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Abstract

A possible mechanism to explain the origin of around 35 neutron—deficient stable
isotopes with mass A>75 between ™Se and "®Hg, known as the p-nuclei is the nu-
cleosynthesis in the proton—rich neutrino—driven winds of core—collapse supernovae via
the vp—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, "Be(a, ) C, has been identified
as an important link which can influence the nuclear flow and therefore the efficiency
of the vp—process. However its reaction rate is not well known over the relevant energy
range (Tyo= 1.5-3).

In this thesis we report on the direct first measurement of two resonances of the
"Be(ar, 7)) C reaction with previously unknown strengths using an intense radioac-
tive "Be 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 5Li(a, 7)!°B reaction, which also presents a similar challenge.

Our results from the SLi(a, 7)'°B 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 "Be(a, ) C 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 first attempts to understand the origin of matter come from ancient
GreeceE] and the natural pre-Socratic philosophers Democritus from Abdera and his
teacher Leucippus. They argued that everything is composed of indivisible entities
called atomg?] and void. Atomism, as this materialistic philosophy was named, con-
tinued to influence schools of thought through the ages and in the early 20" 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-20*" century.

Our ideas about the stars changed significantly over the years. Humans have
always wondered why the Sun shines. The 5" century B.C.E. Greek philosopher
Anaxagoras first 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

!Similar 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 20'" 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 heliumPl

The interrelation between atoms and stars became apparent during the mid-20*"
century, after the advent of quantum mechanics and when the first interactions be-
tween atoms were studied in a laboratory environment. The revolutionary theory of
quantum mechanics led Bethe, Gamow, von Weizsacker 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 first 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 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 scientific triumphs of the twentieth cen-
tury. Those two seminal papers officially established the field 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.
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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 three s—and r—process peaks are shown. The figure and the elemental
abundances are adapted from Lodders et al.| (2009).

Nowadays, nuclear astrophysics is a multidisciplinary field 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.
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1.2 Massive star evolution

For the purpose of this work, we shall review the evolution of a 20 Mg stalﬂ using
the Modules for Experiments in Stellar Astrophysics (MESA)E] software (Paxton et al.
2010, 2013, 2015} 2019). MESA star is 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 MESA output can be easily manipulated by post—process reaction network codes,
such as NuGrid NuPPN (see Sections and . More sophisticated hydrodynamics
codes, such as Fornax (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 heliumﬁ, called nebulae, start to contract
due to gravity. Each nebula can produce stars of different 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 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)).

°The model was created using Release 3709. The software can be downloaded from the MESA
website.

In astronomy, elements heavier than helium are denoted as “metals”. Each star has a specific
abundance of metals, or metallicity. According to the metallicity of a star, we can group them
into three populations: Popl, Popll and PopllIl. Popl stars are metal-rich, meaning that they are
relatively young, while Popll stars are metal-poor, hence older. Poplll is a hypothetical stellar
population of the first massive stars of the universe, without any metals.
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generate their energy via the pp—chains, while higher-mass stars (M >1.3 M) via
the CNO cycles (Rolfs and Rodney, |1988; [[liadis, 2015).

6 -9
4 &’\\/\20 "
g 5 1 Mg
3 lj
R
0.5 Mg,
-2
4 Main Sequence
5.0 4.6 4.2 3.8 3.4
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Figure 1.2: Evolutionary tracks on the Hertzsprung—Russell diagram (HRD) for three
stars: 0.5 Mg and 1 M, up to the ZAMS stage, and 20 My, just before core—collapse
from MESA models. 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 stagesﬂ
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, Stalﬂ, 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 finally silicon into iron—group elements
(see Figure . 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 [I.3] shows the evolution of central density

pe and temperature T, as the star evolves and proceeds to different burning stages.

"Note 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 [José| (2016) and references therein.

8We shall not discuss the effects of mass—loss, rotation, magnetic fields 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)); |Chieffi and Limongi (2013) and references therein.
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Figure 1.3: Central temperature (T.) and density (p.) profile for a 20 Mg, Z= 0.02
star using MESA (black solid line). The dashed lines correspond to the different 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 Mg, 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 and Table . We can estimate the nuclear
lifetime for each stage via Thuclear ~ €nuclearM / Litotal, Where €yyciear is the generated en-
ergy via nuclear reactions, M the mass of the star and L. the total luminosity,
which includes the contribution from both v 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 [I.T] for neon, oxygen and silicon burning.
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Figure 1.4: Stellar composition as a function of the enclosed mass before core collapse
of the 20 My, Z= 0.02 MESA model. 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
different burning phases. Early stellar evolution codes and some widely used nowa-
days, such as MESA, 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 different
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
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Table 1.1: Burning stages summary of a 20 Mg, star from Woosley et al.| (2002).

Burning Stage Temperature Density p Luminosity Lifetime 7

(10° K) (g/ cm?®) 103Lg
Hydrogen 0.04 4.53 62.6 8.13 Myr
Helium 0.20 968 102 1.17 Myr
Carbon 0.87 1.7 x 10° 143 0.976 kyr
Neon 1.57 3.1 x 10° 147 0.599 yr
Oxygen 1.98 5.55 x 10° 147 1.25 yr
Silicon 3.34 4.26 x 10° 147 11.5d

being Ty ~ 10 (T is the temperature in units of 10° K or GK) and p &~ 10'° g/cm?
respectively (see Figure [L.3). The iron core will reach a critical mass (= 1.44 Mg),
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 .
The dynamics of the collapse strongly depend on two parameters, the electron mole
fraction Y, (leptons per baryon), and the entropy per baryon s. These two quantities
are determined by weak interaction processes, such as electron capture and S decay.
In the early stages of the core—collapse, electron captures and photodisintegrations of
iron—peak nuclei decrease the Y., 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 p &~ 10'? g/cm3. In addition, the emitted neutrinos will be trapped, since
their diffusion time becomes larger than the collapse time (Janka et al., 2007) (upper
right panel in Figure [.7). The region of the trapped neutrinos is referred to as
the neutrinosphere. The core density will increase up to the nuclear densityﬂ (p ~
2.7 x 10 g/cm?), 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 x 10*?) times
more dense than the densest element, osmium.
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Figure 1.5: Stellar structure (Kippenhahn) diagram of a 20 My, star with Z = 0.02
from the MESA model. 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.
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since their interaction probability is very small (middle right panel in Figure .
The hot compact remnant will become a proto-neutron star (PNS) with a mass of
~ 1.4 My 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 staﬂ. 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
off the neutrinosphere (bottom left panel in Figure .

O0Progenitor stars with 25 Mg < M < 40 Mg, usually produce a black hole (BH) by fallback and
M > 40 Mg, a direct BH (Heger et al., 2003).
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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

3 GM? M, \*/ R -1
E~FE, ~-—""1 ~36x 10 e ne 1.1
b~ PN TR, <10 (1.5M@) (10 km) cre (11)

where M,,; and R,,; 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 (M,,; = 1.44 Mg, and R,,= 12 km) E, = 2.8 x 10°® erg and less than 1% of that
is sufficient to power the explosionl]

Bethe and Wilson| (1985) proposed that the stalled shock is revived by the de-
layed neutrino-heating mechanism. Electron neutrinos (v.) and antineutrinos (7)
emerge from the hot and dense PNS and deposit some energy in the shock by getting

reabsorbed by free nucleons

Ved+n—p+e (1.2)
Vo+p—n+et (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 Mezzacappay, 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

1 The energy output of a supernova explosion is measured in units of foe (1 foe = 10°! erg) which
is an acronym for [ten to the] fifty—one ergs.

11
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to a successful explosion['7] At the same time, matter is continuously accreted towards
the neutron star. When the phase of mass accretion and outflow ends, neutrino—
energy deposition near the PNS will launch the so—called neutrino—driven wind, which
is an outflow of ejected material at supersonic velocities (Duncan et all |1986) (lower
right panel in Figure .

The equilibrium initial Y. of the neutrino—driven wind can be calculated from an
analytic model by [Qian and Woosley! (1996])

Lll_e €. — 2A + 1.2A2/€y_€ !

Y.~ |1+ —
* L, €, +2A+12A2/¢,,

(1.4)

where L,, is the electron neutrino luminosity, €,, = (E.)/(E,.) = 4.1 kT,, the ratio
of the mean squared neutrino energy and the mean neutrino energy, £7,, the neutrino
temperature in MeV, with similar relations for the antineutrinos, and A= 1.273 MeV
is the neutron—proton mass difference. Simulations have shown that supernova neu-
trinos show an energy hierarchy, with £, ~ E, > E; > E, , where x refers to u
and 7 neutrinos and their antiparticles (Fischer et al., 2010)), which suggests that the
early wind should be proton-rich, Y. > 0.5 (see Figure .

The value of Y, 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 flavours, since they change
the v, 7, energies (Yoshida et al., [2006; Wu et al., [2015). Whether Y, 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, like MESA, 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 Y. 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 differential equations that describe its evolution.

12
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Figure 1.7: Neutrino—driven wind electron fraction Y. from Equation |1.4{for different
neutrino and antineutrino energies. Black contours correspond to L, /L; = 1 and
grey contours to L, /Ly, = 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, Hiudepohl
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 figure 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:
e Convection or SASI as the trigger of the shock expansion?
e How can self-consistent simulations match the energy output of ccSNe?
e Will the future neutrino observatories be able to detect more SN neutrinos?

e 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 different
shells.

1.4.1 Explosive Burning

The shock encounters the silicon layer first, heats it to Ty > 5 and undergoes complete
explosive silicon burning, in which the 2®Si will be destroyed and transformed into
iron—peak nuclei. At these typical temperatures reactions are in NSE, and the final
abundances will be determined by the characteristics of the environment, such as
temperature, density and the neutron excess (see also Section . Iron—peak nuclei
with Z~N with large binding energies are produced in this scenario, e.g. *Ni. As
the layer is expanding and cooling, reactions fall off equilibrium at a characteristic
freeze—out temperature. The first reaction that drops out of equilibrium is the triple—«
reaction (a two-step reaction with the first step being *He +*He — 8Be, immediately
followed by ®Be + *He — '2C), that can provide a lot of a 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 o particles which
will be captured by heavier nuclei, varying greatly the NSE abundance distribution
(arich 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
Ty > 4 — 5. In these conditions, instead of NSE, two distinct quasi—equilibrium
(QSE) clusters will be created, one close to 2®Si and one at iron—peak nuclei. The
nuclear abundances will depend on the abundance of ?8Si, in addition to the char-
acteristics of the environment. Not all of the 2¥Si 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 in **O (incomplete oxygen

14
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burning), **Ne and '2C (incomplete carbon/neon burning).

The other layers will be heated by the shock at temperatures Ty < 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 v ray emitters

can be produced, such as **Ti and °°Ni, which have been observed in supernovae

remnants (see Section [1.5.3).
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Figure 1.8: Decomposition of solar s— (solid line), r— (black circles) and p—abundances
(white squares) relative to silicon. The figure 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 (Kappeler et al., [2011). The s—process path is
described by radiative neutron captures — (n, ) reactions — on stable nuclei followed

by 5~ decays when the path reaches an unstable, relatively long-lived nucleus (see

15
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Figure 1.9: Example from the chart of nuclides illustrating the position of the light p—
nuclei ?2Nb and 22?4 Mo, which are shielded from the s—process flow and the r—process
decay chains.

Figure , converting an excess neutron into a proton. That way the nuclear flow
heads towards heavier elements.

The s—process operates in two distinct astrophysical environments, where the
neutron flux is N,, = 10"7'2 cm ™3, and each of those produces a specific subset of the

s—nuclei:

1. Thermally pulsing low—mass (M < 4 Mg) Asymptotic Giant Branch (AGB)
stars produce the stable s—nuclei with A > 90 the so—called main s—process
component. The main neutron source is the *C(a,n)'®O reaction with the

22Ne(a, n)*Mg reaction having a small contribution during thermal pulses.

2. Massive stars (initial M> 8-10 M) produce the stable s—nuclei with 60 < A
< 90 in the weak s—process component (Pignatari et al., 2010)). The neutron

source is the ?Ne(a, n)*Mg from the 80(a, v)**Ne 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), [Képpeler 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—deficient nuclei with A > 74 between
selenium (Se) and mercury (Hg) cannot be produced by either the s— or the r—
process, which we shall describe in the next section (Figure . 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 identified
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 the s— and r—counterparts,
as shown in Figure [1.8] and no single p—nucleus is the most abundant isotope of any
element.

It is generally accepted that the p—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), the p—process was placed in the
hydrogen-—rich layers of core—collapse supernovae. (p,~) and (7, n) reactions on s—and
r—nuclei would produce the p—nuclei at conditions of T~ 2.5 GK and p =~ 100 g/cm?.
Arnould (1976) first 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 (v,n), (v,p) and (7, ) reactiond™| can synthesize neutron-
deficient species. In the p—process each mass region is produced at a different peak
temperature: intermediate mass p—nuclei (Ax 92-136) are produced at Tg ~ 2.5 — 3,
while the heavy p-nuclei (A > 140) at Tg < 2.5 (Rayet et al., |[1990; Arnould and
Gorielyl 2003).

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

inant scenario for the production of the majority of p-nuclei is the thermonuclear

13For this reason, the p-—process is also referred to as y-process (Pignatari et al., 2016).
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explosions of Chandrasekhar mass carbon—-oxygen white dwarfs (CO WD)EL via Type
la supernovae (SNIa) (Travaglio et al., 2011). Galactic Chemical Evolution (GCE)
models show that this site can account for the production of the p—nuclei (Travaglio
et al., 2014)).

Finally, some of the light p—nuclei can also be produced via the rp—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 solar p—abundances, because the strong gravitational field
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 (José et al., 2010)).

It is remarkable that despite the variety of astrophysical models, these processes
can reproduce the solar abundances of most of the p—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 as %Mo, %6%Ru, '3In and '°Sn, are significantly
underproduced in most models and their status as p—nuclei is under debate (Dillmann
et al., [2008). Sensitivity studies have shown that the main uncertainties of the p—
process arise mainly from the theoretically predicted rates of reactions on unstable
nuclei and of excited state contributions, which can alter the reaction flow (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 the p—process: it is still an open issue in nu-
clear astrophysics, but many different production mechanisms can explain their solar
abundances.

1.4.4 v—process

Neutrinos of all flavours 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 identified as the site
for the pn—process which can also produce p—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 (v—)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 [I.3.2] the reactions relevant to the
v—process are mainly driven by g and 7 neutrinos.

The v—process can contribute to the solar abundances of "Li via ‘He(v,, V.p/n),
1B via 2C(v,, v,p), PF via *Ne(v,, v.p/n), '*¥La and ®Ta via '*Ba(v,,e”) and
180Hf (1, e~) reactions respectively (Langanke et al., 2019).

The models of v—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 (José, [2016)).

1.5 Nucleosynthesis in Neutrino—Driven Winds

Nucleosynthesis in neutrino—driven winds depends strongly on the entropy s, ex-
pansion time scale 7 and the electron fraction Y.. According to the value of the
electron fraction Y., neutrino—driven winds of core—collapse supernovae in the inner-
most ejecta can be the site for two distinct nucleosynthesis processes: the vp—process,
when Y, > 0.5 and the r—process, when Y, < 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 wvp—process

The neutrino—driven wind ejects very hot (Ty > 10) and proton-rich material from
the PNS (see Figure . 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 mainly °*Ni 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 differ-
ent stages and outcomes (vp—process and weak r—process) are shown. The figure is
adapted from |José and Iliadis| (2011)).

et all [2011). At Ty < 34, Ni can rapidly capture free protons. However, the
reaction flow cannot move beyond %Ge, which has a relatively long 8+ half-life of
1.06 min. This issue is solved by electron antineutrino captures on free protons via
the p(7,, eT)n reaction, which produce a tiny amount of free neutrons, 10~!* — 1072
of the total mass. At To= 3-1.5, the much faster (n,p) reaction on 5°Ni, followed
by a sequence of radiative proton captures, i.e. (p,7) reactions, bypass %Ge and
similar waiting—points, such as %Se and ™Kr with half-lives of 35.5 s and 17.1 s
respectively. The reaction flow 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 Ty < 1.5, (p, ) reactions freeze—out
due to the Coulomb barrier, and the produced nuclei decay back to stability, with
%N;i still being the most abundant nucleus in the plasma. This is the basic picture
of the vp—process (Frohlich 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 vp—process is the number ratio A, of free
neutrons created by the p(7., e™)n reaction and seed nuclei, proposed by [Pruet et al.

(2006)

Y
£ A dt (1.5)
Yu Jry<s

— P _
An = ?hnpe ==

where A, is the rate for the p(7., et)n reaction and Y, and Y}, are the mass fraction
of protons and seeds (nuclei with Z> 2) at T9=3, the onset of vp—processing.

As the number ratio A,, increases, the reaction flow can reach the fg—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 vp-process n;,

n;,e:/ Ay, dt (1.6)
To<1.5

is not negligible compared to n;, (Wanajo et al., 2011)).

The efficiency of vp—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 vp—process is dependent on the presence of neutrinos in
the hot ejected material. Figures and show the nucleosynthesis output of a
neutrino—driven wind trajectory — (T(t), p(t)) profile — from Wanajo et al. (2011)
using the NuGrid Post—Processing Nucleosynthesis (NuPPN) code (see Section
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 vp—process; otherwise the final abundances look
similar to an NSE, with a surplus of iron—group nuclei.

The next crucial ingredient for the vp—process is the electron fraction Y. of the
wind. Recent hydrodynamical studies with proper neutrino transport have shown that
Y. can lie between 0.5 and 0.6 at Tg=3 (Wanajo et al. 2018). Sensitivity studies
by [Wanajo et al| (2011) and Nishimura et al. (2019) have explored a variety of Y,
values, ranging from 0.5 up to 0.8. Both studies suggest that the higher Y, leads to
a more efficient vp-process. This occurs because the Y),/Y}, ratio is increased, leading
to a higher A,,, even though n;, is the same. In the case of Y, above 0.6, neutron

captures compete with proton captures and the nuclear flow heads from Z = N to
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Figure 1.11: Relative abundance versus atomic mass number for two different 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 3 stability at A~ 160.

Wanajo et al. (2011) also explored the effect of neutrino luminosity L,, which
exhibits a similar effect to the Y. (higher L, leads to a more efficient vp—process).
This is an expected result, since according to Equation [1.4] the two quantities are
related.

Concerning the nuclear physics input of the vp-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 vp—process are the bottleneck triple—
a and %°Ni(n, p)®Co. The former controls the production of a—particles, protons
and the *°Ni seed before the onset and during the vp-process. Therefore it controls
completely the seed—to—proton ratio A,. 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 we provide a detailed discussion about the importance of couple more
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Figure 1.12: Same results as in Figure but presented in the nuclear chart.

reactions that exhibit a similar effect as the triple—a reaction and how they can affect
vp-processing, "Be(a, v)1C and °B(«, p)3C.

The 5®Ni(n, p)®Co reaction is the first step in the vp-process, and for this reason
its rate determines the subsequent nucleosynthesis, regardless of the detailed condi-
tions. Specifically, a lower rate leads to a more efficient vp—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 efforts 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 efficiency of the vp—process.

Arcones et al.| (2012) identified a reaction sequence after the onset of the vp-

process that can delay the processing to heavier masses:

¥ Cu(p,a)®Ni  (NiCu cycle)

Ni(n, p)**Co(p, 7)*"Ni(n, p)**Ni(p, 7)
Cu(p,v)%Zn (breakout from the cycle)

In this scenario the proton capture on *Cu is of great importance, because according
to its rate it can either break—out (if Aj,) > Aga)), or cycle material back to *Ni
and thus delay the reaction flow to heavier nuclei (if A, ) < A(p,q)). For this reason
it is important to study both reactions experimentally.

Finally nuclear masses can affect the equilibrium abundances within an isotonic

chain, where a (p,v) <> (7, p) equilibrium exists (Schatz, 2006). Many nuclear masses
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on the vp—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 vp—process is considered one of the
main contributors to the origin of the light p-nuclei, such as ?2Mo and %6®Ru
that are underproduced in the p—process. If the wind conditions are favourable, the
vp—process can synthesize neutron—deficient nuclei up to A ~ 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 (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 vp—process is a nucleosynthesis sce-
nario that can produce a variety of neutron—deficient nuclei and that varies from event
to event, since the conditions in the neutrino—driven wind can be different 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, N, = 1022 cm~2 leads to fast radiative neutron captures
which lead the abundance flow far from the valley of g stability. When the flow
reaches the magic neutron numbers (N = 50, 80 and 126) ~ decays and f—delayed
neutron emission lead the nuclear flow back to stability.

Core—collapse supernovae explosions have been identified 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 (Y. ~ 0.4 —0.49) (Martinez-Pinedo et al.,
2012)) and can produce nuclei up to Ax 90 — 110, below the second r—process peak
(see Figure by «, neutron, and proton capture reactions, as well as 3 decays.
However the conditions are not sufficient to produce the gold—platinum peak and the

actinides. This is referred to as the weak r—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 solar r—process abundances scaled to match
the Ba—Hf region. The standard spectroscopic notation is used, where loge(X) =
log,o(Nx/Ng) + 12.0, where Ny is the abundance by number. The measurements
have been normalized to the loge(Eu) found in HE 2327-5642. In the bottom panel
the difference in log €(X) between HE 2327-5642 and the solar r—process abundances
is shown. The figure is adapted from |José| (2016).
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2011; Wanajo, |2013).

The weak r—process nuclear flow is sensitive to (a, 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 the r—process, which has been confirmed 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 1987A)) 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 first observation of
supernova neutrinos. Nineteen neutrino events were observed three hours prior the
first 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 first 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 of °°Ni and #*4Ti 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 confirms

that they are the source of the light curve.

15The naming convention for supernovae includes the prefix SN followed by the year of discovery
suffixed with a one or two-letter designation. For the first 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 57,
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Cassiopeia A is a supernova remnant in the namesake constellation, which is lo-
cated around 3.4 kpc (= 10'7 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 v rays, INTEGRAL (Winkler
et al., 2003)), NuSTAR (Harrison et al., 2013) and Chandra (Weisskopf et al., [2000) in
X-rays, and Spitzer (Werner et all 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 v rays from radioactive **Ti. |Grefenstette et al| (2014 mapped
the spatial distribution of #4Ti 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.

27



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. Specifically, we shall first 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 species a and b. They can interact via a nuclear reaction, a +b — ¢* —
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d + e, where d and e are the products and ¢* is an intermediate, short-lived excited
state of a nucleus composed of a combination of a and b (or ¢ 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

Tab = NaNp {0V ap (2.1)

where n, and n;, are the concentrations, or number densities, of species a and b per
unit volume (usually expressed in cm™3) and (ov), is an average value of the reaction
cross section o (usually expressed in barns, where 1 b = 1072* 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
(00w

Fab = (1 + 5ab>

where d4 is the Kronecker symbol. The quantity that is most commonly used in the

(2.2)

literature is the number of reactions per unit volume and time, expressed as N 4(ov) 4
in units of cm?® mol~! s™!, where N, is Avogadro’s number. This occurs because in
stellar model calculations, mass density p (expressed in g cm™) and mass fraction
X; (or abundance Y;) are commonly used instead of the number density (Rolfs and
Rodney, [1988). The aforementioned quantities are related through the following

expression

= pNAY, (2.3)

where A; is the atomic mass of species ¢ 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 called thermonuclear. Accordingly, relative particle velocities can be described by
the Maxwell-Boltzmann distribution

32,
P(v) dv = ( ) e M0 CRD) g2y (2.4)

2wkT

which expresses the probability that the relative velocity of charged—particles a and

b lies between v and v+ dv. p = mgmy/(m, +my) is the reduced mass of the system,
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k is the Boltzmann constant, with a value of k = 8.6173 x 107 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 modified 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

1/2 o0
Ny (o) = (%) " e, /0 o(E)Ee P/ qE (2.5)
Equation 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, o(F). Once this quantity is either measured experimentally, or estimated
theoretically, Equation 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 Ty = 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 reaction a + b — d + e. Such a reaction occurs, in a stellar
or a laboratory environment, when the projectile a intrudes in the nuclear vicinity of
the target b. Particle b exhibits an electric field, 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 finite probability to penetrate through it.

Gamow (1928)) calculated this transmission probability to be
P oc e ™ (2.6)

where 7 is a dimensionless factor, called the Sommerfeld parameter and is equal to

2&2%62
= 2.7
n — (2.7)

where Z,, Z;, are the charges of the interacting particles, e is the elementary charge,
h is the reduced Planck constant and v 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
—27n
—e (2.8)

where S(FE) is a usually slowly varying function of energy referred to as the nuclear or
astrophysical S—factor and removes the strong 1/E energy dependence of the nuclear
cross section. With the definition of a non-resonant charged—particle reaction cross

section, we can re-write Equation as follows

TH
= (%)1/2 (kT)‘3/2NA/O S(E) exp <—\/% — k%) dE
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where Eg is called the Gamow energy and is given by
Eq = 2uc*(raZ,Z,)? (2.10)

with « being the fine structure constant o = €2 /(4meghic) ~ 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 the "Be(a, v)'*C 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 defines 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 Ej can be found from determining the maximum of the integrand
of Equation [2.9) at Eq

= 0.122 (2222uT2) " MeV (2.11)

(\/_EGk:T>2/3
Ey = (Y=5—

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

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

JEe DB e (30 _(E-E)\*
exp E kr) TP\ T )P AJ2

where A is the effective width of the Gaussian and can be obtained by matching the

(2.12)

second derivatives of Equation [2.12

4
A= %\/EOkT — 0.2368 (22 22T7)"/° (2.13)
Thermonuclear reactions typically occur in energies between Eg+ A /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 (e2™, dashed line), Maxwell-Boltzmann
distribution (e=#/** dashed-dotted line) and their product (Gamow peak) for the
"Be(a, v)'C reaction at Tg = 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, ¢*. More specifically, we will
focus our discussion on resonances which have approximately constant partial widths
over the total resonance width (I'(F)/E, < 0.1, called narrow) and in addition do
not overlap significantly with other resonances (isolated). The cross section can be

described by the single-level Breit—Wigner formula

N (27 +1)
AT (25, + 1)(25, + 1)

I (E)T o (E)
(B, — E)* + (I(E)/2)?

o(FE) (1 + dap) (2.14)
where A is the de Broglie wavelength, which expresses the wave nature of the interact-
ing particles, j; are the spin of projectile and target, J and E, 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 7 of any resonant
state is connected with its total width I' by 7 I' = hA. The ratio of an individual
width I'; and the total width I' defines the probability that the compound nucleus will
decay via the i*" channel. Figure[2.2/shows the cross section for a narrow and isolated
resonance of the "Be(a, y)'*C 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 E, and

calculate the integral analytically

or \3/2

Na{ov)ay = Na <,ul<:_7rT) h2wye Er/kT (2.15)
where w = (2J 4+ 1)(1 + 0ap) /(20 + 1)(2J5 + 1) is the nuclear spin factor and w~y is
called the resonance strength

rr o
wy=w 11“ 2 x / o(E)dE (2.16)
0

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, I' - o(E = E,),
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Resonance energy (keV)

Figure 2.2: Resonant cross section, o(E) as a function of energy for the E,.= 1155
keV resonance of the "Be(a, ) C reaction. The resonance energy E, and total width
I' 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

9 3/2
Nalov) = Ny (%) R (wy)i e BT (2.17)
H i
1.5399 x 10! _ . 1
= = 2o R e mol ™t 57

i

where (wv); and E; 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 first 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 (T¢ = 1.5, which is typical for the
vp—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 significant impact.
lliadis| (2019) has recently shown that the calculation of a resonance energy E, from

the reaction () value, through

Er = Ex - Qatomz’c (218>

where F, is the excitation energy level of the product nucleus, can introduce an error
on the contribution of the resonance to the reaction rate. Specifically, the use of the
atomic, instead of the nuclear masses, can change E, 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 influence of partial widths and the notion of
the Gamow peak. Let us assume our general nuclear reaction, a +b — ¢ — v + ¢,
with only two channels being open, that is I' = I'y + I'y, and the compound nucleus
emits a 7 ray, so that I'y = I',. It is customary in the nuclear astrophysics community
to attribute great importance to all the resonances located inside the Gamow peak,
usually Eg + A/2; on the premise that they all contribute significantly to the total
reaction rate. In fact, this assumption is justified only when the total resonance
width is dominated by the v partial width, that is, 'y > I'y (Iliadis, [2015). The
resonance strength will then depend only on the charged—particle width, remember
the definition in Equation [2.16, and in that case the resonances inside the Gamow
peak will contribute significantly to the total reaction rate.

On the other hand, when the v ray partial width is much smaller than the particle
width, I'y > I', the resonance strength depends only on the « ray partial width. In
that case, the Gamow peak argument cannot be justified, since it does not exist.
Instead, the individual resonance contribution to the total reaction rate depends on

~E/ET wwhich increases rapidly with decreasing energy, meaning

the Boltzmann factor e
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 10° (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 specific 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 first—order coupled differ-
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 vp-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 we shall present the study of a
vp—process nucleosynthesis network.

To begin, the abundance, or number fraction, Y; = n;/(pNa), of the nuclear
species ¢ 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 densities n; in reaction network calculations since the latter quantity
changes with both the number of the species i 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. "Be(a, v)''C)
and three (e.g. *He(aq, y)'2C — triple-a reaction) nuclei (Hix and Thielemann) 1999).
We can write a generalized abundance evolution equation for Y;, or rate equation, as

follows

dY

i
Tl E AY; o+ E AieY; Y + E Akt Y5YRY) (2.19)
j ]7k j7k7l
——— —~ X —~ .
1-body reactions  2-body reactions 3-body reactions

where the quantities \j, A;; and \;;; 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
Nij = N (pNa)(ov)i; (2.20)

with N7, = N;/ [T [N, !| being used for a proper counting of the number of nuclei
involved in the reaction.

Figure [2.3| shows a schematic representation of the different processes that create
and destroy "Be and Equation gives us its abundance evolution

dY?Be
dt

= )\3He,aYéHenHe + AGLi,p%LiYiH - )\/3+Y77Be - >\7Be,aYv7BeY21He +oee (221)

1lc 120 130

sg| . |wog]||up
X
Y
Be| |"Be| [®Be
Ly
6Li||"Li

3He| |*He

(p,a) (V)

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

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 simplified and the abundance, Y;, of each species can be calculated in terms
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of the free protons, Y,, and neutrons, Y,,, by applying the Saha equation

dY;
=0 (2.22a)
3
AP o2 B
Yi= G (pNa)™ (#) BNy Ny Zi (2.22b)

where GG; and B; is the partition function and binding energy of species 7, A is its mass
number, N the number of neutrons, Z the number of protons and p and T are the
density and temperature of the environment. The unique solution of the network for

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

ZAZYL‘ =1 (2.23a)

> Zyi =Y. (2.23h)

The energy released by nuclear reactions in an astrophysical environment, €,ycear,

can be calculated using Equation [2.19

d—t”’ (MeV /g s) (2.24)

Enuclear = — 3 Nymi?
i
where m;c? is the rest mass energy of species i in MeV.

Thermonuclear reaction networks, like the ones that we will encounter later in
this thesis (Section , are known to be very stiff, meaning that their solution is
numerically unstable, and as such, smaller steps of integration must be used. Stiffness
in a network arises from the fact that its differential 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 (José, [2016)).

Various numerical techniques can be used to solve (integrate) such networks. Re-
action network codes, such as NuGrid NuPPN (see Section , employ mostly the
backward (implicit) Euler method, “Wagoner’s method” (Wagoner, 1969), Gear’s
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method (Gear, [1971)) or the Bader-Deuflhard semi-implicit method (Bader and Deu-
flhard,, [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, N, and the

total number of incident beam particles, Ng. Their ratio

Y=

(2.25)
is called the reaction yield. In fact, an experimental setup has a finite detection
efficiency 1 and does not detect the total number of reactions, but rather a fraction

of it, V,. The experimental yield is given by

_ N
NBU

Y (2.26)
In Chapter [5] we shall discuss in more detail how this equation is derived and the
specifics of the detection efficiency for the experimental apparatus of the present
thesis.

The reaction yield can also be expressed as a relation between the reaction cross
section o and the characteristics of a target with thickness Az and number density

of active target nuclei n
Y =0nAz (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 Az; and assume that both the cross section
o; and the rate of energy loss, or stopping power ¢;, are constant over each slice. To
calculate the total yield we will have to integrate over all the slices

Y = /a(x)n(x)dx = /U(x)n(x)dxdgix) dgfx) (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
1 dFE

E)y=———-— 2.29
€(E) (@) dx (2.29)
Including this in Equation [2.28] we obtain for the yield
E
E
Y = / °(E) 1k (2.30)
p-ap €(E)

where AFE 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)

Eoo1 N Iy
Y(E) = —_ dFE 2.31
(B) /EAE €0 47Tw(Er - E)+(I'/2) (23
A wy F/E dE
- 27T €r 2 E+AE (ET - E)2 + (F/2)2

A2 wry ) E—-FE, ) E—-FE, —AF
= —L — |arctan —arctan | ————
21 €, I'/2 r/2

where )\, and ¢, are the de Broglie wavelength and the stopping power at the resonance
energy, E,, respectively.

Figure [2.4] shows the corresponding yield for the resonance shown in Figure for
different target thicknesses. In the case of an infinitely thick target, that is, AE — oo,
or equivalently AF > I', we can obtain a simple relation between the maximum
reaction yield, Yy.x, and the resonance strength, w, by integrating Equation [2.31
Awy  Nmg+mywy

Ymcw;,AE—)oo — (232)

2 € 2 my €

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

with m, and m,; the masses of the projectile and the target respectively.
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Figure 2.4: Yield from the resonance of the "Be(a,v)'C reaction (E,= 1155 keV,
I'= 15 keV) for different target thickness AFE, ranging from 5 keV to 100 keV. The
case of infinite thickness is also shown.

The resonance strength can then be determined experimentally using

wy = 2Ymax,AE%oo€ my
)\2 Mg + My

(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 reaction a +b — ¢* — d + dﬂ 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 *He(aa, v)"?C — triple-a, "Be(a, 7)'' C reactions, and others).

! An equivalent way to describe this reaction is a(b, d)e, which is commonly used in nuclear physics.

42



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

Figure shows the radiative capture of “He on "Be (v = "Be, b = ‘He and
e = 'C). 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 nucleus " C*, with energy E, = E, + Quuciear, Where E, is the
corresponding resonance energy and (,uceqr 1S the energy released by a reaction,
given by the mass difference between reacting and product nuclei and accounting
for the binding energy of the electrons. These resonant states are usually short—
lived (7 < 10712 ) and decay with the emission of one or multiple «y rays. Their total
energy, according to conservation of energy, will be F,, 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 v energies between 100 keV and 15 MeV.
Specifically, for the v transitions that DRAGON detects, £, ~ 0.1 — 10 MeV and
AE,. is ~ 107* MeV (Iliadis, [2015)).

"Be ‘He MC*  MC+~o

& ¢ | %
(a) (b) (c)

Figure 2.5: Schematic representation of a radiative a—capture on “Be in inverse kine-
matics in the lab system: (a) beam (“Be) and target (*He) particles interact, (b) the
compound nucleus (' C) is synthesised in an excited state and then, (c) it decays by
emitting a 7 ray. The recoil nucleus and the v ray are emitted at angles 6, and 0,
respectively.

Radiative capture reactions are generally studied experimentally using two differ-
ent methods: the forward kinematics method, where the light ion, in our example

“He, impinges on a heavier ion target, "Be, and the inverse kinematics method, where
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the heavy ion impinges on a usually gaseous light ion target. In the first case, one
can only detect v 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 v 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 specifics of that method.

Let us consider the general radiative capture reaction a+b — ¢* — d+ in inverse
kinematics, with particle b being at rest. The product nucleus d in the framework of
inverse kinematics reactions is also called the recoil nucleus. Conservation of energy

and linear momentum gives the following three equations

mac® + E, + myc? = myc® + By + E, (2.34a)
E
V2maE, = —L cos b, + \/2mgE, cos 0, (2.34b)
c
E
0= —sinf, — \/2myF,;sin6, (2.34c¢)
c

where E; and m; denote kinetic energy and rest mass respectively. Solving the system

of equations for the linear momentum of the recoil we find that

E
Pd = QEQ Mg (]_ + W) (235)

where the 4 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

7 transition perpendicular to the beam direction, that is 6, = /2, we obtain the

maximum angle for the recoil nucleus

E, E+Q

————— | = arctan
% 2ma02Ea) \/Qﬁ—:(ma +my) 2B

(2.36)

0y maz = arctan (

where E is the center—of-mass energy of the reactants.

The maximum recoil angle for the energies relevant to vp—process nucleosynthesis

44



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

for the "Be(a, ) C reaction is 6, m4: ~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 smaller () values have increasing
0, maz With increasing energy, while reactions with higher () values exhibit the oppo-
site behaviour. This has implications for the feasibility of experimental studies in
inverse kinematics, as we shall discuss below. Figure|2.6shows the maximum labora-
tory recoil half-angle for some astrophysically important radiative capture reactions,
including "Be(a, y)''C.

0.12

% — "Be(a, v)''C, Q= 7.545 MeV
= 0.10 —  20(a,7)'%0, Q= 7.162 MeV
SV e 180(ar, v)?2Ne, Q= 9.668 MeV |
o - 2Ne(a, 7)?Mg, Q= 10.615 MeV
o _—— 3 7 _ /

bgD 0.08L ) He(a,v)"Be, Q= 1.586 MeV |
< - = 150(a,7)™Ne, Q= 3.529 MeV

| IR 21Ne(p,v)**Na, Q= 6.740 MeV
Gy S
?@ O 06 RS ~“~~~
f ~o S ::.
.g \\\\
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I e ks
= 0.02P e, - - TR :
R e
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107! 10°
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Figure 2.6: Maximum laboratory recoil momentum cone half-angle, 0, 4., 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 finite geometric and energy
acceptance, meaning that they can accept recoils up to a specific angle 6, and energy
Eoc.. 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 0, ,,,4,. In an
experiment, however, the recoils have a distribution of angles that can be either higher
or lower than 6, ,,,, according to the reaction. In the following, we shall demonstrate
how the characteristics of a radiative capture reaction, specifically the number of ~
rays emitted by the compound nucleus and their angular distribution, can affect the
distribution of recoil angles and subsequently the efficiency of the detection system,
n (Equation [2.19).

Figure shows an inverse kinematics distribution of recoil angles from a reso-
nance at E,= 1155 keV of the "Be(a, 7)) C reaction for two different cases: a single
transition to the ground state, and a cascade of four v rays. It is evident from the
figure that a single transition to the ground state shifts the average recoil angular
distribution towards the maximum, 0, ,,q, =~ 42 mrad. Therefore, it is very important
to know both the number of v 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 v ray detection efficiency. Combining
simulations with experimental v ray information one can also determine the unknown
branching ratios experimentally (Ruiz et al., 2014]).

If we now consider several v rays in a cascade, the recoil angular distribution
also depends on the different nuclear level spins and the multipole mixing ratios of
the ~ transitions, which can become very complicated to calculate. For a formal
treatment of v angular correlations, the interested reader is referred to [Ferguson
(1965) and (Rose and Brink] [1967)). To illustrate the aforementioned effect, Figure [2.7]
shows the same resonance of the "Be(a, ) C reaction, but for three different ~
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: GEANT simulations for the recoil angular distributions of the E,.= 1155 keV
resonance of the "Be(a, ) C reaction, by changing a) the number of ~y 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 for a discussion on the GEANT simulations.
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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 the “Be(a, v)!C reaction and

we shall present motivation for the present work.
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Chapter 3

"Be(a, v)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 first identify the importance of a specific 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 significant effect 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 the "Be(a, v)''C
reaction with all the relevant information for the calculation of its rate and present
the open questions that motivate the present work.

The "Be(a, ) C reaction is a very interesting case because even though it involves
two radioactive species, one of them is long-lived isotope (¢1/2("Be) = 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 nuclei *C and "B adopted from Kelley et al.
(2012), with the addition of the E;x = 8.900 MeV state from |Yamaguchi et al.| (2013).
The dashed lines indicate isobaric analog states, and next to the 'C scheme we
present the a separation energy @, the resonances of the “Be(a, v)!C reaction, E,,
in keV and the relevant energy region for vp-—process nucleosynthesis.
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3.2 Previous measurements

Figure shows the current level structure of 1'C and its mirror nucleus 'B from
the A = 11 data compilation of [Kelley et al.| (2012). Six resonances are located inside
the relevant energy region for vp—process nucleosynthesis and a summary of their
parameters are shown in Table 3.1l Recalling our discussion from Section [2.2.2] not
all of these resonances contribute equally to the reaction rate, because the v partial
width is much smaller than the a-particle width (I', > T';). For this reason the
most important contribution to the total reaction rate originates from the low energy
resonances. In the following, we shall briefly review the experiments that studied

these resonances of interest.

Table 3.1: Resonance parameters for the "Be(a, 7)!1C 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, (keV) Jr r I, (eV) w~ (eV)
8.1045(17)  561(2) 3/2° 6757 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+ < 5keV
8.699(2)  1155(2)  5/2%  15(1) keV  2.60(15) x 1074 T

8.900 1356 (9/2%)  >8keV (0.48) (1.2)
9.20(5)  1657(50)  5/2F  500(80) keV

3.2.1 The E, = 561 & 876 keV resonances

The two lowest-lying energy resonances of the "Be(c,)''C reaction, which corre-
spond to the E, = 8.105 and 8.420 MeV levels in ''C, were studied by [Hardie et al.
(1984) in forward kinematics at Argonne National Laboratory.

A singly charged “He ion beam was accelerated in the 4.5 MV Dynamitron ac-
celerator at a maximum current of 15 uA (beam intensity of 9.4 x 10'3 pps) and
impinged on a radioactive "Be target. The target was produced using the molecular
plating method by the "Li(p,n)"Be reaction (Filippone and Wahlgren, [1986) with
initial activity of 80 mCi and 7Li:"Be ratio of less than 5 x 1073. However, by the
time of the experiment, half of the original "Be in the target had decayed into “Li,
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because the target was first used for the measurement of the "Be(p,y)®B reaction
by |Filippone et al.| (1983).

The experimental setup comprised two detectors for the v rays from the de—
excitation of the ''C nucleus, a Ge(Li) detector and a Nal(T1) detector. The detectors
were placed at 55° and 90° to the beam direction respectively, and lead between target
and detectors blocked the 7 rays from the 478 keV line of the "Be 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 first
was the thick target yield formula, similar to Equation [2.32] and the second was a
complementary relative method which employed the presence of “Li in the target and
the fact that they were studying "Li(c, ) B reaction in the same campaign. More
specifically, the relative method provided the resonance strength ratio between the
resonances of interest in "Be(a, 7)*'C and the known E, = 660 keV (E, = 9.272 MeV
in "'B) resonance of the "Li(c, ) B reaction, reported in the same work. The main
advantage of this method is that both the "Li:"Be ratio in the target and the detector
efficiencies are more accurately known than the number of “Be atoms alone and the
absolute efficiencies. Nevertheless, one has to include an extra uncertainty factor from
the "Li(cv,7)'"'B resonance. The adopted values for the two resonance strengths in
Table are the weighted averages of the two methods.

Using Equation and considering negligible v widths, the authors compared
the experimentally deduced a—particle widths (I',) for the two resonances with shell—
model calculations by [Kurath| (1973). Their results agree well for the E, = 876 keV
resonance (I'2¥P- = 12.64 3.8 eV & 'S8 = 11 eV), but strongly disagree for the E,
= 561 keV resonance (' = 6132 eV & I'{e = 53 eV).

3.2.2 The E, = 1110 & 1155 keV resonances

Wiescher et al.| (1983) studied the E, = 1110 and 1155 keV resonances, which corre-
spond to the E, = 8.654 and 8.699 MeV levels in ' C, using the °B(p,v)*' C reaction
in forward kinematics employing three different linear accelerators (7 MV Super-CN
Van de Graaff at Ohio State University, 1 MV Van de Graaff at the University of

Toronto and 350 kV accelerator at the University of Miinster), covering a wide energy
range (Ex = 8 — 10.7 MeV).
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Enriched °B targets of different thicknesses were irradiated using proton beams
with intensities of 15-300 puA, 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. Specifically, at
the University of Toronto and Ohio State the authors studied the angular distribution
over seven angles using two detectors and in Miinster over four angles (0°, 45°, 90°
and 135°) using three detectors.

The authors observed primary v transitions from the E, = 8.654 and 8.699 MeV
states and calculated the ratio I, /I" for them using the cross sections from the ~ ray
and a—particle channels, o(p,7)/o(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 E, = 1155 keV were also
determined and are presented in Table [3.2]

Table 3.2: v ray branching ratios for excited states of 1'C nucleus adopted from Kelley
et al.| (2012)). For the E,= 1110 keV resonance, the branching ratios of the mirror
nucleus !B are used.

E. (keV) E; (MeV) E; (MeV) Branching ratio (%)

560 8.105 0 74 + 12
2.000 26 &+ 5
877 8.420 0 100
4.319 <7
1110 8.65/ 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 4+ 10
4.804 24 £+ 1.5
6.478 13.6 = 4.6
1356 8.900 unknown
1657 9.200 0 74 + 18
4.319 65
6.478 20 + 10
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3.2.3 The E, = 1356 keV resonance

The most recent study relevant to the “Be(a, v)!'C 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—flight (see
Section[4.1)), (b) a double achromatic system, which first analyzes the unstable nuclei
produced according to their momentum and then focuses the beam (c) a Wien filter
system, which provides a better isotone separation and purification of the radioactive
ion beam and (d) the final focal plane, where the reaction of interest takes place and
the produced nuclei are detected.

The "Be + o resonant scattering and 7Be(a, p) reaction measurements were per-
formed using the thick—target method in inverse kinematics and provided the excita-
tion functions for E, = 8.7-13.0 MeV. The "Be beam was produced at the production
target from a cyclotron-accelerated “Li beam and had around 2 x 10° pps intensity
at the final focal plane with almost 100% purity after the Wien filter. The reactions
occurred in a 815 Torr helium gas, sufficiently thick to stop the beam. Protons and «
particles from the reactions of interest were detected using two silicon detectors which
provided AE — E particle identification. In addition, ten Nal(T1) detectors were used
to detect «y rays from the 429 keV excited state of "Be.

The R—matrix analysis of the data shows two small peaks in the low energy region,
between 8.90 and 9.20 MeV. The first 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 & Figure , 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 of J™ = 9/2%, which was the best fit of the R—matrix
analysis, and 3/2%. The contribution of this resonance was 10% compared to the
NACRE rate (see Section in the temperature range relevant to the vp-process
nucleosynthesis (Ty = 1.5-3).
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3.2.4 The E, = 1657 keV resonance

The highest energy resonance inside the relevant energy window for vp—process nu-
cleosynthesis corresponds to the E, = 9.20 MeV state in "' C. It was first observed
in a 12C(p, d)"'C study (Ajzenberg-Selove and Busch| [1980) and later in the studies
of Wiescher et al.| (1983) and |Yamaguchi et al.| (2013). The resonance fit of the second
study yielded J™ = 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 E, = 877

keV at T = 2 GK is:

R(E, = 1657 keV) ~ —AB/1T23 eV, (-2

R(E, — 877 koV) (3:1)

it is safe to ignore it from the following discussion.

3.3 The current "Be(a, ) C reaction rate

The current rate for the "Be(a, v)!*C reaction, which all the reaction rate libraries
for nuclear astrophysics are adopting, such as STARLIB (Sallaska et al.| 2013) and
REACLIB (Cyburt et all [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 E, = 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
"Li(a, v)" B reaction, up to Ty < 0.7 only. The sub-threshold resonance at E, =
7.50 MeV has a large contribution at low temperatures, below Ty ~ 0.3, according
to [Descouvemont, (1995). Figure 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 affect the vp—

process nucleosynthesis. To determine the elemental abundances of the vp—process,
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Figure 3.2: (Upper panel) The "Be(a,v)!C 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 current “Be(a, 7)!'C 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 vp—process
(Section[L.5.1)), the reaction flow moves from the pp-chain region (A< 12) to the CNO
region (A> 12). The authors found that there are a couple of two—body reaction
sequences, namely "Be(a, v)"C(a, p)*N and "Be(a, p)''B(a, p)'3C, which compete
with the triple-a reaction, the main link between those regions, before (Tg > 3) and
after (Ty < 3) the onset of vp—process respectively, as one can see in Figure .

The most important reaction for each of the two sequences is the "Be(a,7)!'C
and the °B(a, p)'*C respectively, since, like the triple—a reaction, they control the
reaction flow. For this reason, the authors selected them to test their importance for

vp—process nucleosynthesis.

dY/dtfor — dY/dtinv (S_l)

5! 4 3 2 1
Temperature(GK)

Figure 3.3: Nuclear flows 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 vp—process (Ty = 1.5-3) and the red line shows the
"Be(a, 7)) C reaction. The figure is adopted from [Wanajo et al.| (2011)).

57



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

Figure |3.4] shows the results of the reaction network calculations for five different
rates of the "Be(a, )" C 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 of p—nuclei in the mass region of A ~ 100 — 110 are sensitive
to this reaction, varying by a factor of ~ 1.3 — 6, as shown in Figure 3.4 More
specifically, a larger rate affects 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 Y., and therefore the efficiency of vp—processing, as we discussed in
Section [L5.1]

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 vp-process. The authors explored a wide range of electron frac-
tion, 0.55 < Y, < 0.725, and entropies, 11.4 < s < 184 kp baryon~!, for their
one—dimensional neutrino—driven wind trajectories. A total of 23 trajectories were
post—processed using the MC framework PizBuin (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-defined factors, which for (a,7) re-
actions varied between 0.1 and 2 (factor of ten decrease and factor of two increase).
Important reactions that affect the final abundances were identified by using a Pear-
son product-moment correlation coefficient, re;, where 0 < |reor| < 1, between the
reaction rate variation and the isotopic abundance change.

Despite the fact that the authors did not report their findings on the variation
of the "Be(a, ) C reaction rate, they mention that it has a similar impact as the
triple-—a reaction which is extensively discussed. Figure |3.5) shows unpublished data
of the impact of the “Be(a, v)' C reaction rate on the production of nuclides for some
of the hydrodynamic trajectories. The largest effect for most of the trajectories is in
the mass region 70 < A < 120, which is wider than, but consistent with, the region
identified by Wanajo et al.| (2011)).

Considering all the above, our knowledge of the “Be(a, v)!'C reaction rate and
its impact on vp—process nucleosynthesis is limited, since it does not account for the
contribution of at least three resonances, i.e. E, = 1110, 1155 and 1356 keV, which
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Figure 3.4: Comparison of the nucleosynthesis results for five different rates of the
"Be(a, 7)) C reaction. The final 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 different rates of the "Be(a, )" C reaction. The figure is adopted from

et | @011).
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Figure 3.5: The impact of the "Be(«, ) C reaction (Xu et al., 2013) on the produc-
tion of nuclides for a subset of the studied trajectories (increasing trajectory corre-
sponds to increased Y.) 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 significant 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 vp—process nucleosynthesis temperatures and determine its effect
on the isotopic abundances. In the following chapters we shall discuss the first direct
measurement of resonances with unknown strengths of the "Be(a,v)' C 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 the “Be(a, v)!C
reaction, there are still unknown nuclear parameters that could influence the total
reaction rate and subsequently its impact on nucleosynthesis in neutrino—driven winds
via the vp—process. At this point, we proceed with the presentation of an experimental

study to improve the “Be(a, y)''C 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 TRIUMEF 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 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 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 first built with one experimental
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hall, ISAC-I (see Figure , 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 find an overview of the ISAC and ARIEL facilities in [Dilling
et al.| (2014).

DT, (106 MHz) HEBT /LO(VlVl.ﬁSkﬁ/l[lﬁCZI;er
MEBT S O07000( jl- ¢ (=] 96—600 -- 609 0066809

High S—buncher

Rebuncher (35.4 MHz) f
(35.4 MHz)

:§Str1pp1ng Foil
\Chopper (5.9/11.8 MHz) Diagnostic Station
Bunch Rotator (106 MHz)

RFQ

(35.4 MHz)

e

Pre-buncher (11.8 MHz)

Switchyard

Figure 4.1: Schematic representation of the ISAC-I facility accelerators. The three
main beam transport lines (LEBT, MEBT and HEBT) and the Off-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 affects 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 pA)
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 fission reactions. The target module (see
Figure 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 efficiency of the species of interest and withstand the beam power without
degradation. The production targets used at ISAC operate for two to five weeks before
they are replaced. The "Be beam was produced using a thick zirconium carbide (ZrC)
target, manufactured at TRIUMF.

s Heat Shield

Extraction
Electrode

Transfer Tube

Target
Container

‘A o . Ground
/N — A : Electrode

L7z 7,

Heat ShieldJ O

Target Material

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 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 different
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processes: diffusion from the target crystal to the surface and effusion 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 lonization Laser lon Source (RILIS), or the Force Electron Beam Induced
Arc Discharge (FEBIAD) ionization source. For the “Be ion beam RILIS was used,

and the reason for this choice will become apparent in the following.

Ton Source 1. Production
(via nuclear reactions)
2. Diffusion
Transfer Tube 3 EH.I.J.SIOp
4. Jonization
500 MeV
H
protons

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
diffusion and effusion 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:AlyO3) 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 different resonant
ionization energy, and that results very pure radioactive beams, almost free of isobaric

contaminants. For this experiment, the main isobaric contaminant, “Li, was initially
reduced using TRILIS.
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After the ion source, the beam is transported through the ISAC high resolution
(M/AM = 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 separate "Be and “Li is mry_/d(m7g, — m7y;) ~ 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 (Koster, 2002)

[=®.-0-N- Thtarget * Tlsource * Tlseparation * Tltransport (41)

where @ is the flux of protons, o is the cross section to produce the desired species,
N is the number of target particles that are exposed to the proton flux, 7arget is the
efficiency of ion release from the target, Msouce the ion source efficiency, Nseparator the
transmission through the mass separator, and 7niansport the transport efficiency to the
experimental apparatus. The beam intensity of the "Be beam was I ~ 1.15 x 10°
pps, one of the highest ever achieved for that isotope. Nevertheless, stable beam

0'2=13 pps for low mass nuclei and another 1-2 orders

intensities can be as high as 1
of magnitude higher for proton or alpha beams.

A complementary technique to ISOL, called in—flight 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—flight need to be
slowed down and then re-accelerated to suitable energies. Notable examples of in—
flight 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 Off—Line Ion Source

In addition to radioactive beam delivery to experiments, the ISAC facility employs
the Off-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 (Jayamannaj, 2014)). We shall discuss the first 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 (Jayamannal, 2014). It consists of two
vacuum chambers, one plasma chamber and one RF coupling chamber, respectively.

For this thesis, the microwave ion source provided >C and ''B 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 different temperature regions simultaneously (25-600 °C, 600-1200
°C and 1200-2000 °C). Figure 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 the %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 first 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 [1.1). 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
fields 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 satisfied, a thin carbon stripping foil of
4 pg/cm? between the two accelerators is used to increase the beam charge state, with
a stripping efficiency 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 final
energy between 117 keV/u and 1.80 MeV/u. The maximum final 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 a "Be”" (A/q = 7/2) beam is Eyay = 1.69 MeV /u. The beam transmission
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through the DTL is usually greater than 95%.

DTL 11MHz and 35 MHz bunchers
General
Purpose
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magnet TUDA-I
DRAGON /’/T an o

HEBT S

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 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
AE/E = 0.1 — 0.4%.

Specifically for the "Be beam, to ensure a high purity, an additional carbon strip-
ping foil of 20 ug/cm? was placed at HEBT to select a specific charge state (47),
which eliminates the isobaric "Li contaminant. For example, a "Be/"Li (27) 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 all 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
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(see Sections & 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. *He(a,7)"Be in [Sjue et al| (2013)), to A= 76, e.g. "®Se(a,7)*Kr in
. DRAGON has four main components: the windowless, differentially
pumped, recirculated gas target, the v ray detection system of 30 BGO detectors,

the electromagnetic separator and the recoil detection system (shown in Figure .
In the following we shall discuss all these components in more detail, along with the

data acquisition system.
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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 filled with hydrogen or helium up to P ~ 10 Torr, to study (p,y)
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or (a,7) reactions, respectively (see Figure . The chamber is enclosed in an
aluminum pumping box with thin walls to reduce the attenuation of the reaction
prompt 7 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 significant signal, mostly
from elastic scattering. In addition, windows can deteriorate the beam quality due to

straggling, and can cause a significant beam energy loss (Rolfs and Rodney, [1988)).
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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 figure is adapted from Hutcheon
et al.| (2012). See the text for details.

The gas inside the DRAGON target is contained by multiple stages of differen-
tial pumping, instead of with physical windows. The first stage employs five large
roots blowers (two Leybold WSU2001 with 2000 m?/h pumping speed in parallel,

70



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

Vent
(dry Na)
S s e s = i P S
ITTTT — TYH T
A Target Pumping

® Manual Valve
® Automatic Valve
® Turbo Pump

@ Rootsblower
g | — Recirculation Path

LNy + Zeolite
Trap

/

Roughing
Pump

Exhaust Sensor

Gas Supply

Figure 4.8: Schematic of the DRAGON pumping system. The main components are
shown. The figure is adapted from Hutcheon et al.| (2003).
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Figure 4.9: Schematic of the DRAGON gas recirculation and differential pumping
system. The figure is adapted from |Hutcheon et al.| (2003)).
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two WSU201 of 200 m? /h pumping speed in parallel and one WS500) which raise the
outflow gas pressure to >40 Torr. Since the gas recirculation can introduce impurities
in the target from pump—oil vapor and air leaking in the system (Rolfs and Rodney,
1988), DRAGON uses a liquid-nitrogen—cooled zeolite adsorption molecular trap in
the backing line to reduce them. The pressure falls from few Torr inside the gas
chamber to ~1 x 107® Torr outside by means of seven turbomolecular pumps (Varian
V1000HT), three upstream the gas target and four downstream. For this reason, the
effective length of the target is larger than its geometric 10.87 cm, Leg = 12.3(5) cm.
According to Ruiz et al. (2014) gas target lengths between 10 and 15 cm are desir-
able for recoil separator gas targets, since they provide a better recoil acceptance.
Figures 4.8 and show a schematic representation of the gas recirculation and
differential pumping and system respectively.

To measure a resonance strength using the thick target yield technique (see Sec-
tion , the gas target needs to be sufficiently thick to contain the resonance within
its limits. The gas target thickness in units of atoms - cm~2 can be calculated using

the following relation
P 273

n=ngV e (4.3)
where ng = 2.68 x 10" ecm™ is the Loschmidt constant, v is the number of atoms
per molecule (v= 1 for helium and 2 for hydrogen). P and T are the pressure and
temperature in units of Torr and Kelvin respectively. For helium gas at 8 Torr and
300 °K the target thickness is 3.17 x 10*® cm 2. Nevertheless, the target density is not
constant throughout the gas target, i.e. a step function, because of the differential

pumping system. We can better describe it with a Fermi function

1

pi(z) = R ERTY (4.4)

where R and « are free parameters. The DRAGON density profile was measured by
Carmona Gallardo| (2014)) using a shielded BGO detector that was moved along the
length of the target measuring the yield of the 2C(*He, py)*N reaction. Figure [4.10]
shows the data from this measurement. In Chapter |5 we will discuss how the density
profile can be used to estimate the reaction yield along the target.

In addition to the differential pumping system, inside the target box two silicon

surface barrier (SSB) detectors at laboratory angles of 30° and 57° with respect to
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Figure 4.10: DRAGON target density as a function of position. The data are taken
from (Carmona Gallardo| (2014)).

the beam axis are used to monitor the beam intensity by detecting the elastically
scattered target particles (see Figure |4.7). In Section we shall discuss how we
can use these measurements to extract the number of beam particles impinging on

the gas target Npeam, using a normalization coefficient R.

4.2.2 BGO ~ ray array

An array of 30 Bismuth Germanate Oxide (BGO) crystals surrounds the windowless
gas target, as shown in Figure 4.12l The crystals are hexagonal in shape, roughly
6 cm in diameter and 8 cm deep, packed in a tight geometry, covering 89 — 92% of 4x
solid angle (Ruiz et al. |2014). Each crystal is coupled to a Photo-Multiplier Tube
(PMT), which converts the scintillating light into an electronic signal to be read by
the DRAGON data acquisition system (DAQ). A typical applied voltage for each
detector is ~1700 V.

BGO (BiyGezOss) is a high Z, high density scintillating material and as such it has
high detection efficiency. It is also relatively cheap compared to other scintillators,
such as lanthanum bromide (LaBrs) or barium fluoride (BaF,), which have superior
timing abilities and if they were used at DRAGON, they could further improve its
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detection capabilities.

The segmented array allows for the detection of individual prompt v rays from
the radiative capture reactions inside the gas target and the tagging of the associated
recoil particles, which provides an additional background reduction in the focal plane
detectors. Its resolution is not a crucial aspect, since it is not the main detection
system at DRAGON, and the typical value of 10% in FWHM is sufficient for most
experiments.

For the present experiments the BGO array was calibrated using a radioactive
244Cm /13C source, which produces a strong 6.13 MeV v ray from the ¥C(a, n)*0O
reaction — the o particles being produced from the decay of ?#*Cm. Apart from that
transition, the BGO array can also detect the first escape peak, which is located at
6.130 — 0.511 ~ 5.6 MeV. Figure shows a typical spectrum that we used for the
calibration of the BGO array. Furthermore, to further reduce unwanted low—energy
~ rays that would increase the detector dead-time and decrease the efficiency of the

array, a 1.5 MeV hardware threshold was applied.
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Figure 4.11: Typical calibration v spectrum from one BGO detector using a radioac-
tive 24Cm/"3C source. The E,= 6.13 MeV transition of '°0 from the *C(a, n)'®0
reaction, along with its escape peak, is shown in the inset.
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The efficiency of the v array, ngco, depends on details of the v cascade as we
have already discussed in Section 2.4 and it is typically between 45 and 60% for
1-10 MeV ~ rays (Gigliotti et al., |2003). In addition, it can be calculated using
GEANT simulations (see Section and it is one of the main systematic errors in
DRAGON experiments (see Section [5.3.7).

In the next chapter we shall discuss how we can accurately, up to a precision
of 0.5 %, calculate the resonance energy, E,, of a radiative capture reaction from
the spatial distribution of the highest energy prompt v rays (7o) inside the gas tar-
get (Hutcheon et al., 2012).

4.2.3 Electromagnetic Mass Separator

After the beam interacts with the gas target, recoils and beam particles enter the elec-
tromagnetic mass separator with roughly the same momentum, but different energies.
Since the radiative reaction cross sections for astrophysical reactions are relatively low,
the number of beam particles is a factor of ~ 1019715 greater than the recoils. For
this reason, the beam has to be suppressed by many orders of magnitude to allow for
recoil detection. In particular, for a typical cross section for astrophysical reactions
of 1 ub, a gas target density of 10'7 atoms/cm? and a beam intensity of 107 pps, the
ratio of recoils to unreacted beam nuclei is 1 part in 103.
The basic equation that governs the DRAGON electromagnetic mass separator is
the Lorentz force law
F=q( +vxB), (4.5)

where F is the Lorentz force, v the particle velocity and £, B the electric and magnetic
field vectors, respectively.

The DRAGON electromagnetic mass separator consists of two magnetic (M) and
two electric dipoles (E) in a M-E-M-E configuration, with bending angles ¢ = 50°,
20°, 75° and 35° and bending radii p = 100 cm, 200 c¢m, 81.3 cm and 250 cm,
respectively (Hutcheon et al., 2003). In addition, along the separator, there are ten
magnetic quadrupoles and six magnetic sextupoles for beam focusing.

After the first magnetic dipole lies a CCD camera, which serves as a beam cen-
tering monitor, especially during low—intensity radioactive beam experiments (see
Figure (Vockenhuber et al.| 2008).
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Figure 4.13: Picture of a "Be RIB taken from the DRAGON CCD camera. The ring
around the beam spot is the refection of the beam projected on the pumping tubes.

DRAGON separates recoils and beam particles in two stages: first the particle
cocktail is separated according to charge. Due to charge exchange inside the target,
mainly originated from electron capture and loss, recoils and beam particles exit
with a charge distribution, which can be either calculated theoretically, or preferably
measured experimentally (see Section . The first magnetic dipole is used to
select a single ion charge state to continue through DRAGON. Usually this charge
state is the most intense, to ensure the highest recoil detection yield. Nevertheless,
in some cases a different charge state is selected, in case the electric field required
to bend the ions does not lie in the limits of DRAGON. This limiting factor can be
remedied using the charge state booster (CSB), which is a retractable silicon nitride
(SiN) stripping foil located right after the windowless gas target. The CSB extends
DRAGON capabilities and is especially useful for heavy ion beams (A > 40).

The radius of curvature for an ion can be calculated by equating the centripetal

force to the Lorentz force acting on it as it traverses the magnetic element

muv? mu

—=qB=p=— (4.6)
p qB

Recoils that do not have the aforementioned charge are deflected to slits that are

located downstream of the first magnetic dipole. Subsequently, the recoils are led

to the first electric dipole, which is shown in Figure There they are separated

according to their mass. Ions of different mass are steered on slits downstream of
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Figure 4.14: Schematic view of the DRAGON electrostatic dipole. The figure is
adapted from Hutcheon et al.| (2003).

the electric dipole. The electric dipole is followed by another stage of magnetic and
electric dipoles, until the beam reaches the focal plane, where the heavy ion detectors
are lying.

The fields in the electromagnetic elements can be used to determine the beam

energy using the following relation from Hutcheon et al.| (2012))

E aB\> 1 [(E\’

g ) — 4.

A CMH(A) ma(A) (4.7)
where c is the speed of light in vacuum, ¢ is the charge state of the beam, m = A -u

is its mass (u is the atomic mass unit — amu), cyp1= 48.15(7) MeV T2 is the MD1

constant and B is the magnetic field in MD1 in Tesla. The mass-to-charge ratio of

78



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

the beam can be calculated using

A = 2468 8—2 (4.8)
q V

where B is the magnetic field in MD1 in Tesla and V is the voltage of ED1 in kV.
The value obtained by the above Equation is expected to deviate less than 1% from
the real A/q of the beam.

Unfortunately, despite the very high background suppression factor that DRAGON
can demonstrate (Hutcheon et al., 2008)), e.g. > 10* at the 90% confidence level for
the 3He(c, v) "Be reaction (Sjue et al., [2013)), it is not uncommon for beam ions to pass
through the separator and end up at the focal plane. These unwanted ions constitute
the so called “leaky beam” and are a source of systematic uncertainty.

DRAGON was designed for the study of the *O(a,~)!"Ne reaction, which is
important for the rp—process (see Section. Its geometric acceptance is 0,.,= £
21 mrad and its energy acceptance is £4%. For reactions with larger recoil momentum
cone, such as the "Be(a, v)!'C, extensive simulations of both the BGO array and the
separator should be performed, to ensure the feasibility of the experiment, as we
discussed in Section 2.4]

In the case of low—intensity or low—purity radioactive beam experiments, DRAGON
can employ three auxiliary detectors, namely a pair of sodium iodine scintillators
(Nal) and a high—purity germanium (HPGe) detector. They are used to detect decay
radiation (v rays) from the radioactive species of the beam, and thus monitor the

beam intensity and purity during the experiment.

4.2.4 Time-Of-Flight Systems

DRAGON can identify recoils from unwanted species by means of two time—of-flight
(TOF) detection systems, which are referred to as the “local” and the “separator”
time—of-flight.

The local time—of-flight system is based on a timing measurement between two
Micro—Channel Plate (MCP) detectors which are located 59.0(5) cm apart, close to
the DRAGON focal plane (see Figure . The detectors are not blocking the
beam line, but instead thin (4-5 mg/cm?) diamond-like carbon (DLC) foils in each

detector produce secondary electrons as ions traverse them (Vockenhuber et al., [2009)).
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The electrons are reflected by an electrostatic mirror at 45° and are detected by the
MCPs via photo—multiplication, providing a timing signal. The upstream detector
(MCPO) detects electrons from the downstream side, while the downstream (MCP1)
is mounted backwards to detect upstream electrons. The two detectors also have
different sizes, with the MCP1 being twice as large as the MCPO, to have larger
acceptance for diverging recoils. This local time—of-flight has a timing resolution of
300400 ps and its efficiency varies, according to the reaction, from nycp ~ 0.30 —
0.99 (Vockenhuber et al., 2009).
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DLC Foil Electrostatic Mirror

Multi-Anode -
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Figure 4.15: Schematic of the DRAGON local time—of-flight system with two MCP
detectors. The inset shows the details of MCPO0. The figure is adapted from
huber et al.| (2008).

The separator time—of-flight system measures how long it takes for an ion to be
transmitted through DRAGON;, from the gas target to the focal plane. The start and
stop signals are the detection of a v ray event at the BGO array and a heavy particle
at the focal plane, respectively. The separator time—of—flight is a very useful tool for
particle identification (PID), as we shall discuss in Chapter [5| since particles with
roughly equal momenta but different masses will travel through the 20.7 m length of
DRAGON in different times. For example, at center—of-mass energy E.,, = 1155 keV
in the "Be(a, 7)''C reaction (Tp,= 3.18 MeV) it takes 3.47 us for a '*C ion to travel
through DRAGON in comparison to 2.21 us for a "Be ion of the same momentum.
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According to Ruiz et al| (2014) this system can provide 2-3 orders of magnitude
further background suppression. Later in this chapter we shall describe how the

separator time—of-flight system works with the Data Acquisition System (DAQ).

4.2.5 Focal Plane Detectors

The main detection system of DRAGON is located roughly 60 cm downstream from
the focal plane. After been transmitted through the electromagnetic mass separator,
heavy ions can be detected by either a 5 cm x 5 c¢m, 256 quasi—pixel Double-Sided
Silicon Strip Detector (DSSSD) or a 4-anode isobutane-filled Ionization Chamber
(IC).

The Double-Sided Silicon Strip Detector consists of two layers of 16 strips each,
and it is oriented perpendicular to the trajectory of the heavy ions (see Figure .
By reading out perpendicular strips on the front and the back of the detector, the
DSSSD can provide 2D position and energy measurements. The former feature is
useful for particle identification, since the recoils and the “leaky beam” have different
trajectories and therefore will show up in different positions on the detector. Fur-
thermore the DSSSD provides good energy and timing resolution; the former follows
from the fact that it has a large number of charge carriers which require only 3.6 eV
for an electron—hole pair. The latter can be explained by its fast pulse rise time of
around 10 ns, which can be used for very accurate time—of-flight measurements, as we
already discussed in the previous section. Its main disadvantage is the sensitivity to
radiation damage (Ruiz et al., 2014); a particle rate of few kilohertz for few seconds
can cause irreparable damage to the exposed strips. A Micron W1 model DSSSD
was the heavy ion detector of choice in the present thesis, because of its high energy
resolution for light ions and timing capability (Vockenhuber et al., 2008]).

The ionization chamber is 25 cm in length and consists of 25 anode strips grouped
in three regions, as shown in Figure [£.17 The volume of the detector can be filled
with 10 — 20 Torr of isobutane (C4Hjo) gas and is separated from the beam line by
a thin Mylar (biaxially-oriented polyethylene terephthalate or BoPET) window. As
low—energy heavy ions traverse the active volume of the detector, they ionize the
isobutane gas, creating electron—ion pairs. An electric field of £= 50 V /cm separates
the electron—ion pairs which subsequently drift towards the electrode of opposite

charge electrons towards the anode and ions towards the cathode creating an electrical
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Rear Ohmic Side

Front Junction Side

Figure 4.16: Computer—Aided Design of a Micron W1 model DSSSD detector. The
two sides, front junction and rear ohmic, are shown. The figure was adapted from
Micron Semiconductor Ltd.

pulse. A Frisch grid on ground potential is placed between the anode and the cathode
to remove any position dependence on the ionization pulse signal and to improve
the timing resolution of the detector. Furthermore, charged particles lose energy
as they pass through a material and according to the Bethe formula the rate of
energy loss depends on their energy (Bethe, [1950). Since DRAGON selects ions
according to E/A, the ionization chamber can also be used to identify recoils from
unreacted beam particles as a AE — E detector. The DRAGON ionization chamber
is the preferred heavy ion detector used for beams with A > 20 and energies E
< 0.5 MeV/u (Vockenhuber et al., 2008). Due to the very small mass and energy

difference between 'C and "B (the product of "Li(«, y)''B reaction) the Ionization

Chamber was not used in the experiments of this thesis.

Finally, a new hybrid AE — E detector was recently developed at TRIUMF ,
2016)). It consists of a DSSSD enclosed in an ionization chamber, taking advantage
of the strengths of both detectors and it will improve the heavy ion detection capa-
bilities of DRAGON;, especially in reactions involving intermediate mass nuclei with

heavy isobaric contamination.
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Figure 4.17: Layout of the DRAGON ionization chamber (IC). The figure was adapted
from [Vockenhuber et al. (2008). Note that the same setup is used for the DRAGON
hybrid detector, with the addition of a DSSSD at the edge of the chamber.

4.2.6 Data Acquisition System

DRAGON employs a state—of—the—art timestamp based Data Acquisition (DAQ) sys-
tem (Christian et al., 2014). It consists of two independent DAQ systems: one for the
v ray detection from the BGO array (“head”) and one for the rest of the DRAGON
detectors (“tail”). Each DAQ system has independent triggering and readout, and
coincidence events can be identified using digital timestamps in a backend computer.
The two main advantages of this DAQ system compared to its predecessor is that the
coincidence requirement is no longer dependent on hardware gating, which was prone
to human error or faulty modules, and it also reduces the DAQ dead time.

Each of the two DAQs employs an 1032, a general purpose VERSA Module Eu-
rocard (VME) board designed and manufactured at TRIUMF (Olchanski, 2012). An
Altera—Cyclone FPGA (Field-Programmable Gate Array) control board inside each
1032 is responsible for DRAGON trigger logic and timestamping. It contains sixteen
Nuclear Instrumentation Modules (NIM), sixteen Emitter-Coupled Logic (ECL) in-
put channels and sixteen NIM output channels. A 20 MHz quartz oscillator crystal
with accuracy of 20 parts per million is also housed inside the FPGA for timing

measurements.
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Figure [4.18| illustrates the timestamp—based trigger logic. The trigger for the
“head” DAQ contains the anode signals from 30 BGO detectors, which are split into
analog and logic branches. The former branch is sent through a physical time delay
to a CAEN V792 32-channel, charge-sensing ADC (Analog to Digital Converter)
(or “QDC”). The latter is sent through a pair of CAEN V812 Constant Fraction
Discriminators (CFD). The CFD output signals are then sent to a CAEN V1190B
64—channel, multi-hit TDC (Time to Digital Converter) and the OR outputs to 1032
ECL inputs 0 and 1 to create the system trigger. The “tail” DAQ trigger all detector
signals are also split into analog and logic branches. The analog signals, after being
converted through a series of amplifiers, discriminators and shapers are sent to a
CAEN V785 32—channel, peak-sensing ADC and the logical to a CAEN V1190B
TDC. The logical signal is then sent to ECL inputs 0-7 to create the system trigger.

In both DAQs, a signal of the system trigger and a copy of the the ISAC-I
11.78 MHz RFQ signal (see Section is sent to both TDCs for the measure-
ment of the separator time—of-flight and for additional timing reference, respectively.
The RFQ signal is gated by an adjustable-width copy of the system trigger (usually
three RF pulses for every event), to avoid any flooding of the TDC buffers with RF
pulses.

The data acquisition and online analysis is based on the Maximum Integrated
Data Acquisition System (MIDAS) (Ritt et al., [1997) software. MIDAS data files
can be integrated into the ROOT data analysis framework (Antcheva et al., 2009)
for online and offline analysis. Both MIDAS and ROOT are based on the C/C++
programming languages, making the integration from one to other, very convenient.
The offline analysis suite that we employ in the next chapter, dragon: :analyzerﬂ,
is also written in C++. In addition to MIDAS, TRIUMF employs the Experimental
Physics and Industrial Control (EPICS) (Dalesio et al., [1991) software to control
beamline elements and apparatuses, such as gas pumps and valves. Many useful data
are recorded during the experiment by the DRAGON DAQ using EPICS, such as the
gas target pressure and temperature, Faraday Cup measurements, and others.

Experimental data from the two DAQ systems are transferred from the “frontend”
VME processor to the “backend” analysis computer once per second, for efficiency

reasons. In between, “head” and “tail” events are buffered locally in the VME. This

IThe analysis suite is available online at
https://github.com/DRAGON-Collaboration/analyzer,
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means that coincidence events (recoil from the “tail” and associated v ray from the
“head”) arrive at the analysis computer asynchronously, since other events might
arrive before them. Figure [£.18 shows a flow chart of the coincidence matching
algorithm. The VME buffer orders the events by their Time-Stamp Counter (TSC)
value in a First In, First Out data structure (FIFO). As new events are placed in the
buffer, the time difference between the earliest and latest event is calculated. If the
difference is greater than a user specified value (in Figure is the default value of 4
seconds), the queue is searched for events with timestamps of less than 10 us. Events
that satisfy this condition are sent to both the singles and the coincidence processor,
while the rest are sent only to the singles processor.

Measuring the live time, which is the time over which the DAQ is available to
accept new triggers, is very important for the calculation of the reaction yield and
eventually the resonance strength. The real number of events is calculated from the
number of recorded events and the live time. For each of the singles triggers, “head”
and “tail” the live time is just the ratio between the number of acquired and accepted
triggers. For coincidence events this approach cannot be employed, since coincidences
are determined during the analysis. To remedy that, DRAGON calculates the busy
time for each event from the TSC and records it in the data stream. Assuming a
non—paralyzable dead time response, meaning that events happening during the dead
time are lost, and random Poisson statistics, the number of events lost during the

dead time, 1,4, is given by

Niost = A Z T, = AT (49)
1=0

where n is the number of recorded events, A is the rate of generated events (Poisson;
A = N/T), 7; is the busy time for the i® event, 7 is the total busy time and T the

total measurement time. The total number of generated events N is equal to

NZn_"”lost
=n+ AT

=n+ (N/T)r
1—7/T
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Using the above relations, the live time, 7, = n/N, will be
Tive = 1— 7—/’I‘ (410)

Using the above, for coincidence events, 7 is the total time during which the “head”
or the “tail” is busy.

Nevertheless, the beam intensity and the target density can fluctuate in an experi-
ment, meaning that Poisson statistics are not always valid. In any case, at DRAGON
the difference between Poisson and non—Poisson statistics for the calculation of the
live time is less than 2%. For a more detailed discussion about the DRAGON DAQ the
interested reader is referred to the work of |(Christian et al.| (2014) and the references

therein.
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Chapter 5
Analysis and Results

An experiment is a question which science poses to Nature
and a measurement is the recording of Nature’s answer.
— Max Planck

5.1 GEANT Simulations of DRAGON

In Chapter [2| we discussed the challenges that arise from the study of reactions in
inverse kinematics. Specifically, a limiting factor to study astrophysically interesting
reactions with recoil separators, mainly in the low mass region (i.e. A< 20), is the
angular cone of the recoils, which arises from the reaction kinematics and can be
higher than the intrinsic geometric acceptance of the separator (see Equation .

The "Be(a, )™ C reaction is such a case, with the maximum angular cone of the
1 recoils being Or max ~ 40 — 56 mrad for the energies relevant to vp—process nucle-
osynthesis (E. ,, = 561-1356 keV). We remind the reader that the angular acceptance
of DRAGON is fpracon ~ £21 mrad (see also Sections and . For this rea-
son, the planning and data analysis of such an experimental study using DRAGON
require detailed simulations of the separator, from which one can extract the recoil
transmission 7geparator and the efficiency of the BGO array npco, which are used to
calculate the reaction yield, and finally the resonance strength wy, as part of the
recoil detection efficiency of DRAGON npracon-

In this section we shall provide an introduction to the DRAGON GEANT simulation

toolkit and present some results from the detailed simulations we performed for the
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reactions studied in this thesis.

GEANT (Agostinelli et al., 2003) (GEometry ANd Tracing) is a toolkit to simulate
the passage of particles through matter using Monte Carlo techniques. It incorporates
the physics processes that occur in a laboratory setting, such as electromagnetic
and hadronic processes. Its real advantage over other simulation packages, such as
MCNP (Briesmeister} [1986)), is its tracking capabilities through complex geometries.
GEANT is widely used by the nuclear astrophysics community to plan experiments
and interpret the corresponding data. The latest version of the code, GEANT4, is
written in the C++ programming language, while the DRAGON simulation toolkit[]
is based on the previous version of the code, GEANT3 (Brun et al., |1987)), which is
written in the FORTRAN programming language. This toolkit has been extensively used
for experimental planning, such as in the study of the 2C(«,~)'O reaction (Matei
et al., [2006), and its results show agreement with experimental data to within 1-
10% (Gigliotti, |2004).

The DRAGON GEANT toolkit can be executed in two different modes, interactive
(dsinter) and batch (dsbatch). The former is mostly used to ensure that the sim-
ulation is providing reasonable outputs that agree with the experimental parameters
(e.g. beam energy loss in the target), providing a visual representation of the sepa-
rator (see Figure and the reactions that occur, and the latter is used to simulate
a large number of interactions that will provide important information about the
separator, i.e., its BGO efficiency and the transmission of the recoils.

The software employs hard—coded routines to specify experimental details, such
as the gas target pressure (ugmate trgt.f), beam size (beam init.f) and the 7
angular distribution of the recoils (angdist.f). All electromagnetic elements (i.e.
electrostatic magnetic dipole voltages and fields) are calculated and tuned automat-
ically for each reaction. The geometry of DRAGON is also included in hard—coded
FORTRAN routines and the final assembly of its components is done according to a
text file (dragon_2014 DSSSD.dat) which includes the positions of each element (see
Figure 5.1)).

Most user—defined settings for DRAGON and the reaction of interest can be found
in two files: the dragon 2003.ffcards and the reaction input file (e.g. 7beag.dat)

respectively. In the former file the user can select the number of simulated particles (to

!The code is available online at https://github.com/DRAGON-Collaboration/G3_DRAGON.
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()

Figure 5.1: Schematic representation of DRAGON using the GEANT toolkit. (a) Full
DRAGON layout. The beam lines and the electromagnetic elements are shown. (b)
The windowless gas target surrounded by the BGO array. Both figures were adapted
from the GEANT interactive (dsinter) mode. see the text for details.
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be run in the dsbatch mode), the beam energyﬂ in MeV, a possible position or angle
off-set and energy mistune. The reaction input file includes all the information GEANT
requires to perform the simulation, such as the energy, spin, lifetime, and ~ branching
ratios for each nuclear level and in addition the energy and width of the resonance of
interest. An example of a reaction input file can be found in Appendix [A 1]

The simulation output is in the form of an HBOOK/PAW file (.hbook), which
can be converted into a ROQT file using the h2root program to be easily manipulated
using C/C++ scripts. Each GEANT output file includes a variety of information in the
form of 1D and 2D histograms. The most relevant for experimental planning and data
analysis are the ones that present the angular distribution of the recoils (thet_r, see an
example in Figure and the number of recoils that reach the end detector (recdet
and recoil hit_endv). Using this information and the simulated BGO spectrum
which can be found in the e0_conv histogram (see Figure , one can easily calculate
the separator transmission 7separator and the BGO detection efficiency nggo. For more
details the interested reader is referred to |Gigliotti (2004) and Carmona Gallardo
(2014).

5.1.1 °Li(a,~)!°B

The ®Li(a,)'"B was selected as a benchmark reaction to test that DRAGON can
measure resonance strengths for reactions in which the angular cone of the recoils
exceeds its acceptance. The resonance we selected was at E, = 1458.5 keV, corre-
sponding to the E,= 5.920 MeV of 1B (J™ = 2%) and had a known resonance strength
wy= 0.228(38) eV (Tilley et al.. [2004). In this Section we shall focus our discussion
on the specifics of the GEANT simulations and in Section the experimental details
are presented in detail.

To better reproduce the experimental BGO position spectrum of the v rays emit-
ted by the B recoils (see Figure and extract the resonance energy E, and
strength w~y via a log-likelihood analysis (see Section we performed simula-
tions varying the resonance energy (13 values, spanning from E,= 1457.8 to 1469.8
keV). To ensure that the simulation best represents the conditions of the experiment,

we kept the beam energy fixed at 3.675 MeV, and the target pressure we selected

2If no specific value for the beam energy is selected, GEANT calculates the beam energy so that
the resonance is centered in the gas target.
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reproduced the experimental energy loss. The GEANT input file included nuclear level
information for the compound nucleus '°B, such as lifetimes and ~ branching ratios,
from Tilley et al.| (2004)). Table|5.1|shows a summary of the GEANT simulation reaction
input file.

S
()

w
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IR BT
-30  -20 -10 0 10 20 30
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Counts per 3.1 cm
= DO
o S

Figure 5.2: The distribution of the z position of the highest energy ~ ray for a
yield measurement at P=5 Torr of the °Li(c,y)!°B reaction. The orange histogram
represents the GEANT simulation with the highest overall likelihood, and the black
dots the experimental data. The centroid is at —3.85 cm from the center of the gas
target.

To calculate the v angular distribution for each transition of the level of inter-
est, which as we discussed in Section affects the recoil transmission through the
separator and the BGO efficiency, we proceeded as follows: a spin 1 beam (°Li)
on a spin 0 target (*He) can populate M= 0,41 magnetic substates of 1°B. Using
the prescription of Rose and Brink (1967), we found the statistical tensor coeffi-
cients p2(2,0) = pa(2,1) = —1.195. Then we multiplied with the geometry factors
Ry(2 — 3) = 0.1195 and Ry(2 — 1) = 0.4183, which results in the v angular distri-
bution for the two transitions (see also Figure[5.6): W(0) = 0.86 + 0.21sin*(¢) to the
J=3 ground state and W(f) = 0.5 + 0.75sin*(f) to the J=1 first excited state, given
in terms of sin® . Therefore the angular distribution of the dominant ground state

transition is nearly isotropic and that of the other is between isotropic and bipolar.
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Figure 5.3: 7y energy plot comparison between experiment (black points) and GEANT
simulation (green histogram) for the %Li(c, 7)'°B reaction.

Table 5.1: Settings of the GEANT3 simulation for the °Li(a,)'B Log-Likelihood
analysis. Nuclear properties were adopted from Tilley et al| (2004). For the full

input file, see Appendix

Quantity Used Value
Excited state lifetime 1.13 x 107Y¥ s
Resonance energy 1457.8-1469.8 keV
Beam mass excess 14.0868 MeV
Recoil mass excess 12.0507 MeV
Particle («) partial width 5.82 keV
~ partial width 0.1114 eV
~ branching ratios 82% (to the ground state)

18% (to the first excited)

~ angular distributions
2 — 3 (ground state) W(6) = 0.86 + 0.21 sin*(0)
2 — 1 (first excited) W(6) = 0.50 + 0.75 sin*(0)

93



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

In addition, we took into account the beam transmission of the beam through the
gas target. In particular, during the experiment we measured an ~86% transmission
of the beam through the gas target by means of Faraday cup measurements. This
implies that the beam was not centered as it was entering the gas target, given that
its 2rms size, assuming a Gaussian profile, was measured by the ISAC beam operators
to be 1.78 mm in both x and y. To include this piece of information in our GEANT
simulations, we performed Monte-Carlo simulations sampling both x— and y—axis
offsets for the measured beam size. Figure [5.4] shows the results of the simulated

transmission. After that, we selected six points with 86% transmission to perform

our log-likelihood analysis (black points in Figure see also Section .

4
0.98
= 9 0.94
g 0.90
z 0.86 £
B 0.82
! ol 0.78
0.74
—4 ) 0 5 4 0.70

x — offset (mm)

Figure 5.4: 2D plot of x— and y-beam off-set and the corresponding transmission.
The black solid line shows the 6 mm diameter collimator before the gas target and
the dashed line shows the measured transmission of the beam. The six black points
show simulations that match the experimental beam transmission through the gas
target.
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5.1.2 "Be(a,y)!'C

For the "Be(a, ) C reaction we simulated the two resonances that we measured
using DRAGON (E,= 1110 and 1155 keV). We followed a similar procedure as in the
Li(a, 7)'"B case, with some differences that we shall explain below. The simulated
beam energy was set to the one we measured at DRAGON, and the gas target pressure
was such that it reproduced the experimental energy loss (see Section [5.3.4).

The main ingredients of the reaction input files are presented in Table [5.2| and
the different v angular distributions used are presented in Table [5.3] In contrast to
the ®Li(a, v)'°B reaction, the statistical tensor coefficients for the nuclear substates
M= 1/2, 3/2 are not equal, and hence we had to run separate simulations for each
resulting angular distribution following the prescription of |Rose and Brink| (1967).
~ branching ratios were used from Kelley et al.| (2012)) (see Table and for E,=
1110 keV, since there are no experimental v branching ratios, we used the ones from
the mirror !B nucleus.

We performed simulations for each resonance energy within its uncertainty, 44
and £2 keV for the 1110 and 1155 keV resonance, respectively. The final results
that we shall use in the data analysis below are the averages of these simulations.
Figure |5.5 shows a typical recoil angular distribution plot from each cascade of the
E,= 1155 keV resonance.

Table 5.2: Settings of the GEANT3 simulation for the "Be(a, ) C data analysis. Nu-
clear properties were adopted from [Kelley et al.| (2012). See the text for details.

Quantity E, =1110 keV E, = 1155 keV
Excited state lifetime 1.31 x 1079 s 43x 107 g
Resonance energy 1106-1114 keV 1153-1157 keV
Beam mass excess 14.0868 MeV 14.0868 MeV
Recoil mass excess 12.0507 MeV 12.0507 MeV
Particle («) partial width 5 keV 15 keV

~ branching ratios
~ angular distributions

see Table
see Table _5.3_

see Table
see Table _5.3_
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Figure 5.5: Angular distribution for recoils of the E,= 1155 keV resonance that hit
the DSSSD from GEANT. The contributions from different cascades are shown. The
vertical dashed line defines the angular acceptance of DRAGON, 6 = 21 mrad.

Table 5.3: Summary of the v angular distributions used in the GEANT simulations
of DRAGON for the E, = 1110 (top) and 1155 keV (bottom) resonances of the
"Be(a, 7)1 C reaction calculated from Rose and Brink| (1967).

Emma(MeV) J; W(0) (M =1/2) W(0) (M = 3/2)

g.s 3/2=  2.02-1.53sin’6 1.61 - 0.915 sin® 0
4.32 5/2=  0.29-1.07sin*0  0.57 + 0.645 sin® 0
6.48 7/27  1.95-1.43 sin®6 1.57 - 0.855 sin 6
g.s 3/2° 0.24+1.2 sin” 0.8+0.3 sin? ¢

4.80 3/2° 0.2+1.2 sin® @ 0.840.3 sin? ¢

4.32 5/2~ 1.92-1.38 sin?6 1.23 - 0.345 sin® 0
6.48 7/2=  0.71 + 0.435 sin®*@  0.93 + 0.105 sin* 4
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5.2 Benchmark Experiment: Li(«a, v)!'B

Before measuring the "Be(a,)*C reaction cross section, we performed a proof of
principle test of the capability of DRAGON to measure resonant cross sections of
radiative capture reactions in which the angular cone of the recoils exceeds its ac-
ceptance. We chose a known resonance at E, = 1458.5(6) keV of the °Li(«,~)!°B
reaction whose strength was originally measured in forward kinematics by Forsyth
et al| (1966). The benchmark measurement was performed in inverse kinematics,
using a stable Li beam provided by the TRIUMF Off-Line Ton Source (OLIS) (Jaya-
manna, 2014)).

5.2.1 Previous Work

The only published measurement of Li(«, )'°B reaction’s E, =1458.5(6) keV (E,=
5919.5(6) keV) resonance strength was performed by [Forsyth et al| (1966). It was
carried out at the University of Maryland Van de Graaff accelerator lab in forward
kinematics, using a single—charged ‘He beam (E,= 0.9-3.3 MeV and I, = 2.5 pA)
and a 96% isotopically enriched °Li target. v rays were detected using a Nal crystal
placed at 90° with respect to the beam.

The resonance strength was found to be wy = 0.228(38) eV and its width I' =
6(1) keV in the center of mass system. Branching ratios of the v transitions were
determined to be 82(5) % and 18(5) % to the ground state and the first excited
state respectively (see Figure , as opposed to a single transition to the ground
state reported in a study by [Meyer-Schiitzmeister and Hanna| (1957)). The reported
branching ratios were used as input for the GEANT simulations of the BGO ~ array of

DRAGON (see Section and Table [5.1)).

5.2.2 Experimental Details

For our benchmark study, a beam of SLi" from OLIS, which was accelerated through
the ISAC-I Radio—Frequency Quadrupole (RFQ) and Drift-Tube Linac (DTL) to
an average energy of 0.612(1) A MeV (Ej,= 3.675(6) MeV, E.,, = 1.468(3) MeV),
so that the resonance was centered in the gas target. The beam energy spread was
AE/E < 0.3 % throughout the experiment (Laxdal, 2003), with an average intensity
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Figure 5.6: Level scheme of the B nucleus adopted from [Tilley et al. (2004). The
energy levels that correspond to resonances of the ®Li(a,v)!"B reaction and the
decay scheme of the E,= 1459 keV resonance are shown. The reaction ) value was
taken from AME2016 (Wang et al., 2017). See the text for details.
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of 1.17 x 101° 571,

The windowless gas target pressure was maintained at P= 5.0(1) Torr, correspond-
ing to a thickness of 1.97(4) x 10'® atoms/cm?. The most intense charge state of the
recoils (10B2+) was tuned through the separator to a 66 um thick, gridded Double—
Sided Silicon Strip Detector (DSSSD) placed near the focal plane of DRAGON.

5.2.3 Particle Identification

To extract the resonance energy E, and strength wy and compare it to the litera-
ture values, we first have to calculate the reaction yield, which includes identifying
the recoils, determining the total number of beam particles, measuring the charge—
state fraction of the recoils, and calculating the efficiency of the BGO array and the
transmission of the recoils through the separator using GEANT simulations.

The main particle identification technique that was used in this experiment was
the separator time-of-flight measurement (see also Section[4.2.4). Figure shows a
typical separator time—of-flight spectrum. The clear peak shows the recoils of interest
('°B). We define the “Golden Gate” as a requirement for a real coincidence event such
that the separator time—-of-flight, energy deposited in the DSSSD and BGO detectors
lie in the experimentally expected limits. For example, the expected separator time—
of-flight for the '°B recoils was ~3480 ns, which agrees very well with the peak of
Figure . As we have already discussed, the beam suppression for («, ) reactions
with DRAGON is on the order of 101712, and hence the beam induced background

in the form of “leaky beam” is negligible.

5.2.4 Beam Normalization

To determine the number of incident beam particles in the windowless gas target
of DRAGON Npeam, we used the 57° SSB detector to collect elastically scattered
a particles during each run. These measurements were normalized to beam current
measurements at a Faraday cup located 2 m upstream of the target (FC4). For a time
window At ~ 240 s, before and after each run, we were recording these measurements
to calculate Ry and R; respectively. The average of those two is the R for the run.

The normalization coefficient R is given by
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Figure 5.7: Separator time—of-flight spectrum. The orange histogram corresponds to
the recoils in the “Golden Gate”.
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where [ is the average current reading at FC4, ¢ is the beam charge state, e is the

elementary charge (e= 1.6 x 107 C), N, is the number of scattered a particles

detected by the surface barrier detectors in time window At, P is the gas target

pressure in Torr, E is the beam energy in keV /u and n,, is the transmission through

an empty target. The normalized number of beam particles Nyeam, is then given by
2

Npeam = RNQE? (5.2)

Figure [5.8 shows the R coefficient for a set of runs during the experiment.

5.2.5 Boron—in—Helium Charge State Distribution

In Section 4.2] we showed that DRAGON is able to transmit only one charge state
through the separator after the first magnetic dipole MD1. Hence, its overall de-
tection efficiency, npracon, depends on the precise measurement of the charge state
distribution (CSD) of the recoils at the energy with which they exit the gas target.
This piece of information will eventually be used to calculate the thick target reaction
yield Y and subsequently the resonance strength w~ (recall Equations and .
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Figure 5.8: Beam normalization coefficient R results for the resonance of the
Li(ar, v)'“B reaction. The orange line shows the line of best fit and the grey band
the 95% confidence level. See the text for details.

In the following, we shall give a brief overview of charge—exchange processes and
present how charge state distributions are measured at DRAGON.

Inside the DRAGON gas target, charge exchange is happening between the heavy
ions (beam particles and recoils) and the target, mainly in the form of single electron
capture or lossﬂ The charge distribution of an ion species is described by its charge
state fraction, Fg, for charge ¢, and it generally depends on the thickness of the gas
target. Charge state distributions are normalized to unity

Y F=1 (5.3)

The charge state of an ion species is independent of its mass, and therefore it is
preferable to choose a stable and abundant isotope of the recoil element to measure
the charge state distribution. In the case of the ®Li(a,v)!°B reaction, a beam of ''B
was chosen.

We assume that after the recoils exit the gas target a charge state equilibrium has

been achieved, meaning that the number of ions populating charge state ¢ is the same

3For hydrogen gas multiple electron capture/loss is not possible since its atom has only one
electron. For helium the probability for double capture/loss for low mass projectiles (A< 10) is less
than 10% compared to single electron capture/loss (DuBois| [1985), and hence it is not taken into
account in the calculations of the charge state distribution.
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as the ones depopulating it (dF,/dx = 0). This assumption is reasonable since the
critical target thickness x. where this equilibrium is achieved, is usually of the order
of 10" atoms/cm? (Liu et al., 2003), which is much lower than the ones in the present
study. In addition, the equilibrium charge state distribution is independent of the
incident charge state, and hence we can choose the one that can easily be extracted
from the ion source and accelerated to DRAGON.

There are many semi-empirical theoretical studies that estimate the equilibrium
charge state distribution of ions traversing gaseous or solid targets. Such studies are
of extreme importance, especially for experimental planning, since by selecting the
most probable recoil charge state of the distribution, one can detect more reaction
products. We shall focus our discussion on the study of |Liu et al. (2003), since it was
motivated by the first experiments at DRAGON. The interested reader is referred to
the review of Betz| (1972) and Schiwietz and Grande| (2001)).

At equilibrium conditions, the average or mean charge g, is an important quantity
which is defined by

q_:Zqu (5'4>

¢ usually is non-integer and in smooth charge state distributions it coincides with the

maximum. Liu et al. (2003)) showed that for light target ions, Z< 13, F is close to a

F, = \/% exp [_%] (5.5)

where the width of the distribution, I, is

r= 2\/2Z<q P, 5.6

Gaussian distribution

At DRAGON, the charge state distributions can be determined experimentally by
measuring the current (number of particles) on Faraday cups before (FC4) and after
the gas target (FC1), and comparing it to the current on a Faraday cup downstream
from the first magnetic dipole, MD1 (FCCH). The mean equilibrium charge can be
calculated using the following relation

Irca

i=q (5.7)

IFC4 Ttarget
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where q is the measured charge state, Ipc; and Ipcs the currents on the namesake
Faraday cups and 74rge: the transmission of the beam through an empty gas target.

The charge state fraction Fj, can be calculated using

q Irccn
F,=-—— 5.8
T g Trar 5:8)
We recorded the transmission through an empty target, niareet, before and after

the charge state distribution measurements and we adopted the average value for the
calculation of F;. The final results are presented in Table [5.4] and Figure [5.9]

Table 5.4: Summary of the boron-in-helium gas charge state distribution (CSD)
measurement. The incoming B beam charge state was q;, = 2F. See the text for
details.

Ebeam (keV/u) Ptarget (T) T’target (j 2+ 3+ 4+
194(1) 6.4(1)  0.92(1) 2.11(2) 0.497(7) 0.363(5) 0.011(1)
213(1) 6.8(1)  0.95(1) 2.27(3) 0.467(9) 0.438(6) 0.020(1)
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Figure 5.9: Lithium in helium charge state distribution results (CSD) for Epeam =
194 keV/u. The predictions of the semi-empirical formulae of Liu et al| (2003)
and [Schiwietz and Grande (2001) are shown. The error bars are smaller than the
size of the points.
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5.2.6 SLi Stopping Power in ‘He and Energy Loss

One of the advantages of studying reactions in inverse kinematics using recoil separa-
tors is that the stopping power €, which is required for the calculation of the resonance
strength (Equation , is measured directly and is not based on semi—empirical
formulae, which introduce an additional uncertainty to the measurement, especially
when they are extrapolated to low energies. At DRAGON, stopping powers are mea-
sured by varying both the pressure in the gas target and the magnetic field strength
needed to centre the beam at a momentum dispersed angular focus in the focal plane
of the first magnetic dipole. Figure[5.10[shows a typical stopping power measurement
plot. Our result, epracon = (24.6 £ 1.35) eV/ (10* atoms/ cm?), was compared to
the calculation of the Stopping and Range of Ions in Matter (SRIM) (Ziegler et al.
2010)), espry = 22.6 €V/ (10! atoms/ cm?), and agrees to within 8.6%. We used
these results to calculate the expected yield Y,,,, in Equation and compare our
experimental results with GEANT simulations (see Section [5.2.7)).

609P <

608} .

607} NS

606} N

605| LN

604} N

Beam Energy (keV/u)

N
603} ¢ = (2.46 x 10714 £1.35 x 10-15) eV em?/atom LN

600 800 1000 1200 1400 1600 1800 2000
Target Thickness (10'° He atoms/cm?)

Figure 5.10: Gas target thickness versus beam energy for different values of the target
pressure. The slope of the linear fit is the stopping power e.
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5.2.7 Log—Likelihood Analysis

The analysis of the BGO position spectrum of the v rays emitted by the de—excitation
of the '°B recoils (Figure shows that the resonance is excited upstream of the cen-
ter of the gas target, indicating that the resonance energy is higher than 1458.5 keV.
Therefore, we cannot use the standard method of DRAGON to determine the reso-
nance energy from the distribution of the z position of the highest energy ~ ray, since
it assumes that the resonance is excited in the uniformly dense region surrounding the
center of the gas target (Hutcheon et al., 2012) (see Section for more details).
Instead, we performed a likelihood analysis similar to the ones in |Erikson et al.| (2010))
and Christian et al.| (2018)) to extract the resonance energy E,, and its strength, w-y.

After performing extensive GEANT simulations of DRAGON (see Section [5.1.1]),
we scaled the generated BGO spectra according to the expected reaction yield by a

factor
n Yw’yo Nbeam

N (5.9)
where n is the recoil detection efficiency E], Y., is the reaction yield from a single-
level Breit—Wigner resonance (I' = 5.82 keV (Tilley et al., 2004))) of arbitrary strength
wy (200 values spanning from 0.05 - 10 e€V), Npeam is the number of incident beam
particles normalized by the R coefficient (see Section and Ng, = 5 x 10% is the
number of simulated events. The BGO array efficiency and the separator transmission
are built-in the GEANT simulation, and thus we do not include them in the 7 factor.
The scaled BGO spectra are then compared to the experimental data. From these
simulations we created a (E;, w7) space of 2,600 points (13 x 200) and for each point

on this grid, we calculated the negative log—likelihood using

—InL=> [n(n!) —nn(f)] +S, (5.10)

where ¢ is the number of bins in the experimental BGO spectrum, n; is the number
of events in the i*" bin, f; is the number of events in the scaled simulation i** bin and

S the total number of events in the scaled histogram.

4Tt includes the recoil charge state fraction, the heavy ion detector efficiency, and the data ac-
quisition dead time.
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Figure 5.11: Negative Log-likelihood contour plot for the (E,,w?y) space. The red
cross shows the global minimum.

5.2.8 Results and Implications

Figure[5.11|shows the results of our simulations with a single minimum for the negative
log—likelihood, with energy that corresponds to a location inside the gas target. The
global minimum has —In £y, = 35.69 and it is the only point where a 1o contour can
be deduced.

On top of the above analysis, we also performed tests on the GEANT by changing the
random seed of the Monte Carlo simulation, to ensure that the distribution of events
is Poissonian, as in an experimental study. Due to the large number of simulation
events (N=>5 x 10*) the final result does not depend on the random seed.

The results for the resonance energy FE,., and strength w-, for the global minimum
are the following

E, =1466.6 +0.5 (stat.) £ 2.4 (syst.) keV
E, =5927.8 +0.5 (stat.) & 2.4 (syst.) keV

wy = 0.225 7002 (stat.) £ 0.030 (syst.) eV
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Our reported resonance strength has an excellent agreement with the measurement
of Forsyth et al.[(1966]) as shown in Figure . However, the resonance energy we ex-
tracted with DRAGON is higher than the recommended value in nuclear databases,
such as NuDat2. A thorough search in the literature (Buccino and Smith, [1965;
Kashy et al.| 1974} Armitage and Meads| 1964; Gorodetzky et al., [1965; Park et al.,
1973} [Fife et al., [1967)) shows that the excitation energy E, for the state of interest lies
between 5920-5930 keV, which is consistent with our result (see Table and Fig-
ure . To obtain an average literature-based excitation energy with a realistic un-
certainty, we first excluded the measurement of Buccino and Smith| (1965) as an outlier
(Ex = 5900 + 80 keV) applying Peirce’s criterion (Peirce, |1852). We then calculated
the average using the Rajeval technique (Rajput and Mac Mahon, [1992)) for all the
remaining measurements with reported uncertainties to be Ey = (5920.4 &+ 1.2) keV.
It is worth mentioning that the adopted level energy of Ey = (5919.5 £ 0.6) keV,
which is the weighted average of the same measurements, is mainly determined by
the high—precision measurement reported in |Kashy et al. (1974) with the same result
for the excitation energy. However, this result was extracted using an Enge split—pole
spectrograph which usually results in excitation energy uncertainties of approximately
+5 keV (Marshall et al.,|2018]). For this reason, we also calculated the Rajeval average
with a more realistic uncertainty for the study of [Kashy et al. (1974) — §E, = 5 keV.
The result, Ex = (5923.0 £2.3) keV agrees within 20 with the energy extracted using
the Negative Log-Likelihood analysis Ey = 5927.8 +0.5 (stat.) +2.4 (syst.) keV (see
Figure .

Our results suggest that DRAGON can measure resonance strengths of reactions
with large recoil angular cones. Following that measurement, we shall proceed on the
discussion of the measurement of the "Be(a,y)''C reaction. It is worth pointing out
that more reactions with recoil angular cones larger than the angular acceptance of
DRAGON could be studied in the near future, e.g., *¥O(«,v)?*Ne, Ne(a, v)**Mg,
22Ne(a, 7)*Mg and others.
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Table 5.5: Summary of reported energies for the Ey= 5920 keV state of 1°B from different measurements. See the

text for a detailed discussion.

Reaction E, (keV) Ex (keV) Reference
9Be(d,n)''B 5900 80 Buccino and Smith| (1965)
B(p, p")1'B 5919.5 0.6 Kashy et al.|(1974)
UB(d,d)''B 5920 10 Armitage and Meads| (1964)
19B(p, p')1'B 5920 10 Armitage and Meads| (1964)

'B(®He, o)'B 5923 5 Gorodetzky et al.|(1965)
N/A 5924 4 Reported at |[Kashy et al.|(1974)
9Be(d,n)''B 5930 10 Park et al.|(1973)
9Be(d,n)''B 5930 10 Fife et al.|(1967)
Average 5920.4 1.2
Average with JE, =5 keV 5923.0 2.3
on Kashy et al.| (1974)
°Li(a,v)''B 5927.8  +£0.5 (stat.) £2.4 (syst.) DRAGON
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Forsyth et al. (1966) DRAGON

Figure 5.12: Comparison between the result of Forsyth et al.| (1966) and the present
work for the resonance strength of the E,= 1458.5 keV resonance.

Excitation Energy E, (keV)

25] [26] [27] [25]F 28] [2'9]DRA§0N

Figure 5.13: Excitation energies for the Ey= 5919.5 keV state of °B from literature
values (Table compared with the present work. The two bands correspond to the
Rajeval average (dark grey) and the Rajeval average with 5 keV uncertainty for the
measurement of Kashy et al. (1974).
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5.2.9 Uncertainties

The uncertainties for DRAGON experiments can be separated into statistical, which
arise from the statistical nature of the measurements, and systematic, which reflect
the intrinsic limitations of the experimental setup. In the case of the °Li(a,)'°B
reaction, the statistical uncertainties are extracted from the log-likelihood analysis.
Table [5.6| shows the systematic uncertainties for this measurement. It is evident that
the most important contributors to the systematic uncertainty is the BGO efficiency,
and the reason is that this result rely on the GEANT simulations. In any case the total
systematic uncertainty of 13.43% is typical for DRAGON experiments using stable

ion beams.

Table 5.6: Relative systematic uncertainties used to calculate the resonance strength
of the E, =1458.5 keV resonance.

Quantity Measured Relative
Value Uncertainty
Charge state fraction, f, 0.523 £ 0.008 1.5%
Beam particles, Npeam (3.252 £ 0.034) x 10 1.1%
BGO efficiency, npco (0.332 +0.038) 11.4%
Separator transmission, Nseparator 0.122 £ 0.005 4.1%
Stopping power, € (eV cm?) (24.63 +1.36) x 10'° 5.5%
Live time, Mjiye 0.91573 £ 0.00008 0.009%
Beam energy, Epeam (A MeV) 0.612 4 0.001 0.16%
Total systematic 13.43%
uncertainty

5.3 Main experiment: ‘Be(a,v)!!C

For the main experiment of this thesis, an intense beam of "Be” was produced using
the ISOL technique (see Section , by bombarding a thick ZrC target with 55 A
500 MeV protons from the TRIUMF cyclotron. The A= 7 isobars were extracted from
the target using the TRIUMF Resonant Ionization Laser Ion Source (TRILIS) (Lassen
et al., 2005). The radioactive beam was then accelerated through the ISAC-I Radio—
Frequency Quadrupole (RFQ) and Drift-Tube Linac (DTL) to average energies of
441.7 A keV (Ep= 3.098(7) MeV, E. = 1.126(3) MeV) and 464.2 A keV (Ep,=
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3.256(7) MeV, E. = 1.181(3) MeV), so that each resonance was centered in the gas
target. Both beam energies were chosen in order to cover a center—of-mass window
of 1103 + 23 and 1158 4+ 38 keV respectively across the gas target volume. To ensure
a high purity of the RIB, an additional carbon stripping foil of 20 jg/cm? was placed
upstream of the DTL to select a specific charge state (47) which eliminates the main
isobaric contaminant “Li. Finally, "Be** was delivered to the helium-filled DRAGON
windowless gas target at 5.05(7) Torr and 7.9(1) Torr for 25.5 h and 25.4 h respectively.

5.3.1 Particle Identification

For the "Be(a, )" C reaction, due to the use of the MCP detector close to the
DRAGON focal point (MCPO), we performed both singles and coincidence analy-
sis. One of the main particle identification plots we employed for both resonances
was the 2D local time—of-flight (MCP/DSSSD) versus the deposited energy in the
DSSSD detector. Using that plot we can simultaneously identify the events of interest
in each mode, since both detectors have their own singles and coincidence counterpart
in the DRAGON DAQ (see Section [4.2.6)).

Figures and show the particle identification plots for both resonances,
E,= 1110 and 1155 keV, for each analysis mode. For the E,= 1155 keV resonance,
we detect a clear signal of 33 + 6 and 49 4+ 7 events in the coincidence and singles
mode, respectively. The uncertainty we report here is statistical and refers to the
Poissonian nature of the measurement (see also Section [5.21)). The recoil signal for
the E,= 1110 keV resonance is relatively weaker, despite the absence of background.
For this reason, we used the prescription of Feldman and Cousins (1998) to calculate
the statistical uncertainty of this measurement. The coincidences and singles event

we recorded for this resonance are 7153 and 12133, respectively.

5.3.2 Beam Normalization

Unlike the case of the ®Li(a,v)'°B reaction, during the “Be beamtime the rate of
scattered ions on the Silicon Surface Barrier detectors was too low to calculate the R
factor by taking measurements for At ~ 240 s before and after each run. Instead, we
first ensured that the beam current during each run was stable by checking the current
on the charge slits after the first magnetic dipole (see Figure and used the total
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Figure 5.14: Particle identification plots for the E,= 1155 keV resonance. The local
time—offlight (MCP/DSSSD) is plotted against the energy deposited in the DSSSD

detector.
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Figure 5.15: Particle identification plots for the E,= 1110 keV resonance. The local
time—offlight (MCP/DSSSD) is plotted against the energy deposited in the DSSSD

detector.
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integrated counts per run to calculate the R factor. Figure [5.17] shows the results,
which are consistent with the current measurements in the upstream Faraday Cup
FC4. Using the R normalization method we find that the total integrated beam flux
was 1.82(5) x 10'® and 1.07(2) x 103 ions for the 1110 keV and 1155 keV resonance
respectively. For the 1110 keV resonance, we calculate two R coefficients due to an

increase in the beam intensity after Run Number 8695.

10° 10°

. 180F E; = 1155 keV - . E, = 1110 keV
”E 60 ’ 7 NE 250} l
éS/ 140 és/ + i }
&%120} hll L] Jhl 1 H | | g 10r { } } }H * ﬁ
& ot ] 1*11 It j g — 44 }H}
S * { { I T H

8645 8650 8655 8660 8665 8670 8680 8685 8690 8695 8700 8705

Run Number Run Number

Figure 5.16: Beam normalization coefficient R results for the two resonances of the
"Be(a, 7)1 C reaction. The orange line shows the line of best fit and the grey band
the 95% confidence level. See the text for details.

5.3.3 Carbon—in—Helium Charge State Distribution

To determine the carbon—in—helium charge state distribution, we followed a similar
approach to the one described in Section [5.2.5l Figure [5.17] shows the results for
the important 2% charge state to which we tuned DRAGON for the measurement of
the "Be(a, y)'C resonance strengths. Table shows the results for four different
energies, corresponding to important resonances of the 7Be(a, fy)”C reaction for three
charge states, 2*,3" and 4*. DRAGON cannot bend the 17 and so we cannot have
a complete charge state distribution measurement. Nevertheless, we were able to
measure the charge state of interest, 2. For this measurement, since the recoil
nucleus, 'C, is unstable, we used the abundant and stable isotope '2C from the
microwave ion source (MWIS) of OLIS (see Section [4.1.2)).
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Figure 5.17: C** in He CSD for different energies. The orange line shows the line
of best fit (Gaussian) and the grey band the 95% confidence level. See the text for
details.

Table 5.7: Summary of the carbon—in—helium gas charge state distribution (CSD)
measurement. The incoming 12C beam charge state was q;, = 4". see the text for
details.

Er Ebeam Ptarget Ntarget q 2+ 3 4+
(keV) (keV/u) (Torr)

876 1485  8.0(1) 0.92(1) 1.41(2) 0.408(7) 0.124(2) 0.007(1)
1110 168.8  5.0(1) 0.92(1) 1.86(4) 0.414(10) 0.194(4) 0.019(1)
1155 1726 5.0(1) 0.92(1) 1.85(3) 0.396(7) 0.196(3) 0.020(1)
1356 2055  5.0(1) 0.92(1) 2.19(3) 0.373(6) 0.282(5) 0.011(1)
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5.3.4 "Be Stopping Power in *‘He and Energy Loss

Stopping power was measured for the two beam energies, 441.7 and 464.2 A keV,
and the gas target pressure of P= 7.9(1) and 5.05(7) Torr, respectively at a similar
approach as in the 5Li(«, v)'°B experiment. Figure and Table show the sum-
mary of these measurements. The y—intercept for the beam energy versus gas target
pressure plot gives us the incoming beam energy and the slope of the beam energy
,versus gas target density plot gives us the gas stopping power. Our results obtained
using DRAGON are in very good agreement with the calculations of SRIM (Ziegler
et al., 2010)).

Ebeam= 441.76(16) keV/u |
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Figure 5.18: Beam energy (left panels) and stopping power (right panels) results for
two resonances (E,= 1110 keV, upper panels and E,= 1155 keV, lower panels) of the
"Be(a, 7)) C reaction. see the text for details.

5.3.5 Resonance Energy Determination

The DRAGON facility is able to measure resonance energies E, by analyzing the
position centroid along the beamline of the ~ ray hits in the BGO array. As the beam

ions traverse the gas target, they lose energy due to interactions with the target
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Table 5.8: Summary of the "Be in “He stopping power measurements. The experi-
mental results are compared with the calculations of SRIM (Ziegler et al., |2010)).

Epcam €EDRAGON €ESRIM
(keV/u) eV/ (10 atoms/ cm?) eV/ (10'* atoms/ cm?)
111.8(2) 39.7(15) 38.2
463.2(3) 40.7(15) 38.5

material. Using the measured energy loss through the target and the hit distribution
in the BGO array it is possible to calculate the resonance energy E.. In Figure [5.19
the centroid of the distribution is at z, = +0.47 cm, indicating that this resonance
is well centered in the gas target and the measured energy will be very close to the
literature value of 1155(2) keV.

10F
"Be(a,y)''C
E,= 1155 keV
8.
g = =
= 6}
E = S
g
=)
S}
O
-
0 . . ) ) .
-30 -20 -10 0 10 20 30

BGO z—position (cm)

Figure 5.19: BGO position profile spectrum for the E,=1155 keV resonance. The
black points indicate the experimental data and the orange histogram a GEANT sim-
ulation. The centroid of the experimental peak is at z.= 40.47 cm. see the text for
details.

Using the prescription of Hutcheon et al. (2012), the beam energy where the

resonance is excited in the laboratory frame can be calculated as follows

(Ein - Eout)2

5.11
Ein + Eout ( )

Ef = (1 — {)Eiy + fEou — (1 — f)
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where Ei,, Eqy are the in—going and outgoing beam energy,

Zy

Leff

f=05+ (5.12)
is the fraction of the total thickness of the target that has been traversed by the beam
until it stops at position z, and R=(E/S)(AE/AS)| shows the energy dependence
of the stopping power and in most cases is of order unity. Le.g = 12.3(5) cm is
the effective length of the gas target (recall Section . A further correction for
geometric and kinematic effects is given in Hutcheon et al| (2012), where zpgo=
(0.79 zypye + 0.57) cm.
The uncertainty of the resonance energy measurement is given by
AZBGO dztrue 0.6

0E,es = AE ~ AE— 5.13
Ler  dzpco VN (5.13)

where the last approximation is valid for cases where there is no (or negligible) back-
ground, as in our experiment. N is the total number of counts in the BGO position
profile spectrum (Hutcheon et al., [2012).
For the E,= 1155 keV resonance, the DRAGON measurement gives the following
result
E, = (1154.99 £+ 4.84) keV

which agrees very well with the literature value of 1155(2) keV.
For the E.= 1110 keV resonance, even though we have very low statistics (see
Figure [5.20)), it is still possible to make a crude estimate of the energy, using Equa-

tions and The result,

E, = (1111.26 £ 10.52) keV
agrees within 1o with the literature value of 1110(4) keV.

5.3.6 Resonance Strength Calculation

In Section we introduced the experimental reaction yield (Equation [2.26]). Let

us now explain it using statistics. Before any measurement, our knowledge of the

5Should not be confused with the beam normalization factor R.
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Figure 5.20: BGO position profile spectrum for the E,=1110 keV resonance. The
black points indicate the experimental data and the orange histogram a GEANT simu-
lation. see the text for details.

reaction yield Y is almost zero; we can just assume that it must be a positive real
number. After the first measurement, let us call it Yy, our knowledge of the reaction
yield is improving. Continuing with more measurements, Y;, we finally have a set
S =Y, -, Yy of N total measurements. Each of them has an individual probability
distribution and since they are independent, the total probability distribution will be
their product. The peak of the joint probability distribution will be our best estimate
of the reaction yield.

Let us first define the probability for reactions occurring inside the DRAGON gas
target; that would be a Poissonian distribution

PNz, v) = BT oy (5.14)
Nz!

where N is the total number of reactions, Nz the number of beam particles and Y
the true reaction yield.

However, our experimental setup is comprised of different detectors, i.e. BGO,
DSSSD and MCP with their respective efficiencies, and also DRAGON can only

transmit a single charge state to the focal plane and its recoil transmission can be
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less than 100%. Our initial probability distribution then will have to be convoluted
with the detection probability for each detector, which follows a binomial distribution;
for example the probability that we will detect v events from the BGO array, with

efficiency nggo will be

N,
P(INrnpco) = ( f) Nheo(l — nBao)V* (5.15)

We can now write down the probability distribution for the two analysis modes,

coincidences and singles

comnc N Y coinc coinc
P(Nuime|V) = (nDRAGE)\][V B' )N oIS conNEY (5.16)
( sing C(j;(/l’c‘}/)Nsmg )
(Niing|Y') = HDEAGONE e M RAGoNNEY (5.17)
sing:
coinc sing

Neoines Nsing are the detected coincidences and singles events and 57 con» Thpacon
the corresponding efficiencies. To calculate our best estimate for the reaction yield,

we need to maximize the likelihood £ function of Y, or equivalently the log—likelihood

H P coznc‘y = 11’1 Z P coznc|Y (518)

with a similar expression for the singles likelihood function. To maximize it, we need

to set its first derivative equal to zero and solve for the maximum yield

aY Z comc n%)?jGONNBY) (chomc ) CDO;ZYZ\:GONNB (519)
Z Deoin - E)OJZQHXGONNB =0 (5.20)
=1

Ncoznc cornc

Y. nDRAGONNB =0 (5.21)

N .
Y coinccmnc (522)
nDRAGONN B

where Ngoine 1s the total number of detected coincidences events and nj%‘gGON =
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coinc

Nseparator fq MBGO MDSSSD Mime” Nucp is the total coincidences detection efficiency.
The singles counterpart is ngaGON = Nseparator fq NDSSSD nfii)rleg NMCP-

Finally, our estimate for the maximum reaction yield Yyax enters in equation [2.33]
and with the use of the measured stopping power ¢, the masses of the reactants and the
de Broglie wavelength \, = 27/(0.2191/11E,) we can calculate the resonance strength
w7y. In Table 5.9 and Figure we present the final results for the E,=1110 keV
and 1155 keV resonance strengths. The results obtained by singles and coincidences
analysis agree well and for this reason we will adopt the singles result as the final,

due to its lower uncertainty.

Table 5.9: Final results for wy of "Be(a,v)''C reaction. The first two rows show the
coincidence analysis mode results and the last two the singles analysis mode results.

E."(keV) E/PRA (keV) N5 Nrecoils  TDRAGON w7y (eV)
1110(4) 1111(11) 1.7(5) x 10%3 78 3.5(3) x 1072 0.1437) 558
1155(2) 1155(5) 1.07(2) x 10" 33+6 2.3(5) x 1072 1.44(39)
1110(4) 1111(11) 1.7(5) x 10% 12733 5.3(4) x 10°2 0.11179522
1155(2) 1155(5) 1.07(2) x 108 4947 3.5(7) x 1072 1.39(36)

From a nuclear structure standpoint, it is worth noting that our results for the two
resonance strengths are in very good agreement with their "Li(c, v)!*B analogs (Kelley
et al) [2012), namely E, = 9.182 (7/27) and 9.271 MeV (5/27), as they are shown in
Table 5100

Table 5.10: Comparison of resonance strengths wy for analog states in "Be(a,y)!*C
and “Li(c,y)!'B reactions.

J™  Nucleus Ey(MeV) w~ (eV)

7/2% 1B 9.182(2)  0.303(26)
7/2F e 8.654(4)  0.111790%
5/2% 1B 9.271(2)  1.72(24)
5/2F e 8.699(2)  1.39(36)

5.3.7 Uncertainties

Similarly to the °Li(c,)'"B, experiment our final result for the resonance strength

has an associated uncertainty. The statistical uncertainty arises from the total number
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Figure 5.21: Final results for unknown resonance strengths of the "Be(c,v)''C re-
action. Results from both singles and coincidences modes are shown. The grey
rectangular indicates the thickness of the gas target in the center—of-mass system.
See the text for details.

of detected recoils, and in the case of the 1155 keV resonance we used the Poissonian
error, 0 = 1/v/Nyeeoils+ As we discussed earlier in this chapter, the faint signal from
the 1110 keV resonance recoils does not allow us to use the same approach, and
hence we followed the prescription of |[Feldman and Cousins (1998). More specifically,
we calculated the 68.27% (1o) confidence intervals for a Poisson signal with zero
background (as is evident in Figure .

Tables and show a summary of the uncertainties for both resonances.
For the 1155 keV resonance the largest systematic uncertainty is the separator trans-
mission due to the fact its v branching ratio has a 24% uncertainty (see Table .
The 1110 keV resonance strength uncertainty is, as expected, dominated by the low
recoil yield. In both cases, we added each factor in quadrature to obtain the final

result, which includes both statistical and systematic uncertainties.
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Table 5.11: Uncertainties in the resonance strength measurement of the E, = 1155
keV resonance in singles and coincidences modes.

Source Measured Value Relative Uncertainty
Detected recoils, Nsingles 49 +7 14.3%
Detected recoils, N¢inc 33+6 17.4%
Charge state fraction, f, 0.396 + 0.007 1.8%
Beam particles Nyeam (1.07 +0.02) x 103 2.2%
BGO efficiency, nzgo 0.773 £ 0.010 1.29%
MCP efficiency, naop 0.557 & 0.036 6.46%
Separator transmission, 7separator 0.141 £ 0.028 20%
Live time, mjiye 0.80389-+0.00004 0.005%
Stopping power, € (eV cm?) (4.07 £0.15) x 101 3.59%
Beam energy 463.23 £ 0.25 keV /u 0.05%
Total uncertainty (singles) 25%
Total uncertainty (coincidences) 27%

Table 5.12: Uncertainties in the resonance strength measurement of the E, = 1110
keV resonance in singles and coincidences modes.

Source Measured Value Relative Uncertainty
Detected recoils, Nsinsles 12733 2%
Detected recoils, N¢inc 7t33 a2
Charge state fraction, f, 0.414 £ 0.009 2.17%
Beam particles Npeam (1.82 £ 0.05) x 1013 2.86%
BGO efficiency, npco 0.79 £ 0.01 1.27%
MCP efficiency, nycp 0.678 +0.031 4.57%
Separator transmission, 7separator 0.25+0.01 4%
Live time, 7. 0.804338 + 0.00004 0.005%
Stopping power, € (eV c¢cm?) (3.97 £ 0.15) x 101 3.83%
Beam energy 441.76 + 0.16 keV /u 0.04%
Total uncertainty (singles) %%
Total uncertainty (coincidences) 5%
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5.4 Summary

In this chapter we presented two experimental studies using the DRAGON recoil
separator. The first, the SLi(«, v)!°B reaction, was used as a proof-of-principle for
reactions in which the recoils have an angular distribution that exceeds the separator
acceptance. Upon the first experiment’s success, we measured resonances with un-
known strengths of the "Be(c, y)'!C reaction at energies relevant to the vp—process
nucleosynthesis to better constrain its rate. In the next and final chapter of this thesis

we shall discuss the results and draw the conclusions of this experimental campaign.
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Chapter 6

Conclusions and Discussion

6.1 The Geometric Limitations of DRAGON

The main experimental challenge for this thesis was to demonstrate that DRAGON
can study reactions for which the momentum spread of the recoils exceeds its geomet-
ric acceptance. We showed that such measurements are possible, first by measuring
a known resonance strength of the ®Li(a, v)!°B reaction, as a proof-of-principle, and
then with the astrophysically important "Be(a,v)''C reaction.

It is worth noting that such measurements can provide reliable results only if they
are coupled with detailed simulations of the separator, which provide the important
information of the recoil transmission and the v ray detection efficiency. The data
analysis is also affected by our knowledge of the + branching ratios and angular
distributions W(#), as we discussed in Sections [2.5] and [5.1] Accurate measurement
of the 7 branching ratios using high efficiency detectors (e.g. segmented HPGe) are
desirable, but even if they are unknown, the v ray detection efficiency can still be
calculated using a combination of the experimental data and simulations, as argued
in Ruiz et al.| (2014). The final result, however, might suffer from high systematic
uncertainty.

Looking ahead, the successful measurements presented in this thesis can be used
to motivate studies of astrophysically important reactions previously thought inac-
cessible with DRAGON due to recoil acceptance constraints, such as *O(a,v)**Ne,
2Ne(a, v)**Mg, 2Ne(a,v)**Mg, and others.
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6.2 Reaction Rate Calculation with RatesMC

The new “Be(a, ) C reaction rate was calculated using the RatesMC code (Longland
et al.| 2010)E]. In the following, we shall discuss how thermonuclear reaction rates are
calculated using Monte Carlo methods with underlying statistical distributions for
the nuclear physics input.

Recalling Figure [3.2] there are two versions of the "Be(«,7)!*C reaction rate, the
compilation by Caughlan and Fowler| (1988) and the one by NACRE-II (Xu et al.|
2013). The first rate does not include any uncertainty, while the second provides an
“upper” and a “lower” limit which nevertheless are not derived by rigorous methods
and their statistical meaning is not explained. This has also implications in nucle-
osynthesis and stellar evolution calculations which, as we have discussed in this thesis,
heavily rely on thermonuclear reaction rates.

In the RatesMC framework, each nuclear physics input quantity (e.g. resonance
energy and resonance strength) has an assigned probability density function (PDF).
The code samples these functions randomly many times using a Monte Carlo algo-
rithm and outputs reaction rates and associated rate probability densities. According
to the central limit theorem a random variable that is determined by the product of
many factors will be distributed according to a lognormal density function (Longland
et al., 2010; Iliadis et al. 2015)), which is given by:

L L (nep?/20?) (6.1)

oV2rx

fx) =

and is defined by two parameters, y and ¢ which determine the location and the width
of the distribution respectively. From these values we can also find the expected value

and variance of the distribution:
Elz] = @002 Y[g] = eto?) [602 - 1} (6.2)

Using a lognormal density function to describe a thermonuclear reaction rate, the
median value is given by e# while for a 68.27% probability coverage the upper and

lower bounds are given by e#~? and ett? respectivelyﬂ Equivalently, we can define

!The code is available online at http://starlib.physics.unc.edu/RateCalc.php/and the input
file used for this study can be found in Appendix
2Tt can be proved that e# and e’ are respectively the geometric mean and geometric standard
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the “low”, “recommended”, and “high” Monte Carlo rates as the 16", 50*", and 84"
percentile respectively of the cumulative reaction rate distribution (see Figure .
In addition, an Anderson—Darling (A-D) test is used to show how well the reaction

rate is described by a lognormal distribution. Empirically Iliadis et al.| (2010]) argue

that numerical A-D values between 1-30 show that the lognormal approximation is

adequate for reaction network calculations.

601 .
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Figure 6.1: (Upper panel) Reaction rate probability density function for a fictitious
resonance in the ??Ne(a, 7)?**Mg reaction (wy = 4.14+0.2 eV and E, = 300+ 15 keV).
(Lower panel) Cumulative reaction rate distribution. The dotted lines show the low,
median and high Monte Carlo rates. This figure was adapted from Longland et al.

(2010).

deviation of a lognormally distributed sample of data.
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6.3 The new “Be(q,v)!'C reaction rate

Taking into account the results of the present experiment, we can calculate the new
Be(a, 7)) C reaction rate using the RatesMC code. In Appendix we present a
tabulated version of the new thermonuclear reaction rate, and in Figure the new
rate is compared to the recommended rate from NACRE-II (Xu et al. 2013). In
the present calculation we included the contribution from resonances with previously
unknown strengths that now have been measured using DRAGON.

In the bottom panel of Figure [6.2] we present the rate ratio between NACRE-II
and the rate obtained from this work. The biggest difference is for Ty < 0.3, which
does not affect vp—process nucleosynthesis. In the relevant temperature region the
new rate is lower than the NACRE-II rate by 10-50% and shows a similar trend to
the |Caughlan and Fowler| (1988) rate.

Figure 6.3 shows the individual resonant contributions to the total "Be(a,~)''C
reaction rate. For temperatures Ty < 0.5, the 877 keV resonance dominates the
rate, as we expected from the discussion in Section [2.2.2] since it is the lowest-lying
resonance. At the temperature region relevant to the vp—process, Ty < 1.5—3, the 877
and 560 keV resonances have the highest contribution, with the 1155 keV resonance
contributing ~10% to the total rate and the 1110 keV < 5%.

It is worth noting that in the present calculation we did not include the con-
tribution of the sub—threshold resonance at -44 keV. As it has been argued by |De-
scouvemont, (1995)), this resonance is expected to dominate the reaction rate at low
temperatures, Tg < 0.1, but it does not affect vp—process nucleosynthesis. How-
ever, this resonance could affect two different astrophysical scenarios: the evolution
of Population III stars via the hot pp—chains (Wiescher et al. [1989)) and classical
novae, which are binary systems of a main sequence star and a white dwarf, where it
can affect the production of “Be and subsequently "Li (Hernanz et al.; 1996)).
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Figure 6.2: (Upper panel) The new "Be(c, )''C reaction rate for T= 0.1-10 GK. The
rates by Xu et al. (2013) and Caughlan and Fowler| (1988) are also shown. (Lower
panel) Comparison between the NACRE-II "Be(a,v)!C reaction rate ,
and that of |Caughlan and Fowler| (1988) and the present work for the same
temperature region.
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Figure 6.3: Resonant contribution to the “Be(a, v)!'C reaction rate. The dotted line
at the bottom right corner shows the contribution of the 1110 keV resonance. The
figure is courtesy of Prof. Richard Longland (TUNL, NCSU).

6.4 Nucleosynthesis Calculations with NuPPN

The last part of a nuclear astrophysics experiment is to perform nucleosynthesis calcu-
lations using the new reaction rate and study its effect on the astrophysical scenario.
For this we used the NuGrid Post-Processing Nucleosynthesis (NuPPN) code (Pig-
natari and Herwig, 2012). NuPPN is a nuclear reaction network code (see Section
and it has three frames, which are used interdependently in different nucleosynthesis

scenarios:
1. PPN one—dimensional, single zone profile trajectory (T(t), p(t)) ,

2. the multi—zone post—processing network parallel, MPPNP, which is used for novae
or low—mass ABG stars, where mixing is very important but also computational—

expensive and,

3. the trajectory post-processing network/parallel frame, TPPNP, which is designed
for post—processing of trajectories from multidimensional supernova simula-

tions, using the tracer particle technique (e.g. see |[Nishimura et al| (2015)).
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For the purpose of the present thesis we used PPN to study vp—process nucleosynthesis
from a 1D core—collapse supernova model.

Each of the three NuPPN frames uses two main packages, the physics and the
solver. The NuPPN physics package contains nuclear data for over 5,000 species
between hydrogen and bismuth, and 50,000 nuclear reactions. It employs all the
reaction rate libraries and compilations, such as JINA REACLIB (Cyburt et al.,
2010), NACRE I-II (Angulo et al.,|1999; | Xu et al., 2013), KADoNIS (Dillmann et al.,
2006), (Caughlan and Fowler| (1988)) and [lliadis et al.| (2001). For some reactions
the physics package selects a reaction rate from specific experimental data, such as
the 2C(a,7)'°0 (Kunz et al., [2002). The network solver package is a fully implicit
Newton-Raphson linear algebra solver with adaptive and automatic sub-time step-
ping (Pignatari and Herwig), 2012).

The NuPPN code relies on the physics and solver packages to advance the nucle-
osynthesis network with each time step. The physics package provides the nuclear
physics input and the solver package provides the numerical solution for the network
at each time step.

Until very recently, NuPPN was unable to perform network calculations for the
vp—process, because it did not include the important neutrino interactions that we
discussed in Chapter For this reason, the author joined the NuGrid collabora-
tion and worked with Samuel Jones from Los Alamos National Lab on NuPPN code
development. The goal of this project was to study vp—process within the NuPPN
framework and perform a sensitivity study, similar to|Wanajo et al.| (2011), using the
experimental data from the DRAGON experiment.

The new version of the NuPPN code includes all the neutrino reactions from 'Woosley
et al.| (1990) and the neutrino capture rates on free nucleons from McLaughlin et al.
(1996)), and it can perform the nucleosynthesis calculation by reading an input file
which includes temperature, density, radius, neutrino/anti-neutrino luminosity and
energy of the simulation particle (see for example Figures and . An example
of the input file can be found in Appendix [A.6]

In the following we shall present the nucleosynthesis results with the updated
NuPPN code and the new "Be(a, ) C reaction rate. For the following calculations
we used the same neutrino—driven wind trajectory from Wanajo et al. (2011) as in
Section and changed only the “Be(a, v)'C reaction rate. Figure [6.4] shows the
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relative abundances for two different "Be(a, ) C reaction rates: the standard by
NACRE-II (Xu et al., 2013), and the recommended RateMC from the present study.
The current rate uncertainty (“upper” and “lower”) produce minute differences in
the final abundances (< 1%) and for this reason is not presented in Figure

We can clearly see that the new "Be(a,7)''C reaction rate does not affect the
production of light p—nuclei (A= 90-110) in this calculation. The only notable abun-
dance changes are in the light and intermediate mass region (A > 40). Figure
shows an elemental breakdown of our nucleosynthesis calculations. In the bottom
panel, we see a clear increase in the production of boron, carbon and nitrogen, by
factors of up to an order of magnitude, and a decrease in the production of lithium,
since the "Be electron capture is the main production channel. Nevertheless, there is

no difference in the production of light p—nuclei.

6.5 Conclusions and Future Work

To summarize, in this chapter we presented the main conclusions of this thesis: the
DRAGON recoil separator can measure resonance strengths of reactions with recoil
angular cones larger than its nominal acceptance, using its sophisticated simulation
toolkit and that a more constrained "Be(a, ) C reaction rate does not affect the
production of light p—nuclei via the vp—process.

We measured two resonances with unknown strengths of the "Be(a,y)''C reac-
tion in energies relevant to nucleosynthesis in neutrino—driven winds of ccSNe using
DRAGON. The new reaction rate is more constrained than its previous version by
NACRE at Tg >1 (5-10% uncertainty) and using nucleosynthesis calculations we
showed that it does not affect the production of light p—nuclei with 90 <A< 110.
Nevertheless, new studies should be undertaken to explore the contribution of the
sub—threshold resonance at -44 keV, which can influence the evolution of Population—
I11 stars in the early Universe via the hot pp—chains and the production of “Li and
"Be in classical novae.

In the light of these measurements, we plan to re-measure the 876 keV resonance
and explore the existence of the 1356 keV resonance using DRAGON, which will

further improve our knowledge of the "Be(a,v)' C reaction rate at Tg >1.
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Figure 6.4: Reaction network calculation results with the new "Be(a, v)!*C reaction
rate. (Upper panel) Relative abundance versus atomic mass number for two different
"Be(a, 7)1 C reaction rates using the same hydrodynamical trajectory ,
2011). (Bottom panel) Relative abundance differences between the two calculations.
The black horizontal line is used to guide the eye.
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Figure 6.5: Elemental abundances

using the new “Be(a, v)'C reaction rate. (Upper

panel) The light p—nuclei region. No change is shown between the two rates (Bottom
panel) A < 40 mass region. The filled dots represent the results with the present rate
and the unfilled dots the results with the NACRE-II rate.
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Appendix A

Software Input Files

A.1 DRAGON GEANT3 Input File

# Input namelist for 6Li(a,g)10B reaction
# A.Psaltis 07.06.2016
# Note: All mass excesses in GeV
All widths in MeV
All energy levels in MeV
beam_mass_excess and recoil_mass_excess is energy difference

from (abeam or atarg)x(GeV/amu) to real value

Resonant particles mass/energy/level defined by resenerg,

not level(rstate)

Resonant mass = Beam mass + Target mass + resenergy

level (rstate) value only "names" resonant state

part_width/gam_width/spin_stat_fac/ell ,

define resonance width of rstate

rstate is the energy level that GEANT

creates resonant particles at

F=oF I FH I FH R R R H
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# level(x), specifies energy of energy level x
# life(x), specifies lifetime of level (x)
#
# Branching ratios:
# br(x,z), sets branching ratio of level(x) decay mode z
# md(x,z) =y, sets decay mode z, for level(x), to level(y)
#
# example
# br(2,1) = 100
#md(2,1) =0
# sets braching ratio from level(2) to level index 1 to 100%
# sets level index 1, for level(2), to level(0)
# or, sets branching ratio from level(2) to level(0) to 100%
#
# Q-value= 4.461 MeV
$params
life = 15%x1000.
level = 15%0.
beamtyp = ’6Li’
rectyp = ’10B’
zbeam =
abeam =
atarg =

ztarg =

T N O W

zprod =
beamlifetime = 1000.
beam_mass_excess = 14086.8E—06
recoil_mass_excess = 12050.7E-06
resenerg = 1.459

part_width = 0.005

gam_width = 0.000001
spin_stat_fac = 0.136

ell = 1.

rstate = 9

level( 0) = 0.0

level( 1) = 0.718
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level ( 2) = 1.740
level ( 3) = 2.154
level ( 4) = 3.587
level ( 5) = 4.774
level( 6) = 5.110
level( 7) = 5.164
level ( 8) = 5.182
level ( 9) = 5.920
level (10) = 6.025
life( 0) = 1000.
life ( 1) = 0.707E-9
life ( 2) = 4.9E-15
life ( 3) = 1.48E-12
life ( 4) = 102.0E-15
life ( 5) = 5.85E—17
life ( 6) = 4.665E-19
life ( 7) = 2.549E-16
life ( 8) = 4.148E-21
life ( 9) = 7.8391E—20
life (10) = 8.77E—18
br(1,1) = 100.
md(1,1) =0

br(2,1) = 100.
md(2,1) =0

br(3,1) = 21.1
md(3,1) =0

br(3,2) = 27.3
md(3,2) = 1

br(3,3) = 51.6
md(3,3) = 2

br(4,1) = 19.
md(4,1) = 0

br(4,2) = 67.
md(4,2) = 2

br(4,3) = 14.
md(4,3) = 3
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br(5,1) = 0.5
md(5,1) = 0
br(5,2) = 99.5
md(5,2) = 1
br(6,1) = 64.
md(6,1) = 0
br(6,2) = 31.
md(6,2) = 1
br(6,3) = 5.
md(6,3) = 2
br(7,1) = 4.4
md(7,1) = 0
br(7,2) = 22.6
md(7,2) =1
br(7,3) = 65.3
md(7,3) = 3
br(7,4) = 7.8
md(7,4) = 4
br(8,1) = 100.
md(8,1) = 0
br(9,1) = 82.
md(9,1) = 0
br(9,2) = 18.
md(9,2) = 1
br(10,1) = 100.
md(10,1) = 0
]

iS=2
)

=

o

A.2 ROOT script to plot the BGO 7, z—coordinate

spectrum

// Convert the BGO Hit pattern into a z—coordinate from GEANT
void zmaskg () {

TFile xf=new TFile(""); // Input the file name

TTree xh1000 = (TTreex)f—>Get("h1000");
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TTree *h1001 = (TTreex)f—>Get("h1001");
Float_t coords[30][3] = { 0, —4.8,-15.3},
0,-10.1,-12.2},  //1
0, 5.0,-12.2},
. 9.9, —9.2},  //3
. 8.0, —3.1},

0

0

0, 8.0, 3.1}, //5
0, 9.9, 9.2},
0
0
0

{

{

{

{

{

{

{

{ ,—10.1, 12.2}, /)7
{ . 5.0, 12.2},

{ , —4.8, 15.3}, //9
{ -4, —2.6, —9.2},

{ 4, —2.6, —9.2}, //11
{ -4, —-7.9, —6.1},

{ 4, —-7.9, —6.1}, //13
{ -4, 2.7, —6.1},

{ 4, 2.7, —6.1}, //15
{ -4, —2.6, —3.1},

{ 4, —2.6, —3.1}, //17
{ -4, —-7.9, 0},

{ 4, —-17.9, 0}, //19
{ -4, 2.7, 0},

{ 4, 2.7, 0}, //21
{ -4, —2.6, 3.1},

{ 4, —2.6, 3.1}, //23
{ -4, —-7.9, 6.1},

{ 4, -79, 6.1}, //25
{ -4, 2.7, 6.1},

{ 4, 2.7, 6.1}, //27
{ -4, —2.6, 9.2},

{ 4, —2.6, 9.2} //29

}s
//

// Create a new file and tree to store mew parameters,
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// the convoluted energy and z—position
TFile *fNew = new TFile("", "recreate");
TTree xtNew = new TTree("tNew", "Convoluted e_bgo_first and
real z-position coordinates");

Float_t e_bgo_first_conv , z_bgo_first;

tNew—>Branch("e_bgo_first_conv", &e_bgo_first_conv ,
"e_bgo_first_conv/F");

tNew—>Branch ("z_bgo_first", &z_bgo_first , "z_bgo_first/F");

//

// Fill it with convoluted energy and real BGO z—position
Float_t e_bgo_first;

Int_t num_bgo_first;
h1001—>SetBranchAddress("e_bgo_first", &e_bgo_first );
h1001—>SetBranchAddress ("num_bgo_first", &num_bgo_first );

Long64_t nentries = h1001—>GetEntries ();
for (Long64_t i = 0; i < nentries; i++) {
h1001—>GetEntry (i);
if(e_bgo_first >0){
e_bgo_first_conv = e_bgo_first +
gRandom—>Gaus (0,0.1733+«TMath:: Sqrt (e_bgo_first)/
(TMath :: Log (2)«*TMath:: Sqrt (8)));

} else {
e_bgo_first_conv = e_bgo_first;
}

assert (num_bgo_first > 0 && num_bgo_first < 30);
z_bgo_first = coords|[num _bgo _first |[2];
tNew—>F1ill ();
}
tNew—>Write () ;
// Now add the new tree as a "friend” to h1001
h1001—>AddFriend (tNew, "tNew", KTRUE);

// Now we can just draw the z—coordinate
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h1001—>Draw("z_bgo_first>>zcoord(19,-30,30)",
"num_bgo_first !=0 && recoil_hit_endv==1 &&

e_bgo_first_conv >= 0.5", "");

// And get an explicit pointer to it
THIF xzcoord = (TH1Fx)gDirectory —>Get("zcoord");
zcoord—>SetTitle ("z-coordinate of BGO g0 hit");
zcoord —>Draw () ;

¥
A.3 Python script for log—likelihood contours

import numpy as np
import matplotlib.pyplot as plt

import scipy.interpolate
N = 2000 #number of points for plotting/interpolation

#Read data from data file , where x is the Er, y the wg and z the —In (L)

X, vy, z = np.genfromtxt(r’#your data file’, unpack=True)

xi = np.linspace (x.min(), x.max(), N)
yi = np.linspace(y.min(), y.max(), N)
zi = scipy.interpolate.griddata((x, y), z, (xi[None,:],

yi[:,None|), method=’cubic?)

contours = []

#For large N, the likelihood distribution tend to mormal distribution ,
#hence the ixsigma vartance will be the

#1°2/2 change from the minimum value

maxcontour =10 #Number of contours (sigma)

for i in range(0 , maxcontour ):

contours.append(z.min() + 0.5xixi )

cs =plt.contourf(xi, yi, zi, levels= contours, cmap=’RdGy’)

cbar = fig.colorbar(cs)
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cbar.ax.set_yticklabels ([?1°,72°,73> 74> 76> »6° ,°7> ’8> 79> 210" ])
plt . xlabel ("$E_r$ (keV)")

plt.ylabel ("$\omega \gamma$ (eV)")

plt .show ()

A.4 RatesMC Input File

7Be(a,g)11C

3k 3k 3k 3k sk 3k sk sk ok sk sk sk sk >k skosk ok skok >k skosk >k skosk sk skosk sk skosk >k sk sk sk sk sk sk skosk sk sk sk sk sk sk sk 3k sk sk sk sk sk sk skosk ok sk sk ok sk ok skok koskok

4 ! Ztarget

0 I Zexitparticle (=0 when only 2 channels open)
4.002602 ! Aproj

7.01692983 I Atarget

0 I Aexitparticle (=0 when only 2 channels open)
0.0 I' Jproj

1.5 I Jtarget

0.0 I Jexitparticle (=0 when only 2 channels open)
7544.52 ! projectile separation energy

0.0 ! exit particle separation energy

0.70 ! Radius parameter RO (fm)

2 ' Gamma-ray channel number (=2 if ejectile is a g—ray)

sk ok ook ok ok ok ok ok Kk ok ook ok ok ok ok ook ok ok ok ok Kok ok ok ok ok ok ok ook ok ok ok ok ok ok k ok ok ok ok ok ok ok ok ok ok ok Kok

1.0 ' Minimum energy for numerical integration (keV)
5000 ' Number of random samples (>5000 for better statistics)
0 ! =0 for rate output at all temperatures;

sk ok ook ok ok ok ok ok Kok ok ook ok ok ok ok ook ok ok ok ok ok ok ok ok ok ok ok ok ook ok ok ok ok ok ok k ok ok ok ok ok ok ook Kok ok ok ok Kok

Non—resonant contribution

S(keVb) S’(b) S’ (b/keV) fracErr Cutoff Energy (keV)
1.2e3 0.0 0.0 0.4 1000.0

0.0 0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0 0.0

o ok ok ok oK R kK koK R kK koK R K K koK R ok K koK R ok K koK R ok K koK R ok K koK R ok K koK R ok K koK R ok K koK R ok K koK K ok K kK R ok Kk
Resonant Contribution

Note: Gl = entrance channel, G2 = exit channel, G3 = spectator channel !!
Ecm, Exf in (keV); wg, Gx in (eV) !!

Note: if Er<0, theta "2=C2Sxtheta_sp "2 must be entered instead
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of entrance channel partial width

Ecm DEcm wg Dwg Jr Gl DG1 L1 G2
DG2 L2 G3 DG3 L3 Exf Int

560.0 17.0 0 0 1.5 6 3 2 0.350
0.056 1 0 0 0 0.0 0

877.0 2.0 3 0 2.5 12.6 3.8 2 3.1
1.3 1 0 0 0 0.0 0

1110.0 4.0 0.131 0.112 3.5 0 0 2 0

0 1 0 0 0 0.0 0

1155.0 2.0 1.39 0.36 2.5 0 0 2 0

0 1 0 0 0 0.0 0

s koK ok ok R KK KoK R KK KK KK K koK K KK kK R K K kK R K K koK R K K kK K K K KoK R K K kK K K K kK K K K kK R K K kK K K Kk
Upper Limits of Resonances

Note: enter partial width upper limit by chosing non—zero value for PT,
where PT=<theta"2> for particles and...

Note: PT=<B> for g-rays [enter: ’'upper_limit 0.0’]; for each resonance:
# upper limits < # open channels!

Ecm DEem Jr G1 DGlI L1 PT G2 DG2 L2 PT

G3 DG3 L3 PT Exf Int

s koK koK R KK koK R KK KoK R K K koK R K K koK K K K kK R K K koK R K K kK R K K koK R K K KK K K K kK K K K kK K K K kK K oK Kk
Interference between Resonances [numerical integration only]

Note: + for positive, — for negative interference;

+— if interference sign is unknown

Eem DEem Jr Gl DGlI L1 PT G2 DG2 L2 PT

G3 DG3 L3 PT Exf

4+~

0.0 0.0 0.0 00 00 0 0 0.0 00 0 0
0.0 0.0 0.0 0.0 0.0

0.0 0.0 0.0 00 00 0 0 0.0 00 0 0
0.0 0.0 0.0 0.0 0.0

Kok ok ok R ok ok R oK ok K K ok K K ok K K K K K KK K K K K K R K K R KK K Kk R oK K R Kk R K R K oKk o Kk o Kk o oKk o ok ok o Kok ok ok Kk
Input file and PDF at NT selected temperatures only

Note: default values are used for Input file range if Min=Max=0.0

T9 Min Max

0.01 0.0 0.0

0.1 0.0 0.0
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3k 3K 3k 3k sk sk sk sk sk sk sk sk sk skosk sk sk skskosk sk sk sk sk sk sk sk skosko sk sk sk skosk sk sk sk skoskosk sk sk skoskskosk sk skosk sk sk sk skoskosk sk sk skoskosk sk sk sk sk sk sk kok ko

Comments :

1. Radius parameter RO and non—resonant contribution from NACRE-II

A.5 Tabulated "Be(a,~)!''C reaction rate

Ty Low rate  Median rate  High rate  Log norm ¢ Log norm o A-D
0.030 2.77x107%" 1.66x107% 1.30x107% -2.020x10®>  6.52x10°  3.00x107!
0.040 3.12x107%7 3.76x107% 550x107% -1.483x10%>  4.89x10°  2.92x107!
0.050 7.61x107%% 3.57x107°" 1.94x107% -1.161x10®>  3.91x10° 2.87x107!
0.060 2.85x107%3  7.11x107%* 1.96x10740 -9.472x10! 3.25x10°  2.83x107!
0.070 1.90x107%% 2.96x1073° 5.14x1073% -7.948x10"  2.79x10°  2.77x107!
0.080 2.43x1073" 2.67x1073° 3.26x107% -6.807x10" = 2.44x10°  2.73x107!
0.090 2.22x10727 1.89x10726 1.72x107% -5.921x10'  2.16x10°  2.70x107*
0.100 3.23x1072% 2.23x1072% 1.61x107%2 -5.215x10! 1.95x10°  2.67x107!
0.110 1.23x1072"  7.12x1072"  4.26x1072° -4.638x 10" 1.77x10°  2.63x107!
0.120 1.73x107Y  8.61x107" 4.44x107'® -4.159x10" 1.62x10°  2.61x107!
0.130 1.11x107'" 4.94x107'7 2.22x107'¢ -3.754x 10" 1.50x10°  2.59x107!
0.140 3.93x10716  1.58x107"° 6.38x1071° -3.408x10! 1.39x10°  2.56x107*
0.150 8.61x107'® 3.14x107" 1.16x107* -3.109x10 1.29x10°  2.53x107!
0.160 1.27x107'%  4.29x107"% 1.45x107'2 -2.848x10! 1.21x10°  2.51x107!
0.180 1.11x10~" 3.30x107'* 9.71x107'' -2.414x10" 1.08x10°  2.48x107!
0.200 3.91x1071%  1.04x107°  2.75x107? -2.068x10'  9.71x107! 2.36x107!
0.250 2.26x1077  4.95x1077  1.08x107% -1.452x10'  7.77x107! 2.19x107!
0.300 1.49x107% 2.88x107% 549x107% -1.046x10'  6.49x10~' 2.50x107!
0.350 2.87x107*  5.06x107*  8.77x10™* -7.593x10°  5.59x10~'  3.13x107!
0.400 2.55x107%  4.23x107%  6.84x107* -5471x10° 4.91x107! 3.55x107!
0.450 1.38x1072  2.16x1072  3.32x107%2  -3.840x10°  4.39x107! 3.84x107!
0.500 5.22x1072  7.83x107% 1.16x107' -2.550x10°  3.97x107' 3.69x107!
0.600 3.75x107'  528x107'  7.37x107' -6.417x107' 3.33x107'  3.12x107!
0.700  1.52x10° 2.03x10° 2.70x10°  7.036x107"  2.85x107'  2.59x107!
0.800  4.31x10° 5.53x10° 7.08x10°  1.708x10° = 2.45x107!  2.50x107!
0.900  9.77x10° 1.21x10* 1.50x10"  2.492x10°  2.13x107'  2.70x107!
1.000  1.89x10* 2.27x10! 2.74x10"  3.125x10°  1.85x107' 4.07x107!
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1.250
1.500
1.750
2.000
2.500
3.000
3.500
4.000
5.000
6.000
7.000
8.000
9.000
10.000

6.37x10"
1.46x102
2.65%10?
4.13x10?
7.50x 102
1.08x103
1.37x10°
1.60x10°
1.89%103
2.02x10°
2.04x10°
2.01x10°
1.95%x103
1.87x103

7.26x10!
1.61x10?
2.86x10?
4.39x10?
7.88x 102
1.13x103
1.43x10°
1.67x10°
1.97x103
2.11x10°
2.14x10°
2.11x10°
2.04x10°
1.96x103

8.33x 10"
1.78x10?
3.11x10?
4.71x102
8.31x10?
1.19%103
1.50x10?
1.75%x10°
2.07x10°
2.23x10°
2.26x10°
2.24%10°
2.17x10°
2.09x10°

4.289%10°
5.085x10°
5.660x10°
6.089x10°
6.672x10°
7.033x10°
7.266x10°
7.420x10°
7.590x10°
7.658x10°
7.674x10°
7.660x10°
7.629x10°
7.588x10°

1.34x107!
1.01x107!
8.03x1072
6.67x1072
5.22x1072
4.67x1072
4.52x1072
4.55% 1072
4.79% 1072
5.06x 1072
5.30x 102
5.50x10~2
5.67x1072
5.82x 1072

1.22x10°
2.25%x10Y
3.07x10°
3.69x10°
3.80x10°
4.11x10°
5.26x10°
6.83x10°
1.01x10!
1.25%10!
1.41x10!
1.51x10!
1.57x10"
1.61x10!

Table A.1: Total thermonuclear reaction rates for "Be(c, y)''C. The rate below Ty <
0.03 is zero.

A.6 PPN Trajectory File (Partial)

# time T rho r Inue lnuebar Inux tnue tnuebar

4 YRS/SEC TSK/T9K CGS/LOG
"(10x A3)’

# FORMAT:

AGEUNIT = SEC

TUNIT = KKK

RHOUNIT = CGS

6.34E—-02
6.35E-02
6.36E-02
6.37E—-02
6.
6
6
6
6

38E—-02

.39E-02
.40E-02
.40E-02
41E-02

9
.7T5E4-09
.72E+09
.6 7TE+09
.61E+09
.58E+4-09
.0 3E+09
.9 0E+09
.45E4-09

O © © © © © © ©

81E+09

.96 E4-06
.86 E+4-06
.80E+06
.7T0E+06
.59E4-06
.04E+06
.44E+06
.39E+06
.30E4-06

ot Ot Ot Ot Ot Ot Ut Ot Ot

ot Ot Ot Ot Ot Ot Ot Ot W

.98E4-06
.01E+06
.03E+06
.06 E+06
.09E4-06
.10E+4-06
.14E+06
.15E+06
.18E4-06

g g VH GV O SN Wy

144

tnux
.00E+52 1.00E+52 1.00E+52
.00E+52 1.00E+52 1.00E+52
.00E+52 1.00E+52 1.00E+52
.00E+52 1.00E452 1.00E+52
.00E+52 1.00E+52 1.00E+52
.00E+52 1.00E+52 1.00E+52
.00E+52 1.00E+452 1.00E+52
.00E+52 1.00E452 1.00E+52
.00E+52 1.00E+52 1.00E+52

12
12
12
12
12
12
12
12
12

14
14
14
14
14
14
14
14
14

14
14
14
14
14
14
14
14
14
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S O OO DD OO OO OO OO D

.42E-02
.43E-02
.44FE—-02
.45E—-02
.46E—-02
AT7TE-02
.47E-02
.48E—-02
49E—-02
.00E—-02
.01E-02
.02E—-02
.03E-02
.03E-02
.04E-02
.05 E—-02
.06 E—-02
.0 T7E-02
.08E—-02
.08E—-02
.09E—-02

O 00 00 0 0 0 GO G O 0 00 © © © © © © © © ©o ©

.39E4-09
.36E+09
.31E+09
.28E4-09
.23E409
17E+09
.15E+09
.09E4-09
.07E+4-09
.01E+09
.99E4-09
.93E4-09
.88E+4-09
.85E+09
.80E4-09
.TT7TEA4-09
.72E+09
.69E+09
.64E+09
.62E+09
.0 6E+09

[ I R L = T T s S ~ S~ N N SN SN S N SN SR ) S |

.20E+-06
.15E+06
.06E+06
.01E+06
.92E+06
.83E+06
.T9E+06
.70E4-06
.65E+4-06
.0 TE+06
.53E4-06
.44E+06
.36 E+4-06
.32E+06
.24FE4-06
.20E4-06
.12E+06
.08E+06
.01E+06
.97E4-06
.90E+-06

v v ot Ot Ot Ot Ot Ot Ot Ot Ot Ot Ot Ot Ot Ot Ot Ot ot Ot Ot

.22E+06
.23E+06
.27EA+06
.28 E4-06
.32E+06
.35E+06
.3TEA+06
.40E4-06
42E+06
.45E+06
.47E4-06
.50E+-06
.04E+06
.06 E+06
.59E4-06
.6 1E+06
.65E+4-06
.66 E+06
.7T0E4-06
.72E+06
.76 E4-06

145

VL VT VU VA A O T T T T G OGN G R G TR O G

.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52

S S VT L T T T T O G O U G SO S

.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52

SV VU VT VU VA VA T T T T T T O N G R G TR O

.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+-52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52
.00E+52

12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12

14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14

14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
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