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Abstract

This thesis reports the direct measurements of the 22Ne(α, γ)26Mg and 20Ne(p, γ)21Na

reactions at astrophysical energies of interest.
The 22Ne(α, γ)26Mg reaction competes with the 22Ne(α,n)25Mg reaction which
is the main source of neutrons for the s-process in low-mass Asymptotic Giant
Branch and massive stars. At temperatures T < 300 MK where the (α, γ) channel
becomes dominant, the rate of the 22Ne(α, γ)26Mg reaction is influenced by several
resonances studied only indirectly. The first part of this thesis concerns the direct
measurement of one of these resonances, Er = 334 keV, which so far was studied
only indirectly leading to six orders of magnitude range of possible values for its
resonance strength. The experiment has been performed at LUNA (Laboratory for
Underground Nuclear Astrophysics) using the intense alpha beam of the LUNA
400 kV accelerator and a windowless gas target combined with a high-efficiency
BGO detector. In the present study, an upper limit of 4.0 · 10−11 eV has been
determined for the resonance strength. Taking into account these results, an up-
dated 22Ne(α, γ)26Mg thermonuclear reaction rate was obtained and its role on the
predicted 25Mg/26Mg ratio of a 5M⊙ AGBs was investigated. The data show a
decrease by a factor of 15 of the intershell 25Mg/26Mg ratio.
The 20Ne(p, γ)21Na is the slowest reaction of the NeNa cycle. It determines the
velocity of the cycle and defines the final abundances of the isotopes synthesized in
this cycle. The uncertainties on the NeNa cycle are affected by the 20Ne(p, γ)21Na

reaction rate.
The main goal of the second part of this thesis was the direct measurement of
the Ecm = 366 keV resonance which dominates the total rate in the temperature
range between 0.2 GK and 1 GK. The measurement has been performed at LUNA
using the windowless gas target and two high-purity germanium detectors placed
at different positions. This measurement allowed to reduce the uncertainty on the
strengths of the 366 keV resonance from 18% to 7%. These results were used to
update the 20Ne(p, γ)21Na reaction rate.
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Introduction

The evolution of the Universe and the origin of the chemical elements have always
been the subject of several experimental studies and theoretical models. Spectro-
scopic observations of radionuclides in the interstellar medium and stellar atmo-
sphere have proved that stars are giant nuclear reactors that are constantly shaping
and changing the chemical composition of the Universe. Theoretical models and
supercomputers are trying to reproduce the observed abundances and compute de-
tailed models of the evolution of stars and galaxies. To achieve the same level of
accuracy as the observations, the theoretical models require high precision input
parameters. A crucial input for these models is the thermonuclear reaction rate
(cross-sections) for all the nuclear processes involved.
Measuring these nuclear cross-sections is very challenging and is the main goal
of experimental nuclear astrophysics. In stellar environments, the energy of the
interacting particles is usually much lower than the Coulomb repulsion between
the nuclei. Under these conditions, the nuclear reactions can only proceed via the
quantum tunneling effect. As a result, the reaction cross sections at relevant en-
ergies can be extremely low, and very difficult to measure since the signal can be
lost in the natural background. Possible solutions to overcome this problem can be
the use of indirect approaches or the use of high energy cross-section data which
allow the extrapolation down to the energies of interest. Nevertheless, both these
approaches might introduce several uncertainties on the reaction rate, and affect
the predicted chemical abundances.
A turning point in this context has been the introduction of underground mea-
surements performed for the first time at the Laboratory for Underground Nuclear
Astrophysics (LUNA) laboratory located in Gran Sasso, Italy. The deep location
of LUNA optimizes sensibly the signal-to-noise ratio for the nuclear reactions at
astrophysical energies.
This thesis provides the direct measurements of the 22Ne(α, γ)26Mg and 20Ne(p, γ)21Na

reactions at LUNA. The first reaction plays an important role in the nucleosynthe-
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viii Introduction

sis of heavier elements through the slow neutron capture process AGB and massive
stars. In particular, the 22Ne(α, γ)26Mg reaction competes with the 22Ne(α,n)25Mg

reaction which is the main responsible for the production of the necessary neutrons
for the s-process. To constrain the role of the 22Ne(α,n)25Mg reaction in the
s-process, the rate for both these reactions is required. The uncertainty of the
22Ne(α, γ)26Mg reaction rate at astrophysical energies of interest (0.1 ≤ T ≤ 0.4)
is governed by several low energy resonances which are measured only indirectly.
To reduce these uncertainties, the first direct measurement of one of these reso-
nances at 334 keV has been performed at LUNA.
The second reaction, 20Ne(p, γ)21Na governs the velocity of the NeNa cycle in sev-
eral astrophysical scenarios and determine the final chemical abundances of the
cycle. The rate of this reaction, depending on the temperature, is dominated by
the high energy tail of a sub-threshold state at ER = -6.7 keV, a direct capture
component and a narrow resonance at ER = 366 keV. To reduce the uncertainty
of the reaction rate, the 366 keV resonance has been directly measured. Future
measurements of cross-sections below 400 keV will follow the work presented here.

The thesis is organized into four chapters: Chapter 1 introduces some basic con-
cepts related to stellar evolution and gives a general description of the nuclear
reaction in stars. Chapter 2 describes the LUNA experiment, the accelerator, and
common experimental details on the two reactions studied in this thesis. Chapter
3 is dedicated to the study of the 22Ne(α, γ)26Mg reaction. This chapter pro-
vides a description of the astrophysical relevance and the current knowledge of
the 22Ne(α, γ)26Mg reaction, a description of the experimental setup, the measure-
ments, analysis techniques, and the final results. Chapter 4 reports the study of
20Ne(p, γ)21Na reaction. This chapter provides the astrophysical motivation, the
state of the art, the experimental setup, the measurements performed, data anal-
ysis, Monte Carlo simulations, and the final results.

This thesis is the outcome of my own analysis and the results shown in the text,
especially the results related to the 20Ne(p, γ)21Na reaction should be considered
as preliminary.



Chapter 1

Nuclear astrophysics in stars

I’m pretty sure, that the answers to the
questions I grew up with can be found in
stars, as if all their beauty weren’t
enough.

EM

What are we made of and how were the elements that we are made of formed
after the Big Bang? The main elements that our body is made of are carbon (C),
oxygen (O), and nitrogen (N), and all these elements are produced in stars via
nuclear fusion reactions. Nuclear astrophysics studies nuclear-level processes that
take place naturally in the Universe. As its name suggests, nuclear astrophysics is at
the intersection of astrophysics and nuclear physics. Astrophysics applies the laws
of physics to the study of celestial objects, from the Sun to much larger and more
complicated objects. On the other hand, nuclear physics studies the interactions
between the constituents of atomic nuclei, which are ∼ 1026 times smaller than
the Sun. The combination of both fields can explain the formation of the chemical
elements our universe is made of and how nuclear processes shape the cosmos.
This chapter aims to introduce some of the basic concepts in star evolution and in
nuclear astrophysics. In the first section, a short overview on the life of stars, with
major attention on post main sequence evolution, is given. Instead, the second
section will focus on a general description of thermonuclear reactions in stars,
emphasizing the particle induced reactions.

1.1 Stellar evolution

Stars are not eternal and their lives can be very different, depending on the mass
and composition of the stars themselves. Their interiors are the main production
sites of elements. Generations of stars have been formed and released their matter
via mass-loss processes or explosions to the interstellar medium. This chemically
enriched matter provides the building blocks of new stellar systems, planets, and
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2 1.1 Stellar evolution

even life itself. The most crucial parameter in a star’s life is its mass, more precisely,
the mass it has when it starts the hydrogen fusion processes in its core (main-
sequence mass). This process allows keeping the balance with gravity, preventing
the star from collapsing toward its center. When the core of the star runs out
of hydrogen it undergoes a series of changes until it dies, and all these changes
and the way it dies depend on the mass of the star. The whole process from the
main sequence to the end takes long, much longer than any living being’s life,
although how long the evolution takes also depends on the star’s mass. One of
the most powerful tools in astrophysics, to trace the evolutionary stage of a star,
is the Hertzsprung-Russell diagram (H-R diagram). It allows us to study stars
in different astrophysical sites and investigate their formation history. The H-R
diagram shows the luminosity (or absolute magnitude) of stars as a function of the
effective temperature (Figure 1.1).
Most of the stars, including our Sun, are found along a region called the Main
Sequence. These stars are fusing hydrogen to helium in their cores. Main Sequence
stars vary widely in effective temperature but the hotter they are, the more lu-
minous they are, therefore the main sequence line follows a band going from the
bottom-right of the diagram to the top-left. Other major groups of stars shown in
the H-R diagram are the white dwarfs, located in the lower-left region, and the gi-
ants (and supergiants) in the upper-right region; luminous stars that have evolved
off the main sequence.

1.1.1 Star formation

The light elements such as H, 2H, 3H, 3He, 4He and some amount of Li and Be

were produced during the first 20 minutes after the Big Bang, in a process referred
to as Big Bang Nucleosynthesis (BBN). After the BBN, the Universe expanded and
cooled down without any change in terms of baryonic matter. Thereafter, about
380.000 years after the Big Bang, the charged electrons and protons combined to
form neutral hydrogen atoms. This epoch is known as the recombination era. After
recombination, the Universe entered a period called the "Dark Ages of the Uni-
verse", until gravitational attraction operated on very slight over-densities in the
matter distribution, leading to the formation of stars and galaxies.
Our understanding of the star formation process is mainly based on observations.
What is known until now indicates that stars are formed out of giant collapsing
clouds of gas and can take place under a wide range of circumstances which re-
sult in stars being formed at a slow rate (star formation region in our galaxy)
or hundreds to thousands of times faster (such as in the compressed gas clouds
which result when galaxies are disturbed or actually collide). The gas clouds are in
hydrostatic equilibrium with the surrounding interstellar medium, as long as the
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Figure 1.1: Hertzsprung-Russell (H-R) diagram which shows stars in terms of their
luminosity (reported on the right axis, related to the stellar mass and size) and
temperature (reported on the top axis). The colored background shows the spectral
class reported on the lower axis. The blue lines show three different evolutionary
scenarios for stars of 1 solar mass, 5 solar masses, and 10 solar masses. Illustra-
tion: Robert Hollow, Commonwealth Science and Indus- trial Research Organisa-
tion (CSIRO), Australia, adapted by Carin Cain.



4 1.1 Stellar evolution

thermal energy compensates the gravitational energy. For a cloud of a given radius
and temperature, the equilibrium is given by Eq. 1.1:

3

5
G
M2

R
= 3

M

m
GkT (1.1)

where M , m, and R are the total mass of the cloud, the average mass of the
particles forming the cloud, and the radius of the clouds, respectively.
When the thermal energy becomes too low with respect to the gravitational energy,
the gas cloud can become gravitationally unstable and start to collapse. The time
scale of the cloud collapsing process is of several millions of years, due to the low
densities involved. For a given gas cloud there is a critical mass, called the Jeans
mass, which depends on the radius of the cloud, its temperature and the average
mass of the particles in the cloud given by Eq. 1.2:

MJ =

(
5kT

Gm

)3/2(
3

4πρ

)1/2

(1.2)

with ρ the cloud density. If the Jeans mass is exceeded (Mcloud ≥MJ), the cloud be-
comes unstable to collapse. Since the Jeans mass decreases with increasing density,
smaller fragments are formed and, therefore, clumps of different mass (typical ini-
tial mass of material ∼ 0.01M⊙, where M⊙ refers to solar mass which is a standard
unit of mass in astronomy equal to ∼ 2×1030 kg) can form stars of different initial
masses. As soon as the collapse slows down and the cloud core reaches hydrostatic
equilibrium (beginning of the hydrogen-burning stage), a more stellar-like object,
known as a protostar is formed. The rest of the cloud material keeps falling onto
the protostar which forms an accretion disk that surrounds the protostar. During
this process, together with the mass, the temperature of the material increases due
to the heat generated by the gravitational compression. The increasing internal
temperature (about 1 million kelvin) causes the protostar to be visible, radiat-
ing approximately 1.000 times the Sun’s current luminosity. When mass accretion
stops in the protostar, the stellar object is known as pre-main sequence star (pre-
MS). This stage of stellar evolution towards the main sequence may last between
100.000 and 10 million years depending on the size of the pre-main sequence star
being formed. Pre-MS stars with masses 0.01M⊙ ≤M ≤0.08M⊙ don’t have enough
mass to ignite H burning and they become brown dwarfs. On the other hand, the
gravitational compression for the pre-MS stars with masses above 0.08M⊙ contin-
ues and since the temperature in this stage is still too low for nuclear burning, the
pre-MS star moves almost horizontally in the H-R diagram (following the so-called
Hayashi line), increasing its temperature and slightly increasing its luminosity. The
contraction continues until the central temperature becomes high enough to start
H burning and a star is born. The energy released from the H fusion in the core
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of the star stops the contraction and the stars lie on the zero-age main sequence.
A more complete description of the stars formation and their evolution up to the
death can be found in [1, 2, 3].

1.1.2 Main sequence

Stars on the zero-age main sequence are in thermal and hydrostatic equilibrium
with an almost homogeneous composition (mainly hydrogen and some small traces
of helium). On the main sequence phase, they will produce most of the energy
converting hydrogen in helium through the proton-proton chain, the CNO cycle,
or other catalytic cycles. The rate at which they do this and the amount of fuel
available depends upon the mass of the star and the central temperature. The
position on the main sequence and the spectral class they belong to is a function
of the star’s mass, this is so-called mass-luminosity relation given by:

L ∝M3.5 (1.3)

where L is the luminosity of the star and M its mass. Main sequence stars vary
in mass. More massive stars have a stronger gravitational force acting inwards so
their core gets hotter. The higher temperatures mean that the nuclear reactions
occur at a much greater rate in massive stars. They thus use up their fuel much
quicker than lower mass stars and therefore their life is relatively short. On the
other hand, the life of the low-mass star in the main sequence will be longer. A star
with only half the mass of the Sun can spend 80 billion years on the main sequence,
much longer than the age of the Universe which means that all the low-mass stars
that have formed are still on the main sequence.

1.1.3 Beyond main sequence

When a main sequence star runs out of hydrogen in its core the energy production
slows down and is not anymore sufficient to counteract the gravitational collapse.
When this takes place, the radiation pushes the outer layers of the star far out
into space, turning the star into a red giant. On the other side, the core of the
star continues to collapse, and to heat up until it reaches high temperatures, high
enough to fuse helium into carbon. Eventually, the helium will also run out and
other elements as well. The exact post-main sequence and the fate of the star from
the main sequence to its death depend on the mass. The point in which the star
leaves the main sequence is called turnoff point and its position in the HR diagram
can be used to evaluate the age of the cluster to which it belongs. Since the life
and the death of the stars depend on their mass, it is difficult to make a precise
classification. In general, there are four major categories.
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Very low-mass stars

This category of stars includes stars with mass, M ≤0.4M⊙. Their structure is
made of a unique convection zone, with hydrogen and helium mixed throughout
the star. The star fuses hydrogen slowly and will never build up a helium core
or reach temperatures high enough for any other nuclear reaction to take place.
These stars will spend about 100 Gyr in the main sequence and probably end up
as Black Dwarfs. At the moment there are no very low-mass stars to run over all
the hydrogen and end in Black Dwarfs.

Low-mass stars

The mass limit for low-mass stars depends on the development of an electron-
degenerate structure which is a stellar application of the Pauli Exclusion Principle.
These structures are generated in extremely high temperature and pressure con-
ditions with atoms stripped of their electrons. At high densities the electrons are
forced to close together but they are allowed to exist only at certain energy level. In
dense gas conditions such as the stellar environment, all of the lower energy levels
become filled with electrons and the gas itself is defined as degenerate matter.
Basically, all stars with masses M ≤ 2M⊙ are classified low mass stars. All these
stars, in the main-sequence phase, will fuse hydrogen into helium in their cores.
The path they will follow after the hydrogen runs out depends on the mass of the
star. Moreover, some differences exist also during the main-sequence phase.
In stars with masses M ≤ 1.5M⊙, the hydrogen-burning proceeds via the pp chains,
and the energy generated in the core is transported via radiation. More massive
stars, instead, with masses above 1.5M⊙ fuse hydrogen via the CNO cycles in their
cores and the transportation of the energy from the core to the external layers is
done through convection.
During the core H-burning phase, the amount of free particles decreases, and the
core slightly contracts in order to stay in hydrostatic equilibrium. The change of
mean weight and opacity during this phase slowly increases the luminosity and the
star moves from the main sequence to the red giant branch (RGB) in the HR dia-
gram. During the RGB phase, the contraction heats up the core until it becomes
electron degenerated. The convective envelope deepens significantly, reducing the
star’s mass and dredges up the products of hydrogen burning from the outer core.
The process is referred to as the first dredge-up.
In a normal gas, when the temperature reaches 0.1 GK, the helium in the core
starts to fuse to carbon and oxygen and the star enters the helium-burning phase.
Consequently, the temperature will slow down and generated energy will cause an
expansion until the stability of the star is reached. However, because of degenerate
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electrons in the RGB stars, helium ignites violently. As the nuclear He-burning
progresses inwards, the degeneracy of the core is lifted. This thermonuclear run-
away is also known as core helium-flash and determines the end of the RGB phase
of low-mass stars.
After the degeneracy is lifted, the high core temperature makes the star expand
and cool down. As a result, the luminosity decreases significantly and the star
moves in the horizontal branch. During this stage, in the core of the star, the he-
lium fusion goes on building up the C-O core, while hydrogen fusion is still active
in a shell around the core, mainly through the CNO cycle. The nuclear energy
produced in helium burning is considerably smaller with respect to hydrogen burn-
ing. Therefore, the helium-burning phase is relatively short compared with the
hydrogen-burning phase.
When the amount of helium in the core is exhausted, the star is no longer in dy-
namic equilibrium. The thermal pressure is not able to balance the gravitational
forces and the core starts to contract. Helium burning moves in a shell surround-
ing the C-O core, separated from the H burning shell by a He-rich intershell. The
star enters the early asymptotic giant branch (E-AGB) phase and starts to move
on towards higher luminosity which was stopped by core helium burning. Nuclear
energy production is dominated by the He-shell that burns outward. Meanwhile,
the H-layer around the He-shell expands and cools down until the H-shell burning
extinguishes. The energy produced in the helium-burning shell can not be radi-
ated away and a thermonuclear runaway takes place, known as helium shell flash
or thermal pulse. The hydrogen-burning shell reignites and ultimately takes over
as the dominant nuclear energy source until the next thermal pulse occurs. The
cycle may repeat many times and the evolutionary phase is known as the thermally
pulsing asymptotic giant branch (TP-AGB). During this stage the star moves hor-
izontally to the left in the HR diagram.
Towards the end of the TP-AGB phase, the star undergoes a period of heavy mass
loss. Pulsations with increasing amplitudes and dust-driven winds drive the matter
out where it loses its gravitational bound to the star and merges with the interstel-
lar medium. As soon as the whole envelope is gone, which marks the end of this
stage, low-mass star turns for a very short time into planetary nebulae and then
end their lives as cooling C-O white dwarfs.

Intermediate-mass stars

The intermediate-mass stars have masses in the range 2M⊙ ≤M≤ 8M⊙. The lives
and death of these stars are not so different from the low-mass stars. The main
difference is that for stars with masses above 2M⊙, helium cores during the red
giant branch phase do not become electron degenerate. These stars typically end
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up as white dwarf. In the HR- diagram, the stars move to the left side, in the
region of classical Cepheids, and then comes back to the right. In stars with mass
above 4M⊙ the fusion of the He-shell causes a very strong expansion and cooling
of the envelope, extinguishing the H-shell. Products of hydrogen burning are then
convected to the surface, enhancing the abundance of 4He, 14N and 13C in the so-
called second dredge-up. Nuclear reactions in these stars make most of the carbon
and nitrogen in the Universe. When they die, they blow off their atmospheres,
dispersing such elements in the space. After the second dredge-up, the H shell is
reignited and the star moves in the AGB phase.

Massive stars

Stars with masses a least 8M⊙ are called high-mass stars. These stars live only a
short time of ∼10 million years on the Main Sequence. Still, they go through stages
very similar to those of intermediate-mass stars. With respect to the intermediate-
mass stars, which end their live by expelling their outer layers due to thermal
pulses in a planetary nebula phase, the high mass stars have so much mass that
they can survive this phase. Once the high mass stars start to run out of hydrogen
in the core, and start burning hydrogen in the shell, they expand into a Red Giant
stage just like low mass stars. In this case, there is no helium flash. The helium
core is so hot that nuclear fusion begins and continues slowly over time, without
any degeneracy pressure. During this phase, stars move back toward the MS, and
fuse helium in their core in ≤ 105 years. Once the high mass star reaches the Red
Supergiant stage, and is burning helium in a shell around the inert carbon core,
the core can reach temperatures able to fuse carbon into heavier elements. The
carbon in its core is burned only for few hundred years, and the next stages such
as neon burning, oxygen burning and silicon burning begin. Each stage is shorter
than the previous one, partly because the reactions are less and less efficient: each
of them produces less and less energy. Once silicon is fusing into iron, there are
no reactions with iron able to generate energy and only degeneracy pressure can
hold the star up against the gravity. When the pressure caused by the electron
degenerated matter (degeneracy pressure) is overcome, the star has reached the
final stage. While all of this is happening, the outer appearance of the star changes
relatively slowly, with luminosity staying virtually the same. The stars tend to
follow a zig-zag horizontal path in the HR diagram. The end of massive stars is
determined from the initial mass of the star. Stars with masses 8M⊙ ≤M≤ 11M⊙

will end as an oxygen–neon white dwarf since they are not able to fuse elements
higher then carbon in their core.
Stars with initial masses M ≤ 20 - 30M⊙ explode as a type II Supernova and form
a neutron star as a remnant, while stars above this limit can collapse directly to
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form a black hole without a supernova explosion.

1.2 Thermonuclear reactions in stars

Different theoretical models have been developed to understand the evolution of
stars and to reproduce the observed elemental abundances. A crucial input for these
models is the thermonuclear reaction rate for all the nuclear reactions involved. The
energy produced by the thermonuclear reactions depends on the energy released by
the single reaction involved and on the number of reactions happened in the star.
In general, thermonuclear reactions in stars are two body problems which can be
schematically described as a + A→ B+b, with A the target nucleus, a the projectile
and B, b the reaction products. The reaction rate is the number of reactions per
unit volume per unit time [2]. It depends on the density of interacting particles ρa
and ρA, their relative velocity v, and the nuclear cross-section σ(v) and is given by
Eq. 1.4:

r = ρaρAvσ(v) (1.4)

Inside the stars, nuclei are not moving at a unique and precise speed. They interact
in a certain range of velocities following a probability distribution ϕ(v), known
as Maxwell-Boltzmann distribution. The ϕ(v) describes the speed of particles in
thermal equilibrium, and gives the probability for a particle to have a speed in a
certain interval. This distribution is normalized to unity:∫ ∞

0

vσ(v)ϕ(v)dv = 1 (1.5)

The reaction rate in Eq. 1.4 becomes:

r = ρaρA

∫ ∞

0

vσ(v)ϕ(v)dv = ρaρA⟨σv⟩ (1.6)

where the bracket quantity ⟨σv⟩ refers to the reaction rate per particle pair. In a
non-degenerate, non relativistic stellar environment, the velocity of the two nuclear
species A and a, can be well described by the Maxwell-Boltzmann distribution Eq.
1.7 and Eq. 1.8:

ϕ(υa) = 4πυ2a

(
ma

2πkBT

)3/2

e−maυ
2
a/2kBT (1.7)

ϕ(υA) = 4πυ2A

(
mA

2πkBT

)3/2

e−mAυ2
A/2kBT (1.8)
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where kB is the Boltzmann constant and T is the gas temperature. Therefore,
using Eq. 1.7 and Eq. 1.8, the reaction rate for particle pair (Eq. 1.6) involves a
double integral over both velocity distributions:

⟨συ⟩ =

∫ +∞

0

∫ +∞

0

ϕ(υa)ϕ(υA)σ(υ)υdυadυA (1.9)

The quantities υa and υA, are related to the relative velocity υ= υa − υa and the
center of mass velocity V = ma

ma+mA
υa+ mA

ma+mA
υA. Assuming the total mass M =

ma +mA and the reduced mass µ = mamA

ma+mA
, the velocity distributions ϕ(υ) and

ϕ(V ) are given by Eq. 1.10 and Eq. 1.11, respectively:

ϕ(υ) = 4πυ2
(

µ

2πkBT

)3/2

e−µυ2/2kBT (1.10)

ϕ(V ) = 4πV 2

(
M

2πkBT

)3/2

e−MV 2/2kBT (1.11)

It is now possible to write Eq. 1.9 with the new variables:

⟨συ⟩ =
∫ +∞

0

ϕ(V )dV

∫ +∞

0

ϕ(υ)σ(υ)υdυ (1.12)

Assuming the center of mass energy E = 1
2µυ

2 and knowing that the cross-section
depends only on the relative velocity of interacting nuclei, Eq. 1.12 becomes:

⟨συ⟩ =

(
8

πµ

) 1
2 1

(kBT )
3
2

∫ +∞

0

Eσ(E)e−E/kBT dE (1.13)

The reaction rate influences different stellar items such as time scales, nucleosyn-
thesis of elements and energy production. As described in Section 1.1.3, during
the stellar evolution, the temperature changes and consequently the reaction rate
will change. The energy dependence of the cross section, σ(E), is related to the
reaction mechanism that can be resonant or non-resonant.

1.2.1 Non-resonant reactions induced by charged particles

The interacting nuclei inside the stellar environment are positively charged and
continuously repel each other. The potential energy associated to this repulsion
is called the Coulomb potential and for two interacting particles A and a has the
form of: {

EC(r) =
ZaZAe2

r , r ≥ Rn

EC(r) = −V0, r ≤ Rn

. (1.14)
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where r is the distance of the interacting nuclei, Rn is the sum of interacting nuclei
radii, and Za, ZA the atomic numbers of the interacting nuclei, respectively. A
qualitative behavior of the potential is shown in Figure 1.2.
At stellar temperatures (energies), the kinetic energy of the interacting particles is
usually much lower than the Coulomb repulsion between the nuclei. Any classical
approach requires energies higher than EC(r). Considering quantum mechanics,
one finds that there is a finite probability to go through the Coulomb barrier even
for particles with energies E < Ec (Tunnel effect). The nuclear reactions in stars
happen through quantum tunneling.
In quantum mechanics, the probability of finding the particle at position r is given

Figure 1.2: Schematic representation of the combined nuclear and Coulomb poten-
tials. An incident projectile with energy E < EC will try to penetrate the Coulomb
barrier. Classically the projectile would reach the minimum distance to the nucleus
at a distance RC(E) called the classical turning point.

by the square of its wave function |ψ(r)|2. Therefore, the tunneling probability to
penetrate is given by:

P =
|ψ(Rn)|2

|ψ(RC)|2
(1.15)
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where RC is the classical turning point, the distance where the barrier is equal to
the projectile energy. Considering projectile energies far below the Coulomb barrier
and resolving the Schrödinger equation for the Coulomb potential, the tunneling
probability in Eq. 1.15 can be approximated by the Gamow factor given in Eq.
1.17:

P = e−2πη (1.16)

where η is the so-called Sommerfeld parameter and is given by:

η =
ZaZAe

2

√
2ℏ

√
µ

E
(1.17)

with E the center of mass energy given in keV and µ the reduced mass in amu.
For charged particles, the nuclear the cross section, σ(E), is proportional to the
probability P given in Eq. 1.16 and drops rapidly for energies below the Coulomb
barrier:

σ(E) ∝ e−2πη (1.18)

On the other side, the cross section σ(E), is also proportional to the squared De
Broglie wavelength λ:

σ(E) ∝ πλ2 ∝ 1

E
(1.19)

with λ defined in Eq. 1.20:

λ =
2π

k
=
ma +mA

mA

h√
2maE

(1.20)

where E is the energy in the laboratory frame.
Using both terms in Eq. 1.18 and Eq. 1.19, the cross section can be given as:

σ(E) ∝ 1

E
e−2πηS(E) (1.21)

where S(E) is the astrophysical S − factor and includes all nuclear effects. For
non-resonant reactions, the S-factor varies slowly. Therefore, S(E) values measured
at high energies can be extrapolated to lower energies where measurements are not
possible.
Using the Eq. 1.21 in the Eq. 1.13 the reaction rate per particle pair becomes:

⟨συ⟩ =
(

8

πµ

)1/2
1

(kBT )3/2

∫ +∞

0

S(E)e−E/kBT e−2πηdE (1.22)
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Since the S(E) for non-resonant reactions varies smoothly with energy, it can be
assumed constant and moved outside the integral:

⟨συ⟩ =
(

8

πµ

)1/2
1

(kBT )3/2
S(E0)

∫ +∞

0

e−E/kBT e−2πηdE (1.23)

The energy dependence in the Eq. 1.22 or (Eq. 1.23) is dominated by the expo-
nential terms of the integrand. The first term, e−E/kBT , comes from the Maxwell-
Boltzmann distribution and decreases with increasing energy. The second one,
e−2πη, represent the tunneling probability and decreases with decreasing energy.
The convolution of the two terms gives rise to the so-called Gamow peak which
defines the narrow energy window over which most of the stellar nuclear reactions
happens.

10
-70

10
-60

10
-50

10
-40

10
-30

10
-20

10
-10

10
0

 500  1000  1500  2000  2500  3000

e
-E/kT

E0

e
-2πη

P
ro

b
a
b
ili

ty
 [
a
rb

. 
u
n
it
s
]

E [keV]

Penetrability
Maxwell-Boltzman

Gamow peak

Figure 1.3: Gamow energy window for the 22Ne(α, γ)26Mg reaction at 0.3 GK.
In red the tunneling probability, in blue the Maxwell-Boltzman distribution and in
violet the Gamow function.

Figure 1.3 shows both terms of the integrand in Eq. 1.23 as a function of the energy
and their convolution as well. For a given stellar environment with temperature
T , the energy of Gamow peak maximum E0 is obtained from the first derivative of
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the integrand:

E0 = 0.1220
(
Z2
aZ

2
AµT

)1/3 (1.24)

where T is given in units of GK and µ in amu.
For non resonant reactions, the Gamow peak can be approximated with a Gaussian
function:

exp

(
− 2E

3/2
0√

EkBT
−
√

E

kBT

)
≈ exp

(
− 3E0

kBT

)
exp

[
−
(
E − E0

∆/2

)2
]

(1.25)

where ∆ is the effective width of the peak:

∆ =
4√
3

√
E0kBT (1.26)

Nuclear reactions in stars take place in the energy range E = E0 ± ∆/2.
Considering the approximation in Eq. 1.25, the reaction rate in Eq. 1.23 becomes:

⟨συ⟩ =
(
8

µ

)1/2
∆

(kBT )3/2
S(E0)e

−3E0/kBT (1.27)

where a constant S-factor, S(E0), is assumed.
If the S-factor cannot be assumed constant for certain energy regions, a second
correction is required and can be performed through a Taylor series around E = 0:

S(E) ≈ S(0) + S′(0)E +
1

2
S′′(0)E2 (1.28)

where the primes indicate derivatives with respect to E. As a result of this ex-
pansion, the constant astrophysical S-factor S(E0) in Eq. 1.27 is replaced by an
effective S-factor Seff [4, 2]:

Seff (E0) = S(0)

[
1 +

5

12τ
+
S′(0)

S(0)
(E0+

35

36
kBT +

1

2

S′′(0)

S′(0)

(
E2

0 +
89

36
E0kBT

) (1.29)

where τ is a correction due to the asymmetry of the real Gamow peak with respect
to the Gaussian approximation.

1.2.2 Direct capture

The radiative direct capture reaction is a particular case of non-resonant mech-
anism. This process is characterized by the complete absorption of the incident
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projectile by the target and immediate ejection of one or more photons with en-
ergy Eγ :

Eγ = Ecm +Qvalue − Ei (1.30)

where Ei is the energy of the level populated in the nucleus B. The ejected photons
are strongly peaked along the trajectory of the incident projectile. Figure 1.4 shows
a schematic representation of a typical direct capture mechanism. Considering the
transition from the entrance channel A+a to the the final nucleus B, the cross-
section can be described by a single matrix element:

σγ ∝ |⟨B|Hγ |A+ a⟩|2 (1.31)

where Hγ describes the γ-emission. The direct capture is a purely electromagnetic

Figure 1.4: Schematic representation of a generic direct capture reaction A+a.

process which dominates at energies above 20 MeV, or when there are no strong
resonances in or near the Gamow window. It is also particularly important at low
energies in light nuclei reactions where the density of resonances is very low. The
radiative capture reactions are involved in pp chain, CNO cycles, in the explosive
conditions in novae, x-ray bursts, and supernovae. Compared to strong interac-
tions, the direct capture progress slowly and often control the reaction process and
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the rate of nucleosynthesis. It is important to directly measure the radiative cap-
ture cross-section at the relevant energies, but at the same time it is very difficult
due to the low probability of these reactions. Thanks to their smooth S(E)-factor,
it is possible to extrapolate the high energy data down to the relevant energies or
to adopt indirect approaches.

1.2.3 Reactions through narrow and isolated resonances

In the resonant mechanism, the excited state Er of the compound nucleus is pop-
ulated in the entrance channel and then decays to a lower state. This process
happens only when the energy Qvalue + ER of the entrance channel coincides with
the energy of the excited state in the compound nucleus:

E = Er = Qvalue + ER (1.32)

Figure 1.5 shows the transition from the entrance channel A + a to the excited state
Er of the compound nucleus B. If the exited state Er decays by photon emission
into a lower energy state Ef , the cross section σγ can be calculated as the product
of two matrix elements:1:

σγ ∝ |⟨Ef |Hγ |Er⟩|2|⟨Er|Hf |A+ a⟩|2 (1.33)

where the matrix element Hf describes the formation of the compound state and
Hγ the subsequent γ- emission of the state Er.
Each matrix element is equivalent to a partial width Γi. Introducing Γi, the cross
section in Eq. 1.33 can be rewritten in a simple way such as:

σγ ∝ ΓfΓγ (1.34)

The resonance may decay or be excited in different ways. All different process
involved are taken into account in the total width Γ, defined as:

Γ =
∑
i

Γi (1.35)

For Γ ≤Er the resonance is defined as narrow and it is isolated if the separation
of nuclear levels is large compared to the width. The cross-section of a narrow
isolated resonance can be described by the Breit-Wigner cross section:

σBW (E) =
2J + 1

(2Ja + 1)(2JA + 1)
(1 + δaA)πλ

2 ΓγΓf

(E − ER)2 + (Γ2 )
2

(1.36)

where
1Two matrix elements are due to the two-step process



Nuclear astrophysics in stars 17

Figure 1.5: Resonant capture reaction A(a,γ)B.

• ja, jA are the spins of the interacting particles and J is the spin of the excited
state of the compound nucleus

• 1+δaA containing the Kronecker delta function (δaA), takes into account the
increase in the cross section for the scattering of identical particles

• λ is the de Broglie wavelength of the projectile in the center of mass system
defined in Eq. 1.20

Considering the Breit-Wigner cross section in Eq. 1.36, the stellar reaction rate in
a resonant case is given by:

⟨συ⟩ =
(

8

πµ

) 1
2 1

(kBT )
3
2

∫ ∞

0

σBW (E)Ee−E/kBT dE (1.37)

Since the Γ ≤Er, the Maxwell-Boltzmann distribution varies slowly, it is almost
equal to its value at the resonance energy and can be taken outside the integral:

⟨συ⟩ =
(

8

πµ

) 1
2 1

(kBT )
3
2

ERe
−ER/kBT

∫ ∞

0

σBW (E)dE (1.38)

Introducing the resonance strength ωγ defined as:

ωγ =
2J + 1

(2Ja + 1)(2JA + 1)
(1 + δ12)

ΓγΓf

Γ
= ω

ΓγΓf

Γ
(1.39)
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the integral in Eq. 1.38 becomes:∫ ∞

0

σBW (E)dE = 2π2λ2ωγ (1.40)

while the reaction rate can be expressed as:

⟨συ⟩ =
(

2π

µkBT

) 3
2

ℏ2(ωγ)Re−ER/kBT (1.41)

1.2.4 Reactions through broad and isolated resonances

A broad resonance is characterized by Γ /ER ≥ 10 %. In this case the energy
dependence of the total and partial widths together with the de Broglie wavelength,
are not negligible and the Breit-Wigner cross-section is expressed by:

σBW (E) = σR
ΓR

E

Γγ(E)

Γγ(ER)

Γf (E)

Γf (ER)

(ΓR/2)
2

(E − ER)2 + (Γ(E))2/4
(1.42)

where σR is the cross section at the resonant energy. The stellar reaction rate can
be given as:

⟨συ⟩ =
√
2πℏ2ω

(µkBT )3/2

∫ ∞

0

dEe−E/kBT Γf (ER)Γγ(E)

(E − ER)2 + (Γ(E))2/4
(1.43)

For energies lower than the resonance energy, the S-factor varies slowly with energy,
therefore the reaction rate can be calculated in the same way as for non resonant
reactions. Moreover, if there is no interference between resonant and non resonant
mechanism, the reaction rate ⟨συ⟩ can be obtained as the sum of the different
contributions:

⟨συ⟩ = ⟨συ⟩NR + ⟨συ⟩R (1.44)

If resonances near the particles threshold are present, they can completely dominate
the reaction rate at low stellar temperatures.

1.2.4.1 Sub-threshold resonances

When the excited state with energy Er is lower than the Qvalue of the reaction,
the resonance energy given by ER = Er − Qvalue is negative. It is quite clear
that the exited state Er cannot be formed. This kind of resonance mechanism
is known as sub-threshold resonance (or sub-threshold bound state) and plays a
significant role in nuclear astrophysics. Indeed, the sub-threshold resonance tail
can increase significantly the nuclear reaction rate at relevant energies. Like in the
resonant case, the sub-threshold resonance peak structure can be modeled using a
Breit-Wigner distribution. In particular, this kind of mechanism is relevant for the
20Ne(p, γ)21Na reaction studied in the present work. Further information is given
in Chapter 4.



Chapter 2

The LUNA experiment

Some people are so crazy that they
actually venture into deep mines to
observe the stars in the sky.

Naturalis Historia-Plinio, 23-79
B.C.

The 22Ne(α, γ)26Mg and 20Ne(p, γ)21Na experiments presented in this work were
performed at LUNA (Laboratory for Underground Nuclear Astrophysics [5]). This
chapter is dedicated to the description of the LUNA experiment. The accelerator
and the details of the gas target setup, underlying the main aspects related to the
two reactions under study are briefly described. The last section is focused on the
background reduction in an underground laboratory.

2.1 LUNA

The LUNA laboratory is located at Gran Sasso National Laboratory, Italy (LNGS).
The laboratories are covered by 1400 m of rocks, corresponding to 3800 m of wa-
ter equivalent. Such natural shielding reduces the muon component of the cosmic
background by a factor of 106 and the neutron component by a factor of 103 with
respect to a laboratory on the Earth’s surface [6],[7]. The LUNA experiment ex-
ploits deep underground location and the low-background environment to perform
direct measurements of nuclear reactions at relevant astrophysical energies. Since
1991 two different accelerators have been used at LUNA: a 50kV [8] and a 400
kV accelerator [9]. The 50 kV machine was mainly used to study H-burning reac-
tions relevant to the Sun, producing pioneering results. After the "solar" phase of
LUNA, the installation of the LUNA 400 kV accelerator, which is still operating
today, started a rich program devoted to the study of the Big Bang Nucleosynthe-
sis (BBN) and the synthesis of the elements through the CNO, Ne-Na and Mg-Al
cycles.

19
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2.2 Accelerator

The LUNA 400 kV accelerator is a commercial single-ended electrostatic accelerator
[9], built by High Voltage Engineering Europe (HVEE) (Netherlands), able to meet
the requirements of the scientific program of LUNA. The accelerator is enclosed in
a tank filled with a gas mixture composed of N2 (75%), and CO2 (25%) at 20 bar
(Figure 2.1). An Inline-Cockroft-Walton power supply inside the tank generates
the High Voltage (HV) which is stabilized by an RC filter located at the power
supply module and an active feedback loop based on a chain of resistors. The
long-term beam stability is a key parameter for nuclear astrophysics experiments,
because measuring low cross-sections requires long data-taking periods.

(a) (b)

Figure 2.1: LUNA 400kV machine. (a) Open tank of the LUNA 400 kV accelerator.
The metallic rings keeping the ion source area free from electric fields, are visible.
(b) Radio frequency ion source of the LUNA 400 kV accelerator. The pink light
emitted by the hydrogen plasma is visible.

The radio-frequency ion source, mounted directly on the accelerator tube, provides
proton and alpha beams with intensity up to 1mA and 500µA in the Faraday Cup
(FC) at 0◦, respectively (Figure 2.1b). A pumping system keeps the vacuum inside
the accelerating tube at about 10−7 mbar. With a 45◦ analyzing magnet and a
vertical steering magnet the ions produced by the LUNA 400 kV accelerator can
be guided from FC0 to a windowless gas target (Section 2.3). Instead, using the
0◦ the ion beam is delivered to a solid target line. In Figure 2.2 both beamlines
located at LUNA experimental hall are shown.
The beam current on the target depends on the ion. In the energy range 150–400
keV, the machine provides a proton beam current on target of up to 500 µA and
an alpha beam current of up to 250 µA. Going down with the energy, the current
on the target drops as well. To improve the focusing at lower energies, a manual
shorting device allows to short-circuits some of the rings of the accelerator column,
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limiting the number of active elements.
The controls of the beamline gate valves and Faraday cups, together with the
computer which controls the accelerator itself, are located in the control room.
The HVEE software allows to continuously monitor the status of all accelerator
parameters and to choose the ion beam settings. The actual beam energy is a

Figure 2.2: The two beam lines at LUNA: solid (foreground) and gas (background)
target setups.

function of the accelerator terminal voltage (TV) and the ion source probe voltage
(PV). The energy calibration of the machine over a wide energy range has been
done using the radiative capture reaction 12C(p, γ)13N [9]. Furthermore, some
well-known resonances in 23N(p, γ)24Mg, 25Mg(p, γ)26Al and 26Mg(p, γ)27Al have
been used for the determination of the beam energy spread and long term stability.
The calibration function obtained is given in Eq. (2.1):

E = (0.9933± 0.0002)
keV

kV
· (TV + PV )− (0.41± 0.05)keV (2.1)

with E the calibrated beam energy. The uncertainty on the proton beam energy
is 0.3 keV, while the beam energy spread was found to be lower than 100 eV.
The proton beam stability has been measured to be 5 eV/h. In addition to the
measures with solid target beamline, the accelerator energy calibration has been
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also checked using resonances in the 20Ne(p, γ)21Na and 21Ne(p, γ)22Na reactions
during the 22Ne(p, γ)23Na.

2.3 Gas target

Nuclear astrophysics experiments require to measure very small nuclear cross-
sections. Therefore, targets need to grant high stability over long irradiation times
with intense ion beams. The two experiments presented in this thesis involve noble
gases as targets. Therefore, the use of the extended gas target grants ideal working
conditions in terms of stability. Moreover, gas targets can achieve very high iso-
topic purity which may significantly reduce the possible beam-induced background.
The use of the gas target without any entrance window to confine the gas, like the
one used at LUNA, is important since it avoids any beam energy loss and energy
straggling due to solid objects along the beam path. The LUNA gas target system
consists of three differential pumping stages, the interaction chamber, a gas distri-
bution line, and a gas recycling system (Figure 2.3). In the following sections, each
component is described in detail.

2.3.1 Pumping system and gas recycling

A drawing of the LUNA gas target is shown in Figure 2.3. The beam direction is
displayed as a red arrow and the gas flows from the target chamber towards the
pumping stages. Before reaching the gas target, the beam is collimated by three
water-cooled apertures: AP3 (25 mm diameter), AP2 (15 mm diameter), and AP1
(5 mm diameter). Each of these apertures is provided with an ammeter in order
to check the current loss during the beam focusing.
The gas is injected into the target chamber through an inlet copper tube located
at the end of the chamber flange when the VT valve is open. The gas, coming from
the gas bottle located outside (VHe4 open) or inside (VHe3 open, used for more
expensive gases, since the line is shorter) the experimental room, reaches the VT
valve passing through a distribution line. Such line is split in two branches: one
with a needle valve providing a constant flux, the other equipped with a feedback-
controlled valve (model MKS 248A) that adjusts the gas flow to keep a constant
target pressure. The gas is continuously pumped out from the chamber via the three
pumping stages. First, the gas flows inside the AP1 collimator (l=40 mm long) and
enters the first pumping stage, where 99.5% of the gas is pumped out by a RUVAC
WS 2001 (2050 m3/h) pump backed by a RUVAC WS 501 (505 m3/h) pump.
Then, the remaining gas reaches the second stage by crossing the AP2 collimator
(l= 80 mm long). Here the gas is pumped out through three TMP1000C (3600
m3/h) turbopumps (TP2L, TP2M, TP2R). Finally, a small amount of residual gas
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Figure 2.3: Sketch of the gas target differential pumping system. The beam path is
highlighted with a red arrow.
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from the second stage flows via the AP3 collimator (l= 80 mm long) path in the
third pumping stage. In this last stage, the gas is pumped by a TURBOVAC 361
(1250 m3/h) turbopump.
The typical pressures along the gas path for 2 mbar of neon gas in the chamber are
of ∼ 6 · 10−3 mbar in the first stage, ∼ 10−6 mbar in the second stage, and ∼ 10−7

mbar in the third stage.
Depending on the valve configuration, the gas from the first two pumping stages
can either be flushed out of the system or collected for reuse, which is fundamental
when dealing with very expensive enriched or rare gases. When the recycling mode
is enabled, V1, V2 and V12down are closed, while V12up and VACP28 are open
and the gas flows through the green path in Figure 2.3. Along this line, the gas
coming from the different pumping stages is collected by an ACP28 pump and sent
to a Monotorr PS4-MT3-R-2 purifier (Vpurifier open) with a PS4-C3-R-2 chemical
getter, designed to remove hydrocarbons, oxygen and nitrogen from noble gases.
From the purifier the cleaned gas is stored in a buffer volume (Vbuffer open) at ∼
800 mbar and then re-injected in the chamber through the inlet path. The pressure
of the buffer is continuously monitored so that if the pressure rises abnormally and
a test with ion beam indicates that the concentration of contaminants is increased,
the gas is flushed and replaced. The slow control of the gas target is provided
by LabVIEW software and an NI FieldPoint based system. The software is used
to remotely operate the gas target system and monitor the status of the pumps
and valves. Moreover, the software allows to monitor and log (every 1 second) the
pressures in the different pumping stages, the target chamber, purifier, and buffer.

2.3.2 Calorimeter

The interaction of the ion beam with the gas target and the beam stop generates
many secondary electrons, and many low-energy protons can be neutralized as well.
Therefore, using the classical Faraday cup approach for the current measurement
is not effective. To work around this issue, the current intensity is measured using
a constant temperature gradient calorimeter [10]. The calorimeter is made up of a
hot side (beam stop), and a cold side in thermal contact to each other (Figure 2.4).
A cooling machine keeps the cold side of the calorimeter at a constant temperature
called Tcold (usually Tcold= -5◦C), while the hot side temperature is adjusted by
heating resistors. A feedback system reads the hot side temperature through PT100
thermoresistors and adjusts the resistors power (the so-called zero power, W0) to
keep the beam stop at a constant temperature Thot (usually Thot= 70◦-75◦C). The
W0 depends on the gas type and pressure on the chamber. When the beam impinges
on the hot side, the latter is heated up both by the beam and the thermoresistors.
In this case, the power provided by the resistors to keep the hot side at Thot will be
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Figure 2.4: A schematic draw of the beam calorimeter. The beam comes from the
left to the right where is stopped at the hot side of beam stop site of the calorimeter.

lower. If W0 is the power provided by resistors while the beam is off and Wbeam the
power when the beam is on, the calorimetric power Wcalo is given by the difference
of these quantities: Wcalo= W0-Wbeam. The beam intensity I, is given by Eq. 2.2:

I =
Wcalo

Ebeam −∆Ebeam
· e (2.2)

where Ebeam and ∆Ebeam, are the beam energy and beam energy loss passing
through the gas target, respectively. The calorimetric power was calculated by
measuring the heating resistors voltage (V ) and current (I). The outputs are
measured by a NI cRIO 9207 module and logged every second by a LabVIEW
control software. The software is made of two parts: the controller software which
runs on the NI cRIO-9075 in the experimental room as a standalone application
and the PC software. The software allows the operation of the calorimeter as
well as the monitoring of all parameters (temperatures, current, voltage, power).
Moreover, an automatic interlock system prevents the calorimeter from overheating,
and only if the measured temperature is in the correct range the system allows to
send the beam on target. More details can be found in [11],[12]. The calorimeter
calibration is checked comparing the calorimetric beam current with the electrical
reading obtained in vacuum using the calorimeter and the chamber as a Faraday
cup. More details on the calorimeter calibration used for the different reactions
will be given in Chapters 3 and 4.
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2.4 Background at LUNA

A crucial parameter when measuring small nuclear cross-sections is the signal to
background ratio. The main sources of background can be classified into two cat-
egories:

• natural background

• beam-induced background (BIB)

Their contribution depends on the type and size of the detector, its location, dif-
ferent shielding adopted, the purity of the target, and the beam energy.

2.4.1 Natural background

The underground location of the LUNA experiment provides a significant reduction
in the typical background in a gamma-ray spectrum above 3 MeV [13, 14]. At
lower energies, the LUNA laboratory background contains radiation from 40K, the
isotopes of the 232Th and 238U chains present in the Gran Sasso rocks, affecting
especially the energy region below 2.6 MeV. This component of the background
can be suppressed by means of passive shieldings working much more efficiently at
LNGS compared to Earth’s surface. Indeed, on the Earth’s surface, the thickness
of passive shieldings is limited by the interaction of cosmic rays with the shielding
material, producing background. On the other hand, much thicker shieldings can
be adopted underground, where the cosmic ray flux is suppressed by orders of
magnitude. In Figure 2.5 a typical γ-ray background spectrum taken with HPGe
detector in the surface laboratory and underground at Gran Sasso laboratory with
and without shielding is shown.
Since the natural background depends also on the natural radioactivity of the
constituent materials of the detector itself, more details related to the background of
the two setups adopted for the study of 22Ne(α, γ)26Mg (BGO) and 20Ne(p, γ)21Na

(HPGe) reactions will be given in Chap. 3 and Chap. 4, respectively.

2.4.2 Beam induced background

If contaminant elements are present inside the target chamber, the beam can induce
unexpected nuclear reactions both in the target and in the surrounding materials
which produce unwanted signals. The beam-induced background depends on the
beam energy and on the position of the contaminants along the beam path. The
yield and the exact interaction position of the contaminants are in general hardly
determined. According to the energy of the emitted products of interest, the beam-
induced background may cause a meaningful background, limiting significantly the
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Figure 2.5: Typical γ-ray background taken with a HPGe detector in the surface
laboratory (red), at LUNA experimental hall (blue) and at LUNA with 15 cm lead
shielding (green).

overall measurement. The typical beam-induced background sources at LUNA are
listed in the following:

• 12C(p, γ)13N (Qvalue = 1943 keV) reaction. The 12C may originate from
the hydrocarbons present in the pumping system oil and then adsorbed onto
metallic surfaces. The 12C contaminants in the target gives rise to γ-rays
at Eγ = Ecm + Qvalue. 12C can be easily implanted on the collimator and
calorimeter, therefore two different γ-rays can be visible, depending on the
position (and therefore the beam energy) at which the reaction has occurred.

• 11B(p, γ)12C (Qvalue = 15957 keV) reaction. 11B is a know contaminant at
LUNA, giving rise to γ-rays at Eγ = (Ecm + 15957) keV, Eγ = (Ecm +
11518) keV and Eγ = 4439 keV. In particular the boron contamination can
play a significant role close to the resonance at 163 keV of the 11B(p, γ)12C

reaction.

• 15N(p, αγ)12C reaction (Qvalue = 4965 keV) and 15N(p, γ)16O reaction (Qvalue

= 12126 keV). The first one give rise to photons at Eγ = 4439 keV, while
the second one produces photons at Eγ = (Ecm + 12126) keV. The nitrogen
might originate from air entering through leaks into the target chamber or
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from implanted nitrogen contamination during different test with nitrogen
gas.

• 13C(p, γ)14N (Qvalue = 7551 keV) reaction emitting γ-rays at Eγ =(Ecm

+7551) keV.

• 19F(p, αγ)16O (Qvalue = 8114 keV) reaction becomes dominant near its res-
onances at Eres = 223 and 340 keV. The presence of 19F in the target is
identified by a particular structure due to the stopped and doppler shifted
γ-rays from the decay of 6130 keV state into the 16O. The first and second
escape peaks are also visible. The flourine is assumed to be an ingredient in
the heat-conducting paste used in the calorimeter and Viton O-rings present
in several parts of the gas target system.

• 14N(p, γ)15O (Qvalue = 7297 keV) reaction close to the Eres = 273 keV res-
onance which produces γ-rays at 5181, 5241, 6172, 6792, 6859, 7275, 7556,
2373 and 1380 keV.

More specific details regarding the beam induced background observed during the
22Ne(α, γ)26Mg and 20Ne(p, γ)21Na measurements will be given in Chap. 3 and
Chap. 4, respectively.



Chapter 3

Study of the 22Ne(α, γ)26Mg reaction

If your experiment needs a statistician,
you need a better experiment.

Ernest Rutherford

This chapter will focus on the direct measurement of the 334 keV resonance of
the 22Ne(α, γ)26Mg reaction. The first part will be dedicated to the astrophys-
ical motivations. Here an introduction to the astrophysical scenarios where the
22Ne(α, γ)26Mg reaction plays a significant role will be discussed. The second sec-
tion will focus on the previous measurements. The experimental setup will be
described in the third part. Both data analysis and results will be described in the
last part.

3.1 Astrophysical motivation

Neon-22 isotope is synthesized during He-burning in massive [15] and Asymptotic
Giant Branch (AGB) [16] stars via the reaction sequence given in Eq. 3.1:

14N(α, γ)18F(β+, ν)18O(α, γ)22Ne (3.1)

Its destruction proceeds through two different reactions given in Eq. 3.2 and Eq.
3.3:

22Ne(α,n)25Mg Qvalue = −478 keV (3.2)

22Ne(α, γ)26Mg Qvalue = 10.6 MeV (3.3)

In particular, the 22Ne(α,n)25Mg reaction is one of the two main neutron sources for
the slow, neutron process (s-process) in low-mass AGB stars and in massive stars.
Due to the negative Qvalue, this reaction is activated at high temperatures (T ≥
300 MK). The role of the 22Ne(α,n)25Mg reaction as a neutron source is affected
by the 22Ne(α, γ)26Mg reaction. This last one, can be active during the entire

29
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He-burning phase, reducing the amount of the 22Ne before the 22Ne(α,n)25Mg

reaction is activated. Which of these reaction dominates depends on trend of their
reaction rates as a function of the temperature. Furthermore, it has been observed
that the 22Ne(α, γ)26Mg reaction rate affects also the nucleosynthesis of isotopes
between 26Mg and 31P in intermediate-mass AGB stars [17]. An overview of the
nuclear s-process and the conditions where the 22Ne(α,n)25Mg becomes dominant
are given in the following subsections.

3.1.1 Slow neutron capture process

It is known from the pioneering work by Burbidge, Burbidge, Fowler, and Hoyle
(B2FH) [18], that the nucleosynthesis of the elements heavier than iron proceed
through the slow (s)- or rapid (r)-neutron capture reactions. The s-process is re-
sponsible for the production of half of all elements heavier than iron. It is charac-
terized by typical neutron densities of about ρn ∼ 1011 cm−3 and a neutron capture
time much larger than the β-decay lifetime. Figure 3.1 shows a schematic overview
of the s-process paths which is located close to the valley of stability [19].

Figure 3.1: S-process path for elements between iron and the actinides [19].

The s-process nucleosynthesis chain starts with 56Fe as a seed nucleus and termi-
nates with the production of 209Bi. It is known that there are at least two slow
components, the main and the weak s-process. Each of them dominates in specific
phases of stellar evolution.
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In particular, the main component of the s-process is responsible for the nucleosyn-
thesis of nuclei between 90Zr and 209Bi. This process takes place in the He-rich
intershell of low-mass AGB stars [20, 21] and the energy production occurs by alter-
nate stages of radiative hydrogen burning and convective helium burning in a thin
shell around the inert CO core. The main neutron sources for the main s-process
is the 13C(α,n)16O reaction activated at temperatures of ∼ 0.09 GK [22] during
the low-mass TP-AGB phase. During this phase, the ratio of free neutron/seed
nuclei is high enough to allow the s-process operates efficiently for a long time. A
second stage happens during the subsequent convective He flashes. The material
previously produced is mixed with the helium intershell and is again exposed to
neutrons produced by the 22Ne(α,n)25Mg reaction, activated when temperatures
exceed 0.25 GK. This second neutron exposure is weaker, but strong enough to
define the isotope ratios of s-process branchings1.
The weak s-process component is responsible for the synthesis of nuclei between
56Fe and 90Y and in general is less understood compared with the main s-process.
It takes place at the end of the convective core He-burning, and at the beginning of
carbon (shell) burning in massive stars (Section 1.1.3). At these environments, the
temperatures reach (0.22 - 0.35) GK, high enough to activate the 22Ne(α,n)25Mg re-
action which is the main neutron source for this s-process component. The amount
of neutrons produced in the core helium burning is relatively low, hence, the s-
process cannot get through the isotopes with closed neutron shells at N = 50. On
the other side, in the shell carbon burning, the neutron flux is produced by the
22Ne(α,n)25Mg, the 17Ne(α,n)20Ne, and13C(α,n)16O reactions. In particular the
role of the 22Ne(α,n)25Mg reaction depends on the amount of 22Ne present, and
on the rate of 12C(12C,p)23Na reaction able to produce protons which can interact
with 22Ne nuclei.

3.1.2 s-process in AGB stars

As described in Section 1.1.3, AGB stars are the dying phase of low-mass and
intermediate-mass star before their degenerate CO or NeO cores are left as cooling
white dwarves. Every observed star which presents enrichment with heavier ele-
ments is related with this type of stars, in both direct or indirect ways. A precise
model of these stars would significantly improve the understanding of the processes
occurring in these stars, and the isotopic abundances in the Galaxy. A schematic
representation of the internal structure of these stars is shown in Figure 3.2. Briefly,
they consist of an inert core of carbon and oxygen, then a helium burning shell, the
helium intershell, and at the end a radiative hydrogen burning shell followed by

1Branching in the s-process happens when an unstable isotope with long half-lives come across
where neutron capture competes with β-decay [23]
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the convective envelope. In the AGB phase, thermal pulses (TP) are generated in

Figure 3.2: Schematic structure and evolution of AGB stars, showing recurrent
H and He burning episodes with indications for the related s-process environments
(left). Right: Strength and time-dependence of the neutron density in thermally
pulsing low-mass AGB stars contributed by 13C(α,n)16O reaction (top right) and
22Ne(α,n)25Mg (bottom right) [19].

the He-rich intershell region located between the hydrogen and the helium-burning
shells. During TP, the He fusion produces a large amount of energy and drives the
convection zone of the entire interlayer. The outer layer of the star continuously
expand and the H-burning is powered down. The convective envelope sink out in
mass reaching the intershell and brings the products of partial He burning to the
stellar surface (third dredge-up, TDU). This cycle where the hydrogen and helium
burning shell alternate will be repeated as much as possible according to the ini-
tial properties of the star.During this processes the star losses mass, affecting the
star properties, the duration of the AGB phase, the strength of the pulse and the
efficiency of the third dredge-up. Both the main neutron sources for the s-process
occur in the intershell. The 13C(α,n)16O reaction takes place during the hydrogen
burning phase and can release neutrons very smoothly for about 104 years. The
neutron densities involved in this phase are of the order of 107 cm−3, low enough
to make the s-process highly slow. Instead, the 22Ne(α,n)25Mg reaction, that re-
quires higher temperatures, takes place only in the thermal pulses. Compared to
the 13C(α,n)16O case, it only lasts for 10 years and basically follows the burst of
the thermal pulse and proceeds with higher neutron densities (∼ 1013 cm−3). In
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particular, 22Ne(α,n)25Mg reaction occurs only at the bottom of the pulse-driven
convection zone (PDCZ) developed during the thermal pulses in the He-burning,
while the 22Ne(α, γ)26Mg is active even at lower temperatures. Their reaction rate
ratio determines the neutron flux.
As already discussed in Section 1.1.3, the evolution of low-mass and intermediate-
mass stars is mainly the same. Nevertheless, because of the mass-dependence of the
TP AGB stars evolution, small differences should be taken into account. On one
hand, the s-process can take place only in low-mass AGB stars. One the other one,
the intermediate-mass AGB stars can reach higher temperatures, able to activate
the Hot Bottom Burning (HBB) mechanism where the outer part of the shell is
mixed in the convective envelope. During this mechanism, the temperatures at the
bottom of the convective envelopes are higher than 60 MK depending on the stellar
mass and metallicity. The high temperatures of the HBB alters the surface chem-
istry of the star though proton captures processes. In general, at these conditions
both the NeNa and the MgAl cycles are activated. The second one is responsible
for the destruction of the 24Mg isotope, which is the most abundant isotope among
Mg isotopes. In general, the abundance of magnesium and its isotopic ratio in
the interstellar medium, are important quantities for the study of star formation
processes in cosmological timescales.
The observed isotopic abundances of magnesium are presented in different works
[24, 25, 26] and what is interesting is that they are produced in different stellar en-
vironments. The 24Mg s mainly produced by massive stars in star-forming galaxies
during core carbon and neon burning before the supernova explosion [27]. Instead,
the 25Mg and 26Mg isotopes are mainly produced through α-capture processes (Eq.
3.2 and Eq. 3.3) in different sites of AGB stars. Therefore, these isotopes begin to
contribute later in the galactic chemical evolution. For what concerns the s-process,
the 25Mg and 26Mg isotopes are the most important neutron poisons because of
neutron capture on magnesium stable isotopes, in competition with neutron cap-
ture on 56Fe (seed nucleus for s-process).
Different chemical evolution models and theoretical studies stress out the impor-
tance of high precision data for a better understanding of the nuclear processing in
the AGB phase of low and intermediate mass stars and the chemical enrichment of
galaxies [28, 29].

3.2 State of the art

Different experiments were performed for an overall investigation of 22Ne + α reac-
tions and the energy levels of 26Mg which play a crucial role in the thermonuclear
reaction rate calculation in the energy range relevant to astrophysical scenarios.
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In this energy range, between 250 keV and 900 keV (excited levels between Ex =
11.0865 MeV and Ex = 11.515 MeV) the rate is affected by different resonances
(a recent summary is given in [30]). For several excited states of 26Mg both exci-
tation energies and spin parity assignments are still under debate and hence also
their contribution to the rate. In particular, for what concerns the 22Ne(α, γ)26Mg

reaction, some crucial resonances that significantly contributes to the reaction rate
correspond to the excited states of Ex = 10.949.1(1) MeV (Er,cm= 334.4(8)) and
Ex=11.084(1) MeV (Er,cm= 469(1)). Both of them were studied several times and
the results show large discrepancies. Most of the data present in literature were
studied using indirect approaches, especially for the low-energy region. Previous
experiments performed at LUNA [31, 32, 11] showed that the assumptions made
by indirect methods on poorly-known excited states can lead to inaccurate results.
In the following, the previous measurements on the 334 keV resonance investigated
during this work are presented, as well as the previous studies on the 26Mg states.

Wolke et al., 1989 [33]

Both the 22Ne(α, γ)26Mg and 22Ne(α,n)25Mg reactions were studied in the energy
range between 0.71 MeV and 2.25 MeV. An alpha beam delivered by the 4MV
Dynamitron accelerator at Insitut fur Strahlenphysik in Stuttgart impinged onto
a windowless gas target system filled with 22Ne gas (99% enrichment). The com-
position of the gas was continuously monitored with a Q 200 mass spectrometer
and α elastic scattering observed in surface barrier Si detectors placed at 30◦, 90◦

and 120◦ with respect to the beam direction. The emitted gammas were observed
with three different germanium detectors of 85 cm3, 80 cm33, and 123 cm3 shielded
with 5 to 10 cm of lead. The neutron emission was studied with a 3He ioniza-
tion chamber. As a result, the well-known resonance at 2.05 MeV was confirmed
and 15 new resonances were found. The 22Ne + α reaction rate including the new
resonances was evaluated in the temperature range between 0.2 and 1.6 GK. In
the energy region important for the s-process (0.2 - 0.6 GK), the efficiency of the
22Ne(α,n)25Mg neutron source relative to the 22Ne(α, γ)26Mg competitor was sig-
nificantly reduced, mainly due to the 828 keV resonance in the 22Ne(α, γ)26Mg

reaction.

Giesen et al., 1993 [34]

In this paper the authors show both α-transfer and α-capture studies. The α-
unbound levels in 26Mg have been studied using the 22Ne(6Li,d)α-transfer reac-
tion. Based on the selection rules, the 22Ne(6Li,d)26Mg direct α-transfer reaction
populates natural-parity states in 26Mg. Therefore, any observed α-bound states
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(Ex ≥10.612 MeV) should correspond to 22Ne + α resonances. The α-transfer ex-
periment was performed at FN-Tandem accelerator, University of Notre Dame,
using a 6Li beam of 32 MeV on 99% enriched 22Ne gas. The reaction products
were detected at the focal plane using a position-sensitive proportional counter
system backed by a scintillator. The excitation energies between 9.3 and 12.1 MeV
were measured at different angles and the final results were determined averaging
the values taken at all angles.
The 22Ne α-capture reaction was studied between 0.60 MeV and 0.93 MeV. The
measurement was performed by using the ion beam delivered by the JN Van de
Graaff accelerator impinging on an implanted 22Ne target mounted at an angle of
90◦ with respect to the beam direction. The target stability was determined us-
ing the well-known resonances of 22Ne(p, γ)23Na at 640 keV and 850 keV detected
with a large volume (35%) Ge detector in a close geometry. The emitted neutrons
were detected by an array of 31 3He proportional counters. To keep under control
the beam-induced background neutrons from the 22Ne(α,n) reaction, the detectors
were shielded with paraffin.
Two low-energy resonances, at 825 keV and 633 keV were measured. For the first
one, a resonance strength of ωγ = (234 ± 77) µeV was obtained, while for the
second one significantly affected by the beam-induced background, only an upper
limit of ωγ ≤ 5µeV was reached. The 22Ne(α,n)25Mg and 22Ne(α, γ)26Mg reaction
rates at low-temperatures (0.01 - 1.0 GK) were calculated using the newly intro-
duced low energy resonances. The 22Ne(α,n)25Mg reaction rate was completely
dominated by the 825 keV resonance. In the 22Ne(α, γ)26Mg reaction rate, the
contribution of the 825 keV resonance was significant for temperatures above 0.4
GK while at lower temperatures the reaction rate was affected by the 400 keV and
633 keV resonances.

Ugalde et al., 2007 [35]

The 22Ne(6Li,d)26Mg reaction was used to study natural parity states in 26Mg

between 10.615 and 11.093 MeV and their implication on the reaction rate.
The experiment was performed at Yale University with a 30 MeV 6Li beam im-
pinging an implanted 22Ne target produced at Yale as well. The products of the
reaction were separated with an Edge split-pole spectrometer and detected at the
focal plane with a position-sensitive gas ionization chamber and a scintillator.
Four 26Mg states were identified and Jπ assignments to different states were given
as well. Thanks to a better resolution compared to the one in [36], it was found that
the Ex = 10.949(25) MeV state observed in [34] corresponds to two states in 26Mg:
Ex = 10.808(20) MeV and Ex = 10.953(25) MeV. The other two states observed,
Ex = 9.32(6) MeV and Ex = 9.57(4) MeV correspond to the Ex = 9.404(20) MeV
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and Ex = 9.586(20) MeV state in [34], respectively. The contribution of the two
resolved states to the (α, γ) rate has been calculated taking the total differential
cross-section in [34] for the 19.949 (25) MeV state and splitting it into two parts.
The upper limit of the reaction rate has been calculated by assigning the states
at 10.808(20) MeV and 10.953(25) MeV as Jπ = 0+ and Jπ = 5−, respectively.
The lower limit was calculated by assigning Jπ = 4+ and Jπ = 7− respectively.
The rate was compared with the one given in [37] and [38] showing a significant
reduction for temperatures below 0.3 GK.

Longland et al., 2009 [39]

The energy and quantum numbers of excited states between Ex = 10.8 MeV and
Ex = 11.4 MeV in 26Mg were studied via the 26Mg(γ, γ′)26Mg reaction. The mea-
surements were performed at the TUNL HIγS facility. The monoenergetic γ-ray
beam of 10.8, 11.0, 11.2 and 11.4 MeV delivered by the HIγS impinged on a solid
target of magnesium-oxide (MgO) powder enriched to 99.41(6)% in 26Mg. The
emitted γ-rays were detected with four high-purity germanium (HPGe) detectors
(60% relative efficiencies), three were located perpendicular to the incident beam
whereas one of the detectors outside the vertical plane (out of plane). The location
of the detectors was chosen in order to unambiguously determine the spins and
parities of 26Mg states.
Five excited states were observed and spin parities were assigned to Ex = 10573.3(8)

keV (Jπ = 1−), Ex = 10647.3(8) keV (Jπ = 1+), Ex = 10805.7(7)) keV (Jπ = 1−),
Ex = 10949.1(8) keV (Jπ = 1−), and Ex = 11153.5(10) keV (Jπ = 1+). The
Ex=10 647.3 keV and Ex = 11153.5(10) keV states were identified also in previous
experiments, in [40] (Ex = 10647(2) keV) and [41] (Ex=11153.8(12) keV), respec-
tively. For this last one no spin-parity assignment was provided. The absolute
ground-state-transition partial widths for the five observed states are discussed in
[42]. The rate calculated using the new data showed that the natural parity states
have a significant impact on the reaction rate of the 22Ne(α,n)25Mg reaction, while
the Ex = 11153.5(10) keV state with unnatural parity has no impact in any of the
22Ne + α channels.

Massimi et al., 2012 [43]

The neutron capture cross-sections of the stable magnesium isotopes 24,25,26Mg

in the energy range of interest for the s-process were measured using the time-of-
flight technique. The experiment was performed at the n−TOF facility at CERN.
Neutrons were produced by a proton beam of 20 GeV delivered by the CERN/PS
accelerator complex, impinging on a massive lead target. The neutrons produced
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and continuously analyzed reached the enriched samples of 24Mg, 25Mg and 26Mg,
produced by magnesium oxide powder(MgO) which was sealed in very thin alu-
minum cans with total masses of 350 mg. The 24,25,26Mg + n capture yields have
been measured with an array of C2

6H6 liquid scintillators. The data were analyzed
using a simultaneous resonance shape analysis of capture and transmission data
and updated (n, γ) cross-sections for the 24,25,26Mg isotopes were given. For the
26Mg + n cross-section, a possible underestimation of 20% due to the target fea-
tures, should be taken into account. Moreover, the use of highly enriched samples
allowed to assign doubtful resonances; the 68.5 keV resonance assigned to 24Mg

in literature belongs to 26Mg. The authors updated the (n, γ) cross-sections of
24,25,26Mg for thermal energies between kT= 5 and 100 keV, including the specific
values for the common s-process astrophysical sites; kT= 8 and 23 keV related to
the He shell burning in low-mass AGB stars and kT= 25 and 90 keV for core He and
shell C burning in massive stars. Furthermore, the resonances and excited state
parameters for 25,26Mg were used for an update of the 22Ne(α,n)26Mg reaction rate
in the temperature range between 0.05 GK and 1 GK.

Talwar et al., 2016 [44]

Resonance energies and the α-widths of the 26Mg exited states were studied through
α-inelastic scattering 26Mg(α, α′)26Mg and α-transfer 22Ne(6Li,d)26Mg measure-
ments. The experiments were performed using the high resolution Grand Raiden
(GR) Spectrometer at the Research Center for Nuclear Physics (RCNP) in Japan.
For the 26Mg(α, α′)26Mg reaction, the authors were able to measure the excited
states between Ex = 7.69 MeV and Ex = 12.06 MeV using a self-supporting 26Mg

solid target (enriched at 99.4%). Instead, in the case of the α-transfer reaction, a
22Ne gas target (enriched at 99%) allowed the study of the 26Mg exited states in the
region between Ex = 7.36 MeV and Ex = 11.32 MeV. The scattered α particles and
deuterons were detected at the focal plane detection system consisting of multiwire
drift chambers (MWDCs) and 10 mm thick plastic scintillators along with a 2 mm
thick aluminum absorber placed between the scintillators. Six energy levels were
observed: Ex = 10.717, 10.822, 10.951, 11.085, 11.167, and 11.317 MeV above α
threshold. For these states, spin-parity, excitation energy and α width were deter-
mined. The results were used to re-calculate the 22Ne + α reaction rates which was
compared with previous rates given in [37, 45]. Moreover, significant α-clusters
were observed for the 10.951, 11.167, and 11.317 MeV states which significantly
dominated the overall reaction rate. In particular the 11.167 MeV state increased
the 22Ne(α, γ)26Mg reaction rate by ∼ 2 orders of magnitude with respect to the
rate given in [45], and almost by a factor of 3 with respect to the reaction rate
adopted in [37] for temperatures below 0.2 GK.
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Adsley et al., 2017 [46]

Information on the existence, spin, and parity of levels in 26Mg were determined
through α-inelastic scattering 26Mg(α, α′)26Mg measurements. The α-particle beam
of 200 MeV was scattered off an enriched 26Mg target. Scattered particles were
momentum-analyzed in the K600 Q2D magnetic spectrometer at iThemba LABS
in South Africa. A plastic scintillator was located at the focal plane in order to
trigger the data acquisition and to measure the energy deposited by the particles
hitting the focal plane. The time between the focal plane hit and the accelerator RF
pulse was recorded, giving a measure of the time-of-flight of the scattered particles
through the spectrometer. Particle identification was performed using the energy
deposited at the focal plane and the time-of-flight through the spectrometer. Two
vertical drift chambers were used for the particle positions and trajectories at the
focal plane.
The complete set of data were acquired in two experiments. The first experiment
was in the 0◦ of the K600 using 99.94 % enriched 26Mg target of areal density 1.33
mg/cm2. This configuration was limited to a full acceptance of θlab <2◦. Instead,
the second experiment was performed in the configuration in which the spectrom-
eter aperture was placed at θlab= 2◦, covering θlab=2◦-6◦. In this case the target
had a 99.94 % enrichment and an areal density 0.6 mg/cm2. Spins and parities of
the measured states were deduced from the differential cross-section of scattered α
particles. Some discrepancies were observed with respect to the states assigned in
[44]. In particular, a 0+ state at 10.82 MeV was assigned in addition to the 1− state
at 10.805 MeV [44], and a new state with J>1 at 10.89 MeV was observed. Taking
into account the new data, a new reaction rate for the 22Ne(α, γ)26Mg reaction was
calculated using the STARLIB tool in the temperature range between 0.01 and 1
GK. The new rate shows a significant increase between 0.04 and 0.1 GK.

Massimi et al., 2017 [47]

The authors report accurate, high-resolution measurements of 25Mg(n, γ)26Mg and
25Mg(n, tot) reaction cross sections providing accurate information on 26Mg lev-
els. The measurements were carried out combining two time-of-flight experiments;
n−TOF facility at CERN for (α, γ) channel and GELINA facility of the Institute
for Reference Materials and Measurements (IRMM) in Geel for the total cross-
section. For both measurements, 97.87% enriched 25Mg metallic targets were used.
The emitted γ-rays were detected by two deuterated benzene C6D6 scintillation
detectors, placed on either sides of the neutron beam. The total cross-section
was measured with a 6Li-glass detector at GELINA. The authors provided new
information on the resonance parameters, spin parities, and excitation energies
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for 26Mg states between 11.112 and 11.344 MeV. In particular, five natural-parity
states, which are thought to dominate the reaction rate, have been identified cor-
responding to energies Er = 589, 649, 656, 779 and 786 keV. An uncertainty of
0.1 keV has been associated to the excitation and resonance energies. The un-
certainty on the cross-section data was reduced by a factor of three compared to
previous data available. The results were used to calculate the 22Ne(α,n)25Mg

and 22Ne(α, γ)26Mg reaction rates resulting in a significantly higher (α,n) /(α, γ)
ration than the literature data.

Adsley et al., 2018 [48]

In this paper the authors present a high-resolution study of levels of the 26Mg

through the 26Mg(p,p′)26Mg and 26Mg(d,d′)26Mg reactions. The measurements
were performed using 18 MeV proton and deuteron beams impinging on an enriched
(94% enrichment) 26MgO target at the tandem accelerator at the Maier-Leibnitz
Laboratorium at Garching, Munich. Reaction products were momentum-analyzed
in the MLL Q3D magnetic spectrograph. Focal-plane particle identification was
attained using the energy deposited in the two gas detectors and a plastic scintil-
lator at the focal plane of the spectrograph.
In this work the authors confirmed states around Ex= 10.8-10.83 MeV in 26Mg

suggested in previous works. Moreover, four new states at 10.943, 11.074, 11.102,
and 11.119 MeV were observed in 26Mg. The 11.102 and 11.119 MeV states resulted
above the neutron threshold but were not observed in 25Mg+ n reactions, implying
small neutron widths. Since there was no information about the spin parities of
these states, the authors were not able to determine whether these levels contribute
to α-particle-induced reactions on 22Ne.
In addition, other six potential states, all above the neutron threshold, at 11.209,
11.216, 11.266, 11.414, 11.426, and 11.481 MeV were observed 26Mg but not con-
firmed.

Hunt et al., 2019 [49]

The authors show the study of the Er,lab= 830 keV resonance in the 22Ne(α, γ)26Mg

reaction. The measurement was performed at the Laboratory for Experimental
Nuclear Astrophysics (LENA). The α-bean from the JN Van de Graaff accelerator
reached 22Ne implanted targets through a liquid nitrogen-cooled copper tube. The
emitted γ-rays were detected with the LENA γ γ coincidence system composed by
a coaxial HPGe detector (135% relative efficiency) located at 0◦ with respect to
the beam direction, a NaI(Tl) annulus and a veto scintillator shielding the HPGe
detector. The authors determined a resonance energy and resonance strength of
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Er,lab = 835.2(3.0) keV and ωγ = 4.6(1.2)x10−5 eV, respectively. Both mean values
turned out higher than previous measurements (the resonance energy ∼7 keV higher
with respect to the value given in [33]) but the results agree within uncertainties.
Based on their experimental results and the literature data for this resonance, the
authors assigned spin parities of Jπ = 0+, 1−, 2+ 3−.

Lotay et al., 2019 [50]

In Lotay et al., the resonant states in 26Mg were studied through the 11B(16O,p)26Mg

fusion-evaporation reaction. The measurement was performed at the Argonne
ATLAS accelerator. The 19 MeV 16O beam bombarded a thick target of 11B

(300µg/cm2) for 100 hours in order to produce the 26Mg nuclei through the one
proton evaporation channel. The emitted γ-rays were detected using 90 Compton-
suppressed HPGe detectors (Gammasphere array) and analyzed with the γ-γ co-
incidence technique. Due to the type of reaction used in the measurement, no
J= 0 and J=1 levels were strongly populated. For the observed γ-ray transi-
tions the authors considered only E1, M1, and E2 multipolarities. The excitation
energies obtained resulted in agreement with previous data. The authors evalu-
ated the reaction rate for the 22Ne(α, γ)26Mg reaction considering their resonances
and spin-parity of states that have been previously observed and confirmed in di-
rect measurements, (6Li,d) transfer reaction studies, and α-scattering experiments.
The uncertainties in the adopted (α, γ) reaction rate have been reduced by a factor
of ∼10-20 for temperatures between 0.16 and 0.20 GK.

Ota et al., 2020 [51]

The 22Ne(6Li,d)26Mg reaction in inverse kinematics has been measured to study
the excited states in 26Mg. The measurement was performed at the Texas AM
University Cyclotron Institute. A 22Ne beam of 154 MeV delivered by the K150
cyclotron impinged on a 30 µg/cm2 6LiF target (95%6Li purity). The products
of the reaction were detected with a quasi-4π position-sensitive Si array, TIARA,
four HPGe clovers, and a Multipole-Dipole-Multipole spectrometer. The detection
of both d and 25,26Mg in coincidence is sensitive to the decay modes of observed
states, and thus to the Γn/Γγ branching ratio. The authors determined a new n/γ

= 1.14(26) for the Ex= 11.32 MeV resonance in 26Mg (ωγ= 42(11)µeV). Moreover,
new upper limits on the α-partial width of neutron unbound resonances at Ex=
11.112, 11.163, 11.169, and 11.171 MeV are given. Using the new results on the
excited states of 25Mg and 26Mg, the new reaction rates for the 22Ne(α,n)25Mg and
22Ne(α, γ)26Mg reactions are determined. The reaction rates are significantly lower
than previous rates in the temperature range between 0.2 and 0.4 GK. A crucial
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role on the uncertainties of the rate is given by the 557 keV resonance which has a
large effect for almost the entire temperature range of He-burning in massive stars
and IM-AGB stars.

Jayatissa et al., 2020 [52]

The authors presented new constraints on the 22Ne(α,n)25Mg and 22Ne(α, γ)26Mg

reaction rates by measuring the partial α- widths of resonances in 26Mg through
22Ne(6Li,d)26Mg and 22Ne(7Li, t)26Mg reactions at energies near the Coulomb bar-
rier.
The 22Ne(6Li,d)26Mg and 22Ne(7Li, t)26Mg reactions have been studied in the cen-
ter of mass energies of 4.7 MeV and 5.3 MeV, respectively. The 22Ne beam delivered
by the K150 cyclotron at the Texas AM University Cyclotron Institute bombarded
the LiF target (30 µg/cm2 thickness on 10µg/cm2 carbon backing).
The detection and identification of the deuterons and tritons scattered at 5◦ through
a Multipole-Dipole-Multipole (MDM) spectrometer was obtained by a gas-filled
gridded ionization chamber with 4 resistive avalanche counters (ACs) and 3 alu-
minum anodes combined with CsI (Tl) scintillator array. The efficiency of the
MDM and the target degradation was continuously monitored.
The authors observed four states (Ex = 11.08(2), 11.30(2), 11.8(2) and 11.95(2)
MeV) in the deuteron spectra from the 22Ne(6Li,d)26Mg reaction which were also
confirmed from the comparison with 22Ne(7Li, t)26Mg reaction. Among these
states, only the state Ex = 11.32 MeV is above the neutron decay threshold in
agreement with [44]. Instead, there was no evidence for the Ex = 11.17 MeV state
given in [44], therefore only a restricted upper limit has been given for its partial
α-width. The 22Ne(α,n)25Mg and 22Ne(α, γ)26Mg reaction rates are proportional
to the resonance strengths determined by the partial α-width, spin parities and
branching ratios of the resonances.
The authors calculated the reaction rate for both (α,n) and (α, γ) channels using
the adopted resonance parameters for the observed states. They show the ratio of
their rate to the reaction rate adopted in [45]. The reaction rate given showed a
significant difference with respect to the previous reaction rates, especially in the
temperature range between 0.1 and 0.27GK.

More work is needed for a precise knowledge of the 26Mg excited states and their
contribution to the reaction rate of 22Ne + α channels. A simplified level scheme
of 26Mg is given in Figure 3.3. The present work focuses on the direct investiga-
tion of the Er,cm = 334 keV resonance corresponding to the excited state Ex =
10.9491(1) MeV [53] which decays emitting different γ-rays. The decay scheme for
the 10.9491(1) MeV excited state, together with the corresponding branching ratio
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Figure 3.3: Part of a simplified level scheme of 26Mg. The turquoise region corre-
sponds to the Ecm= 334 keV resonance region. The region indicated by red arrows
corresponds to the energy region relevant for astrophysical scenarios discussed in
the text. The (α, γ) channel region is given by the blue arrow while the region where
both (α, γ) and (α, n) channels are opened is given by the violet arrow.
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Figure 3.4: Decay scheme of 26Mg 10.9491(1) MeV excited state. Branching ratios
are taken from [39].

Low. Limit [eV] Adopt. ωγ[eV ] Upp. Limit [eV] Reference
1.4 10−14 1.7 10−13 1.6 10−12 Giesen et al. 1993 [36]

- 4.7 10−13 - Giesen et al. corrected
- 1.4 10−13 1.3 10−12 NACRE 1999 [37]
- - 3.6 10−9 Iliadis et al. 2010 [54]
- - 8.7 10−15 Longland et al. 2012 [45]
- - 3.6 10−9 STARLIB 2013 [55]
- - 2.0 10−13 Talwar et al. 2016 [44]
- - 8.7 10−14 Lotay et al. 2019 [50]
- - 9.0 10−14 Jayatissa et al. 2020 [52]
- - 9.0 10−14 Ota et al. 2020 [51]
- - 8.7 10−14 Adsley et al. 2021 [30]

Table 3.1: Summary of the literature on the Eα = 334 keV resonance strength in
the 22Ne(α, γ)26Mg reaction. More information on excitation energies and spin
parities for each reference are given in Table A.1.

are shown in Figure 3.4. The 334 keV resonance has been studied only indirectly
and all current results lead to a wide range of reported values for its resonance
strength (10−14 - 10−9 eV). A summary of the literature data for the discussed
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resonance is given in Table 3.1.
For a better understanding of the role of the 334 keV resonance on the 22Ne(α, γ)26Mg

reaction rate new constraints are needed. The large discrepancies on the resonance
parameters are even more evident in terms of thermonuclear reaction rates. Dif-
ferent evaluations of the reaction rate were performed until now [37, 54, 45, 44, 47,
51, 30]. According to the excited state parameters adopted, the total reaction rate
leads to different results. In Table 3.2 and Table 3.3 the properties of resonances
used for the 22Ne(α, γ)26Mg reaction rate evaluation given in [45] are shown.

Ex Ecm
r Elab

r Jπ ωγ

[keV] [keV] [keV] [eV]
10693 79 93 (2) 4+ -
11315 701 828 (5) 2+ 3.6(4) ·10−5

11441 826 976.39 (23) 4+ -
11465 851 1005.23 (25) 5− -
11508 893 1055.9 (11) 1− -
11526 910 1075.5 (18) 1− -
11630 1017 1202.3 (17) 1− -
11748 1138 1345 (7) 1− -
11787 1173 1386 (3) 1− -
11828 1213 1433.7 (12) 2+ 2.5(3)·10−4

11895 1280 1513 (5) 1− 2.0(2) ·10−3

11912 1297 1533 (3) 1−, 2+ 3.4(4) ·10−3

11953 1339 1582 (3) 2+, 3−, 4+ 3.4(4)·10−3

12051 1437 1698 (3) 2+, 3− 6.0(7)·10−3

12140 1525 1802 (3) 1− 1.0(2)·10−3

12184 1570 1855 (8) (0+) 1.1(2)·10−3

12273 1658 1960 (8) (0+) 8.9(1)·10−3

12343 1729 2043 (5) 0+ 5.4(7)·10−2

Table 3.2: Properties of known resonances adopted in [45] for the evaluation of the
22Ne(α, γ)26Mg reaction rate. Ambiguous spin-parities are shown in parentheses.
More detailed information on level properties are given in [56].

Instead, information on the total and partial widths are given in Appendix A. In
[45] the evaluation of the reaction rate was performed using the STARLIB Monte
Carlo code RATESMC [57] accessible online [58]. Differently from the NACRE
reaction rate evaluation [37] where the total widths were assumed from the upper
limit values, in [45] the total widths have been adopted from measured values.
Moreover, an improved treatment of upper limits for reduced α-particle widths
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Ex Ecm
r Elab

r Jπ ωγUL

[keV] [keV] [keV] [eV]
10806 191 225.9 (5) 1− -
10943 328 388 (2) 5−-7− -
10949 334 395.15 (18) 1− -
11112 497 587.90 (10) 2+ 3.7·10−8

11163 548 647.93 (11) 2+ 4.3·10−7

11171 556 657.53 (19) 2+ 6.2·10−7

11183 568 671.70 (21) 1− 1.0·10−6

11243 629 742.81 (12) 2(−) 4.7·10−6

11274 659 779.32 (14) (2)+ 4.9·10−6

11280 665 786.17 (13) 4(−) 8.2·10−7

11286 671 792.90 (15) 1− 5.0·10−6

11286 672 793.83 (14) (2+) 5.0·10−6

11289 674 797.10 (29) (2−) 5.1·10−6

11296 681 805.19 (16) (3−) 5.1·10−6

11311 696 822.6 (4) (1+) 5.2·10−6

11326 711 840.8 (6) (1−) 5.4·10−6

11328 714 843.24 (17) 1− 5.4·10−6

11329 714 844.4 (6) (1−) 5.4·10−6

11337 722 853.6 (7) (1−) 5.4·10−6

11344 729 861.86 (18) (2+) 5.5·10−6

11345 730 862.91 (19) 4(−) 5.5·10−6

11393 778 919.34 (19) 5(+) 1.6·10−6

Table 3.3: Upper limit resonances adopted [45] for the evaluation of the
22Ne(α, γ)26Mg reaction rate. Ambiguous spin-parities are shown in parentheses.
More detailed information on level properties are given in [56].

was adopted and new nuclear data as well. The same calculation methodology
used in [45] was adopted in the most recent evaluation by Adsley et al. 2021 [30].
This was done to guarantee that the only variations observed in the reaction rates
were due to improvements in the nuclear data. To show the effect of the changes
in the nuclear data for the Er = 706 keV resonance in [30] the reaction rates were
calculated with and without including the results in [52]. In this work, the new
22Ne(α, γ)26Mg reaction rate evaluation will be done using the nuclear data given
in [45] except fot the 334 keV resonance strength which will be replaced with the
new LUNA value. A brief summary of the latest 22Ne(α, γ)26Mg thermonuclear
reaction rate evaluations as a function of temperature is given in Figure 3.5. The
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rates are normalized to the NACRE reaction rate [37].
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Figure 3.5: State of the art for the thermonuclear reaction rate of 22Ne(α, γ)26Mg

reaction as a function of temperature T . Shaded bands represent the uncertainties
[37, 54, 45, 44, 47, 51, 30].
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3.3 Experimental setup

The study of the 334 keV resonance of 22Ne(α, γ)26Mg reaction was performed ex-
ploiting the gas target beamline (Section 2.3) combined with a high-efficiency BGO
detection system. The data taking was completed in two subsequent campaigns:

• Campaign I, Summer 2016

• Campaign II, Spring - Summer 2019

Specific details from Campaign I can be found in [59]. The present work on the
22Ne(α, γ)26Mg reaction is dedicated to the data taking in Campaign II and the
final results obtained. The setup used in both campaigns was the same, except
for some small improvements in Campaign II which allowed to refine the results of
Campaign I. The high intensity α beam was delivered to a dedicated target cham-
ber, filled with 1 mbar enriched 22Ne (99.9%). The target chamber was partially
occupied by the calorimeter for the beam intensity measurement. Both the target
chamber and the calorimeter were located inside the borehole of the detector which
consists of six optically independent BGO crystals.
The setup used here for the study of the 22Ne(α, γ)26Mg reaction was mainly the
same used in [12, 11].

3.3.1 Target chamber

The target chamber was located inside the detector borehole (60 mm diameter). It
consists of several parts: connecting tube between the 1st stage and the collimator,
interaction chamber, calorimeter. In Figure 3.6), a drawing of the target chamber
is given.
The interaction chamber consists of a stainless steel tube of 475 mm in length,
56 mm of inner diameter, and 59 mm outer diameter, large enough to allow the
calorimeter on the right side, small enough to fit on the detector. The interaction
chamber is wrapped in a Kapton sheet to guarantee the electrical insulation with
the BGO detector. On the beam direction side, the interaction chamber is provided
with two copper tubes, one used for the gas inlet, and the other one is connected
to an MKS baratron type 626 pressure gauge to constantly monitor the pressure
in the chamber. On the same side of the copper tubes, the interaction chamber is
connected to the first PEEK insulating ring which is connected to a water-cooled
beam collimator made from copper (AP1). The collimator is insulated from the
interaction chamber by two PEEK rings. When the calorimeter is mounted inside
the chamber, an active chamber length of 108 mm is measured from the collimator
to the beam stop surface (Figure 3.7). The other side of the collimator is connected
to the connecting tube (allowing the connection between the 1st pumping stage and
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Figure 3.6: Design of the target chamber and the BGO detector. The α beam comes
from the left, where the target chamber is connected to the first pumping stage.

the collimator) through the second PEEK insulating ring. The connecting tube
diameter has to be large enough to keep the high-pressure gradient, sufficiently
small to allow the gas and water tubes to pass through the BGO borehole, and long
enough to place the interaction volume in the maximum BGO detection efficiency.
Both connecting tube and its flange were designed to be electrically disconnected
from all of the other pieces. A cross-section of the interaction chamber and the
connection with the collimator and connecting tube is given in Figure 3.7.

Figure 3.7: Drawing of the target chamber parts; the beam comes from the con-
necting tube on the left, goes through the AP1 collimator and enters the interac-
tion chamber. On the right side of the interaction chamber is mounted the beam
calorimeter.
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3.3.2 BGO detector

To face the low count rate of the 22Ne(α, γ)26Mg reaction, a high detection efficiency
is required [60, 11]. For this reason, a large optically segmented Bismuth Germanate
(BGO) detector produced by Scionix was used to detect the γ-rays emitted from
22Ne(α, γ)26Mg reaction.
The BGO is an inorganic scintillator (Bi4Ge3O12) characterized by large atomic
number and high density (7.13 g/cm3). These characteristics make the BGO de-
tector the scintillator with the highest probability of gamma-ray absorption per
unit volume.

(a) Setup adopted for Campaign I. (b) Setup improved for Campaign II.

Figure 3.8: Experimental setup used for the study of 22Ne(α, γ)26Mg reaction.

However, the high refractive index of the BGO and the relatively low light yield
affect the collection of scintillation light, therefore decreasing the energy resolution.
Furthermore, the light yield of the BGO strongly depends on the temperature. For
temperatures of about 20◦C the light yield decreases by 1% every 1◦C increase in
temperature [61]. The analyses presented in this work take into account this effect
(Section 3.4.1). The detector is composed of six scintillating crystals arranged in
a hexagonal configuration to surround the interaction chamber. The BGO was
housed on a frame that can move along the beamline if necessary. The crystal is a
cylinder 28 cm long, with a coaxial hole of 6 cm in diameter and a radial thickness
of 7 cm. It is read out by photomultiplier tubes located at one end of the bar, with
the other end covered by plastic light reflectors (Figure 3.8a). The BGO detector
used without external shielding as shown in Figure 3.8a was the setup adopted for
Campaign I. In the preliminary analysis of Campaign I [59] no direct observation
of the resonance was shown. However, the results showed a 0.4σ excess in the net
counting rate. To confirm if this excess is due to a possible resonance detection
it was necessary to have under control any source of background. In particular,
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Figure 3.9: Laboratory background taken during Campaign I (green line) and Cam-
paign II (black line). The dashed magenta lines define the ROI for the 334 keV
resonance.

at the energy range of interest for the 395 keV resonance, the background in the
BGO detector at LUNA was mainly dominated by neutron-induced effects ([62]).
To reduce these effects, a 10 cm thick borated (5%) polyethylene (PE-HMW 500
BOR5 by Profilan Kunstofiwerk) shield surrounded the BGO in Campaign II (Fig-
ure 3.8b).
Figure 3.9 shows the comparison of the laboratory background taken with (Cam-
paign II) and without (Campaign I) shielding. The shielding reduced the counting
rate in the region of interest for the 334 keV resonance by a factor of 3.3 ±0.3, and
by a factor of 3.8±0.4 considering the neutron-induced background ROI (∼ 6-13
MeV).

3.3.3 Electronics and DAQ

The adopted data acquisition chain is shown in Figure 3.10. For each crystal,
a devoted digital acquisition chain and independent power supply were provided.
The high voltage power supply was given by a CAEN V6533P HVPS which was
controlled via GECO2020 software. Typical voltages of about 900 V are needed for
the PMTs, with differences up to 50 V among the six PMTs in order to match the
gain. The anode output coming from the six PMTs was independently amplified
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by ORTEC 113 scintillation preamplifiers. The stability of the electronics and the
dead time of the acquisition were evaluated by a pulse generator connected to the
preamplifiers. The preamplifier output of the six sectors was then acquired by a

Figure 3.10: Data acquisition scheme. Each crystal sector has independent power
supply and digital acquisition chain.

CAEN V1724 (8 channel, 14 bit, 100 MS/s) digitizer, connected to the acquisition
PC through a CAEN VME-USB bridge and read out by the MC2 Digital MCA
Data Acquisition and Analysis Software (MC2 Analyzer). The threshold and
triggers of each channel were independently fixed from MC2 Analyzer software.
In order to choose the best parameters for the data acquisition, different tests were
performed using the MC2 software in oscilloscope mode. The MC2 Analyzer

allows to visualize online each channel and make some online analysis of the data.
Moreover, for each acquired event, the trigger timestamp, the energy were saved
in the binary files for subsequent offline analysis. A homemade C++ software was
written to convert the binary files into ROOT files based on the Object Oriented
Data Analysis Framework developed by CERN [63, 64]. The software was able to
build the spectra for each channel with and without calibration. Moreover, the
program builds both the singles sum spectrum, obtained by simply summing the
individual spectra for each crystal and the addback spectrum, which contains the
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sum of the coincident signals in two or more crystals. Thanks to the high-efficiency
of the BGO detector, it is possible to detect multiple emitted radiations in the same
nuclear decay. In the present work, a 3.5 µs wide window was chosen to group
the coincident events. Their energies were summed and recorded in the addback
spectrum. In addition, timestamp and energy data for every single event, allow to
recover coincidence information and perform coincidence analysis which was not
completely useful in this work due to the very low rate of 334 keV resonance.

3.4 Data analysis

3.4.1 Energy calibration

Using the BGO detector in add-back mode, the expected gamma-ray peak from
the 334 keV resonance has an energy of Eγ = Qvalue + Ecm = (10614 + 334)
keV = 10950 keV. The region of interest (ROI) depends on the energy calibration
of the acquired spectra. A nominal ROI width of 1256 keV was calculated using
simulations and the experimental approach given in [2].
As discussed in Section 3.3.2, the light yield of the BGO is strongly temperature
dependent, hence the energy calibration of the detector might change over time.
To take into account this effect, the data were daily saved and all the spectra of the
six BGO sectors acquired were self-calibrated. Once the spectrum of each BGO
segment is calibrated, the sum and the addback spectra can be obtained as well.
Each channel was calibrated in energy using the low energy peaks from the natural
background. The calibration is based on the γ-lines from 40K (Eγ= 1460 keV),
214Bi (Eγ= 2204 keV), and 208Tl decays (Eγ= 2614 keV). These peaks, in particular
the 40K and 204Tl lines, are visible and distinguishable in all of the 22Ne(α, γ)26Mg

runs, in the beam-induced background runs with Ar gas as target and in the natural
background measurements. Instead, the 214Bi γ-line is not perfectly distinguishable
in some short runs. Therefore, to adopt a standard approach some very preliminary
tests were performed. For some runs where all three peaks are well visible, the
energy calibration is done using both two peaks and three peaks. The effect of
using two or three γ-lines resulted negligible and the calibration of all acquired
spectra is done using a linear relation between channel and the γ-lines of 40K and
208Tl:

Eγ [keV ] = a0 + a1 · Ch (3.4)

where Ch is the channel, a0 the intercept and a1 the slope. A typical BGO spectrum
with the relevant peaks for the calibration, and the linear calibration curves, are
shown in Figure 3.11 and Figure 3.12, respectively. The energy calibration with
the natural background peaks can cover only the energy region up to Eγ = 2614
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Figure 3.11: Spectra of the BGO segments for a given 22Ne+α run. The peaks used
for the energy calibration are shown with red markers.
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Figure 3.12: Energy calibration curve of the BGO segments for the run given in
Figure 3.11.
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keV, quite away from the region of interest for the 22Ne(α, γ)26Mg reaction. The
linearity of the energy calibrations, up to ∼ 8 MeV, is confirmed using γ-lines
originated by the 14N(p, γ)15O reaction, Er = 278 keV resonance , Qvalue = 7297
keV, Table 3.4. In this context, a few measurements for the 278 keV resonance using
either the nitrogen present in the chamber as a contaminant or directly nitrogen
gas at a fixed pressure were performed. Since the count rate for the 14N(p, γ)15O

reaction at the resonance energy is high, short runs of 10-20 minutes are enough
for sufficient statistic. The procedure for the validation of the energy calibration
linearity up to 8 MeV can be summarized as follows:

1. Background run

2. p + 14N run at Er = 278 keV

3. Background run

The background runs were long enough to clearly distinguish the 40K and 208Tl

peaks, short enough to avoid changes in energy calibration due to the BGO tem-
perature effects. For the same reason, the background measurements were done
both before and after the measurement at the Er = 278 keV resonance energy.
As a first step, the background runs were calibrated using the 40K and 208Tl peaks,
and no discrepancies were found between the first and the last run. Thereafter,
the calibration curves obtained from the background runs are applied to the ni-
trogen run2. Moreover, the nitrogen run is also calibrated separately using peaks
from the 14N(p, γ)15O reaction with a both linear and quadratic functions. In all

Ein [MeV] Efin [MeV] Eγ [MeV] BR [%]
7.556 6.791 0.765 22.9

6.172 1.384 57.8
5.241 2.315 0.6

0 7.556 1.6
6.791 0 6.791 100
6.172 0 6.172 100
5.241 0 5.241 100
5.181 0 5.181 100

Table 3.4: Excited state levels of 15O populated in the 14N(p, γ)15O reaction [65].

cases, for all BGO sectors, the discrepancies between the nominal energies and the

2Since it takes some time to put the gas in the chamber at a fixed pressure, for this test was
considered the beam-induced background measurement at the Er = 278 keV resonance energy.
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centroid of the peaks are less than 5 keV, caused by the peak fitting uncertainty.
The above discussion confirms the BGO linearity up to 8 MeV. If the random coin-
cidences between the γ-rays from the different 16O decays are also considered, the
add-back spectra generated from the nitrogen run can extend the energy region
up to 15 MeV (Figure 3.13), covering the region of interest for the 22Ne(α, γ)26Mg

reaction. However, the peak at 15 MeV generated in the add-back spectra is very
broad increasing the uncertainty of its centroid. Moreover, this peak can be used
only for the add-back spectra and not for the single BGO. Therefore, since it is
needed to calibrate each single BGO, the 14N(p, γ)15O run is not sufficient for the
non-linearity check in the 22Ne(α, γ)26Mg region of interest.

Figure 3.13: 14N(p, γ)15O add-back spectrum at the resonance energy Er = 278
keV. Red markers indicate the gammas emitted from 15O.

In order to estimate the deviation from the linearity, two different spectra acquired
during the previous 22Ne(p, γ)23Na experiment with the same BGO setup are an-
alyzed:

• p + 22Ne run at the resonance energy Ep = 196.4 keV (Qvalue= 8794 keV,
measurement time ∼ 15 h, P22Ne = 2 mbar).

• p + 11B run at at the resonance energy Ep = 163.9 keV (Qvalue= 11518 keV,
measurement time ∼ 12 h, P22Ne = 2 mbar). In this case 11B is a contaminant
present in the chamber.
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In these two spectra, the γ-lines from the natural background (Eγ= 1460 keV,
Eγ= 2614 keV), the peak from the 22Ne(p, γ)23Na resonance (Eγ= 8975.3 keV),
and peaks from 163.5 keV resonance of 11B(p, γ)12C reaction (Eγ= 4439 keV,Eγ =
11668 keV and Eγ= 16107 keV) are well visible. The adopted procedure to check
the BGO linearity and to define the region of interest for the 334 keV resonance
measurement can be summarized as follows:

1. Each BGO sector was calibrated with a linear function (Eq. 3.4), using the
40K and 204Tl γ-lines. Figures A.1 and A.2 show the relevant peaks for the
calibration, and the linear calibration curves, respectively.

2. The calibrated spectra in 1 were used to calculate the deviation of the ob-
served peaks from the nominal energies. The γ- line from 22N(p, γ)23Na

reaction was shifted of about 60-65 keV from the nominal position, while the
peaks at ∼ 11.5 MeV and ∼16 MeV produced from 11B(p, γ)12C reaction
were shifted up to 170 keV and 270-300 keV, respectively (Figure 3.14).
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Figure 3.14: 22N(p, γ)23Na spectrum for the test linearity of the BGO. In red the
spectrum taken at Ep= 196.4 keV, in blue the spectrum taken at Ep= 163.9 keV

3. The BGO calibration was repeated using a quadratic calibration (Eq. 3.5)
based on all peaks visible in the above spectra.

Eγ [keV ] = a0 + a1 · Ch+ a2 · Ch2 (3.5)
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Figure show the quadratic calibration curves for the different BGO segments. Tak-
ing into account the deviation of the observed peaks obtained with linear calibration
with the expected one (2), the BGO resolution, and the nominal 22Ne(α, γ)26Mg

ROI, a 1210 keV ROI at [Emin−Emax] =[10055 - 11265] keV was determined. This
approach is the same used in Campaign I ([59]).
In the present work, to define the ROI of interest taking into account the non-
linearity of the BGO, another approach was developed. Considering the above
runs where both quadratic and linear calibration can be applied, it is possible to
move from the quadratic-calibrated ROI to the linear-calibrated ROI. The approach
is summarized in the following:

1. The minimum and maximum energy, Emin, Emax from the nominal ROI for
the 334 keV resonance is defined.

2. Eq. 3.5 is resolved for E = Emin, Emax. The solutions, ChminQ and ChmaxQ

are obtained for E = Emin and E = Emax, respectively

3. Eq. 3.4 is resolved for Ch= ChminQ, ChmaxQ obtained in 2. The solutions
EminL and EmaxL are obtained from Ch= ChminQ and Ch= ChmaxQ, re-
spectively. EminL and EmaxL define the minimum and maximum energy of
the ROI in the linear-calibrated spectra.

Using this alternative approach to consider the non-linearity of the BGO, a ROI
of [EminL − EmaxL] =[9998 - 11286] keV is obtained.

3.4.2 Detection efficiency

The detection efficiency was studied during the 22N(p, γ)23Na BGO campaign [12],
combining the experimental measurements with Monte Carlo simulations (Geant3
and Geant4). The efficiency depends not only on the γ-energy but also on the
position along the beam path. For this setup, the detection efficiency was mea-
sured using the standard radioactive sources 7Be 60Co, 88Y, and 137Cs for the
low energy region and the 278 keV resonance in 14N(p, γ)15O for higher energies.
A more detailed efficiency determination is given in Chapter 4 (the setup is dif-
ferent but the approach is similar). The detection efficiency for the single BGO
channels was directly determined by the experimental data of standard sources
and the 14N(p, γ)15O reaction while for the addback mode further improvements
were needed. In the energy and target region not accessible by the experimental
data, the detection efficiency was determined by Monte Carlo simulations using
the Geant4 code. The Geant4 simulations were fine-tuned with the experimen-
tal data. Furthermore, the setup was also described using the well-tested LUNA
Geant3 code [10], with consistent results. The Geant3 code provides a full de-
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Figure 3.15: Comparison of experimental and Monte Carlo simulations for the
14N(p, γ)15O addback spectrum at the resonance Ep = 278 keV [11].
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Figure 3.16: Simulated detection efficiency for Eγ= 10950 keV as a function of
position z along the beam path.
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scription of the physical effects given by the beam going through the gas target.
Figure 3.15 shows the experimental addback spectra for the 14N(p, γ)15O reaction
together with Monte Carlo simulations addback spectra [11]. The simulation was
found to match the experimental efficiency for the radioactive sources within 4%,
without any re-scaling. Figure 3.16 shows the simulated detection efficiency for
Eγ= 10950 keV. The adopted detection efficiency in the region of interest for the
22Ne(α, γ)26Mg was of ∼ 45%.

3.4.3 Gas target density

When the beam entered into the target chamber, due to collision with gas of the
target, it looses energy. The beam intensity depends on the energy lost in the
target and the gas density ρ(z) along the beam path. This last one depends on
the pressure and the temperature of the gas in the chamber. The pressure is
kept constant thanks to the feedback system, while the hot side of the calorimeter
together with the water cooled collimator introduce a temperature gradient along
the target chamber. The density profile is given by the equation of state for an
ideal gas:

ρ(z) =
p(z)

kBT (z)
(3.6)

where p(z) and T (z) are respectively pressure and temperature along the beam
path. The proton beam energy loss over the beam path is given by:

∆E =

∫
Leff

dE

d(ρz)
(z)dz (3.7)

where dE/d(ρz) is the stopping power in eV/(atoms/cm2) taken from SRIM [66],
ρ(z) the gas density in atoms/cm3 and Leff is the effective beam path length
defined as:

Leff =
1

ρ0

∫ zfin

zin

ρ(z)dz (3.8)

where ρ0 is the nominal density in the middle of the target chamber. To study the
gas density profile without beam on target, dedicated measurements of the pressure
and temperature profiles were performed.

Study of the gas density without beam

The gas density studies were performed during the study of 22N(p, γ)23Na reaction
using the same chamber equipped with several flanges to connect pressure or tem-
perature gauges [12] (Figure 3.17). The pressure profile was measured with four
capacitance pressure gauges: two MKS Baratron type 626A and two Pfeiffer CMR
363. The nominal pressure in the middle of the target chamber was continuously
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Figure 3.17: Schematic view of the target chamber used for the pressure and tem-
perature profiles measurement.

measured by one of the two MKS Baratron and the other pressure gauges were cal-
ibrated with respect to the reference one. The pressure profile was studied in the
connecting tube and in the target chamber considering using several 22Ne pressures
in the chamber, from 0.5 to 5 mbar with steps of 0.5 mbar. The pressure (as well as
density) values on the edges of the collimator were extrapolated from the trend in
the interaction chamber and the connecting tube. Figure 3.18 shows the pressure

Figure 3.18: Pressure inside the gas target chamber as a function of the distance
z. z=0 corresponds to the center of effective target chamber.
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as a function of the position in the chamber, for different nominal pressures in the
chamber. The pressure profile inside the chamber is typically flat with a drop of 1
order of magnitude in the AP1 collimator. The total uncertainty for the pressure
profile was estimated to be 1%.
For the temperature profile, four Pt100 RTDs (Resistance Temperature Detectors)
were mounted inside the chamber and the measurements were done for different
nominal pressures in the chamber, from 0.5 to 5 mbar with steps of 0.5 mbar. Dif-
ferently from the pressure profile, which have a flat behaviour inside the chamber,
the temperature profile is affected by the calorimeter hot side and the water cool-
ing on the other side. Furthermore, the temperature at the beam spot position
coincides with the temperature of the calorimeter hot side (343 K), the temper-
ature inside the collimator is assumed to be the same as the cooling water (287
K). Moreover, the pipe connecting the target chamber to the first pumping stage
is assumed to be at ambient temperature (295 K, measuredwith PT100 located
in the accelerator room). Figure 3.19 shows the temperature as a function of the
beam path for 1 mbar (working pressure for the 22Ne(α, γ)26Mg measurements).
The overall temperature profile in the interaction chamber is determined with 0.34
% uncertainty (1 K).

 290

 300

 310

 320

 330

 340

 350

-4 -2  0  2  4

Target chamber

T
 [

K
]

z [cm]

1 mbar

Figure 3.19: Temperature profile for 1 mbar 22Ne.

The density profile was estimated using Eq. 3.6 and combining the pressure and
temperature profiles given in Figure 3.18 and Figure 3.19. Figure 3.20 shows the
density profile for 1 mbar 22Ne (red points).
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As expected from the equation of state for an ideal gas, the density profile shows
an inverse behavior with respect to the temperature profile. It increases slowly
in the connecting tube, then there is a strong rise in the collimator followed by a
decreasing trend until it reaches the calorimeter. At different z in the chamber, not
measured experimentally, the density profile is obtained using extrapolations. The
gas density profile without beam has been determined with an uncertainty of 0.9%
inside the target chamber, 1.5% inside the collimator, and 1.7% in the connecting
tube. These results include also the uncertainties due to the extrapolations.
The density profile is used in Eq. 3.8 to determine the effective target length Leff

in 1 mbar 22Ne, which results in Leff = (13.9±0.5) cm.

Beam heating effect

The interaction with the intense ion beam increases the temperature, the gas den-
sity along the beam path may decrease. This effect, known as the beam heating
effect has been studied in different gases [67, 68] and should be taken into account
in the energy loss determination. The beam heating correction in neon was studied
during the 22Ne(p, γ)23Na HPGe campaign at LUNA [69, 70] using the resonance
scan technique. The effect was studied scanning the well known narrow resonance
at Ep,res= 271.56 keV, of 21Ne(p, γ)22Na reaction. For this purpose, the experimen-
tal setup consisted of a collimated NaI detector placed perpendicularly to the beam
path close to the target chamber which was the same used for the 22Ne(p, γ)23Na

reaction. The resonance scan was done using natural neon gas which contains only
a small quantity of 20Ne (90.48% 20Ne, 0.27% 21Ne, 9.25% 22Ne) with beam energy
steps between 0.5 keV and 2 keV. The scans were repeated for different pressures
in the chamber and different values of beam intensity. The maximum yield of the
resonance scan is obtained when the reaction is populated in front of the detector
and the energy loss is given as the difference between the energy of maximum yield
and the resonance scan energy:

∆Ep = Ep,Y max − Ep,res (3.9)

Considering all the different resonance scans performed, several values of the en-
ergy loss in Eq. 3.9 as a function of the beam current and the pressure in the
target chamber were determined. The energy loss without beam was obtained by
extrapolating this function down to current I = 0. The ratio between the energy
loss at a certain current (∆EI)and the energy loss at I = 0 (∆E0)gives the ratio
between the density with the beam on target ρ and the density without beam ρ0,
i.e the density reduction factor:

ρ

ρ0
=

∆EI

∆E0
(3.10)
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From previous studies [67, 71], is known that the beam-heating effect is proportional
to the specific power dissipation of the beam in the target gas given as:

dW

dz
=

dE

d(ρz)
ρI (3.11)

therefore the density reduction function (beam heating function) can be parame-
terized as:

ρ

ρ0
= 1− αBH

dW

dz
(3.12)

where αBH= (0.44 ± 0.05)10−3cm/mWatt [72]. Since the geometry of the target
chamber for the study of the 22N(p, γ)23Na reaction is not the same used for the
beam heating correction presented above, some other correction should be consid-
ered. Moreover, the use of the α beam instead of the proton beam should also be
taken into account. The role of the target geometry on the beam heating effect is
studied in [73]. The ∆T caused by the beam heating depends on the dimension of
the chamber following the relation given in Eq. 3.13:

∆T =
H

2πK
ln

(
rchamber

rbeam

)
(3.13)

where H is the heat flow, K is the thermal conductivity of the gas, rchamber is the
inner radius of the target chamber, and rbeam the beam radius. Using Eq. 3.13 with
the geometry of the target chambers used in 22Ne(p, γ)23Na HPGe campaign and
22Ne(α, γ)26Mg BGO campaign it is possible to determine how much the beam-
heating in the new chamber differs from the previous one. The beam heating
coefficient with the 22Ne(α, γ)26Mg BGO target chamber, αBGO

BH is given by:

αBGO
BH = αBH

ln (rchamberBGO/rbeam)

ln (rchamber/rbeam)
(3.14)

where rchamberBGO is the inner radius of the BGO target chamber given in Section
3.3.1. The result in Eq. 3.14 refers to the proton beam, and are corrected for α-
beam taking into account that the dissipated power along the beam path depends
on the stopping power of the ion beam:

αα
BH = αp

BH

(dE/dx)α
(dE/dx)p

= 0.85 cm/Watt (3.15)

with (dE/dx)α and (dE/dx)p the energy loss of α and proton beam in the gas,
respectively. As a result, for the beam heating of the present setup, an uncertainty
of 50% was associated. Figure 3.20 shows the density profile, with and without the
beam heating correction.
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Figure 3.20: Density profile in 1 mbar 22Ne. In red the density profile without
taking into account the beam heating effect, in blue the one corrected for the beam
heating.

3.4.4 Energy straggling

When a charged particle penetrates through matter, it interacts via inelastic colli-
sions with the bound electrons in the atoms of the stopping material, transferring
part of the energy to the electrons. Every interaction with the electrons of the
target material makes the projectile lose part of its energy, causing the projectile
to slow down. This process is made up of small but finite losses in a large number
of collisions. Therefore, there will be a statistical fluctuation in the total energy
lost by particles with the same incident energy traveling through the same path
length. As a consequence, there will also be fluctuations in the distance the inci-
dent particles will travel before being stopped. These fluctuations are known as
energy straggling and range straggling, respectively. They give rise to an energy
distribution of the beam, f(E,x) centered at E=E0-∆E, where E0 is the incident
energy and ∆E the mean energy loss. A schematic representation of energy distri-
bution of the beam passing through the target is shown in Figure 3.21 where x is
the path length of the beam.
In different studies, [75, 76], is shown that the experimental straggling effect is well
in agreement with the theory developed by Bohr [77]. For small energy losses, the
energy distribution of the beam is well described by a Gaussian probability density
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Figure 3.21: Schematic representation of energy distribution functions f(E, x) for
charged particles beam with a small initial energy spread as they move through an
absorber along a path of length x [74].

function and its width, referred to as the energy straggling σstragg, is given by Bohr
approximation:

σstragg =
√

4πe2Z2
pZtρd (3.16)

where Zp is the atomic number of the projectile, Zt is the atomic number of the
target, d the thickness, and ρ the density of the target.
The energy straggling affects the position inside the chamber where nuclear reac-
tions take place. In the particular case of a resonant reactions, if the straggling is
negligible, the reaction would take place in a thin slice of the target. Instead, for a
large energy straggling, the resonance is populated in a thicker slice of the target,
causing a reduction of the maximum resonance yield (Section 3.4.5).
In the present study of the 22Ne(α, γ)26Mg reaction, the effect of the energy strag-
gling on the total resonance yield is studied adopting the approach given in [78].
Assuming a constant stopping power3 over the total resonance width, σstragg in
Eq. 3.16 can be given by Eq. 3.17 taken from [4]:

σstragg = 1.210−9
√
Z2
pZt∆E/ϵ (3.17)

3In very thin targets the energy lost is relatively small and the stopping power is approximately
constant over the target thickness.
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Figure 3.22: Energy straggling as a function of the energy loss in the target for
399.9 keV α beam. The line is the parametrization obtained using the approach in
[78].

where ∆E is the energy loss and ϵ the stopping power in eV/(atoms/cm2). Eq.
3.17 can be parametrized by the relation given in Eq. 3.18:

σstragg = a∆Eb (3.18)

The parameters a = 0.406±0.009 and b = 0.59± 0.01, are derived by fitting the
energy straggling data which are obtained by running many TRIM Monte carlo
simulations of α ions at different depths in 1 mbar neon gas. Figure 3.22 shows the
data obtained by TRIM together with their fit for the 22Ne(α, γ)26Mg reaction.
Taking into account this parametrization, the density profile and the efficiency for
the γ emitted from the 22Ne(α, γ)26Mg reaction, a Root script can calculate the
energy straggling correction of the experimental yield curve. In this correction the
lateral straggling is negligible and not taken into account. The correction is applied
in Section 3.4.5.

3.4.5 Data taking and results

The study of the 334 keV resonance was carried out by performing long runs at the
beam energy where the maximum yield was expected. The beam energy was chosen
to take into account the literature resonance energy, the position of the maximum
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detection efficiency, and the energy loss in 1 mbar 22Ne. The laboratory and
beam-induced background were deeply investigated. In particular long background
runs before and after the α + 22Ne measurements were performed. Instead, to
investigate the beam-induced background (BIB), at the same beam energy used
for the α + 22Ne, long runs in 0.468 mbar argon gas were performed. The pressure
was chosen in order to have the same energy loss like the one given in 1 mbar 22Ne.
Briefly the experimental data taking procedure for the 334 keV resonances study
can be summarized as follows:

• long laboratory background runs taken immediately after the borated polyethy-
lene shielding mounting

• beam induced background runs in 0.468 mbar Ar at the nominal energy.

• on resonance runs in 1.0 mbar 22Ne at the nominal energy.

• long laboratory background runs after the 22Ne data taking

Based on the low values of the 334 keV resonance strength, and the results of
Campaign I [59] which showed a very low count rate in the region of interest
the precise estimation of the contributions from the laboratory and beam-induced
background are crucial for the final results. Table 3.5 summarize the total time
and charge for each contribution.

Run type Eα[keV] P [mbar] t[days] Q[C]
Laboratory background (before) no beam no gas 9.5

α + Ar 399.9 0.468 7.2 84.4
α + 22Ne 399.9 1.0 23.6 430.4

Laboratory background (after) no beam no gas 40.3

Table 3.5: Running time, and accumulated charge for each contribution considered
during Campaign II.

The first set of laboratory background data was acquired during August - Septem-
ber 2018. To check the effect of the shielding, each laboratory background run,
saved daily or at the most every three days, is separately analyzed in different
ROIs with focus on the 334 keV resonance ROI. Figure 3.23 shows the count rate
of the laboratory background over time. The count rate is calculated in the ROI of
22Ne(α, γ)26Mg reaction, and in the region from 6 to 13 MeV to check the neutron
induced background. The fluctuations of the count rate over time, in the ROI for
334 keV resonance, are less then 1.8σ. The main contribution of incompatibility is
due to the long runs (2 - 3 days) where the energy calibration might shift on time.
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Figure 3.23: Laboratory background with 10 cm borated polyethylene shielding taken
before Campaign II. In blue the count rate in a large ROI = (6 - 13) MeV, in red
the count rate in the nominal ROI = (9.998 - 11.286) MeV.

Experimental yield calculation

The measured reaction yield is defined as:

Y =
NR

Np
=
N

η

e

Q
(3.19)

where NR is the total number of nuclear reactions, Np is the total number of
incident particles, N is the number of net counts in the sum peak, η is the detection
efficiency for the emitted γ, e is the is the elementary charge, and Q the total
accumulated charge. The charge calculation is done by using the average live time
of the BGO segments which are stopped and saved simultaneously. For each run,
the dead time of each segment, calculated using the pulser channel, resulted 1%.
The experimental yield at a given beam energy E0 is related to the nuclear cross-
section by the relation:

Y (E0) =

∫ E0

E0−∆E

σ(E)

ϵ(E)
dE (3.20)

where ∆E and ϵ(E) are the total energy loss in the target and effective stopping
power, respectively. As described in Section 1.2.3, the 334 keV resonance with ∆E
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≥ Γα + Γγ , can be defined as a narrow resonance. Therefore, the nuclear cross-
section is well described by the Breit-Wigner cross-section given in Eq. 1.36, and
the integral in Eq. 3.20 becomes:

Y (E0) =
λ2r
2π

ωγ

ϵr

M +m

M

[
arctan

(
E0 − Er

Γ/2

)
− arctan

(
E0 − Er −∆E

Γ/2

)]
(3.21)

where λr and ϵr are respectively the De Broglie wavelength and the effective stop-
ping power evaluated at the resonance energy. The coefficient (M +m)/M , with
M the mass of the target and m the projectile mass, takes into account that the
stopping power is given in the laboratory system.
Moreover, since the target thickness in units of keV, ∆E ∼ 8 keV is much larger
than the 334 keV resonance width (∆E ≥ Γ), the maximum reaction yield is given
by:

Y =
λ2r
2

ωγ

ϵr

M +m

M
(3.22)

and still in Eq. 3.22 some experimental phenomena have to be taken into account
to correctly determine the reaction yield. The energy resolution of the beam and
its energy straggling (Section 3.4.4) inside the target, play a significant role in the
yield determination. Therefore,the experimental yield relation given in Eq. 3.21
has to be replaced with a more general relation (Eq (4.111) Iliadis textbook [4]):

Y (E0) =
1

ϵr

∫ E0

E0−∆E

dE′
∫ ∞

Ei=0

dEi

∫ Ei

E=0

σ(E)g(E0, Ei)f(Ei, E,E
′)dE (3.23)

where g(E0, Ei) describes the energy distribution of the beam and f(Ei, E,E
′) is

the probability distribution related to the energy straggling. Assuming the ap-
proach in [32], the energy spread of the alpha beam from the accelerator, σbeam=
0.1 keV, and the considerations discussed in Section 3.4.4, an approximate en-
ergy distribution related to the energy straggling has been derived. Moreover, the
changes in the target density, ρ(z), and efficiency, ηz, are also taken into account.
Therefore, Eq. 3.23, with some simplifications, i.e, integrating over the target depth
z instead of the energy E’ becomes:

Y (E0) =
1

ϵr

∫ zmax

0

dz

∫ E=0

E=E0

f(E,E(z))dEσBW η(z)ρ(z) (3.24)

with f(E,E(z)) given as:

f(E,E(z)) = exp

[
− (E − E(z))

2

2 [σ2
beam+ σ2

straggle(E(z))]

]
(3.25)

The computation of the predicted yield curve (Eq. 3.24) under the 22Ne(α, γ)26Mg

experimental conditions shows a correction factor of Cstraggle= 0.93 due to the
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energy straggling. This result no longer allows using the thick target yield approx-
imation given in Eq. 3.22. Therefore, to take into account this correction, the
modified thick-target yield equation is then given by:

Ymax = Cstraggle
λ2r
2

1

ϵr
ωγ (3.26)

Net count calculation

For each of the contributions: the laboratory background, BIB, and 22Ne + α mea-
surements, all addback spectra are used. Then, the counts (N) for each of the
contributions are calculated using the full statistics from the total addback spec-
tra. Moreover, based on the results of Campaign I, and on the online analysis of
the present data, which didn’t show any evident peak in the region of interest,
several offline analysis and test are done. In particular, the counts are calculated
in several ROIs which takes into account both the ROI width from Campaign I
and the ROI width estimated in the preset work. For each of them both energy
calibration approaches are considered:

• ROIL= [8000 - 13000], ROIwidth = 1256 keV, energy calibration approach II

• ROI1= [10116 - 11161], ROIwidth = 1000 keV, energy calibration approach II

• ROI2= [10187 - 11143], ROIwidth = 1000 keV, energy calibration approach I

• ROI3= [9998 - 11286], ROIwidth = 1256 keV, energy calibration approach II

• ROI4= [10055 - 11265], ROIwidth = 1256 keV, energy calibration approach I

Moreover, in addition to the counts in the addback spectra, the counts for the
singleSum spectra, sum of single crystal4, are calculated. The net counts in the
region of interest for the reaction, NR,net are calculated by Eq. 3.27:

NBIB
R,net = N22Ne − cBIB ·NAr (3.27)

where N22Ne and NAr are the counts in the region of interest for the 22Ne and Ar
spectra, respectively. cBIB is the ratio between the total charge in 22Ne and the
total charge in Ar spectra. The net counts are also calculated subtracting, instead
of the beam induced backgrounds, the laboratory background given as:

NNB
R,net = N22Ne − cNB ·NNB (3.28)

where N22Ne and NNB are the counts in the region of interest for the 22Ne and lab-
oratory background spectra, respectively. cNB is the ratio between the total time

4Counts of the single crystal were calculated only for the α+ 22Ne spectra.
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in 22Ne and the total time in laboratory background spectra. Both measurement
campaigns showed that the beam induced background is compatible with the labo-
ratory background (Figure 3.24). As a result, to increase the background statistics,
a test where the net counts are determined subtracting the total background (BIB
+ NB) is also considered.

Figure 3.24: Addback mode spectra. Comparison of laboratory background (blue)
and beam induce background (orange) measured during Campaign II. The spectra
are normalized to the total measurement time. The dashed magenta lines define
the ROI for the 334 keV resonance.

The sum of all the corresponding addback spectra for the α + 22Ne runs, together
with a zoom in the identified region of interest are given in Figure 3.25.
In order to understand if the net count is significant it must be compared with the
critical limit (LC) at 95 % confidence level.
The critical limit defines the number of counts below which the measured net area
is compatible with the background fluctuations [79], and hence, the uncertainty of
the background must be taken into account. If it is considered a non-radioactive
sample measured a significant number of times, a series of background counts would
be obtained. In this case the mean net count above background would be zero but
following a Gaussian distribution with a standard deviation σ0:

σ0 =
√
2B (3.29)
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where B are the background counts.

• If N ≥ kασ0: N is statistically significant

• If N ≤ kασ0: N is not significant

where the constant kα defines the degree of confidence in the conclusion and kασ0
is the critical limit LC. For 95% confidence limit, kα = 1.645, therefore the critical
limit is given as:

LC = kασ0 = 1.645
√
2B (3.30)

Using the counts found in the sum of all addback spectra in Neon, NNe= 8 ±3,

Figure 3.25: Addback mode spectra. In red the sum of all addback spectra in α+
22Ne obtained during Campaign II. In blue the sum of the spectra in Ar used for
the study of the beam induced background. The dashed magenta lines define the
ROI for the 334 keV resonance.

the net counts with the different background subtractions are estimated and are
given in Table 3.6, together with the corresponding critical limit.
Since the net count are below the critical limit, from the present data is possible
to give an upper limit, LU, which defines what is the maximum statistically rea-
sonable count for net counts below the critical limit.
The upper limit for the 334 keV resonance strength is estimated using Monte Carlo
sampling technique based on the model given by Rolke (2001)[80]. This method is
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Background contribution Counts Net count LC

BIB 2±1 -2.2 ±0.7 7.4
Lab. background 18±4 -2.5±0.3 7.6

Lab. background+ BIB 20±4 -1.9±0.2 7.3

Table 3.6: Net count and critical limit for different background contributions.

based on the likelihood ratio test statistic, together with improvements for those
cases where there is no signal observed as in the present work. In this method, the
background can be estimated either from Monte Carlo simulations or experimen-
tal data. Moreover, it can be extended to those cases where different background
sources are present in the data. In the present work both laboratory and beam in-
duced background sources are estimated considering the experimental count rates.
The Rolke method, already implemented in the TRolke class in Root, uses the pro-
file likelihood and quotes upper limits for small signals and two-sided confidence
intervals for larger samples.
In the present work, for the Rolke Monte Carlo sampling technique the signal and
the background are assumed to follow a Poisson distribution.

Figure 3.26: Probability density functions of the resonance strength for campaign
II. In black line the PDF assuming the laboratory background, in green the beam
induced background and in red considering both BIB and laboratory background.
The arrows indicate the upper limits obtained at 90% confidence level for each
case.
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The calculations assume 106 samples for each case for both campaigns.
The probability density functions of the resonance strength for the different back-
ground subtractions in Campaign II are shown in Figure 3.26 while the comparison
of the probability density functions of Campaign I and II is given in Figure 3.27.

Figure 3.27: Probability density functions of the resonance strength for campaign
I assuming the laboratory background (black) and campaign II assuming laboratory
and BIB (red). The arrows indicate the upper limits obtained at 90% confidence
level.

Background subtraction ωγ [eV]
BIB ≤ 6.6·10−11

Lab. background ≤ 3.8·10−11

Lab. background+ BIB ≤ 4.0·10−11

Campaign I ≤1.5·10−10

Table 3.7: Upper limits for the resonance strength of the 334 keV resonance. In the
upper part of the Table are shown the results obtained during Campaign II while
the last line shows the result from Campaign I.

The upper limits of the resonance strength obtained in Campaigns I and II are given
in Table 3.7. In particular, the upper limit for Campaign I has been calculated
considering the laboratory background for the net counts while the results for
Campaign II consider laboratory background, BIB and both of them together.
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3.4.6 Thermonuclear reaction rate

The total thermonuclear reaction rate is calculated in the temperature range be-
tween 100 MK and 600 MK using the present upper limits reported in Table 3.7
for the 334 keV resonance and Eq. 1.41. All other resonances are assumed as in
[45]. Substituting the constants, the reaction rate in Eq 1.41 becomes:

NA⟨συ⟩ =
1.5394 · 1011

(µT )
3/2

(ωγ)Re
−11.605ER/T (3.31)

where NA is the Avogadro constant (NA = 6.022 141 29(27) 1023mol−1). The
resonance strength ωγ and energy (ER) of the resonance are expressed in MeV.
The behavior of the new LUNA upper limit on the 22Ne(α, γ)26Mg reaction rate as
a function of the temperature, for the different upper limits considered, is given in
Figure 3.28. The rates are normalized to the so-defined LUNA tot rate which is the
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Figure 3.28: LUNA thermonuclear reaction rate of 22Ne(α, γ)26Mg reaction as a
function of temperature T.

reaction rate calculated by taking into account the 334 keV upper limit obtained
subtracting the total background. The rate below 500 MK becomes very sensitive
to the 334 keV resonance while there is a good agreement above 500 MK. For the
upcoming discussion the rate calculated using the upper limit obtained with total
background subtraction is considered. Furthermore, the new LUNA upper limit
on the reaction rate is calculated also based on the most recent 22Ne(α, γ)26Mg

reaction rate available in literature [30]. The LUNA rates are given in Table 3.8.
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T9 [GK] LUNA L12[cm3mol−1s−1] LUNA A21[cm3mol−1s−1]
0.01 2.14E-77 5.52E-79
11 7.28E-74 2.58E-75
12 6.34E-71 2.93E-72
13 1.90E-68 1.12E-69
14 2.52E-66 1.81E-67
15 1.73E-64 1.48E-65
16 6.96E-63 6.93E-64
18 3.26E-60 4.16E-61

0.02 4.34E-58 6.83E-59
25 3.14E-54 9.65E-55

0.03 3.35E-49 3.94E-49
0.04 2.31E-41 4.00E-41
0.05 1.10E-36 2.76E-36
0.06 6.98E-33 5.91E-33
0.07 4.61E-29 1.18E-29
0.08 3.83E-26 1.03E-26
0.09 7.02E-24 2.12E-24
0.1 4.46E-22 1.50E-22
0.11 1.31E-20 4.86E-21
0.12 2.18E-19 8.80E-20
0.13 2.32E-18 1.02E-18
0.14 1.75E-17 8.26E-18
0.15 1.00E-16 5.06E-17
0.16 4.58E-16 2.47E-16
0.18 5.67E-15 3.45E-15
0.2 4.18E-14 2.83E-14
0.25 1.52E-12 1.28E-12
0.3 2.59E-11 2.34E-11
0.35 4.81E-10 4.10E-10
0.4 6.19E-09 5.21E-09
0.45 4.78E-08 4.08E-08
0.5 2.45E-07 2.13E-07
0.6 2.79E-06 2.49E-06
0.7 1.57E-05 1.42E-05
0.8 5.77E-05 5.31E-05
0.9 1.66E-04 1.54E-04
1 4.11E-04 3.85E-04

Table 3.8: New LUNA 22Ne(α, γ)26Mg reaction rates (LUNA L12 and LUNA A21)
calculated taking into account the other resonances from [45] and [30], respectively.
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The LUNA rates, Longland 2012 (LUNA L12) and Adsley 2021 (LUNA A21) based,
together with the previous rates given in the literature are shown in Figure 3.29.
Above 250MK the LUNA rates based on the two literature data are perfectly in
agreement. Below 250 MK the discrepancies between the two rates increase up to
40% at 100 MK. For temperatures below ∼ 250 MK the LUNA upper limit is higher
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Figure 3.29: LUNA thermonuclear reaction rates of 22Ne(α, γ)26Mg reaction as
a function of temperature T normalized to the previous NACRE rate [37]. The
present results are shown in green (LUNA L12) and red (LUNA A21).

than all previous literature reaction rates. These discrepancies slow down with
increasing temperatures. For temperatures ∼ 400 MK, there is a good agreement
with several present rates. Using the LUNA rate, the upper limit on the cross-
over temperature is estimated. The cross-over temperature corresponds to the
temperature where the 22Ne(α,n)25Mg reaction dominates the 22Ne(α, γ)26Mg one.
With the present results, the upper limit for the cross-over temperature is 300
MK, higher than the previous values of 200 MK ([45]) and 210 MK ([30]) given in
literature. The LUNA result is expected to affect the predicted nucleosynthesis in
intermediate-mass AGB stars at temperatures below 250MK.

3.4.7 Astrophysical implications

As described in the previous section, in the present work the LUNA reaction rate
based on the Longland 2012 rate [45] and Adsley 2021 [30] are considered. However,
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since the last one is very recent and not well included in present stellar models, the
astrophysical impact of the 22Ne(α, γ)26Mg rate, is studied considering the LUNA
rate based on the Longland rate [45], hereafter labeled as LUNA UL.
The role of the new LUNA 22Ne(α, γ)26Mg rate on the synthesis of the neutron-rich
magnesium isotopes (25Mg, 26Mg) is studied for a TP-AGB phase intermediate-
mass star. In this particular phase, all involved nuclei, 22Ne, 26Mg, 25Mg, 26Mg

are produced inside the PDZC developed during the TP He-burning shell. The
astrophysical abundance evolution is calculated with the COLIBRI code ([81]) de-
veloped to compute the evolution of stars along the thermally pulsing asymptotic
giant branch (TP-AGB) phase, starting from the first thermal pulse up to the
complete ejection of the stellar mantle by stellar winds.

Figure 3.30: Temperature and abundances in the pulse driven convective zone
(PDCZ) during thermal pulses of a TP-AGB with initial mass M = 5M⊙ and
metallicity Z = 0.014. The evolution of the temperature at the base of the PDCZ
(top) and the abundances of 25Mg, 26Mg during four consecutive thermal pulses
(bottom). The dashed line shows the 25Mg abundance. Abundances are given as
molar fraction Y = X/A, where X is the abundance in mass fraction and A the
mass number of the nuclide. Red lines are used to clarify that the new LUNA re-
sults is an upper limit.
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The calculation has been done considering a star with mass M = 5M⊙ and metal-
licity z = 0.014. For the same 22Ne(α,n)25Mg reaction rate ([82]), the evolution
results obtained with the new LUNA 22Ne(α, γ)26Mg upper limit and the litera-
ture rates given in [45] and [30] are compared. In Figure 3.30 the temperature
and abundances in the pulse driven convective zone (PDCZ) during four consec-
utive thermal pulses for the adopted star, for the three 22Ne(α, γ)26Mg rates are
given. The 25Mg, 26Mg abundance shows a decreasing trend at the beginning of
the thermal pulse when the temperature is not enough (Tb ∼180 MK) to produce
significant Mg. When the α+22 Ne channels are activated (Tb ∼ 300 MK), the Mg
abundances rise rapidly. Using the Longland rate, the 26Mg abundance remains
always below the 25Mg abundance. Instead, with the LUNA upper limit the 26Mg

abundance exceeds the 25Mg and increases until the end of a thermal pulse. In

Figure 3.31: Temperature and abundances in the pulse driven convective zone
(PDCZ) during thermal pulses of a TP-AGB with initial mass M = 5M⊙ and
metallicity Z = 0.014. Maximum temperature at the base of the PDCZ (top) and
intershell abundances left at the quenching of each thermal pulses (bottom) as a
function of the core mass, over the whole TP-AGB phase (31 TPs). Each point
corresponds to one TP. Red lines are used to clarify that the new LUNA results is
an upper limit.
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the case of the abundance evolution during all 31 thermal pulses given in Figure
3.31, is observed that with the increasing temperature, after ∼ 10 thermal pulses
the amount of 25Mg obtained using the Longland rate, overcome the initial large
amount of 26Mg. With the LUNA UL, the 25Mg remains below the 26Mg until
the end of the 31 TPs when they get close. Therefore, it must be taken into ac-
count that the choice of the 22Ne(α,n)25Mg rate significantly changes the isotope
ratio Y(25Mg)/Y(26Mg). The evolution computed with the Longland rate gives an
isotopic ratio of ∼2 while the one obtained with the new LUNA UL ∼0.3.

Figure 3.32: Temperature and abundances in the pulse driven convective zone
(PDCZ) during thermal pulses of a TP-AGB with initial mass M = 5M⊙ and
metallicity Z = 0.014. Maximum temperature at the base of the PDCZ (top) and
intershell abundances left at the quenching of each thermal pulses (bottom) as a
function of the core mass, over the whole TP-AGB phase (31 TPs). Each point
corresponds to one TP. Red lines are used to clarify that the new LUNA results is
an upper limit.
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Moreover, with the same star model, the impact of the magnesium isotopes on
the surface for both Longland and the new LUNA 22Ne(α, γ)26Mg rates is studied.
Figure 3.32 shows the comparison of the isotopic ratio Y(25Mg)/Y(26Mg) at the
surface for Longland and LUNA rate. The TP-AGB model assumed undergoes
a moderate third dredge-up and hot bottom burning during the quiescent stages.
The different abundances of the 25Mg and 26Mg in the PDCZ affect the surface
abundances behavior. On one side the Mg-Al reactions contribute to increase the
surface ratio during the interpulses, on the other one during the mixing events the
ratio increases (decreases) assuming Longland (LUNA) rate. The isotopic ratio
Y(25Mg)/Y(26Mg) obtained with Longland rate rises faster over time since both
hot-bottom burning and third dredge-up effect the ratio in the same positive di-
rection.
At the end of the TP-AGB phase, the role of the hot bottom burning is negligible
and the isotopic ratio is influenced by the last dredge-up. Therefore, at the end
of the TP-AGB phase, the ratio with the Longland rate keeps increasing while the
one calculated with LUNA rate decreases. These results show that the isotopic
magnesium abundances at the TP-AGBs surface are significantly affected by the
22Ne(α, γ)26Mg rate which might influence the chemical ejecta from AGB stars as
well.



Chapter 4

Study of the 20Ne(p, γ)21Na reaction

What works for one artist doesn’t
necessarily work for another - try
anything and everything and go with
what works for you.

Paul Dixon

This chapter reports the study of the 366 keV resonance of 20Ne(p, γ)21Na reaction.
The first part introduces the astrophysical motivation. The second summarizes the
previous measurements. The experimental apparatus and data acquisition system
are given in the third section. In the last part, Monte Carlo simulation, data
analysis, and the results are discussed.

4.1 Astrophysical motivations

4.1.1 Neon-Sodium (NeNa) cycle

In stars similar to our Sun, hydrogen fusion proceeds mainly through the pp-chain,
which is not affected by the presence of heavier elements. Moving to more massive
stars that contain heavier elements and burn at higher temperatures, the heavier
elements can catalyse the hydrogen burning. Both carbon-nitrogen-oxygen (CNO)
and neon-sodium (NeNa) cycles convert hydrogen into helium in these stellar en-
vironments. The CNO is the main responsible for the energy generation in these
environments and also opens the possibility of further nucleosynthesis on heavier
nuclei. In addition, when hydrogen burning takes place in much hotter environ-
ments (T > 0.1 - 1 GK such as in supermassive stars, Novae, RGBs, supernovae
outbursts, and accreting neutron stars), the CNO cycle can proceed through the
hot - CNO (HCNO) cycle.
On the other hand, the NeNa cycle requires higher temperatures and is charac-
terized by slower reaction rates with respect to the CNO cycle, hence it is less
important as an energy production source. However, the NeNa cycle has a crucial

83
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role in the nucleosythesis of elements from 20Ne to 24Mg and opens the nucleosyn-
thetic paths to higher mass isotopes. Both HCNO and NeNa cycles are shown
schematically in Figure 4.1. The NeNa cycle begins with 20Ne which can be pro-
duced in stellar sites through several phases of burning. As shown in Figure 4.1 the
20Ne isotope can be produced through proton capture on 19F or decay of 20Na iso-
tope, during the HCNO cycle. Furthermore, 20Ne can be produced during helium

Figure 4.1: Reaction network of HCNO and NeNa cycles. Stable nuclides are
represented with solid line boxes, radioactive nuclides by dashed lines. Red boxes
indicate the NeNa cycle while the white boxes the HCNO cycle which ends with
20Ne isotope.

burning stages via alpha capture processes in 12C nuclei (12C(α, γ)16O(α, γ)20Ne)
as well as during carbon burning through 12C(12C, α)20Ne reaction. However, it
should be considered that these last two scenarios have a smaller impact since hap-
pen in more extreme stellar conditions with very low reaction rates.
Starting with proton captures on 20Ne isotopes, all NeNa reactions are activated in
stellar scenarios characterized different temperature range of interest. To constrain
the role of the NeNa cycle, a precise knowledge of the reaction rates of all nuclear
reactions involved is required.
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Figure 4.2: Thermonuclear reaction rates for all nuclear reactions involved in
the NeNa cycle. The 20Ne(p, γ)21Na reaction rate was taken from the most re-
cent [83], the 22Ne(p, γ)23Na from [84] while the 21Ne(p, γ)22Na, 21Na(p, γ)22Mg,
22Na(p, γ)23Mg and 23Na(p, α)20Ne rates are taken from [54].
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Figure 4.2 shows the thermonuclear reaction rates involved in the NeNa cycle con-
sidering the available literature data [54, 83, 84]. The 20Ne(p, γ)21Na is the slowest
reaction of the neon-sodium (NeNa) cycle (total cycle time is about 1.8x105 years),
and hence it sets the velocity of the entire cycle and constitutes as a bottleneck
for the production of 22Na and 22Ne isotopes. Table 4.1 gives a summary of the
reaction rates, at a temperature T = 0.2 GK, of the reactions involved in the NeNa
cycle. The β+ decay half-lives of the radioactive involved isotopes are also given.

Reaction β+ Decay T1/2 NA < σv > [cm3mol−1s−1]
20Ne(p, γ)21Na 21Na 22.5 s 4.57x10−06 [83]
21Na(p, γ)22Mg 22Mg 3.9 s 1.99x10−02 [85]
21Ne(p, γ)22Na 22Na 2.6 y 2.01x10−04 [84]
22Na(p, γ)23Mg 23Mg 11.3 s 2.76x10−02 [85]
22Ne(p, γ)23Na 3.68x10−02 [85]
23Ne(p, α)20Ne 1.47x10−02 [85]

Table 4.1: Reaction rates at a temperature T = 0.2 GK and half lives of the NeNa
cycle. Half lives are from NNDC.

Until a short while ago, the uncertainty of the NeNa cycle was governed by the
22Ne(p, γ)23Na reaction. This reaction was deeply studied at LUNA [70, 31, 69, 86].
Thanks to the LUNA results, together with recent results given in [87, 84], the un-
certainties associated with the 22Ne(p, γ)23Na reaction were significantly reduced.
Presently the 20Ne(p, γ)21Na and the 23Ne(p, α)20Ne reactions represent the ma-
jor source of uncertainty. This work is focused on the 20Ne(p, γ)21Na reaction
that takes place in several stellar environments such as red giants stars (during
H shell-burning), asymptotic giant branch stars, novae, and massive stars, where
temperatures can reach T = 0.5 GK [88]. An improvement of the knowledge on
this reaction can increase the understanding of several astrophysical scenarios.
At the state of the art, the modeling of the O-Na anti-correlation without sodium
destruction is still difficult and incomplete [89]. In [90] it was shown that the
proton capture on 20Ne nuclei at low energies could explain the observed oxygen-
sodium (O-Na) abundance anti-correlation in globular cluster (GC) member stars.
On the other hand, a reduction of about a factor of 2-4 in the 23Na(p, α)20Ne

reaction cross-section might limit the sodium destruction and solve the observed
abundances [91]. Recently, in [87] it was shown that the exit (23Na(p, α)20Ne) and
entrance (20Ne(p, γ)21Na) reactions for the NeNa cycle are the least known and the
competition between their rates dictates the final abundances of 23Na and hence a
better knowledge of both can fix the abundance issues.
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4.1.2 Classical novae

The most simple theory of classical novae involves a close binary system where
a white dwarf of carbon-oxygen (CO) or oxygen-neon (ONe) composition and a
main-sequence star orbit around each other with a period of generally less than 12
hours.
Their close geometry and the extreme gravity of the white dwarf make the hydro-
gen from the companion star being sucked into an accretion disk and eventually
deposited as a hydrogen layer on the surface of the white dwarf. With the mat-
ter accreting onto the surface of the white dwarf under degenerate conditions, the
temperature and the pressure at the innermost layer of the accretion disk increase
enough to ignite nuclear fusion reactions. These reactions rapidly convert the
hydrogen into heavier elements and thanks to the quick rise of the temperature,
advanced H-burning cycles are ignited as well. The result is a runaway thermonu-
clear reaction which in turn drives up the rate of hydrogen burning. This process
is not instantaneous, hence at some point the temperature rises rapidly without
being balanced by an increase in external pressure. During this small amount of
time, the matter is violently expelled into the interstellar medium without touching
the underlying white dwarf star which remains intact [92].
The classical novae events constitute a natural laboratory where different scientific
disciplines merge. Some observations in the nova systems can be explained only by
assuming that matter from the outer layers of the underlying white dwarf is mixed
with the accumulated matter during or prior to the thermonuclear runaway. This
mixing ensures the role of the CNO cycle. Moreover, spectroscopic observations of
large neon abundances for the most energetic classical novae, also known as neon
novae, confirm these theories.
Their spectra are a fundamental source of information for chemical abundances in
the ejecta. The merging of data from optical, UV, and IR spectra has been used to
determine the chemical abundances of many elements produced in the novae. The
chemical abundances of some elements present in the novae can be used as ther-
mometers for the explosion since the ratios show a strong monotonic dependence on
the peak temperature. Several studies ([93, 94]) show that the peak temperature
during the H-burning in classical novae is less than 400 MK. The nuclear reactions
involved in the CNO cycle are very slow at these temperatures, hence the final
abundances stay approximately unchanged during the explosion.
The 20Ne isotope produced during the HCNO remains approximately unchanged
as well. Since the 20Ne(p, γ)21Na reaction is very slow at novae temperatures (close
to the surface of ONe novae the temperatures are between 0.1 GK and 0.4 GK,
Ecm = (80 - 300) keV), all initial 20Ne nuclei mixed from the white dwarf into
the accreted envelope are not strongly affected during the thermonuclear runaway.
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Actually, the large neon abundance observed in the ejecta of neon novae is mainly
due to the low proton capture rate on 20Ne and was also the reason that enabled
the discovery of ONe novae via emission of the Ne II line.

4.1.3 The O-Na anti-correlation in Globular Clusters

Globular clusters (GCs) are dense, spherical collections of stars, orbiting mostly in
the extended star halos surrounding most spiral galaxies. The GCs studies have
been of crucial importance for the development of stellar theories since they contain
some or the oldest stars in a galaxy. Their age can be determined by their almost
complete absence of metals, elements heavier than hydrogen and helium present in
the early universe. The estimation of the GCs age provide an evaluation for the
age of the galaxy to which the cluster belongs and a lower limit on the age of the
Universe as well. Moreover, observations of GCs can constrain stellar evolution
models since it is generally assumed that all stars belonging to the cluster formed
during a single massive star formation event with the same initial gas composition.
There is still work to be done for a better understanding of GCs formation and evo-
lution. Several studies show disagreements between stellar models and observations
of GCs. The most classical example of these disagreements is the anti-correlation
between elemental O-Na, Mg-Al abundances which have been observed in every
GC studied [95]. However, stellar models can not reproduce this situation. This
might be explained with a wrong or incomplete astrophysical theory or a lack in
the nuclear reaction database required for this particular stellar environment.
The observations suggest that the interstellar medium during the younger clus-
ter star formation was contaminated with the material produced by older stars
which evolved and pushed back the synthesized material into interstellar medium
(self − enrichment). Nevertheless, self − enrichment alone can not describe the
stellar objects. Several progenitor models have been proposed to explain GC gener-
ations which includes different environments such as massive stars, binary system,
rapidly rotating stars and AGB stars. The most suitable sites today seems to be
massive AGB stars undergoing hot bottom burning and fast rotating massive stars
[97, 98].
To determine which reactions need to be measured for understanding the O-Na
anti-correlation, different Monte Carlo post processing nucleosynthesis calculations
for TP-AGBs are performed. In [96] a total of 176 nuclear species and 1657 nuclear
reactions in their calculations is considered.
In Figure 4.3 the correlation between the final 23Na abundance and the rate of
the main reactions that determine the abundance are shown. It can be observed
that 20Ne(p, γ)21Na, 22Ne(p, γ)23Na and 23Ne(p, α)20Ne reactions have the largest
impact on the final abundance of the 23Na. Since the 22Ne(p, γ)23Na reaction is
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Figure 4.3: Correlations between the final abundance of 23Na and the rate-variation
factor pi for each of the 1000 samples of the reaction network. The blue lines are
linear fits to the correlations. Figure taken from [96].
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well constrained with the recent results in [70, 31, 69, 86, 87, 84], the exit and the
entrance NeNa cycle reactions become the bottlenecks.

4.2 State of the art

It should be clear at this point that the NeNa cycle as well as 20Ne(p, γ)21Na reac-
tion is of importance to understand better the stellar objects previously described.
This work focuses on the the 20Ne(p, γ)21Na reaction with the aim of clarifying its
role in the different astrophysical scenarios involved.
In the literature, there are only a few measurements of the 20Ne(p, γ)21Na reaction
using both direct and indirect approaches. All these studies cover only the energy
region above 370 keV. In the following, the previous studies for the resonance and
the non - resonant component are presented.

Tanner et al., 1959 [99]

The 20Ne(p, γ)21Na reaction was measured at Ecm= 600 and 1050 keV. The yield of
the reaction was observed by delayed counting of 21Na(τ = 23s) positron activities
after proton bombardment. The measurements were performed delivering a proton
beam onto a solid neon target prepared by bombarding a water-cooled aluminum
sheet with 50 keV neon ions. The target was mounted off-axis in order to allow
the rotation of the target out of the proton beam and close to the β counter. The
detection of the positrons was done through a plastic scintillator mounted in a
close-fitting cylinder. The two direct capture cross-sections observed are given in
Table 4.2.

Ecm[keV] σ [µb] S-factor [keV b]
600 <0.14 <25
1050 1.3±0.2 17±3

Table 4.2: Cross section and S-factor for 20Ne(p, γ)21Na at Ecm = 600, 1050 keV.

Based on the experimental cross-section at 1050 keV, the extrapolated S0 reported
was about 66 keVb with an uncertainty of a factor of three. In the S0, the contri-
bution of the resonant capture tail of 2.43 MeV resonance should be considered.

Van der Leun et al., 1964 [100]

The 20Ne(p, γ)21Na reaction was studied at three different resonant energies, 1169,
1955, and 2138 keV. The measurements were performed using the proton beam
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coming from the 3.2 MV Van de Graaff accelerator of the Utrecht University and
thin 20Ne targets adsorbed on tantalum backing. The emitted γ-rays were detected
with 10x10 cm NaI crystals both surrounded by 10 cm of lead shielding.
The 20Ne(p, γ)21Na resonance curve was measured in the energy range between 1.1
MeV and 2.2 MeV with 2-6 keV energy steps, and with the detector located at 55◦

with respect to the proton beam at 1 cm from the target. Moreover, only transitions
from the resonant levels to the ground state and first excited state were considered.
Coincidence spectra were also acquired to complete the analysis. The widths and
strengths of the resonances are summarized in Table 4.3 For each resonance, γ-ray

Ep [keV] Γ [keV] ωγ [eV]
1169 ±2 3.5 1.13 ±0.07

1955 ±4 5.3 ±1.0 4.0
2138 ±5 21 ±3 1.6

Table 4.3: Widths and resonance strengths for the three discussed resonances. The
resonance strengths normalized to the resonance strength of 1.13 ± 0.07 eV for the
1169 keV resonance reported in [101].

transitions together with their intensity were determined. In addition to the single
and coincidence spectra, the angular distributions at four different angles were
determined. For these measurements, one counter-rotated in a horizontal plane
around the beam at 10 cm from the target (measuring at different angles), while a
second one had a fixed position in a plane perpendicular to the beam either in the
horizontal plane or vertically above the target.

Rolfs et al., 1975 [102]

The 20Ne(p, γ)21Na reaction has been studied in the energy range Ep= 0.37 - 2.10
MeV. The measurements were performed using the proton beam delivered by the
Van de Graaff accelerator at California State University in an extended windowless
gas target with high-purity natural neon gas. The beam current was not measured,
but a collimated silicon particle detector was placed at 135◦ to detect protons
elastically scattered. The elastic scattering was used to continuously monitor the
combined beam intensity and target density as well as any possible contamination
of the target. The recirculating neon gas was purified using an LN2 trap.
The emitted γ-rays were detected with two Ge(Li) detectors placed at 0◦ and
90◦. Information on excitation energies and branching ratios for states in 21Na

were determined. For direct capture transitions, the associated cross-sections, and
spectroscopic factors observed are given in Table 4.4 while a summary of several
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Transitions [MeV] σ[µb] C2S

DC→ 0 <0.012 <0.04
DC→ 0.33 0.32±0.05 0.77±0.13
DC→ 1.71 <0.007 <0.03
DC→ 2.43 0.63±0.07 0.90±0.10
DC→ 2.80 <0.012 <0.05
DC→ 2.83 <0.006 <0.5

Table 4.4: Direct capture (DC) transitions, cross sections and spectroscopic factors
(C2S) for the 20Ne(p, γ)21Na at E = 1050 keV [102].

Exitation energy [keV]
332.0±1.0

1716.3±1.3

2425.2±0.4

2797.6±1.4

2829.4±1.4

3544.8±0.6

4175±15

4295±2

2432.3±0.5

Table 4.5: Excitation energies in 21Na and the Qvalue (last line) for the
20Ne(p, γ)21Na reaction.

re-measured states is given in Table 4.5. A Qvalue = (2432.3 ± 0.5) keV and a new
resonance at Ep = 384±5 keV (corresponding to 2797.6 keV state) was measured.
Based on their experimental results, the authors estimate an astrophysical S-factor
of S(0) = 3500 keVb. Instead, assuming the binding energy of Er = 7.1 keV for
the 2425 keV state from their results and using the relation given in [88] for the
S-factor (S(0)= 1.3E−2

r ·1014 eVb), the astrophysical S-factor resulted S(0) = 2600
keVb. Therefore, the data show fast hydrogen burning of 20Ne into 21Na which
decays rapidly in 21Ne.

Keinonen et al., 1977 [103]

The 20,21,22Ne(p, γ)21,22,23Na reactions have been studied in the energy range Ep

= 0.5 - 2.0 MeV. The measurements were performed at the Helsinki University
using the proton beam delivered from the 2.5 MV Van de Graaff accelerator on
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implanted neon targets.
The emitted γ-rays were detected with a 110 cm3 Ge(Li) detector (3.2 keV res-
olution) placed at 55◦ with respect to the beam direction. The efficiency of the
detector was determined using standard sources and 27Al(p, γ)28Si reaction. The
targets were prepared by implanting 20Ne+, 21Ne+ and 22Ne+ ions at different
energies in the range between 5 and 50 keV into 1.0 mm thick carbon backings.
Their composition has been determined using the back-scattered α-particles de-
tected by an annular silicon surface barrier detector (50 mm2). The ratio Ne/C
atoms were about 0.1. With the same technique, the content of the 16O contamina-
tion was determined. The relative yields were measured using neon ions implanted
on Ta backings. The strengths of the resonances at Ep= 1169, 1205 and 1278
keV in 20,21,22Ne(p, γ)21,22,23Na reactions, were determined. In particular, for the
20Ne(p, γ)21Na reaction, a resonance strength of 1.6± 0.3 eV with branching ratio
of 95% was adopted. Considering this result, the S-factor extrapolation down to
zero energies become S(0) = 2500 keVb which resulted in good agreement with the
value S(0) = 2600 keVb in [104]. The high S(0) indicates fast hydrogen burning of
20Ne.

Mukhamedzhanov et al., 2006 [105]

The 20Ne(p, γ)21Na reaction was studied indirectly using the 20Ne(3He,d)21Na re-
action. Both partial width of subthreshold resonance state at an excitation energy
of 2425 keV in 21Na and direct capture spectroscopic factor were calculated using
the asymptotic normalization coefficient (ANC) formalism [106]. The experiment
was performed using 25.83 MeV 3He beam from the U-120M isochronous cyclotron
at the Nuclear Physics Institute (Czech Academy of Sciences) impinging on high-
purity isotopic 20Ne (99.99%).
The differential cross-section was measured with two ∆E - E telescopes consisting
of 220 µm Si surface barrier detectors and 4-mm-thick Si(Li) detectors.
The ANC calculations were extracted from comparison with distorted-wave Born
approximation calculation on the experimental cross-section data. The obtained
ANC was then used to calculate the DC contribution to the astrophysical S-factor,
together with the subthreshold resonance width. The results show an agreement
with the previous results in [102].

Lyons et al., 2018 [83]

The direct cross-section of 20Ne(p, γ)21Na reaction was measured in a wide energy
range between 500 keV and 2000 keV. The measurements were performed using
the 5U-4 accelerator at the Nuclear Science Laboratory at the University of Notre
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Dame and a differentially pumped gas target of isotopically enriched 20Ne gas. The
emitted γ-rays (transitions to the ground state and to the 332 and 2425 keV excited
states were observed) were detected with an HPGe detector (100%), placed at 90◦,
with respect to the beam, facing the target area.
To determine the contribution of the direct capture and the subthreshold reso-
nance to the total cross-section, an R-matrix analysis on the experimental data
was performed. The experimental data, together with the R-matrix results link
the direct measurements given in [102] and the indirect measurements in [105].
The improved 20Ne(p, γ)21Na total reaction rate based on these new data showed
an overall reduction of 20% with respect to the previous reaction rate libraries
[107].

A.L. Cooper, PhD thesis, 2019 [108]

The 384 keV resonance of 20Ne(p, γ)21Na reaction and the direct capture at Ep

= 330 keV has been studied at Laboratory for Experimental Nuclear Astrophysics
(LENA). The resonance was measured using the proton beam coming from the JN
accelerator with energies of 380 - 404 keV impinged on neon targets implanted on
tantalum backings.
The measurement of the 384 keV resonance was made both for its astrophysical
impact by reducing the uncertainty of the resonance strength with respect to the
one given in [102], and to characterize the targets produced.
At each proton energy, the yield of the 373 keV peak was measured through the
γγ Coincidence Spectrometer of LENA which consists of three detector clusters:

• the HPGe crystal closely positioned at 0◦ behind the target

• a segmented, angular array of 16 thallium-doped sodium iodide (NaI(Tl))
scintillating detectors

• five plastic scintillator panels that encase the HPGe and NaI(Tl) array on
the sides and top

The 384 keV resonant strength was estimated for several targets and a weighted
average value of ωγ = (7.22 ± 0.68) · 10−5 eV which disagrees with the value in
[102] within 5.5σ was obtained.
The adopted branching ratios compared with previous data are given in Table
4.7. A significant disagreement for the weakest branch (res −→ 331.9 keV transi-
tion) is present. Moreover, a dedicated measurement campaign was devoted to
the 20Ne(p, γ)21Na total cross-section at 330 keV. At this energy both the direct
capture into the 2425 keV resonance and the subthreshold resonant capture into
the 2425 keV state contribute to the total cross-section. Due to several background
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sources, it was not possible to clearly distinguish the two contributions in the to-
tal cross-section. Nevertheless, an upper limit on the contribution of the capture
process was given. In conclusion, an average S-factor of Stot(E

lab
eff ) = (2.84 ± 0.37)

keV·b was given at 334 keV proton energy.

J.Karpesky, PhD thesis, 2020[109]

The 20Ne(p, γ)21Na reaction was studied in the inverse kinematics at the DRAGON
facility (TRIUMF) in the center of mass energy range 265.5 - 519.6 keV.
The measurement was performed using the 20Ne beam impinging into a window-
less gas target. The reaction products were detected with a BGO scintillator array
consisting of 30 closely packed scintillation detectors. This array, with an approx-
imately 90% coverage of the total solid angle, allowed the measurement of the
prompt γ-rays emitted during radiative capture reactions produced either from
emissions from excited recoil nuclei or from the direct capture emissions.

Ecm[keV ] S-factor [keV·b]
265.5 21.9 (47)
319.0 13.5 (35)
441.9 13.4 (16)
519.6 12.7 (14)

Table 4.6: Total S-factor measurements for the four reaction energies measured at
DRAGON [109].

The cross-section and S-factor for the transitions R/DC−→0 keV, R/DC−→332 keV
and R/DC−→2425 keV together with the total capture S-factor (Table 4.6) were
determined for four different energies. The notation R/DC considers both the
resonance and the direct capture component which are not distinguishable. The S-
factor extrapolation to zero energies S(0) for the R/DC−→0 keV transition resulted
in disagreement with the flat behavior given in [102] but in line with the R - ma-
trix results given in [83]. The results suggested a higher than originally expected
contribution of the direct capture to the ground state at lower energies.
The S-factor for the different transitions obtained in [109], together with the pre-
vious data reported in [110, 83] are shown in Figures 4.4, 4.5, 4.6.

As was previously pointed out, the 20Ne(p, γ)21Na reaction sets the timescale of
the NeNa cycle and defines the final abundances of the isotopes synthesized in
this cycle. Therefore, precise data on the 20Ne(p, γ)21Na cross-sections together
with a deep knowledge of the energy states in 21Na (studied in several works [111,
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Figure 4.4: S-factor for the 20Ne(p, γ)21Na reaction using the literature data [102,
83, 109]. The data refers to the DC−→0 keV transition and are extrapolated from
[109].
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Figure 4.5: S-factor for the 20Ne(p, γ)21Na reaction using the literature data [102,
83, 109]. The data refers to the DC−→332 keV transition and are extrapolated from
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Figure 4.6: S-factor for the 20Ne(p, γ)21Na reaction using the literature data [102,
83, 109]. The data refers to the DC−→2425 keV transition and are extrapolated
from [109].

112, 113, 114, 115]), are crucial for the total reaction rate determination and for a
better understanding of the NeNa cycle. Figure 4.7 shows the level scheme for 21Na

while Figure 4.8 shows a comparison of the two reaction rates present in literature
[37, 83]. The new experimental data given in [83] result in a lower rate at low
temperatures and in overall reduction of the rate uncertainty.
Figure 4.9 reports the different contributions to the total reaction rate as a function
of the temperature. For temperatures below 0.1 GK, the reaction rate is dominated
by the high energy tail of a sub-threshold state at ER = -6.7 keV and by direct
capture component. For temperatures between 0.1 GK and 1 GK, the rate is
influenced by the direct capture component and a narrow resonance at ER = 366
keV which is accessible with the LUNA 400 kV accelerator.
The main goal of this work is the direct measurement of the Ecm = 366 keV (Elab

= 384 keV) resonance followed by the direct capture 1 measurements below 400
keV where experimental data are not consistent and complete. The Ecm = 366 keV
resonance corresponds to the exited state Ex = 2797.5 keV which decays emitting
different γ-rays.
This resonance was studied in [102] and recently in [108]. A summary of the

1During this work only some very preliminary test on the direct capture are performed during
Campaign II.
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Figure 4.7: Level scheme for 21Na adopted from NNDC. Turquoise arrow indicates
the maximum state achievable with the LUNA 400 kV accelerator.
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Figure 4.8: Literature 20Ne(p, γ)21Na reaction rate as a function of the tempera-
ture, normalized to the NACRE reaction rate [37]. The shadow region is given by
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Figure 4.9: Different contributions to the total 20Ne(p, γ)21Na reaction rate. Figure
taken from [83].
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branching ratios and resonance strengths of the two works is given in Table 4.7.

Ei [keV] Ef [keV] Br. [%] (Rolfs et al. [102]) Br. [%] (Cooper [108])
2797.5 2425.9 56±4 61.5±7.3

331.9 11±4 1.6±1.1
0 33±4 35.9±5.3

ωγ [10−4eV] 1.1±0.2 0.722±0.068

Table 4.7: Comparison between branching ratios for the 366 keV resonance (upper
part) and resonance strengths (lower part) [102, 108].

For what concern the resonance energy, a value of Elab = (384 ± 5) keV was mea-
sured in [102] and an evaluation of Elab = (384.5 ± 0.5) keV was given in [85].
The role of the 366 keV resonance to the total reaction rate in high-temperature
environments of oxygen-neon novae (0.1 GK - 0.45 GK) is very important. Dis-
crepancies among different measurements and large uncertainties present in the
literature lead to the necessity of new measurements.

4.3 Experimental setup

The study of the 366 keV resonance of 20Ne(p, γ)21Na reaction was performed
exploiting the gas target beamline (Section 2.3) combined with a high-resolution
HPGe detection system. Two different campaigns of data taking are already com-
pleted:

• Campaign I, September - October 2020

• Campaign II, May - July 2021

The experimental setup adopted is similar to the one adopted for the study of
the 22Ne(p, γ)23Na reaction [70, 69]. The proton beam from the LUNA 400 keV
accelerator was delivered to a dedicated target chamber filled with 2 mbar natural
neon gas, through three differential pumping stages as explained in Section 2.3.
The setup used to study the 20Ne(p, γ)21Na is illustrated in Figure 4.10.
It consists of two high-purity germanium detectors: an Ortec low background de-
tector with 90% relative efficiency (shown here also as GeDD) and a Canberra low
background detector with 130% relative efficiency (shown here also as GePD). The
GePD detector, located below the interaction chamber at 13.9 cm from AP1 colli-
mator, is surrounded by a 4 cm thick copper shielding (in Appendix B a photo of
the setup which shows the copper is visible) and a 25 cm thick lead shielding. The
copper shielding is needed to reduce the bremsstrahlung γ-rays produced by the
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Figure 4.10: Drawing of the experimental setup used for the 20Ne(p, γ)21Na reac-
tion. The lead bricks and copper shielding (yellow) used are shown. The Radon box
is shown by the light-violet box surroundig the lead castle.
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interaction of the electrons emitted in the β-decay of 210Bi inside the lead shield-
ing2.
The GeDD detector, located on top of the interaction chamber at 7.03 cm from
AP1 collimator, is surrounded only by the lead shielding. Between the lead shield-
ing above the chamber and the chamber, a 3 cm thick copper shielding is used.
The setup enclosed in the lead castle is itself enclosed in a plexiglass radon box
shown by the violet line in Figure 4.10, upper part. The radon box establishes an
N2 overpressure around the lead castle and avoids radon gas flushing inside. It
also prevents radon gas build-up around the detectors flushing inside the castle the
nitrogen exhaust from the GePD detector dewar. Moreover, to avoid the γ-rays
produced from the interaction of the beam with the AP2 collimator, a 15 cm lead
shielding between the pumping first stage and the chamber is used. Instead, on the
right side, the external lead wall located behind the chamber prevents the detectors
from the γ-rays which can reach the chamber through the end-flange.

4.3.1 Electronics and DAQ

For the measurements of the 20Ne(p, γ)21Na reaction, two independent data acqui-
sition systems are adopted: CAEN digital acquisition and the analog multichannel
acquisition. The CAEN digital acquisition allows the storage of the single events
recorded by the two detectors in list mode configuration. For each event, times-
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Figure 4.11: Data acquisition scheme for the study of the 20Ne(p, γ)21Na reaction.
The signal of GeDD is given in red color while the GPD signal in blue.

2It is common to find the radioactive isotope of 210Pb and therefore its daughter 210Bi in the
lead shielding.
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tamp, energy, and pileup are saved and can be sorted offline according to the re-
quired analysis. Instead, the EtherNIM provides directly the detector’s spectrum
which is useful for a preliminary analysis. A scheme is shown in Figure 4.11.
The signals of the two detectors go to the preamplifiers. Thereafter, the amplified
signals are sent to two active splitters (multiple distribution modules) which split
the signals in order to link them to each other and to different signal processors.
One of the two split signals is sent to an ORTEC Spettroscopy Amplifier (671 for
GePD and 672 for GeDD). Spectroscopy Amplifier signals of the two detectors are
then sent to an EtherNIM analog multichannel analyzer (4 channels) and ready by
Maestro software. The other split signal is sent to a homemade adder to be summed
to the pulser signal and then the output of the adder, together with pulser signal
alone, is sent to CAEN N6724 digitizer module (4 channels, 14 bit, 100 MS/s) and
read by the MC2Analyzer software.
The high voltage of both detectors is given by Ortec 660 module. All the DAQ
chain is connected to a crate in the accelerator room which is electrically isolated
from their support to avoid mass loops. The Caen module is connected via USB
to a computer in the accelerator room which is accessible remotely from the con-
trol room. Instead, a second converter connects the Ortec BNC network with the
laboratory ethernet which is then accessible from a computer in the control room.

4.3.2 Calorimeter calibration

In Section 2.3.2 the calorimeter and the determination of the beam intensity was in-
troduced. A first preliminary calorimeter calibration for the study of the 20Ne(p, γ)21Na

reaction was performed in February 2020, where the setup was not fully com-
pleted. Thereafter, before the first measurement campaign in October 2020, a
precise calorimeter calibration was performed.
The experimental procedure is the same in both cases. Here a comparison of the
calibration curve and the adopted one for the following analysis is given.
The calibration has been done evacuating the target chamber and using the calorime-
ter as a Faraday cup. During the measurements, the calorimeter and the target
chamber were electrically insulated from the upstream. Several runs have been
performed varying the proton energy from 50 keV to 380 keV using a current inte-
grator and a counter unit collecting the total charge reaching the calorimeter and
the chamber. The calorimetric measurement of the power delivered by the beam
is given by

Wcal =W0 −Wbeam (4.1)

where W0 is the average value of the zero power, acquired before and after each
run, while Wbeam is the power delivered when the beam is on. The calorimetric
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Figure 4.12: Improved setup for the calorimeter calibration. The valve mounted at
the calorimeter which allows the evacuation of the gas from the first stage can also
be observed.

electric power is calculated for each run as:

Wel =
EbeamItarget

qe
(4.2)

The Wel as a function of Wcal were fitted with the linear function given in Equation
4.3:

Wel = mWcal + q (4.3)

where m is the calibration function slope and q is the intercept.
Compared to the calorimeter calibration performed in February 2020, in October
an additional valve mounted directly to the calorimeter (Figure 4.12) and con-
nected to the first stage allows a 10−5mbar vacuum in the chamber. To improve
even more the vacuum in the chamber, during the calibration the collimator was
dismounted. In October 2020 an energy range from from 50 to 390 keV was cov-
ered. The beam current was stable and higher (I>450µA) with respect to the
beam intensity achieved in February. To allow the calorimeter to work properly
with higher current, the hot side was keept at 80 ◦C and the cold side at -15◦C.
For the zero power long runs before and after the measurements were taken.
The same linear function given in Equation 4.3 was used to fit the Wel data as
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a function of Wcal. The fit of the results of both calibrations are given in Figure
4.13, together with the residuals less than 1% (less than 1.5 % ) for the data set in
October 2020 (February 2020), while the calibration coefficients are given in Table
4.8 Moreover, together with the calibrations above, an additional calibration using
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Figure 4.13: Comparison of two different calorimeter calibrations: February 2020
and October 2020. Calorimeter calibration function (top) and relative residuals
(bottom). The error bars are smaller than the point dimension.

together the data in February and October was also performed. The results are
given in Table 4.8 while the data are given in Appendix B.2

Data set Calibration slope Calibration offset χ2/ndf
February 2020 0.98±0.02 0.14±0.6 1.626/13
October 2020 0.988 ±0.003 -0.4±0.3 2.835/19

Feb. + Oct. 2020 0.986 ±0.002 -0.2±0.1 0.738/34

Table 4.8: Calorimeter calibration coefficients for different data-set.

The data analysis for the 20Ne(p, γ)21Na reaction has been done using the calibra-
tion curve obtained in October 2020.
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4.4 Data analysis

4.4.1 Detection efficiency

In an extended gas target, the interaction with the beam takes place in different
positions along the beam axis and the emitted γ-rays are seen at different angles
from the detectors. The γ-energy region of interest for the 20Ne(p, γ)21Na reac-
tion is up to ∼3 MeV. Therefore, taking into account that the detection efficiency
depends on the γ energy and on the position of the emission, the detection ef-
ficiency has been measured at several positions along the beam axis, in a wide
energy range with uncertainties of less than 1% at the top of the detectors. Af-
ter Campaign I the setup was dismounted for several tests on the GePD detector
and other technical issues, hence, the efficiency has been calculated separately for
each campaign. For simplicity, the efficiency approach shown here considers the
data from Campaign II and then a summary of the final efficiency needed for the
20Ne(p, γ)21Na analysis in the different campaigns will be given. The experimen-
tal data are combined with Geant3 simulations which will be described in Section
4.4.2. The detection efficiency at low energies has been measured with standard
calibrated sources and thereafter the detection efficiency is extended to higher en-
ergies using the 14N(p, γ)15O reaction at the well-known Ep= 278 keV resonance.
A guideline of the approach used for efficiency determination is described in the
following:

1. Mount the sources (60Co, 137Cs, 133Ba) one by one in the source holder
which allows to have the same physical conditions as during the 20N(p, γ)21Na

measurements.

2. Measure the efficiency η(z) as a function of the distance from the collimator
reaching ∼ 1% statistical uncertainty.

3. Apply summing corrections for 60Co and 133Ba sources (Paragraph 4.4.1).
For this purpose is required the total efficiency which depends from the ra-
tio between the counts in the peak and the total number of counts in the
spectrum. The peak-to-total is deduced from Geant 3 simulations.

4. Perform a fit in the ln− ln scale(energy, efficiency) with the experimental
points measured. In the general case the function is given by:

lnη(E) =

n∑
i=0

ai (lnE)
i (4.4)

the ai coefficients are determined using χ2 fitting method. The polynomial
degree depends on the number of the experimental data.
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5. Measure the scan for the 14N(p, γ)15O resonant reaction at Ep= 278 keV and
determine the beam energy which corresponds to the maximum yield.

6. Perform two high statistic measurements at the maximum yield for each
detector

7. Calculate the ratio between primary (1384 keV, 765 keV) and secondary (6171
keV, 6790 ke) γ-ray and apply summing corrections.

8. Derive the detection efficiency for the 765 keV and 1384 keV from the fit
function obtained with sources.

9. Determine the efficiency for the 6171 keV and 6790 keV γ ray

10. Perform a fit in log-log scale (energy, efficiency) with low and high energy
data derived from the 15N(p, γ)15O reaction.

11. Use the obtained function to calculate the efficiency for γ of interest.

Low energy efficiency

The low energy efficiency is measured using three point-like radioactive sources:
60Co, 137Cs and 133Ba. For each source, the efficiency along the beam axes with
steps of 0.5 - 1 cm has been measured. The main properties of the sources are
summarized in Table 4.9. For these measurements, dedicated source holders con-
sisting of central PVC frame were designed. The source holders were able to hold
the sources at the same height as the center of the AP1 collimator. Since the ge-
ometry of the 60Co (137Cs) and the 133Ba is different, the 133Ba source holder was
designed in a such way to have the center of the sources at the same position in the
chamber. Figure 4.14 shows the source holder mounted in the long movable flange
which allows the positioning of the source in different positions along the chamber.
The absolute full-energy peak efficiency is obtained as the ratio between the mea-
sured net peak area and the number of γ-rays emitted at the same energy in the
whole solid angle by a radioactive source. The efficiency is given by Eq. 4.5:

ηγ =
Nγ

A(t∗)∆tBr
(4.5)

where Nγ is the number of detected γs in the time period ∆t, Br is the branching
ratio of the emitted γ and A(t∗) the source activity at the time of measurement t∗.
The A(t∗) is determined using the reference data of the activity given in Table 4.9
and the decay law:

A(t) = A0e
t−t0

τ (4.6)
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Figure 4.14: Left panel: 60Co source mounted on the dedicated source which is fixed
to a long movable flange. Right panel: movable holder fixed to the back flange of
the chamber as in the final measurement configuration.

Source Ref. date A0 T1/2 Eγ Br

[kBq] [year] [keV] %
137Cs 1/7/16 6.46 ± 0.04 30.08 ± 0.09 661.66 85.10
60Co 1/7/16 9.001±0.04 5.2711± 0.0004 1173.23 99.85

1332.49 99.9
133Ba 4/11/19 28.36±0.03 10.55±0.1 276 7.16

302 18.33
356 62.05
383 8.94

Table 4.9: List of most intense γ-rays emitted in the decay of the radioactive sources
used for the low energy efficiency measurement. For 133Ba source only the γ-lines
used for the efficiency has been reported.

where A0 is the certified activity at time t0 and τ is the isotopic mean life time.

Figure 4.15 shows the experimental detection efficiency as a function of the source
distance from the AP1 collimator for GePD and GeDD detector. For a fixed
position in the chamber, corresponding to the maximum efficiency for each detector,
the efficiency as a function of the γ energy measured with radioactive sources has
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been reported. The efficiency versus energy is fitted with the function in Eq. 4.7:

ln(ηγ) = a+ b · ln(Eγ) + c · ln2(Eγ) (4.7)

Figure 4.16 shows the efficiency data versus energy together with the fit function
and the residuals for both detectors. The fit parameters for each detector at two
different position in the chamber are reported in Table 4.10.

GePD detector GeDD detector
Par. z = 6 cm z = 11 cm z = 6 z = 11 cm
a -1.54±0.03 -0.08±0.02 0.9±0.1 0.06±0.03
b 0.866±0.008 0.727±0.005 0.391±0.002 0.427±0.007
c -0.0986±0.0008 -0.0976±0.0005 -0.0769±0.0003 -0.0748±0.0007

Table 4.10: Fitting parameters for the efficiency curve measured with radioactive
sources.

High energy efficiency

The detection efficiency was extended to the high energy region using a relative
approach through the measurement of 14N(p, γ)15O reaction at Ep= 278 keV res-
onance. The resonance is characterized by a well-know resonance strength of ωγ
= (12.8 ± 0.5) meV, a width Γ = (0.99 ± 0.3) keV and decays through different
cascades reported in Table 3.4.
To achieve a point-like source configuration as much as possible, the 14N(p, γ)15O

reaction was measured with a target pressure of 4 mbar3. Under these conditions,
the energy loss of the proton beam is ∼1.3 keV/cm and the resonance width became
∼0.8 cm. The resonance was measured by changing the proton beam energy in 1-2
keV steps to populate the resonance at different positions in the target. There-
after, a long run at the maximum detection efficiency for each detector has been
measured. Figure 4.17 shows the measured resonance scan for the different γ-rays
emitted in the 14N(p, γ)15O reaction. The resonance is characterized by two high
energy γ-rays (6171 keV, 6790 keV) accompanied by two γ-rays in the low energy
range covered by the radioactive sources (1384 keV, 765 keV).
Using the 1:1 ratio between primaries and secondaries γ-rays, the detection effi-
ciency for the high energy gammas can then be determined by Eq. 4.8:

η(Eh
γ ) = ηfit(El

γ) ·
NEh

γ

NEl
γ

(4.8)

3This pressure still allows the pumping system to work safely.
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where η(Eh
γ ) is the detection efficiency for the high energy gamma (6171 keV, 6790

keV), ηfit(El
γ) is the efficiency for the corresponding low energy gamma which is

calculated from the low energy fit function, and NEl
γ
, NEh

γ
are the net counts for

the low and high energy γ-rays. The efficiency function is obtained by using in Eq.
4.7 the two high energy γ efficiency (η(6171), η(6171)) calculated from relation
given in Eq. 4.8. Figure 4.18 shows the data and the fit of the total efficiency up
to ∼7 MeV while Table 4.11 report the fit parameters.

GePD detector GeDD detector
Par. z = 6 cm z = 11 cm z = 6 z = 11 cm
a -1.7±0.3 0.8±0.1 1.5±0.2 -0.09±0.3
b 0.92±0.07 0.45±0.04 0.22±0.05 0.5±0.1
c -0.102±0.005 -0.076±0.003 -0.064±0.003 -0.078±0.007

Table 4.11: Fitting parameters for the efficiency curve up to ∼ 7 MeV.

Summing-out corrections

In the case of 60Co and 133Ba sources, the decay is characterized by two or several γ-
rays. The same behaviour is present in the decay of 7.555 MeV level of 14N(p, γ)15O

reaction. In all these cases (i.e emitted γ-ray is part of a cascade), if the lifetime of
the intermediate excited state is shorter than the time resolution of the detector,
the photons are detected as a single photon with energy the sum of the energies of
the two individual photons. This effect, known as true coincidence summing effect
causes loss of counts in the full energy peak of interest and a loss of efficiency. The
summing effect depends on the probability that two (or more) photons emitted
simultaneously will be detected simultaneously which is a function of the geometry.
The further the source is from the detector, the less probable it is that the two
γ-rays will be detected together. Taking into account the summing effect, the
detection efficiency can be expressed by Eq.4.9:

η1 =
Nnet1

A ·Br1(1− η2,TW (0))
(4.9)

where η1 is the full energy peak efficiency for γ1, Nnet1 is the net peak area for γ1,
Br1 is the branching, η2,T the total efficiency for the second γ-ray to be detected
and W (0) the angular correlation, the probability of the two gamma rays being
emitted in the same direction.
The probability W(θ) is fixed by the conservation of the angular momentum and
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can be shown as the sum of Legendre polynomials:

W (θ) = P0(cosθ) + a2P2(cosθ) + a4P4(cosθ) (4.10)

where a2 and a4 are the angular distribution parameters, specific for each pho-
ton emitted by sources or reactions, P0, P2 and P4 are the first three even-order
Legendre polynomials determined by Eq. 4.11

P0(cosθ) = 1

P2(cosθ) =
1
3 (cos

2θ − 1)

P4(cosθ) =
1
8 (35cos

4θ − 30cos2θ + 3)

(4.11)

The theoretical angular correlation coefficients for 60Co have been adopted from
[116], the 15O coefficients from [117] and the 133Ba correction has been calculated
using the a2 and a4 coefficients from [118]. The resulting angular corrections are
given in Table 4.12.

Source W (0)
60Co 1.167
133Ba 0.96
6.17 1.11
6.79 1.13

Table 4.12: Angular correlation used for the summing-out corrections.

The total detection efficiency η2,T (ηi,T ) has been determined using Geant 3 Monte
Carlo simulations. For this purpose, the experimental setup shown in Figure 4.10
has been implemented in Geant 3 in order to study the detection efficiency and
further analysis on the reaction. (More details in Section 4.4.2). First, the Monte
Carlo simulation was tuned to match sources data (60Co, 137Cs) at different position
in the chamber, and high detection efficiency data (14N(p, γ)15O reaction).
Thereafter, the experimental and simulated peak-to-total ratios for all radioactive
sources and the relative discrepancy between the two have been determined. For
non monochromatic sources, the peak-to-total is calculated as the sum of the two
peak areas divided by the total area under the spectrum.
Once verified that the experimental spectrum was correctly reproduced by the MC
simulation and that the simulated peak-to-total ratio was comparable with the ex-
perimental one, individual point-like sources emitting a single gamma ray of the
energy of interest has been simulated. An uncertainty of 20% to the peak-to-total
ratio has been considered.
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The total detection efficiency has been determined as the ratio between the exper-
imental photopeak efficiency and the simulated peak-to-total ratio (Eq. 4.12):

η2,T =
ηexp2

(P/T )sim
(4.12)

The experimental photopeak efficiency corrected for the summing-out is determined
by using Eq. 4.12 and Eq. 4.9. Table 4.13 shows the efficiency curve parameters
using the data corrected by summing effect.

GePD detector GeDD detector
Par. z = 6 cm z = 11 cm z = 6 z = 11 cm
a -1.8±0.3 0.7±0.1 1.5±0.2 -0.2±0.3
b 0.93±0.07 0.48±0.03 0.22±0.05 0.4±0.1
c -0.102±0.005 -0.077±0.002 -0.063±0.004 -0.074±0.009

Table 4.13: Fitting parameters for the efficiency curve up to ∼ 7 MeV corrected by
summing effect.

4.4.2 Monte Carlo simulations

The experimental setup has been implemented in the Geant 3 simulation written
in FORTRAN in order to complete the detection efficiency and to better define the
experimental conditions for the study of the 20Ne(p, γ)21Na reaction. In particular
I choice this old version of Geant since various effects due to the beam passing
through the target gas, such as the beam energy spread, have been implemented
and already validated in several LUNA experiments [119, 11, 120]. The nuclear
case of the 20Ne(p, γ)21Na reaction was implemented as well.
A side view from the Geant 3 geometry of the 20Ne(p, γ)21Na setup is shown in
Figure 4.19. Instead in Figures B.2 and B.3 (Appendix B) a perspective and beam
view of the geometry is given. Since there is a slight margin in the position of the
individual pieces of the setup, a preliminary tuning of the geometry implemented
in Geant 3 code was needed. The implemented geometry was fined-tuned with
the standard sources: 60Co and 137Cs. To achieve this, the sources have been
simulated inside the chamber at fixed positions along the beam line reproducing
the experimental spectra. For each position the simulated efficiency given by Eq.
4.13 was compared with the experimental efficiency calculated in Eq. 4.5.

ηsim(E) =
Nnet

Nevents
(4.13)



Study of the 20Ne(p, γ)21Na reaction 117

Figure 4.19: Side view of Geant3 geometry (left) and a drawing of the adopted for
the 20Ne(p, γ)21Na setup (right).

where Nnet and Nevents are the net counts in the full energy peak and the to-
tal number of simulated events, respectively. The best agreement between the
simulations and the experiment is obtained by adjusting reasonably the following
parameters in the code:

• Position of the detectors along the beam line

• The distance of the detectors from the beam line axis

• The distance of the Cu and Pb shielding from the chamber and from the
detectors

• The dead layers of the detectors

In Figure 4.20 a comparison of the experimental and simulated efficiency for both
detectors are shown. Except for the far distances where the efficiency itself is
very low, the simulations are in a good agreement with the experimental data. For
both detectors the discrepancies between simulations and experiment are below 3%.
A comparison of the experimental and simulated spectra for the standard sources
and the 14N(p, γ)15O reaction are shown in Figure 4.21. Once validated, the Monte
Carlo simulations were used to determine the peak-to-total ratio necessary for the
summing corrections needed for the detection efficiency (Section 4.4.1).
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Figure 4.20: Comparison of experimental efficiency with the fit of the simulated
one for GePD (blue) and GeDD (black).The residuals are shown as well.
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Figure 4.21: Comparison between simulated and experimental 137Cs (up), 60Co

(middle) and 14N(p, γ)15O reaction (down). The three spectra are normalized to
the total area.
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4.5 366 keV resonance measurements

The measurements on the Er,cm = 366 keV resonance were performed filling the
target with natural neon gas at 2 mbar. The nominal pressure was chosen as the
best compromise taking into account the beam energy spread through the target
and the count rate estimations 4. The resonance was studied both in Campaign I
and Campaign II through several data-taking runs in the energy interval from 386
keV to 400 keV, in steps of 1-2 keV. During Campaign I, a long run at the beam
energy of maximum yield for the two detectors was performed. Thereafter, for
each long run, beam-induced background runs with argon gas were performed as
well. For technical reasons, this approach was not adopted in Campaign II where
the available beam intensity and hence the total integrated charge was lower with
respect to the data-taking in Campaign I. Therefore the final results here presented
are determined considering information from both campaigns. In particular, the
branching ratios were calculated only from the Campaign I at the high statistic
runs, while the estimation of the resonance strength was determined in both cam-
paigns.
Typical spectra taken at the maximum detection efficiency for GePD detector dur-
ing Campaign I and Campaign II are show separately in Figure 4.22 and Figure
4.23, respectively. In Campaign I (Figure 4.22), all primary transitions are well
visible while in Campaign II, due to low statistics, the weaker transitions (332 keV
→ g.s and 2798 → 332 keV transitions) are not observed in neither of the two
detectors.
The experimental yield was calculated using Eq. 3.19 for each proton energy and
for each detector considering all observed transitions. The beam intensity, and
hence the total charge has been evaluated using the approach given in Section
3.4.3. The necessary corrections on the gas density are estimated from measure-
ments performed during 22Ne(p, γ)23Na HPGe campaign at LUNA [69, 70] for the
present experimental conditions.
In more details, during Campaign I the yield curve for 2798 → 332 keV, 2798 →
2425 keV, 2425 keV → g.s and 2798 keV → g.s transitions were obtained while in
Campaign II the transition 2798 → 332 keV is not observed. Figure 4.24 shows
the excitation function determined from the data of Campaign I, for all observed
transitions and for each detector.
The fluctuations observed in the yield curve are mainly due to the pressure insta-

bilities (variation between 1.9 to 2.3 mbar from run to run) during the resonance
scan measurements. These fluctuations are even more pronounced in the weaker
transition (2798 → 332 keV) yield curve where the count rate is lower. Neverthe-

4A dedicated Monte Carlo study was performed before the experimental campaign in order to
better define the experimental conditions.
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Figure 4.22: Typical 20Ne(p, γ)21Na spectrum taken at Ep = 395 keV with GePD
detector during Campaign I. The gamma transitions of the reaction are marked in
red, while in magenta the main beam induced background sources. (SE) indicate
the single escape peak for some of the transitions while (DE) the double escape.
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Figure 4.23: Typical 20Ne(p, γ)21Na spectrum taken at Ep = 394 keV with GePD
detector during Campaign I. The gamma transitions of the reaction are identified
in red, while in magenta the main beam-induced background sources. (SE) indicates
the single escape peak for some of the transitions.
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Figure 4.24: Yield curve for the observed transitions measured during Campaign I
with GePD (blue) and GeDD (red).
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less, the yield functions from Campaign I allowed to define the resonance plateau
energy region. At this region, two long runs corresponding to the maximum de-
tection efficiency for the GePD (Ep= 395 keV) and GeDD (Ep= 391 keV) detector
have been performed. At the same energies, additional beam-induced background
measurements were performed as well. To avoid all these fluctuation effects on the
analysis, from Campaign I, only the high statistic data complemented by the BIB
measurements were considered. After some improvements in the setup during
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Figure 4.25: Yield curve for the 2798 → 2425 keV, 2425 keV → g.s transitions
measured during Campaign II with GePD (magenta) and GeDD (turquoise).

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 386  388  390  392  394  396  398  400

Y
ie

ld
 [

c
o

u
n

ts
/1

0
0

u
C

]

Beam energy [keV]

2798 keV, GePD
2798 keV, GeDD

 0

 0.05

 0.1

 0.15

 0.2

 386  388  390  392  394  396  398  400

Y
ie

ld
 [

c
o

u
n

ts
/1

0
0

u
C

]

Beam energy [keV]

GePD Camp. I 
GePD Camp. II
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yield function for 2798 keV → g.s transition measured in Campaign I (black) and
Campaign II (magenta) with GePD detector.

Campaign II the pressure instabilities were totally reduced (reaching ≤ 0.1% pres-
sure variation). The 366 keV resonance scan was measured with steps of (1 - 2)
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keV and the excitation function for all observed transitions is given in Figures 4.25
and 4.26.

4.5.1 Resonance energy determination

The energy of the resonance has been determined by using the yield profile of the
observed decay modes compared with the efficiency profiles for each detector. The
maximum of the resonance yield and the efficiency profile is expected to be in the
same position along the target chamber for similar energies.
Figure 4.27 shows a comparison between the resonance scan yield and the efficiency
curve as a function of the distance from the collimator for the 2798 keV → 2425
keV transition for both detectors. The resonance energy has been determined con-
sidering the energy loss of the beam through the beam path given by the following
relation:

ER,lab = Ep −∆E
′
− (z − zcoll)

dE

dz
(4.14)

where ER is the energy of the resonance, Ep the proton energy corresponding to
the maximum resonance yield profile (determined by fitting the yield profile curve),
∆E

′
is the energy loss from the first pumping stage to the target chamber, z is the

distance between the source AP1 collimator, zcoll is the effective AP1 collimator
length and dE

dz is the proton energy loss per unit length in 2 mbar neon gas.
Due to the non stability of the resonance scans taken during Campaign I, the
energy of the resonance has been determined using the resonance yield curve for all
observable transitions in Campaign II. Nevertheless, a tentative resonance energy
from Campaign I data was estimated as well.
The results on the resonance energy from the Campaign II data are reported in
Table 4.14.

Transition ER,lab GePD [keV] ER,lab GeDD [keV]
2798 →2425 385.9±0.5 386.4±0.6

2425 → g.s 385.7±0.5 386.4±0.7

2798 →0 385.7±0.5 386.3±0.7

Table 4.14: Results on the resonance energies obtained during Campaign II.

Instead, Table 4.15 summarizes the results of resonance energy (the average value
of the two detectors) determined during both campaigns compared with literature
data. The present resonance energy results in agreement within 1σ with the value
given in [102] and 2σ with [85].
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Figure 4.27: Comparison between resonance scan (black) for Eγ = 373 keV and
efficiency curve (blue) for the Eγ = 383 keV (133Ba source). Top panel shows the
data from GePD detector while bottom the GeDD detector.
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ER,lab LUNA II ER,lab LUNA I Rolfs et al. [102] Iliadis et al. [85]
[keV] [keV] [keV] [keV]

386.0±0.6 386.5 ±1.1 384±5 384.5 ±0.5

Table 4.15: Summary of results on the resonance energy obtained during Campaign
I and Campaign II compared with the literature data.

4.5.2 Branching ratios

The branching ratios for the observed decay modes of the 2798 keV level have been
calculated using the long run statistics acquired at 395 keV beam energy (Q =
15.7 C) where the resonance is populated in front of GePD detector, and at 391
keV proton energy (Q = 13 C) where the resonance is populated in front of GeDD
detector. The intensities of the resonance primary peaks in these spectra were
corrected for the summing-effect using Geant 3 simulations (Section 4.4.2).
The resonance γ-ray branching ratios are determined assuming that all possible
decay modes are observed using the following relation:

Bri =
1∑

j(Nj/η(Ej))

Ni

η(Ei)
(4.15)

where Ni and η(Ei) are the net peak area and detection efficiency for transition
i. Since the primary transition, 2798 → 2425 keV, is strongly affected by the
Compton continuum, the branching results determined from the primary peaks
has been checked by considering the 2425 keV → g.s transition.
The results of the branching ratios obtained in Campaign I for each detector are
reported in Table 4.16:

Br. GePD detector [%] Br. GeDD detector [%]
Transition z = 6 cm z = 11 cm z = 6 cm z = 11 cm Rolfs et al. [102]
2425 → g.s 57.5±0.8 57.1±0.7 56.6±0.9 57±1 56±4

2798 →332 3.5±0.4 4.5±0.3 4.6±0.4 5.0±0.7 11±4

2798 →0 39.0±0.6 38.4±0.5 38.8±0.6 38±1 33±4

Table 4.16: Summary of Campaign I primary transition branching ratios (%) for
the 366 keV resonance. Positions z = 6 and 11 cm correspond to the locations where
the resonance is populated in front of the GePD and GeDD detector, respectively.
The literature data in [102] are also given.
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4.5.3 Energy straggling corrections

In section 3.4.4 the effects of a charged particle going through matter in terms of
energy straggling were described. In the case of the 334 keV resonance, the con-
tribution of the beam energy straggling was estimated considering the approach
given in [13].
For the study of the 20Ne(p, γ)21Na reaction, the energy straggling corrections have
been done using Geant3 Monte Carlo simulations. In Geant3 code, the energy loss
and beam energy straggling are well described. The straggling effect is implemented
based on the results given by TRIM simulations which can be parametrized using
Eq. 3.18. The TRIM simulations were performed assuming the 20Ne(p, γ)21Na

experimental conditions (pressure, resonance energy, position in the target). As a
cross-check, assuming the same experimental, some LISE++ simulations were also
performed. Figure 4.28 shows a comparison of the energy straggling as a function
of the energy loss in the chamber for different approaches. In the present study,
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Figure 4.28: Energy straggling as a function of the energy loss in neon gas at 2
mbar for Ep = 395 keV beam. The line is the straggling parametrization obtained
with TRIM (red), LISE++ (blue) the one determined with Eq. 3.17 (black).

Monte Carlo simulations assume the straggling parametrization given by the TRIM
calculations (red curve in Figure 4.28).
The corrections for the energy straggling have been performed considering the fol-
lowing approach: Fixed the beam energy corresponding to the maximum yield
curve for the two detectors, and hence the energy loss, the energy straggling
(σstragg) has determined by the above parametrization given by TRIM simulations.
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Then, monoenergetic sources following a Gaussian distribution of σ = σstragg cor-
responding to the observed transitions have been simulated. After that, the two
different decay levels(Figure 4.29), each with a Gaussian distribution of σ = σstragg
were also simulated. The corrected experimental counts for each transition are

Figure 4.29: Decay scheme for the 2797.5 keV state assumed in the Monte carlo
simulations for the straggling corrections.

given by.

Nexp,corr
i = Nexp

i · N
MC,mono
i

NMC,dec
i

(4.16)

where Nexp
i are the experimental net counts for a i transition, NMC,mono

i are the
net counts for the i transition from the simulated single gamma source and NMC,dec

i

the net counts for the i transition from the simulated decay level.

4.5.4 Energy straggling measurements

In this thesis, two different approaches have been considered for the energy strag-
gling corrections. Moreover, the setup adopted for the study of the 366 keV reso-
nance can be used to measure experimentally the energy straggling.
In particular, the location of the two detectors without any internal collimator, al-
lows to see the reaction from two different positions where the effect of the energy
straggling is different. The count rate of the detector depends on the detection
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efficiency and on the energy straggling which consequently depends on the beam
energy. Therefore, the ratio between the count rates of the two detectors is sensible
to the beam energy, and hence the position in the chamber.
Given a proper characterization of the detectors (η(E, z)) it is possible to estimate
the expected number of events seen by the two detectors as:

N(Eγ , σstragg) = Br ×
∫ zfin

zin

η(Eγ , z)
1

σstragg
√
2π
exp

(
− (z − z0)

2

2σ2
stragg

)
dz (4.17)

where z0 is the point where the resonance is populated,zin-zin is the target length,
η(Eγ , z) is the detection efficiency and the second term of the integrand is the count
rate of the resonance at a given position characterized by given σstragg.

Figure 4.30: Ratio between the counts of the two detectors as a function of the
energy straggling for the Eγ = 373 keV. In blue the numerical calculations, in red
the simulations. The blue shadow represent the uncertainty if the ratio of the two
detectors are measured with 1% uncertainty.

Assuming Eq. 4.17 and knowing the detection efficiency, the ratio of the counts
seen by each detector can be determined numerically ((NGePD/NGeDD)num), and
depends only on the energy straggling, σstragg . This ratio can also be mea-
sured experimentally, ((NGePD/NGeDD)exp). Here, from the resonance scans of
20Ne(p, γ)21Na reaction, for different transitions, the count rate ratio of the two



Study of the 20Ne(p, γ)21Na reaction 131

detectors can be determined.
The σstragg that meets: (

NGePD

NGeDD

)
num

=

(
NGePD

NGeDD

)
exp

(4.18)

estimates the beam energy straggling at different beam energies. Figure 4.30 shows
the numerical count ratio as a function of the energy straggling. The numerical
calculations have been been compared with Monte Carlo simulations where the res-
onance has been simulated for different energy straggling values. To achieve this
energy straggling estimation experimentally, high statistic resonance scan measure-
ments are needed. Nevertheless, considering the resonance scan for the Eγ = 373
keV (Figure 4.25), and the numerical calculations given in Figure 4.30 a very pre-
liminary results can be given. The energy straggling for 394 keV proton beam
(resonance populated in front of the GePD detector), where the count ratio is 1.92,
results σstragg = 0.64+0.03

−0.04 keV.

4.5.5 Resonance strength determination

As was described in Chapter 1, the thermonuclear reaction rate for a resonant
reaction is calculated from the resonance strength ωγ. The resonance strength is
determined from the experimental yield introduced in Section 3.4.5 (Eq. 3.19).
The resonance strength is determined inverting Eq. 3.22:

ωγ =
2

λ2r
Y ϵr

M

m+M
(4.19)

where λ is the de Broglie wavelength defined in Eq. 1.20 and the λ2r/2 can be
determined as:

λ2r
2

=

(
m+M

M

)2
4.125 · 10−18

MER,lab
(4.20)

with ER,lab the resonance energy in the laboratory system given in eV while the
masses in amu. For the adopted resonance energy in the present work (386.0 keV)
the λ2r/2= 1.17 · 10−23 cm2.
The yield at the maximum of the excitation function curve has been calculated
using Eq. 4.21 for the observed transitions and adopting the branching ratios in
Table 4.16:

Y =
Nj/η(Ej)

Brj

e

Q
(4.21)

The net counts, Nj , has been corrected for the beam energy straggling using the
approach given in Section 4.5.3. Summing-in and summing-out corrections have
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also been considered using MC simulations previously introduced. The total charge
Q has been calculated using the live time of the detectors. For each energy, the
deadtime of the detectors has been taken into account: for the CAEN acquisition
the deadtime has been calculated using the pulser channel; for the analog multi-
channel acquisition the deadtime provided by the software was considered. In both
DAQ systems, the deadtime of the two detectors was ∼ 1%.
The ϵr in Eq. 4.19 is the effective stopping power already introduced in Chapter
3. If only one species is present in the target, the effective stopping power is equal
to the stopping power given by SRIM for that species.
In the present work, the measurements have been performed by using natural neon
gas, therefore the contribution of other isotopes present in the natural neon gas
should be considered.
In general, when more than one species is present in the target, the effective stop-
ping is given by:

ϵr = ϵeff = ϵX +
nY
nX

ϵY (4.22)

where X is the element of interest, Y is the inactive element, ϵX (ϵY ) the stopping
power for the active (inactive) element, and nX (nY) is the number of active nuclei
(inactive) per area.
For active 20Ne atoms in the natural neon gas (90.48 (2.01)% 20Ne, 0.27(1.44)%
21Ne, 9.25(0.72)% 22Ne), ER,lab = 386.0 keV, the effective stopping power results:

ϵeff =
ϵNe

n20Ne
=

ϵNe

0.9048
= 12.0

eVcm2

1015atoms
(4.23)

The resonance strength obtained at two different positions in the chamber (cor-
responding to the maximum of GePD and GeDD detectors) for each detector are
given in Table 4.17. Figure 4.31 reports the data of the resonance strengths ob-
tained with GePD at the GePD maximum detection efficiency, GeDD at the GeDD
maximum detection efficiency together with the literature data.

Detector ωγ [meV]
GePD (z = 6 cm) 0.112±0.007
GePD (z = 11 cm) 0.114±0.006
GeDD (z = 6 cm) 0.112±0.006
GeDD (z = 11 cm) 0.122±0.008

Table 4.17: Summary of resonance strengths for the two detectors.

The new resonance values obtained in the present work are in agreement with the
data given in [102] and [108] within 2% and ∼ 50 %, respectively.



Study of the 20Ne(p, γ)21Na reaction 133

 0.04

 0.06

 0.08

 0.1

 0.12

 0.14

Rolfs (1975) Cooper (2019) LUNA GePD LUNA GeDD

ω
γ

 [
m

eV
]

Figure 4.31: Comparison of the 366 keV resonance strength measurements from
each detector obtained in the present study with the results given in [102] and [108].

The weighted average of the resonance strength values for the two detectors at their
maximum detection efficiency (z = 11 cm for GePD and z = 6 cm for GeDD) is ωγ
= 0.113 ± 0.004 meV. This average value is the one adopted for the thermonuclear
rate calculation in the next section.

4.5.6 Thermonuclear reaction rate

The total of 20Ne(p, γ)21Na reaction rate is calculated considering the weighted
average of the 366 keV resonance strength determined in Section 4.5.5 and using
Eq. 3.31. All other resonances are considered as in [83]. The reaction rate in [83]
has been calculated assuming the 366 keV resonance properties given in [102].

The present reaction rate normalized to the NACRE data [37] is reported in Figure
4.32 while the contribution of the single resonance to the total reaction rate is given
Figure 4.33. The total rate is lightly lower than the rate given in [83] between
temperatures of 0.2 GK and 0.4 GK and lightly higher from 0.4 GK to 1 GK. A
significant reduction of the uncertainty is shown in the temperature region between
0.2 GK and 1 GK affected by the 366 keV resonance.
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Figure 4.33: Contribution of the 366 keV resonance to the total reaction rate.
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4.5.7 Remarks and future perspectives

During the experimental campaigns devoted to the study of the 20Ne(p, γ)21Na

reaction, some problems were identified such as the pressure fluctuations during
Campaign I, the low statistics in Campaign II which limited the observation of the
low intensity γ-rays. Nevertheless, the present results on the 366 keV resonance
of 20Ne(p, γ)21Na reaction are very promising and further improvements will be
achieved in the next phase of the 20Ne(p, γ)21Na study ongoing at LUNA 400 kV
accelerator. In this phase, the resonance scan will be measured with ∼ 1% statistics.
The higher statistics might reduce further the uncertainties on the results presented
and will allow determining the energy straggling experimentally as discussed in
Section 4.5.4.
Thereafter, the experimental campaign will focus on the study of the direct capture
component below 400 keV. In the context of this last one, at the end of Campaign
II a preliminary measurement of the direct capture component at Ep = 380 keV,
using exactly the same experimental conditions (same setup, same pressure in the
chamber), was performed.
Based on results given in [102], the cross section at these energies is supposed to
be dominated by the direct capture into the 2425 keV state which decays purely
to the ground state. The expected γ-rays from 20Ne(p, γ)21Na reaction at Ep =
380 keV are reported in Table 4.18. The choice of this energy was intentional in
order do be low enough in energy to avoid the 366 keV resonance presented above.
The experimental spectrum acquired with the GePD detector is shown in Figure

Transitions [keV] Eγ [keV]
DC→ 2425 368.5
DC→ 1716 1077.5
DC→ 332 2461.5
DC→ 0 2793.5
2425→ 0 2425

1716→ 332 1384
1716→ 0 1716
332→ 0 332

Table 4.18: Expected γ-rays from 20Ne(p, γ)21Na at Ep = = 380 keV.

4.34. At this energy, with the present setup the study of the direct capture seems
limited by the beam-induced background from the florine contaminants present in
the collimator or implanted in the calorimeter.
The energy region which corresponds to the DC → 2425 keV state is completely
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Figure 4.34: Direct capture spectrum of 20Ne(p, γ)21Na reaction taken at Ep =
380 keV with GePD detector. The most intense gamma transitions region expected
from the DC are labeled in red, while in magenta the main beam-induced background
sources.
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covered by the Compton edge. Instead a low intensity signal is observed in the
energy region of the secondary transition (2425 → 0 keV). From this preliminary
measurement it is clear that with the present setup is difficult to study the direct
capture at this energy. Nevertheless, this measurement together with some beam-
induced background measurements which are under analysis are used as a starting
point for some further improvements in the present setup.





Conclusions

The goal of the present PhD thesis was the study of two different nuclear re-
actions on neon isotopes which are fundamental in several astrophysical envi-
ronments. Both measurements have been performed at LUNA laboratory. The
22Ne(α, γ)26Mg reaction has been studied at the resonance energy Ecm = 334 keV.
In literature there are several values reported for this resonance lying in wide range
of six orders of magnitude. The goal of the present work is to improve the present
data by giving the first direct measurement of the resonance. The measurement
has been performed using a windowless gas target filled with enriched 22Ne and
a high-efficiency BGO detector. A preliminary campaign was performed before
the present work and several improvements have been done to complete the mea-
surement. The experiment determined an upper limit of 4.0 · 10−11 eV for the
resonance strength. Even if the new limit does not exclude most of the previous
limits obtained by indirect approaches it is the first direct, model-independent re-
sult. Taking into account this result, a new updated 22Ne(α, γ)26Mg thermonuclear
reaction was calculated. The new rate results higher than all recent literature rates
and its impact on the AGB stars was investigated by studying the abundances of
neutron-rich magnesium isotopes in the pulse-driven convective zone. This study
was performed by using a 5M⊙ AGBs model and a decrease by a factor of 15 of
the intershell 25Mg/26Mg ratio was found.
The study of the Ecm = 366 keV resonance for the 20Ne(p, γ)21Na reaction has been
done with the aim to reduce the resonance strength uncertainty reported in the lit-
erature and improve the knowledge on the overall thermonuclear reaction rate. The
measurement has been carried out using the windowless gas target of LUNA, filled
with natural neon gas, and two high-purity HPGe detectors for the detection of the
reaction products. First, a characterization of the setup was performed together
with Monte Carlo simulations which were useful to define the best experimental
conditions for the study of the resonance. The present measurements at LUNA
updated the energy of the resonance from (384 ± 5) keV to (386.0 ± 0.6) keV and
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reduced the uncertainty of the resonance strength from 18% to 7 %. The Monte
Carlo simulations show that the setup used for the study of the 20Ne(p, γ)21Na re-
action and the resonance itself can be used as an alternative method to measure the
energy straggling a beam passing through a gas target. Regarding this, a new cam-
paign of the 20Ne(p, γ)21Na reaction is ongoing at LUNA. Moreover, high statistics
measurements, further improvements on the setup, and the ongoing analysis on the
beam-induced background will allow the measurements of the cross-section below
400 keV where the literature data show several discrepancies.
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Appendix A

Properties of 10945 keV 26Mg exited state

Ex [keV] Er,cm [keV] Jπ [keV] ωγ [eV] Ref.
10943.0(40) 328.3(40) 5−, 6+, 7− 1.72x10−17 [50]
10943.5(23) [48]

328.21(200) 7 5.6x10−22 [57]
10943 388(2) 5+, 7− ≤ 1.6x10−20- ≤ 2.3x10−20 [45]

10944.77 2+ [43]
328.21(200) 7 5.6x10−22 [54]

10953(25) ∗5−, 6+, 7− [35]
10945(3) [121]
10943(2) [122]

Table A.1: 26Mg exited state corresponding to the 334 keV resonance. The states
corresponding to the Ex=10945(3) keV (Jπ = 1−) of NNDC data.
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Ex [keV] Er,cm [keV] Jπ [keV] ωγ [eV] Ref.
10950(20) 334.4(8) 0+, 1−, 2+ 9.0x10−14 [52]
10949.1(8) 334.4(8) 1− 9.0x10−14 [50]
10950.0(15) 1− [48]
10949(10) 1− [46]
10951(21) 336 1− [44]

334.31(10) 1− [57]
10949 1− 8.7x10−15 [45]

10944.77 395.15(18)∗ 1− [43]
334.31(10) 2+ 3.6x10−9 [107]

10949 1− [123]
10949.1(8) 1− [39]
10953(25) 1− [35]
10953.14 338.4(17) 7−, 6+, 5− [37]
10949(25) 400∗ 3−, 2+, 4+ ≤ 1.4x10−13 [124]
10950(3) 3−, 2+, 4+ 1.7x10−13 [125]

∗ Er,cm is given in the center of mass frame.

Table A.2: 26Mg exited state corresponding to the 334 keV resonance. The states
corresponding to the Ex=10949.1(8) keV(Jπ = 1−) of NNDC.
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Figure A.1: Spectra of the BGO segments for 22Ne+p run used for the energy cal-
ibration above 8 MeV. The peaks used for the linear energy calibration are shown
with red markers. The black markers are the gamma lines from the boron contam-
ination used for the quadratic calibration.
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Figure A.2: Linear energy calibration curve of the BGO segments for the run given
in Figure A.1.
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Figure A.3: Quadratic energy calibration curve of the BGO segments for the run
given in Figure A.1. The low energy γ-lines present in all spectra taken during
the 22Ne+α campaign are shown in red while the added points present only in the
22Ne+p runs used for the study of quadratic energy calibration are shown in black.





Appendix B

20Ne(p, γ)21Na reaction

B.1 Technical drawings

Figure B.1: Drawings and photo of the setup seen from GePD side. The copper
shielding around the GePD is well visible.
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B.2 Calorimeter calibration

Date Ep [keV] Wel [W] Wcal [W]
February 2020 51.1 6.5 6.3

100.6 13.3 13.4
50.2 20.0 20.4
199.8 27.1 27.8
229.5 31.1 31.9
249.3 33.8 34.7
249.6 35.0 34.3
279.3 34.3 35.7
279.3 38.8 38.5
298.9 41.8 43.0
299.2 38.3 40.1
348.3 48.9 50.7
348.6 48.6 48.1
378.0 53.7 55.7
378.3 52.1 51.7

October 2020 100.2 10.6 10.0
100.8 21.3 20.4
101.8 35.8 34.9
131.6 56.6 55.1
151.4 67.0 65.4
199.0 10.5 10.2
199.4 17.5 16.9
249.5 34.1 33.5
249.6 57.8 57.2
249.8 81.0 79.7
250.1 102.0 100.5
277.0 41.1 40.0
299.6 120.8 119.2
349.0 141.3 138.7
377.8 59.2 58.0
378.6 91.3 89.8
379.1 166.2 163.9
391.9 169.7 166.9
391.9 194.8 192.2

Table B.1: Calorimeter and electrical power as a function of proton beam energy.
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B.3 Geant 3 geometry

Figure B.2: Side view of the 20Ne(p, γ)21Na setup geometry simulated with the
Geant3 code. The main components are labeled in blue

Figure B.3: Beam view of the 20Ne(p, γ)21Na setup geometry simulated with the
Geant3 code. The main components are labeled in blue.
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