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Zusammenfassung

In der vorliegenden Dissertation werden die Kernreaktionen 25Mg(α,n)28Si, 26Mg(α,n)29Si
und 18O(α,n)21Ne im astrophysikalisch interessanten Energiebereich von Eα = 1000 keV
bis Eα = 2450 keV untersucht.
Die Experimente wurden am Nuclear Structure Laboratory der University of Notre Dame
(USA) mit dem vor Ort befindlichen Van-de-Graaff Beschleuniger KN durchgeführt. Hier-
bei wurden Festkörpertargets mit evaporiertem Magnesium oder anodisiertem Sauerstoff
mit α-Teilchen beschossen und die freigesetzten Neutronen untersucht. Zum Nachweis der
freigesetzten Neutronen wurde mit Hilfe von Computersimulationen ein Neutrondetek-
tor basierend auf 3He-Zählrohren konstruiert. Weiterhin wurden aufgrund des verstärkten
Auftretens von Hintergrundreaktionen verschiedene Methoden zur Datenanalyse angewen-
det. Abschliessend wird mit Hilfe von Netzwerkrechnungen der Einfluss der Reaktionen
25Mg(α,n)28Si, 26Mg(α,n)29Si und 18O(α,n)21Ne auf die stellare Nukleosynthese unter-
sucht.





Abstract

In the present dissertation, the nuclear reactions 25Mg(α,n)28Si, 26Mg(α,n)29Si and
18O(α,n)21Ne are investigated in the astrophysically interesting energy region from
Eα = 1000 keV to Eα = 2450 keV.
The experiments were performed at the Nuclear Structure Laboratory of the University of
Notre Dame (USA) with the Van-de-Graaff accelerator KN. Solid state targets with evap-
orated magnesium or anodized oxygen were bombarded with α-particles and the released
neutrons detected. For the detection of the released neutrons, computational simulations
were used to construct a neutron detector based on 3He counters. Because of the strong
occurrence of background reactions, different methods of data analysis were employed.
Finally, the impact of the reactions 25Mg(α,n)28Si, 26Mg(α,n)29Si and 18O(α,n)21Ne on
stellar nucleosynthesis is investigated by means of network calculations.
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Chapter 1

Introduction

In September 1920, Sir Arthur Eddington addressed the internal constitution of stars and
several aspects of current star models. Models based on gravitational contraction of a
star as the energy source powering the light emission did not agree with astronomical
observations of stars, such as the lifetime. Eddington, lacking the future knowledge of
nuclear physics, suggested that the ”stars are the crucibles in which the lighter atoms which
abound in the nebulae are compounded into more complex elements”[1]. After Eddington’s
address, an era of discoveries in nuclear physics and astrophysics set the foundation for
Burbidge, Burbidge, Fowler and Hoyle’s theory on stellar nucleosynthesis[2]. They were
the first to categorize the synthesis of the chemical elements and their isotopes by the
processes which occur inside the star that depend on the temperature, mass and density
of the star.

The synthesis of the elements lighter than iron was mainly assigned to processes involving
charged particle reactions. Since the large coulomb barrier would hinder charged parti-
cle reactions, the synthesis of the elements heavier than iron required a second type of
reactions, so called neutron capture reactions. Two main neutron capture processes were
identified : the slow neutron capture process (s-process) and the rapid neutron capture
process (r-process). The first process is characterized by lower neutron densities (Nn ≃
108 cm−3) while the r-process operates at Nn ≥ 1020 cm−3.

Cameron was the first to recognize that specific nuclear reactions could serve as neutron
sources for the neutron capture reactions[3]. By considering the energy generation in
stars and the nuclear physics for specific reactions, he identified the 13C(α,n)16O reaction
as a main neutron source. Cameron only took early burning phases, such as the car-
bon cycle into consideration, whereas Fowler, Burbidge and Burbidge built on Cameron’s
work and considered different phases of stellar evolution[4]. In their work from 1955 they
point out that if unprocessed hydrogen mixes into the expanding helium core of a star,
other reactions could serve as additional neutron sources. The reactions 17O(α,n)20Ne,
21Ne(α,n)24Mg, 22Ne(α,n)25Mg, 25Mg(α,n)28Si and 26Mg(α,n)29Si were identified as addi-
tional neutron sources inside the star, each at different stages of the stellar evolution.

In particular, 17O(α,n)20Ne has an important role in recycling the neutrons captured
by 16O(n,γ)O17 and 20Ne(n,γ)21Ne, respectively[5]. The reactions 25Mg(α,n)28Si and
26Mg(α,n)29Si were identified as neutron sources during the neon burning phase in mas-
sive stars[6]. The role of 18O(α,n)21Ne for the nucleosynthesis of heavier elements seems
marginal. However, the competition between 18O(α,n)21Ne and 18O(α,γ)22Ne is important
for the synthesis of the neon isotopes and may effect later burning phases[7, 8].

The reactions 18O(α,n)21Ne, 25Mg(α,n)28Si and 26Mg(α,n)29Si have been experimentally
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investigated over the course of time, but the results do not deliver a conclusive picture
regarding their role in stellar nucleosynthesis. To achieve a more conclusive picture one has
to carefully determine these reaction cross sections and the reaction rate at the energies
relevant for stellar nucleosynthesis. The determination of the cross section and reaction
rate is especially difficult due to experimental challenges.
Experimentally determined data sets drive stellar models which highlight the role of spe-
cific nuclear reactions. The fundamental link between these models and their validation
is provided by the measurement of isotopic abundances in meteoritic grains and by astro-
nomical observations.
Recent results from meteoritic grain measurements and stellar models indicate that an
enhanced experimental data set of the reactions 18O(α,n)21Ne, 25Mg(α,n)28Si and
26Mg(α,n)29Si would unveil a clearer picture on their role toward stellar nucleosynthesis.
Varying the rates within the uncertainties produces noticeable variations in the isotopic
abundance patterns calculated by stellar nucleosynthesis models.
In this thesis, experimental challenges will be discussed and new measurements will be
presented on the reactions 18O(α,n)21Ne, 25Mg(α,n)28Si and 26Mg(α,n)29Si. An investiga-
tion towards the impact of the new reaction rates in the stellar models and a comparison
with recent meteoritic grain measurements will conclude this thesis.



Chapter 2

Nucleosynthesis in Stars

As a star evolves, it ignites and burns through different phases, which, at first, are dom-
inated by charged-particle reactions. Those charged-particle reactions do not only con-
tribute to the overall energy generation of the star, but also lead up to the production of
the iron peak elements.
Stars with initial masses M ≤ 8 M⊙ experience hydrogen burning (H-Burning) and helium
burning (He-Burning)[9]. For M ≥ 8 M⊙ the temperature is high enough to also ignite
carbon burning (C-Burning). Finally, stars with M ≥ 10-12 M⊙ may activate additional
burning phases such as neon burning (Ne-Burning), oxygen burning (O-Burning) and
silicon burning (Si-Burning) before exploding as a core-collapse supernova[10].
As mentioned in the introduction, the synthesis of nuclei higher in mass than 56Fe is
mainly related to the appearance of neutron capture reactions (s- and r-process). These
reactions are not hindered by the coulomb barrier and are favored over charged particle
reactions for nuclei of masses above 56Fe.
A smaller fraction of the elements beyond iron are produced by the so called proton capture
process (p-process), especially on the proton rich side of the valley of stability, and by the
νp-process[11, 12]. Both processes do not play a role for the scope of this thesis.
The general equation for a neutron capture reaction is :

(Z,A) + n ⇒ (Z,A+ 1) + γ (2.1)

where Z is the atomic and A the mass number[13]. If the isotope (Z, A+1) is stable, the
following (n,γ) reaction leads to the isotope (Z, A+2) etc. By considering a chain of (n,γ)
reactions, certain produced isotopes are unstable toward β−-decay, which is defined as :

(Z,A+ 1) ⇒ (Z + 1, A+ 1) + e− + ν̄e (2.2)

The chain of (n,γ) reactions is then interrupted by the production of unstable nuclei or an
(n,γ) 
 (γ,n) equilibrium. To reach isotopes with higher atomic number, the β−-decay
in equation 2.2 has to occur faster than the (n,γ) reaction. On the other hand, to reach
isotopes with higher mass numbers, the (n,γ) reaction has to occur on a shorter time scale
than the β−-decay.
Regarding the lifetimes of the specific interactions, one can distinguish between three
processes :

• τβ ≫ τn

The neutron capture reaction occurs on a shorter time scale than the β−-decay.
Therefore, isotopes with a higher mass number are produced.
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• τn ∼ τβ

Both processes occur at a similar rate. This situation is encountered at so-called
branching points.

• τβ ≪ τn

Here the β−-decay occurs on a shorter time scale than the neutron capture. Conse-
quently isobars with higher atomic numbers are produced.

In general, the first case is typical for the classical r-process while the third case is charac-
teristic for the s-process. The processes are distinguished by the required neutron density
which the nuclei need to be exposed to.
The extreme conditions for the r-process are matched in explosive stellar environments,
while the s-process is operating during hydrostatic burning phases of a star. Both processes
follow their own path on the chart of nuclides. One can find isotopes that are for example
produced only by the s-process and are called s-only isotopes, while there are also r-only
and s-r-isotopes (of mixed origin).
The scope of this thesis does not allow a detailed review of the r-process, while the s-
process is the major process sensitive to the neutron releasing reactions 25Mg(α,n)28Si,
26Mg(α,n)29Si and 18O(α,n)21Ne.
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2.1 The Classical S-Process

An analytical study of the s-process was first performed by Clayton and collaborators in
the 1960s, without taking into account the astrophysical conditions[14].
The abundance variation with time of an isotope along the s-process path may be written
as follows :

dNA(t)

dt
= Nn(t)NA−1⟨σv⟩A−1 −Nn(t)NA(t)⟨σv⟩A − λβ(t)NA(t) (2.3)

where Nn(t) is the neutron density, λβ = (ln2)/t1/2, NA is the abundance at the time t and
⟨σv⟩A is the reaction rate. Additionally, one has to take into account the time-dependence
of the process as well. Not only the production of the isotope A, but also its destruction
by β-decay and neutron capture are implemented. As a consequence, equation 2.3 consists
of three terms :

• Nn(t)NA−1⟨σv⟩A−1 :

This term describes the increase in abundance of the isotope by neutron capture of
its neighbor A-1.

• Nn(t)NA(t)⟨σv⟩A :

By capturing a neutron, the abundance of the isotope A is decreased.

• λβ(t)NA(t) :

As mentioned before, the competition process to the neutron capture, the β-decay
also effects the abundance of the isotope as described in the last term. The last term
is only present if isotope A is unstable.

Several assumptions have been made to derive an approximation of equation 2.3 and to
establish a link to observed isotopic abundances.
The first assumption is that the unstable nuclei (described in term 3) are sufficiently short-
lived so that the s-process can continue. The s-process operates for masses higher than
iron in an neutron energy region of 10 - 100 keV. This implicates that the cross section
for the neutron capture reactions is proportional to the inverse of the thermal
velocity (E ∼ 1/v). The reaction rate ⟨σv⟩A, in a first approximation, is therefore constant
over the s-process relevant temperature range and can be written as :

⟨σ⟩ = ⟨σv⟩
vT

(2.4)

where the reaction rate can be expressed through the Maxwell-Boltzmann distribution
(see section 2.3). Equation 2.3 can then be rewritten as:

dNA(t)

dt
= Nn(t)NA−1⟨σ⟩A−1vT −Nn(t)NA(t)⟨σ⟩AvT (2.5)

By introducing the neutron exposure τ ,

τ =

∫
vTnn(t)dt → dτ = vTNn(t)dt (2.6)
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equation 2.5 can be expressed as :

dNs(A)

dτ
= σ(A− 1)Ns(A− 1)− σ(A)Ns(A) (2.7)

The change in abundance depends on the product σNs which varies smoothly with mass
number. Clayton introduced this approximation known as local approximation[13, 14].
Seeger et al. were not able to reproduce the s-isotope abundances with one single neutron
exposure[15]. The product of cross section and abundance is given by Seeger et al. in
analytical form by :

⟨σ⟩(A)Ns(A) =
G ·N⊙

56

τ0

A∏
i=56

(1 +
1

τ0⟨σ⟩(i)
)−1 (2.8)

where N⊙
56 is the observed solar 56Fe abundance and τ0, as well as G, are fit parameters.

Therefore, in equation 2.8, the remaining input parameter left is the neutron capture cross
section.
Plotted versus the mass number A, the so called ⟨σ⟩(A)Ns(A) curve plotted with the em-
pirical data from the s-only nuclei shows a distinct behaviour at the neutron magic nuclei.
The smooth shape of the curve between the neutron magic numbers indicates a close to
equilibrium situation in this range (see figure 2.1).
G and τ0, the two fit parameters from equation 2.8, that determine the shape of the
⟨σ⟩(A)Ns(A) curve, are the first indicators for stellar sites, especially with respect to seed
abundance and neutron exposure. Ward et al. showed that at least two neutron exposures
are necessary[16].
Each component is responsible for a specific mass region of nuclei and the nucleosynthesis
associated to that mass region. The weak component of the s-process is responsible for
the nucleosynthesis of mass numbers 60 ≤ A ≤ 90 while the nucleosynthesis above A ≥
90 is predominatly associated with the main component[17, 18].
Finally, the strong component is required to explain about half of the solar 208Pb
abundances[19]. Once the s-process reaches the region of α-instability, it is terminated by
the reaction chain 209Bi(n,γ)210Bi(γ,α)206Pb.



2.1 The Classical S-Process 7

Figure 2.1: The ⟨σ⟩(A)Ns(A) curve plotted versus the mass number A. The solid line is
calculated corresponding to the work of Seeger et al.[15].

2.1.1 S-Process Branchings

The competition between neutron captures and β−-decays is critical for determining the
path of the s-process. Therefore, the condition τβ ≪ τn represents the main characteristic
for the path of the s-process.

Nevertheless, some nuclei exhibit comparable neutron capture and β-decay rates (τn ∼ τβ),
possibly resulting in a branching of the reaction flow. These nuclei are described as possible
branching points of the s-process.

The occurence of a branching can be observed by comparing the abundance of nucleus
(Z, A+1) with the abundance of nucleus (Z+1, A). Differences in the observed abundances
can lead to more detailed information about the physical environment, respectively the
astrophysical site. For instance, s-process branching points can help determine the neutron
density to which the seed nuclei had to be exposed to.

One can define the strength of a branching in terms of the β-decay rates λβ of the involved
nuclei :

fβ =
λβ

λβ + λn
(2.9)

One can then calculate the neutron density nn analytically via:

nn =
1− fβ
fβ

· 1

vT ⟨σ⟩i
· ln(2)

t∗1/2(i)
(2.10)

where i denotes the isotope at which the branching occurs.

As λβ is dependent on the temperature, each branching point can be used to derive
important information about the stellar environment. For different branching points,
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different sets of parameters can be found, which constraint the astrophysical scenarios,
that have to be taken into account[20].
The canonical approach has been successful in describing not only the s-process branch-
ing, but also the s-abundance distribution. However, as more (n,γ) cross sections were
experimentally determined, the limitations of the canonical approach became evident.
The isotope 142Nd is an s-process isotope and located at a drop of the ⟨σ⟩(A)Ns(A) curve.
This drop is caused by the appearance of the neutron magic number N= 82 and the
subsequent low neutron capture cross section.

Figure 2.2: Illustrated is the s-process path in the mass region A=147-149. The isotopes
148Sm and 150Sm are shielded from the r-process and determine the branching strength[20].
A significant branching at A = 147 - 149 results in a higher ⟨σ⟩(A)Ns(A) value for 150Sm
compared to 148Sm.

Wisshak et al. used their experimentally determined (n,γ) cross sections of the Nd isotopes
to calculate the abundances of the Nd isotopes with the classical approach. Their results
showed a clear overproduction of the isotope 142Nd. The mismatch between the classical
approach and observed abundances led to the conclusion that the classical approach is
not accurate enough to describe the stellar scenario in which the s-process takes place[21].
Only nucleosynthesis calculations in realistic stellar models are able to reproduce in detail
the production of the s-process elements.
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2.2 Stellar Sites for the S-Process

The neutrons for the (n,γ)-reactions are supplied by (α,n) reactions on specific nuclei[3, 4].
These (α,n) reactions are known as stellar neutron sources. The primary stellar neutron
sources are the reactions 13C(α,n)16O and 22Ne(α,n)25Mg. These reactions can take place
during burning phases of the star in which helium is available.

Each component of the s-process needs to be assigned to different types of stars or their
respective phases. This is mainly due to the different physical conditions needed to repro-
duce the abundance patterns observed.

Low mass asymptotic giant branch (AGB) stars (M ≤ 8 M⊙) were determined to be the
sites for the main and strong component[18, 22]. The weak component of the s-process is
assigned to massive stars (M > 10 M⊙)[23].

2.2.1 AGB Stars

A star reaches the AGB phase after helium burning has been exhausted in the core. At
this point the He-Burning continues in a shell, together with a more external hydrogen
burning shell.

During most of the AGB phase, the energy to sustain the stellar structure is supplied by
the hydrogen shell. The temperature in the helium shell is not high enough to activate
e.g. the triple-α process.

However, as the hydrogen shell processes more material, the temperature increases above
the helium shell until helium burning is activated in a flash (Thermal Pulse, TP). This is
mainly due to the high temperature dependence of the triple-α process.

The large energy generation during the TP induces a convective instability in the region
between the helium shell and the hydrogen shell (He-intershell region). The He-intershell
region expands by cooling and eventually reduces the hydrogen burning efficiency. The
TP typically lasts few hundred years until the triple-α process loses efficiency, again.

The He-intershell contracts and becomes radiative again, while the H-shell returns to
hydrostatic burning[9].

After the TP, the hydrogen shell may eventually be deactivated and the convective envelope
may dredge up part of the He-intershell material. This causes mixing of fresh hydrogen
below the previous hydrogen shell location (Third Dredge Up, TDU)[24].

The freshly supplied protons may be captured by 12C producing 13C through the
12C(p,γ)13N(e+ ν)13C reaction chain. This process is located in a small radiative region
just below the hydrogen shell known as 13C-pocket.

Within the 13C-pocket, the reaction 13C(α,n)16O burns at T9 ∼ 0.1 during the intershell
phase, forming the s-process elements. The s-process enriched pocket is mixed into the He-
intershell during the next TP. Following the TDU, the s-process elements may be dredged
up into the envelope. The neutron exposure produced within the 13C-pocket accounts
for about 95 % of the produced s-processe nuclides whereas the partial activation of the
reaction 22Ne(α,n)25Mg during the TP accounts for the remaining 5%[22].

In terms of processed material and its isotopic composition, it is important to note that the
metallicity of the star and the profile of the 13C-pocket remain as the crucial parameters.
As Arlandini et al. were able to illustrate (see figure 2.3), AGB star models with solar-like
metallicity provide the best agreement with the main component of the s-process[18].
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Figure 2.3: S-process abundance distribution that reproduces the solar system main s-
component, with updated Nd cross sections. Obtained from Arlandini et al.[18].

2.2.2 Massive Stars

Massive stars, M ≥ 10 M⊙, are responsible for the production of the weak s-process
component[25].

During hydrogen burning 14N is being synthesized from the initial CNO isotopes and
represents approximately 2 % of the core composition.
14N will be converted into 22Ne via the reaction chain 14N(α,γ)18F(β+)18O(α,γ)22Ne. At
the end of the helium core burning phase, the temperature is high enough (T9 ∼ 0.3)
to efficiently activate 22Ne(α,n)25Mg. The reaction 22Ne(α,n)25Mg is the main neutron
source for the s-process in massive stars.

As convective core helium burning proceeds, the isotopes 12C, 16O, 20,22Ne and 25,26Mg
become the most abundant. Carbon burning ignites in the core and in a convective shell
at T9 ∼ 1. The energy release is mainly governed by the reactions :

12C +12 C → 24Mg∗ → 20Ne+ 4He (2.11)

→ 24Mg∗ → 23Na+ p (2.12)

→ 24Mg∗ → 23Mg + n (2.13)

With the release of α particles through the 12C(12C,α)20Ne reaction, α capture reactions
are activated and proceed over the ashes of the previous helium core. The strongest α
capture reactions are 16O(α,γ)20Ne, 20Ne(α,γ)24Mg and 22Ne(α,n)25Mg. With the carbon
burning shell exhausting its 12C, the isotopes 16O, 20Ne, 23Na and 24Mg become the most
abundant leading up to the next burning stage. At the end of carbon burning, at solar
metallicities, 50% of 22Ne still remains[7].

The next burning stage, Neon burning (T9 ≃ 1.5), ignites after the central carbon exhaus-
tion and is dominated by the reactions 20Ne(γ,α)16O and 20Ne(α,γ)24Mg.

At this point, strong neutron densities (∼ 1015 cm−3) are produced by the reactions
25Mg(α,n)28Si and 26Mg(α,n)29Si[6, 26].
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Figure 2.4: Energy generation of the advanced burning stages of a massive star relative
to the burning temperature. The dark line labeled ”Neutrinos” represents the neutrino
losses as a function of temperature[10].

Further burning stages such as oxygen burning are ignited subsequently until the life of
the star ends with the iron core collapse and the following supernova explosion[10].
As previously noted, the reaction 22Ne(α,n)25Mg is the main neutron source in massive
stars. Most of the neutrons released from the reaction 22Ne(α,n)25Mg are captured by light
nuclei, described as neutron poisons. While the main part of the neutrons is captured in
the helium core and the carbon shell, a smaller fraction (∼ 20%) may be captured by Fe
seeds[23].
Particulary the recycling effect plays an important role, in which the released neutrons
are captured by light poisons but then later on are re-released. The main recycling point
involves the reaction cycles : 12C(n,γ)13C(α,n)16O and 16O(n,γ)17O(α,n)20Ne[7].
For example, the competition of the reaction channels 18O(α,n)21Ne and 18O(α,γ)22Ne
plays a crucial role in determining the abundance of the Ne isotopes and the previously
mentioned neutron source 22Ne(α,n)25Mg.
Any uncertainties in the determination of these competing reactions would result in an
inaccurate description of the resulting neutron fluxes and isotopic abundances.
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2.3 Nuclear Physics behind Nucleosynthesis

To be able to judge the amount of nuclear material synthesized within a certain time span
e.g. a burning phase (see equation 2.3), one needs to determine the reaction rates of the
reactions involved. The reaction rates are heavily dependent on the probability that the
reactions occur, i.e., the cross section σ.
By envisioning a projectile impinging on a target nucleus, one can describe σ, as the
probability to cause a well-defined reaction resulting in the release of reaction products
and energy. Moving from the classical to the quantum mechanical description of the nuclei,
one has to take into consideration such properties as nuclear charge, angular momentum,
projectile energy etc.
The cross sections of interest are in general energy, and therefore velocity, dependent.
Since the nuclear reactions of interest take place within stellar environments, it is helpful
to define the reaction rate of a specified reaction as the product of the incoming particle
flux J = Nxv and effective reaction area F=σ(v)Ny :

r = NxNyvσ(v) (2.14)

where Nx (and Ny) define the number of particles per cubic centimeter. To characterize
the movement of the particles within the stellar gas, the product σv can be folded with
the velocity distribution

∫∞
0 ϕ(v)dv = 1 :

⟨σv⟩ =
∫ ∞

0
ϕ(v)σ(v)vdv (2.15)

which then allows to define the total reaction rate as :

r = NxNy⟨σv⟩ (2.16)

The stellar gas can be considered as in thermodynamic equilibrium following the stability
criteria and energy conservation for a star. Therefore, the velocity distribution of the
particles can be described by a Maxwell-Boltzmann distribution. As the reaction rate
includes both interacting particles, it can be rewritten with the velocity distributions for
both particles :

⟨σv⟩ =
∫ ∞

0

∫ ∞

0
ϕ(vx)ϕ(vy)σ(v)vdvxdvy (2.17)

Rewriting vx and vy in terms of the relative velocity and the center of mass velocity V,
one needs to use the total mass M and the reduced mass µ to describe the reaction rate :

⟨σv⟩ =
(

8

πµ

)1/2 1

(kT )3/2

∫ ∞

0
σ(E)Ee−

E
kT dE (2.18)

Equation 2.18 shows, that the reaction rate is dependent not only on the cross section of
the considered reaction but also on the stellar temperature. Therefore, the reaction rate
has to be calculated for ranges of temperatures, since the temperature changes as the star
evolves[27].
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2.3.1 The Astrophysical S-Factor

The investigation of (α,n) reactions requires the consideration of charged particle reactions
first. As a positively charged α-particle is moving towards the target nucleus, it will need
to overcome the repulsive force known as the Columb barrier or penetrate it. Gamow was
able to show that a particle with an energy lower than the the Coulomb barrier, would be
able to tunnel through the potential[28]. The particle then interacts with the nucleus and
causes a nuclear reaction. This process is occuring with a given probability P :

P =
|Ψ(Rn)|2

|Ψ(Rc)|2
(2.19)

where Rn represents the nuclear radius, Rc the classical turning point due to the Coulomb
barrier and Ψ the wave function. For Rc ≫ Rn one can estimate the probability, also
known as the Gamow factor :

P = exp(−2πη) (2.20)

where η is the Sommerfeld parameter :

η =
Z1Z2e

2

~v
(2.21)

The cross section of charged particle reactions is not only dependent on the de Broglie
wavelength :

σ ∝ πλ ∝ 1

E
(2.22)

but also heavily dependent on the height of the Coulomb barrier :

σ ∝ exp(−2πη) (2.23)

The astrophysical S-factor S(E) is defined as :

σ =
1

E
exp(−2πη)S(E) (2.24)

which varies smoothly for non-resonant reactions and is considered as one of the main
characteristic quantities in Nuclear Astrophysics.
Using equation 2.24, one can rewrite the reaction rate in equation 2.18 :

⟨σv⟩ =
(

8

πµ

)1/2 1

(kT )3/2

∫ ∞

0
S(E)exp

[
− E

kT
− b

E1/2

]
dE (2.25)

with the barrier penetrability b given by :

b = (2µ)1/2πe2Z1Z2/~ (2.26)

For non-resonant reactions equation 2.25 is dominated by the behaviour of the exponential
term. By multiplying both terms of the exponential function in the integrand, one can
show that the integrand leads to a peak close to an energy E0, the so called effective
burning energy. The peak is known as Gamow peak, while the energy window underneath
is known as Gamow window. Considering that the S-factor is almost constant over small
energy windows, one can extract the S-factor out of the integrand in equation 2.25 :

⟨σv⟩ =
(

8

πµ

)1/2 1

(kT )3/2
S(E0)

∫ ∞

0
exp

[
− E

kT
− b

E1/2

]
dE (2.27)
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The effective mean energy E0 is then described by the maximum of the integrand in
equation 2.27 :

E0 =

(
bkT

2

)2/3

= 1.22(Z2
1Z

2
2µT

2
6 )

1/3keV (2.28)

where T6 is the temperature in 106 Kelvin. In general the effective mean energy E0 is too
low for direct experimental measurements of the cross section σ which required in the past
the extrapolation of experimental data sets measured at higher energies to the energy E0

(see also table 2.1).

Reaction T9 [K] E0 [keV]
18O(α,n)21Ne 0.5 724.53

1 1150.12

1.5 1507.08
25Mg(α,n)28Si 0.5 966.08

1 1533.56

1.5 2009.53
26Mg(α,n)29Si 0.5 967.80

1 1536.28

1.5 2013.1

Table 2.1: List of effective burning energies for 18O(α,n)21Ne, 25Mg(α,n)28Si and
26Mg(α,n)29Si. T9 is the temperature in 109 K.

The equations above do not take into account that incident particles are able to form an
excited state of the compound nucleus at an energy Er. These can exhibit much higher
cross sections than the non-resonant part of the reaction.
By taking into account the angular momentum J and the partial widths Γ, the Breit-
Wigner formula displays the cross section for a single-level resonance :

σBW (E) = πλ
2J + 1

(2J1 + 1)(2J2 + 1)
(1 + δ12)

ΓaΓb

(E − ER)2 + (Γ/2)2
(2.29)

Replacing the non-resonant cross section in equation 2.18 by σBW and performing the
actual integration leads to the stellar reaction rate for a narrow resonance :

⟨σv⟩ =
(

2π

µkT

)3/2

~2(ωγ)Rexp
(
−ER

kT

)
f (2.30)

with ωγ as the resonance strength and f the electron screening factor. The electron screen-
ing factor describes the shielding effect caused by the free electrons which are surrounding
the nuclei[29].
Equation 2.30 is only valid for the assumption that a narrow resonance, Γ/ER <10%, is
at hand. For broad resonances, Γ/ER ≥ 10% the cross section σ has to be rewritten :

σ(E) = σR
ER

E

Γa(E)

Γa(ER)

Γb(E)

Γb(ER)

(ΓR/2)
2

(E −ER)2 + [Γ(E)/2]2
(2.31)

whereas one also has to take into consideration intereference effects while calculating the
S-factor and later on the reaction rate[27].
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2.4 Reaction Networks

The use of nuclear reaction networks in stellar models allows to properly simulate the
nucleosynthesis of isotopes. Precise experimental reaction rates are the key for accurate
nucleosynthesis calculations. A reaction network is given by a list of isotopes properly
linked by a complete set of nuclear reaction rates (see section 2.1).
The nucleus of the isotope i undergoes four different types of nuclear reactions :

• the destruction of the nucleus via a two-body reaction

• the production of the nucleus via a two-body reaction

• β−-decay where the nucleus is the daughter and therefore being produced

• β−-decay where the nucleus is the mother and therefore being destroyed

With Yi defined as the molar fraction of an isotope i, ρ the density and NA the Avogadro
number, one can establish a differential equation to describe the evolution over a certain
time t :

dYi
dt

= ρNA

−
∑
j

YiYj⟨σv⟩ij +
∑
l

YlYk⟨σv⟩lk − Yiλi + Ymλm

 (2.32)

where each term respectively represents the above mentioned nucleosynthesis steps. In
equation 2.32 three body reactions, etc. are not included.
In this work the NUGRID PPN post-processing code will be employed, which has been
developed by Herwig et al.[5, 30, 31]. The post-processing code relies on previous stellar
model calculations for the basic structure of a stellar scenario. It allows to calculate
complete isotopic abundances for different stages of the stellar evolution.
Essential is the use of most accurate experimental data for the use of the reactions rates.
The achieved results by these computational calculations can then be compared with
observational evidence and give indications about the accuracy of the stellar models and
experimental data sets used.
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2.5 Observational Evidence - Meteoritic Grains

Measurements in presolar grains are the most powerful constraint for stellar nucleosyn-
thesis. They amend astronomical observations of stars by extending to measurements of
isotopes that are not available to astronomical observations.
While formerly it was believed that all presolar material was vaporized in a hot solar
nebula and that all primordial material was isotopically homogenized before forming the
solar system, the discovery of isotopic anomalies in small portions (grains, ppm-level) of
meteoritic material confirmed a different origin of at least some of the material (see table
2.2) [32, 33, 34].
A presolar grain has the isotopic composition of the stellar atmosphere from which it
condensed. This composition is governed by (a) the galactic history of the material from
which the star formed, (b) by nucleosynthetic processes in the star and (c) mixing processes
in which synthesized material is dredged up into the envelope of the star (see section
2.2). The formation of the presolar grain takes place once the temperatures of expanding
envelopes or supernova ejecta is low enough for the condensation of minerals.
Additionally, astronomical observations complement the information from the isotopic
compositions of presolar grains assigned to certain stellar scenarios. For example, SiC
grains were assigned to originate mostly from AGB stars by comparing the 12C/13C ratios
and emission features of SiC (see table 2.2) [35]. With the help of measurements on presolar
grains one can constrain stellar models even to the point of specific behaviours such as
convective mixing of envelopes etc. This allows not only to compare the nucleosynthesis
of heavy-mass nuclei by neutron capture, but also the nucleosynthesis of lower mass nuclei
by charged-particle reactions.
A fundamental validation of experimental reaction rates and calculated isotopic abun-
dances is therefore provided by the isotopic composition of presolar grains. This validation
will be elaborated on recently measured presolar grains and experimental results achieved
within this thesis.

Grain type Size Abundance Stellar sources

Diamond 2nm 1400 ppm SN?

Silicon carbide 0.1-20 µm 15 ppm AGB, SNe, J-stars, Novae

Graphite 1-20 µm 1-2 ppm SNe, AGB

Silicates in IDPs 0.2-1 µm >375 ppm RG, AGB, SNe

Silicates in meteorites 0.2-0.9 µm >180 ppm RG, AGB, SNe

Oxides 0.15-3 µm >100 ppm RG, AGB, SNe

Silicon nitride 0.3-1 µm ∼ 3 ppb SNe

Ti-,Fe-,Zr-,Mo-carbides 10-200 nm AGB, SNe

Kamacite, Iron ∼ 10-20nm SNe

Table 2.2: Types of presolar grains in primitive meteorites and interstellar dust particles
(IDPs) from [35].



Chapter 3

Previous Results

As mentioned previously (see section 2.2.2), the reactions 25Mg(α,n)28Si and 26Mg(α,n)29Si
become neutron sources during the neon burning phase in massive stars. Additionally,
the competition between the reactions 18O(α,n)21Ne and 18O(α,γ)22Ne is crucial for the
recycling effect and the synthesis of the neon isotopes. The ideal situation would be to
have reliable experimental data at stellar temperatures to accurately judge the impact of
those reactions.
Calculating the effective mean energy for these reactions following equation 2.28 at dif-
ferent temperatures (see also table 2.1), leads to the conclusion that the reactions have
to be measured accurately below a laboratory energy of 1500 keV. In this chapter it will
be shown that sufficient experimental data in this energy range has not been available to
date.
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3.1 25Mg(α,n)28Si & 26Mg(α,n)29Si

In 1962, Bair et al. were the first to report successful measurements on 26Mg(α,n)29Si[36].
Unfortunately, their measurements were only performed down to a laboratory energy of
3.1 MeV which is not sufficient for nucleosynthesis purposes. Their measurements have
an error of up to 50%, due to the unknown contaminations of their targets. They were
especially concerned with the ratio between MgO and Mg in their targets, since they
evaporated MgO onto a tantalum backing and were not able to determine the Mg:MgO
ratio and the target thickness.

Russell et al. used a similiar technique as Bair et al. and extended the energy range
for their measurements down to 2.5 MeV[37]. For the detection of the promptly released
neutrons a BF3 counter was used, which did not allow a direct separation of neutrons-
from the reaction 26Mg(α,n)29Si or neutrons being released from other reactions such as
13C(α,n)16O. The quality of spectroscopic information from γ-spectra was further dimin-
ished by the occurence of the 13C(α,n)16O reaction as well an the use of NaI(Tl) detectors.
Russell and his colleagues used evaporated targets in which MgO was mixed with zirco-
nium. It was believed that zirconium reduced MgO and that the resulting elemental
magnesium evaporated onto copper backings. No information on the possible oxygen,
respectively MgO, content of the targets is given.

Namjoshi and Bassey II were the only ones later performing experiments to lower energies
after Russell, but not down to energies essential for Nuclear Astrophysics[38, 39]. On the
other hand, there seemed to be no strong need to investigate the reactions 25Mg(α,n)28Si
and 26Mg(α,n)29Si, since 13C(α,n)16O and 22Ne(α,n)25Mg were considered as the major
neutron sources for different burning phases in stellar scenarios.

Van de Zwan and colleagues were the first ones to report the cross sections for 25Mg(α,n)28Si
down to a laboratory energy of 1.8 MeV using similar techniques as Bair et al.[40].

These authors used different backing materials, but did not mention any contamination of
their targets by carbon or oxygen. In addition the use of surface barrier detectors proved
to be unsuitable for neutron spectroscopy.

Motivated by the work of Howard et al., Anderson and his colleagues were able to measure
both reactions down to an energy of 1.6 MeV and to determine the respective reaction
rates[41, 42]. Their goal was to determine whether both reactions could play a role as
neutron sources during explosive neon buring at temperatures T9 ∼ 3. As detection
techniques two methods were employed : The first one was a germanium detector to detect
the γ-rays, while a long counter based on BF3 tubes was used to detect the neutrons.
This allowed for the correction of additional neutrons being released by the prominent
background reactions 13C(α,n)16O and 18O(α,n)21Ne. Evaporated targets were used where
MgO was reduced with tantalum powder and then evaporated onto tantalum backings.
The thickness of the targets was determined via resonances of the reactions 25Mg(p,γ)26Al
and 26Mg(p,γ)27Al.

No information about the physical location of the background reactions is given. A possible
contamination of the beamline or the target itself is not taken into consideration. Secondly,
energy steps of 50 keV were performed which does not allow the resolution of possible
narrow resonances. The use of detection systems with an over all efficiency of a few percent
and a reported failure in the detection system contributed further to the uncertainties.
Anderson and his colleagues did not compare their experimental results with those of
previous authors. They conclude that the reactions 25Mg(α,n)28Si and 26Mg(α,n)29Si
could possibly play a role during the process proposed by Howard et al.
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Küchler & Wieland Measurements

Küchler investigated both reactions utilizing spectroscopy of the released neutrons. For
his measurements he used liquid scintillators (Type NE213) at 0, 60 and 90 degrees in
order to be able to gain spectroscopic information[43]. Additionally, a 3He ionization
chamber was used for a few measurements. Evaporated Mg targets were used which
were produced via the reduction of MgO and the following evaporation onto oxygen-
free (OFHC) copper. Similar to previous authors no precise measurements of the actual
target thickness were performed. No information on the contamination of the targets
regarding carbon and oxygen is reported. Since the targets were produced at the MPI
für Kernphysik in Heidelberg and then transported to Stuttgart, possible oxidation of the
Mg-layer should have been taken into account. In fact, Küchler was able to show that
layers of oxygen contributed to his experimental data by comparing them to measurements
previously performed by Bair et al.[44]. He also notes that even the use of spectroscopic
detectors did not allow the separation of neutrons being released for example by the
17O(α,n)20Ne reaction from those released by the magnesium reactions. Additionally, the
author does not report in detail how possible background contributions were subtracted
from the experimental data. Additional problems are indicated by the observation that
the used targets showed burn and blistering effects after irradiation. The target thickness
must have been reduced over time and, if not checked on a regular base, the experimental
data were not accurately analyzed.

In spite of this, Küchler calculated the S-factor for both reactions. For 26Mg(α,n)29Si the
S-factor was rising for lower energies and for 25Mg(α,n)28Si the S-factor was a smooth
function. No information is given on reaction rates and possible influence on stellar nu-
cleosynthesis.

Wieland reanalyzed the experimental data given by Küchler. He came to the conclusion,
that the 13C impurities and the according corrections concerning the 13C(α,n)16O reaction
were not performed correctly. Implementing a new analysis method and not being able to
draw the same conclusion led to the need of new measurements[45].

For these, a neutron detector based on 16 3He tubes embedded in a 4π polyethylene matrix
was used. Another improvement was the use of implanted targets to reduce the impurities
and therefore the background. The beamline setup was improved to reduce beam induced
background reactions.

The use of a 4π neutron detector with high efficiency resulted in an improvement in
yields and therefore reduced beamtime and target destruction. However, no detailed
information on the detection efficiency and its determination is given. Wieland only refers
to the Monte-Carlo code MCNP and the determination of the efficiency only based on
computational calculations. In general, spectroscopy would be only possible if one is able
to separate the counting rates in the different 3He tubes and assign them to different
neutron energies. This was not possible with the neutron detector available to Wieland.

An area of concern is the lack of information about the used targets. Wieland only notes
the implantation parameters of his implanted targets but did not determine the target
thickness experimentally. He also used targets previously used by Küchler, but did not
discuss possible oxidation of those targets as well.

The usage of gold-plated Cu backings showed improvements in the overall background
contribution but remains as a concern. Especially the reported observation of 13C(α,n)16O
resonances leads to the conclusion, that the background contribution was still too high for
accurate magnesium target measurements.
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Figure 3.1: Previous results for the total experimental cross section of 25Mg(α,n)28Si and
the results given by the Hauser-Feshbach code (HFB) CIGAR[40, 42, 43, 45, 46].
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Figure 3.2: Previous results for the total experimental cross section of 26Mg(α,n)29Si and
the results given by the Hauser-Feshbach code (HFB) CIGAR[42, 43, 45, 46].



22 Previous Results

Additionally, the possible contribution of 17O(α,n)20Ne and 18O(α,n)21Ne due to oxida-
tion is not considered. Probably the lack of accurate experimental data gave no solid
foundation for possible arguments toward background contributions by 17O(α,n)20Ne and
18O(α,n)21Ne. With these constraints on his experimental data, Wieland only derived
upper limits for the cross section of 25Mg(α,n)28Si and 26Mg(α,n)29Si below 1.5 MeV.
Wieland also investigated the behaviour of the S-factor and the reaction rate of both
reactions, comparing them to the theoretical data given by Woosley and Caughlan [47, 48].
For a temperature range of T9 = 0.1 - 10 the reaction rates differed up to a factor of 5,
especially in the low temperature region. Wieland concludes in his diploma thesis that the
reactions 25Mg(α,n)28Si and 26Mg(α,n)29Si have an impact on nucleosynthesis but does
not give quantitative arguments.
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Figure 3.3: Previous results for the astrophysical S-factor of 25Mg(α,n)28Si[40, 42, 45].
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Figure 3.4: Previous results for the astrophysical S-factor of 26Mg(α,n)29Si[42, 45].
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Current State of Research

Since the results of Küchler and Wieland were obtained, new theoretical information on the
possible role of 25Mg(α,n)28Si and 26Mg(α,n)29Si has become available (e.g. [6, 7]). The
improvement of stellar models and nucleosynthesis codes shows a need for more accurate
experimental data, as do measurements on presolar grains from meteorites, the results of
which indicate inconsistencies with the currrent reaction rates.

To explain anomalous isotopic abundances of the silicion isotopes in main-stream SiC
grains, Brown et al. proposed a scenario called magnesium burning[49]. The proposed
astrophysical site for magnesium burning are AGB stars with M ∼ 6-9M⊙. By artificial
adjustments of their model, Brown et al. were able to reproduce the abundance patterns
of the Si isotopes found in mainstream SiC grains from AGB stars. In their conlusions
they ask for experimental nuclear data to allow a detailed analysis of their model.

As pointed out by Hoppe et al., however, the proposed Mg burning process by Brown et
al. and the implied astrophysical model did not agree with measurements on SiC grains
[50]. Hoppe notes that the correlation of isotopic abundances of one isotopic chain does
not allow to make accurate assumptions upon the astrophysical model. For example, as
one adjusts the astrophysical model to reproduce the isotopic ratios of the Si isotopes
by introducing 25Mg(α,n)28Si and 26Mg(α,n)29Si as possible sources, one has to take into
account higher neutron fluxes as well. These increased neutron fluxes immediately effect
the nucleosynthesis of isotopes sensitive to neutron capture nucleosynthesis. By taking
into account the abundances of 50Ti and not being able to reproduce them with Brown’s
model of the Mg burning process, Hoppe showed that such a process is not suitable for
single AGB star models.

The conclusion drawn by Hoppe was followed by discussions about the stellar origin of
the isotopic ratios of the Si isotopes which has been carrying on until today. As new
computational codes and nuclear data became available, the stellar origin was assigned to
multiple AGB stars with different metallicities[51, 52, 53].

The discovery of an usual presolar SiC grain of type X (supernova origin) turned the at-
tention of Hoppe and his colleagues on oxygen and neon burning zones based on the stellar
models developed by Rauscher et al.[54, 55]. The isotopic abundance ratios predicted by
the stellar models were however not reproduced and led to a detailed investigation by
these authors. The reactions rates used by Rauscher and adopted by Hoppe et al. are
based on the calculations by Fowler et al. and the NACRE collaboration[56, 57].

The reaction rates for 25Mg(α,n)28Si and 26Mg(α,n)29Si of the NACRE collaboration are
based upon the experimental data of Wieland and therefore include the inconsistencies
regarding the S-factor and the reaction rates discussed above. This leads to reactions rates
that are consistently higher than previously obtained values, also acknowledged by Hoppe
and collaborators.

Network calculations of O/Si and O/Ne zones involving carbon as well as oxygen burning
were performed with modified reaction rates to estimate the possible influence on the Si
isotopic abundance distribution. The conclusion of Hoppe et al. is, that the reaction rate
of 26Mg(α,n)29Si should be increased by a factor of 2-3 (depending on the stellar model)
in order to reproduce the observed abundance patterns.

Hoffman et al. independently carried out network calculations concerning nucleosynthe-
sis in massive stars[6]. One result of their calculations is, that during convective car-
bon and neon burning the reaction 26Mg(α,n)29Si could lead to the synthesis of nuclei
that are usually bypassed by the s-process. Following Hoffman’s results, Pignatari was
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able to illustrate that during convective carbon burning the reactions 25Mg(α,n)28Si and
26Mg(α,n)29Si should not play an important role (see figure 3.6) [7]. Their results rely on
the reaction rates achieved by Wieland as well.
As it will be elaborated later, calculations based on the NUGRID PPN network code show
similar effects, for example on the distribution of the Ba isotopes.
Both, stellar models and measurements on presolar grains, therefore show a need for more
accurate experimental data on the reactions 25Mg(α,n)28Si and 26Mg(α,n)29Si at energies
of astrophysical interest.
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Figure 3.5: Shown are the isotopic ratios of a presolar grain found by Hoppe et al. com-
pared to calculations performed with an enhanced reaction rate of 26Mg(α,n)29Si. The
match of the calculations with an artificially enhanced reaction rate with the presolar grain
measurements shows the need for an improved experimental data set of 26Mg(α,n)29Si[54].

Figure 3.6: Shown is a comparison between the different reaction channels on the isotopes
25Mg and 26Mg based on computational calculations for convective carbon burning[7].
Note, that both reactions do not play a significant role during this burning phase.
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3.2 18O(α,n)21Ne

Bair et al. were the first ones to measure the reaction 18O(α,n)21Ne at energies relevant for
nuclear astrophysics[36, 44]. They were able to determine the cross section to an laboratory
energy of about 1050 keV. However, their improved experimental techniques (e. g. a gas
target system) did not allow an accurate analysis for the purpose of Nuclear Astrophysics.
The data of Bair et al. suffered mainly from low resolution, low 18O enrichment and the
background contribution from the reaction 13C(α,n)16O.
Denker was able to determine the reaction rate of 18O(α,n)21Ne down to the threshold
energy Ethres = 850.95 keV[8]. A sophisticated gas target system as well as a highly
enriched target gas were used to perform the experimental measurements. Denker was also
first in addressing the comparison of the reaction channels 18O(α,γ)22Ne and 18O(α,n)21Ne
(section 2.2.2). Until today, the measurements by Denker have not been confirmed by an
independent experiment, however.
More recent measurements of the reaction 18O(α,γ)22Ne revealed new details about its
reaction rate. Dababeneh et al. were able to evaluate the influence of their experimen-
tal results on the reaction rate, but did not draw a comparison to the 18O(α,n)21Ne
reaction[58]. Similar to 25Mg(α,n)28Si and 26Mg(α,n)29Si, Pignatari was able to show,
that 18O(α,n)21Ne does not play a role during carbon burning as well (see figure 3.7) [7].

Figure 3.7: Comparison between the different reaction channels on 18O based on computa-
tional calculations for convective carbon burning[7]. Similar to the reaction 25Mg(α,n)28Si
and 26Mg(α,n)29Si the reaction 18O(α,n)21Ne does not play a major role during convective
carbon burning.

Following the comparison of both reaction channels, the nucleosynthesis of the neon iso-
topes has been investigated in the past as well. Specifically the abundance patterns of the
neon isotopes in meteoritic inclusions were not represented accurately with current stellar
models (see figure 3.8) [59, 60].
The missing comparison with the most recent results on competing reaction channels,
disagreements of current star models with abundance patterns in presolar SiC grains and
finally the ambiguity of the experimental measurements reveal also a clear demand for
new experimental measurements of the reaction 18O(α,n)21Ne.
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Figure 3.8: Displayed are three isotope plots to compare between measured isotopic abun-
dances of neon in presolar grains and predicted isotopic abundances by stellar models
(Ne-G) (left from [59], right from [60]).
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Figure 3.9: Previous results for the astrophysical S-factor of 18O(α,n)21Ne[8, 44].
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Figure 3.10: Previous results for the total experimental cross section of 18O(α,n)21Ne and
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Chapter 4

Experimental Techniques and
Procedures

Nuclear reactions are verified by the detection of their reaction products. For the case of
18O(α,n)21Ne, 25Mg(α,n)28Si and 26Mg(α,n)29Si, the reaction products are a neutron and
an excited nucleus. The neutron emerges from the target while the excited nucleus decays
via γ-decay into its ground state.
After reviewing the different possible detector techniques, it was decided to detect the
neutrons resulting from the reactions. The advantage detecting the neutrons compared
to the γ-rays is a high detection efficiency and a relatively flat efficiency behavior. For
the acceleration of the α-particles, the KN Van-de-Graaff accelerator (KN) at the Nuclear
Science Laboratory at the University of Notre Dame (NSL) was used. The particle beam
was directed onto evaporated and anodized targets. Five experimental beam times were
performed, during which accelerator calibration, detector calibration and production runs
were executed.
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4.1 The KN Accelerator and Beam Transport System

The experiments were exclusively performed at the NSL and the KN accelerator. The KN
accelerator is a single-ended Van-de-Graaff accelerator containing an internal RF-tube
ion source. The ion source allows to switch between α-beam and proton-beam without
opening the tank of the accelerator. The experiments were performed at energies between
700 and 2700 keV.
As the accelerated ions leave the accelerator tank, they enter a high-vacuum, ion optical
beam transport system (beam line) which carries and directs the beam to the desired
target. The first ion optical element of importance is the analyzing magnet and its slits
(analyzing slits) located behind the analyzing magnet. To ensure that the particles im-
pinging on the target have the same energy, they are sent through the analyzing magnet.
The field in the magnet is set, so that the particles having the desired energy are redi-
rected while other particles do not pass the analyzing magnet. The analyzing slits ensure,
that the terminal voltage of the accelerator is adjusted to the right particle energy. The
magnetic field is measured via a NMR probe.
Before each experimental beam time, the magnetic field setting of the analyzing magnet
was calibrated with respect to particle energy. This was realized by changing the particle
energy until a known resonance of a specific reaction was observed. One can then correlate
the resonance energy with the field setting in the analyzing magnet and derive a calibra-
tion function for the particle energy. A similar method is the measurement across the
threshold of a well known reaction. Both methods were used multiple times and involved
the reactions 27Al(p,γ)28Si, 51V(p,n)51Cr and 18O(α,n)21Ne (see table 4.1 and figure 4.1)
[27, 61, 62].

Reaction Elab [keV] Type of energy calibration Particle detected
27Al(p,γ)28Si 992 Resonance γ
18O(α,n)21Ne 1866 Resonance neutron
51V(p,n)51Cr 1565 Threshold neutron

Table 4.1: List of reactions used for the KN energy calibration before every experimental
beam time.

As the particle beam exits the analyzing magnet, a second magnet (switching magnet)
directs the beam. The beam is directed either to a beamline designed for Rutherford-
Backscattering (RBS beamline) measurements or to a beamline for measurements of (p,γ)
and (α,n) reactions (0◦ beamline).

4.1.1 RBS Beamline

Rutherford-Backscattering is a technique that utilizes the scattering of incoming particles
on a thin film probe (for example a target) to determine its composition.
Based on the evaluations of previous measurements of the 25Mg(α,n)28Si and 26Mg(α,n)29Si
reactions, it was decided to measure the composition of the Mg targets with the RBS
method. As the α-beam passes through a collimator, it impinges on the RBS target at
0◦. Depending on its energy, the α-particle is backscattered and then detected by a Si
detector, placed at an angle θ.
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Figure 4.1: Plot of the 18O(α,n)21Ne reaction at Eα = 1866 keV to determine the particle
energy calibration at different analyzing slit positions. The different slit positions showed
only a marginal effect on the particle energy calibration.
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The initial Energy Ei of the incoming particle is proportional to its detection energy E1 :

k =
E1

Ei
=

(
m1cos(θ)±

√
m2

2 −m2
1sin(θ)

2

m1 +m2

)
(4.1)

The cross section is heavily dependent on the atomic number of the involved nuclei :

σRutherford =

(
Z1Z2e

2

4Ei

)2
1

[sin(θ/2)]4
(4.2)

From equations 4.1 and 4.2 one can show that different scattering partners in a probe
result in different yields and positions in the spectra. When a Mg layer completely oxidizes,
MgO is formed which in absolute numbers gives 1 oxygen nucleus per 1 magnesium nucleus.
During a RBS measurement this can be illustrated when the yield of oxygen is 2.25 (122/82)
times smaller than the magnesium yield. The stoichiometry of the target can then be
derived from the RBS measurement.
Since the RBS cross section is heavily dependent on the atomic number, target backings
of high atomic number materials are unfavorable. To ensure a clear distinction between
the different nuclei in the targets circular carbon disks were placed next to the used target
backings during the target production process. Carbon was used, since it is the only
material with an atomic number less than oxygen that was practicable to use. As a result,
only nuclei with Z>6 can be clearly resolved.
For the Mg targets only the RBS method could be utilized, since the production process
of the 18O targets (anodization) did not allow a parallel production of samples useful for
the RBS method.

4.1.2 0◦ Beamline

The experimental measurements on 18O(α,n)21Ne , 25Mg(α,n)28Si and 26Mg(α,n)29Si were
performed on the 0◦ beamline. After the switching magnet, the beam passes through a set
of magnetic quadrupoles, electrical steerers and a beam profile monitor until it reaches the
target chamber. The ion optical modules were used to ensure a consistent beam profile
during the course of the experiments. The beam was also analyzed by slits which were
set up along the beam line at different locations. At the target chamber two pairs of slits
were mounted, directly followed by a copper tube.
The copper tube ended right before the target itself and was used as a cold trap. A
suppression voltage of -700 V was applied additionally and the vacuum of the target
chamber was kept at a few 10−7 torr.
Since it was not necessary to shut down the accelerator to switch between proton and
α beams, the setup of the ion optical system was not changed during the course of the
experiments and only required fine tuning. A strict beam tuning routine was developed
(see appendix A) to ensure that the beam consistently hit the same area of the target and
was rastered over the target regularly. The target was cooled from its backside with a
constant flow of deionized water.
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4.2 Neutron Detection

Since neutrons do not carry an electrical charge, one has to utilize a nuclear reaction
to create a electronically convertable signal. In order to do so, the reaction 3He(n,p)3H
was used. The reaction has a relatively high cross section for low neutron energies and
therefore enhances the detection efficiency (see figure 4.2).
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Figure 4.2: Illustrated is the cross section for the reaction 3He(n,p)3H from the ENDF
compilation[63].

Based on the first designs by Hanson et al., 3He-proportional counters embedded in
polyethylene have been utilized for nuclear physics purposes[64, 65, 66]. 22 3He pro-
portional counters were lent to the NSL by the University of Mainz.

A single 3He proportional counter consists of an aluminum tube into which highly pres-
surized 3He-gas is put. In the center of the aluminum tube an anode wire is mounted and
put under high voltage. Once a neutron passes the aluminium shielding and interacts with
the 3He-gas, the resulting proton causes a discharge which is collected by the anode. The
collected charge is then converted into a electronic signal. The basic physical properties
of the used 3He counters are shown in appendix B.

Due to the reaction kinematics of the 3He(n,p)3H reaction (Q = 764 keV), the energy
of the resulting protons (Ep = 573 keV) and tritons (Et = 191 keV) is always the same,
causing the same signal amplitude for each incident neutron.

Besides a single peak in the spectra one can also observe a tail of the peak, which is
caused by the so-called wall effect. The effect is caused by random collisions between the
reactions products and the walls of the aluminum tube. As a result, the reaction products
lose energy and therefore cause a different signal amplitude.
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To determine the optimum operating voltage each single 3He tube was tested with different
preamplifiers at different voltages. An operating voltage of 1400 V was found to be optimal.

4.2.1 Moderation of Neutrons

The cross section of the 3He(n,p)3H reaction increases with lower neutron energies. There-
fore, one can increase the detection yield by decreasing the neutron energy before it enters
the 3He proportional counter. This can be achieved by forcing the neutrons to pass through
additional material in which they lose energy (known as moderation or thermalization)
before they reach the 3He counter.
Behind the moderation of neutrons stand inelastic scattering processes in a so called
moderator material. Ideally the neutrons enter the material, loose energy due to several
scattering processes and enter the 3He proportional counter with an energy lower than
their original energy[67].
Concerning the scattering processes, materials with a low Z are favored and should not
cause other interactions. Polyethylene and similar (CH)n based materials have been used
as moderation materials in the development of neutron detection systems[68, 69, 70, 71].
The advantages are that polyethylene is relatively easy to machine and is not expensive.
Theoretically, the moderation of neutrons can be described by the scattering matrix S(α,β)
formalism which is used in simulation frameworks to calculate the moderation process :

σ(E → E′, µ) =
σb
2kT

√
E′

E
S(α, β) (4.3)

with σb being the material-dependent characteristic bound scattering cross sections and µ
the cosine of the scattering angle in the laboratory system. The scattering cross section
is dependent on momentum (α) and energy (β) transfer :

α =
E′ + E − 2

√
E′Eµ

AkT
, β =

E′ − E

kT
(4.4)

where A is the ratio of the scatterer mass to the neutron mass.
The moderation method itself introduces the disadvantage that one does not know the
initial neutron energy before the neutron enters the moderation material.

4.2.2 Design Principles

To design a neutron detector based on 3He proportional counters and moderation material,
one has to follow certain design principles which are crucial for its performance.
The most crucial parameter is the efficiency: the number of detected neutrons per number
of emitted neutrons. Since the expected reaction yields are relatively low, the efficiency
needs to be maximized and therefore the design of the detector follows primarily this
criterion.
A second criterion is that the neutron detector should have a flat response function for
different neutron energies and be relatively position insensitive towards the target position.
The idea of an easy adaptability of the system has also been incorporated in the design
process.
For example, the attachment of additional shielding or moderation material was aimed to
be as simple as possible. Another aspect is that the neutron detector should be set up at
the end of a shared beamline so that it can be used for other experiments as well.
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As a first step in the actual design process, the design of previous neutron detectors
and their performances were reviewed. Measurements of low energy reactions in general
and delayed neutron emission experiments were major applications for such detection
systems[68, 69, 70, 71].
With no natural neutron sources available to deliver neutrons at discrete energies, ex-
perimental measurements on nuclear reactions were performed to validate computational
simulations and derive an efficiency function later on. To ensure an accurate computational
simulation, it was chosen to design a test detector and measure its response. Later on,
the experimental results were compared to the simulations. In the simulations one heavily
relies on the accuracy of the used scattering and reactions cross sections, the moderation
of the neutrons plays a crucial role, since it determines the energy of the neutron when
it enters the proportional counter. With knowledge and correlation between experimental
performance and computational simulations the final neutron detector was designed and
tested.

4.2.3 Computational Simulations

The previously mentioned computational simulations are based on the Monte-Carlo method.
The Monte-Carlo method allows to duplicate and model statistical processes such as inter-
actions between particles and matter. The modeling process is based on random number
seeds and consists of sequentially modeled processes. For the transport of particles through
matter it is crucial that the derived code is able to track the particles and their correspond-
ing interactions. To determine the outcome of each process step the probability functions
of each interaction are randomly sampled.
Experimental data sets for different transport and interaction processes and particles are
included into the computations to achieve a maximum of accuracy. For additional valida-
tion purposes, especially for the physics models used, it was chosen to use two simulation
frameworks, GEANT4 and MCNP5[72, 73].

GEANT4

GEANT4 is an object-oriented simulation toolkit primarly delevoped for simulations of
experiments at the European Nuclear Research Organisation (CERN). The programming
language used is C++ with the code being open source. The toolkit provides the necessary
accessories such as geometry design, physical models, materials etc. for the user to be able
to simulate a full experimental setup.
The first choice one has to make is to choose the right physical model for the description
of the physical interactions. In order to do so, the interaction between neutrons and 3He
gas was simulated with different models and also compared with experimental data sets.
The neutron energies of interest are below 10 MeV, therefore computational simulations
were only performed for initial neutron energies below 10 MeV.
It was found that different physical models incorporated in the computational simulations
delivered (for the same geometry) the same results within less than a percent of deviation.
The so called QGSP (Quark-Gluon-String-Plasma) model was finally used, since it is
reported to produce the best results of thermal neutron scattering in matter[74].
GEANT4 uses also experimental data to model the scattering of thermal neutrons in
matter. The experimental data is derived from evaluated data libraries such as ENDF
and JENDL[63, 75]. To ensure a correct handling of the modeling and use of experimental
data, simple simulations were carried out in which neutrons were directly sent through a
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large volume of 3He gas. The results were then compared to the evaluated data sets of
ENDF/B-VI.8 and JENDL3.3.

To achieve a physical meaningful result, the number of recorded reactions must be weighted
by the energy loss of the neutron from its starting point to its interaction point with the
gas.

In other terms : Two neutrons that have the same initial energy are not necessarily
detected with the same probability, since e.g. scattering causes them to lose different
amounts of energy until they reach their interaction point. At their interaction point they
will have different energies with which they interact with the gas. Therefore, the relevant
cross-sections and detection probabilities will be different.

As a consequence, the results were weighted with respect to the ratio of initial energy and
the energy at interaction point. Very good agreement between for example the ENDF
data set, the data set used by GEANT4 and the actual calculated data was achieved (see
figure 4.3).
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Figure 4.3: Comparison between the experimental data set provided by ENDF and cal-
culated by GEANT4. The GEANT4 results were weighted with respect to the ratio of
initial neutron energy and neutron energy at interaction point.

GEANT4 allows to include a parameter (G4NEUTRONHP SKIP MISSING ISOTOPES )
where the modeling of neutron data sets for isotopes not implemented is skipped. Tests
showed, that it had no effect on the results of the experimental setup.

To implement different physical models for the same process, the computation of inter-
actions between particles is based on the calculation of the distance from the origin of
the particle to the point of interaction (or decay). The probability of the particle not
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interacting with anything within a given distance ℓ is defined as :

P (ℓ) = e−nλ , nλ =

∫ ℓ

0

dℓ

λ(ℓ)
(4.5)

where the mean free path λ for interactions in a material of density ρ and the cross section
σ are defined as:

1

λ
= ρ

∑
i

xiσi
mi

(4.6)

with i denoting the different isotopes in the material.

This implies that e.g. exact material densities have to be taken into account in order to
achieve an accurate experimental description. For example, the 3He-gas in the simulated
proportional counter has to be described at 10 atm pressure, since the interaction proba-
bility between neutron and the 3He-gas is pressure dependent. Note, that the probability
distribution can be written as :

nλ = −ln(η) (4.7)

where η is a random number between 0 and 1. Therefore the probability distribution is
independent of energy and material.

Despite a precise description of the experimental geometry, it is also necessary to define
conditions and qualitative measures for the desired quantity. As previously mentioned,
the number of detected neutrons per number of emitted neutrons (the efficiency) for each
initial neutron energy is the key parameter. The number of detected neutrons is equal to
the number of 3He(n,p)3H reactions within the 3He proportional counters.

The neutrons which enter the 3He proportional counters from the surrounding material
were registered. If the neutron interacts with the 3He gas resulting in a proton and a
triton, the event would be registered and recorded. Finally, this was defined within the
tracking routines of GEANT4 to ensure a precise count of recorded 3He(n,p)3H reactions
caused by an incoming neutron.

The simulations were carried out and stored within ROOT histograms to be able to judge
the response function of the chosen detector geometry[76]. Tests with different material
settings and physics models were performed to ensure a maximum of consistency in the
detector performance. For example, it was chosen to vary the density of the moderator
material, since polyethylene is available in different densities.

A higher density results in a higher number of scattering partners for the incoming neutron
per volume unit. Therefore, an effect on the thermalization process is expected which
results in a different detector efficiency. Not only different neutron energies but also
parameter studies on different neutron source and target positions were performed. With
different source positions it was possible to determine the best target position within the
neutron detector and probe it for example against misalignments.

After the parameter studies delivered reliable results, the optimal detector geometry deliv-
ered by GEANT4 was implemented into MCNP5 and the results from the two simulations
were compared.

MCNP5

As a second simulation toolkit the Monte Carlo N-Particle code (MCNP5) provided by the
Diagnostics Application Group at the Los Alamos National Laboratory was chosen[73].
MCNP is based on the programming language FORTRAN and in contrast to GEANT4 not
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openly available. Since it is not openly distributed, it is more strict on the user concerning
the use of physics models and other capabilities. The definition of experimental setups,
event biasing and output definition is completely different from GEANT4.

For the purpose of this thesis it was particularly interesting to make use of the S(α,β)
tables in MCNP which are crucial for low neutron energies. MCNP, similar to GEANT4,
uses data libraries such as ENDF and the treatment of particle tracks etc. is very similiar.

MCNP5 utilizes so called tallies within the calculated scenarios. Tallies are quantities
defined in MCNP to deliver an useful output for the user. The restriction on tallies is
that they are based on fluences and products or summations in the cross-section libraries.
In general, tallies and their functions are dependent on time and energy, normalized per
starting particle.

Despite the absolute result given by MCNP5, a relative error is given in the output to
allow the user to assign the results a confidence levels. The estimated relative error given
by MCNP5 is a confidence statement referring only to the precision of the calculations
and not the accuracy.

Tallies were defined which reflect the number of 3He(n,p)3H reactions within the 3He
proportional chambers. The tally used is the so-called F4 tally, which is the track length
estimate for a flux within a well-defined physical volume :

ϕV =
1

V

∫
dE

∫
dV

∫
dt

∫
dΩ Ψ(r⃗, Ω̂, E, t) (4.8)

with Ψ being the angular flux given by the product of particle density n and velocity v :

Ψ(r⃗, Ω̂, E, t) = vn(r⃗, Ω̂, E, t) (4.9)

The average particle flux then becomes :

ϕ̄V =
1

V

∫
dE

∫
dV

∫
dt

∫
dΩ vn(r⃗, Ω̂, E, t) (4.10)

=
1

V

∫
dE

∫
dV

∫
dt vN(r⃗, E, t) (4.11)

=
1

V

∫
dE

∫
dV

∫
ds N(r⃗, E, t) (4.12)

by noting that N(r⃗, E, t) is the density of particles while ds is the differential unit of the
track length vdt.

By multiplying the average fluence from equation 4.10 with the cross section of 3He and
a normalization factor the tally then represents the number of produced 3H particles as
a result of the 3He(n,p)3H reaction. Normalized over the number of initial neutrons, one
obtains the efficiency. Therefore the results given by MCNP5 are simple to compare with
the GEANT4 results.

4.2.4 Parameter Studies

It was chosen to study the setup of a relatively small test detector before investigating
the setup of a full detector. 3He proportional counters were embedded into a block of
polyethylene with a source of neutrons in the center. The number of 3He proportional
counters was varied between 4 and 8, with the number of detected neutrons increasing
with the number the number of counters.
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The distance between the 3He counters and the neutron source has a large influence.
The greater the distance between the neutron source and the 3He counter, the larger the
physical volume of moderation material a neutron has to travel through before interacting
with the 3He gas. Hence, the more scattering reactions will take place and accordingly
the neutrons will be more strongly moderated.
If the volume of the moderator material between counter and neutron source is further
increased, the volume of the moderator will eventually reach a value, at which the moder-
ating properties of the polyethylene turn into shielding properties. The thermalization of
the neutrons is then strong enough to cause full energy loss of the neutrons, so they are
not able to reach the 3He counters.
Another factor that enters is the density of the moderation material. Polyethylene is
available in different densities which causes different amounts of scattering reactions per
cm3. For the design purpose so called high-density polyethylene (HDPE) was implemented.
Compared to ultra high molecular weight polyethylene (UHMWPE), HDPE has little
branching. In other terms : The polymer chains do split out less into multiple chains as
compared to other polyethylene forms. This results in stronger intermolecular forces and
tensile strength. HDPE has the advantage that the higher density (0.965 g/cm3) increases
the number of scattering partners for passing neutrons per volume unit. Therefore the
moderation abilities should be improved compared to other polyethylene varieties.
Not only the distance between proportional counter and neutron source was found to be
crucial, but also the overall amount of polyethylene surrounding the proportional counters.
For example, a neutron is able to scatter past a proportional counter and then scatter back
toward the proportional counter. By increasing the overall size of the polyethylene volume,
also called polyethylene matrix, the efficiency of the overall detection system was increased
(see table 4.2).

Size HDPE matrix [cm] absolute efficiency [%]

15.24 x 15.24 x 15.24 26.15

200 x 200 x 200 39.43

Table 4.2: Comparison of the detection efficiency for differently sized HDPE matrices.
The absolute efficiency is the overall efficiency for an energy range from 0 - 6 MeV.

However, limiting factors are the availability, machinable size of polyethylene and the
feasibility regarding the physical dimensions of the target chamber etc.
Parameter variations were tracked where one parameter at a time was tracked to allow
identification of the optimal configuration. The first parameter varied was the number of
3He counters in one ring arranged around a target holder and embedded in polyethylene.
After that, the radius of the ring, i.e. the distance between proportional counters and
target, was varied. Following this, the size of the polyethylene matrix was varied until the
maximum efficiency was found.
As a last parameter the shielding effect toward neutrons coming from the outside of the de-
tector, for example caused by cosmic radiation, was investigated. Since borated polyethy-
lene is very similar to high density polyethylene, it was chosen to investigate the shielding
effects caused by an additional layer of 5 percent borated polyethylene. An additional
layer of 2 inch borated polyethylene showed a reduction of neutrons, impinging on the
detector from outside, by up to two orders of magnitude.
A property which has not been mentioned so far is the rather low sensitivity toward the
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Figure 4.4: Illustrated is the efficiency of the MCNP results for the test detector efficiency
(core) and a extra layer of HDPE of 1 inch thickness surrounding the core. The different
positions are equal to one inch. Position 8 marks the target being in the center of the
detector.
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Figure 4.5: Illustrated is the efficiency of the GEANT results for the test detector efficiency
(core) and a extra layer of HDPE of 1 inch thickness surrounding the core. The positions
etc. are analog to figure 4.4. The difference between the results provided by MCNP
and GEANT at e.g. the positions 1 and 2 indicate a different treatment of the neutron
moderation.
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target position relative to the 3He proportional counters along the beamline axis. The
calculations showed that the target position can be off center by almost more than an inch
without effecting the detector performance (see figures 4.4 and 4.5).

4.2.5 Design of the Test Detector

A single ring test detector was designed which allowed the attachment of additional
polyethylene layers. This feature allowed to verify several parameters experimentally
which were optimized in the simulations. The computational results delivered an opti-
mal configuration with ten 3He counters for a single ring at a distance of 6.1 cm from the
target. The absolute efficiency was given at about 40 percent for the test detector, but
led to a constructional problem.

Since the 3He proportional counters have a diameter of about one inch, the holes to be
drilled for ten 3He counters on a circle of 6.1 cm radius would leave too little material
between them. This would cause instabilities and deformations within the material and
disturb the detector performance.

As the calculated efficiencies suggested, that for a detector with eight 3He proportional
counters the absolute detector efficiency would be at most 2 percent lower than for a
detector with ten 3He proportional counters, a setup with 8 3He counters was chosen (see
table 4.3).

Number of 3He tubes absolute efficiency [%]

6 33.90

8 38.16

10 39.95

Table 4.3: Comparison of the detection efficiency for different number of 3He tubes. The
distance to the target for each simulation is 6.1 cm. A detector with ten 3He tubes shows
the highest efficiency but is compared to a detector with eight 3He tubes not feasible for
machining purposes.

Finally, for eight 3He proportional counters the computations delivered a optimal radius
of 5.8 cm for the single ring (38.21 %) as compared to the 38.16% for a radius of 6.1 cm.
The test detector then consisted of a eight 3He proportional rings on a distance of 5.8 cm
from the center of the polyethylene matrix. The polyethylene matrix itself was 6 x 6 x 13
inches in dimensions (see figure 4.6).

The matrix was built out of four separate small matrices which were hold together by
four long, tapped polyethylene rods. Additionally, one inch thick sheets were machined,
which could be easily screwed onto the core polyethylene matrix. Those were used to test
the effects of polyethylene surrounding the 3He proportional counters. The hole for the
target chamber and target holder was drilled completely through the polyethylene matrix
to allow easy adjustment of positioning and feedthroughs for the water cooling lines. The
face of the detector facing upstream was not completely drilled through. This turned out
to be an advantage in terms of counter positioning relative to the target. No shielding
materials were used in order to simplify analysis of experimental and computational data.
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Figure 4.6: Drawing of the test detector. The holes on the edges of the HDPE matrix are
for the tapped polyethylene rods, which hold together the HDPE blocks.
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Figure 4.7: Different views of the test detector during the experimental phase.
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4.3 Neutron Detector Construction

After reviewing the results for the test detector construction and comparing them with the
computational results, the design for the neutron detector was based on the same param-
eter studies as for the test detector. The major differences between test and experimental
detector are the number of 3He proportional counters and the size of the polyethylene
matrix.

The highest efficiency is achieved, when positioning two concentric rings of 3He counters
parallel to the beam line axis. For the so called inner ring it was quickly found that the
configuration implemented for the test detector was already the optimal setting.

After finding the optimal distance for the second ring it was also determined, that one ad-
ditional ring (called outer ring) with twelve 3He proportional counters would be an optimal
configuration. No major difference was found between twelve and fourteen proportional
counters for the second ring. To keep two counters as backup counters, twelve counters
were set for the outer ring.

To show that ”line of sight” considerations do not play a role, the relative orientation
between the inner and outer ring was varied. Different relative orientations showed only
marginal differences in the overall efficiency, which one may also attribute to statistical
fluctuations (compare figures 4.8 and 4.9).

Figure 4.8: Conceptual drawing of the neutron detector with a relative ring orientation
of 0 degree. The view is in beam direction. Green lines show the path of two neutrons
simulated.
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Figure 4.9: Conceptual drawing of the neutron detector with a relative ring orientation
of 45 degree. The view is in beam direction. Green lines show the path of two neutrons
simulated.

With the higher amount of 3He proportional counters it was also necessary to increase
the overall size of the polyethylene matrix. Another factor that played a role was the
feasibility of the detector size, since the change of targets requires the current operator to
move the detector back and forth. This led to a final size of 12 inch x 12 inch x 13 inch
for the core matrix, without increasing the size to unfeasible dimensions.

After finalizing the design for the core matrix, the sensitivity toward neutrons coming
from the outside into the detector was tested. Due to the higher amount of counters and
the bigger amount of moderation material, the detector was intrinsically more sensitive to
background radiation. Therefore, simulations were carried out, which included layers of
borated polyethylene as shielding layers around the core matrix. The simulations showed,
that 2 inches of borated polyethylene already deliver a sufficient background reduction.

An important feature, which is caused by a two ring design, is the fact that neutrons with
identical energies are detected in the two rings with different efficiencies. Since the outer
ring has a greater distance from the target than the inner ring, the neutrons therefore pass
through more moderation material. Also the outer ring is automatically more sensitive
toward neutrons which backscatter from the outer region of the core matrix. As a result
neutrons with higher energies are more likely to be detected in the outer ring than in the
inner ring. One can calculate the ratio between the detected neutrons in the inner and
outer ring which provided an additional parameter for the later data analysis. For example,
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Figure 4.10: View on inner structure of the neutron detector. In blue two simulated
neutron paths are shown. Black illustrates the borated Polyethylene shielding. Red is the
core matrix of the detector made out of HDPE. Green and yellow are the 3He counters
and beampipe.
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if a reaction releases neutrons with higher energies than 25Mg(α,n)28Si and 26Mg(α,n)29Si,
one should be able to observe this by calculating the ratio of of neutrons detected in the
inner and outer ring (see section 5.1.3).

The detector was set up on a sliding table to allow easy target exchange and easy position
measurements. To ensure that the weight of the cables and the preamplifiers does not
effect the counters and dislocate them, additional polyethylene rods were inserted between
preamplifier and proportional counters. Since sixty cables had to be mounted at the
backside of the detector, an additional sheet of borated polyethylene was machined to
hold the cables and reduce the force put onto the counters and preamplifiers.

Figure 4.11: Shown is the neutron detector during the construction phase (top) and during
the experimental phase (bottom).
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4.3.1 Electronics Setup of the Neutron Detectors

3He proportional counters are operated at positive high voltage and deliver a signal which
needs to be processed at least through two modules to deliver an interpretable signal for
a data acquisition system (DAQ) (see fig. 4.12). The first module used is a preamplifier
(Module A) which delivers the high voltage directly to the wire inside the counter and also
delivers the signal to the next module. After that, an amplifier can be used to amplify
the signal to the desired shape and height for the analog to digital converter (ADC). For
the test detector this electronics setup was utilized. However, for a detector with twenty
proportional counters this would have not been feasible.

Instead, the twenty proportional counters were divided into groups of four and their signals
relayed to a Quad TFA (Module B). The signals were then summed to one signal (Module
C). After that, the summed signal were processed through an amplifier (Module D) and
relayed to an ADC (Module E). Additionally, the group sum signals were also summed up
(Module F) to deliver a hardware summed signal of the inner and the outer ring. Those
were then relayed to separate ADCs. Therefore it was possible to observe online the ratio
between the signals coming into the five different groups and the inner and outer ring.

A B C D E

F

CBA D E

ED

Figure 4.12: Schematic view of the neutron detector electronics for the inner ring. The
electronics for the outer ring are the same with additional four 3He tubes.
Module A : 2003BT Preamplifier; Module B : Ortec 863 Quad TFA; Module C : Phillips
740 Fan IN/OUT; Module D : Ortec 552 Amplifier; Module E : ADC; Module F : Phillips
740 Fan IN/OUT to sum different groups or rings.

4.3.2 Validation of Computational Calculations

An important factor in the use of computational calculations is the validation of the
computational results in accordance with experimental results. To ensure a high level of
reliability, it was chosen to validate the calculations in a separate manner.
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To be able to validate the most important parameters, such as efficiency and position
sensitivity, it was chosen to make use of nuclear reactions which would serve as discrete
neutron sources. This allows also to set up the complete detection system as it would be
used later on in the experiment and test it towards practicality and gain experience in the
operation of the set up.
Besides for accelerator calibration purposes (see section 4.1 ) the reaction 51V(p,n)51Cr
has been used in studies of neutron detector performances and is relatively well known
[77, 78, 79]. A useful property of the reaction is, that the produced isotope 51Cr has
a relatively long half-life (t 1

2
=27.7d). Therefore, its decay to the ground-state can be

conveniently measured after irradiation of a 51V-target. By the detection of the prompt
neutrons and the gamma activity one is able to determine the absolute efficiency of the
neutron detection system via the activation method[27].
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4.4 Counting Station

For decay measurements of the activated 51V-targets a counting station based on a HPGe
detector was built. The counting station consisted of a HPGe detector whose Ge crystal
was surrounded by Pb bricks. The Pb bricks were used to reduce room background. To
ensure, that between measurements, sample positioning and therefore the efficiency of the
detector was not changed, a sample holder was constructed. The sample holder, mounted
on the Al case of the Ge crystal, allowed to measure the efficiency of the detection system
with different samples at reproducible positions.
Since 51Cr decays via a single γ-decay, the efficiency at the energy of the released γ-ray (Eγ

= 320 keV) is crucial. By measuring the efficiency of the detector with a calibrated 133Ba
source, the efficiency could be determined experimentally at 302 keV, 356 and 383 keV.
Summation effects were corrected by measurements with a single γ-ray source at different
distances. After the experimental determinations, the efficiency at 320 keV was inter-
polated to be 8%. The efficiency measurements were repeated before each experimental
beam time and by different experimentators.

4.5 (p,γ)-Measurement Setup

The thickness measurements via resonances of 18O, 25Mg and 26Mg were performed before
and after the measurement of each target (see figure 4.13). The γ-rays were detected with
a second germanium detector positioned at 90 degrees relative to the target chamber. The
neutron detector was removed so that the germanium detector could be positioned as close
as possible to the target. The crucial parameter of this setup was the reproducibility of
the detector position and not the efficiency.
After the (p,γ) measurements, the Ge detector was moved as far away as possible to avoid
neutron damage of the Ge crystal.
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Figure 4.13: View of the (p,γ) measurement setup. For the measurement the neutron
detector was moved back while the Ge detector was moved to a reproducible position.
These measurements were utilized to determine target thickness and target deterioation.
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4.6 Target Production

Previous measurements of the reactions 25Mg(α,n)28Si and 26Mg(α,n)29Si utilized primarly
thermally evaporated targets, while only Wieland reports the use of implanted targets as
well (see Chapter 3).

While this option was also considered, no ion beam facility could be found to produce
a sufficient number of enriched magnesium targets in a financial and timely responsible
fashion. Moreover, the relatively small yields and possible oxidation of the magnesium
might have caused other types of problems during the experimental measurements. It
was decided to use the technical possibilities at the NSL to develop reliable production
procedures.

After reviewing the literature, the common technique for the production of thermally
evaporated enriched magnesium targets is the so-called reduction technique[80, 81, 82, 83,
84, 85].

The technique involves the reduction of isotopically enriched (up to 99.7% in our case)
magnesium-oxide (MgO) during the evaporation process with a reduction material. The
advantage is that MgO is simple to purchase and with the reduction process during the
evaporation one can reduce the amount of oxygen in the target. Unfortunately, literature
does not give exact details on how the evaporation has to be performed. For example,
evaporation temperatures, preparation of samples and backings etc. need to be considered.
A major aspect of the target production is the contamination with carbon and oxygen,
which effects the later measurements. As a consequence, over 100 evaporations were been
performed to determine the most reliable production procedure.

For the production of 18O targets thermal evaporation methods involve the evaporation
of aluminium in an enriched oxygen atmosphere. The oxide Al2O3 is then formed and
deposited on a target backing. However, due to financial and practical considerations the
anodiziation method of tantalum in enriched (97%) 18O water was utilized. The method
was revisited and further improved by Andreas Best at the University of Notre Dame who
provided the 18O targets for the experimental measurements[86, 87, 88].

4.6.1 Thermal Evaporation

The term thermal evaporation describes the heating of a material in boat for our case
in vacuum. The material in the boat is heated to a temperature equivalent to its vapor
pressure, evaporates and then condenses on a substrate (backing).

Important for this process is that good vacuum conditions are met to avoid the reaction of
the source material with residual gas. Geometry, backing material, process duration etc.
have to be considered as well.

Too quick heating of the source material can lead to spontaneous evaporation which does
not allow a uniform deposition on the backing material. Geometry losses of expensive
target material and contamination of the vacuum chamber play an important role as well.
Backing material in general has to be chosen carefully to ensure low contamination and a
successful deposition of the target material.

At NSL a thermal evaporator was used, which consisted of a vacuum chamber in which the
boat, the backing material and quartz-crystal monitors could be mounted. The quartz-
crystal monitors were placed close to the backing and monitored the amount of deposited
material. The vacuum chamber was pumped with a combined diffusion-mechanical pump-
ing system, involving a cold trap, down to 5x10−7 Torr. Before each crucial evaporation
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process the holding apparatus and the vacuum chamber itself were cleaned multiple times
to ensure a minimum amount of contamination. The cleaning process involved the use of
chemicals such as dilute acids. Additionally, the system was pumped at least 12 hours
before the evaporation was started.

4.6.2 Backing Material

For the backing material, three properties are important : purity, thermal conductivity
and adhesion of the target material. For example, the evaporation of magnesium onto
tantalum and copper showed different behaviors in terms of adhesion. Another aspect is
that the backing material has to withstand high beam current to avoid blistering of the
target itself. Following Strandberg’s work, copper was chosen to be the primary backing
material[89]. Due to its high thermal conductivity, Cu removes heat effectively from the
target, while the target is being heated by the constant beam current.
The first tests were directed towards the adhesion of the target material onto the Cu
backing, which was typically 1.5 inch x 1.5 inch x 0.04 inch. Oxygen Free High Purity
Copper (OFHC) from the supplier (McMaster Carr Inc.) was used to ensure a minimum
amount of contamination. Since Cu oxidizes in air, the first step was to find an optimal
combination between surface cleanliness and adhesion of the target material. Strandberg
et al. used first 5% aceton and later on ethanol to not only clean the surface but also etch
the surface of the Cu backing. The etching of the surface by the acid will increase the
adhesion of the target material onto the copper backing.
Since Strandberg et al. used natural Mg in metallic form, a series of tests with the
reduction technique and natMgO was performed. During the tests, the copper backings
were first soaked in acetone and then soaked in ethanol for 20 minutes before they were
transfered to the evaporation chamber. The tests showed that only about 70% of all
evaporations resulted in a successful adhesion of the target material to the Cu.
To clean the surface of a Cu part, Aalseth and others have reported the treatment of the
surface with a activation-passivation method[90, 91]. The method utilizes H2O2 to remove
oxides and Cu+/Cu2+ residuals (Fenton mechanism) :

Cu+ +H2O2 → Cu2+ +OH− +OH · (4.13)

Cu2+ +H2O2 → Cu+ +H+ +OOH · (4.14)

OH · +H2O2 → H2O+OOH · (4.15)

OH · +Cu+ → Cu2+ +OH− (4.16)

The produced hydroxyl radical acts as the cleaning species and the Cu ions remain in
solution. To prevent a re-oxidation after the treatment with H2O2, the sample was put
into citric acid solution, which is known as passivation. The sample was held into both
solutions for about 20 minutes each and showed already optically impressive results. In
order to increase the purity, the samples were then baked out over several hours in a
vacuum oven to evaporate residual humidity and contaminants.
This procedure showed an improvement in terms of adhesion compared to the method
used by Strandberg et al. since almost all evaporation processes were successful. The use
of a vacuum oven did not result in noticeable improvements.
The first beam tests showed large levels of carbon contaminaton, probably due to carbon
inclusions deeper in the backing. Since the ion beam penetrates through the target material
and is stopped in the copper backing, those type of impurities can not be avoided.
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An improvement in terms of impurities is the use of gold-plated copper disks[45, 92].
OFHC disks are put into an electroplating bath and are then coated with an Au layer. To
avoid diffusion of the gold into the copper, a 1µm thick nickel layer was plated onto the
copper first. To stop the α-beam in the Au layer and not in the Ni or Cu layer, a sufficiently
thick layer of Au is necessary. Calculations were performed in which the implantation of
α-particles into Au was simulated. For this purpose the software SRIM2008 was used
([93], also see http://www.srim.org).

The calculations showed that for a maximum beam energy of Eα = 3 MeV a 5µm layer of
Au would be sufficient to stop the beam. The OFHC disks were obtained by Goodfellow
Inc. corporation while the electrochemical plating was performed at the Max-Planck-
Institut für Chemie (MPIC).

The Au plated copper disks were also treated by the activation-passivation method, for
several minutes, and then directly transferred to the evaporation chamber. In terms of
adhesion they showed a perfect behaviour and turned out to be the backings with the least
contamination.

4.6.3 Evaporation Process

In literature, the evaporation process of MgO being reduced to Mg includes a mixture of
MgO with a material that reduces MgO during the process.

Tests with tantalum, zirconium and titanium showed, that Ta is the preferred reduction
material, since it showed no difficulties in handling and processing. To reduce costs and
contamination of the evaporation chamber, the amount needed for the evaporation process
was first determined by weighing the MgO and the Ta before mixing it.

The amount of tantalum used is critical for the reduction process. The amount of oxygen
deposited on the target backings could be reduced by simply increasing the amount of Tan-
talum compared to a fixed amount of MgO. This was shown with the RBS measurements
as well. The reduction process can be described as :

10 MgO + 4 Ta → 10 Mg + 2 Ta2O5 (4.17)

and therefore it can be concluded that, with an increased amount of reduction partners, the
reduction process can be more effective. It was found to be optimal to have an absolute
mass ratio of 25:1 for Ta:MgO. MgO amounts of 15 mg were sufficient for one target
production process.

Several tests with different heating sources (boats) were also conducted. Boats come in
different materials and shapes. Boats made out of tantalum can only reach temperatures
up to 1600 ◦C while boats made out of tungsten could reach temperatures up to 1800
◦C. This is critical since no exact evaporation temperature (or vapor pressure) has been
reported for the reduction process and boat breakdowns were observed during the first
test. Therefore, the first series of tests conducted included the use of so called dimple
boats made out of tantalum, tungsten and molybdenum (see figures 4.14 and 4.15).

Surprisingly, the molybdenum boats showed the best results in achieving an evaporation.
This was possibly also enhanced by the molybdenum itself, since it can reduce MgO by
itself as well[94].

A different aspect is the surface contact between the MgO, Ta and the boat. It was first
increased by using a few drops of water and mix the MgO and Ta in the boat itself. Un-
fortunately, during the heating process the water evaporates suddenly and the mixture
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Figure 4.14: Sketch of a dimple boat (from Lesker Inc.).

explodes out of the boat. Eventually ethanol was used, which evaporates at room temper-
ature. Still, the heating had to be performed very slowly at the beginning to avoid any
further explosions.

This effect could be monitored via an ionization gauge which measured the pressure inside
the chamber. For all evaporations the pressure initially rose and then dropped again, indi-
cating the evaporation of the alcohol. Until the evaporation of the magnesium set in, the
pressure fell back and stayed stable. Additionally, a shutter was utilized to avoid contam-
ination of the backings during the pumping and heating process. Once the evaporation
set in, the shutter was removed.

Figure 4.15: Picture of the MgOTa mixture in a dimple boat before evacuating the evap-
oration chamber.

For the production of RBS targets a carbon disk was placed as close to the Au backing as
possible, while the boat remained 11 cm below the backings to ensure a deposition on both
backings. The RBS measurements of the targets produced showed an increased amount of
tantalum, molybdenum and oxygen. An explanation is, that during the reduction process
Mg breaks out of the mixture and MoO as well as Ta2O5 get deposited onto the backing
as well. While Ta2O5 is the product of the reduction process, MoO can be produced as
reaction product between the Mo boat and MgO.

For a tighter geometry and better surface contact between boat and target mixture, differ-
ently shaped boats were tested. So called pinhole boats showed an improvement compared
to the dimple boats (see fig. 4.16). The narrow opening of the pinhole itself leads to a too
narrow distribution of the target material and makes it difficult to influence the mixture
of the target material in the boat, however.
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Figure 4.16: Sketch of a pinhole boat (from Lesker Inc.).

A better solution was found in the use of so called close end tube heaters provided by Lesker
Inc. (fig. 4.17). The mixture can be easily put into these type of boats and the geometry
of the boat allows a tight distribution of the target mixture. Before each evaporation
process the tube heaters were cleaned and then baked at very high temperatures.

Figure 4.17: Sketch of a tube heater (from Lesker Inc.).

The targets made with tube heaters showed the best results in terms of contamination
from other elements and were used for the production of all magnesium targets (see figures
4.18 and 4.19).
After the evaporation process, the vacuum chamber was flooded with argon to minimize
oxidation through the venting process. Additionally, both, the production and the RBS
target, were directly placed on target holders and transported to the experimental setup
under an Ar atmosphere.
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Figure 4.18: Picture of a Mg target after evaporation.

4.6.4 Vanadium Targets

For the activation measurements a series of vanadium targets were produced. The evapo-
ration of vanadium compared to magnesium oxide is relatively simple. The vanadium can
be placed in a tungsten dimple boat and then heated until it evaporates onto a previously
baked Ta backing. Since vanadium has a high vapor pressure, it is important to have good
surface contact between vanadium and the boat to ensure that the heat is well-distributed.
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Figure 4.19: Picture of the evaporation setup within the evaporation chamber. Shown are
the AuNiCu and RBS backing mounted next to each other. The shutter is in the ”closed”
position to avoid contamination, while the tube heater is mounted on the current leads.



Chapter 5

Experimental Results

5.1 Neutron Detector Performance

5.1.1 Positioning

Before each experimental beam time the optimum position of the detector relative to
the target was determined. This was achieved by placing the detector on a sliding table
and moving it along the beam line axis. For each position, the neutron yield (number of
recorded neutrons divided by incident particles) was recorded. Each position was measured
several times to ensure reproducibility.

In figure 5.1 the recorded neutron yield at each test detector position is shown. As ex-
pected, at the center of the detector block one achieves the highest yield. With less space
covered by the neutron detector relative to the target, the yield is decreased. As shown
in a range of about 4 inch around the center position the detector performance is not
influenced by possible misalignments.

Additionally, the results from the computational simulations were normalized to the data
at the detector center position. For the inner region of the detector the computational
simulations are in accordance with the experimental measurements. For positions where
the target is in the outer regions of the detector, however, there are differences between the
simulations and experiments. A possible reason is the treatment of the neutron moderation
at the transition between air and polyethylene. However, the obtained results were found
to be sufficient for the experimental handling of the neutron detector.

5.1.2 Efficiency

The efficiency of the neutron detector was determined by activation measurements using
the reaction 51V(p,n)51Cr. Freshly produced 51V targets were irradiated with a fixed
proton energy Ep. This led to isotropically, monoenergetic neutrons emerging from the
center of the neutron detector. The efficiency can then be determined by measuring the
produced activity in the previously described counting station.

The efficiency is defined as the ratio of the number of neutrons detected (nd, which is
the sum of the neutrons detected in inner ring and outer ring) to the number of released
neutrons (nr) :

ϵ =
nd

nr
(5.1)
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Figure 5.1: Shown is the recorded neutron yield versus the detector position relative to
the target. Position 8 marks the target being in the center of the detector. Distances
between adjacent positions are one inch. The different data sets are normalized to the one
at the center position.
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The number of neutrons detected was measured promptly and was corrected for back-
ground radiation and dead time effects, while the number of released neutrons is equal to
the number of produced 51Cr nuclei. The number of 51Cr nuclei produced and therefore
the number of released neutrons was determined in turn, by measuring the activity of the
activated 51V target. The number of 51Cr produced in a single activation (Ni); and (still)
present a some t is given by :

Ni =
ki ·P
λ

(1− e−λ · ts) · e−λ · (t−te) (5.2)

Here λ is the decay constant and P the production rate. ts represents the start time of
the activation and te the end time. The factor ki is a correction factor for possible target
depletion and beam current deviations. It was determined by calculating the neutron yield
after each activation period. Each 51V target was irriadiated multiple times, to be able to
monitor the data online and to be able to react e.g. to target deterioation. The index i
denotes multiple activation intervals for one 51V target.

The production rate P was determined via the measurement of the produced 51Cr nuclei.
The number of emitted γ-rays (Nγ) from the 51Cr nuclei during a defined time interval is
given by :

Nγ =
Nc

I · ϵGe ·DT
(5.3)

with Nc being the number of recorded γ-rays, I the branching ratio, ϵGe the efficiency of
the Germanium detector and DT the dead time correction.

Nγ is simply the difference of the number of 51Cr nuclei at the beginning (Ni(tAS)) and
the end (Ni(tAE)) of the measurement. This leads then to :∑

i

(Ni(tAS)−Ni(tAE)) =
Nc

I · ϵGe ·DT
(5.4)

Inserting equation 5.2 into equation 5.4 results in :

Nc

I · ϵGe ·DT
=
∑
i

(
ki ·P
λ

(1−e−λ · ts) · e−λ · (tAS−te)− ki ·P
λ

(1−e−λ · ts) · e−λ · (tAE−te)) (5.5)

By assuming that the production rate is constant for each activation interval, equation
5.5 can be transformed to :

P =
Nc

I · ϵGe ·DT
· λ∑

i ki · (1− e−λ · ts) · (e−λ · (tAS−te) − e−λ · (tAE−te)))
(5.6)

Multiplying the production rate with the activation time tA results in the number of
neutrons released over each activation interval. Hence, the efficiency can be expressed as :

ϵ =
nd

P · tA
(5.7)

By inserting equation 5.6 into equation 5.7 one then calculates the efficiency for a single
neutron energy.

The determination of the efficiency at neutron energies higher than 650 keV was not
possible due to very high dead time effects in the detection system.
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To calculate the efficiency at higher energies, computational simulations were used. While
the simulations were scaled to match the experimental results up to 650 keV, trends of
the simulations and the experimental results do agree (see figures 5.2 and 5.3).
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Figure 5.2: Shown are the measured efficiency data of the neutron detector in comparison
to the scaled efficiency data obtained with GEANT4.

Since the neutron energies during the experiments were not limited to the energy range
below 650 keV, the efficiency for neutron energies up to 10 MeV was derived by fitting a
polynomial efficiency function.

Surprisingly, using a single efficiency function it was not possible to reproduce satisfac-
torily the simulated data. As shown in figures 5.4 and 5.5, at energies above 3500 keV
the behaviour of the efficiency is different from that of energies below 3500 keV. This
unexpected behaviour has not been reported before.

Effect of (n,n) Resonances on the Detector Performance

Surprisingly, when increasing the number of energy steps within our computational simula-
tions (finer energy resolution), structures within the efficiency curve became evident. This
behaviour was unexpected, since e.g. the cross section of the 3He(n,p)3H reaction shows a
flat, non-resonant behaviour (see e.g figure 4.2). Only Evans reported a similiar behaviour,
but for a lower energy region and was not able to make a convincing statement[95].

Several tests were performed to investigate the effect. Statistical fluctuation, the direction
of the neutrons and other factors were excluded by varying those parameters and observing
no effect on the results.

After reviewing experimental data on elastic (n,n) scattering, it became evident that most
likely natC(n,n) resonances cause the peak structures within the simulated data. This
could be confirmed by setting the cross section data used by the simulation frameworks
to zero. In comparison to the simulations with the full set of cross section data, the
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Figure 5.3: Shown are the measured efficiency data of the neutron detector in comparison
to the scaled efficiency data obtained with MCNP.
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Figure 5.4: Scaled results obtained with computational simulations and the experimentally
obtained neutron detector efficiency as a function of initial neutron energy up to 10 MeV.
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Figure 5.5: Experimentally obtained neutron detector efficiency and scaled results from
computational simulations as a function of initial neutron energy up to 10 MeV on a
log-log scale.

simulations with σel(
natC(n,n))=0 showed a flat efficiency behaviour (see figure 5.6).

It is important to note that not the inelastic scattering cross section is responsible for the
occurrence of these resonance effects.
Instead, as a neutron enters the polyethylene matrix, it experiences elastic (n,n) scattering
as well. As a results, the path length of the neutron within the moderator material is
extended and the probability of the neutron experiencing inelastic scattering (and therefore
moderation) is enhanced. This influences directly the computational simulations (see
section 4.2.3).
Moreover, one has also to take into account the fact that a neutron entering the moderator
material with an energy higher than a specific (n,n) resonance eventually will experience
an elastic scattering resonance due to the previous moderation.
While beyond the scope of this thesis, it should be noted that an experimental validation
for the effects described above is possible. This can be realized, e.g., using the the reaction
7Li(p,n)7Be for which the cross section is constant within a few percent for certain energy
regions (e.g. [96]). Measuring the neutron yield over such an energy region, the neutron
detector response should show the previously described resonance effects. In any case, the
neutrons from the (α,n) reactions of interest are not affected and the effect does play a
major role in the further considerations.
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Figure 5.6: Illustrated are the results from the GEANT4 simulation for the detection
efficiency, the elastic (n,n) cross section data and the GEANT4 simulation results with
σel(

natC(n,n))=0.

Efficiency Function

Following the match of the simulation data with the experimental data, an efficiency
function was derived by fitting the data with two polynomial functions. For En ≤ 3 MeV
the efficiency is described by :

ϵ = 0.52311− 1.928 · 10−4 ·En + 5.856 · 10−8 ·E2
n − 5.574 · 10−12 ·E3

n − 3.2358 · 10−15 ·E4
n

(5.8)
while the efficiency function for En ≥ 3 MeV is :

ϵ = 0.6081− 1.58 · 10−4 ·En + 1.847 · 10−8 ·E2
n − 7.745 · 10−13 ·E3

n (5.9)

where the neutron energy En is given in keV. The efficiency functions derived from the
MCNP5 or GEANT4 data turned out to be equal within statistical uncertainties.

Comparison to Previous Detection Systems

As mentioned before, similar detection systems have been used in the past. In figure 5.7
a comparison between different detector setups is shown. As one can observe, for lower
neutron energies the detection system built for this thesis observes has a higher efficiency.



68 Experimental Results

 (keV)nE

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

E
ff

ic
ie

n
cy

0

0.1

0.2

0.3

0.4

0.5

0.6

Denker, 1994

Harrisopulos, 2005

Hosmer, 2005

This work

Figure 5.7: Shown are the different efficiency functions of similar detections systems com-
pared to the system developed here[8, 97, 98].
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5.1.3 Ring Ratio

The ring ratio (R) is defined as the ratio between the number of counts detected within
the inner ring (NIR) and the number of counts within the outer ring (NOR):

R =
NIR

NOR
(5.10)

The number of detected neutrons within each ring is dependent on the initial neutron
energy. The higher the initial neutron energy, the longer the path through the moderator
material. Consequently, the ring ratio can be used as a tool to roughly estimate the initial
neutron energy.
The ring ratio was calculated from the efficiency measurements and compared to the
results of the computational simulations (see figure 5.8). The efficiency for each neutron
energy can then be assigned to a specific initial neutron energy as well (see figure 5.10).
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Figure 5.8: Plotted is the effciency of the neutron detector as a function of the ring ratio.
The results obtained with MCNP provide the best match to the experimental data.

The nature of (α,n) reactions as two step processes involves also the occurrence of so-called
neutron groups. A neutron group ni describes the neutrons who populate the ith state
of the final nucleus. Neutrons belonging to different groups have different energies (see
figure 5.9). This results in a neutron detection efficiency that is different for each neutron
group. This can be corrected for by analyzing the ring ratios and determining the neutron
groups. A function for the neutron energy was derived by fitting the data displayed in
figures 5.10 and 5.11 :

En(R) = e(11.42−3.762∗R) (5.11)
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Figure 5.9: Schematic drawing of a compound reaction, illustrating the occurence of dif-
ferent neutron groups.
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Figure 5.10: Plotted is the ring ratio versus the initial neutron energy. Note, that MCNP
does not reproduce the ring ratio as well as GEANT. The MCNP results wered adjusted
with a scaling factor therefore. The data also shows indication for a peak at energies above
3500 keV. For details see section 5.1.2.
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Figure 5.11: Plotted is the ring ratio versus the initial neutron energy up to an initial
neutron energy of 3500 keV. The solid line represents the fit function derived.
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5.2 RBS Measurements

After each Mg target production process, two targets were available. One target con-
sisted of the enriched Mg layer on a gold backing (production target) while one target
consisted of a carbon disk as a backing (RBS target). Both targets were mounted at their
target stations immediately after being produced. The RBS targets were measured first
to determine the contamination level. The RBS measurements then indicate the level of
contamination by oxygen and other elements heavier than carbon. This allowed to deter-
mine the effects on the production using different equipment and procedures. Additionally,
the used stopping powers for the data analysis of the production data could be adjusted
accordingly.
An important results was that an increased amount of Ta within the MgO-Ta mixture
reduces the oxygen level. Ocurrence of Mo within the target layer was observed as well,
when Mo boats were used.
The RBS measurements showed that a virtually oxygen-free production of Mg target layers
is in fact possible. The main problem appears to be the process point where targets are
transferred to their respective target station and are exposed to air. Re-oxidation of the
evaporated Mg layers already during the evaporation process seems to be possible as well,
since Mg already oxidizes at vacuum levels below 10−7 Pa[99]. A significant oxidation
during the measurement of a production target was not observed.
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Figure 5.12: RBS spectrum of a contaminated 26Mg target. The peaks at channel numbers
higher than 2000 can be assigned to high mass impurities such as Mo or Ta. The Al peak
is probably caused by the sample holder in the target chamber.
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Figure 5.13: RBS spectrum of a relatively clean 25Mg target. Compared to the target in
figure 5.12 the reduced oxygen content and absence of high mass impurities is evident.
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5.3 Target Thickness Measurements

The target thickness of each magnesium production target was determined via a (p,γ)
resonance measurement. The full width maximum of the resulting peak in the excitation
curve displays the target thickness[27]. The thickness of the magnesium targets varied,
while the target thickness of the oxygen targets was kept the same (see tables 5.1 and
5.2). This was due to the high reproducibility of the anodizing process as compared to
the fluctuations within the evaporation process by which the Mg targets were produced.

Target Isotope Er E1
γ E2

γ
24Mg 823 2611 3061
25Mg 775 417 3891
26Mg 718 840 1016

Table 5.1: List of resonances used for the target thickness measurements on the Mg
production targets and their respective key γ-ray transitions.

Target ∆ (2 MeV) [keV] ∆ [µg/cm2] Mg : O [atom/atom]
24Mg 2 28.86 26.21 1.18:1
25Mg 1 23.11 20.94 3.09:1
25Mg 2 41.98 38.57 2.74:1
26Mg 1 14.61 14.31 1.35:1
26Mg 2 31.63 30.98 2.30:1
18O 1-6 5.80 11.5 —

Table 5.2: Target thickness and Mg:O ratios for the production targets.
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5.4 Background Correction Techniques

An intrinsic feature of detection systems based on neutron moderation and counting is the
loss of energy information. As the neutrons are detected, one is not able to assign each
neutron to a specific reaction. Possible contamination of the targets leads to background
reactions influencing the experimental data. Especially if one compares the cross sections
of the background reactions and reactions of interest it becomes evident that often even
smallest impurities can lead to problems during the data analysis (see figure 5.14). Here,
with the Mg targets already contaminated with oxygen and the occurrence of carbon in
almost any material, there is no doubt of the occurence of background reactions such as
13C(α,n)16O, 17O(α,n)20Ne and 18O(α,n)21Ne.
It has to be noted that not only contamination within the targets but also e.g. on the
beamline slits can lead to an increase in background reactions. This was illustrated by
simply increasing the beam current on the beamline slits and recording the neutron yield
at a fixed energy. As a consequence, the current on the beamline slits was kept below 0.5
µA.
As shown in figure 5.15, the raw experimental data already allowed to identify most
resonance peaks and to assign them to specific background reactions. Two techniques
were employed to correct the experimental data.
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Figure 5.15: Yield curve for 26Mg(α,n)29Si obtained with an enriched 26Mg target.
The arrows show the positions of resonance peaks caused by the background reactions
13C(α,n)16O and 18O(α,n)21Ne.
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5.4.1 Background Targets

The first technique involved the production of background targets. A background target
was produced in the same way as a production target, but consisting of ”impurities” only.
For the Mg production targets an isotopically enriched (99.75 %) 24Mg target served as an
background target. This was possible since the 24Mg(α,n)27Si reaction occurs only at en-
ergies outside the experimental energy range (Ethres = 8396 keV). For the 18O production
targets a baked Ta backing was used as a background target.

18O background target

The measurements for the 18O background target showed only the 13C(α,n)16O reaction
as an additional contribution to the experimental data (see figures 5.16 and 5.17). The
13C(α,n)16O reaction, in general, was identified via the 13C(α,n)16O resonance peak at Er

= 1053 keV.
A ROOT analysis code was developed executing the following steps :

• Identify peak position of Er = 1053 keV of 13C(α,n)16O reaction.

The peak positions of the 13C(α,n)16O reaction and the production target varied
for different targets. This is mainly due to the fact, that the contamination may be
situated at different geometrical locations.

• Scale peak height of Eα = 1053 keV peak

Thickness and the level of the contamination directly influence the peak height in
the experimental data. Therefore, a scaling routine was implemented to match the
contamination levels.

• Match energy of background and production data

The energies at which background and production data are measured do not match
exactly. A routine was implemented to evaluate the background data at any given
energy based on the experimental background data.

• Subtract evaluated background data from experimental data

Once background yield and energy binning are matched, the evaluated yield was
subtracted from the production data.

This routine was used for the directly recorded neutron yield Yr (which is already corrected
for dead time effects and cosmic background radiation).
In figure 5.18 an example is shown, in which the uncorrected data, the evaluated back-
ground target data and the corrected data are shown. It is evident that each target shows
a noticeable, but different level of 13C contamination, despite identical target production
process and handling. The 13C contamination only had a noticeable effect on the ex-
perimental data at energies below Eα = 1400 keV. The peak width of the 13C(α,n)16O
resonance peak also indicates a relatively thin target contamination.
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Figure 5.16: Yield curves for 18O(α,n)21Ne obtained with enriched 18O targets. The arrow
shows the position of the Er = 1053 keV resonance peak of the reaction 13C(α,n)16O.
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Figure 5.17: Yield curves for 18O(α,n)21Ne obtained with enriched 18O targets. Different
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Mg Background Target

Figure 5.19 shows the 24Mg data compared to the data taken from a 25Mg target. Both
measurements show very similiar peak structures below an energy of Eα ≤ 1900 keV. Due
to the low cross sections of the 25Mg(α,n)28Si and 26Mg(α,n)29Si reactions, the level of
contamination has a stronger influence as for the 18O(α,n)21Ne measurements.
The 24Mg data are plotted with different scales in order to match different energy regions.
The scaling factor of 1 allows to only match the region at 1053 keV while a scaling factor
of 1.3 matches, e.g, the region at 1230 keV.
The 18O(α,n)21Ne data are only influenced by the 13C(α,n)16O background reaction, while
the Mg data in general are influenced by at least two background reactions, 13C(α,n)16O
and 18O(α,n)21Ne. Although each Mg target was produced and handled in the same man-
ner, the levels of contamination varied considerably which prevented a successful correction
with the routine employed in the case of 18O(α,n)21Ne.
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Figure 5.19: Yield data obtained with an enriched 25Mg target, an enriched 24Mg target
(scaled by factors of 1 and 1.3, respectively) data and the corrected 25Mg(α,n)28Si yield
curve. For different scaling factors, the 24Mg data can only match certain energy regions
(see discussion in section 5.4.1).
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5.4.2 Artifical Background Correction

Since a correction of the Mg production data with the background target measurement
approach for 18O(α,n)21Ne was not feasible, a different correction method was developed.
This method involves the artificial introduction of background data into the experimental
data set.
At first, peak structures within the uncorrected data were identified and then the cross
section data sets for the identified background reaction acquired. For the 13C(α,n)16O re-
action the data of Harrissopulos et al. were used, while the 18O(α,n)21Ne and 17O(α,n)20Ne
reaction data were taken from Denker and Bair et al.[8, 44, 98]. In order to apply the
corrections, the cross section data of the background reactions were converted into exper-
imental yields. The yield can be described as :

Y = σ · ∆
ϵ

(5.12)

where ∆ is the target thickness and ϵ the respective stopping power. By varying the
target thickness and stopping power, it is possible to make assessments on the form of the
contamination. This includes the geometrical location and contamination levels within
the experimental setup.
To determine the geometrical location of the contamination the stopping power was varied.
The variation was based on physical aspects and was not simply a parameter variation.
For example, one can assume in principle that a possible 13C contamination is located
in the AuNiCu target backing of the Mg targets. This assumption is not unrealistic,
considering the production processes of the AuNiCu backings. The backings are coated
with Au by electrolysis and it is possible that AuCN and Ni(CN)2 complexes are built
into the Au layer during the electrolysis process[100]. An impinging α-particle interacting
with a 13C nucleus in the backing, inducing the 13C(α,n)16O reaction will experience a
different effective stopping power as compared to an α-particle reacting in a pure 13C
layer. Additionally, the thickness of the background source has to be taken into account.
The previous example corresponds to a virtually an infinitely thick background source
incorporated into the backing. This would lead to a different shape and magnitude of the
yield curve[27]. This is also illustrated in figure 5.20.
The peak position of the background resonance serves as a parameter as well, since it
points to the amount of energy an incoming α-particle loses before interaction with the
impurity. As figure 5.15 shows the position of the 13C(α,n)16O Er = 1053 keV resonance
peak can differ by several keV compared to the 13C(α,n)16O cross section data. The energy
shift can be observed as well for other resonances and therefore leaves no doubt that the
peak is from the 13C(α,n)16O reaction.
The energy shift corresponds to a thickness very similar to that of the corresponding Mg
target. This indicates that the impurity is located between the Mg layer and the AuNiCu
backing. A shift to higher energies would indicate a location behind the Mg layer, e.g. in
the backing (as discussed before) or between backing and target material. Conversely, a
shift to lower energies for example would indicate the impurity sitting on top of the Mg
layer, as it is the case for the observed 18O(α,n)21Ne resonances (see e.g. figure 5.21).
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Figure 5.20: This plot illustrates the behaviour and magnitude for different types of 13C
impurities. If the 13C is incorporated throughout the AuNiCu backing, the experimental
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Mg CC AuNiCu

α

ε(Mg) ε(AuNiCu)ε(C) ε(C)

δE(+)δE(-)

Figure 5.21: Schematic drawing of a Mg target. As an example two different C components,
at different locations, within a target are shown. δE(+) and δE(-) stand for an energy shift
to higher, respectively lower energy, while ϵ is the respective stopping power experienced by
the impinging α-particle. The widths of the layers do not correspond to actual proportions.

In summary the method involves the following steps :

• Identify background reactions

If possible, assign peak structures to know resonances of possible background reac-
tions

• Calculate reaction yield for identified background reactions

Cross section data reported in the literature are converted into reaction yield data,
taking into account parameters such as efficiency, enrichment etc.

• Determine possible physical location of impurity

Based on physical meaningful assumptions, vary stopping power and target thickness
of possible background reactions to match actual experimental data.

• Implement energy shift

Adjust the background reaction yield in energy and assign shifts according to location
of impurity.

• Match data and correct

Evaluate calculated reaction yield at energies given by experimental measurement.
Correct experimental data by subtracting background reaction yield.

For each production target different levels and locations of contaminations were identified.
Additionally, the number of contributing contaminations was determined. For example,
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in figure 5.15 it is shown that the measurement not only included one, but two 13C
background components.
The reactions 17O(α,n)20Ne was excluded as a major background contribution. This is due
to the low natural abundance of the isotope and the relatively low cross section compared
to the 18O(α,n)21Ne reaction.
Corrections for the reaction 13C(α,n)16O and 18O(α,n)21Ne do not explain the resonant
structure in the energy region of Eα = 1200 keV - 1300 keV. This resonant structure is
observed in each Mg measurement. Wieland also reported this structure but did not give
an explanation[45].
A search for possible (α,n) reactions occuring in this energy region led to the reaction
11B(α,n)14N as the most likely missing background contribution[101]. Not only the region
Eα = 1200 keV - 1300 keV, but also the region Eα = 1500 keV - 1600 keV shows obvi-
ous contributions from the 11B(α,n)14N (see figure 5.22). The shape and location of the
11B(α,n)14N resonance peaks in the yield curves indicates a, within uncertainties, consis-
tent contamination of the Mg targets. This is probably due to an incorporation through
the evaporation process.
The correction method explained above and including the 11B(α,n)14N contribution has
been applied especially to the Mg data and shows promising results. The detailed formal-
ism for the correction method is described in Appendix C.
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Figure 5.22: Yield data of a 26Mg(α,n)29Si measurement and the cross section for the
reaction 11B(α,n)14N[101]. The cross section is scaled to emphasize the correlation between
both data sets.
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Figure 5.23: Yield curve of a 26Mg(α,n)29Si measurement and the calculated background
data for the 11B(α,n)14N component. The 11B(α,n)14N component is based on the cross
section provided by Wang et al. and, in contrast to figure 5.22, is additionally matched
for thickness, stopping power etc. [101].
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5.5 25Mg(α,n)28Si

The experimental data on 25Mg(α,n)28Si showed two 13C, one 18O and one 11B background
component. Below Eα = 1800 keV, the background does not allow a distinction between
neutrons resulting from 25Mg(α,n)28Si or from one of the background reactions. As a
consequence, upper limits only were calculated for this energy region (see figure 5.24).
For Eα ≥ 1800 keV the experimental data clearly show resonant structures from which
only the region around Eα = 1866 keV had to be excluded due to the observation of the
18O(α,n)21Ne(Er= 1866 keV) resonance. The resonances and their according resonance
parameters (resonance strength ωγ, total width Γ and resonance energy Er) were fitted
and calculated. In table 5.4 they are listed and compared to the data reported by Wieland.
The ambiguities in the Wieland data, such as a missing information on the background
treatment, do not allow a quanititative comparison. Only the resonances at Er = 1834,
2106, 2244 and 2338 keV could be confirmed in this work. An additional validation is
given by the review of reported excited states (Ex) in the corresponding Nuclear Data
Sheets (see table 5.3) [102, 103].
The derived resonance parameters and cross sections lead to an astrophysical S-factor
which is up to an order of magnitude lower than the one reported by Wieland (see figure
5.26). In particular the calculated resonance strengths differ substantially (see table 5.4).
This should have an immediate impact on the reaction rate.

States of 29Si This work Wieland NDS

Eα Ecm Ex

2338 2015 13142 X X
2244 1934 13061 X X
2106 1816 12942 X X X
2069 1783 12910 X
2035 1754 12881 X
1967 1695 12822 X
1944 1676 12802 X
1834 1581 12707 X X
1818 1567 12693 X X
1784 1537 12665 X

Table 5.3: List of resolved resonance states for 25Mg(α,n)28Si, compared to the work of
Wieland and others (NDS) [45, 103]. Note, that the resonances at Eα = 1967, 1944, 1834,
1818 overlap within errors (see also table 5.4).
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Figure 5.24: Illustrated are the measured experimental yields, the yields after background
correction and upper limits. The upper limits are especially located in energy regions
where the background can not be separated from the data set.
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5.6 26Mg(α,n)29Si

The results for the 26Mg(α,n)29Si reaction are similar to the ones obtained for 25Mg(α,n)28Si.
A separation from the background reactions below Eα = 1750 keV is not possible. After
the background correction, the peak structures below Eα = 1750 keV completely disappear
(see figure 5.27). This, again, raises serious concerns regarding the reported resonances
and cross sections by Wieland[45].
Five resonances for the reaction 26Mg(α,n)29Si were determined. These were seen at least
in one of the previous reports (see table 5.5). The fitted resonance parameters again
differ substantially from the ones previously reported by Wieland (see table 5.6). Several
resonance (or excited) states reported before by Küchler and NDS could not be resolved as
well[43, 102, 103]. As a result the astrophysical S-factor was determined to be significantly
lower as previously reported (see figure 5.28).

States of 30Si This work Wieland Küchler NDS

Eα Ecm Ex

2397 2077 12720 X X
2373 2057 12700 X X
2290 1985 12628 X X
2267 1965 12608 X
2233 1935 12579 X X
2215 1920 12563 X
2146 1860 12503 X
2135 1850 12494 X
2123 1840 12483 X
2077 1800 12443 X
2054 1780 12423 X
2030 1759 12402 X
2010 1742 12385 X X
1996 1730 12373 X
1957 1696 12339 X X
1909 1654 12298 X
1846 1600 12243 X
1800 1560 12203 X X
1781 1544 12187 X

Table 5.5: List of resolved resonance states for 26Mg(α,n)29Si, compared to the work of
Wieland, Küchler and others (NDS) [43, 45, 103]. Note, that, analogous to the case of
25Mg(α,n)28Si, resonances overlap within errors (see also table 5.6).



96 Experimental Results

T
h
is

w
o
rk

[k
e
V
]

W
ie
la
n
d

[k
e
V
]

E
α

E
cm

E
x

Γ
cm

ω
γ
cm

E
α

E
cm

E
x

Γ
cm

ω
γ
cm

2
3
9
7
±

6
2
07

7
12

72
0

34
±

10
9
0
±

20
23
73

±
2

20
57

12
70
0

73
.8
4
±

1.
45

1.
10
E
-0
6
±

1
.0
0
E
-0
5

2
2
9
0
±

5
1
98

5
12

62
8

2
2
±

8
2
7
±

14
22
67

±
2

19
65

12
60
8

32
.7
6
±

0.
68

3.
63
E
-0
7
±

6
.9
0
E
-0
6

22
33

±
3

19
35

12
57
9

92
.1
2
±

1.
75

5.
70
E
-0
7
±

1
.8
2
E
-0
5

2
2
3
7
±

6
19

39
1
25

82
21
35

±
2

18
50

12
49
4

52
.9
6
±

1.
01

1.
90
E
-0
7
±

4
.3
1
E
-0
6

2
1
2
3
±

1
0

1
84

0
12

48
3

40
±

19
2
0
±

14
20
54

±
3

17
80

12
42
3

98
.3
0
±

4.
81

1.
85
E
-0
7
±

1
.3
9
E
-0
5

2
0
1
0
±

5
1
74

2
12

38
5

1
0
±

4
10

±
4

19
96

±
2

17
30

12
37
3

43
.4
2
±

0.
78

1.
66
E
-0
9
±

2
.9
6
E
-0
6

19
57

±
3

16
96

12
33
9

73
.0
6
±

0.
96

1.
76
E
-0
9
±

3
.1
5
E
-0
6

1
9
5
3
±

1
5

16
93

1
23

02
1
9
0
9
±

1
0

1
65

5
12

29
8

1
8
4
6
±

1
0

1
60

0
12

24
3

1
7
8
1
±

1
5

1
54

4
12

87
5
±

3
0
.0
8
±

0.
0
4

T
ab

le
5.
6:

O
b
ta
in
ed

re
so
n
an

ce
p
ar
am

et
er
s
fo
r
2
6
M
g(
α
,n
)2

9
S
i,
co
m
p
a
re
d
to

th
e
p
a
ra
m
et
er
s
re
p
o
rt
ed

b
y
W

ie
la
n
d
[4
5
].



5.6 26Mg(α,n)29Si 97

 (keV)aE

1000 1200 1400 1600 1800 2000 2200

 (
ba

rn
)

s

-1010

-910

-810

-710

-610

-510

-410

-310

Mg Wieland (NACRE)26

Mg26

Mg upper limit26

Figure 5.27: Shown are the cross sections for 26Mg(α,n)29Si obtained in this work, com-
pared to the cross section data reported by NACRE. It has to be noted, that the NACRE
data are dominated by the data achieved of Wieland[45, 57]. Below 1700 keV they are
listed as upper limits and show no error bars.
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5.7 18O(α,n)21Ne

For the 18O(α,n)21Ne experiment, only the 13C(α,n)16O reaction was found as a back-
ground component. The resonances reported by Denker (respectively NACRE) have been
confirmed by the present experimental data[8, 57]. The resonances below 1050 keV could
not be confirmed with the yield measurements.
The resonance parameters derived from the present data represent the first independent
validation of the results from Bair and from Denker[8, 44]. In particular the achieved
resonance strengths ωγcm are close to the ones reported by Denker, which is important
for the calculation of the reaction rate. For the first time resonance parameters also for
the Er = 1817 keV resonance are reported.
However, the cross sections differ from the ones reported in the NACRE compilation[57].
The difference is up to a factor of 4, and an energy shift of about 8 keV is observed (see
figures 5.29 and 5.30). Denker’s work reveals two possible sources for this ambiguity. For
one, the determination of the detection efficiency was performed with MCNP only and
a few experimental data points. These data points did not necessarily agree well with
the MCNP simulations, in particular since the MCNP simulations from the present work
had to be adjusted (scaled) to match the experimental results. A second possibility is
the treatment of the stopping power. Denker used a differential gas target system which
requires a more sophisticated determination of the stopping power.
Nevertheless, the astrophysical S-factor shows a very good agreement between the present
data and previously obtained results (see figure 5.31).

This work [keV] NDS [keV]

Eα Ecm Ex Γcm Eα Ecm Ex Γcm

2466 ± 2 2017 11685 8 ± 3 2467 ± 6 2018 11686 9
2340 ± 2 1915 11583 20 ± 4 2335 ± 6 1910 11578 18
2199 ± 2 1799 11467 8 ± 3 2195 ± 4 1796 11464 ≤ 3
2165 ± 2 1771 11439 57 ± 8 2160 ± 10 1767 11435 48
1959 ± 3 1603 11271 4 ± 1 1955 ± 6 1600 11268 12
1867 ± 3 1528 11196 6 ± 1 1864 ± 4 1525 11193 7
1817 ± 2 1487 11155 14 ± 1 1787 ± 6 1462 11130 ≤ 5
1665 ± 2 1362 11030 17 ± 3 1667 ± 7 1364 11032 ≤10
1531 ± 4 1253 10921 16 ± 1 1531 ± 4 1253 10921 24
1452 ± 3 1188 10856 5 ± 1 1453 ± 4 1189 10857 6
1324 ± 4 1083 10751 2 ± 1 1321 ± 4 1081 10749 6
1277 ± 2 1045 10713 3 ± 2 1269 ± 5 1038 10706 ≤ 10
1157 ± 3 947 10615 2 ± 1 1159 ± 4 948 10616 6
1064 ± 3 870 10538 8 ± 2 1079 ± 18 883 10551

Table 5.7: Resonance parameters obtained for the reaction 18O(α,n)21Ne compared to the
results from Nuclear Data Sheets (NDS)[104]. The results from NDS for example, include
the data from Bair et al.[44]. No results for the resonance strengths are given by NDS (or
included references).
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Figure 5.29: Illustrated is the cross section for 18O(α,n)21Ne, compared to the NACRE
data, which includes the data obtained by Bair and those obtained by Denker[8, 44, 57].
Note, that an energy shift and a scaling difference between both data sets exists.
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Figure 5.30: Shifted and scaled NACRE data set for 18O(α,n)21Ne in comparison to the
experimental data set obtained in the present work.
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5.8 Results from Ring Ratio Calculations

The ring ratio for each reaction was utilized to determine the energy of the neutrons
detected. This is especially useful to (a) determine the neutron group detected and (b)
investigate effects on the detection efficiency. As mentioned earlier, different neutron
groups have different energies which affect the detection efficiency. Different ring ratios
would indicate if an observed resonance belongs to one neutron group exclusively or if a
mixing of neutron groups is occurring. A shortcoming is that the ring ratios represent a
mean neutron energy Ēn, if mixing of different neutron groups occurs.
Figures 5.32 and 5.33 show the measured ring ratios for 25Mg(α,n)28Si and 26Mg(α,n)29Si.
Unfortunately, a clear distinction of the ring ratio data from the reaction of interest from
the background data (especially the resonances) was not possible. For 18O(α,n)21Ne the
situation is more favorable (see figure 5.34), since all resonances can be observed. In the
following, the analysis method will be discussed for the case of 18O(α,n)21Ne.
First one has to review the nuclear structure information important for the reaction mech-
anism. For (α,n) reactions the compound nucleus mechanism can applied. This assumes
that the target nucleus and the incoming α-particle form a compound nucleus, which
decays via the emission of a neutron. The important parameters are listed in table 5.9.

Parameter 18O(α,n)21Ne 25Mg(α,n)28Si 26Mg(α,n)29Si

Qα 9668 10698 10643
Sn 10364 8044 10609
Ethres 696 0 0
Q0 -696 2654 34
Q1 -1047 874 -1236
Q2 -2442 -1966 -1996

Table 5.9: Nuclear structure parameters important for the compound nucleus mechanism
from NDS[102, 103, 104].

The final nucleus of the reaction 18O(α,n)21Ne has three states within the experimental
range that can be populated : The ground state at 0 keV, the first excited state at 351 keV
and the 2nd excited state at 1746 keV. To cause the reaction to occur, the α-particle has
to impinge on the 18O nucleus with an energy greater than the threshold energy Ethres

= 696 keV (Eα = 856 keV). This implies that resonances occuring below a laboratory
resonance energy of :

Er = (Ethres + 351) ∗ M +m

M
= 1277keV (5.13)

exclusively populate the ground state of 21Ne (note, that M+m/m = 18+4/18). Con-
sequently, these resonances exclusively consist of neutrons from the n0 group, since the
energy is not high enough to populate the first excited state of 21Ne.
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Figure 5.32: Illustrated is the ring ratio obtained for the 25Mg(α,n)28Si measurement of
an enriched 25Mg target.
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Figure 5.33: Illustrated is the ring ratio obtained for the 26Mg(α,n)29Si measurement of
an enriched 26Mg target.
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One can estimate the mixing ratios of the neutron groups for the different resonances. The
present data yield a ring ratio of 1.62 for the resonance at Er = 1157 keV (see also table
5.10). If xi denotes the mixing ratio of the ith neutron group (with

∑
xi = 1), one can

note for the Er = 1157 keV resonance:

R(1157keV ) = 1.62 = x0 ·En0 + x1 ·En1 (5.14)

with Er = 1157 keV as an exclusive n0-group resonance, equation 5.13 becomes simply :

En(1.62) = 1 ·En0 + 0 ·En1 = 206keV (5.15)

A calculation of the neutron energy ((1157 · 0.82) − Ethres = 252keV ) results within the
sensitivity of the ring ratio.

Er Ecalc
n0

Ēdata
n R

1008 130 1.74∗
1064 176 240 1.58∗
1157 252 204 1.62
1277 351 372 1.46
1324 389 333 1.49
1452 494 353 1.47
1531 559 189 1.64
1665 669 667 1.31
1817 793 1250 1.14
1839 811 1028 1.19
1867 834 1079 1.18
1959 910 793 1.26
2165 1079 2079 1
2199 1106 1963 1.02
2270 1160 2316 0.97†
2340 1222 2682 0.94
2466 1325 2360 0.97

Table 5.10: Calculated neutron energies for a 100 % branching into the n0 group (Ecalc
n0

),
the observed ratios and calculated mean neutron energies. The resonances marked with ∗
could not be separated sufficiently, while the resonance marked with † was not observed.

The resonance at Er = 1277 keV is the first resonance that is open to the n1 channel.
If the n0 channel is exclusively populated, the neutron energy should be 351 keV. The
present data for the Er = 1277 keV resonance shows :

En(1.46) = 372keV (5.16)

which allows to claim a pure n0 resonance. In table 5.10 a list of the ring ratios for
the different resonances and the corresponding mean neutron energies is given. Ecalc

n0

represent the neutron energy, that one should observe, if the resonance were an exclusive
n0 resonance. If mixing with the n1-group occurs, the mean neutron energy should be
higher :
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Ēn(R) = x0 ·En0 + x1 ·En1 > x0 ·En0 (5.17)

since En1 = En0 - 350 keV.
However, in some cases the data show also :

Ecalc
n0

> Ēdata
n (5.18)

which indicates the occurrence of interferences between resonances. This leads to an
increase in the detected mean neutron energy. For example, the resonances in the energy
region 1800 - 1900 keV fulfill the relation of equation 5.16 and interfere, while isolated
resonances (e.g. Er = 1966 keV) fulfill equation 5.15.
Table 5.11 shows the estimated mixing ratios for resonances, which fulfilled equation 5.15.
It has to be noted that these values are estimates and probably are not very accurate.
The uncertainty is introduced by a missing background reduction for the ring ratio data.
In order to reliably correct for background contributions, one would have to measure
the possible background reactions with exactly the same detector setup. The ring ratios
measured would then allow a reliable correction. Additionally, the sensitivity of the ring
ratio with respect to the neutron energy is not strong enough to yield more accurate
results. Still, such measurements would probably also result in better data sets for the
reactions 25Mg(α,n)28Si and 26Mg(α,n)29Si.
To raise confidence in the achieved mixing ratios, one could use the Jπ assignments of
the involved nuclei and possibly estimate the transition probabilities. Experimentally, it
may be possible to design a more sensitive detector geometry for the specific reaction of
interest. However, these considerations and their implementation exceed the scope of this
thesis.
In addition to the resonances identified in the experimental yield data, a resonance was
found at approximately Er = 2270 keV. This would correspond to Ex = 11528 keV in
the compound nucleus, in agreement with an excited state at Ex= 11530 found previously
through the 20Ne(t,p)22Ne reaction[104].
In any case, the detection efficiency is not affected significantly by the occurrence of
different neutron groups and is not very sensitive to the ring ratio, as previously shown in
figure 5.8.

Er x0 x1

1008 1
1064 1
1157 1
1277 1
1324 0.84 0.16
1452 0.6 0.4
1531 0 1
1665 1 0
1959 0.66 0.34

Table 5.11: Calculated mixing ratios for 18O(α,n)21Ne resonances. The resonances not
listed here do not allow a conclusive calculation due to the occurence of the n2 group or
interference effects with other resonances.
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5.9 Reaction Rates

As already discussed in section 2.4, the reaction rate determines the outcome of the network
calculations, which will lead to an impact assessment for stellar nucleosynthesis. Nuclear
structure effects and uncertainties in the experimental data entail the use of assumptions
for the determination of the reaction rate.
In general, the reaction rate is dependent on the reaction mechanism. For (α,n) reactions
the mechanism involves the formation of a compound nucleus. As a consequence, the oc-
currence of resonant behaviour is strongly favored, which results in a resonant component
of the reaction rate (see also 2.3):

⟨σv⟩r =
(

2π

µkT

)3/2

~2
∑
i

(ωγ)iexp

(
− Ei

kT

)
f (5.19)

where i denotes the specific resonance observed. For 25Mg(α,n)28Si and 26Mg(α,n)29Si
this is the situation in the energy range Eα = 1800 keV. As illustrated previously, the
experimental data do not allow an accurate determination of the cross sections down
to lower astrophysical energies, however. For these energy regions the cross section, or
respectively S-factor, was assumed to be constant at 1.36 · 108 MeVb for 25Mg(α,n)28Si
and 7.97 · 108 MeVb for 26Mg(α,n)29Si. The corresponding reaction rate can then be
expressed as :

⟨σv⟩sfactor =
(
2

µ

)1/2 ∆

(kT )3/2
S(E0)(1 +

5

12τ
)exp (−τ) (5.20)

with ∆ as the effective width of the relevant energy window and τ being defined as :

τ =
3E0

kT
≫ 1 (5.21)

This constitutes then a second component for the reaction rate[27].
For energy regions completely outside the experimental range investigated in this thesis,
the cross section data sets were complemented. By data taken from the NACRE compi-
lation the total reaction rate becomes therefore :

⟨σv⟩total = ⟨σv⟩r + ⟨σv⟩sfactor + ⟨σv⟩NACRE (5.22)

including the energy ranges and resonances not investigated in this thesis (⟨σv⟩NACRE)[27,
57].
Due to the substantial background corrections and resulting lower resonance strengths, the
reaction rates for the reactions 25Mg(α,n)28Si and 26Mg(α,n)29Si obtained in this work are
up to several orders of magnitude lower than those previously reported. This is illustrated
in figures 5.35 and 5.36, where the different calculated components and the data from
literature are shown. The differences between each component illustrate the importance
of accurate resonance information from experimental data sets.
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Figure 5.35: Comparison to previous results of the obtained reaction rate as a function
of temperature for 25Mg(α,n)28Si. The results from previous authors are represented by
analytical fits[45, 47, 48, 57, 105]. To illustrate the effect of the different components from
this work, the analytical fits were excluded from this figure. At T9 = 1.5 the reaction
rate for 25Mg(α,n)28Si is by a factor of 1.2 · 10−2 lower as compared to the reaction
rate reported by Wieland. The reaction rate is multiplied by Avogardo’s constant and
displayed in units of cm3 mol−1 s−1.



5.9 Reaction Rates 111

9T
-110 1 10

v>s<
A

N

-2810

-2410

-2010

-1610

-1210

-810

-410

1

410

810

1010

Woosley et al.
Wieland

Rauscher et al.
Caughlan et al.

This work Res component
This work NonRes comp

This work Total 
This work Total x 100

Si29,n)aMg(26
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The situation for the 18O(α,n)21Ne the reaction rate is illustrated in figure 5.37. The
calculation of the reaction rate resulted in an increase by a factor of about 4 due to the
higher measured cross sections. The shift in resonance energies does not have an essential
effect.
A comparison of the reaction rate to the reaction rates of 18O(α,γ)22Ne by Dababneh et
al. showed a shift for the temperature at which the (α,n) channel is dominating over the
(α,γ) channel (see figure 5.38 and table 5.12). The shift is caused by the new experimental
data available through Dababneh et al. and the reaction rate from this work. Denker,
for example, was only able to compare to older results on 18O(α,γ)22Ne [8, 58]. The shift
indicates a release of additional neutron fluxes and an impact on steller nucleosynthesis
at an earlier stage of stellar evolution.

Authors Temperature [T9]

Denker et al. 0.6
Denker et al., Dababneh et al. 0.62
This work, Dababneh et al. 0.52

Table 5.12: List of temperatures at which the 18O(α,n)21Ne reaction starts to dominate
over the 18O(α,γ)22Ne reaction[8, 58].
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Chapter 6

Impact Studies

The impact of the previously obtained reactions rates can be quantitavely assessed by
implementing the reaction rates into network calculations (see section 2.4). The PPN
NUGRID post-processing code calculates the abundance distribution for each isotope in-
volved in the nucleosynthesis processes[30].
In the context of this thesis, it is important to note that the results from PPN are based on
so-called one-zone calculations. One-zone calculations provide the abundances (and their
variations) for one given phase of the stellar evolution. 25Mg(α,n)28Si and 26Mg(α,n)29Si
become relevant during Ne burning conditions, while in the case of 18O(α,n)21Ne, He
burning conditions have to be considered. This constrains the impact of the reactions to
specific aspects of stellar nucleosynthesis.
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6.1 25Mg(α,n)28Si & 26Mg(α,n)29Si

The obtained reaction rates of 25Mg(α,n)28Si and 26Mg(α,n)29Si are significantly different
from those provided by NACRE[57]. Considering the large uncertainties still associated
with the reaction rates, a sensitivity study was performed. This study contained the
variation of the reactions rates up to two orders of magnitude in comparison to the reaction
rates recommended by NACRE.

To observe the impact of these variations, specific isotopes were chosen, whose abundances
were estimated to be influenced by the change in reaction rates. Apart from the abun-
dances of the Mg and Si isotopes, whose abundances are influenced directly, the isotopic
abundances of titanium, strontium, zirconium, molybdenum and barium were chosen as
observables for the impact. The abundances of these isotopes are influenced indirectly
through the varying neutron exposures.

To account for different initial stellar masses and the Ne-burning conditions in the core
as well as in the convective shell, the calculations were performed at T9 = 1.5 and 1.7.
For sake of simplicity, the matter density was kept constant at 106 cm−3. The end of
the burning phase was conventionally set to the time at which the 20Ne abundance would
have dropped to approximately 1%. This would typically be the case after one year for T9

= 1.5, respectively 1.4 days for T9 = 1.7. Notice that under such conditions, convective
Ne-shell burning is terminated by the supernova explosion, while 20Ne is still available[10].

Nucleosynthesis in the pre-explosive Ne-shell is mostly affected by the reactions during the
initial burning phase, when 20Ne is more abundant. As the 20Ne abundance decreases in
the shell, the amounts of α-particles, neutrons and protons rapidly drop as well. For this
reason, the results of our impact study may be applied to both Ne-burning conditions, in
the core (complete 20Ne exhaustion) and in the shell (partial 20Ne exhaustion).

The initial seed abundances for the calculations are taken from the C-burning ashes of a
of 25M⊙ and solar-like metallicity star[23].

The calculations provide the abundance distribution at the end of the Ne shell not only
for stable but also for unstable isotopes which can contribute to the abundances of the
stable isotopes through their β-decays. This additional component is called radiogenic
component. The half-life of the contributing isotope has to be long enough to contribute
during the condensation phase of the ejected material, e.g. observed in form of the SiC X
grains (see secton 2.5).

In figure 6.1, the neutron density is plotted as a function of time during neon burning for
the different cases considered in our study. The maximum neutron density is obtained in
the first phases of Ne burning followed by a rapid decrease. At the beginning, the high
20Ne abundance provides a large flux of α-particles via the 20Ne(γ,α)16O reaction.

These α-particles may then be captured by 25Mg and 26Mg to produce neutrons. The
burning of 25Mg and 26Mg via α-capture and the decrease of 20Ne cause the neutron
density to decrease with time. The different neutron peak densities illustrated in figure
6.1 show that 25Mg(α,n)28Si and 26Mg(α,n)29Si provide about 50% of the total neutron
density as evident by comparing the different cases when their respective reaction rates
are decreased, kept the same or set to zero.

In figures 6.2 - 6.7, the obtained abundance distributions and their variation at the end
of Ne shell burning are shown. In most cases, the radiogenic contribution to the stable
isotopes is negligible or small compared to the original abundances of the stable species.
For a small number of considered cases, however the radiogenic contribution is indeed
significant, and does affect the final isotopic distribution. The most significant ones are
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listed in table 6.1 and plotted in figures 6.2 - 6.7 for different feeding amounts as well.

Decay chain Longest lived isotope t1/2
46−50Sc → 46−50Ti 44Sc 84 d
86Rb → 86Sr 86Rb 19 d
90,91Sr → 90,91Y → 90,91Zr 90Sr 29 a
94Nb → 94Mo 94Nb 20300 a
95Zr → 95Nb → 95Mo 95Zr 64 d
134−138Cs → 134−138Ba 135Cs 2 · 106 a

Table 6.1: List of decay chains affecting significantly the final abundances of the daughter
nuclei, for the elements considered in this discussion (Ti, Sr, Zr, Mo, Ba). The longest
lived isotopes in each chain and their respective half-lives are listed as well.

Particular cases, that require detailed discussion, are the nuclei 94Nb and 135Cs.
135Cs is accumulated during Ne-burning, due to its long half life (t1/2 = 2 Ma). Two
aspects have to be taken into account : (1) At the end of Ne-burning, 135Cs is abundant
enough to possibly contribute to the 135Ba abundance. To have a noticeable effect (at least
1% feeding) on the 135Ba abundance, a feeding time of at least 30000 years was determined.
Since SiC X grains form within a few years, only a marginal fraction of 135Cs will decay
to 135Ba before grain formation occurs[106, 107]. (2) Due to its chemical properties, Cs
does not condense in grains and therefore does not contribute to the abundance of Ba in
SiC X grains after grain formation.
94Nb is a long-lived isotope (t1/2 = 2 · 104 a), which is accumulated during Ne-burning as
well and contributes through its decay to the 94Mo abundance. The difference to the case
of 135Cs is, that 94Nb condenses into silicon carbide grains and contributes to the 94Mo
abundance after grain formation [108, 109] (see figures 6.3, 6.5 and 6.7).

25Mg(α,n)28Si Figures 6.2 and 6.3 show the abundance variation for 25Mg(α,n)28Si and
rate variations by factors of 0.1 and 0.01 relative to NACRE, at T9 = 1.5 and 1.7[57].
With the reduction of the reaction rate, the abundance of 25Mg is increased up to 100%.
The direct reaction product, 28Si, is reduced to 20% percent.

The 26Mg and 29Si abundances, for example, are reduced as well. This can be assigned to
less neutrons being available for neutron captures on 25Mg and subsequently reducing the
occurrence of the 25Mg(n,γ)26Mg(α,n)29Si reaction chain.

The calculations for T9 = 1.5 (see figure 6.2) imply significantly decreased abundances for
most of the neutron capture species. Indeed, as a consequence of the reduced 25Mg(α,n)28Si
reaction rate, a lower amount of neutrons produced can be observed (see figure 6.1).

Only 90Zr, 94Mo,98Mo and 134Ba are increased in their abundances compared to the
NACRE reaction rate. Note that the increased abundances are also a result of the ra-
diogenic component, especially for 90Zr. As for 134Ba, in the NACRE case it is largely
bypassed, as the high neutron densities favour neutron capture compared to β-decay at
the branching points 133Xe and 134Cs. Therefore, in our case 134Ba is less destroyed as
compared to the NACRE reaction rate.

For T9 = 1.7 (see figure 6.3), most of the abundances for isotopes close to the valley of
stability are enhanced, while for more neutron-rich species the abundances are decreased.
Indeed, the increase in abundances, in particular for 94Mo, is up to orders of magnitude
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Figure 6.1: Neutron density as a function of time for T9 = 1.5 & 1.7. For T9 = 1.7 and
after 1.4 days (3.8 · 10−3 a) the Ne burning phase stops due to the exhaustion of 20 Ne.
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higher (depending on the radiogenic feeding) as compared to the case of T9 = 1.5. This
is caused by the reduced amount of neutrons (caused by the lower reaction rate) available
for neutron captures as compared to the abundances calculated for the NACRE reaction
rate.

26Mg(α,n)29Si The present calculations show a higher sensitivity to the production of
neutrons by 26Mg(α,n)29Si in the Ne shell as compared to 25Mg(α,n)28Si. For exam-
ple, at T9 = 1.5 the abundance of 29Si is more reduced with the lower reaction rate on
26Mg(α,n)29Si than the 28Si abundance for the 25Mg(α,n)28Si case. Additionally, up to
65% less Sr is produced compared to about 45% less for 25Mg(α,n)28Si (see figures 6.4 and
6.5). In comparison to 25Mg(α,n)28Si, the abundances of the isotopes are quantitatively
more affected by 26Mg(α,n)29Si, while the general trends are matched by both reactions.

The change in trends between T9 = 1.5 and T9 = 1.7 is the same for both reactions.
26Mg(α,n)29Si has a stronger influence on the abundance of the direct reaction products
and the remaining Mg abundances.
The quantitative influence of both reactions on the abundance distribution of s-process
element is similar. When adjusting the reaction rates of both reactions at the same time
the effects on the abundance distributions become quantitatively stronger (see figures 6.6
and 6.7). The different behaviour between T9 = 1.5 and T9 = 1.7 is due to the different
neutron density regimes found.
For T9 = 1.7 an additional feature has to be taken into account. The observation of an
increased abundance of for example the p-only nuclide 92Mo indicates the significance of
photodesintegrations (e.g. (γ,n) reactions). As the amount of neutrons becomes lower
through the decreased reaction rates, the equilibrium between (n,γ) and (γ,n) reactions
is shifted towards the destruction channel (γ,n). Additionally for (γ,n) reactions, one can
estimate the time scale by the inverse of the reaction rate (or half-life, respectively).
Especially for the phase after 20Ne is exhausted, no neutrons can be supplied to further
fuel the (α,n) reactions.

Mo isotope Time scale T9 =1.5 [a] Time scale T9 =1.7 [a]

92 2.60E+15 2.06E+10

93 6.60E+02 3.40E-01

94 1.50E+06 1.31E+02

95 2.40E+00 2.40E-03

96 2.56E+04 5.21E+00

97 2.85E-02 4.68E-05

98 4.09E+02 1.32E-01

99 3.25E-05 1.33E-07

100 4.23E+01 1.80E-02

Table 6.2: Listed are the time scales for (γ,n) reactions on the Mo isotopes for T9 =1.5
and T9 =1.7. The times scales, in general, are several orders of magnitude smaller for
higher temperature regimes.
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Comparison to SiC X grains Presolar grains from massive stars form in the SN ejecta
on a time scale of a few years after the SN explosion[106, 107]. In this phase, the SN ejecta
are affected by large mixing effects between different zones of the star, where carbon rich
material of the He shell is exposed and polluted by matter being mixed in from other
regions of the star, including material from the Ne shell.
As Ne shell material is further processed through the SN explosion, the heavier nuclei pre-
viously discussed are affected by photodisintegration processes. However, in some models,
the convective Ne shell is mixed with the convective C shell during the final day(s), thus
causing a significant material exchange between both zones[110]. Under such conditions,
isotopic signatures of the pre-explosive Ne-shell, together with C shell material, may be
ejected almost unchanged through the SN explosion.
A clear disentanglement of the pre-explosive Ne-shell component from presolar SiC grains
is not possible through the course of this work, but a comparison of Ne shell signatures to
presolar grain data could qualitatively lead to implications for the origin of the presolar
grain signatures, i.e. whether they may contain significant amounts of Ne shell material.
To compare the obtained results with isotopic ratios in SiC X grains, the calculated abun-
dance ratios were normalized to solar abundance ratios. For the example of the barium
isotopes results are given in the form :

δ

(
iBa

136Ba

)
=


Xi

X136[
xi

x136

]
⊙

− 1

 ∗ 1000 (6.1)

The results were normalized to the solar abundances given by Anders and Grevesse and
compared to measurements on SiC X grains (see figures E.3 - E.10) [111, 112, 113].
The obtained results in comparison to Ti data from SiC X grains do not show an agreement
(see figures E.1 - E.2). To some extent at least, this is due to missing information, e.g.,
from explosive nucleosynthesis and radiogenic components. These are not included since
only Ne shell material is considered here.
In figure E.3, the isotopic signatures for Sr measured by Pellin et al. are compared to the
obtained results at T9 = 1.5[112]. Clearly, the calculations do not match the production
of the isotope 88Sr. However, for T9 = 1.7, the measured isotopic signature seems to be
better reproduced by the present calculations. This suggests that the material condensed
in the grains measured by Pellin et al. was exposed to higher neutron densities than
explored here.
Similar to the Sr abundances distribution, the calculations match the SiC X data for Zr
(see figures E.5 - E.6) at T9 = 1.7 better than to the results calculated for T9 = 1.5.
The Mo signature in SiC grains gives a more robust information. Indeed, SiC X grains
are characterized by a Mo distribution with an overproduction of 95Mo, 97Mo and a slight
(or no) overproduction of 100Mo. For example Meyer et al. claimed, that such a peculiar
distribution may be reproduced by a neutron burst (starting from a solar abundance
seed, previously being exposed to a weak neutron fluence) at the bottom of the He shell,
in coincidence with the SN shock passage, indicating that at least for Mo a dominant
nucleosynthesis signature in presolar grains can be generated in this event[114]. In figures
E.7 - E.8, the results from the performed calculations are compared to SiC X data. Note,
that for T9 = 1.7 Ne shell burning reproduces also the SiC X data for 92Mo relatively well,
while in the case of T9 = 1.5 no 92Mo is produced.
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The results from the calculations and the measured Ba signatures are compared in figures
E.9 and E.10. The calculations reproduce the abundance of 138Ba only at a temperature
of T9= 1.7.
To explain the isotopic anomalies in grain KJB2-11-17-1, Hoppe et al. proposed an in-
crease of the NACRE reaction rate of 26Mg(α,n)29Si by a factor of two[54, 57]. As the
experimental results for the reaction rate do show a decrease rather than an increase, a
brief comparison with the calculated abundances is listed in table 6.3. Indeed, for the
decreased reaction rates of 25Mg(α,n)28Si and 26Mg(α,n)29Si, the calculated 29Si abun-
dance seem to be in the same order for NACRE x 0.1 and T9= 1.7. But, in contrast, the
30Si abundances differ substantially as compared to the ones found in grain KJB2-11-17-1.
Calculations, in which only the reaction rate of 26Mg(α,n)29Si was varied, were performed
as well, but showed no improvement.
These results imply that the Si isotopes in this grain have not been synthesized during
Ne burning alone. This conclusion is in accordance Hoppe et al. who note, that mixing
between oxygen and neon zone has to be taken into account. However, the abundances
calculated with the current data set only for the O/Ne zone also provide no match between
the data sets.
On the other hand, due to the lower reaction rates, more 25Mg and 26Mg are left in the
ashes of Ne burning, which then can be processed during further burning stages, such as
oxygen burning or explosive burning phases. This could also have interesting implications
for explosive nucleosynthesis calculations in massive stars and influence the final outcome
of the resulting abundances. A more conclusive picture may be obtained by performing
the same type of mixing calculations as Hoppe et al. did, but with the decreased reaction
rates of 25Mg(α,n)28Si and 26Mg(α,n)29Si. This is beyond the scope of this thesis.
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δ 29Si (h) δ 30Si ( h)

Hoppe et al. (1) 4929 2830
Hoppe et al. (2) 10857 2830
Hoppe et al. (3) 49 -168
Hoppe et al. (4) 630 -168

Ne burning calculations

T9 1.5 1.7 1.5 1.7

NACRE x 1 4538 5388 1549 3166

Variation of 26Mg(α,n)29Si only

NACRE x 2.5 6153 6646 2343 4080

NACRE x0.1 344 847 734 1900
NACRE x0.01 -516 -353 674 1808

Variation of both reactions

NACRE x0.1 193 711 936 2512
NACRE x0.01 -796 -700 929 2584

Table 6.3: Comparison of δiSi from this work and Hoppe et al.. (1) are the results
only considering the O/Ne zone, (2) are the results only considering the O/Ne zone and
increasing the 26Mg(α,n)29Si reaction rate by the suggested factor of 2.5, (3) are the results
considering the mixing of all zones, (4) are the results considering the mixing of all zones
and increasing 26Mg(α,n)29Si reaction rate by the factor 2.5. The results from (4) match
the data of grain KJB2-11-17-1[54]. Below are the results for pure Ne shell burning with
both the NACRE and lower reaction rates as indicated.
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6.2 18O(α,n)21Ne

For the case of 18O(α,n)21Ne, the reaction rate was adjusted and the latest results for
18O(α,γ)22Ne by Dababneh et al. has been implemented as well[58].

In the He intershell region of AGB stars, 18O is produced and rapidly destroyed during
each thermal pulse (TP). At every TP the full He intershell becomes convective, mixing
the ashes of hydrogen burning (which are rich in 14N) into He burning environments
(see section 2.2 and [9]). This leads to the reaction chain 14N(α,γ)18F(β+)18O(α,γ)22Ne.
During the short time scale of a TP (few hundred years), the 18O abundance is defined
by the 18O(α,γ)22Ne reaction rate. At typical He burning temperatures (T9 = 0.25), the
results obtained here confirm the work by previous authors : the 18O(α,n)21Ne reaction has
a marginal influence on nucleosynthesis as compared to 18O(α,γ)22Ne (see figure 5.38). At
T9 = 0.25, the reaction rate of 18O(α,γ)22Ne is about three orders of magnitude higher than
the reaction rate of 18O(α,n)21Ne. Furthermore, this implies that even large variations of
the 18O(α,n)21Ne reaction rate would only lead to marginal changes in the nucleosynthesis
since most of the 18O is converted into 22Ne.

Heck et al. observed 21Ne excesses in presolar mainstream SiC grains from AGB stars that
are due to cosmogenic processes and not to nucleosynthesis during the AGB phase[60]. To
identify those excesses, the authors used as a baseline composition their prediction for the
21Ne isotopic composition in the He shell of a M = 2 M⊙ AGB star of solar metallicity.
These values are compared in table 6.4 with the composition predicted from this study for
a M = 1.5 M⊙, half-solar metallicity AGB star. Both calculations show consistent results.

20Ne/22Ne 21Ne/22Ne

Heck et al. 6.5 · 10−2 5.9 · 10−4

This work 6.8 · 10−2 3.6 · 10−4

Table 6.4: Listed are the results obtained in comparison to the results of Heck et al. [60].

A comparison of the calculated 21Ne/22Ne ratios compared to those actually measured in
presolar grains (see figure 3.8), confirms that a strong additional cosmogenic contribution
to the 21Ne abundance is required.

The reaction rate obtained for 18O(α,n)21Ne is up to a factor of 4 higher than the rate
recommended by NACRE (see section 5.9). Implementing the new reaction rate and
performing single-zone nucleosynthesis tests under He burning conditions showed only
a marginal change in the 18O abundance in the He shell, not affecting the conclusions
obtained by Heck et al..

The reaction rates of 18O(α,γ)22Ne and 18F(α,p)21Ne have been recently determined to
differ from previously recommended reaction rates[58, 92, 115]. In particular, using the
upper limit of 18F(α,p)21Ne, Karakas et al. calculated 21Ne/22Ne ratios that are about
an order of magnitude higher than those given in Table 6.4. This may be less relevant for
the grains analyzed by Heck et al., which contained larger contributions from cosmogenic
Ne. However, as shown in figure 3.8, this could have an effect for the grain data obtained
by Lewis et al., which were obtained on more typical SiC grains with a lower ratio of
cosmogenic to AGB He shell Ne[59]. An intensive study regarding the new reaction rates
and their effect on the synthesis of the neon isotopes is not within the scope of this thesis,
but planned for the future.
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The competition between the reactions 18O(α,n)21Ne and 18O(α,γ)22Ne does not play
a role in more advanced burning phases (and therefore higher temperatures) as 18O is
completely destroyed in the early stages of He-burning.



Chapter 7

Conclusions

During the course of this thesis, a more complete picture on the impact of the reac-
tions 25Mg(α,n)28Si, 26Mg(α,n)29Si and 18O(α,n)21Ne on stellar nucleosynthesis has been
achieved.

25Mg(α,n)28Si & 26Mg(α,n)29Si For the reactions 25Mg(α,n)28Si and 26Mg(α,n)29Si
it was shown that previous results were not accurate enough and needed further im-
provement. The improvements undertaken were the development of a more sophisticated
neutron detection system and an advanced analysis method for the experimental data.
Furthermore, various ways for the production of solid state targets were investigated and
optimized.
Unfortunately, the measurements did not allow a successful separation of the experimental
data from occuring background reactions at energies of astrophysical interest. It was shown
that these background reactions result from impurities in the targets, not only resulting
from carbon and oxygen impurites, but also from boron contaminations.
For future experiments on 25Mg(α,n)28Si and 26Mg(α,n)29Si, it will be crucial to remove
these impurities during the target production process. A removal of the carbon and
oxygen impurities is possible, but technically challenging. For example, one could operate
the experimental beam line at vacuum levels of about 10−9 Pa to avoid an oxidation of the
Mg target layer[99]. Sophisticated tests have to be undertaken for the removal of carbon
impurities. Tode et al., for example, showed, that with an Ar excimer lamp it is possible
to remove carbon contaminations on silicon wafers[117]. Along with the removal of boron,
these measures would have to be performed in a vacuum system, which would allow the
transfer of the target to the experimental beamline without leaving the vacuum.
An additional improvement would be the use of a germanium detector, operated in coinci-
dence with a neutron detector. The germanium detector would constrain the experimental
data by separating the γ-rays of interest from the ones released by background reactions.
A disadvantage of the method would be the decreased efficiency and possible damage of
the Ge crystal by the neutron irradiation. Additionally, the moderation times of the re-
leased neutrons have to be determined carefully to allow the set up of sufficient coincidence
windows.
Concerning stellar nucleosynthesis, for the first time a quantitative assessment of the
impact of the reaction rates has been achieved based on the obtained experimental results.
The influence of the reaction 25Mg(α,n)28Si can be described as similar compared to the
reaction 26Mg(α,n)29Si. While network calculations covered the Ne burning phase, the
resulting seed composition for the following phases of stellar evolution is affected as well,



132 Conclusions

which in turn influences also the isotopic abundance distribution in presolar SiC X grains.
This aspect, also concerning the synthesis of the Si isotopes, has been addressed briefly
but requires a more advanced study of stellar nucleosynthesis after Ne burning. Probably
only the implementation of explosive synthesis will allow a final statement concerning the
composition of presolar SiC X grains. Due to the lack of experimental information on the
(α,γ) channel, competition effects between the (α,n) and (α,γ) remain unresolved.

18O(α,n)21Ne The experimental investigation of the 18O(α,n)21Ne reaction only showed
a marginal influence of background reactions. For the first time, the experimental mea-
surements of Denker were independently confirmed in their trend and were scaled by a
factor of four[8]. A reduction of the carbon contamination would be desirable to resolve
clearly the resonances and their parameters below Eα = 1100 keV.
The impact of the reaction 18O(α,n)21Ne has been investigated with the newly obtained
reaction rates as well. The competition with the 18O(α,γ)22Ne channel turned out to
be critical at a lower stellar temperature than previously reported. It could be shown
however, that at temperatures, at which the 18O(α,n)21Ne reaction starts to dominate
over the 18O(α,γ)22Ne reaction, no 18O would be available due to its exhaustion in the
He-intershell phase. Resulting Ne isotopic abundances are similar to previously obtained
values. This confirms that the observed 21Ne excesses in large presolar SiC grains can be
assigned to cosmogenic processes and do not have a stellar origin[60].

The challenges and results presented through the course of this thesis have revealed new
insights concerning the investigation of neutron releasing reactions. Especially the devel-
opment of a detection system and targets revealed new effects and sources of experimental
uncertainties. To resolve these uncertainties, technologies from other fields, such as solid
state physics, need to be implemented. Despite these challenges, it could be shown, how
the investigated reactions influence the synthesis of elements in specific stellar enviroments
and how sensitive the results are to nuclear physics data. The goal of assessing the im-
pact of the investigated reactions on stellar nucleosynthesis was achieved by connecting
the research performed experimentally with theoretical calculations and measurements on
presolar grains. In the future, this approach will allow the quantitative description of the
importance of nuclear reactions for stellar nucleosynthesis.



Appendix A

Beam Tuning Procedures

A.1 Energy Change

1. Calculate new NMR setting via energy calibration function :

NMR = 53.54 · 2 ·
√

E(keV)

2. Use coarse and fine of the master reference to reduce the magnetic field in the analyzing
magnet.

• As you go down in particle energy, you will need to keep the accelerator stabilizer
balanced by either extending the corona points or reducing the terminal charge.

• Roughly every 100 keV, adjust the focus of the ion source to maximize the beam
current on the beamstop.

• If you go below the desired target frequency, do not go up with the master reference.
This will cause hysteresis effects. You must recycle the analyzing magnet.

3. At the desired NMR frequency :

• Adjust the focus of the ion source to maximize beam current on the beam stop.

• Reduce the setting for the Y-steerers (Y1 and Y2) simultaneously to maximize the
current on the beamstop.

A.2 Tuning Process for α-Beam

• Balance the current reading on the defining slits by adjusting the X-steerers (X1 and
X2).

• Adjust the focus of the ion sources to maximize the beam current on the beamstop.

• Adjust the Y-steerers such that Y-upper and Y-lower are reading a balanced current
and that at the same time the entrance slits to the switching magnet read a balanced
current.
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• Change to the beam profile monitor located in the target room (see A.3).

• Turn down the quadrupoles in the target room.

• Use the beamline steerers X and Y (rastering offsets) and wobblers to get a maximum
of 0.5 µA on each of the target slits (C,D,E and F on the aux. meter panel).

• Do not use beamline steerers X1, Y1 and the vertical steerer of the switching magnet.

A.3 Switch to Beam Profile Monitor (BPM) in Target Room

• Do not change channel positions while the BPMs are running.

• BPM setting for channel 2 : position 1 is the BMP in the accelerator vault while
position 4 is the BPM located in the target room.

• Turn off BPM 2.

• Change channel 2 to desired position

• Turn on BPM 2.

• Adjust the gain of BPM2.



Appendix B

3He Counter

Figure B.1: Schematic illustration of a 3He counter.



Appendix C

Correction Formalism

In this section, the method for the background correction described in section 5.4.2 is
briefly discussed. The general formalism for the experimental yield etc. can be found in
reference[27].
The experimental yield of a nuclear reaction is given by :

Y = σ · ∆
ϵ

(C.1)

where σ is the cross section, ∆ the target thickness and ϵ the stopping power. As one
analyzes the experimental data one has to determine whether a thin or a thick target is
present. In general, a thick target can be assumed if the target thickness is at least 6 times
the natural resonance width.
For a thin target the thin-target yield becomes :

Y (E0) =

∫ E0

E0−∆

σ(E)

ϵ(E)
dE (C.2)

If ∆ ≫ Γ, the yield becomes

Y (E0) =
λ2

2π
ωγ

M +m

M

1

ϵ
{arctan(E0 − ER

Γ/2
)− arctan(

E0 − ER −∆

Γ/2
)} (C.3)

with M and m as the respective target and projectile masses. If a background component
in form of a resonance peak occurs within the experimental data, one has to determine
the thickness of the component first. By simply fitting the resonance peak with equation
C.3 one can either determine the thickness, or if not possible, use the relation :

nt =
2

(ωγ)
· 1

λ2
· I (C.4)

where nt denotes the number of target atoms and I the integral over the peak region[118].
The measured experimental data at first is recorded in detected neutrons per incoming
alpha particles. Since the background contributions already appear in this stage of the
analysis, it was decided to apply the background corrections at the earliest stage. Gener-
ally, the corrected yield would then be :

Yc = Ymeasured − Ybackground (C.5)

Since literature does not report experimental yields but cross sections (or S-factors), the
literature data had to be convoluted into experimental yield data. This was done by
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calculating the experimental yield via the previous equations. For example, the stopping
power was then varied assuming different compositions of the targets. The absolute cross
section is defined as :

σ =
Nnϵ

Nαϵdet∆
(C.6)

with Nn being the detected neutrons, Nα the number of incoming α-particles and the
detection efficiency ϵdet. For the non-resonant part this allows then to caculate the exper-
imental yield data for the background components. For the resonances occuring one has
then to separate the non-resonant and resonant part and use the step function :

Ymax(∞) =
λ2

2
ωγ

M +m

M

1

ϵ
(C.7)

as well, to determine the shape of the resonance peak for a given target thickness and
resonance strength. One should take the natural enrichment of the background component
into account as well.
Since the energies in the literature may deviate from the measured energies, an interpola-
tion routine was implemented, which interpolates the background yield at the experimen-
tally measured energies. The last step is then to apply an energy shift according to the
peak position of the background resonance peak.



Appendix D

Analytic Expressions for the
Reaction Rates

For each reaction rate an analytic expression was derived to be able to calculate the the
reaction rate at any given temperature during the network calculations.
For the reactions 25Mg(α,n)28Si and 26Mg(α,n)29Si the formula derived by Caughlan and
Fowler fitted the results best[48]. The results from the fits are summarized in tables D.1
and D.2.
The formula consists of the following terms for 25Mg(α,n)28Si :

NA⟨σv⟩ = p1 · 1

gt9
· (t9a)

5
6 · 1

T
3
2
9

· e(p0 · t9a
1
3 ) (D.1)

with

t9a = T9 ·
1

1 + p3 ·T9
(D.2)

gt9 = 1 +
10

3
· e−

p2
T9 (D.3)

and pi being the fit parameters. The fit parameters have no physical meaning. For
26Mg(α,n)29Si the term gt9 becomes :

gt9 = 1 + 5 · e−
p2
T9 (D.4)

Parameter 0.1 ≤ T9 ≤ 1.1 1.1 ≤ T9 ≤ 2.08 2.08 ≤ T9 ≤ 10

p0 59.76 32.75 45.73

p1 5.68 · 1018 1.87 · 1016 1.83 · 1015

p2 6.71 · 1014 -17.07 3.08

p3 -0.09 0.20 -0.02

Table D.1: Fit parameters for the reaction rate of 25Mg(α,n)28Si.
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Parameter 0.1 ≤ T9 ≤ 1 1 ≤ T9 ≤ 2.48 2.48 ≤ T9 ≤ 10

p0 52.46 93.84 20.79

p1 5.03 · 1017 2.65 · 1038 3.57 · 109

p2 -2.67 7.42 -10.58

p3 0.03 0.39 -0.06

Table D.2: Fit parameters for the reaction rate of 26Mg(α,n)29Si.

As the results for the 18O(α,n)21Ne reaction bascially follow Denker’s results, the same
parametrization was chosen :

NA⟨σv⟩ =
1

1 + 9 · 103 · e−
1

2T9

· e−
8.014
T9 +

7∑
i=1

ai

T
3/2
9

· e−
bi
T9 (D.5)

with ai and bi listed in tables D.3 and [8]. For the present data only the parameters ai
were varied within the fitting routines.

i 1 2 3 4 5 6 7

ai 1.814 104.6 3.225 · 104 2.158 · 106 7.8 · 108 1.1 · 1010 5 · 1010

bi 8.2083 9.017 11.15 14.73 23.61 36.1 48.5

Table D.3: Fit parameters for the reaction rate of 18O(α,n)21Ne from Denker[8].

i 1 2 3 4 5 6 7

ai -4.60 · 104 1.76 · 105 -5.07 · 105 1.12 · 107 3.11 · 109 2.92 · 1011 2.04 · 1011

bi 8.2083 9.017 11.15 14.73 23.61 36.1 48.5

Table D.4: Fit parameters for the reaction rate of 18O(α,n)21Ne from the present work.
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Nucleosynthesis Plots

E.1 Comparison to SiC X Data

The following plots show the achieved results from the network calculations in comparison
to SiC X data. The abundance variations were calculated according to equation 6.1. Table
E.1 shows the respective isotopes to which the abundances variations were normalized to.

Element Normalization Isotope

Ti 48Ti

Sr 86Sr

Zr 94Zr

Mo 96Mo

Ba 135Ba

Table E.1: List of for the elements considered in this discussion (Ti, Sr, Zr, Mo, Ba) and
the respective isotopes to which the abundance variations are normalized to.

The effect by the radiogenic component on the abundance variation is shown as well,
analogous to figures 6.2 - 6.7. For Ti, the results of the network calculations were in a
range that did not allow a reasonable plotting together with the SiC X data (see figures
E.1 and E.2).
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Figure E.1: Comparison of obtained Ti abundance variations (at T9=1.5) to data from
SiC X grains[107].
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Figure E.3: Comparison of obtained Sr abundance variations (at T9=1.5) to data from
SiC X grains[112].
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Figure E.5: Comparison of obtained Zr abundance variations (at T9=1.5) to data from
SiC X grains[112].
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Figure E.6: Comparison of obtained Zr abundance variations (at T9=1.7 after 1.4 days of
burning time) to data from SiC X grains[112].



144 Nucleosynthesis Plots

Mo

Mo Isotopes
94 95 96 97 98 99 100

M
o 

(p
er

 m
il)

96 d
M

o/
i d

-1000

0

1000

2000

3000

4000

Pellin, 100-2
Pellin, 113-2
Pellin, 113-3
Pellin, 133-1
Pellin, 153-8
Pellin, 209-1
Pellin, E2-10
Pellin, B2-05

Si NACRE x0.1
28,29

,n)aMg(
25,26

Si NACRE x0.01
28,29

,n)aMg(
25,26

Nb x 0.1 NACRE x0.0195 ®Zr 95

Nb x 0.5 NACRE x0.0195 ®Zr 95

Nb x 1 NACRE x0.0195 ®Zr 95

, T= 1 a, End of Ne shell-3 cm6 = 10r = 1.5 , 9T

Figure E.7: Comparison of obtained Mo abundance variations (at T9=1.5) to data from
SiC X grains[112].
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Figure E.8: Comparison of obtained Mo abundance variations (at T9=1.7 after 1.4 days
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Figure E.9: Comparison of obtained Ba abundance variations (at T9=1.5) to data from
SiC X grains[113].
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E.2 Abundance Evolution

The abundance of specific isotopes as a function of time is plotted in the following figures.
For the isotopes 25Mg and 26Mg the abundance evolution is plotted in each plot to allow
a comparison to the reaction rates of 25Mg(α,n)28Si and 26Mg(α,n)29Si. Note, once an
abundance reaches 10−13 the isotope is regarded as completely destroyed. The abundance
variations for T9 = 1.7 are shown for one year burning time, but are only interesting with
respect to nucleosynthesis for a burning time of 1.4 days.
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Figure E.11: Si abundance evolution at T9=1.5 for NACREx1.
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Figure E.12: Si abundance evolution at T9=1.5 for NACREx0.1.
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Figure E.13: Si abundance evolution at T9=1.5 for NACREx0.01.
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Figure E.14: Zr abundance evolution at T9=1.5 for NACREx1.
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Figure E.15: Zr abundance evolution at T9=1.5 for NACREx0.1.
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Figure E.16: Zr abundance evolution at T9=1.5 for NACREx0.01.
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Figure E.17: Mo abundance evolution at T9=1.5 for NACREx1.
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Figure E.18: Mo abundance evolution at T9=1.5 for NACREx0.1.
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Figure E.19: Mo abundance evolution at T9=1.5 for NACREx0.01.
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Figure E.20: Si abundance evolution at T9=1.7 for NACREx1.
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Figure E.21: Si abundance evolution at T9=1.7 for NACREx0.1.
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Figure E.22: Si abundance evolution at T9=1.7 for NACREx0.01.
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Figure E.23: Zr abundance evolution at T9=1.7 for NACREx1.
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Figure E.24: Zr abundance evolution at T9=1.7 for NACREx0.1.
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Figure E.25: Zr abundance evolution at T9=1.7 for NACREx0.01.
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Figure E.26: Mo abundance evolution at T9=1.7 for NACREx1.
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Figure E.27: Mo abundance evolution at T9=1.7 for NACREx0.1.
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Figure E.28: Mo abundance evolution at T9=1.7 for NACREx0.01.
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