, requires energy to proceed, and sets a minimum energy threshold for

the incident particle. An additional energy barrier arises from the Coulomb repul-

sion between positively charged nuclei in charged-particle reactions. This Coulomb

barrier further increases the energy threshold, even for exothermic reactions. As

a result, charged-particle reactions require higher kinetic energies to overcome this

repulsion and initiate the reaction [26].

2.3.2 Nuclear Cross Sections

The probability of two colliding particles undergoing a nuclear reaction is represented

by the cross-section � and is de�ned as:

� =
Interactions per time

Beam particles per time per area � Target particles
(2.10)

The cross-section has units of area, and its standard unit in nuclear physics is the

barn (1 barn = 1 � 10 �28 m2), with commonly used subdivisions such as millibarns,

microbarns, and nanobarns. For an ideal detector that captures all reaction prod-

ucts, the cross-section can be calculated from the reaction yield Y using:

� =
Y

I N A t A
(2.11)

where I is the beam intensity, NA is Avogadro's number, t is the target thickness,

and A is the molar mass of the target material. If the detector only covers a limited
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solid angle �
, the di�erential cross-section d�
d
 is used:

d�
d


=
Y

IN A t�

(2.12)

The di�erential cross section (unit of area per solid angle is square meter per stera-

dian (m2/sr)). This angular distribution is crucial for studying reaction mechanisms,

as it reveals information about the angular momentum, spin alignments, and the

quantum states involved in the reaction.

2.4 Reactions in Stellar Environments

In stellar environments, nuclear reactions occur under di�erent conditions than lab-

oratory experiments. Instead of having �xed energies, the reactants are in thermal

equilibrium, meaning their energies follow a statistical distribution described by the

Maxwell-Boltzmann distribution. Consequently, reaction rates are more meaning-

fully expressed as functions of temperature rather than direct cross-sections [27].

2.4.1 Thermonuclear Reaction Rates

The reaction rate (R) represents the number of nuclear reactions per unit volume

per unit time and is de�ned as:

R = n anbh�vi (2.13)

Here, na and nb are the number densities of the reactant species a and b, and h�vi

is the reaction rate coe�cient, which depends on the velocity distribution of the

reactants. The reaction rate coe�cient averages the product of the cross-section �(v)
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and the relative velocity (v) over the Maxwell-Boltzmann velocity distribution:

h�vi =
Z 1

0
P(v)�(v)v dv (2.14)

The Maxwell-Boltzmann velocity distribution for particles of reduced mass � at

temperature T is:

P (v)dv = 4�v 2
� �

2�kT

� 3=2

exp

 

�
�v 2

2kT

!

dv (2.15)

In terms of energy E = 1
2 �v 2, the distribution becomes:

P (E)dE =
2

p
� (kT ) 3=2

p
E exp

�

�
E
kT

�

dE (2.16)

2.4.2 Gamow Window and the Astrophysical S-Factor

Figure 2.3: Schematic presentation of the Gamow peak region for reactions between
charged particles at stellar temperatures [28]. The overlap between the Maxwell-
Boltzmann distribution and the tunnelling probability de�nes the Gamow window

In reactions that involve charged particles, the Coulomb repulsion between pos-

itively charged nuclei becomes signi�cant. Even at high temperatures, only a small

fraction of particles possess su�cient energy to overcome this Coulomb barrier.
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However, due to quantum mechanical tunnelling, reactions can still occur at lower

energies. This interplay between the high-energy tail of the Maxwell-Boltzmann

distribution and the tunnelling probability gives rise to the Gamow window [29].

The energy at the peak of the Gamow window( Figure 2.3),E0 represents the

most probable energy for reactions at a given temperature:

E0 = 0:122(Z2
1Z 2

2 �) 1=3T2=3
9 MeV (2.17)

The width of the Gamow window (�E) is given by:

�E = 0:2368(Z 2
1Z 2

2 �) 1=6T5=6
9 MeV (2.18)

Where: Z1 and Z2 are the charges of the interacting nuclei, � is the reduced mass

and T9 is the temperature in Gigakelvins (GK).

This Gaussian-shaped window de�nes the energy range where most reactions

occur, making it critical to understanding reaction rates in stellar environments.

To address the strong energy dependence of the cross-section resulting from the

Coulomb barrier, the astrophysical S-factor (S(E)) has been introduced [30] [31].

S(E) = �(E)E exp(2��) (2.19)

where � is the Sommerfeld parameter, which characterises the strength of the Coulomb

barrier:

� =
Z1Z2e2

4�" 0~v
(2.20)

By removing the rapidly varying Coulomb term, the S(E) provides a smoother

function that captures the nuclear properties of the reaction. The reaction rate

14



Chapter 2. Background Chapter 2. Background

coe�cient in terms of the S-factor is:

h�vi =

 
8

��

! 1=2 � 1
kT

� 3=2 Z 1

0
S(E) exp

0

@�
E
kT

�

s
EG

E

1

A dE (2.21)

where EG represents the Gamow energy.

2.4.3 Formalism of Nuclear Resonances

A key phenomenon in nuclear reactions is the occurrence of resonances [32]. Reso-

nances occur when the energy of the colliding particles matches an excited energy

level of the compound nucleus, resulting in a sharp increase in the reaction cross-

section. These resonant states are characterised by their resonance energy (Er ),

spin-parity (J � ), lifetime (� ), and the widths of the resonance (�). Theresonance's

width (�) is related to its lifetime through :

� =
~
�

(2.22)

For narrow resonances typically identi�ed when their widths are much smaller

than the width of the Gamow window (� � � ) [29], the Breit-Wigner formula

describes the cross-section [29] as follows:

� BW (E) =
� 2

4�
(2J + 1)(1 + � ab)
(2j a + 1)(2j b + 1)

� i � f

(E r � E) 2 + � 2=4
(2.23)

In this equation, � is the de Broglie wavelength associated with the relative

motion of the projectile + target system in the entrance channel. In special cases

such as (p; 
) or (p; �) reactions on heavy targets, � � m p, and the expression
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reduces numerically to the proton de Broglie wavelength [33]. The quantities ja and

j b denote the intrinsic spins of the interacting nuclei a and b, so that the factor

(2J + 1)(1 + � ab)=
h
(2j a + 1)(2j b + 1)

i
accounts for the statistical weighting of the

resonance with spin J. Here, �ab is the Kronecker delta, which equals one only

when the two particles are identical (a = b), thereby avoiding double counting of

indistinguishable con�gurations. The quantities � i and � f are the partial widths

of the resonant state of the compound system formed by the a + b interaction,

corresponding to decay through the entrance and exit channels, respectively. The

total width � =
P

c � c characterises the lifetime of this compound resonance, while

the ratios � i =� and � f =� determine the probabilities for the resonance to decay

through the corresponding channels. Here, E is the centre-of-mass energy of the

interacting a + b system, and Er is the resonance energy at which the compound

nucleus forms a state with spin J.

The strength of the narrow resonance (!
) [31] is de�ned as:

!
 =
(2J + 1)(1 + � ab)
(2j a + 1)(2j b + 1)

� i � f

�
(2.24)

This value quanti�es the contribution of the resonance to the overall reaction

cross-section and rate, measured in keV. The reaction rate simpli�es for narrow

resonances is given by:

NA h�vi = N A

 
(2�) 3=2

�(kT ) 3=2

!

!
e �E r =kT (2.25)

In contrast, when the resonance width � is comparable to the Gamow width, or

�=E r � 10% [31], the resonance is classi�ed to as a broad resonance. In this case,

the contribution of the resonance extends over a wide range of energies rather than
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being con�ned sharply around Er . As a result, the narrow resonance approximation

is no longer valid, and the reaction rate must be obtained by evaluating the full

Maxwellian convolution::

NA h�vi = N A

 
8

��

! 1=2 1
(kT )3=2

Z 1

0
�(E)Ee �E=kT dE (2.26)

The energy dependence of the cross section is then described by the Breit�Wigner

expression:

� BW (E) =
�
k2

!� a(E)� b(E)
(E � E r )2 + (�(E)=2) 2

(2.27)

where the partial widths � a(E) and � b(E), as well as the total width �(E), may vary

signi�cantly with energy for broad resonances. This formalism ensures that these

energy dependencies are fully taken into account when computing the reaction rate.

2.4.4 Treatment of the Gamow Window in Endothermic Re-

actions

The reaction 16O(p; �) 13N is endothermic, with a Q-value of Q = �5:218 MeV.

For such reactions, determining the Gamow window using the standard expression

(e.g., Eq. 2.17) is not meaningful, as it typically yields energies below the reaction

threshold, where the cross-section is essentially zero.

An alternative approach is used instead: the Gamow window is estimated based

on the forward (exothermic) reaction and then shifted by the Q-value of the reaction.

For the 16O(p; �) 13N reaction at a temperature of T = 3:5 GK, the Gamow window

(EG) is determined as:

EG
16 O(p; �) 13 N = E G

13 N(�; p) 16 O + Q; (2.28)
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where the13N(�; p) 16O is the forward reaction, and the Q-value is 5:218 MeV.

Using this method, the e�ective Gamow window for the16O(p; �) 13N reaction is

found to lie within the range:

Ecm = 6:499 MeV � 8:902 MeV; ) E x = 5:899 MeV � 8:302 MeV; (2.29)

where Ex refers to the excitation energy of the compound nucleus17F. Therefore,

the states within this excitation energy range in17F are expected to be the most

in�uential in determining the reaction rate.

2.4.5 Thermal Population of Excited States and Stellar En-

hancement Factor

In experimental measurements of nuclear cross-sections, target nuclei are usually in

their ground state. As a result, the resulting reaction rates only re�ect contributions

from the ground state.

In stellar environments, however, the situation di�ers [34, 35] . The excited

states of the target nucleus become thermally populated according to the Maxwell-

Boltzmann distribution. The probability of a state i being populated at temperature

T is given by:

P i =
gi

G
exp

 

�
E i

kT

!

; (2.30)

where gi = 2J i + 1 is the statistical weight of the state with spin Ji , E i is the

excitation energy above the ground state, and G is the partition function:

G =
X

i

gi exp

 

�
E i

kT

!

: (2.31)
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At low temperatures, the exponential suppression on the excited states is too

high, and the excited states are e�ectively scarcely populated, leading to G � 1,

with the ground state overwhelmingly dominating, making the excited states' con-

tribution to the rate negligible.

However, as the temperature rises beyond � 1 GK, this suppression is reduced

signi�cantly, and excited states begin to contribute meaningfully to the reaction

rate. This results in a stellar rate that is higher than the experimental rate due to

the contribution of thermally excited states. The enhancement of the experimental

rate is quanti�ed by the Stellar Enhancement Factor (SEF), de�ned as:

SEF =
NAh�vi �

NAh�vi
; (2.32)

Where NAh�vi � is the stellar reaction rate that includes excited-state contributions,

and NAh�vi is the ground-state reaction rate obtained from experiments.

The Stellar Enhancement Factor (SEF) is typically estimated using statistical

models, most notably the Hauser-Feshbach (H-F) [36] formalism. These models sim-

ulate the population and decay of nuclear states under thermal conditions, allowing

for the inclusion of excited-state contributions in the reaction rate.

Tabulated SEF values for a wide range of reactions can be found in works such as

Rauscher and Thielemann [37] and Goriely, Hilaire, and Koning [38]. Modern nuclear

reaction codes, such as TALYS [39], incorporate the Hauser-Feshbach approach to

automatically account for thermally populated excited states when computing stellar

reaction rates.

It was suggested that for reactions with a high negative Q-value, the Coulomb

barrier can suppress contributions from thermally excited states, often leading to a
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larger ground state fraction and making laboratory measurements more representa-

tive of the stellar rate with a Stellar Enhancement Factor (SEF)� 1 [40, 41, 42].

However, a Stellar Enhancement Factor (SEF) close to unity does not necessarily

imply negligible contributions from excited states to the stellar reaction rate. This is

because the excited state may in�uence the decay branching ratios of the compound

nucleus, even if its thermal population is low as previously seen in the reaction of

20Ne(
; �) 16O [43].

2.5 Forward and Reverse Reactions

Nuclear reactions are time-reversible, which means that the cross-sections of a for-

ward reaction and its reverse are related by detailed balance [44] [45]. So for a

forward reaction of (01 ! 23) and the reverse reaction (23 ! 01) the cross-sections

can be described by :

� 23!01

� 01!23
=

(2j 0 + 1)(2j 1 + 1)
(2j 2 + 1)(2j 3 + 1)

�
� 01E01(1 + � 23)
� 23E23(1 + � 01)

(2.33)

Here: E01 and E23 are the center-of-mass energies for the forward and reverse reac-

tions, respectively. �01 and � 23 are the reduced masses of the initial and �nal states,

where:

� ij =
mi mj

mi + m j
(2.34)

And E23= E 01+Q then, we can write the ratio of the reaction rate as:

NA h�vi 23!01

NA h�vi 01!23
=

(2j 0 + 1)(2j 1 + 1)(1 + � 23)
(2j 2 + 1)(2j 3 + 1)(1 + � 01)

 
� 01

� 23

! 3=2

e�Q 01!23 =kT (2.35)
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2.6 R-Matrix Formalism and AZURE2

The Breit-Wigner approach, as shown in Eq. 2.23 and Eq. 2.27, is well-suited for

describing isolated resonances. However, its applicability decreases as the number

of resonances and associated reaction channels increases. In contrast, R-matrix

theory provides a more comprehensive framework for modelling multi-channel res-

onances and their interference e�ects, making it essential to study complex nuclear

systems [46, 47].

A fundamental assumption in R-matrix theory is the division of con�guration

space into two distinct regions: an internal region, where the nuclear interaction oc-

curs, and the total wavefunction is expanded in terms of eigenstates, and an external

region, where the interaction is primarily governed by the Coulomb potential [48].

The wavefunctions in these two regions are matched at a boundary(known as channel

radius), allowing the R-matrix to connect the parameters of the compound nucleus

to the experimental observables. Mathematically, the R-matrix is de�ned as:

Rcc0 =
X

�


 �c 
 �c 0

E � � E
(2.36)

where E� is the resonance energy, and E is the centre-of-mass energy of the

reaction. and 
�c is the reduced width amplitude given by:


 � =

 
~2

2�R 2

! 1=2

� � (2.37)

where �� is the dimensionless reduced width, � is the reduced mass, and R is the

channel radius. The observed partial width �� of a speci�c channel � is connected
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to the reduced width amplitude 
� by:

� � = 2P l (E)
 2
� (2.38)

where Pl (E) is the penetrability factor, which accounts for the probability of a

particle tunnelling through the Coulomb barrier.

The penetrability factor itself is de�ned as:

Pl (E) =
kR

F 2
l (kR) + G 2

l (kR)
(2.39)

where k =
q

2�E=~ 2 is the wave number, and Fl and Gl are the regular and

irregular Coulomb wavefunctions, respectively [49].

Figure 2.4: Schematic representation of the R-matrix approach for the16O(p; �) 13N
reaction. The entrance channel16O (shown in blue) leads to the formation of the
compound nucleus17F� (internal region, green wave function). The compound nu-
cleus can decay via di�erent exit channels: either back to16O (elastic scattering,
light blue) or to the reaction product 13N + � (red). The black dashed boundary
represents the channel radius, where the matching condition between the internal
and external wavefunctions is applied in R-matrix theory.
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2.6.1 AZURE2 for Resonance Parameter Fitting

AZURE2 [8] is a multilevel, multi-channel R-matrix code developed for analysing

and extrapolating low-energy nuclear reactions relevant to astrophysics. It ap-

plies the R-matrix formalism to experimental data, enabling the extraction of reso-

nance parameters and the calculation of reaction rates [50]. Since its development,

AZURE2 has been widely used to determine reaction cross-sections and rates at

stellar temperatures [51, 52, 53].

In addition, AZURE2 can optimise key resonance parameters, including reso-

nance energies (E� ) and reduced width amplitudes (
�c ) through a �tting process.

The �tting is achieved through an iterative process that minimises the �2 function,

de�ned as:

� 2 =
X

i

(yexp
i � y calc

i )2

� 2
i

(2.40)

where yexp
i denotes the experimental data, ycalc

i is the theoretical prediction, and

� i represents the associated uncertainty.

The integration of R-matrix theory within AZURE2 has signi�cantly enhanced

the precision of reaction rate calculations, particularly in cases where direct experi-

mental measurements at low energies are challenging.

23



Chapter 2. Background Chapter 2

2.7 Energy Loss of Charged Particles and Ionisa-

tion Chambers

2.7.1 Energy Loss of Charged Particles in Matter

When charged particles such as alpha particles, protons, or heavy ions pass through

a material, they lose energy primarily through interactions with the atomic elec-

trons of the medium. These interactions transfer energy to the electrons, either

ejecting them from their orbitals (ionisation) or raising them to higher energy states

(excitation). Although interactions with atomic electrons dominate energy loss, in-

teractions with atomic nuclei can also contribute to energy loss. The most likely

mechanism of nuclear interaction is Rutherford scattering [54], where the charged

particle is de�ected by the repulsive electrostatic �eld of the nucleus, resulting in

nuclear recoil. Less frequently, if the projectile has su�cient energy to overcome

the Coulomb barrier, it may induce a nuclear reaction, such as fusion or inelastic

scattering, where energy is transferred to nuclear excitation or particle emission.

However, due to the small size of the nucleus and strong Coulomb repulsion, nu-

clear interactions remain a minor contribution to the total energy loss, compared to

ionisation by electrons.

The rate of energy loss of the charged particles per unit path length is known as

the stopping power (S) and is expressed as:

�
dE
dx

= S (2.41)

A detailed description is provided by the Bethe-Bloch formula [55], which models
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the energy loss of charged particles:

�
dE
dx

�
4�e 4

me

Z 2
p

v2

�

NA �
Z t

M t

�

ln

 
2mev2

I

!

(2.42)

Zp is the charge of the incident particle, v is its velocity, e is the elementary electron

charge, me is the electron mass, NA is Avogadro's number, � is the mass density of

the target material, and Zt and Mt are the atomic number and mass of the target

material, respectively; I is the mean excitation potential of the material.

Figure 2.5: Energy loss of an alpha particle as a function of depth in a material,
illustrating the Bragg peak as a rapid increase in energy deposition near the end of
the particle's range.

This equation shows that energy loss is inversely proportional to the square

of the particle's velocity. As a result, a faster particle loses less energy per unit

distance, while a slower particle experiences greater stopping power. This leads to

a rapid increase in energy deposition just before the particle comes to rest, where

the particle velocity is low, creating what is known as the Bragg peak (Figure 2.5).

The total distance a charged particle travels through a medium before stopping

is referred to as the range. The range of a particle depends on its type (mass and
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Figure 2.6: Energy distribution of monoenergetic charged particles at di�erent
depths in the medium. As the particles lose energy, the distribution broadens,
illustrating the e�ect of energy straggling.

charge), initial energy and the density of the material. Higher-energy particles travel

farther before stopping, while denser materials shorten the range due to increased

interactions. Theoretical predictions of range and energy loss are often computed

using SRIM (Stopping and Range of Ions in Matter) [56], a widely used simulation

tool.

Although stopping power provides a mean energy loss per unit path, individual

particles experience �uctuations in energy loss due to the statistical probability of

the interactions. As a result, not all particles within a monoenergetic beam reach

the same �nal energy, leading to a spread in their stopping distances. This e�ect,

known as energy straggling, causes a broadening of the energy distribution as the

beam penetrates the material. Figure 2.6 illustrates how a beam of charged particles

develops a broader energy spread as it traverses matter.
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2.7.2 Gas Ionisation Chambers

Ionisation chambers [57] are widely used in nuclear astrophysics experiments to

study low-energy nuclear reactions. This detector provides high detection e�ciency,

accurate measurements of energy loss, and the ability to track charged particles as

they traverse the gas. Over the years, many detectors, including MUSIC [58], TAC-

TIC [59], ANASEN [60], and AT-TPC [61], have incorporated ionisation chamber

mechanism to investigate nuclear reactions under astrophysical conditions. A typ-

ical gas ionisation chamber consists of a gas volume held between two electrodes

(Figure 2.7).

When the beam passes through the gas, it ionises the gas molecules, creating

positive ions and free electrons. An applied electric �eld forces the negative electrons

to drift toward the anode and the positive ions toward the cathode. The collected

charge generates a measurable electric current, which is proportional to the energy

deposited by the radiation.

Figure 2.7: A parallel-plate ionisation chamber, illustrating the gas volume, elec-
trodes, and electric �eld lines [62].

In some ionisation chambers, the active target method is used, where the gas
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serves as both the detecting medium and the target for nuclear reactions. This

design allows for complete detection and measurement of energy loss (�E), the

primary beam, and the residual charged particles. Later, the recorded energy-loss

patterns are used for particle identi�cation.
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3.1 16O(p; �) 13N Rates in Stellar Libraries

The thermonuclear reaction rate for16O(p; �) 13N remains poorly constrained, par-

ticularly in the temperature range relevant for explosive oxygen burning in Type Ia

supernovae (SNe Ia), due to limited experimental cross-section data and theoretical

inconsistencies across rate libraries.

The �rst published rate was introduced by Wagoner in 1969 [63]. However, the

numerical derivation of this rate was not documented, and its extrapolation method

was not justi�ed. Furthermore, Woosley et al. [17] demonstrated that Wagoner's

rate overestimated the impact of16O(p; �) 13N in Type Ia supernova conditions.

The widely used REACLIB compilation [6] includes the Caughlan & Fowler (1988)

rate [64], but the theoretical methods employed were not detailed, and no uncer-

tainty for the reaction rate is provided. In contrast, the STARLIB [65] rate, based

on Hauser-Feshbach statistical models [36], has an uncertainty of approximately a

factor of ten. This uncertainty arises from limitations in applying Hauser-Feshbach
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models to light nuclei such as17F, where the assumption of high-level density is not

valid.

In the absence of a well-constrained rate, SNIa models have had di�culty repro-

ducing the observed calcium-to-sulphur Ca=S abundance ratios in supernova rem-

nants across various progenitor metallicities [66], [67]. To address the discrepancy

between observational data and models, Martinez-Pinedo et al. [68] retained the

CF88 rate for the reaction16O(p; �) 13N but reduced the competing16O + 12C re-

action rate by a factor of 0.1. This adjustment e�ectively reduced the destruction

of 16O particles via carbon burning and improved the agreement with the observed

Ca=S ratios. Conversely, Bravo [5] found that increasing the16O(p; �) 13N rate by

approximately seven times the REACLIB value better reproduced the Ca=S yields

across di�erent progenitor metallicities while keeping the16O+ 12C rate at its original

value. Figure 3.1 presents estimates for the16O(p; �) 13N reaction rate from di�er-

ent compilations (CF88, WAG69, STARLIB), along with observational constraints

suggested by Bravo, illustrated in a grey shade.

3.2 Evaluating the Available Experimental Cross-

Section Measurements of the 16O(p; �) 13N

This section presents a detailed evaluation of studies that have measured the cross-

section of 16O(p; �) 13N reaction in energy ranges relevant to SNIa nucleosynthesis

(E cm � 6-8 MeV). The experimental cross-section data were compiled from the EX-

FOR database [69], yielding �ve relevant studies: Whitehead & Foster (1958) [70],

McCamis et al. (1973) [71], Nero & Howard (1973) [72], Gruhle & Kober (1976) [73],

and Sajjad et al. (1986) [74].
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Figure 3.1: Reaction rate of16O(p; �) 13N as a function of temperature (in GK),
based on di�erent compilations: Caughlan & Fowler (1988, CF88), Wagoner (1969,
WAG69), and Sallaska et al. (2013, STARLIB). The uncertainty from the STARLIB
compilation is represented by vertical error bars, while the shaded region denotes
the uncertainty range inferred from observational studies of Ca/S and Ar/S mass
ratios in supernova remnants. Figure adapted from [5].
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Figure 3.2: Experimental cross-section measurements of16O(p; �) 13N extracted from
the EXFOR database, showing �ve data sets: Gruhle (blue circles), Sajjad (orange
squares), McCamis (green diamonds), Whitehead (red crosses), and Nero (purple
Xs). The cross-section is plotted as a function of proton beam energy (Elab =
5:8 � 10:5 MeV). This plot was generated using the EXFOR Plotly2 tool [69].
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Figure 3.2 shows the reported cross-sections from Gruhle, Sajjad, McCamis,

Whitehead, and Nero, as reported in the EXFOR database.

Whitehead & Foster 1958

Whitehead & Foster [70] conducted measurements of the16O(p; �) 13N cross-section

using the McGill synchrocyclotron. Their experiment employed thin plastic foils

of composition C4H6O2 (Gelva) as targets, which were irradiated with the proton

beam. Post-irradiation, the target foils were cut and mounted between aluminium

disks for activity measurement. The annihilation radiation was detected using a NaI

scintillation crystal. The cross-sections were normalised against the12C(p; pn)11C

reaction, with the initial energy determination having an accuracy of 3% and more

precise relative energy spacing between points.

A contribution from the 13C (p; n)13N reaction was detected and subtracted

from the measurements; however, the cross-section of the13C (p; n)13N reaction

used for this subtraction was later found to be inaccurately determined [74]. Fur-

thermore, the target material of Gelva solid targets was found to experience a loss of

activity during irradiation, which is consistent with observations from similar stud-

ies [75] [76]. Since Whitehead's study did not report the thickness of their foils, it

was not possible to quantify the impact of this activity loss.

McCamis & Cameron (1973)

McCamis et al. [71] used a Van de Graa� accelerator to measure the16O(p; �) 13N

cross-section from threshold to Ecm = 7:7 MeV. Their setup included a magnesium

peroxide(MgO2) target 300 � 400�g/cm 2 thick deposited on a thin Gold (Au) back-
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ing, speci�cally prepared to minimise carbon contaminants, which could interfere

with the reaction. Activity measurements were conducted using a NaI(Tl) scintil-

lation counter. McCamis et al. reported that small amounts of18F and 11C were

produced during irradiation. These beta-emitting isotopes were accounted for by

�tting the decay curves using their known half-lives.

Measurement uncertainties included detector e�ciency1:4 �5%, target thickness

determined by elastic proton scattering, and gamma counting statistics 2 � 16%.

Additionally, McCamis incorporated data from Dangle [77] for energies above Ecm =

7:7 MeV. The added cross-section points were obtained by integrating di�erential

cross-sections extracted from Dangle's graphs. This process introduced large errors

due to the integration procedure and graph-reading errors.

Notably, the derived reaction rate was calculated at Ecm = 7:6 MeV under the as-

sumption that contributions from higher energies were negligible for the16O(p; �) 13N

reaction rate in the explosive stage of Oxygen. In the absence of any sharp reso-

nance, McCamis et al. reported a rate of NA < �v >= 0:049 cm 3 s�1 mol�1 at

T = 3:5 GK. This value is signi�cantly lower than previous predictions made by

Wagoner [63].

Nero & Howard (1973)

Nero & Howard [72] measured the16O(p; �) 13N cross-section in the centre-of-mass

energy range of 5:4 � Ecm � 9:9 MeV using the ONR-CIT tandem accelerator.

Their targets consisted of tungsten trioxide (WO3) with natural isotopic composi-

tion, evaporated onto 0:5 mm thick tantalum blanks. The (WO3) layer had a mass

density of 4:0 mg=cm2, and the 16O content was measured with 10% accuracy. After

irradiation with a proton beam, targets were transferred to an o�-line annihilation
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spectrometer, which counted coincidence pulses between two NaI(Tl) crystals to

measure the 0:511 MeV annihilation 
-rays from13N positron decay. The energy

loss of the proton beam in (WO3) target was calculated using stopping power tables

of ref. [78]. Cross-sections were calculated by subtracting the background activities

of 16O(p; n)18F and the absorbed16O in the Ta packing material. An unexpected

increase in cross-section below 6:2 MeV was noted, which was attributed to con-

tamination from the 13C p; n)13N reaction. Hence, the data beyond 6:2 MeV was

regarded as upper limits. The overall reported uncertainty in the cross-section is

�15%, resulting from the target thickness and composition introducing an uncer-

tainty of �10%, the spectrometer e�ciency of �0:4%. Depending on the energy and

cross-section magnitude, statistical uncertainties ranged from 2% � 19%.

Gruhle & Kober (1976)

Gruhle & Kober [73] measured absolute cross-sections and deduced modi�ed S-

factors from threshold to 3 MeV above, using the Cologne FN tandem accelerator.

The experiment utilised a target of O2=N2 gas to avoid carbon contamination. The

gas was kept at pressures of 300 �400 mbar and a thickness of 12 mm behind a 5�m

thick tantalum foil. After proton bombardment, the positron activity of the residual

13N nuclei was detected using two 7:6 � 7:6 cm NaI(Tl) scintillation detectors. The

reported sources of uncertainty in the measurements included an absolute calibration

error of �9% and a statistical error that ranged from �2% at high energies, with the

error increasing to �15% at lower energies. Further information about systematic

errors was not detailed. The computed reaction rate was much lower than Wagoner

rates [63] in agreement with Woosley rates [17].
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Sajjad, Lambrecht, & Wolf (1986)

Sajjad, Lambrecht, & Wolf [74] measured the16O(p; �) 13N cross-section over an

energy range of 6:5 MeV to 16:5 MeV, focusing on energies relevant to the production

of 13N for biological and clinical research. The experiments used the BNL Tandem

Van de Graa� accelerator with an energy resolution of 2 keV.

The targets used consisted of a gas mixture of 2% NO2 in O2, contained in

irradiation cells with aluminium foil windows. After irradiation, the absolute disin-

tegration rates of13N were determined using a least-squares decay analysis program.

The uncertainty in the proton beam energy ranged from 85 keV at lower energies

to 47 keV at higher energies. This variation was attributed to energy loss in the

Faraday cup window, the target window, and the target gas. The overall uncertainty

in the cross-section was 7%. This uncertainty resulted from several factors, including

uncertainty in the target thickness(1%), challenges in transferring the active13N

target(5%), variations in beam currents (1%), detector e�ciency (4%), and activity

loss in the walls(< 1%). A statistical uncertainty of 2% was included, derived from

the analysis of the decay curves of13N.

IAEA evaluation

A recent evaluation by the International Atomic Energy Agency (IAEA) [79] as-

sessed the16O(p; �) 13N cross-section as part of a broader project on radionuclides

used in positron emission tomography (PET). This evaluation compiled and anal-

ysed data from fourteen publications covering energies up to 35 MeV. The IAEA

team employed Padé �ts [80, 81] to the selected and corrected experimental data

to derive a recommended cross-section, with uncertainties estimated using a Padé
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least-squares method. A 4% systematic uncertainty was added to the estimated

experimental uncertainties. The resulting Padé �t, using 40 parameters for 607 se-

lected data points, yielded a �2 of 1.96 over an energy range up to 18 MeV. The

uncertainties in the IAEA evaluation vary signi�cantly with energy, ranging from

65% near the reaction threshold to below 7% for energies higher than 11 MeV [82].

Although this evaluation provides an additional point of comparison, its reliability

may be limited due to several factors:

1. Some datasets, such as those of Whitehead [70] and Furukawa [83], appear to

have been adjusted during the evaluation process without explicit experimental

justi�cation. While such modi�cations may aim to reduce the discrepancies,

they introduce additional uncertainty regarding the accuracy of the �tted data.

2. The presence of poor-quality or inconsistent data can signi�cantly a�ect the

averaging process, potentially skewing the resulting cross-section values in en-

ergy regions with limited agreement.

3. The Padé �tting approach incorporates expert judgment in selecting and

weighting datasets. In regions of substantial data scatter, this reliance may

limit the objectivity of the �nal evaluation, especially in the absence of the

experimental validation.

Therefore, caution should be exercised when using this evaluation for astrophysical

rates.
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3.3 Reaction Rate Calculation from Cross-Section

Measurements

To evaluate the reaction rate of16O(p; �) 13N from previous cross-section measure-

ments, necessary assessments and adjustments must be applied to the cross-section

data to address experimental issues and account for missing uncertainties. The

dataset from Whitehead & Foster was excluded due to certain concerns regarding

the reported data. Their reported cross-section values were substantially higher than

all subsequent measurements near the reaction threshold, and no uncertainties were

provided. Furthermore, the EXFOR database applied a downward shift of 0.3 MeV

to their reported values without documented experimental justi�cation. For the

experimental data from McCamis et al. (1973), Nero and Howard (1973), Gruhle

and Kober (1976), and Sajjad et al. (1986), the following corrections in the present

work were implemented to the data points, based on the procedures documented in

the original publications.

ˆ Energy loss corrections were applied to the data from Nero. For each point,

the tabulated energy was shifted to the bin midpoint by subtracting half of

the reported energy loss value, i.e. E ! E � 1
2 �E. Although �E values were

provided in the original publication, they were not included in the EXFOR

tables.

ˆ Sajjad et al. reported a variation in beam energy resolution ranging from 0.7

to 0.8 MeV when the beam passed through the target. This range was used as

the uncertainty on the energy �E. For centre-of-mass energies (Ecm) higher

than 7 MeV, the �E was set at 0.75 MeV, and �E was set at 0.85 MeV for

Ecm values below 7 MeV.

ˆ Since Gruhle and McCamis did not provide any information about the energy

38



Chapter 3. Literature Chapter 3. Literature

loss or resolution, the energy loss (�E) was estimated using the Stopping

and Range of Ions in Matter (SRIM) code [56]. Furthermore, McCamis et al.

cross-section data were limited to Ecm =7.7 MeV; additional data points of

Dangel[77] were added, including Ecm =7.2, 7.4, 7.5, and 7.6 MeV.

Figure 3.3: Experimental cross-section measurements for the16O(p; �) 13N reaction
as a function of centre-of-mass energy (in mb). Data points are shown for Mc-
Camis et al. (1973), Nero & Howard (1973), Gruhle & Kober (1976), and Saj-
jad et al. (1986). For the Gruhle and McCamis datasets, energy loss was estimated
using SRIM. The purple line represents the Padé �t from the Hermanne et al. eval-
uation, with associated uncertainties indicated by the grey-shaded region.

Figure 3.3 shows good agreement among datasets at energies above 7.25 MeV.

However, notable discrepancies appear at lower energies. Di�erences in resonance

heights, absolute cross-section values, and resonance positions can be observed across

the datasets. These inconsistencies may arise from background contributions at

low energies, where activation and positron-counting techniques are particularly
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sensitive to contamination. In several of the earlier measurements, any reaction

producing 13N could contribute to the observed �+ activity and thereby distort the

inferred cross sections. Relevant backgrounds include13C(p; n)13N and 12C(p; 
) 13N.

In addition, the production of 17F introduces further complications, as its �+ decay

falls within the same activity window used to detect13N, potentially impacting the

extracted yields.

To calculate the reaction rate, cross-section data from McCamis, Nero, Gruhle,

Sajjad, and the Padé �t from the IAEA evaluation were used as input to the Exp2Rate

code, which calculates reaction rates and associated uncertainties [84]. Comparing

these rates to the CF88 rate reveals substantial discrepancies between datasets, with

variations up to a factor of two at temperatures around 3 GK. As anticipated from

the cross-section data, Gruhle and Nero's higher cross-sections yield elevated rates.

Meanwhile, McCamis' and Sajjad's lower cross-sections result in lower rates with

tighter uncertainties, failing to overlap with the higher data. These discrepancies

prevent the derivation of a single recommended rate from the currently available

cross-section data.

In addition, the rate derived from the recommended cross-section for16O(p; �) 13N

by the IAEA evaluation was calculated. This rate reveals higher uncertainty, rang-

ing from 0.4 to 2 times the CF88 rate. This large uncertainty in the IAEA-derived

rate can be attributed to two main factors: the use of a mathematical �t to a diverse

set of data points and the inclusion of outdated measurements adjusted to match

more recent data. The considerable variation in the rates calculated from older mea-

surements illustrates the challenges in determining a de�nitive rate for this reaction

based on currently available data.
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Figure 3.4: Reaction rates for T = 2:5�5 GK, relevant to Type Ia supernovae (SNIa),
derived from the experimental datasets of Gruhle, McCamis, Nero, and Sajjad, as
well as the evaluated Hermanne et al. (IAEA Padé �t), all normalised to the CF88
rate. The rates from McCamis (red) and Sajjad (magenta) remain within 0.8 times
the CF88 rate, whereas those from Nero (black) and Gruhle (green) exhibit higher
values, ranging between 1.1 and 2 times the CF88 rate.
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3.4 Reaction Rate at Lower Temperature

For lower temperatures at a range of 0.1�1 GK relevant to CCSNe, a new rate eval-

uation was proposed by Meyer et al. [7]. This new rate was derived from analysing

unbound states in the compound nucleus17F, using spectroscopic information from

analogue states in17O. The Monte Carlo approach was used to provide a reaction

rate with uncertainty using the code of RatesMC [85, 86]. A comparison between

the experimental reaction rate and the Meyer rate is shown in Figure 3.5. Due to the

limited available data at lower energy regions, existing experimental measurements

for temperatures below 0:6 GK do not provide su�cient information on the rate.

However, comparing the rates at temperatures higher than 0:6 GK highlights the

substantial variation between the proposed rate by Meyer et al. and the rates from

experimental cross section measurements. This variation reinforces the need for fur-

ther experimental investigations. In particular, at energies above the �-threshold to

reduce uncertainties and re�ne the reaction rate.
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Figure 3.5: Reaction rates of16O(p; �) 13N for T = 0:1�2 GK, relevant to Core Col-
lapse supernovae (CCSN), normalised to the CF88 rate. The solid and dashed lines
represent rates derived from experimental cross-section datasets using Exp2Rate,
while the shaded regions indicate their respective uncertainties. The recently pro-
posed rate by Meyer et al. (2020) is shown as a blue dash-dotted line, exhibiting a
signi�cant increase at T � 0:6 GK, with a broad uncertainty band (light blue). The
evaluated rate from Hermanne et al. (IAEA Padé �t) is displayed in grey. Reaction
rates extracted from experimental cross-section measurements by McCamis (red),
Nero (black), Gruhle (green), and Sajjad (magenta) are also shown. The comparison
highlights substantial discrepancies between the rate proposed by Meyer et al. and
experimental constraints.
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Evaluation of 17F States

4.1 Signi�cance of the 17F Levels Above the �-

Threshold for CCSN Nucleosynthesis

As it was shown in Section 2.2, the13N(�; p) 16O reaction strongly in�uences the

fate of 13N in the helium shell of core-collapse supernovae, shaping the production

ratios of 13C, 15N, and 16O observed in presolar SiC grains [7]. At T = 0:4 � 1GK,

this reaction proceeds through resonant states in17F located above the �-threshold.

Therefore, accurate information about these17F states (excitation energies, spins,

and partial widths) is crucial for determining the competition between �-capture and

� + -decay of13N. Figure 4.1 shows the decay channels of the17F compound nucleus

above the �-threshold, where the high Q-value of the �-decay channel causes the

excited states of17F to favour the proton emission, i.e. �p � � tot .

Consequently, the �-particle widths (� � ) become the dominant factor in deter-

mining how strongly each resonance in�uences the13N(�; p) 16O reaction rate at the
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energies relevant to CCSN helium shell nucleosynthesis. Despite the astrophysical

signi�cance of the 17F states above �-threshold, key parameters such as energies,

spins, parities, and partial widths remain uncertain.

This chapter provides a comprehensive analysis of the experimental studies of

the 17F level parameters above the �-threshold, focusing on their methodologies,

assumptions, and sources of uncertainty. Additionally, the determined parameters

were compared with direct16O(p; �) 13N cross-section measurements using Azure2

to identify the current discrepancies and emphasise the need for better information

on 17F states.

Figure 4.1: Energy levels of the17F compound nucleus. For the proton channel, the
separation energy is Sp = 0:600 MeV, while for the �-channel it is S� = 5:818 MeV,
resulting in a Q-value for16O(p; �) 13N of Q = �5:218 MeV.
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4.2 Review of 17F Levels Above the �-Threshold:

Limitations and Uncertainties

The spectroscopic information for the17F nucleus is documented in the NNDC

database [87]. Most of the data within the range of Ex = 5:2 to 9:0 MeV come

mainly from two experimental studies: Salisbury et al. [88, 89] and Dangle et al. [77].

However, many of these levels lack �rm spin-parity assignments and have limited

information about the alpha widths. In addition, uncertainties on the excitation

energy, partial widths, and total widths are often missing or unreported.

4.2.1 Salisbury et al. (1962) Study for States at E p = 4:25�7:6

MeV

Salisbury et al. measured di�erential cross-sections for the elastic scattering of pro-

tons on16O within the energy range Ep = 4:25�7:4 MeV, corresponding to excitation

energies Ex = 4:69�7:5 MeV, using phase-shift analysis to determine resonance en-

ergies, spins, parities, and widths. A total of 22 resonances were identi�ed.

The experiment used a tandem Van de Graa� accelerator to generate a proton

beam with an energy spread of less than 3 keV. Scattered protons were detected

using a CsI(Tl) scintillation detector, which achieved systematic uncertainties of

�0:5% for most cross-sections and �0:7% at backward angles.

Several challenges were noted in the study. Several broad resonances, particu-

larly around Ep � 5:55 MeV and E p � 6:33 MeV, exhibited signi�cant interference

with neighbouring states, leading to multiple possible solutions for each state and

discrepancies in phase shift assumptions. On the other hand, narrow resonances,
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such as those at Ep = 6:484 MeV and Ep = 6:564 MeV, had widths comparable to

the beam resolution, further limiting precision in their characterisation.

A key limitation of Salisbury's study is its exclusive focus on the elastic scattering

channel in the analysis. By neglecting other channels, such as16O(p; �) 13N, the

study fails to account for the contributions of the �-decay width (� � ) to the total

width. This oversight may lead to an underestimation of the extracted total widths.

Since the reaction rate calculations for13N(�; p) 16O channels are sensitive to �� ,

this limitation signi�cantly a�ects the ability to constrain the 13N(�; p) 16O reaction

rate at low energy above the threshold. Consequently, the phase shift interpretation

of this study holds some uncertainty, and it remains unclear whether the reported

width represents the total width or only the proton width.

4.2.2 Dangle et al. (1962) Study for States at E p = 7:18�12:9

MeV

Building on Salisbury's work, Dangle et al. extended the investigation of17F

resonances to Ep = 13 MeV and included additional reaction channels, such as

16O(p; �) 13N and 16O(p; p0)16O� .

While the experimental setup was broadly similar to Salisbury's, key re�nements

in the detection system were applied. The re�nements included employing a solid-

state detector with a smaller angular acceptance (< 3:6� ) to achieve the resolution

necessary for separating di�erent proton states. In addition, thin nickel foils were

used to help separate overlapping energy signals from the alpha and proton channels

using the di�erence in energy loss (dE=dx) between alpha particles and protons.

These modi�cations allowed the detection of multiple reaction channels.

47



Chapter 4. Evaluation of 17F States Chapter 4

Dangle et al. accounted for multiple sources of uncertainty: proton energy cal-

ibration errors ranged from 0:1% to 0:13% above 8 MeV; background subtraction

contributed up to 5% error at lower energies; and target impurities (mainly hy-

drogen and nitrogen) impacted the cross-sections by as much as 0:52%. Statistical

uncertainties spanned 1.2�25%, depending on the resonance strength.

A signi�cant limitation reported in this study arose from their approach to parity

assignments. Their parity assignments were based on the assumption that the 8:1

MeV state in 17F is the mirror of the 7:75 MeV state in17O , relying on similarities

in total widths. However, total widths are the sum of partial widths into di�erent

decay channels, which can vary signi�cantly between mirror nuclei. Thus, while two

resonances may exhibit comparable total widths, they may still di�er substantially

in nuclear structure if the partial widths are distributed di�erently across decay

channels. This assumption was then extrapolated to other17F resonances, leading

to multiple parity solutions for each state as more than one set of spin and parity

assignments could accommodate the measured widths.

Additionally, both Salisbury et al. and Dangle et al. used a proton separation

energy of Sp = 596 keV, which has been revised to Sp = 600:27(25) keV based on

more recent mass evaluations [90].

4.2.3 Spin-Parity Revisions for the E x = 6:699 MeV and E x =

7:026 MeV States in 17F

Experimental limitations in Salisbury's work led to uncertainties in the spin-parity

assignments of several17F states. In particular, the Ex = 7:026 MeV state (Ep =

6:833 MeV) was originally assigned 3=2� . However, subsequent 
-correlation studies

suggested that 5=2 was more likely [91], motivating Darden & Hiddleston [92] to
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ascertain the correct spin of this state. In their measurement, Darden & Hiddleston

employed a polarised proton beam to record both cross sections and polarisations

in the 16O(p; p0)16O reaction around Ep � 6:8 MeV. This approach overcame Salis-

bury's experimental limitation by incorporating polarisation-sensitive detectors and

�ner energy steps, enabling a more precise determination of the spin. As a result,

they con�rmed that the state is 5=2� , since only that assignment could accurately

reproduce the observed excitation functions.

Similarly, the state of Ex = 6:699 MeV (Ep = 6:482 MeV) was initially assigned

a spin-parity of 3=2� in Salisbury's study. However, the authors noted a poor

agreement between the �t and the experimental data. This state had a narrow width

of 1:6 keV and the limited beam resolution of approximately 3 keV was insu�cient

for correct characterisation [93]. A subsequent investigation at the University of

Wisconsin later demonstrated that the 3=2� assignment was incorrect [94]. Finally,

Sen [95] overcame these resolution limitations by deploying a polarised proton beam

to measure both cross sections and polarisations near Ep � 6:48 MeV, thereby

re�ning the characterisation of the Ex = 6:699 MeV state and con�rming its revised

spin-parity of 5=2+ .

Table 4.1 presents the resonance parameters as reported by Salisbury et al. [88,

89], including excitation energies Ex , spin-parity assignments J� , and measured

widths. While Salisbury assigned an uncertainty of �0:01 MeV to the proton ener-

gies, uncertainties on the extracted resonance widths were not explicitly provided.

Table 4.2 summarises the states properties measured by Dangle et al. [77] in the

range Ep = 7:58�8:88 MeV. Dangle reported two possible reduced widths for each

state, re�ecting the uncertain spin�parity assignments. In the present work, these

reduced widths were converted into partial widths (�p0; � p1; � � ). For states where a

preferred solution exists, only the corresponding partial widths are adopted; where
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no preference is indicated, both solutions are retained. Uncertainties were reported

only for the total widths in the original work, limiting the precision of the derived

partial widths.

Table 4.1: Excitation energies and properties of17F states above the �-threshold
reported by Salisbury et al.

Ep
a Ex

b J � Total Width Notes
(MeV) (MeV) � lab (MeV)
4.787 5.106 3=2+ 1.63 Very broad, sub-threshold state
5.546 5.824 3=2+ 0.191 Interference with 5.101 MeV state
5.779 6.039 1=2� 0.03 Narrow and isolated
6.332 6.560 1=2+ 0.216 Very broad, uncertain width and spin
6.484c 6.703 5=2� 0.0017 Width comparable to beam resolution
6.564 6.778 3=2+ 0.0048 Width comparable to beam resolution
6.833d 7.037 5=2+ 0.0040 Very narrow
7.313 7.482 3=2+ 0.45 Very broad, signi�cant contribution
7.381 7.551 7=2� 0.027 Narrow and well-de�ned
a All E p values in Salisbury et al. were reported with an uncertainty of �0:01 MeV.
b Ex values are recalculated using: Ex (17F) = (16=17) � E lab + 0:60027 MeV.
c Taken from [95].
d Taken from [92].

4.2.4 Evaluation of 17F States by Meyer et al. (2020) from

Ex = 5:6 to 8:2 MeV

In 2020, Meyer et al. [7] presented a new evaluation for the reaction rate of13N(�; p) 16O

by utilising updated resonance parameters for17F. Instead of only focusing on the

states within the Gamow window for temperatures between 0:4 and 1 GK, they

expanded their analysis to a wider excitation energy range. This wider energy range

of (Ex = 5:6 to 8:2 MeV) accounts for possible contributions from the tails of broad

resonances outside the Gamow window.

A major challenge in calculating the rate arises from the absence of direct mea-

surements of �-widths (� � ), which strongly in�uence the reaction rate. To address

this, Meyer et al. primarily relied on mirror symmetry assumptions to estimate
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Table 4.2: Excitation energies and partial widths of17F above the
�-threshold states deduced from Dangle et al.

Ep
a Ex

b J � � p0
c � p1

d � �
d Total Width ef

(MeV) (MeV) (keV) (keV) (keV) (keV)
7.58 7.753 1=2+ 134 34 10 179(28)
7.58 7.753 1=2+ 135 10 33 179(28)
7.94 8.073 5=2+ 82 9 12 103(19)
8.1 8.224 3=2� 633 46 26 705(235)
8.27 8.384 5=2� 10 1 0.4 11(5)
8.27 8.384 5=2� 9 1 1 11(5)
8.31 8.421 7=2+ 41 0.2 1 42(9)
8.63 8.723 15=2+ 181 - 7 188(28)
8.63 8.723 15=2+ 112 - 76 188(28)
8.88 8.958 5=2� 118 3 2 122(19)
8.88 8.958 5=2� 116 4 3 122(19)

a Some states appear twice when no preferred parity assignment was clear.
b Ex values recalculated as: Ex (17F) = (16=17) � E lab + 0:60027 MeV.
c � p0 is calculated as: �p0 = � total � (� p1 + � � ).
d Values derived from Table 2 in [77], using: �� = 2P

�

 2

0
�P

� �
�P

a

�
and

converted in to (C-M) system.
e Total width taken from Table 3 in Dangle and converted into (C-M).
f The total widths reported here were taken directly from Dangle, while

the partial widths were reconstructed from the reduced widths. Because
the exact penetrability de�nition used in the original analysis is not fully
speci�ed, the reconstructed partial widths do not exactly sum to the
published total widths. The deviations are small (� 2%) and have no
impact on the subsequent analysis.
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these missing widths.

To determine the mirror parameters, Meyer et al. used earlier measurements

from the 13C(7Li,t) 17O transfer reaction, which had been performed at the Tandem-

ALTO facility [96]. In the experiment, a 34 MeV 7Li3+ beam bombarded a self-

supporting enriched13C target. The resulting triton projectiles were analysed using

a magnetic spectrometer and a focal-plane detection system. The spectra obtained

provided excitation energies for17O states with a resolution of 50 keV. The resulting

di�erential cross-sections were analysed using the �nite-range distorted-wave Born

approximation (FR-DWBA), yielding �-spectroscopic factors (C2S� ) and partial

widths (� � ) for 17O.

For each 17F level with possible analogue in17O, Meyer et al. assumed mirror

symmetry, pairing states based on spin, parity, and consistency of total, and partial

widths. The �-spectroscopic factor for 17F then was calculated as C2S� (17F) =

C2S� (17O).

An overall uncertainty factor of 2.5 was assigned on the �-widths of17F inferred

from mirror symmetry. This uncertainty re�ects two factors of: a 50% uncertainty

in the spectroscopic factor from the transfer reaction, and an additional factor of 2

uncertainty associated with the mirror symmetry assumption.

For 17F states without an identi�ed analogue in17O, the �-width was statistically

estimated from a Porter-Thomas distribution, adopting h�2i = 0:04 � 0:02following

the approach of Pogrebnyak et al. [97].

Additionally, for states previously studied by Dangle et al. [77], reduced widths

were taken from their analysis and converted to partial widths for the p0, p1, and

� channels. A conservative 20% uncertainty was assumed for proton widths when
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explicit uncertainties were unavailable.

To evaluate the impact of these revised parameters on the reaction rate, Meyer et al.

employed a Monte Carlo method using the RatesMC code to propagate uncertain-

ties from excitation energies, spin-parity assignments, and partial widths into the

reaction rate. The resulting rate exhibited a total uncertainty of approximately a

factor of 3, with the dominant contributions arising from the states of Ex = 6:036,

Ex = 6:560, and Ex = 6:778 MeV.

Table 4.3: Selected17F states from Meyer et al. [7]. The width source
indicates whether �� was inferred using mirror symmetry (Mirror),
estimated from a statistical model (Assumed), or directly measured
(Measured).

Ex J � � � � p0 � tot �-width
(MeV) (keV) (keV) (keV) Source

5.820 (20) 3=2+ 6:92 � 10 �283 180 180 Assumed
6.039 (9) 1=2� 2:63 � 10 �13 28 28 Mirror
6.560 (20) 1=2+ 1:88 � 10 �3 200 200 Mirror
6.778 (20) (3=2+ ) 3:00 � 10 �2 4.47 4.5 Assumed
7.031 (20) 5=2� 3:59 � 10 �2 3.76 3.8 Mirror
7.361 (20) (3=2+ ) 2.20 7.20 9.4 (19) Assumed
7.483 (20) 3=2+ 4.64 790.36 795 Mirror
7.551 (20) 7=2� 1:10 � 10 �2 29.98 30 Mirror
7.753 (40) (1=2+ ) 11 135 180 (28) Measured*

8.073 (30) 5=2+ 14 79 104 (19) Measured
8.224 (40) 3=2+ 25 636 706 (235) Measured
* The small di�erences in partial width values between Meyer's study and Ta-

ble 4.2 (less than 1.2%) are likely resulted from variations in the de�nition of
the penetrability factor used to convert reduced widths into total widths.
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4.3 Evaluation of Discrepancies Between Meyer's

Spectroscopic Parameters of 17F and The Ex-

perimental 16O(p; �) 13N Cross-Section measure-

ments

Figure 4.2: Comparison of the theoretical cross-section from Meyer et al.'s R-matrix
�t (based on spectroscopic parameters) with experimental cross-section measure-
ments from Gruhle, Nero, Sajjad, and McCamis.

In addition to calculating the reaction rate for 13N(�; p) 16O, Meyer et al. used

the AZURE2 R-matrix code to generate theoretical cross sections based on the

spectroscopic information of17F. Figure 4.2 presents these calculated cross sections,

converted into the 16O(p; �) 13N direction, with the individual resonance represen-

tation. A comparison with experimental datasets from Gruhle, Nero, Sajjad, and

McCamis reveals signi�cant discrepancies, which can be categorised into three key

trends:
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1. High-Energy Region (Ecm = 6:8 � 7:0 MeV): Experimental cross sections tend

to be lower than those predicted by Meyer's parameters.

2. Intermediate-Energy Region (Ecm < 6:75 MeV): The broad resonance at Ex =

7:483 MeV appears systematically higher in experimental measurements.

3. Missing Narrow Resonances: The sharp resonances at Ex = 7:361 MeV and

Ex = 6:778 MeV are not clearly observed in the experimental data.

4.3.1 Fitting �-Particle Widths to Experimental Data Using

AZURE2

An attempt was made to constrain the unmeasured �-widths reported by Meyer

using experimental data. The AZURE2 R-matrix code was used to �t the unmea-

sured � � values against the available experimental data, and the results of the �tted

�-widths are summarised in Table 4.4.

For the �tting procedure, the resonance parameters from Meyer et al. were used

as the initial input for AZURE2. The excitation energies (Ex ) and measured total

widths were held constant to minimise the number of free parameters. Only the ��

values of unmeasured states were allowed to vary, while proton widths were �xed at

the values reported by Meyer. To assess the variation across di�erent experimental

measurements, �ts were performed separately for each dataset (Gruhle, Nero, Sajjad,

and McCamis). The low-lying states at Ex = 5:82 MeV and Ex = 6:039 MeV were

kept �xed at Meyer's values, as no experimental data were available in this range to

constrain them.

Figure 4.3 presents a comparative visualisation highlighting the deviations of

the �-widths from Meyer's predictions. While some broad resonances, such as Ex =
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Table 4.4: Fitted �-particle widths (� � ) for unmeasured17F states, obtained from
AZURE2 �ts to individual experimental datasets (McCamis, Nero, Sajjad, Gruhle).
The last column lists the total width (� tot ) for each state.

State Ex McCamis Nero Sajjad Gruhle Total width (� tot )
(MeV) (keV) (keV) (keV) (keV) (keV)
6.560 2 � 10 �3 5 � 10 �3 5 � 10 �4 2 � 10 �3 200
6.701 6:4 � 10�5 1:9 � 10 �2 7 � 10 �2 1:4 � 10 �2 4.5
6.778 4:1 � 10�2 2 � 10 �3 2 � 10 �3 2:2 � 10 �1 3.8
7.031 1 � 10 �2 3:35 � 10 �1 4 � 10 �2 3:8 � 10 �1 9.4(19)
7.361 8:07 � 10�4 6:39 � 10 �1 3:5 � 10 �3 2:5 � 10 �1 795
7.483 2.4 2.9 3.6 5.4 30
7.551 1.7 4 � 10�5 5 � 10 �7 2:8 � 10 �1 30

Figure 4.3: Comparison of �-particle widths (� � ) for key 17F states, showing
AZURE2-�tted values from experimental datasets (McCamis, Nero, Sajjad, and
Gruhle) as a ratio to Meyer's assumed �-widths.
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6:560 MeV and Ex = 7:483 MeV, showed relatively minor variation, other states,

notably Ex = 7:361 MeV and Ex = 7:551 MeV, displayed signi�cant di�erences, with

� � values varying by factors of 4 to 7 across datasets. These discrepancies in the

�tted �-widths values highlight the di�culty of constraining � � using experimental

data. Moreover, the lack of strong agreement between experimental datasets and

existing resonance parameters raises questions about the reliability of using the

current 17F states parameters in the rate calculation.

4.3.2 The Impact of Interference on the 16O(p; �) 13N Reac-

tion at Energies Near the �-Threshold

Since �tting the �-widths of individual resonances alone was insu�cient to fully

constrain the parameters required for the ratesMC [98] code, as done in Meyer's

work, an alternative approach was adopted. This method aimed to generate a new

cross-section that better aligns with existing data while extending into the lower

energy region relevant to hydrogen ingestion in the He-shell during the core-collapse

supernova shock wave.

To achieve this, AZURE2 was used to reconstruct the total cross-section based

on Meyer's parameters, with the following considerations:

1. Inclusion of interference e�ects between broad resonances, particularly in en-

ergy regions with overlapping states (Ex = 5:2�7:55 MeV).

2. Incorporation of the sub-threshold state at Ex = 5:100 MeV (� = 1 MeV),

which Salisbury suggested may strongly interfere with the neighbouring broad

3=2+ broad resonance at Ex = 5:821 MeV (� = 0:200 MeV).
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3. Systematic variation of interference signs (constructive or destructive) to ex-

plore how di�erent states interact and in�uence the total cross-section.

These interference e�ects were not included in Meyer's cross-section calculations,

potentially contributing to the discrepancies observed in Figure 4.2.

Figure 4.4: Impact of interference from broad resonance overlap and sub-threshold
states on the total cross-section, calculated using AZURE2. The black dashed dotted
line is Meyer cross section when including interference.The red dashed line represents
the e�ect of adding the 5.1 MeV state, showing its contribution to the interference
pattern.

By accounting for interference e�ects, as shown in Figure 4.4, the agreement

with experimental data improved, particularly at Ecm > 6:75 MeV, where Meyer's

calculations had underestimated the cross-section.

To further re�ne the cross-section, multiple interference signs were tested for

each state. It was found that the states at Ex = 6:56 MeV and Ex = 7:753 MeV
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(J � = 1=2+ ) exhibited strong mutual interference, while the states at Ex = 6:778,

Ex = 7:361, and Ex = 7:482 MeV also interacted signi�cantly.

Notably, choosing destructive interference for the Ex = 6:56 MeV and Ex = 6:778

MeV states, with an associated 30% uncertainty, re�ned the overall shape of the

resulting cross-section as can be seen in Figure 4.5. Azure2 input for this new cross

section is represented in table 6.1. Moreover, the updated uncertainty band captured

all available experimental data. Figure 4.6 compares the recalculated R-matrix

cross section, obtained using the modi�ed Meyer resonance inputs, with the original

Meyer calculation without interference. The comparison is shown in terms of the

astrophysical S-factor in the inverse13N(�; p) 16O direction to facilitate visualisation

of the resonant structure and highlight the impact of the applied corrections.

Despite some remaining discrepancies and the absence of new insights into the

nuclear states, this analysis o�ers a conservative approach for constraining the cross-

section at lower energy regions. The experimental data were used to re�ne the

interference pattern in Meyer's cross-section by exploring interference scenarios and

selecting those that reproduce the measured cross-section most accurately. The

necessary modi�cations applied to achieve this agreement were then used to de�ne an

uncertainty range. Finally, a new cross-section was generated by adjusting Meyer's

cross-section within this uncertainty band, ensuring a more reliable extrapolation

into the unmeasured energy range.
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Figure 4.5: Recalculated16O(p; �) 13N cross section obtained with AZURE2 us-
ing the resonance parameters adopted from Meyer et al., after applying the cor-
rections implemented in the present work. These corrections include the assign-
ment of interference signs for overlapping broad resonances and the inclusion of the
Ex = 5:100 MeV state. The shaded band indicates the uncertainty range derived by
comparing the calculated cross section to available experimental data.
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Figure 4.6: Astrophysical S-factor for the inverse reaction13N(�; p) 16O. The solid
black curve shows the recalculated cross section obtained in the present work using
corrected Meyer resonance parameters, including the chosen interference signs and
the addition of the Ex = 5:100 MeV state. The shaded band represents the uncer-
tainty range derived from comparison with experimental data. The magenta curve
corresponds to the original Meyer calculation without interference.
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4.4 Summary and Conclusion

This chapter presented an extensive analysis of the resonance parameters of17F

states above the �-threshold for their role in determining the13N(�; p) 16O reaction

rate. A review of previous experimental measurements of17F states reveals sig-

ni�cant uncertainties in excitation energies, widths, and spin-parity assignments.

While employing mirror symmetry to predict �-widths has proven useful in situa-

tions where direct measurements are unavailable, the signi�cant uncertainties in17F

resonance parameters and their disagreement with measured cross-sections hinder

the reliability of reaction rate calculations based on current17F resonance parame-

ters. Furthermore, this study demonstrated that interference e�ects play a crucial

role in shaping the reaction cross-section, particularly for broad resonances such as

those at Ex = 6:560MeV and Ex = 7:753MeV. The lack of precise spin constraints

for these states introduces further uncertainties in their interference contributions,

underscoring the necessity of improved constraints on their quantum properties.

These �ndings reinforce the need for high-precision experimental measurements

to re�ne spin-parity assignments, partial widths, and the characterisation of17F

states above �-threshold. Addressing these uncertainties will be essential for accu-

rately determining the 13N(�; p) 16O reaction rate in astrophysical environments.
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MUSIC experiment

5.1 Overview of the MUSIC Detector Structure

The Multi-Sampling ionisation Chamber (MUSIC) [99] detector is an advanced ac-

tive target system. Originally developed for relativistic heavy-ion measurements in

the late 1980s [100], MUSIC detectors have recently been successfully employed in

various nuclear reaction studies. These include fusion reactions [101], as well as

(�; p) [102] and (�; n) reactions [103]. The MUSIC detector at Argonne National

Laboratory is housed within the Argonne Tandem Linac Accelerator System (AT-

LAS) [104] in a compact aluminium box of 30 cm (L)�10 cm (W)�20 cm (H). The

chamber can be �lled with various gases, such as helium, methane, neon, or argon,

depending on experimental requirements. MUSIC uses the active target system,

in which the gas in the chamber serves as the target material for nuclear reactions

and as the counting gas for detecting reaction products. The active gas volume is

contained with a cathode plane at the bottom (typically at negative high voltage),

a Frisch grid above the drift region, and a segmented anode plane located at the
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top (near ground potential). The beam enters and exits the chamber through thin

titanium (Ti) windows (1.3 mg/cm 2 thickness) along the beam axis. For energy cali-

bration purposes only, a silicon (Si) detector was installed at 0° along the beam axis

downstream of the MUSIC detector (See Figures 5.1 and 5.2).

Figure 5.1: Schematic three-dimensional representation of the MUSIC detector ge-
ometry, illustrating the segmented anode plane on the top, the cathode plane on the
bottom, the Frisch grid, and the beam axis through the entrance and exit titanium
windows [105].

A key feature of the MUSIC detector is its segmented anode structure, which

enables multi-sampling along the particle trajectory. The anode plane is divided into

18 strips in total: the �rst and last strips (S0 and S17) serve as control strips (not

used in this experiment), while the central 16 strips constitute the active detection

region, as illustrated in Figure 5.3 and Figure 5.4. This segmentation allows MUSIC

to measure the energy-loss at multiple positions inside the gas volume. The 16 active

strips are further split into left and right halves, which function as a multiplicity

�lter providing spatial information on the di�erent ionisation patterns.
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Figure 5.2: External view of the MUSIC detector, showing its overall structure.
Both the silicon detector and the PPAC could be removed when needed [106].

Figure 5.3: Schematic layout of the MUSIC detector anode structure. The upper
panel shows a lateral view of the detector, indicating the relative positions of the
anode plane, Frisch grid, and cathode. The lower panel shows the segmented anode
geometry, including the left and right segments of each strip, the strip numbering,
and the active length of the detector along the beam axis [99].
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Figure 5.4: Downstream view of the MUSIC detector showing the segmented anode
structure at the top. Field shaping rings create a voltage gradient that directs
electrons toward the anode plane [107].
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5.1.1 Signal Generation in the MUSIC Detector

Figure 5.5: Schematic illustration of signal generation in the MUSIC detector. As
the beam passes through the gas, it creates electron-ion pairs (shown as blue elec-
trons and red positive ions). The cathode at the bottom is biased at �2:5 kV, while
the segmented anode at the top is grounded. Field-shaping plates establish a uni-
form electric �eld that guides the electrons upward toward the anode strips. The
Frisch grid, located between the drift region and the anode plane, shields the anodes
from slowly moving positive ions, ensuring fast, uniform signal collection.

In the MUSIC detector, the general principles of gas ionisation chambers (See

Section 2.7) are applied. In principle, the charged particle travels through the MU-

SIC detector, loses energy by ionising the gas, and creates electron�ion pairs along

its path. As shown in Figure 5.5, the liberated electrons drift toward the anode while

the positive ions drift toward the cathode, inducing measurable signals on the read-

out electrodes. The cathode at the bottom of the detector was biased at �2:5 kV,

and the anode was grounded. A uniform electric �eld supplied by the �eld-shaping

plates guides the liberated electrons to the detector anodes. The segmented anode

captures each particle's energy-loss pro�le, or "trace". Typically, this trace shows a

gradual increase in energy-loss as the particle slows down. When a nuclear reaction

occurs, the resulting particle causes a sudden change in the energy-loss pattern. The

energy-loss of each particle inside the detector is approximately proportional to the
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square of the particle's charge:

�E / Z 2 (5.1)

Figure 5.6: Example of experimental traces detected at strip 3 from a previous
MUSIC measurement [108]. Each reaction channel producing a distinct trace:
23Na(�,� 0)23Na (grey), 23Na(�,p) 26Mg (red), and 23Na(�,n) 26Al (blue). Traces cor-
responding to the unreacted23Na beam are shown in black. The horizontal axis
shows the anode strip number, while the vertical axis shows the measured energy-
loss �E in units of MeV.

Depending on the charge of the produced particle, the change in energy-loss

appears as a characteristic �dip� or �spike� in the energy-loss trace, relative to the

beam's energy-loss.

Figure 5.6 shows representative examples of energy-loss traces recorded in the

MUSIC detector, taken from a previous experiment investigating the23Na(�,p) 26Mg

and 23Na(�,n) 26Al reactions [108]. These traces illustrate the characteristic detector

response and demonstrate how reaction events are identi�ed through a sudden devi-

ation from the beam energy-loss pattern. In this example, clear jumps are observed

in strip 3, where the formation of new reaction products leads to a distinct change

in the detected energy-loss behaviour. Each reaction channel produces a unique

trace that di�ers from the unreacted beam, enabling event classi�cation. Since each
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anode strip in the detector corresponds to a speci�c beam energy (will be detailed

in Section 5.2.5), the location of a �dip� or �spike� helps to determine the reaction

energy. Hence, the MUSIC detector can measure nuclear reaction cross-sections

across a range of energies using a single beam energy, o�ering an advantage over

traditional methods that require multiple measurements at di�erent beam energies.

5.2 Detector preparation and Calibration

5.2.1 Simulation for Experimental Optimisation and Detec-

tor Response

Simulations of the MUSIC detector response were performed before the experiment

with the primary aim of optimising the experimental setup. These simulations

were used to determine appropriate beam energies and gas pressures, ensuring that

the Bragg peak of the primary beam was within the detector's active region and

that di�erent reaction products could be clearly distinguished by their energy-loss

behaviour. The simulated energy-loss traces, shown in Figure 5.7, illustrate the

expected separation between the unreacted16O beam particles (black), (p; �) reac-

tion products (green), and (p; p0) elastically scattered particles (red). In addition,

simulated �E��E histograms were used to con�rm that the (p; �) channel (green)

could be isolated from competing reaction channels under the chosen experimental

conditions.

It is important to emphasise that these simulations were not used for event-by-

event comparison with the experimental data, nor employed to reproduce measured

cross-sections or event yields. As is standard in MUSIC analyses, the simulations

serve solely as a tool for detector response validation and experimental optimisation.
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