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Abstract

A possible mechanism to explain the origin of around 35 neutron–deficient stable

isotopes with mass A�75 between 74Se and 196Hg, known as the p–nuclei is the nu-

cleosynthesis in the proton–rich neutrino–driven winds of core–collapse supernovae via

the νp–process. However this production scenario is very sensitive to the underlying

supernova dynamics and the nuclear physics input. As far as nuclear uncertainties are

concerned, the breakout reaction from the pp-chains, 7Be(α, γ)11C, has been identified

as an important link which can influence the nuclear flow and therefore the efficiency

of the νp–process. However its reaction rate is not well known over the relevant energy

range (T9= 1.5–3).

In this thesis we report on the direct first measurement of two resonances of the
7Be(α, γ)11C reaction with previously unknown strengths using an intense radioac-

tive 7Be beam from ISAC and the DRAGON recoil separator in inverse kinematics.

Since resonance strength measurements with low mass beams using recoil separators

depend strongly on the recoil angular distribution, which can exceed the acceptance

of the separator, we first performed a proof–of–principle test by measuring a known

resonance of the 6Li(α, γ)10B reaction, which also presents a similar challenge.

Our results from the 6Li(α, γ)10B reaction are in agreement with literature, show-

ing that DRAGON can measure resonance strengths of reactions for which the max-

imum momentum cone of the recoils exceeds its acceptance.

From the newly measured 7Be(α, γ)11C resonance strengths we calculated the

new reaction rate which is lower than the current recommended by 10–50% and

constrained to 5–10% in the relevant temperature region. Using this new rate, we

performed detailed nucleosynthesis calculations which suggest that there is no effect

the production of light p–nuclei, but a production increase for CNO elements of up

to an order of magnitude is observed.
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Chapter 1

Introduction

Non est ad astra mollis e terris.

(There is no easy way to the stars from earth.)

| Seneca ( Hercules Furens, 437)

1.1 Overview

Humans have always been fascinated and curious about the cosmos and its con-

stituents. The �rst attempts to understand the origin of matter come from ancient

Greece1 and the natural pre{Socratic philosophers Democritus from Abdera and his

teacher Leucippus. They argued that everything is composed of indivisible entities

called atoms2 and void. Atomism, as this materialistic philosophy was named, con-

tinued to in
uence schools of thought through the ages and in the early 20th century

Einstein, Bohr, Rutherford and many other theoretical and experimental physicists

managed to show the existence of atoms and turned them from philosophical entities

to constituents of the physical world. The discovery of atoms eventually led to the

development of nuclear and particle physics during the mid{20th century.

Our ideas about the stars changed signi�cantly over the years. Humans have

always wondered why the Sun shines. The 5th century B.C.E. Greek philosopher

Anaxagoras �rst suggested that the Sun is a ball of red{hot iron not much bigger

than Greece and that is the same type of object as the night time stars, but closer to

1Similar attempts are also recorded in ancient Indian texts of the Nyaya and Vaisheshika schools.
2The word \atom" originates from the Greek \ atomos", which means \undivided".
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Earth. As years passed by, our ideas about the Sun and the stars changed and in the

early 20th century from the work of both theoretical astrophysicists and astronomers,

such as Sir Arthur Eddington and Cecilia Payne{Gaposchkin, we determined that

stars are big spheres of gas, mainly composed of hydrogen and a newly discovered

element called helium3.

The interrelation between atoms and stars became apparent during the mid{20th

century, after the advent of quantum mechanics and when the �rst interactions be-

tween atoms were studied in a laboratory environment. The revolutionary theory of

quantum mechanics led Bethe, Gamow, von Weizs•acker and others to the conclusion

that energy can be generated in stars via reactions between nuclei. Cockcroft and

Walton at the Cavendish Laboratory in the U.K., using their newly developed accel-

erator to bombard lithium with highly energetic protons, initiated the �rst nuclear

reaction in a laboratory, transforming the lithium into two helium nuclei, which also

led to the development of nuclear technology (energy and weapons). The idea of mat-

ter transformation dates back to the middle ages, when the alchemists were trying to

turn cheap metals into gold. Shortly after Cockcroft and Walton, on the other side

of the Atlantic Ocean, Lauritsen and Crane bombarded carbon with protons at the

Kellogg Radiation Laboratory in Caltech.

Experimental and theoretical advancements in both nuclear physics and astro-

physics during the 1950s led Cameron (1957) and Burbidge et al. (1957) independently

to suggest that the chemical elements are synthesized in astrophysical environments

and that could also explain the elemental abundances in the solar system, as shown in

Figure 1.1. They showed that the most abundant elements in the universe, hydrogen

and most of helium, were created few minutes after the Big Bang, while the rest are

produced by nuclear reactions in the cores or on the surfaces of stars, during their

lives and deaths. This was one of the biggest scienti�c triumphs of the twentieth cen-

tury. Those two seminal papers o�cially established the �eld of nuclear astrophysics,

which since then had some great successes, such as the direct detection of neutrinos

as nuclear messengers from the sun in the 1960s by Davis and later from supernova

1987A by the Kamiokande II, IMB, and Baksan collaborations, and the recent de-

tection of gravitational waves and the electromagnetic counterpart of a neutron star

merger in 2017, that we shall discuss later in this chapter.

3\Helium" originates from the Greek \ helios" which means Sun.

2
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Figure 1.1: Solar elemental abundances as a function of mass number normalized to
silicon. The open symbols represent odd mass number nuclei and the full symbols
even ones. The threes{ and r {process peaks are shown. The �gure and the elemental
abundances are adapted from Lodders et al. (2009).

Nowadays, nuclear astrophysics is a multidisciplinary �eld of study, where nu-

clear physics, astrophysics, astronomy, chemistry, geology, and computer science are

combined to tackle the question of the origin of the elements in the cosmos and the

generation of energy in the stars during their lives and deaths.

One of the long{standing puzzles in nuclear astrophysics, related to the topic of

this thesis, is the production of elements heavier than iron (Fe) which, as we can

see in Figure 1.1, are much less abundant than the lighter elements. According to

our current understanding, the heavy elements can be produced in a core{collapse

supernova explosion, the swan song of a massive star's evolution.

3



Ph.D. Thesis { Athanasios Psaltis McMaster University { Physics & Astronomy

1.2 Massive star evolution

For the purpose of this work, we shall review the evolution of a 20 M� star4, using

the Modules for Experiments in Stellar Astrophysics (MESA)5 software (Paxton et al.,

2010, 2013, 2015, 2019).MESA staris an open source 1D stellar evolution module

which can solve the fully coupled structure and composition equations simultaneously.

For full nucleosynthesis calculations, as the ones that we shall perform in this work,

the MESAoutput can be easily manipulated by post{process reaction network codes,

such as NuGridNuPPN(see Sections 2.3 and 6.4). More sophisticated hydrodynamics

codes, such asFornax (Skinner et al., 2019), can provide a more realistic description

in 2D or 3D, especially during the late life stages, as we shall discuss later in this

chapter.

Stars are much like all living entities: they are born, live and die in the cosmic

ocean. Their formation starts in the cold interstellar medium, where massive gas

clouds consisting mainly of hydrogen and helium6, called nebulae, start to contract

due to gravity. Each nebula can produce stars of di�erent masses and their mass

distribution is described by the Initial Mass Function (IMF). Low mass stars, like the

Sun, are more common than the massive stars we shall study in this thesis. According

to the widely used IMFs by Salpeter (1955) and Kroupa (2001), for every one star

twenty times more massive than the Sun (M= 20 M� ) one thousand stars as massive

as the Sun (M= 1 M� ) are formed in the Milky Way. Despite their rarity, massive

stars are of extreme importance for the synthesis of elements in the cosmos.

When the newly born star can balance the gravitational contraction produced by

its mass with a pressure gradient created by nuclear fusion that occurs in its hot and

dense core, it enters the Zero Age Main Sequence (ZAMS) stage. Stars remain in

the Main Sequence of the Hertzsprung{Russell diagram (HRD) (Figure 1.2) for most

of their evolution, converting hydrogen into helium. Low{mass stars, like the Sun,

4The model we used (M20.0.Z2.0e-02 ) can be found in the University of Victoria Astrophysics
Simulation Data Repository (ASDR) and more details about it are available on Ritter et al. (2018).

5The model was created using Release 3709. The software can be downloaded from theMESA
website.

6In astronomy, elements heavier than helium are denoted as \metals". Each star has a speci�c
abundance of metals, or metallicity. According to the metallicity of a star, we can group them
into three populations: PopI, PopII and PopIII. PopI stars are metal{rich, meaning that they are
relatively young, while PopII stars are metal{poor, hence older. PopIII is a hypothetical stellar
population of the �rst massive stars of the universe, without any metals.
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generate their energy via thepp{chains, while higher{mass stars (M> 1.3 M� ) via

the CNO cycles (Rolfs and Rodney, 1988; Iliadis, 2015).

Figure 1.2: Evolutionary tracks on the Hertzsprung{Russell diagram (HRD) for three
stars: 0.5 M� and 1 M� up to the ZAMS stage, and 20 M� just before core{collapse
from MESAmodels. The grey band represents the Main Sequence, where stars spend
most of their lifetime, fusing hydrogen into helium in their cores. The end of each
evolutionary track calculation is indicated with a dark grey circle.

According to their mass at ZAMS, stars will undergo subsequent burning stages7

in which both the core temperature and density will increase due to gravity (Vogt{

Russell theorem). The ashes of one nuclear burning stage, will become the fuel for the

next one. After the Main Sequence a 20 M� star8, for example, will fuse helium into

carbon and oxygen, then carbon to oxygen and neon, neon to oxygen, magnesium

and silicon, oxygen to silicon and sulfur and �nally silicon into iron{group elements

(see Figure 1.4). As the central temperature and density rise, an equilibrium state

called the Nuclear Statistical Equilibrium (NSE) develops, where all reactions between

nuclear species are in equilibrium. Figure 1.3 shows the evolution of central density

� c and temperature Tc as the star evolves and proceeds to di�erent burning stages.
7Note that our discussion is focused on single stars. However, most of the stars in the universe

have one or multiple companions. Their evolution is more complicated, since it might also involve
mass transfer between them, and it is beyond the scope of the present thesis. The interested reader
is referred to Jos�e (2016) and references therein.

8We shall not discuss the e�ects of mass{loss, rotation, magnetic �elds and metallicity in massive
star evolution, since they are beyond the scope of this thesis. The interested reader is referred to
the reviews by Woosley et al. (2002); Chie� and Limongi (2013) and references therein.

5
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Figure 1.3: Central temperature (Tc) and density (� c) pro�le for a 20 M � , Z= 0:02
star usingMESA(black solid line). The dashed lines correspond to the di�erent stages
of core burning and the diagonal dotted line the beginning of degeneracy in the
electron plasma. Instability processes are indicated with grey scale.

The structure of a 20 M� star during its evolution up to the end of silicon burn-

ing is presented using a Kippenhahn diagram in Figure 1.5. The nuclear burning

timescales decrease rapidly from� 107 years for core hydrogen burning to� 10 days

for core silicon burning (see Figure 1.5 and Table 1.1). We can estimate the nuclear

lifetime for each stage via� nuclear � � nuclearM=L total , where� nuclear is the generated en-

ergy via nuclear reactions,M the mass of the star and Ltotal the total luminosity,

which includes the contribution from both 
 rays (L 
 ) and neutrinos (L � ). For the

advanced nuclear burning stages, most of the generated energy is radiated away by

neutrinos, which have very small interaction rates with the stellar plasma and for this

reason they can exit the star at almost the speed of light without interacting and

losing their energy. For this reason, the star will remain in the same position in the

Hertzsprung{Russell diagram, since the structural change happens very quickly, as

one can see in the Luminosity row of Table 1.1 for neon, oxygen and silicon burning.

6
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Figure 1.4: Stellar composition as a function of the enclosed mass before core collapse
of the 20 M� , Z= 0.02 MESAmodel. Some important species are shown.

Nuclear burning stops at the iron{group elements since their fusion is endother-

mic, and hence they cannot contribute to the luminosity of the star. The typical

image of a massive star structure is that of concentric shells corresponding to the

di�erent burning phases. Early stellar evolution codes and some widely used nowa-

days, such asMESA, assume spherical symmetry (1D) to solve the equations of stellar

evolution more easily. However, multi{dimensional (2D and 3D) simulations have

shown that mixing in the form of convective burning is present during the di�erent

stages, especially in the oxygen and silicon layers, and that has implications for the

subsequent nucleosynthesis (Janka et al., 2016).

1.3 Core{Collapse Supernovae

The core{collapse supernova (ccSN) was proposed as the last stage of massive star

evolution by Baade and Zwicky (1934), well before nuclear processes in stars were

well studied, as a way to explain the origin of high energy cosmic rays. After core

silicon burning and NSE, the stellar core is mostly made out of iron{group elements

and it is supported by degenerate electron pressure, with temperature and pressure

7
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Table 1.1: Burning stages summary of a 20 M� star from Woosley et al. (2002).

Burning Stage Temperature Density � Luminosity Lifetime �
(10 9 K) (g/ cm 3) 10 3L �

Hydrogen 0.04 4.53 62.6 8.13 Myr
Helium 0.20 968 102 1.17 Myr
Carbon 0.87 1:7 � 105 143 0.976 kyr
Neon 1.57 3:1 � 106 147 0.599 yr

Oxygen 1.98 5:55� 106 147 1.25 yr
Silicon 3.34 4:26� 106 147 11.5 d

being T9 � 10 (T9 is the temperature in units of 109 K or GK) and � � 1010 g/cm3

respectively (see Figure 1.3). The iron core will reach a critical mass (� 1.44 M� ),

known as the Chandrasekhar mass limit, and after that it will start to collapse, since

the electron degeneracy pressure cannot stabilize it (upper left panel in Figure 1.9).

The dynamics of the collapse strongly depend on two parameters, the electron mole

fraction Ye (leptons per baryon), and the entropy per baryons. These two quantities

are determined by weak interaction processes, such as electron capture and� decay.

In the early stages of the core{collapse, electron captures and photodisintegrations of

iron{peak nuclei decrease the Ye, making the material in the core more neutron{rich.

In addition, electron captures remove electrons that contribute to the degenerate

pressure and hence the collapse is accelerating. As the core with a radius of thousand

kilometers is collapsing to an object with a radius of tens of kilometers, its density

will reach � � 1012 g/cm3. In addition, the emitted neutrinos will be trapped, since

their di�usion time becomes larger than the collapse time (Janka et al., 2007) (upper

right panel in Figure 1.7). The region of the trapped neutrinos is referred to as

the neutrinosphere. The core density will increase up to the nuclear density9 (� �

2:7 � 1014 g/cm3), which makes the strong nuclear force repulsive.

This results in a rebound of the core and a formation of a shock wave which will

encounter material from the rest of the star, infalling at supersonic speed (middle

left panel in Figure 1.7). This is commonly known as the prompt shock, and it has

been shown that it cannot trigger the subsequent explosion (Janka et al., 2007). The

neutrinos that are located outside the neutrinosphere will escape from the star freely,

9To give a perspective of the enormity of this number, it is almost 10 billion (� 1 � 1013) times
more dense than the densest element, osmium.

8
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Figure 1.5: Stellar structure (Kippenhahn) diagram of a 20 M� star with Z = 0:02
from the MESAmodel. The diagram shows the evolution of the stellar structure as
a function of the time left until the core collapse. The grey zones correspond to
the convective zones, and the burning regions are also indicated. The blue solid line
and the black dashed line represent the H{free and He{free cores respectively. The
blue bands indicate the net energy generation/loss from nuclear burning and neutrino
emission.

since their interaction probability is very small (middle right panel in Figure 1.7).

The hot compact remnant will become a proto{neutron star (PNS) with a mass of

� 1:4 M� which grows rapidly by accreting the infalling material. It will eventually

evolve into a neutron star, or collapse into a black hole, depending on the initial mass

of the progenitor star10. The shock is weakened as it propagates outwards and stalls

at around 100{200 km away from the PNS, before being able to reach the surface of

the star, and turns into an accretion shock. The solution to this issue, which revives

the shock and leads to a successful explosion is provided by the neutrinos streaming

o� the neutrinosphere (bottom left panel in Figure 1.7).

10Progenitor stars with 25 M � � M � 40 M� usually produce a black hole (BH) by fallback and
M > 40 M� a direct BH (Heger et al., 2003).

9
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Figure 1.6: Schematic representation of the evolutionary stages of a core{collapse
Supernova explosion. The �gure was adapted from Janka et al. (2007). See the text
for more details.

10
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1.3.1 The Role of Neutrinos

The revival of the stalled shock that leads to a successful supernova explosion is one

of the greatest puzzles in astrophysics. The importance of neutrinos for a successful

ccSN explosion was already suggested by early studies from Colgate and White (1966)

and Arnett (1966), since they are expected to carry the bulk of the core{collapse

energy. We can calculate the gravitational binding energy released using

Eb � Eg �
3
5

GM 2
ns

Rns
� 3:6 � 1053

�
M ns

1:5M �

� 2 �
Rns

10 km

� � 1

erg (1.1)

where Mns and Rns are the mass and radius of the neutron star, respectively. Most

of this energy is carried away by neutrinos and antineutrinos. For a typical neutron

star (Mns = 1:44 M� and Rns= 12 km) Eb = 2:8 � 1053 erg and less than 1% of that

is su�cient to power the explosion11.

Bethe and Wilson (1985) proposed that the stalled shock is revived by the de-

layed neutrino{heating mechanism. Electron neutrinos (� e) and antineutrinos (�� e)

emerge from the hot and dense PNS and deposit some energy in the shock by getting

reabsorbed by free nucleons

� e + n ! p + e� (1.2)

�� e + p ! n + e+ (1.3)

The stalled shock gains fresh energy from the neutrinos streaming from the neutri-

nosphere, and this situation is known as neutrino heating. The neutrino{induced

energy deposition creates a negative entropy gradient and the heated layer becomes

convectively unstable (Burrows et al., 1995). In addition, a Standing Accretion Shock

Instability (SASI) increases the mass accretion between shock and neutron star and

creates mushroomlike high{entropy structures (Blondin and Mezzacappa, 2007).

1.3.2 From Core{Collapse to Explosion

The energy transfer from the neutrino heating will increase the post{shock pressure

and if the neutrino heating is strong enough, the shock can be ejected outward, leading
11 The energy output of a supernova explosion is measured in units of foe (1 foe = 1051 erg) which

is an acronym for [ten to the] �fty{one ergs.
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to a successful explosion12. At the same time, matter is continuously accreted towards

the neutron star. When the phase of mass accretion and out
ow ends, neutrino{

energy deposition near the PNS will launch the so{called neutrino{driven wind, which

is an out
ow of ejected material at supersonic velocities (Duncan et al., 1986) (lower

right panel in Figure 1.9).

The equilibrium initial Y e of the neutrino{driven wind can be calculated from an

analytic model by Qian and Woosley (1996)

Ye �
�
1 +

L �� e

L � e

� �� e � 2� + 1 :2� 2=� �� e

� � e + 2� + 1 :2� 2=� � e

� � 1

(1.4)

whereL � e is the electron neutrino luminosity,� � e = hE 2
� e

i =hE � e i � 4:1 kT� e the ratio

of the mean squared neutrino energy and the mean neutrino energy,kT� e the neutrino

temperature in MeV, with similar relations for the antineutrinos, and �= 1.273 MeV

is the neutron{proton mass di�erence. Simulations have shown that supernova neu-

trinos show an energy hierarchy, withE � x � E �� x > E �� e > E � e , where x refers to �

and � neutrinos and their antiparticles (Fischer et al., 2010), which suggests that the

early wind should be proton{rich, Ye > 0:5 (see Figure 1.7).

The value of Ye in the wind also depends on the the neutrino and antineutrino

captures on free nucleons and heavy nuclei (Qian and Woosley, 1996; McLaughlin

et al., 1996), as well as on the oscillation between neutrino 
avours, since they change

the � e, �� e energies (Yoshida et al., 2006; Wu et al., 2015). Whether Ye is below or

above 0.5 has strong implications for nucleosythesis in neutrino{driven winds in the

innermost supernova ejecta, as we shall discuss in the following section.

In terms of simulating a ccSN explosion, 1D hydrodynamic codes, likeMESA, re-

move the PNS and replace it either by a piston which is driven at the innermost zone

of the star (Woosley and Weaver, 1995) or by a straight energy deposition in the

inner few tenths of a solar mass by means of a thermal energy bomb (Thielemann

et al., 1996). State{of{the{art neutrino{driven explosions in multi{dimensional mod-

els with energy{dependent neutrino transport mechanism have been successful in

both 2D, e.g.Buras et al. (2006); Wanajo et al. (2018), and 3D,e.g.Vartanyan et al.

(2019) and they show that the Ye of the neutrino{driven wind is indeed proton{rich.

12We can think of ccSN as a critical phenomenon, a bifurcation between steady (mass accreting)
and exploding solutions of the di�erential equations that describe its evolution.

12
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Figure 1.7: Neutrino{driven wind electron fraction Ye from Equation 1.4 for di�erent
neutrino and antineutrino energies. Black contours correspond toL � e=L �� e = 1 and
grey contours toL � e=L �� e = 1:1. The points correspond to the electron neutrino and
antineutrino energies from ccSN simulations 10 s after the core bounce found in liter-
ature: Fischer et al. (2010) with red, Woosley et al. (1994) with light grey, H•udepohl
et al. (2010) with dark grey and Arcones et al. (2007) with black. The gray band
corresponds to the range of electron antineutrino energies detected from SN1987A.
The �gure is adapted from Arcones and Montes (2011).

1.3.3 Open Questions

Despite the huge advancements in our understanding of core{collapse supernovae

explosions since the 1930s, there are still many open questions regarding their nature.

In the following we shall list some of them and the interested reader is referred to the

references of this chapter for more details:

� Convection or SASI as the trigger of the shock expansion?

� How can self{consistent simulations match the energy output of ccSNe?

� Will the future neutrino observatories be able to detect more SN neutrinos?

� Will the Advanced LIGO detector detect gravitational waves from ccSNe (Evans

and Zanolin, 2017)?

13
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1.4 Nucleosynthesis in Core{Collapse Supernovae

Core{collapse supernovae explosions are of extreme importance for nucleosynthesis,

since they can produce a wide variety of iron{peak and trans{iron elements. As the

shock is moving from the PNS outwards, it encounters infalling material from di�erent

shells.

1.4.1 Explosive Burning

The shock encounters the silicon layer �rst, heats it to T9 � 5 and undergoes complete

explosive silicon burning, in which the28Si will be destroyed and transformed into

iron{peak nuclei. At these typical temperatures reactions are in NSE, and the �nal

abundances will be determined by the characteristics of the environment, such as

temperature, density and the neutron excess (see also Section 2.3). Iron{peak nuclei

with Z� N with large binding energies are produced in this scenario,e.g. 56Ni. As

the layer is expanding and cooling, reactions fall o� equilibrium at a characteristic

freeze{out temperature. The �rst reaction that drops out of equilibrium is the triple{�

reaction (a two{step reaction with the �rst step being 4He+ 4He ! 8Be, immediately

followed by 8Be + 4He ! 12C), that can provide a lot of � particles. According to the

density (or equivalently expansion time) of the layer when it reaches this freeze{out

temperature, two distinct outcomes can occur; for highly dense layers, NSE predicts

a very small amount of light nuclei (protons, neutrons and� ) in the environment,

and as a result the NSE abundance will not be altered (normal freeze{out). However,

if the density is low at freeze{out, NSE predicts a large excess of� particles which

will be captured by heavier nuclei, varying greatly the NSE abundance distribution

(� {rich freeze{out).

After complete explosive silicon burning and freeze{out the shock wave will con-

tinue to encounter 28Si layers, but it will heat them at a lower temperature of

T9 � 4 � 5. In these conditions, instead of NSE, two distinct quasi{equilibrium

(QSE) clusters will be created, one close to28Si and one at iron{peak nuclei. The

nuclear abundances will depend on the abundance of28Si, in addition to the char-

acteristics of the environment. Not all of the28Si will be processed in this case and

hence it is referred to as incomplete silicon burning (Woosley et al., 1973). Similar

burning will occur as the shock wave encounters layers rich in16O (incomplete oxygen

14
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burning), 20Ne and 12C (incomplete carbon/neon burning).

The other layers will be heated by the shock at temperatures T9 � 2 for a short

time, and hence they will not experience any burning. Eventually the shock will reach

the stellar surface between a few hours to a day after the core{collapse.

From the explosive burning stages we discussed, some important
 ray emitters

can be produced, such as44Ti and 56Ni, which have been observed in supernovae

remnants (see Section 1.5.3).

Figure 1.8: Decomposition of solars{ (solid line), r { (black circles) andp{abundances
(white squares) relative to silicon. The �gure is adapted from Arnould et al. (2007).

1.4.2 s{process

Almost half of the elements between iron (Fe) and bismuth (Bi) are synthesised by

the slow neutron{capture (s-) process (K•appeler et al., 2011). Thes{process path is

described by radiative neutron captures { (n; 
 ) reactions { on stable nuclei followed

by � � decays when the path reaches an unstable, relatively long{lived nucleus (see
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Figure 1.9: Example from the chart of nuclides illustrating the position of the lightp{
nuclei 92Nb and 92;94Mo, which are shielded from thes{process 
ow and ther {process
decay chains.

Figure 1.9), converting an excess neutron into a proton. That way the nuclear 
ow

heads towards heavier elements.

The s{process operates in two distinct astrophysical environments, where the

neutron 
ux is N n = 107� 12 cm� 3, and each of those produces a speci�c subset of the

s{nuclei:

1. Thermally pulsing low{mass (M < 4 M� ) Asymptotic Giant Branch (AGB)

stars produce the stables{nuclei with A � 90 the so{called mains{process

component. The main neutron source is the13C(�; n )16O reaction with the
22Ne(�; n )25Mg reaction having a small contribution during thermal pulses.

2. Massive stars (initial M� 8{10 M� ) produce the stables{nuclei with 60 < A

< 90 in the weaks{process component (Pignatari et al., 2010). The neutron

source is the22Ne(�; n )25Mg from the 18O(�; 
 )22Ne reaction that was produced

towards the end of helium burning.

The main uncertainties of the s{process include the precise knowledge of the

cross{sections of the nuclear species that act as neutron sources and poisons. The
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interested reader is referred to the studies of Pignatari et al. (2010), K•appeler et al.

(2011) and Reifarth et al. (2014) for an in{depth discussion.

1.4.3 p{process

A small group of around 35 stable neutron{de�cient nuclei with A � 74 between

selenium (Se) and mercury (Hg) cannot be produced by either thes{ or the r {

process, which we shall describe in the next section (Figure 1.9). These are referred

to as p{nuclei and their origin is a long{standing puzzle in nuclear astrophysics.

The fact that a distinct process produces these isotopes had been already identi�ed

from the early days of nuclear astrophysics by both Cameron (1957) and Burbidge

et al. (1957). They were referred to as \excluded" nuclei, since they were \shielded"

by the s{ and the r {process reaction path. For this reason their solar abundances

are around one to two orders of magnitude smaller than thes{ and r {counterparts,

as shown in Figure 1.8, and no singlep{nucleus is the most abundant isotope of any

element.

It is generally accepted that thep{nuclei in the solar system have been produced

by more than one processes; however their synthesis mechanism is commonly referred

to as p{process. In the following we shall focus on those operating in massive stars,

but we will also mention every other proposed mechanism.

In the early models of Burbidge et al. (1957), thep{process was placed in the

hydrogen{rich layers of core{collapse supernovae. (p; 
 ) and (
; n ) reactions ons{ and

r {nuclei would produce thep{nuclei at conditions of T� 2:5 GK and � � 100 g/cm3.

Arnould (1976) �rst proposed that the p{nuclei are produced in the oxygen/neon

burning zone as the shock passes through it. In this scenario, photodisintegration

of heavy seed nuclei via (
; n ), ( 
; p ) and (
; � ) reactions13 can synthesize neutron{

de�cient species. In thep{process each mass region is produced at a di�erent peak

temperature: intermediate massp{nuclei (A � 92{136) are produced at T9 � 2:5� 3,

while the heavy p{nuclei (A > 140) at T9 < 2:5 (Rayet et al., 1990; Arnould and

Goriely, 2003).

A site that has gained popularity in recent years and is now considered the dom-

inant scenario for the production of the majority ofp{nuclei is the thermonuclear

13For this reason, the p{process is also referred to as
 {process (Pignatari et al., 2016).

17



Ph.D. Thesis { Athanasios Psaltis McMaster University { Physics & Astronomy

explosions of Chandrasekhar mass carbon{oxygen white dwarfs (CO WD)14, via Type

Ia supernovae (SNIa) (Travaglio et al., 2011). Galactic Chemical Evolution (GCE)

models show that this site can account for the production of thep{nuclei (Travaglio

et al., 2014).

Finally, some of the lightp{nuclei can also be produced via therp{process, which

occurs when a neutron star accretes hydrogen and helium from a companion star

and thermonuclear runaway causes a Type I X{ray burst (Schatz et al., 1998). This

scenario cannot explain the solarp{abundances, because the strong gravitational �eld

of the neutron star prohibits the ejection of the produced nuclei into the interstellar

medium. Nevertheless, it has been shown that through mass{loss though radiation{

driven winds some amount of material can escape (Ebisuzaki et al., 1983). This is

still an open issue, since nucleosynthesis calculations show that the concentration of

p{nuclei in the neutron star envelope is not high enough (Jos�e et al., 2010).

It is remarkable that despite the variety of astrophysical models, these processes

can reproduce the solar abundances of most of thep{nuclei within a factor of 3 (e.g.

see the sensitivity studies by Rapp et al. (2006) and Rauscher et al. (2016)). Never-

theless, several light species, such as92;94Mo, 96;98Ru, 113In and 115Sn, are signi�cantly

underproduced in most models and their status asp{nuclei is under debate (Dillmann

et al., 2008). Sensitivity studies have shown that the main uncertainties of thep{

process arise mainly from the theoretically predicted rates of reactions on unstable

nuclei and of excited state contributions, which can alter the reaction 
ow (Rauscher

et al., 2016). Unfortunately, most of these reactions cannot be studied directly using

the current radioactive ion beam (RIB) facilities.

To summarize our discussion of thep{process: it is still an open issue in nu-

clear astrophysics, but many di�erent production mechanisms can explain their solar

abundances.

1.4.4 � {process

Neutrinos of all 
avours that are produced during the stellar core{collapse stream

through the outer layers of the star before the shock wave reaches them. Even though

their cross{sections with matter are very small, their large number can excite stellar

14The same scenario, but with a sub{Chandrasekhar mass CO WD has been identi�ed as the site
for the pn{process which can also producep{nuclei (Goriely et al., 2002).
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mantle nuclei above particle breakup (neutron, proton or� ) via charged{current

and neutral{current reactions producing new nuclei. This nucleosynthesis scenario is

referred to as the neutrino (� {)process (Domogatskii and Nadezhin, 1978; Woosley

et al., 1990; Heger et al., 2005).

Neutrino{induced reaction cross{sections are proportional to the square of their

energy, and recalling our discussion in Section 1.3.2, the reactions relevant to the

� {process are mainly driven by� and � neutrinos.

The � {process can contribute to the solar abundances of7Li via 4He(� x ; � 0
xp=n),

11B via 12C(� x ; � 0
xp), 19F via 20Ne(� x ; � 0

xp=n), 138La and 180Ta via 138Ba(� e; e� ) and
180Hf(� e; e� ) reactions respectively (Langanke et al., 2019).

The models of� {process nucleosynthesis rely heavily on the following parameters:

(a) neutrino{induced cross{sections, (b) neutrino spectra and luminosities, and (c) the

details of the adopted supernova model (Langanke et al., 2019), these also constitute

the main uncertainties (Jos�e, 2016).

1.5 Nucleosynthesis in Neutrino{Driven Winds

Nucleosynthesis in neutrino{driven winds depends strongly on the entropys, ex-

pansion time scale� and the electron fraction Ye. According to the value of the

electron fraction Ye, neutrino{driven winds of core{collapse supernovae in the inner-

most ejecta can be the site for two distinct nucleosynthesis processes: the�p {process,

when Ye > 0:5 and the r {process, when Ye < 0:5. Recent studies of neutrino{driven

wind dynamics suggest that the early wind is proton{rich for up to 20 s after the

explosion, while later it transforms into slightly neutron{rich (Iliadis, 2015).

1.5.1 �p {process

The neutrino{driven wind ejects very hot (T9 > 10) and proton{rich material from

the PNS (see Figure 1.10). The temperature is so high that the ejecta consists mainly

of dissociated nucleons. As the wind is expanding and cooling down, NSE assembles

these nucleons into mainly56Ni and � particles (which are synthesised via the hot

pp{chain sequence (Wiescher et al., 1989)) with an excess of free protons. This is

extremely important for the subsequent nucleosynthesis as we shall discuss below,

because in neutron{rich NSE no free neutrons are present in the plasma (Wanajo
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Figure 1.10: Schematic of the nucleosynthesis in a neutrino driven wind. The di�er-
ent stages and outcomes (�p {process and weakr {process) are shown. The �gure is
adapted from Jos�e and Iliadis (2011).

et al., 2011). At T9 < 3{4, 56Ni can rapidly capture free protons. However, the

reaction 
ow cannot move beyond64Ge, which has a relatively long� + half{life of

1.06 min. This issue is solved by electron antineutrino captures on free protons via

the p(�� e; e+ )n reaction, which produce a tiny amount of free neutrons, 10� 11 � 10� 12

of the total mass. At T9= 3{1.5, the much faster (n; p) reaction on 56Ni, followed

by a sequence of radiative proton captures,i.e. (p; 
 ) reactions, bypass64Ge and

similar waiting{points, such as 68Se and 72Kr with half{lives of 35.5 s and 17.1 s

respectively. The reaction 
ow follows the Z = N line and up to the molybdenum

region and then steers into more neutron{rich isotopes (Z< N) between molybdenum

and tin. Finally, as the temperature drops below T9 < 1.5, (p; 
 ) reactions freeze{out

due to the Coulomb barrier, and the produced nuclei decay back to stability, with
56Ni still being the most abundant nucleus in the plasma. This is the basic picture

of the �p {process (Fr•ohlich et al., 2006; Pruet et al., 2006; Wanajo, 2006), which was

proposed under the light of studies which suggested that the innermost ejecta of the

ccSN explosion are proton{rich. It is a primary process, since the seed nuclei are

directly formed from free nucleons and can create heavy elements beyond iron.
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A useful measure for the strength of�p {process is the number ratio � n of free

neutrons created by thep(�� e; e+ )n reaction and seed nuclei, proposed by Pruet et al.

(2006)

� n �
Yp

Yh
n�� e =

Yp

Yh

Z

T 9 � 3
� �� edt (1.5)

where� �� e is the rate for the p(�� e; e+ )n reaction and Yp and Yh are the mass fraction

of protons and seeds (nuclei with Z> 2) at T 9=3, the onset of �p {processing.

As the number ratio � n increases, the reaction 
ow can reach the� {stability line

and cross it to the neutron{rich region. That can happen when the net number of

electron antineutrino captures on free protons after the�p {processn0
�� e

n0
�� e

=
Z

T9 � 1:5
� �� edt (1.6)

is not negligible compared ton �� e (Wanajo et al., 2011).

The e�ciency of �p {processing depends on a variety of parameters arising both

from the supernova dynamics and from the underlying nuclear physics input. In the

following we shall discuss the most important of them.

First and foremost the �p {process is dependent on the presence of neutrinos in

the hot ejected material. Figures 1.11 and 1.12 show the nucleosynthesis output of a

neutrino{driven wind trajectory | (T(t), � (t)) pro�le | from Wanajo et al. (2011)

using the NuGrid Post{Processing Nucleosynthesis (NuPPN) code (see Section 6.4

for details) with the neutrino interactions (neutrino captures on free nucleons and

spallations) enabled and disabled. It is evident that the neutrino interactions play

a pivotal role by converting protons to neutrons, which are then absorbed by iron{

group nuclei and lead to a successful�p {process; otherwise the �nal abundances look

similar to an NSE, with a surplus of iron{group nuclei.

The next crucial ingredient for the �p {process is the electron fraction Ye of the

wind. Recent hydrodynamical studies with proper neutrino transport have shown that

Ye can lie between 0.5 and 0.6 at T9=3 (Wanajo et al., 2018). Sensitivity studies

by Wanajo et al. (2011) and Nishimura et al. (2019) have explored a variety of Ye

values, ranging from 0.5 up to 0.8. Both studies suggest that the higher Ye leads to

a more e�cient �p {process. This occurs because theYp=Yh ratio is increased, leading

to a higher � n , even thoughn �� e is the same. In the case of Ye above 0.6, neutron

captures compete with proton captures and the nuclear 
ow heads from Z = N to
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Figure 1.11: Relative abundance versus atomic mass number for two di�erent nu-
cleosynthesis calculations using the same hydrodynamical trajectory (Wanajo et al.,
2011), but having the neutrino interactions enabled and disabled.

Z< N crossing the line of� stability at A � 160.

Wanajo et al. (2011) also explored the e�ect of neutrino luminosityL � , which

exhibits a similar e�ect to the Ye (higher L � leads to a more e�cient �p {process).

This is an expected result, since according to Equation 1.4, the two quantities are

related.

Concerning the nuclear physics input of the�p {process the main uncertainties

arise from a handful of reactions, and the nuclear masses along its pathway. The two

most important reactions that dominate in the�p {process are the bottleneck triple{

� and 56Ni(n; p)56Co. The former controls the production of� {particles, protons

and the 56Ni seed before the onset and during the�p {process. Therefore it controls

completely the seed{to{proton ratio � n . Our current knowledge of this reaction,

despite its importance, is still limited and bears large experimental uncertainties.

The three rates that are most commonly used in nucleosynthesis studies are those

from Caughlan and Fowler (1988), Angulo et al. (1999) and Fynbo et al. (2005). In

Section 3.4 we provide a detailed discussion about the importance of couple more
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Figure 1.12: Same results as in Figure 1.11 but presented in the nuclear chart.

reactions that exhibit a similar e�ect as the triple{� reaction and how they can a�ect

�p {processing,7Be(�; 
 )11C and 10B(�; p )13C.

The 56Ni(n; p)56Co reaction is the �rst step in the �p {process, and for this reason

its rate determines the subsequent nucleosynthesis, regardless of the detailed condi-

tions. Speci�cally, a lower rate leads to a more e�cient�p {process. Unfortunately,

its rate, as for most of the (n; p) reactions, is based on the Hauser{Feshbach (HF) sta-

tistical model estimates (Hauser and Feshbach, 1952) which can have up to an order

of magnitude uncertainty (Spyrou et al., 2014). Experimental e�orts to determine its

rate are underway (Gastis et al., 2017). For both reactions, a slight change in their

reaction rates can have a huge impact in the e�ciency of the�p {process.

Arcones et al. (2012) identi�ed a reaction sequence after the onset of the�p {

process that can delay the processing to heavier masses:

56Ni(n; p)56Co(p; 
 )57Ni(n; p)58Ni(p; 
 )

8
<

:

59Cu(p; � )56Ni (NiCu cycle)
59Cu(p; 
 )60Zn (breakout from the cycle)

In this scenario the proton capture on59Cu is of great importance, because according

to its rate it can either break{out (if � (p;
 ) > � (p;� )), or cycle material back to56Ni

and thus delay the reaction 
ow to heavier nuclei (if� (p;
 ) < � (p;� )). For this reason

it is important to study both reactions experimentally.

Finally nuclear masses can a�ect the equilibrium abundances within an isotonic

chain, where a (p; 
 ) $ (
; p ) equilibrium exists (Schatz, 2006). Many nuclear masses
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on the �p {process pathway have being measured since its advent in 2006 (Weber et al.,

2008; Fallis et al., 2011; Xing et al., 2018).

Despite the aforementioned uncertainties, the�p {process is considered one of the

main contributors to the origin of the light p{nuclei, such as 92;94Mo and 96;98Ru

that are underproduced in thep{process. If the wind conditions are favourable, the

�p {process can synthesize neutron{de�cient nuclei up toA � 180 (Wanajo et al.,

2011).

Furthermore it has been suggested as a Light Element Primary Process (LEPP)

to explain the missing abundances in ultra metal poor stars (UMP) as shown in Fig-

ure 1.13 (Arcones and Montes, 2011), and can also explain the presence of strontium

in the extremely metal{poor star HE 1327-2326 (Frebel et al., 2005).

To summarize, it is widely accepted that the�p {process is a nucleosynthesis sce-

nario that can produce a variety of neutron{de�cient nuclei and that varies from event

to event, since the conditions in the neutrino{driven wind can be di�erent depending

on the progenitor star composition and the explosion mechanism.

1.5.2 r {process

The rapid neutron{capture process (r {process) is responsible for the origin of around

half the abundances of the elements heavier than iron (Horowitz et al., 2019). A

high density of neutrons, Nn = 1020� 28 cm� 3 leads to fast radiative neutron captures

which lead the abundance 
ow far from the valley of� stability. When the 
ow

reaches the magic neutron numbers (N = 50, 80 and 126)� � decays and� {delayed

neutron emission lead the nuclear 
ow back to stability.

Core{collapse supernovae explosions have been identi�ed as the astrophysical site

of the r {process since the early days of nuclear astrophysics (Cameron, 1957; Burbidge

et al., 1957) and simulations during the 1990s supported that claim via the delayed

neutrino{driven explosions (Meyer et al., 1992; Woosley et al., 1994). Modern ccSNe

simulations with energy{dependent neutrino transport suggest that the neutrino{

driven wind ejecta are slightly neutron rich (Ye � 0:4� 0:49) (Mart��nez-Pinedo et al.,

2012) and can produce nuclei up to A� 90� 110, below the secondr {process peak

(see Figure 1.8) by� , neutron, and proton capture reactions, as well as� decays.

However the conditions are not su�cient to produce the gold{platinum peak and the

actinides. This is referred to as the weakr {process mechanism (Arcones and Montes,
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Figure 1.13: Heavy element abundances of the low{metallicity halo stars HE 2327{
5642, CS 22892{052, CS 31082{001, and HE 1219{0312 (Mashonkina et al., 2010).
On the top panel the solid line shows the solarr {process abundances scaled to match
the Ba{Hf region. The standard spectroscopic notation is used, where log� (X ) �
log10(NX =NH ) + 12:0, whereNX is the abundance by number. The measurements
have been normalized to the log� (Eu) found in HE 2327{5642. In the bottom panel
the di�erence in log� (X ) between HE 2327{5642 and the solarr {process abundances
is shown. The �gure is adapted from Jos�e (2016).
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2011; Wanajo, 2013).

The weakr {process nuclear 
ow is sensitive to (�; n ) reactions (Bliss et al., 2017)

and neutron captures (Surman et al., 2014) which rely on reaction models, such as

the Hauser{Feshbach (HF) statistical model. For this reason, experimental informa-

tion, such as reaction cross{sections, is crucial to improve our understanding of this

nucleosynthesis scenario.

An additional astrophysical site for ther {process, which has been con�rmed by

the recent observation of gravitational waves by the LIGO collaboration (Abbott

et al., 2017) and its electromagnetic counterpart (Drout et al., 2017), is the merger

of two neutron stars and the subsequent kilonova explosion.

1.5.3 Observations

Nucleosynthesis in core{collapse supernovae is also supported by astronomical obser-

vations. In the following we shall discuss two notable examples; the supernova 1987A

(SN 1987A15) and the Cassiopeia A (CasA) supernova remnant (SNR).

SN 1987A was discovered on February 24, 1987 and it is thought to originate from

a blue supergiant star, Sanduleak 69202 (Sk -69 202), on the outskirts of the Tarantula

Nebula in the Large Magellanic Cloud (LMC), a satellite galaxy of the Milky Way.

The most important discovery associated with SN1987A was the �rst observation of

supernova neutrinos. Nineteen neutrino events were observed three hours prior the

�rst photographic record, eleven by Hirata et al. (1987) using the Kamiokande II de-

tector and eight by Bionta et al. (1991) using IMB (Irvine|Michigan|Brookhaven)

water Cherenkov detector. This was the �rst observational evidence of a stellar core{

collapse explosion via the neutrino{driven mechanism and the birth of extrasolar

neutrino astronomy.

In addition to the neutrino observation, astronomers detected photons from the

radioactive decays of56Ni and 44Ti in the object's brightness as a function of time

after explosion (light curve) (Matz et al., 1988; Tueller et al., 1990; Grebenev et al.,

2012), which reveals some of the composition of the supernova ejecta and also con�rms

that they are the source of the light curve.

15The naming convention for supernovae includes the pre�x SN followed by the year of discovery
su�xed with a one or two-letter designation. For the �rst twenty six supernovae of a year the letters
A to Z are used and afterwards pairs of lower{case letters, e.g `be' is the 57th .
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Cassiopeia A is a supernova remnant in the namesake constellation, which is lo-

cated around 3.4 kpc (� 1017 km) away from Earth in the Milky Way (Reed et al.,

1995) and is relatively young, since it underwent the core{collapse explosion around

300{400 years ago. It is arguably the best{studied core{collapse SNR with observa-

tions from COMPTEL (Schoenfelder et al., 1993) in
 rays, INTEGRAL (Winkler

et al., 2003), NuSTAR (Harrison et al., 2013) and Chandra (Weisskopf et al., 2000) in

X{rays, and Spitzer (Werner et al., 2004) in infrared. While silicon, sulfur, iron and

calcium have been observed in X{rays (Hwang et al., 2004), the most notable discovery

is the observation of
 rays from radioactive44Ti. Grefenstette et al. (2014) mapped

the spatial distribution of 44Ti in CasA and showed that it is asymmetric, with the

mass clumps being predominantly in the half plane opposite to the compact rem-

nant. This result is consistent with multi{dimensional, non{spherically{symmetric

explosion simulations which suggest that more heavy elements are produced in the

direction where the shock is stronger (Wongwathanarat et al., 2013).

1.6 Summary

In this chapter we have given a brief overview of the evolution of massive stars, along

with the respective nucleosynthesis and we focused on the core{collapse supernovae

explosions. The story we described in this chapter is a cyclic process, meaning that

through these stellar winds and explosions, the newly synthesized material will enrich

the interstellar medium and it will become part of the next stellar generation. In the

next chapter we shall present an introduction to nuclear reaction formalism in stars

and in the laboratory.
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Chapter 2

Stellar Nuclear Reaction

Formalism

The fault, dear Brutus, is not in our stars

But in ourselves, that we are underlings.

(Julius Caesar, Act I, Scene III, L. 140-141)

2.1 Introduction

Thermonuclear reactions play a critical role in the generation of energy in stars and as

a result they determine their evolution and produce the chemical elements during this

process, as we discussed in the previous chapter. Nuclei are complicated many{body

quantum systems and reactions between them require a very careful treatment. In

this chapter we shall focus on the general characteristics of these reactions, both in

stellar environments and in laboratories. Speci�cally, we shall �rst present the general

characteristics of thermonuclear reactions and nuclear reaction networks. After that,

we shall discuss the determination of experimental reaction yields and the relevant

reaction kinematics for the experiment discussed in this thesis.

2.2 Thermonuclear Reaction Rate

Let us consider a stellar gas consisting of, for the sake of simplicity, two charged{

particle speciesa and b. They can interact via a nuclear reaction,a + b ! c? !
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d + e, whered and e are the products andc? is an intermediate, short{lived excited

state of a nucleus composed of a combination ofa and b (or c and d), called the

compound nucleus. The rate of the aforementioned reaction is an energy{dependent

or, equivalently, a velocity{dependent quantity, which can be expressed as

rab = nanbh�v i ab (2.1)

wherena and nb are the concentrations, or number densities, of speciesa and b per

unit volume (usually expressed in cm� 3) and h�v i ab is an average value of the reaction

cross section� (usually expressed in barns, where 1b � 10� 24 cm� 2) and the relative

velocity distribution of the charged{particles a and b.

The general expression for the stellar reaction rate, including the case of identical

particles, is given by

rab =
nanbh�v i ab

(1 + � ab)
(2.2)

where� ab is the Kronecker symbol. The quantity that is most commonly used in the

literature is the number of reactions per unit volume and time, expressed as NA h�v i ab

in units of cm3 mol� 1 s� 1, where NA is Avogadro's number. This occurs because in

stellar model calculations, mass density� (expressed in g cm� 3) and mass fraction

X i (or abundance Yi ) are commonly used instead of the number density (Rolfs and

Rodney, 1988). The aforementioned quantities are related through the following

expression

ni =
�N A X i

A i
= �N A Yi (2.3)

where Ai is the atomic mass of speciesi in amu.

In a stellar gas the temperature is high enough to ionize completely the con-

stituent atoms, such that they do not experience any long range electronic interac-

tions. Any reactions are initiated from their thermal motion, and for this reason they

are calledthermonuclear. Accordingly, relative particle velocities can be described by

the Maxwell{Boltzmann distribution

P(v) dv =
� �

2�kT

� 3=2
e� �v 2=(2kT )4�v 2dv (2.4)

which expresses the probability that the relative velocity of charged{particlesa and

b lies betweenv and v + dv. � = mamb=(ma + mb) is the reduced mass of the system,
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k is the Boltzmann constant, with a value ofk = 8:6173� 10� 5 eV/K and T is the

gas temperature expressed in Kelvin. The Maxwell{Boltzmann distribution shows

the following behaviour: it increases linearly with energy E at low energies, E� kT,

reaches a maximum value at E = kT and decreases exponentially at high energies, E

� kT.

The assumption concerning the thermal motion of a stellar gas holds true for

the majority of astrophysical sites, including both degenerate and non{degenerate

gas, but it might need adjustments in special circumstances, such as in big bang

nucleosynthesis (BBN). In that case, the Maxwell{Boltzmann distribution needs to

be modi�ed by a more generalized distribution, which also maximizes entropy, such

as the Tsallis statistics, to describe the complex, fast-expanding, hot plasma after the

Big Bang (Hou et al., 2017).

We can express the Maxwell{Boltzmann particle velocity distribution as an energy

distribution and obtain the reaction rate in the center{of{mass energy

NA h�v i ab =
�

8
��

� 1=2

(kT)� 3=2NA

Z 1

0
� (E)Ee� E=kT dE (2.5)

Equation 2.5 is a general expression for the thermonuclear reaction rate. In prin-

ciple, the only missing piece for its calculation is the energy{dependent reaction cross

section, � (E). Once this quantity is either measured experimentally, or estimated

theoretically, Equation 2.5 can be integrated numerically and then evaluated at the

temperature of interest. For the majority of astrophysical environments, reaction rate

calculations span a temperature window of T9 = 0.001 { 10 (Angulo et al., 1999). In

some cases, when the cross section has a relatively simple energy dependence, as we

shall discuss below, the reaction rate can be calculated analytically. Nevertheless, in

cases of complicated energy dependence, a numerical integration is necessary.

In the following, we shall examine two cross section energy dependencies that we

encounter frequently in charged{particle reactions relevant for nuclear astrophysics:

the smooth (non{resonant) and the strong (resonant) energy dependence. Both result

in an analytic expression for the reaction rate.
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2.2.1 Non{resonant Reactions

Let us recall the nuclear reactiona + b ! d + e. Such a reaction occurs, in a stellar

or a laboratory environment, when the projectilea intrudes in the nuclear vicinity of

the target b. Particle b exhibits an electric �eld, proportional to its charge. Projectile

a's energy (velocity) is usually not high enough to overcome the Coulomb barrier of

b, but quantum{mechanically there is a �nite probability to penetrate through it.

Gamow (1928) calculated this transmission probability to be

P / e� 2�� (2.6)

where� is a dimensionless factor, called the Sommerfeld parameter and is equal to

� =
ZaZbe2

�hv
(2.7)

where Za, Zb are the charges of the interacting particles,e is the elementary charge,

�h is the reduced Planck constant andv is the relative velocity of the interacting

particles.

The transmission probability is also known as the Gamow factor and it is a strongly

increasing function with increasing energy, meaning that in stellar gases it is more

probable for the particles at the high energy tail of the Maxwell{Boltzmann distribu-

tion to tunnel through the Coulomb barrier, as we shall discuss in the following.

The cross section for non{resonant charged{particle reactions can be expressed as

� (E) =
S(E)

E
e� 2�� (2.8)

whereS(E) is a usually slowly varying function of energy referred to as the nuclear or

astrophysicalS{factor and removes the strong 1/E energy dependence of the nuclear

cross section. With the de�nition of a non{resonant charged{particle reaction cross

section, we can re-write Equation 2.5 as follows

NA h�v i ab =
�

8
��

� 1=2

(kT)� 3=2NA

Z 1

0
S(E)e� 2�� e� E=kT dE (2.9)

=
�

8
��

� 1=2

(kT)� 3=2NA

Z 1

0
S(E) exp

 

�

r
EG

E
�

E
kT

!

dE
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where EG is called the Gamow energy and is given by

EG = 2�c 2(��Z aZb)2 (2.10)

with � being the �ne structure constant � = e2=(4�� 0�hc) ' 1=137, which sets the rel-

ative weakness of the electromagnetic interaction compared to the strong interaction.

The integrand of Equation 2.9 exhibits a very interesting energy dependence,

which is shown in Figure 2.1 for the7Be(�; 
 )11C reaction. Multiplying the transmis-

sion probability through the Coulomb barrier,e� 2�� , which increases with increasing

energy, with the Maxwell{Boltzmann factor, which increases with decreasing energy,

results in a peak which de�nes the energy region where it is more probable for nuclear

reactions to occur in a stellar gas. The peak is referred to as the Gamow peak and

its maximum value E0 can be found from determining the maximum of the integrand

of Equation 2.9 at E0

E0 =
� p

EGkT
2

� 2=3

= 0:122
�
Z 2

aZ 2
b �T 2

9

� 1=3
MeV (2.11)

It is evident from Figure 2.1 that the Gamow peak shows a striking similarity to

a Gaussian function. The Gamow peak can be then approximated fairly well by

exp

 

�

r
EG

E
�

E
kT

!

� exp
�

�
3E0

kT

�
exp

"

�
�

E � E0

� =2

� 2
#

(2.12)

where � is the e�ective width of the Gaussian and can be obtained by matching the

second derivatives of Equation 2.12

� =
4

p
3

p
E0kT = 0:2368

�
Z 2

aZ 2
b �T 5

9

� 1=6
(2.13)

Thermonuclear reactions typically occur in energies between E0 � � =2, which is com-

monly referred to as the Gamow window, but there are also some exceptions, which

we shall discuss later in this chapter.
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Figure 2.1: (a) Transmission probability (e� 2�� , dashed line), Maxwell{Boltzmann
distribution ( e� E=kT , dashed{dotted line) and their product (Gamow peak) for the
7Be(�; 
 )11C reaction at T9 = 2. (b) The Gamow peak shown in linear scale (solid
line) with the Gaussian approximation (dashed line).
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2.2.2 Resonant Reactions

In the following we shall calculate the rate for charged{particle reactions that are

dominated by resonances of the compound nucleus,c?. More speci�cally, we will

focus our discussion on resonances which have approximately constant partial widths

over the total resonance width (�(E)=Er < 0:1, called narrow) and in addition do

not overlap signi�cantly with other resonances (isolated). The cross section can be

described by the single{level Breit{Wigner formula

� (E) =
� 2

4�
(2J + 1)

(2j a + 1)(2 j b + 1)
(1 + � ab)

� 1(E)� 2(E)
(Er � E)2 + (�( E)=2)2

(2.14)

where� is the de Broglie wavelength, which expresses the wave nature of the interact-

ing particles, j i are the spin of projectile and target,J and Er are the spin and energy

of the resonance respectively, �i are the partial widths for entrance and exit channels

and � is the sum of all the partial widths � i , which correspond to the energetically

allowed decay channels.

According to Heisenberg's uncertainty principle, the lifetime� of any resonant

state is connected with its total width � by � � = � h. The ratio of an individual

width � i and the total width � de�nes the probability that the compound nucleus will

decay via thei th channel. Figure 2.2 shows the cross section for a narrow and isolated

resonance of the7Be(�; 
 )11C reaction represented by a Breit{Wigner function.

Returning to Equation 2.5 and assuming a single narrow resonance, we can replace

the Maxwell{Boltzmann factor and the partial widths with their values at Er and

calculate the integral analytically

NA h�v i ab = NA

�
2�

�kT

� 3=2

�h2!
e � E r =kT (2.15)

where ! = (2 J + 1)(1 + � ab)=(2j a + 1)(2 j b + 1) is the nuclear spin factor and!
 is

called the resonance strength

!
 � !
� 1� 2

�
/

Z 1

0
� (E)dE (2.16)

It is proportional to the area under the resonance cross section, or the product of the

total resonance width and the cross section at the resonance energy, �� � (E = E r),

34



Ph.D. Thesis { Athanasios Psaltis McMaster University { Physics & Astronomy

Figure 2.2: Resonant cross section,� (E) as a function of energy for the Er= 1155
keV resonance of the7Be(�; 
 )11C reaction. The resonance energy Er and total width
� are shown. See the text for details.

and it is measured in units of energy. The resonance strength essentially expresses

the contribution of the resonance to the total reaction rate.

For a charged{particle reaction with many narrow and isolated resonances, the

total reaction rate can be calculated by adding incoherently the contribution from

each resonance (Equation 2.15)

NA h�v i = NA

�
2�

�kT

� 3=2

�h2
X

i

(!
 ) i e� E i =kT (2.17)

=
1:5399� 1011

(�T 9)3=2

X

i

(!
 ) i e� 11:605E i =T9 (cm3 mol� 1 s� 1)

where (!
 ) i and Ei are expressed in units of MeV.

There are a few points that need to be addressed regarding the calculation of a

reaction rate dominated by resonances using Equation 2.17. The �rst one is that

the resonance energy is an extremely important ingredient for the calculation of the

reaction rate, since it enters exponentially in the above relation. For example, a
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change of the resonance energy by 10 keV, which is a typical uncertainty for a charged{

particle spectroscopy experiment, at kT = 129 keV (T9 = 1.5, which is typical for the

�p {process and explosive nucleosynthesis in general) can result in a� 10% change

in its contribution to the total reaction rate. In the case that the aforementioned

resonance dominates the total reaction rate, that change can have a signi�cant impact.

Iliadis (2019) has recently shown that the calculation of a resonance energy Er from

the reaction Q value, through

Er = Ex � Qatomic (2.18)

whereEx is the excitation energy level of the product nucleus, can introduce an error

on the contribution of the resonance to the reaction rate. Speci�cally, the use of the

atomic, instead of the nuclear masses, can change Er by a few keV. This argument is

valid in our context, since in an astrophysical environment the gas is ionized, so the

electron binding energy should not be taken into account.

The second point is regarding the in
uence of partial widths and the notion of

the Gamow peak. Let us assume our general nuclear reaction,a + b ! c? ! 
 + e,

with only two channels being open, that is � = � 1 + � 2, and the compound nucleus

emits a
 ray, so that � 2 = � 
 . It is customary in the nuclear astrophysics community

to attribute great importance to all the resonances located inside the Gamow peak,

usually E0 � � =2, on the premise that they all contribute signi�cantly to the total

reaction rate. In fact, this assumption is justi�ed only when the total resonance

width is dominated by the 
 partial width, that is, � 
 � � 1 (Iliadis, 2015). The

resonance strength will then depend only on the charged{particle width, remember

the de�nition in Equation 2.16, and in that case the resonances inside the Gamow

peak will contribute signi�cantly to the total reaction rate.

On the other hand, when the
 ray partial width is much smaller than the particle

width, � 1 � � 
 , the resonance strength depends only on the
 ray partial width. In

that case, the Gamow peak argument cannot be justi�ed, since it does not exist.

Instead, the individual resonance contribution to the total reaction rate depends on

the Boltzmann factore� E=kT , which increases rapidly with decreasing energy, meaning

that the low energy resonances dominate the reaction rate.

In any case, resonant thermonuclear reaction rates are usually higher than non{

resonant rates by a factor of around 105 (Cameron, 1957). This indicates the extreme
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importance of knowing whether there are resonances in the thermonuclear energy

region when considering the astrophysical importance of speci�c nuclear reactions.

However, that does not imply that non{resonant reactions are not important. In

some cases, the non{resonant contribution can be very important.

2.3 Nuclear Reaction Networks

The thermonuclear reaction rates we studied in the previous section are used to cal-

culate the abundance evolution of nuclear species and the energy release by these

reactions in an astrophysical environment. A system of �rst{order coupled di�er-

ential equations, which describes this abundance evolution and energy generation is

called a nuclear reaction network. The size of these networks can vary according

to the astrophysical environment, with quiescent stellar burning being much smaller

compared to explosive burning. For example, a�p {process nucleosynthesis network

can include 5,000 nuclei and around 50,000 reactions. In this section we shall intro-

duce nuclear reaction networks and in Section 6.4 we shall present the study of a

�p {process nucleosynthesis network.

To begin, the abundance, or number fraction, Yi = ni =(�N A ), of the nuclear

speciesi in an astrophysical environment is a dynamical quantity, dependent on

the nuclear processes that occur. It is more convenient to use abundances rather

than number densitiesni in reaction network calculations since the latter quantity

changes with both the number of the speciesi and the volume of the astrophysical

system (Lippuner and Roberts, 2017). Most reactions can be grouped into three func-

tional categories, according to the number of interacting nuclei: reactions involving a

single nucleus, such as decays and electron/positron captures, two (e.g. 7Be(�; 
 )11C)

and three (e.g. 4He(��; 
 )12C { triple{ � reaction) nuclei (Hix and Thielemann, 1999).

We can write a generalized abundance evolution equation for Yi , or rate equation, as

follows

dY i

dt
=

X

j

� j Yj

| {z }
1{body reactions

+
X

j;k

� jk Yj Yk

| {z }
2-body reactions

+
X

j;k;l

� jkl Yj YkYl

| {z }
3-body reactions

(2.19)

where the quantities � j , � j;k and � j;k;l are the rates of these reactions, which are
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related to the thermonuclear reaction rates we calculated earlier in this chapter. For

the case of a two{body reaction, we can write

� ij = N i
j;k (�N A )h�v i ij (2.20)

with N i
j;k = N i =

Q nm
m=1 jN j m !j being used for a proper counting of the number of nuclei

involved in the reaction.

Figure 2.3 shows a schematic representation of the di�erent processes that create

and destroy7Be and Equation 2.19 gives us its abundance evolution

dY7Be

dt
= � 3He;� Y3HeY4He + � 6Li ;pY6Li Y1H � � � + Y7Be � � 7Be;� Y7BeY4He + � � � (2.21)

Figure 2.3: Relevant part of the chart of the nuclides showing nuclear processes that
create (solid arrows) and destroy (dashed arrows)7Be.

In the special case of Nuclear Statistical Equilibrium (NSE), where all nuclides

are in equilibrium via strong and electromagnetic interactions, the reaction network

is greatly simpli�ed and the abundance, Yi , of each species can be calculated in terms
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of the free protons, Yp, and neutrons, Yn , by applying the Saha equation

dYi

dt
= 0 (2.22a)

Yi = Gi (�N A )A i � 1 A3=2
i

2A
i

�
2� �h2

mkT

� 3
2 (A i � 1)

eB i =kT Y N i
n Y Z i

p (2.22b)

whereGi and B i is the partition function and binding energy of speciesi , A is its mass

number, N the number of neutrons,Z the number of protons and� and T are the

density and temperature of the environment. The unique solution of the network for

(T; �; Ye) can be obtained using two constraints, namely mass and charge conservation

X

i

A i Yi = 1 (2.23a)

X

i

Z i Yi = Ye (2.23b)

The energy released by nuclear reactions in an astrophysical environment,� nuclear ,

can be calculated using Equation 2.19

� nuclear = �
X

i

NA mi c2 dYi

dt
(MeV/g s) (2.24)

wheremi c2 is the rest mass energy of speciesi in MeV.

Thermonuclear reaction networks, like the ones that we will encounter later in

this thesis (Section 6.4), are known to be very sti�, meaning that their solution is

numerically unstable, and as such, smaller steps of integration must be used. Sti�ness

in a network arises from the fact that its di�erential equations include very slow and

very fast reactions simultaneously. For this reason, it is computational challenging

to include many species in a stellar evolution hydrodynamic code since it causes a

slowdown on its performance, and thus post{processing nucleosynthesis calculations

are preferred (Jos�e, 2016).

Various numerical techniques can be used to solve (integrate) such networks. Re-

action network codes, such as NuGridNuPPN(see Section 6.4), employ mostly the

backward (implicit) Euler method, \Wagoner's method" (Wagoner, 1969), Gear's

39



Ph.D. Thesis { Athanasios Psaltis McMaster University { Physics & Astronomy

method (Gear, 1971) or the Bader{Deu
hard semi{implicit method (Bader and Deu-


hard, 1983). For more details on the integration of nuclear reaction networks, we

refer the reader to the work of Timmes (1999) and of Longland et al. (2014).

2.4 Laboratory Reaction Yields

The calculation of a thermonuclear reaction rate in a laboratory setting requires the

knowledge of the reaction cross section, which expresses the probability that the

particular interaction will occur. Nevertheless, in a nuclear astrophysics experiment,

what is usually measured is the total number of reactions that occur,NR , and the

total number of incident beam particles,NB. Their ratio

Y =
NR

NB
(2.25)

is called the reaction yield. In fact, an experimental setup has a �nite detection

e�ciency � and does not detect the total number of reactions, but rather a fraction

of it, N r . The experimental yield is given by

Y =
N r

NB �
(2.26)

In Chapter 5, we shall discuss in more detail how this equation is derived and the

speci�cs of the detection e�ciency for the experimental apparatus of the present

thesis.

The reaction yield can also be expressed as a relation between the reaction cross

section � and the characteristics of a target with thickness �x and number density

of active target nuclein

Y = � n � x (2.27)

Suppose that a beam of particles with energy E impinges on a target. We can

divide the target in thin slices of thickness �x i and assume that both the cross section

� i and the rate of energy loss, or stopping power� i , are constant over each slice. To

calculate the total yield we will have to integrate over all the slices

Y =
Z

� (x)n(x)dx =
Z

� (x)n(x)dx
dE(x)

dx
dx

dE(x)
(2.28)
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In fact, the beam will lose energy as it travels through the target. The stopping

power can be expressed as

� (E) = �
1

n(x)
dE
dx

(2.29)

Including this in Equation 2.28, we obtain for the yield

Y =
Z E

E � � E

� (E)
� (E)

dE (2.30)

where � E is the total energy loss by the beam in the target,i.e., the target thickness

expressed in energy units.

For the case of a narrow resonance with constant stopping power over the res-

onance width, we can express Equation 2.30 using our known Breit{Wigner cross

section formula (Equation 2.14), and solve it analytically (Fowler et al., 1948)

Y(E) =
Z E

E � � E

1
� 0

� 2

4�
!

� 1� 2

(Er � E) + (� =2)2
dE (2.31)

=
� 2

r

2�
!

� r

�
2

Z E

E +� E

dE
(Er � E)2 + (� =2)2

=
� 2

r

2�
!

� r

�
arctan

�
E � Er

� =2

�
� arctan

�
E � Er � � E

� =2

��

where� r and � r are the de Broglie wavelength and the stopping power at the resonance

energy, Er , respectively.

Figure 2.4 shows the corresponding yield for the resonance shown in Figure 2.2 for

di�erent target thicknesses. In the case of an in�nitely thick target, that is, � E ! 1 ,

or equivalently � E � �, we can obtain a simple relation between the maximum

reaction yield, Ymax , and the resonance strength,!
 , by integrating Equation 2.31

Ymax; � E !1 =
� 2

r

2
!

� r

=
� 2

r

2
ma + mb

mb

!

� r

(2.32)

where in the last step we expressed the stopping power in the center{of{mass system

with ma and mb the masses of the projectile and the target respectively.
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Figure 2.4: Yield from the resonance of the7Be(�; 
 )11C reaction (Er = 1155 keV,
�= 15 keV) for di�erent target thickness � E, ranging from 5 keV to 100 keV. The
case of in�nite thickness is also shown.

The resonance strength can then be determined experimentally using

!
 =
2Ymax; � E !1 �

� 2
r

mb

ma + mb
(2.33)

The DRAGON facility at TRIUMF can measure resonance strengths of astrophys-

ically interesting reactions using this thick target yield technique (Hutcheon et al.,

2003). In Chapters 4 and 5 we shall focus on the experimental details of such mea-

surements.

2.5 Kinematics of Radiative Capture Reactions

Let us recall the nuclear reactiona + b ! c? ! d + e1. If particle d is a photon, the

reaction is called a radiative capture. This class of reactions is of extreme importance

for astrophysics, as the reader might recall from the previous chapter (for example

the 4He(��; 
 )12C { triple{ � , 7Be(�; 
 )11C reactions, and others).

1An equivalent way to describe this reaction isa(b; d)e, which is commonly used in nuclear physics.
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Figure 2.5 shows the radiative capture of4He on 7Be (� = 7Be; b = 4He and

e = 11C). In the resonant case, which is more important for astrophysics since

the cross section is greatly enhanced, the two particles fuse into an excited state

of the compound nucleus11C?, with energy Ex = Er + Qnuclear , where Er is the

corresponding resonance energy andQnuclear is the energy released by a reaction,

given by the mass di�erence between reacting and product nuclei and accounting

for the binding energy of the electrons. These resonant states are usually short{

lived (� � 10� 12 s) and decay with the emission of one or multiple
 rays. Their total

energy, according to conservation of energy, will beEx , leaving the product nucleus in

its ground state. It is worth noting that there is a small correction for the
 energies,

called the recoil shift, which is caused by the energy shift of the recoil nucleus. The

recoil shift can be considered negligible for
 energies between 100 keV and 15 MeV.

Speci�cally, for the 
 transitions that DRAGON detects, E 
 � 0:1 � 10 MeV and

�E rec is � 10� 4 MeV (Iliadis, 2015).

Figure 2.5: Schematic representation of a radiative� {capture on 7Be in inverse kine-
matics in the lab system: (a) beam (7Be) and target (4He) particles interact, (b) the
compound nucleus (11C) is synthesised in an excited state and then, (c) it decays by
emitting a 
 ray. The recoil nucleus and the
 ray are emitted at angles� r and � 


respectively.

Radiative capture reactions are generally studied experimentally using two di�er-

ent methods: the forward kinematics method, where the light ion, in our example
4He, impinges on a heavier ion target,7Be, and the inverse kinematics method, where
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the heavy ion impinges on a usually gaseous light ion target. In the �rst case, one

can only detect 
 rays of the compound nucleus, since the target is too thick to

allow the compound nucleus to escape, whereas in the latter, one can detect both

prompt 
 rays and the product of the reaction. Each technique has its advantages

and drawbacks, which we shall discuss in Chapter 4. In this thesis, we are studying

a radiative capture reaction in inverse kinematics, and for this reason, we shall focus

our discussion on the speci�cs of that method.

Let us consider the general radiative capture reactiona+ b ! c? ! d+ 
 in inverse

kinematics, with particle b being at rest. The product nucleusd in the framework of

inverse kinematics reactions is also called the recoil nucleus. Conservation of energy

and linear momentum gives the following three equations

mac2 + Ea + mbc2 = mdc2 + Ed + E 
 (2.34a)
p

2maEa =
E 


c
cos� 
 +

p
2mdEd cos� r (2.34b)

0 =
E 


c
sin� 
 �

p
2mdEd sin� r (2.34c)

whereE i and mi denote kinetic energy and rest mass respectively. Solving the system

of equations for the linear momentum of the recoil we �nd that

pd =
p

2Ea ma

�
1 �

E 
p
2maEa c2

�
(2.35)

where the� sign indicates whether the photon is emitted parallel or anti{parallel to

the beam direction.

Taking now the ratio of Equations 2.34b and 2.34c for the special case of a single


 transition perpendicular to the beam direction, that is� 
 = �= 2, we obtain the

maximum angle for the recoil nucleus

� r;max = arctan
�

E 
p
2mac2Ea

�
= arctan

0

@ E + Q
q

2ma
mb

(ma + mb)c2E

1

A (2.36)

where E is the center{of{mass energy of the reactants.

The maximum recoil angle for the energies relevant to�p {process nucleosynthesis
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for the 7Be(�; 
 )11C reaction is � r;max � 40 � 56 mrad. The minimum of the above

relation appears at E=Q. This behaviour is very interesting, since in the astrophysi-

cally relevant energy region, reactions with relatively smallerQ values have increasing

� r;max with increasing energy, while reactions with higherQ values exhibit the oppo-

site behaviour. This has implications for the feasibility of experimental studies in

inverse kinematics, as we shall discuss below. Figure 2.6 shows the maximum labora-

tory recoil half{angle for some astrophysically important radiative capture reactions,

including 7Be(�; 
 )11C.

Figure 2.6: Maximum laboratory recoil momentum cone half{angle,� r;max , versus
center{of{mass energy for some astrophysically important reactions. See the text for
details.

Recoil separators are detection systems that are designed to study radiative cap-

ture reactions in inverse kinematics and have the ability to detect both the prompt


 rays and the recoil nucleus. In addition, they have a �nite geometric and energy

acceptance, meaning that they can accept recoils up to a speci�c angle� r and energy

E rec. DRAGON, for example has a geometric acceptance of� 21 mrad at the central

energy and an energy acceptance of� 4% at the central trajectory. In Chapter 4 we
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shall explore the characteristics of DRAGON in more detail.

Thus far, we have discussed only about the maximum recoil angle� r;max . In an

experiment, however, the recoils have a distribution of angles that can be either higher

or lower than � r;max , according to the reaction. In the following, we shall demonstrate

how the characteristics of a radiative capture reaction, speci�cally the number of


rays emitted by the compound nucleus and their angular distribution, can a�ect the

distribution of recoil angles and subsequently the e�ciency of the detection system,

� (Equation 2.19).

Figure 2.7 shows an inverse kinematics distribution of recoil angles from a reso-

nance at Er= 1155 keV of the 7Be(�; 
 )11C reaction for two di�erent cases: a single

transition to the ground state, and a cascade of four
 rays. It is evident from the

�gure that a single transition to the ground state shifts the average recoil angular

distribution towards the maximum, � r;max ' 42 mrad. Therefore, it is very important

to know both the number of 
 rays in the cascade, as well as their relative intensi-

ties, or branching ratios. When branching ratios of a resonance state are unknown,

simulations have to be used to calculate the
 ray detection e�ciency. Combining

simulations with experimental
 ray information one can also determine the unknown

branching ratios experimentally (Ruiz et al., 2014).

If we now consider several
 rays in a cascade, the recoil angular distribution

also depends on the di�erent nuclear level spins and the multipole mixing ratios of

the 
 transitions, which can become very complicated to calculate. For a formal

treatment of 
 angular correlations, the interested reader is referred to Ferguson

(1965) and (Rose and Brink, 1967). To illustrate the aforementioned e�ect, Figure 2.7

shows the same resonance of the7Be(�; 
 )11C reaction, but for three di�erent 


angular distributions for the dominant transition: isotropic, dipole and quadrupole.

The dipole angular distribution shifts the recoils towards higher angles higher, while

the quadrupole tends to decrease them. For a more detailed discussion, the reader is

referred to Ruiz et al. (2014).

In Section 5.1 we shall discuss how one can account for both those factors when

planning experiments and analyzing experimental data on DRAGON, by performing

detailed simulations of the experimental setup.
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Figure 2.7: GEANTsimulations for the recoil angular distributions of theEr = 1155 keV
resonance of the7Be(�; 
 )11C reaction, by changing a) the number of
 rays emitted
from the excited state and b) their angular distribution. The vertical line shows the
angular acceptance of the DRAGON recoil separator (� 21 mrad). See text for details
and Section 5.1 for a discussion on theGEANTsimulations.
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2.6 Summary

To summarize, in this chapter we explored the theoretical considerations for a nuclear

astrophysics experiment, such as the thermonuclear reaction rate and the reaction

kinematics and yields. We focused our discussion on resonances of radiative capture

reactions, since this is the topic of the present thesis. We shall proceed in the next

chapter with an overview of our current knowledge of the7Be(�; 
 )11C reaction and

we shall present motivation for the present work.
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Chapter 3

7Be( �; 
 )11C: Present Status

3.1 Overview

After having explored the importance of nuclear reactions for stellar evolution, energy

generation and the origin of the chemical elements in the cosmos and presented the

stellar reaction rate formalism in the last two chapters, the next step is to look into

the reaction studied in this thesis in more detail. Prior to every nuclear astrophysics

experiment the researcher must �rst identify the importance of a speci�c reaction in

a certain energy range, which also reveals the astrophysical environment(s) and the

nucleosynthesis process(es). After that, a detailed study of all the known experimen-

tal or theoretical knowledge with its associated uncertainty follows. In case there

are unknown or very uncertain parameters that will have a signi�cant e�ect on the

reaction rate in the relevant energy range and subsequently in the nucleosynthesis

process, then the experiment is necessary to be performed.

In this chapter we shall give an overview of the current status for the7Be(�; 
 )11C

reaction with all the relevant information for the calculation of its rate and present

the open questions that motivate the present work.

The 7Be(�; 
 )11C reaction is a very interesting case because even though it involves

two radioactive species, one of them is long{lived isotope (t1=2(7Be) = 53.12(6) d) and

for that reason studies in forward kinematics with radioactive targets are possible, as

we shall see below.
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Figure 3.1: Level scheme of the mirror nuclei11C and 11B adopted from Kelley et al.
(2012), with the addition of the Ex = 8.900 MeV state from Yamaguchi et al. (2013).
The dashed lines indicate isobaric analog states, and next to the11C scheme we
present the� separation energyQ� , the resonances of the7Be(�; 
 )11C reaction, Er ,
in keV and the relevant energy region for�p {process nucleosynthesis.
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3.2 Previous measurements

Figure 3.1 shows the current level structure of11C and its mirror nucleus 11B from

the A = 11 data compilation of Kelley et al. (2012). Six resonances are located inside

the relevant energy region for�p {process nucleosynthesis and a summary of their

parameters are shown in Table 3.1. Recalling our discussion from Section 2.2.2, not

all of these resonances contribute equally to the reaction rate, because the
 partial

width is much smaller than the � {particle width (� � � � 
 ). For this reason the

most important contribution to the total reaction rate originates from the low energy

resonances. In the following, we shall brie
y review the experiments that studied

these resonances of interest.

Table 3.1: Resonance parameters for the7Be(�; 
 )11C reaction. Experimentally mea-
sured resonance strengths are adopted from Kelley et al. (2012). Tentative assign-
ments and estimates are presented in parentheses.

Ex (MeV) E r (keV) J � � � 
 (eV) !
 (eV)
8.1045(17) 561(2) 3=2� 6+12

� 2 eV 0.350(56) 0.331
8.420(2) 876(2) 5=2� 12.6(38) eV 3.1(13) 3.80
8.654(4) 1110(4) 7=2+ � 5 keV
8.699(2) 1155(2) 5=2+ 15(1) keV 2:60(15)� 10� 4 � �

8.900 1356 (9=2+ ) > 8 keV (0.48) (1.2)
9.20(5) 1657(50) 5=2+ 500(80) keV

3.2.1 The E r = 561 & 876 keV resonances

The two lowest{lying energy resonances of the7Be(�; 
 )11C reaction, which corre-

spond to the Ex = 8.105 and 8.420 MeV levels in11C, were studied by Hardie et al.

(1984) in forward kinematics at Argonne National Laboratory.

A singly charged4He ion beam was accelerated in the 4.5 MV Dynamitron ac-

celerator at a maximum current of 15�A (beam intensity of 9.4 � 1013 pps) and

impinged on a radioactive7Be target. The target was produced using the molecular

plating method by the 7Li( p; n)7Be reaction (Filippone and Wahlgren, 1986) with

initial activity of 80 mCi and 7Li:7Be ratio of less than 5� 10� 3. However, by the

time of the experiment, half of the original7Be in the target had decayed into7Li,
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because the target was �rst used for the measurement of the7Be(p; 
 )8B reaction

by Filippone et al. (1983).

The experimental setup comprised two detectors for the
 rays from the de{

excitation of the 11C nucleus, a Ge(Li) detector and a NaI(Tl) detector. The detectors

were placed at 55� and 90� to the beam direction respectively, and lead between target

and detectors blocked the
 rays from the 478 keV line of the7Be decay. The


ray spectra were used to determine the branching ratios of the two resonances (see

Table 3.2).

The authors used two methods to calculate the resonance strengths: the �rst

was the thick target yield formula, similar to Equation 2.32, and the second was a

complementary relative method which employed the presence of7Li in the target and

the fact that they were studying 7Li( �; 
 )11B reaction in the same campaign. More

speci�cally, the relative method provided the resonance strength ratio between the

resonances of interest in7Be(�; 
 )11C and the known Er = 660 keV (Ex = 9.272 MeV

in 11B) resonance of the7Li( �; 
 )11B reaction, reported in the same work. The main

advantage of this method is that both the7Li:7Be ratio in the target and the detector

e�ciencies are more accurately known than the number of7Be atoms alone and the

absolute e�ciencies. Nevertheless, one has to include an extra uncertainty factor from

the 7Li( �; 
 )11B resonance. The adopted values for the two resonance strengths in

Table 3.1 are the weighted averages of the two methods.

Using Equation 2.16 and considering negligible
 widths, the authors compared

the experimentally deduced� {particle widths (� � ) for the two resonances with shell{

model calculations by Kurath (1973). Their results agree well for the Er = 876 keV

resonance (�Exp :
� = 12.6� 3.8 eV & � Calc:

� = 11 eV), but strongly disagree for the Er

= 561 keV resonance (�Exp :
� = 6+12

� 2 eV & � Calc:
� = 53 eV).

3.2.2 The E r = 1110 & 1155 keV resonances

Wiescher et al. (1983) studied the Er = 1110 and 1155 keV resonances, which corre-

spond to the Ex = 8.654 and 8.699 MeV levels in11C, using the10B(p; 
 )11C reaction

in forward kinematics employing three di�erent linear accelerators (7 MV Super-CN

Van de Graa� at Ohio State University, 1 MV Van de Graa� at the University of

Toronto and 350 kV accelerator at the University of M•unster), covering a wide energy

range (Ex = 8 { 10.7 MeV).

52



Ph.D. Thesis { Athanasios Psaltis McMaster University { Physics & Astronomy

Enriched 10B targets of di�erent thicknesses were irradiated using proton beams

with intensities of 15{300 �A , depending on the accelerator used.
 rays of interest

were detected using high resolution Ge(Li) detectors and thick lead shields were used

to decrease background radiation. In all three experimental setups, more than one

detector were used, allowing for angular distribution measurements. Speci�cally, at

the University of Toronto and Ohio State the authors studied the angular distribution

over seven angles using two detectors and in M•unster over four angles (0� , 45� , 90�

and 135� ) using three detectors.

The authors observed primary
 transitions from the Ex = 8.654 and 8.699 MeV

states and calculated the ratio �
 =� for them using the cross sections from the
 ray

and � {particle channels, � (p; 
 )=� (p; � ). Using their measurements, we can estimate

the corresponding resonance strengths, using Equation 2.16, to be< 600 eV and 6.24

eV respectively. The branching ratios for the resonance at Er = 1155 keV were also

determined and are presented in Table 3.2.

Table 3.2: 
 ray branching ratios for excited states of11C nucleus adopted from Kelley
et al. (2012). For the Er= 1110 keV resonance, the branching ratios of the mirror
nucleus11B are used.

E r (keV) E i (MeV) E f (MeV) Branching ratio (%)
560 8.105 0 74� 12

2.000 26� 5
877 8.420 0 100

4.319 < 7
1110 8.654 0 0.9� 0.3

4.319 86.6� 2.3
6.478 12.5� 1.1

1155 8.699 0 42� 10
4.319 42� 10
4.804 2.4� 1.5
6.478 13.6� 4.6

1356 8.900 unknown
1657 9.200 0 74� 18

4.319 6� 5
6.478 20� 10
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3.2.3 The E r = 1356 keV resonance

The most recent study relevant to the7Be(�; 
 )11C reaction was performed by Ya-

maguchi et al. (2013) using the low{energy radioactive ion beam facility CRIB at

RIKEN, Japan. The CNS Radioactive Ion Beam separator (CRIB) (Yanagisawa

et al., 2005) is a facility focused on nuclear astrophysics and nuclear structure studies

and has four main components: (a) the production target, where a stable beam from

the AVF cyclotron of RIKEN impinges and produces a radioactive beam in{
ight (see

Section 4.1), (b) a double achromatic system, which �rst analyzes the unstable nuclei

produced according to their momentum and then focuses the beam (c) a Wien �lter

system, which provides a better isotone separation and puri�cation of the radioactive

ion beam and (d) the �nal focal plane, where the reaction of interest takes place and

the produced nuclei are detected.

The 7Be + � resonant scattering and7Be(�; p) reaction measurements were per-

formed using the thick{target method in inverse kinematics and provided the excita-

tion functions for Ex = 8.7{13.0 MeV. The 7Be beam was produced at the production

target from a cyclotron{accelerated7Li beam and had around 2� 105 pps intensity

at the �nal focal plane with almost 100% purity after the Wien �lter. The reactions

occurred in a 815 Torr helium gas, su�ciently thick to stop the beam. Protons and�

particles from the reactions of interest were detected using two silicon detectors which

provided �E � E particle identi�cation. In addition, ten NaI(Tl) detectors were used

to detect 
 rays from the 429 keV excited state of7Be.

The R{matrix analysis of the data shows two small peaks in the low energy region,

between 8.90 and 9.20 MeV. The �rst one is considered to be the known 5=2+ state

at 9.20 MeV observed by Wiescher et al. (1983). The second one, located at around

8.90 MeV (see Table 3.1 & Figure 3.1), is regarded by the authors as a new resonance.

However, they argue that this spectral feature could also originate by either the 8.655

or the 8.699 MeV state because the energy uncertainty was quite large in this energy

region. Furthermore, they calculated the contribution of that new resonance to the

total reaction rate. Since the state does not have an absolute spin assignment, the

authors considered the cases ofJ � = 9/2 + , which was the best �t of the R{matrix

analysis, and 3/2+ . The contribution of this resonance was 10% compared to the

NACRE rate (see Section 3.3) in the temperature range relevant to the�p {process

nucleosynthesis (T9 = 1.5{3).
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3.2.4 The E r = 1657 keV resonance

The highest energy resonance inside the relevant energy window for�p {process nu-

cleosynthesis corresponds to the Ex = 9.20 MeV state in 11C. It was �rst observed

in a 12C(p; d)11C study (Ajzenberg-Selove and Busch, 1980) and later in the studies

of Wiescher et al. (1983) and Yamaguchi et al. (2013). The resonance �t of the second

study yieldedJ � = 5/2 + and � = 0.55 � 0.10 MeV for its spin{parity and total width

respectively. No further information is published, but since its contribution to the

total reaction rate compared to the important, low{energy resonance with Er = 877

keV at T = 2 GK is:

R(Er = 1657 keV)
R(Er = 877 keV)

� e� � E r =172:3 keV � 10� 2 (3.1)

it is safe to ignore it from the following discussion.

3.3 The current 7Be( �; 
 )11C reaction rate

The current rate for the 7Be(�; 
 )11C reaction, which all the reaction rate libraries

for nuclear astrophysics are adopting, such as STARLIB (Sallaska et al., 2013) and

REACLIB (Cyburt et al., 2010), was calculated from the European Compilation

of Reaction Rates for Astrophysics (NACRE and NACRE-II) (Angulo et al., 1999;

Xu et al., 2013). NACRE includes contributions only from the Er = 561 and 876

keV resonances, for which experimentally measured strengths exist, and the non{

resonant contribution is adopted with the same parameters as those of the mirror
7Li( �; 
 )11B reaction, up to T9 < 0:7 only. The sub{threshold resonance at Ex =

7.50 MeV has a large contribution at low temperatures, below T9 � 0:3, according

to Descouvemont (1995). Figure 3.2 shows the current rate, along with an older

reaction rate compilation from Caughlan and Fowler (1988).

3.4 Motivation for the present study

In the study of Wanajo et al. (2011) that we already discussed in Chapter 1, the

authors also examined how the uncertainties in the nuclear data inputs a�ect the�p {

process nucleosynthesis. To determine the elemental abundances of the�p {process,
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Figure 3.2: (Upper panel) The7Be(�; 
 )11C reaction rate for T= 0.1{10 GK. The
rates by Xu et al. (2013) and Caughlan and Fowler (1988) are shown. (Lower panel)
Comparison between the current7Be(�; 
 )11C reaction rate (Xu et al., 2013) and that
of Caughlan and Fowler (1988) for the same temperature region.
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they used an extensive reaction network of 6,300 species including all relevant reac-

tions and their inverse and adopted reaction rates from REACLIB (Cyburt et al.,

2010) and BRUSLIB (Arnould and Goriely, 2006). Nuclear masses were taken from

experimental studies (Audi et al., 2003) or theoretical calculations (Goriely et al.,

2005), where applicable.

When the dissociated nucleons start forming the Z = N seeds for the�p {process

(Section 1.5.1), the reaction 
ow moves from thepp{chain region (A< 12) to the CNO

region (A� 12). The authors found that there are a couple of two{body reaction

sequences, namely7Be(�; 
 )11C(�; p )14N and 7Be(�; p )10B(�; p )13C, which compete

with the triple{ � reaction, the main link between those regions, before (T9 > 3) and

after (T 9 < 3) the onset of�p {process respectively, as one can see in Figure 3.3.

The most important reaction for each of the two sequences is the7Be(�; 
 )11C

and the 10B(�; p )13C respectively, since, like the triple{� reaction, they control the

reaction 
ow. For this reason, the authors selected them to test their importance for

�p {process nucleosynthesis.

Figure 3.3: Nuclear 
ows for the reactions that bridge from A< 12 (pp{chain region)
to A� 12 (CNO{region) as a function of temperature. The band indicates the tem-
perature range relevant to the�p {process (T9 = 1.5{3) and the red line shows the
7Be(�; 
 )11C reaction. The �gure is adopted from Wanajo et al. (2011).
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Figure 3.4 shows the results of the reaction network calculations for �ve di�erent

rates of the7Be(�; 
 )11C reaction. The authors used the reaction rate from Caughlan

and Fowler (1988), which was increased and decreased by a factor of 2 and 10. In

nuclear astrophysics, this is commonly known as a sensitivity study. It is evident

that the abundances ofp{nuclei in the mass region ofA � 100� 110 are sensitive

to this reaction, varying by a factor of � 1:3 � 6, as shown in Figure 3.4. More

speci�cally, a larger rate a�ects the abundances more strongly than a lower one. This

result can be explained by the fact that a larger rate leads to the production of more

intermediate mass nuclei, which remove protons from the stellar gas, decreasing the

electron fraction Ye, and therefore the e�ciency of �p {processing, as we discussed in

Section 1.5.1.

In addition to the study of Wanajo et al. (2011), Nishimura et al. (2019) recently

performed a large scale Monte Carlo (MC) sensitivity study of the nuclear physics

uncertainties of the�p {process. The authors explored a wide range of electron frac-

tion, 0:55 � Ye � 0:725, and entropies, 11:4 � s � 184 kB baryon� 1, for their

one{dimensional neutrino{driven wind trajectories. A total of 23 trajectories were

post{processed using the MC frameworkPizBuin (Rauscher et al., 2016), and for

each trajectory 10,000 nucleosynthesis calculation runs were performed. For each

run, all rates were randomly varied within pre{de�ned factors, which for (�; 
 ) re-

actions varied between 0.1 and 2 (factor of ten decrease and factor of two increase).

Important reactions that a�ect the �nal abundances were identi�ed by using a Pear-

son product{moment correlation coe�cient, rcor, where 0� j rcorr j � 1, between the

reaction rate variation and the isotopic abundance change.

Despite the fact that the authors did not report their �ndings on the variation

of the 7Be(�; 
 )11C reaction rate, they mention that it has a similar impact as the

triple{ � reaction which is extensively discussed. Figure 3.5 shows unpublished data

of the impact of the 7Be(�; 
 )11C reaction rate on the production of nuclides for some

of the hydrodynamic trajectories. The largest e�ect for most of the trajectories is in

the mass region 70� A � 120, which is wider than, but consistent with, the region

identi�ed by Wanajo et al. (2011).

Considering all the above, our knowledge of the7Be(�; 
 )11C reaction rate and

its impact on �p {process nucleosynthesis is limited, since it does not account for the

contribution of at least three resonances,i.e. Er = 1110, 1155 and 1356 keV, which
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Figure 3.4: Comparison of the nucleosynthesis results for �ve di�erent rates of the
7Be(�; 
 )11C reaction. The �nal mass fractions (upper panel) and comparison to
the standard model (middle panel) are shown as a function of mass number. (Lower
panel) Abundances of isotopes relative to solar values. The colour coding corresponds
to di�erent rates of the 7Be(�; 
 )11C reaction. The �gure is adopted from Wanajo
et al. (2011).
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Figure 3.5: The impact of the7Be(�; 
 )11C reaction (Xu et al., 2013) on the produc-
tion of nuclides for a subset of the studied trajectories (increasing trajectory corre-
sponds to increasedYe) from the study by Nishimura et al. (2019). The correlation
of the abundance variation of a given isotope with the variation of the rate is shown.
See the text for details.

can lead to a signi�cant change in the relevant energy region. For this reason, it is

important to determine experimentally the unknown resonance strengths to improve

the reaction rate for�p {process nucleosynthesis temperatures and determine its e�ect

on the isotopic abundances. In the following chapters we shall discuss the �rst direct

measurement of resonances with unknown strengths of the7Be(�; 
 )11C reaction in

inverse kinematics using the DRAGON recoil separator, which is the main topic of

the present thesis.

3.5 Conclusions

In summary, despite the richness of experimental studies relevant to the7Be(�; 
 )11C

reaction, there are still unknown nuclear parameters that could in
uence the total

reaction rate and subsequently its impact on nucleosynthesis in neutrino{driven winds

via the �p {process. At this point, we proceed with the presentation of an experimental

study to improve the 7Be(�; 
 )11C reaction rate.
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Chapter 4

Experimental Methods

It does not do to leave a live dragon

out of your calculations,

if you live near him.

| J. R. R. Tolkien, The Hobbit

The experiments presented in this thesis took place at TRIUMF, Canada's par-

ticle accelerator centre in Vancouver, BC. TRIUMF is managed by a consortium of

20 member and associate member universities from across Canada. Its particle ac-

celerators are used for both fundamental and applied research in nuclear physics and

astrophysics, particle physics, molecular and materials science and life sciences. At

the heart of TRIUMF lies the largest cyclotron in the world, about 18 m in diameter,

which accelerates protons at 520 MeV. These protons are used for the production of

radioactive ion beams (RIBs), as we shall discuss below.

This chapter is structured as follows: in Section 4.1 we will discuss about the

production, separation and acceleration of both stable and radioactive beams at

the ISAC{I facility of TRIUMF and in Section 4.2 we will give an overview of the

DRAGON recoil separator, which was the apparatus used for the experiments of the

present thesis.

4.1 The ISAC Facility

The stable and radioactive beams used at TRIUMF were produced at the Isotope

Separator and Accelerator (ISAC) facility. ISAC was �rst built with one experimental
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hall, ISAC{I (see Figure 4.1), where ion beams are accelerated up to 1.8 MeV/u.

Almost a decade after its commissioning, a high energy area was built, ISAC{II,

where ions with A< 150 can be accelerated up to 6 MeV/u and ions with A< 30 up

to 16 MeV/u. In the near future, a new facility will be commissioned at TRIUMF,

the Advanced Rare Isotope Laboratory (ARIEL), which will further improve the

capabilities of the laboratory with production of neutron rich isotopes. In this chapter,

we will only discuss ISAC{I, since the experiment of this thesis took place there. The

interested reader can �nd an overview of the ISAC and ARIEL facilities in Dilling

et al. (2014).

Figure 4.1: Schematic representation of the ISAC{I facility accelerators. The three
main beam transport lines (LEBT, MEBT and HEBT) and the O�{Line Ion Source
(OLIS) are shown. The image is adapted from Laxdal (2003).

4.1.1 Radioactive Beam Production and Separation

The ISAC facility produces radioactive ion beams (RIBs) using the Isotope Separation

On{Line (ISOL) technique (Ravn, 1979). ISOL{produced beam quality is comparable
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to stable beams, but their intensities are far smaller, which a�ects the feasibility of

challenging measurements (Blackmon et al., 2006). In the following we shall give

a brief overview of the ISOL beam production at ISAC: high intensity (50{100� A)

protons at 500 MeV from the cyclotron impinge on a thick heavy isotope target in one

of the two target stations (denoted as East and West), creating radioactive species

through spallation, fragmentation and/or �ssion reactions. The target module (see

Figure 4.2) is kept at high temperature, up to 2300� C, to speed up the release of

the rare isotopes, which are usually short{lived with half{lives that vary from a few

milliseconds to a few seconds. Target materials are chosen to optimize the production

and release e�ciency of the species of interest and withstand the beam power without

degradation. The production targets used at ISAC operate for two to �ve weeks before

they are replaced. The7Be beam was produced using a thick zirconium carbide (ZrC)

target, manufactured at TRIUMF.

Figure 4.2: Schematic of the ISAC target/ion source module. The beam direction is
into the page. The image is adapted from Sen et al. (2016).

Figure 4.3 shows a schematic of the rare isotope release from the target module to

the ion source. The radioactive atoms are released from the target by two di�erent
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processes: di�usion from the target crystal to the surface and e�usion until they reach

the ion source, which removes an electron and thus makes them positively charged

and ready to be accelerated. According to the radioactive beam of interest, ISAC

can employ one of its three ion sources: the Surface Ionization Source (SIS), the

Resonant Ionization Laser Ion Source (RILIS), or the Force Electron Beam Induced

Arc Discharge (FEBIAD) ionization source. For the7Be ion beam RILIS was used,

and the reason for this choice will become apparent in the following.

Figure 4.3: Schematic representation of the RIB production using the ISOL method.
The rare isotope is produced via nuclear reactions in the target and then through
di�usion and e�usion reaches the ion source, where it gets ionized. The image is
adapted from Ramos et al. (2018).

The TRIUMF Resonant Ionization Laser Ion Source (TRILIS) (Lassen et al.,

2005) uses a tunable titanium{sapphire (Ti:Al2O3) laser, pulsed at 10 kHz, located

20 m away from the target to generate laser beams, which, via a series of prisms

and mirrors impinge in the ion source. The laser pulse is tuned to resonantly excite

the outermost electron of the beam species of interest, thereby ionizing it. This is

one of the main advantages of TRILIS, since each element has a di�erent resonant

ionization energy, and that results very pure radioactive beams, almost free of isobaric

contaminants. For this experiment, the main isobaric contaminant,7Li, was initially

reduced using TRILIS.
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After the ion source, the beam is transported through the ISAC high resolution

(M/�M = 2000) mass separator, where the beam species of interest are selected

according to their mass. It is evident that nuclei of the same mass as the species

of interest { isobars { can potentially get through the mass separator. For example,

the resolution needed to separate7Be and 7Li is m7Be=� (m7Be � m7Li ) � 7500, which

cannot be achieved by the ISAC mass separator. For this reason, the use of TRILIS

is necessary to keep the isobaric contamination at a low level.

The intensity of the radioactive ion beam produced using the ISOL technique can

be calculated using (K•oster, 2002)

I = � � � � N � � target � � source � � separation � � transport (4.1)

where � is the 
ux of protons, � is the cross section to produce the desired species,

N is the number of target particles that are exposed to the proton 
ux,� target is the

e�ciency of ion release from the target,� source the ion source e�ciency, � separator the

transmission through the mass separator, and� transport the transport e�ciency to the

experimental apparatus. The beam intensity of the7Be beam was I� 1:15 � 109

pps, one of the highest ever achieved for that isotope. Nevertheless, stable beam

intensities can be as high as 1012� 13 pps for low mass nuclei and another 1{2 orders

of magnitude higher for proton or alpha beams.

A complementary technique to ISOL, called in{
ight projectile fragmentation, is

also used for nuclear astrophysics experiments with radioactive ion beams. In that

case, a high energy beam impinges on a light element target fragmenting it into many

high energy smaller residues. The exotic nuclei of interest are separated from the

primary beam and other fragments with the use of magnetic and electrostatic elements

according to their mass and charge. The main advantage of this technique is that

it is not sensitive to chemical properties and the half{life of the isotopes of interest.

However, the purity of the radioactive ion beams produced is poorer than in ISOL

and the high energy of the radioactive ion beams produced cannot be used directly

for nuclear astrophysics studies. For this reason beams produced in{
ight need to be

slowed down and then re{accelerated to suitable energies. Notable examples of in{


ight projectile fragmentation facilities are the National Superconducting Cyclotron

Laboratory (NSCL) at Michigan State University in the United States and RIKEN

in Japan.
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4.1.2 O�{Line Ion Source

In addition to radioactive beam delivery to experiments, the ISAC facility employs

the O�{Line Ion Source (OLIS) terminal to provide stable isotope beams with mass{

to{charge ratio (A/q) up to 32. OLIS can be used for stable beam experiments,

for accelerator commissioning, or to provide pilot beams for radioactive beam ex-

periments. Its terminal comprises three ion sources; a microwave cusp ion source, a

surface ion source or a hybrid surface{arc discharge ion source, and a multi{charge

ion source (Jayamanna, 2014). We shall discuss the �rst two, since they provided

beams for the measurements of the present thesis.

The microwave ion source (MWIS) is the most used source of the OLIS terminal.

It has been operational for over two decades and it can provide singly and some

doubly charge ion beams from various stable isotopes. MWIS is very robust, being

able to operate for months without maintenance (Jayamanna, 2014). It consists of two

vacuum chambers, one plasma chamber and one RF coupling chamber, respectively.

For this thesis, the microwave ion source provided12C and 11B beams for charge state

distribution measurements (see Sections 5.2.5 and 5.3.3).

The Surface Ion Source (SIS) consists of an ionizing chamber and three ovens which

can run in three di�erent temperature regions simultaneously (25{600� C, 600{1200
� C and 1200{2000� C). Figure 4.4 shows a schematic of this ion source. SIS has the

advantage of having a removable extraction system which can be easily replaced if

there is an alkali contamination. It is mainly used for the production of alkali and

semi{alkali isotopes from lithium to praseodymium and it produced the6;7Li beams

for the experiments of this thesis (see Section 5.2).

4.1.3 Beam Transport and Acceleration

Two post{target accelerators transport the ion beam to the high energy experimental

area of ISAC{I. The �rst one is an eight meter long Radio Frequency Quadrupole

(RFQ) accelerator (Poirier et al., 2000), which is part of the Low Energy Beam

Transport (LEBT) line (see Figure 4.1). The RFQ accelerates ions with mass{to{

charge ratio (A/q) less than 30 from 2 keV/u to 150 keV/u using oscillating electric

�elds of varying strength from nineteen split ring resonators with a frequency of

35 MHz. A pre{buncher located upstream from the RFQ creates beam bunches,
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Figure 4.4: Schematic of the OLIS surface ion source, with the three heaters and the
ionizer. The image is adapted from Jayamanna (2014).

which are separated by 85 ns (the RF frequency is 11.78 MHz) and it also improves

the beam quality and transmission. Four electrodes in the RFQ also focus the ions

towards the beam axis, and the transmission through it is usually around 80%.

The second post{target accelerator is a Drift Tube Linac (DTL) (Laxdal et al.,

2001). The two accelerators, RFQ and DTL, are joined by the Medium Energy Beam

Transport (MEBT) line. DTL accepts beams with A/q � 7, which is much less

than the RFQ's 30. If this condition is not satis�ed, a thin carbon stripping foil of

4 � g/cm2 between the two accelerators is used to increase the beam charge state, with

a stripping e�ciency 30 � 50%, and thus decrease the mass{to{charge ratio. After the

stripping foil, two dipole magnets select the charge state of interest at MEBT before

the beam is injected to the DTL. There, it will be accelerated to a fully variable �nal

energy between 117 keV/u and 1.80 MeV/u. The maximum �nal energy that the

DTL can achieve depends on A/q and can be estimated using the following relation

E ' 1:95� 0:074 (A/q) MeV/u (4.2)

for A/q between 2 and 7 (Laxdal and Marchetto, 2014). For example, the maximum

energy of a7Be2+ (A/q = 7/2) beam is E max = 1.69 MeV/u. The beam transmission
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through the DTL is usually greater than 95%.

Figure 4.5: The High Energy Beam Transport (HEBT) line at ISAC{I. The image is
adapted from Marchetto and Laxdal (2013).

Finally, the High Energy Beam Transport (HEBT) line (Figure 4.5) connects the

DTL to two target stations at ISAC{I, DRAGON and TUDA. Downstream of the

DTL, the energy of the beam is measured by the ISAC beam operators using the

diagnostic Prague magnet and a subsequent buncher provides an energy spread of

�E =E = 0:1 � 0:4%.

Speci�cally for the 7Be beam, to ensure a high purity, an additional carbon strip-

ping foil of 20 �g /cm 2 was placed at HEBT to select a speci�c charge state (4+ ),

which eliminates the isobaric7Li contaminant. For example, a7Be=7Li (2+ ) beam at

441.7 A keV with initial 1:3 composition, will result in � 150 : 1 after passing the

stripping foil, according to the empirical charge state distribution of Liu et al. (2003).

4.2 The DRAGON Recoil Separator

At the HEBT line of ISAC{I lies the DRAGON (Detector of Recoils and Gammas

Of Nuclear reactions) recoil separator (Hutcheon et al., 2003). DRAGON studies

radiative proton and alpha capture reactions relevant for astrophysics with either

stable or radioactive beams in inverse kinematics using the thick target yield technique

68



Ph.D. Thesis { Athanasios Psaltis McMaster University { Physics & Astronomy

(see Sections 2.3 & 2.4 for more details). Even though it was designed to study

reactions with beams up to A= 30, since it was commissioned, over two decades

ago, it has demonstrated a unique versatility having performed experiments from A=

3, e.g. 3He(�; 
 )7Be in Sjue et al. (2013), to A= 76, e.g. 76Se(�; 
 )80Kr in Fallis

et al. (2020). DRAGON has four main components: the windowless, di�erentially

pumped, recirculated gas target, the
 ray detection system of 30 BGO detectors,

the electromagnetic separator and the recoil detection system (shown in Figure 4.6).

In the following we shall discuss all these components in more detail, along with the

data acquisition system.

Figure 4.6: Schematic representation of the DRAGON recoil separator. The main
components are shown. See the text for details.

4.2.1 Windowless Gas Target

The radiative capture reaction of interest occurs inside a trapezoidal gas chamber

which can be �lled with hydrogen or helium up to P � 10 Torr, to study (p,
 )

69



Ph.D. Thesis { Athanasios Psaltis McMaster University { Physics & Astronomy

or (�; 
 ) reactions, respectively (see Figure 4.7). The chamber is enclosed in an

aluminum pumping box with thin walls to reduce the attenuation of the reaction

prompt 
 rays.

Gas targets have many advantages over solid targets, but we shall point only a

few of them. First and foremost, gas targets are chemically pure, and hence no stoi-

chiometry is needed, which introduces an additional systematic error in the reaction

yield calculation. Windowless gas targets have an extra advantage of reduced un-

wanted background, since even thin windows can produce a signi�cant signal, mostly

from elastic scattering. In addition, windows can deteriorate the beam quality due to

straggling, and can cause a signi�cant beam energy loss (Rolfs and Rodney, 1988).

Figure 4.7: Sectional view of the DRAGON windowless gas target. The ion beam
enters the target from the left, while beam and recoils exit from the right. The rest
of the target module components are shown. The �gure is adapted from Hutcheon
et al. (2012). See the text for details.

The gas inside the DRAGON target is contained by multiple stages of di�eren-

tial pumping, instead of with physical windows. The �rst stage employs �ve large

roots blowers (two Leybold WSU2001 with 2000 m3/h pumping speed in parallel,
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