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Abstract

The 13C(p,γ)14N reaction takes part in the CNO cycle, which is the primary hydrogen-burning
process in massive stars and the hydrogen-burning shells of Red Giant Branch (RGB) and
Asymptotic Giant Branch (AGB) stars, with temperatures ranging from 0.02 to 0.1 GK. As
a catalytic cycle, the CNO reactions not only transform four protons into a helium nucleus
but also regulate the abundances of carbon, nitrogen, and oxygen isotopes. Specifically, the
12C/13C ratio serves as a sensitive marker of stellar nucleosynthesis and mixing processes, mak-
ing it a valuable tool for tracing the chemical evolution of the Galaxy.

Measurements of the 13C(p,γ)14N reaction cross section performed at the Felsenkeller un-
derground facility in Dresden (Germany) in the energy range 350-700 keV, Being located un-
derground, the cosmic ray background is suppressed by 99%, thus providing a unique envi-
ronment for low-energymeasurements of reaction cross sections. The prompt γ-rays linked to
the formation of the 14Nnuclide were analyzed to determine the reaction cross section and the
resulting S-factor was then compared with those from previous studies.

The 12C/13C ratio derived from this study and the obtained reaction rates can greatly en-
hance our ability to model and understand the mixing phenomena occurring in stars. The
improved precision allows for better constraining of theoretical stellar models against observa-
tions, resulting inmore accurate predictions of stellar evolution and nucleosynthesis processes.
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1
Introduction

The research in Nuclear Astrophysics is of fundamental importance to understand the origin
of all the elements in our Universe. It focuses on studying the intricate nuclear reaction net-
works that are responsible of creating nuclei heavier thanH and that drives the stellar evolution.
Stars are the main blacksmith of our Universe that not only produce energy necessary for life
on Earth, but also creates more and more complex elements inside their cores that make up
everything in our Universe. Thus, by knowing rates of these reactions inside stellar interiors it
is possible to study the evolution of our Universe.
In this chapter the main concepts of stellar evolution will be illustrated, focusing on two dif-
ferent types of stars that are particularly prolific in terms of nucleosynthesis. Then the main
ingredients of the reaction mechanism inside the stars will be explained. Finally, the reaction
under study, namely the 13C(p,γ)14Nwill be described and the state of the art discussed.

1.1 Stellar Evolution
Hydrogen and helium are still the most abundant elements in our Universe. Most of these
are located in the interstellar medium in form of an interstellar nebula. This could be created
either from the nuclei directly coming from the Big Bang itself or from the remnants of an
already-dead star. When the amount of elements is big enough, the gravitational force starts
to compress all the nuclei, which as a consequence increases their kinetic energy and thus the
temperature. When the density and the energy of the nuclei is high enough, the first fusion
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reaction is ignited and the star is born.
The pp chain is dominant in primary generation stars with M 1.5 M⊙ and a core temperature
lower than 20MK [3]. The scheme of the process as it takes place in the Sun is shown in Figure
1.1. In the pp chain, four hydrogennuclei (protons) are fused into one heliumnucleus through
a series of reactions. This process releases energy in the form of gamma rays and neutrinos.

Figure 1.1: Scheme of the pp chain reactions, multiple chains are possible depending on the stellar temperatures.

An alternative for the pp process is the CNO cycle. It consists of several reactions on C, N
andOnuclei that cathalitically create one 4Henucleus from41H.The entire cycle canbe seen in
Figure 1.2. This is the predominant mechanism of the hydrogen burning for stars with masses
approximately 1.5 higher than the solar one [3]. Nevertheless, the star composition must con-
tain some of the nuclei that takes part in it. This propriety is called metallicity, ie. how many
nuclei heavier than 1H and 4He does the star contain. As an example, the first generation stars,
created just after the Big Bang, have very low metallicity, since no C, N nor O nuclei were pro-
duced before. Thus these, even with high enough mass, can not burn the hydrogen through
the CNO cycle. Additionally, the cycle is important for the nucleosynthesis: the amounts of
each isotope is changed when the cycle is ignited and reaches an equilibrium value given by the
reaction rates of each of the reactions.
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Figure 1.2: Complete scheme of CNO cycles.

Oncemost of thehydrogenhasbeenburned the star is not able to sustain itself. Thehydrogen-
burning region is pushed towards the outer shell of the star, leaving the core made of helium.
The stars thus begin to expand and cool while the core is being contracted and enters into the
RedGiant Branch (RGB) phase. At this point, the first dredge-up (FDU) occurs [4]. The con-
vective motion penetrates into the hydrogen-burning regions of the star and brings up heavier
elements, such as carbon and nitrogen, from the stellar core to the surface. As a result of FDU,
the surface elemental abundances of the star change. The newly mixed material, enriched hy-
drogen burning products, is transported to the stellar surface, where it can be observed through
spectroscopic analysis. This alteration of surface composition is an important aspect of stellar
evolution and has implications for the chemical enrichment of the interstellar medium and the
formation of subsequent generations of stars and planetary systems.

When the high enough temperature is reached in the core, the heliumburning can be started
inside the corewhichwill permit the star to produce energy again. The process consists of triple
4He reactions that create 12C nuclei [3]. This process is highly unlikely due to being a three-
body process: first, the 8Be nucleus must be produced, which is unstable with a half-life of
8.19× 1017s, and then has to capture a 4He nucleus before decaying. Nevertheless, this process
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is favoured by the existence of the Hoyle state in the 12C nuclei [3].

Once the star has exhausted most of its helium, the process called second dredge up (SDU)
occurs [4], which is analogous to the FDU: the convective envelope penetrates in the helium-
burning regions. It brings up all the produced elements to the stellar surface.

At this evolutionary point, the star usually enters its most prolific stage for nucleosynthesis:
the Asymptotic Giant Branch (AGB) [4]. The stars once again expands and cools, leaving a
core made of carbon and oxygen, the products of the helium burning. The helium burning
starts again in a shell around the core, until the helium is mostly exhausted. At this point, the
hydrogen burning starts in a thin shell around the helium one. At a certain point, when the
helium builds up significantly from the hydrogen-burning shell, the helium burning ignites
again. This process is known as helium flash and it repeats several times during the following
star evolution. The hydrogen and helium shells are constantly switched off and on up until
most of the hydrogen is burned and it can no longer provide helium for the other shell.

In themeantime, thephenomenoncalled thirddredgeup (TDU)occurs several times. When
the hydrogen shell is switched off, the convective motion can pene- trate down to the helium
burning region and thus brings up all the encounteredmaterial up to the surface, enriching the
surface with the helium burning products and several other elements [4]. A simplified scheme
of the TDU is shown in Figure 1.3. The TDU is thus responsible for the creation of carbon
stars. Carbon stars are giant stars with a surfaces carbon abundance higher than the oxygen one,
resulting from the dredge up of carbon-rich material from the helium burning ashes. These
carbon stars are particularly interesting to astronomers because they play a crucial role in the
chemical enrichment of the universe. Additionally, the AGB start pulsation can trigger intense
mass loss in the star [5]. As the convective envelope reaches deeper layers and brings up the hot
material from the deeper region, it becomes unstable leading to the ejection of stellar material
in the form of stellar winds that then enrich the interstellar medium.

Once theAGB star finishesmost of its heliumandhydrogen, and thus is not able tomaintain
the burning in its shells, two fates are possible. Either the star mass is big enough to start the
process of carbon burning, or it dies as aWhite Dwarf, ie. hot stellar core remnantmade of car-
bon and oxygen unable to undergo further fusion processes. If the star mass is approximately
> 8M· , the 12C +12C fusion starts inside the stellar core. At this point the star evolution is
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quick and straightforward respect to the previous stages, producing heavier and heavier nuclei:
once the 12Chas been depleted, the neon burning phase starts, followed by the oxygen burning
and the silicon burning phases. When the iron has been reached, the star is not able anymore
to produce any energy since the fusion processes starts to be endothermic and the stellar core
inevitably collapses, exploding in the supernova and leaving either a Neutron Star or a Black
Hole [3].

Figure 1.3: An illustration of the typical structure of AGB stars The generated elements are transported by the
convective pulses across the various layers of the star, changing their abundances [1].

1.1.1 The 12C and 13C Ratio

As discussed earlier, the elemental abundances in the stellar atmosphere provide critical infor-
mation about both stellar evolution and nucleosynthesis. The ratio of 12C to 13C, in particular,
is a significant observable since it can be readily detected in stellar spectra [6] and is sensitive to
non-standardmixing processes [7]. Specifically, the carbon isotopic ratio in RedGiant Branch
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(RGB) stars can offer insights into their nucleosynthesis stage and mixing processes. For ex-
ample, observations indicate that the occurrence of first dredge-up (FDU) is linked to lower
atmospheric ratios [6]. However, standard stellar models do not accurately reproduce these
abundances, necessitating the inclusion of extra-mixing processes to model stars ascending the
Red Giant Branch [6]. Currently, thermohaline-induced mixing appears to yield the most
promising results for low-mass stars, though some discrepancies remain [6]. For higher-mass
stars, rotation-inducedmixing is required to explain the observed abundances, which are unaf-
fected if the star mass is too low [7]. A similar conclusionwas reached in [8], which proposed a
different type of mixing potentially derived frommagnetic buoyancy effects within these stars,
providing a good description of the observed isotopic ratios. However, intense magnetic fields
deepwithin the stars are required, for which little evidence exists in the literature. Nevertheless,
magnetic buoyancy mixing has been successfully used to describe other important variables in
Asymptotic Giant Branch (AGB) stars, such as the formation of the 13Cpocket [9], suggesting
its relevance in AGB star mixing processes. Conversely, rotation-induced mixing can also ex-
plain the 13C pocket formation [10].

Other studies focused on AGB stars highlight the necessity of extra mixing processes, as ev-
idenced by lower-than-expected 12C/13C ratios [11]. The 12C brought to the surface during
thermal pulsing and third dredge-up (TDU) events must be offset by its destruction as it tra-
verses hydrogen-burning regions, where 12C is partially converted into 13C, leading to lower sur-
face ratios. Similar conclusions are drawn from studying presolar silicon carbide (SiC) grains
[12]. These grains, thought to form in the loosely bound atmospheres of AGB stars, serve as
valuable tools for testing AGB star models. Recent studies have found some SiC grains with
anomalies in the 12C and 13C isotopic ratios, which remain poorly understood due to the lim-
ited knowledge of the extra mixing processes within some AGB stars [13].

Furthermore, the 12C/13C ratio serves as a useful tracer for the chemical evolution of galax-
ies. A study found a positive gradient of the carbon isotopic ratio relative to the distance from
the galactic center [14]. The 12C in the interstellar medium (ISM) is believed to be produced in
three scenarios: AGB stars losingmass throughTDUepisodes,massive stars exploding as super-
novae, andwhite dwarfs accretingmaterial from a companion star and subsequently exploding
as supernovae [52]. In contrast, 13C is primarily expelled byAGB stars through theCNOcycle.
This contribution is delayed due to the longer lifetimes of low- or intermediate-mass AGB stars.
Therefore, the observation of a positive gradient is a direct result of more frequent stellar cy-
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cling in the galaxy’s dense central regions compared to the outer regions [14]. This hypothesis
aligns well with the data, suggesting that the 12C/13C ratio can be used to estimate the time and
location of planetary system formation, as this ratio is fixed at their formation time.

Finally, to improve models for extra mixing in both RGB and AGB stars and to achieve a
more precise description of the chemical evolution of galaxies, it is essential to have accurate
reaction rates the 13C(p,γ)14N reaction. This is because the carbon isotopic ratio in hydrogen-
burning regions is directly proportional to this quantity.

1.2 Nuclear Reactions in Stars

The reaction rate which is defined as the number of reactions per unit volume and time is a
crucial parameter to comprehend star evolution and nucleosynthesis. The reaction X(a, b)Y
describes the following process:

a+ X −→ Y+ b (1.1)

where a+ X is the entrance channel and Y+ b is the exit channel.

For a particular exothermic reaction, the energy released is represented by the Q-value. By
taking energy conservation into account, the Q-value is represented as:

Q = (Ma +MX −MY −Mb)c2 (1.2)

whereMa andMX are mass of the particles in the entrance channel andMY andMb are mass
of the particles in the exit channel [3].

The reaction rate, raX , for this process is defined as follows:

raX = Na ·NX · v · σ(v) (1.3)

whereNa andNX are the number densities of particles a and X respectively, v is the relative
velocity between the two entrance channel particles, and σ(v) is the cross-section expressed as a
function of v. In a good approximation, the star plasma can be modelled as an ideal gas made
up of a variety of free, non-interacting particles and because of the high temperature, it can also

7



be considered completely ionised. The relative velocities between the plasma particles are given
byMaxwell-Boltzmann distribution φ(v):

φ(v) = 4πv2(
μ

2πkT
)
3
2 exp(− μv2

2kT
) (1.4)

where μ is the reduced mass of the two particles system, k is the Boltzmann constant and T
denotes the stellar temperature. Alternatively, φ(v) can be expressed in terms of kinetic energy,
E, as:

φ(E) ∝ exp(− E
kT

)E (1.5)

Having expressed this, it is now possible to define reaction rate as the following,

raX = Na ·NX ·
∫ ∞

0
φvσ(v)dv = Na ·NX· < σv >aX (1.6)

where < σv >aX is the reaction rate per particle pair. By inserting the Maxwell-Boltzmann
distribution,< σv >aX is defined as:

< σv >aX= (
8
πμ

)
1

(kT) 3
2

∫ ∞

0
exp(− E

kT
)σ(E)EdE (1.7)

The cross-section can be expressed in terms of a quantity called the astrophysical factor S-factor
S(E)which contains all the essential nuclear effects in the reaction. It is given by:

S(E) = Eσ(E)e2πη (1.8)

where μ is the Sommerfield parameter. Numerically, we find:

2πη = 0.989534Z0Z1

√
1
E

M0M1

M0 +M1
(1.9)

where the energy E is in MeV and the relative atomic massesMi are in units of u. The latter is
the variable that incorporates all the nuclear structure proprieties of a compound that is being
formed and as such has a much more steady dependence on the energy, since the exponential
has been factored out. This is incredibly helpful for extrapolating the cross-section at the energy
ranges of interest, which are otherwise almost inaccessible for the experiments.
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Figure 1.4: The Gamow peak (filled region) for the 13C(p, γ)14N reaction was computed with T = 0.1 GK (AGB
star) (Top left) and was computed with T = 0.03 GK (RGB star) (Bottom left). The dashed lines on the graph
represent the two contributions. The second plot shows, the Gamow peak of both stars on a linear scale.

To estimate the energy region of interest, it is possible to plug Equation 1.8 inside the reac-
tion rate integral inEquation1.6. Theproduct of the cross-section and theMaxwell Boltzmann
distribution gives the Gamow peak [3] which indicates the energy range at which the reaction
occurs inside the stellar medium at a given temperature, being the product of the energy and
reaction probabilities. An example of the Gamow peak for the 13C(p,γ)14N reaction is shown
in Figure 1.4 for, respectively, AGB and RGB stars.

1.2.1 Proton Capture on Carbon Isotopes

The 13C(p, γ)14N consists of the capture of the proton by the respective carbon isotopes and
the consequent production of a nitrogen isotope. The reaction is exothermic, ie. the energy
is released due to the fact that the binding energies per nucleon of 14N is higher than in the
respective carbon nuclei [3]. The total difference in the binding energies is called the Q-value
of the reaction and can be easily calculated from the initial and final masses of the nuclei. In
this case of the 13C(p, γ)14N, the Q-value is (7550.5636 ± 0.0003) keV [15].
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The capture of the proton can occur through two different mechanisms, namely the direct
capture (DC) or resonant capture. The former refers to a mechanism where a proton is cap-
turedby anucleuswithout any intermediate steps: it directlymergeswith the nucleus, resulting
in the formation of the new compound, whether in its ground state or in an excited state, and
in the simultaneous emission of a γ-ray. In contrast, resonant capture involves a two-step pro-
cess. First, the incoming proton forms the compound directly in its excited state, known as a
resonance. This subsequently decays to its ground state by emitting γ-rays. Resonant capture
is characterized by the involvement of specific energy levels in the compound nucleus, making
it highly dependent on the total energy of the reactants, ie. Q-value plus the proton energy,
matching the resonant energy of the nucleus.

In the reaction of interest, no resonance is present in the Gamowwindows of the hydrogen-
burning regions in both AGB and RGB stars. Nevertheless, two excited states are present in
the 14N nuclei, at approximately Ep = 551 keV, which tail can affect the cross-section even at
lower energies. The level scheme of the reaction is shown in Figure1.5. In this reaction 13C(p,
γ)14N several different excited states can be populated through the DC process andmanymore
γ-rays are emitted, given the much complex γ-cascades. Since the γ-rays are emitted in the re-
action, these can be counted and associated with the number of occurred reactions, Nr. By
dividing this term by the number of incoming protons,Np, a quantity called reaction yield, Y,
is obtained which then is linked to the reaction and target proprieties, ie. cross-section, σ(E),
target thickness, ΔE, and the effective stopping power, ε(E), as follows [3]:

[
Nr

Np

]
exp

= Y =

[∫
ΔE

σ(E)
ε(E)

dE
]
theo

(1.10)

These equations make it possible to link the experimental variables to the cross-section that
can be then promptly extracted by using the information provided on the target thickness.
Since an integral is present on the right part of the equation, the value that is obtained is in re-
ality the mean cross-section averaged over the energies spanned over the target. Thus, in order
to correct for this issue, the effective energy, Eeff, that is then associated with the cross-section,
is calculated as follows [3]:

Eeff =

∫
ΔE σ(E)EdE∫
ΔE σ(E)dE

(1.11)
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The equations 1.10 and 1.11 are fundamental to obtain the cross-section for the reaction
under study. The following review of all the literature studies for the reaction will be revised.

1.2.2 State of the Art - 13C(p,γ)14N

The 13C(p,γ)14N reaction has been the subject of many experiments over the years. Most of
these experiments have concentrated on measuring the cross section for the capture to the
ground state. However, only one study measured the cross-section for all the transitions. Fig-
ure 1.6 presents the literature data for the cross-section in the formof the astrophysical S-factor,
specifically for the ground state capture. Brief descriptions of each study are provided below:

Hester and Lamb (1961) [16] In this measurement, graphite targets with a 1.1% abundance
of 13Cwereused. ANaI crystalwas employed to count the emitted γ-rays, and the efficiencywas
determined by extrapolating the integral bias curve. The accelerator voltage had a stated pre-
cision of 1%. The cross-section was obtained from the observed yields, assuming an infinitely
thick target. The obtained values agree with those from theWoodbury and Fowler (1952)mea-
surement.
Vogl PhD. Thesis (1964) [17] The 13C(p,γ)14N measurements were conducted in the same
manner as the 12C(p, γ)13Nmeasurements. Only the cross-section values for the transition to
the ground state are reported. Generally, the results show good agreement with previous stud-
ies. However, there is a slight discrepancy compared to the results of Hester and Lamb (1961).
J.D.King et al.(1994) [18] In this study, six different transitions in the 13C(p,γ)14N reactions
were investigated over a beam energy range of 120 keV to 950 keV. Two different accelerator
setups were used for measurements in the energy ranges Ep=120−325 keV and Ep=120−325
keV. Targets were prepared by evaporating carbon powder, enriched up to 99% in 13C, onto
tantalum backings, and characterized using the 448 keV narrow resonance. As an additional
cross-check, the shape of the primary γ-ray was used to estimate target thickness. γ-rays were
observed with both Ge(Li) and Ge detectors, calibrated for efficiency with calibration sources
and proton-induced reactions. Detectors were positioned at 0◦, 45◦, 90◦, and 135◦, allowing
for the study of the angular distribution of several primary transitions. Absolute cross sections
were obtained relative to the 14N(p, γ)15O and 19F(p, αγ)16O resonances. The obtained energy
of the broad resonance at 0.55MeV is shifted by approximately 5 keV compared to Vogl’s PhD
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Figure 1.5: The level scheme for the 13C(p, γ)14N reaction. The first 6 lowest levels are mainly populated by the
direct capture process, which then decays by following their γ-ray cascade.
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thesis (1963). A systematic uncertainty of 11.7% is reported for the absolute normalization. Fi-
nally, the extrapolations to stellar energies were obtained, and the reaction rate was calculated.

Zeps et al. (1995) [19] This study focuses on the nuclear theory describing the mixing
within nitrogen nuclei. However, it also examines many resonances in the energy range be-
tween 500 keV and 2000 keV, reporting new ωγ values for high-lying resonances. No infor-
mation is provided on target production, which was characterized using the narrow resonance
at 1.75 MeV. Both NaI and Ge(Li) detectors were used to count the emitted γ-rays. Regard-
ing cross-section data, only non-normalized values are available. The reported energy for the
0.55MeV resonance suggests a possible 5 keVdiscrepancywith the results ofKing et al. (1994).

Genard et al. (2010) [20] Unlike other studies, this reaction was performed using inverse
kinematics. A 13C beam was directed at a 1H target implanted in a silicon backing. An HPGe
detectorwas used to detect the γ-rays. The 15N(p, αγ)12Creactionwas employed to characterize
the target. The cross-sectionwasmeasured in the energy range ofEp=225−561 keV, specifically
for the transition to the ground state. The result for theωγ of the 551 keV resonance is approxi-
mately 30% lower than the value reported by King et al. (1994). However, this work was never
published and exists only as a conference proceeding.

J. Skowronski et al. (2023) [21] In this recent studyfivedifferent transitions in the 13C(p,γ)14N
were investigated over a beam energy of 60 keV to 370 keV in 10 keV steps. The 400 kVLUNA
accelerator provided a proton beam (up to 400 μA) in the energy range Ecm: 60–370 keV. tar-
get used 12C and 99% enriched 13C powders evaporated onto chemically cleaned Ta backings,
which were produced and characterized at ATOMKI. The Statistical uncertainties are of the
order of 1% for most of the data points (10% below 90 keV); systematic uncertainties are of
the order of 7%–8%. They found that the S-factors is are systematically lower than most of
those in the literature and dominate R-matrix extrapolations at the lowest energies.
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Figure 1.6: The literature S-factor values for the 13C(p,γ)14N reaction. Only the transition to the ground state is
shown since it is the most studied one. The Zeps data were arbitrarily re-normalized to make them comparable
with the other datasets.
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2
Experimental Setup

The studyof 13C(p,γ)14Nreactionwasperformedusing a5MVpelletron accelerator at Felsenkeller
shallowUnderground facility, Dresden (Germany). The beam transmission is optimised using
several focusing and collimating elements installed on the beamline. The scattering chamber
and the target holder were adapted to minimise the target degradation and precisely measure
the beam current. AHigh Purity Germanium (HPGe) cluster detector, placed in close geome-
try is used to detect the γ-rays from the 13C(p,γ)14N reaction. The description of the apparatus
used can be divided into two parts: Gamma Background and then the Experimental Setup al-
lowing the detection of the reaction products.

2.1 Gamma Background
In charged-particle-induced reactions, the cross-section σ(E) decreases exponentially at ener-
gies of astrophysical interest, which are below the Coulomb barrier. Studying these reactions
at such low energies is challenging due to the background radiation that competes with the re-
action signal. A significant source of background radiation is caused by cosmic rays. These cos-
mic rays, mainly composed of high-energy protons and alpha particles, produce muons when
passing through the Earth’s atmosphere. Muons, being highly penetrating, can interact with
other particles and nuclei to produce neutrons and gamma rays, which interfere with the de-
tection of gamma-ray signals from the actual nuclear reaction.
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At the Felsenkeller facility, the cosmic ray background is reduced by 99% because the exper-
iments are conducted under 45 meters of rock, providing natural shielding. Another source
of background radiation comes from the radionuclides in the rocks andmaterials surrounding
and inside the laboratory.

Several experiments usingHPGe detectors havemeasured the background γ radiation in the
underground Felsenkeller facility and compared it with values obtained at the Earth’s surface.
Figure 2.1 shows the γ spectra recorded by an HPGe detector, HZDR-2 (60%HPGe), placed
at the Earth’s surface and in two different underground locations: tunnel VIII and tunnel IV
of the Felsenkeller facility. It is evident from the figure that for gamma energy Eγ < 3 MeV,
the background radiation is dominated by the radionuclides 40K, 238U, and 232Th present in
the rock. This contribution can be reduced by adding passive or active shielding around the
detector. For gamma energies above 3.5 MeV, the background radiation count is significantly
suppressed compared to the counts observed in overground laboratories.

The γ-ray background radiation from cosmic rays and radionuclides present in the environ-
ment is referred to as the environmental background. Additionally, there is a significant contri-
bution to the background from what is known as beam-induced background. In the study of
the 13C(p,γ)14N reaction, a solid enriched up to 99% in 13C target and Residual 1% impurities
in 12C.

Figure 2.1: γ-ray energy spectra recorded with detector HZDR-2 (60%HPGe) at Earth’s surface, underground
at Felsenkeller tunnel VIII, room 111, and at Felsenkeller tunnel IV, MK1.[2]
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2.2 The 5 MV pelletron accelerator

The tunnels were blasted in 1856-1859 into the hornblendemonzonite rock, in order to create
cool storage for the adjacent Felsenkeller brewery. From 2016-2018, TUDresden and HZDR
jointly refurbished tunnels VIII and IX for laboratory usage.

At the Felsenkeller facility, a 5MVPelletron tandem accelerator of type 15SDH-2 produced
by National Electrostatics Corporation (NEC), USA is installed. The accelerator has been
located inside the connecting tunnel between tunnels VIII and IX of the Felenskeller under-
ground facility, see Figure 2.2.

Figure 2.2: Layout of the Felsenkeller accelerator laboratory in tunnels VIII and IX [2].

The 5MV pelletron accelerator has two different ion sources. The first one is the external cae-
sium sputtering ion source of type 134 MC-SNICS developed by NEC and it can provide up
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to 100 μA 12C− beam [2]. The second one is an internal radio frequency (RF) ion sourcewhich
NEC also made. Mounted on the high-voltage terminal behind a custom-made electrostatic
deflector, this ion source can work in both tandem and single-ended modes. In tandemmode,
heavy mass particles like C, N, and O can be accelerated while in a single-ended mode light
mass ions like H or He are provided by the 5MV Pelletron accelerator. It was found that the
RF ion source can deliver up to 90 μA 4He+ beam. Because of this distinctive combination,
various hydrogen and helium-burning processes that occur in the stars can be investigated. For
the present 13C(p,γ)14N experiment, the pelletron was used in single-endedmode providing≈
10 μA of H+

2 beam. A≈ 1 μA proton beam was also provided for the target characterisation
and efficiency measurement.

2.2.1 The scattering chamber

Thewell-collimated protonH+
2 beam reaches the target with a final diameter of 5mm. The en-

ergy range covered by the molecular beamwas 350 - 700 keV, while proton beamwere used for
efficiency and targetmonitoring aims. Both the scattering chamber and the target are insulated
from the beamline, thus they act as a Faraday cup allowing the direct reading of beam current
directly during eachmeasurement. Secondary electrons are produced due to the interaction of
the beam particles with the target. These electrons escape from the target and cause incorrect
current readings. In order to suppress the secondary electrons, a copper tube was installed in-
side the chamber, at a distance of 10 mm from the target. A negative potential of 200 V was
applied to the copper tube, to deflect electrons emitted from the target back onto it. The scat-
tering chamber and the target beamline were both isolated from the copper tube. Additionally,
the copper tube was used as a cold finger during themeasurement to avoid carbon build-up on
the target. This was achieved by keeping the copper tube in thermal contact with LN2.

2.2.2 Targets

Target was mounted at 55◦ with respect to beam direction and it was water cooled in order to
limit target degradation. For the present work, two targets of slightly different thicknesses were
irradiated.

The targets were produced at ATOMKI Laboratories, Hungary, by evaporating enriched
carbon powder consisting of 99% 13C and 1% 12C, 170-350 nm thick (corresponding to 14-30

18



keV proton energy loss at Eb = 500 keV) exploited to assess and reduce systematic uncertainties
related to the target thickness and profile.

The evaporation process was carried out using an electron gun technique with a Leybold
UNIVEX 350 vacuum evaporator at Atomki. The natural 13C powder is placed in a copper
meltingpot and thenheatedusing an electron gun. an adjustable armused tohold the tantalum
disk at 10 cm from the melting pot, and an electron gun. In order to monitor the evaporation,
oscillator quartz mounted inside the vacuum chamber at 15 cm from the melting pot, which
canmeasure the thickness of the deposition online [22]. The evaporation procedure can cause
changes to the target composition, as a result, the target thickness and composition are generally
determined through dedicated experiments. The method used for target characterization are
detailed in later sections.

Figure 2.3: Comparison of the target before (Left) and after (Right) it got irradiated by the proton beam. Beam
spot in the blue circle on the irradiated target.
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2.2.3 HPGe Detectors

An HPGe detector was used to detect the γ-rays. The HPGe detectors are based on the prin-
ciple of semi-conductive properties of germanium (Ge). Due to its low band gap (0.7 eV), Ge
can give rise to a high number of charge carriers (electron-hole pairs) and is hence helpful in de-
termining the intensity of the incoming photon radiation to a good extent. In addition to this,
the energy resolution of theHPGe detectors is high, e.g. the energy resolution was found to be
around 2 keV at gamma energy Eγ = 1.3MeV as reported in [23]. However, due to the limited
size and low atomic number of Ge, the efficiency of an HPGe detector is low for energies Eγ >
1MeV when compared with scintillators [23].
The solid target used in studying this reaction was surrounded in total by 5 HPGe-cluster de-
tectors as shown in Figure 2.4, The main detector, used for the cross-section determination, is
located in close geometry (3.5 cm from the target) at 55◦ with respect to the beam direction
(RON100) and since this is the only detector that can be moved it placed at 5,10,15 and 20
cm from the target. To investigate the angular distribution, the other HPGe detectors located
at different angles, ranging from 90◦ to 130◦, namely MB1, MB2, EB17, EB18, and a single
crystal detector RON100, see Table 2.1 and Figure 2.4.

Figure 2.4: The experimental detectors scheme configuration (Left), and the experimental configuration during
the measurement (Right).
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Detector ID Type Relative Efficiency (%) Angle (◦) Distance (cm)

RON100 (HPGe-A) Single 100 55 3.5, 5, 10, 15, 20
MB1 (HPGe-B) Clover - 3 crystals 3× 60 130 18.8
MB2 (HPGe-C) Clover - 3 crystals 3× 60 109 11.1
EB18 (HPGe-D) Clover - 7 crystals 7× 60 90 12.9
EB17 (HPGe-E) Clover - 7 crystals 7× 60 30.5 6

Table 2.1: Details of 5 HPGe cluster detectors used in the study of 13C(p,γ)14N reaction.
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3
Data Analysis

3.1 Gamma Spectrum
In the obtained γ-spectra at Ep =500 keVwhich is shown in Figure 3.1. Noother contaminants
other than the nominal 1% of 12C and the 19F were found inside the targets after carefully
inspecting all the spectra by the reaction 19F(p,αγ)16Owhich has a Qvalue= 8114 keV and has a
rather high cross-section at energies close to Ep = 500 keV resonance. 16O is populated in an
excited state and its de-excitation produces a γ-ray of energy Eγ = 6128.63 keV. In addition to
the full energy peak, the First and the second escape peaks are visible. The γ-peak at 2428 keV
was identified as coming from the 12C(p,γ)13N reaction.
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Figure 3.1: γ-spectra at Ep = 500 keV acquired at the Felsenkeller laboratory.

3.2 Yield and Cross-section

The reaction yield is the quantity measured during direct experiments and is defined as the
ratio of the total number of reactions (NR) to the total number of incident beam particles
(Nb). Experimentally, the total yield is given by:

Y =
NR

Nb
=

Nγ

Npηph(Eγ)W(θ)Br
(3.1)

whereNγ is the number of observed gamma rays,Np is the number of incoming protons, Br is
the branching ratio of the γ-ray transition, ηph is the detector efficiency andW(θ) is the angular
distribution factor.

In the following equations the transformation from the laboratory to the centre of mass
frame of reference in two two-body collisions is done by using the following equation:

Ecm = Elab
m1

m0 +m1
(3.2)

wherem0 andm1 are the masses of the projectile (p) and the target (13C) nuclei, respectively.
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The total yield Y can also be expressed in terms of the reaction cross section, σ(E), [3]:

Y =
NR

Nb
=

∫ E0

E0−ΔE

σ(E)
εeff(E)

dE (3.3)

where εeff(E) represents the effective stopping power, accounting for the number of nuclei per
unit area available in the target, ΔE is the total energy lost by the beam after interacting with
the target, and E0 is the beam energy.
In the case of the 13C(p, γ)14N reaction, it is possible to use Equation 1.8 to rewrite Equation
3.2:

Y = S(Eeff)

∫ E0

E0−ΔE

e−2πη(E)

ε(E)E
(3.4)

where the exponential term is the Gamow factor and η is the Sommerfield parameter. Numer-
ically, we find:

2πη = 0.989534Z0Z1

√
1
E

m0m1

m0 +m1
(3.5)

where the energy E is in MeV and the relative atomic masses mi are in units of u.
In equation 3.3, the S-factor was assumed to be constant over the target thickness in order to
calculate the integral and divide the yield by the integral to find the S-factor.
The S-factor is associatedwith the effective energy,Eeff, which is defined as theweighted average
of the energy over the target thickness:

Eeff =

∫ E0
E0−ΔE Eσ(E)dE∫ E0
E0−ΔE σ(E)dE

(3.6)

where here we have E in centre of mass frame of reference. By combining equations 3.1 and
3.3 we can extract the information about the reaction S-factor by experimentally obtaining the
total yieldmeasurement. To do so each component necessary for the calculation of the S-factor
is explained in following sections.

3.3 Stopping power

When a charged particle travels through a particular material, it decelerates by losing some of
its energy, mainly due to inelastic collisions with atomic electrons. This rate of energy loss is
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known as the linear stopping power given in the following equation:

εlin = −dE
dx

(3.7)

where dE is the infinitesimal energy loss in the infinitesimal spatial distance dx. The stopping
power is typically expressed as the energy loss per unit areal density, ρ (measured in units of
atoms per cm2):

ε(E) = − 1
N
dE
dx

(3.8)

whereN is the number density (in units of atoms/cm3 ) of the target material. A good approx-
imation of the energy loss of the charged particle passing through matter at high energies can
be approximated by using the following Bethe-Bloch formula [23]:

dE
dx

=
4πe4z2

mev2
NB (3.9)

where
B = Z

[
ln(

2mev2

I
)− ln(1− v2

c2
)− v2

C2

]
(3.10)

The previous equations describe the theoretical stopping power for a projectile of charge zwith
velocity v passing through amedium composed of elements with the atomic numberZ, I repre-
sents the ionization potential andme is the mass of electron. The key points from this descrip-
tion are that stopping power is inversely proportional to energy (since energy is proportional
to the square of velocity, E ∝ v2) and the energy loss is directly proportional to the charges of
both the projectile and the target.

Theprevious discussionhas been focusedon targets composedof a single element. However,
in nuclear physics experiments, this is often not the case. Typically, targets are made up of
several different elements, and the presence of contaminants must also be considered. In such
scenarios, it is necessary to calculate a quantity known as the effective stopping power, εeff[24]:

εeff = εa + Σi
Ni

Na
εi (3.11)

whereNa refers to the active nuclei andNi refers to the inactive nuclei present in the target. The
inactive nuclei are not involved in the reaction of interest but contribute to slowing down the
projectile. Additionally, εa and εi represent the stopping power for active and inactive nuclei,
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respectively. In the current experiment, the effective stopping power is given by:

εeff(13C) = ε(13C) +
N(12C)
N(13C)

ε(12C) (3.12)

In this context, 13C and 12C are the active and inactive nuclei present in the target, respectively
(the percentage of 12C is detailed in the target composition). Since the stopping power of both
carbon isotopes is identical, equation 3.12 can be simplified as follows:

εeff(13C) =
N(C)
N(13C)

ε(C) (3.13)

A computer code software called SRIM [25] is highly useful for calculating the stopping
power of projectiles in various target-projectile systems at different incoming projectile ener-
gies. However, SRIM does not provide stopping power values for every possible energy level,
therefore linear interpolation used to determine the stopping power at specific energies. For
the 13C(p,γ)14N reaction, the stopping power for 13C nuclei as a function of proton energy is
shown in the following Figure:

Figure 3.2: SRIM stopping power for protons inside the carbon target.
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3.4 Efficiency
The efficiency calibration for the experimental setup was performed using point-like calibra-
tion sources, 137 Cs, 60 Co and 88Y, the γ-rays from the well-known 27Al(p,γ)28Si resonance at
Ep = 991 keV [26] and 14N(p,γ)15O resonance at Ep = 278 keV [27].

For γ-ray energies below 2000 keV, the efficiency calibration was established using the cali-
bration sources, 137Cs, 60Co and 88Y. The 137Cs nuclei decay by emitting a single γ-ray of 662
keV. In contrast, 60Co nuclei decay with a 99% probability to a 2507 keV level of 60Ni via β−
decay, followed by the emission of two distinct γ-rays in sequence: the primary γ-ray at 1173
keV and the secondary γ-ray at 1332 keV.Additionally, 88Ydecays via β+decay and emits γ-rays
at 898 keV and 1836 keV. All sources were positioned on the target holder same as the targets.

The absolute full-energy peak efficiency is defined as the ratio of the measured peak area to
the total number of γ-rays emitted by the radioactive nuclide over the entire solid angle. It can
be calculated using the following equation:

ηph =
Ncounts

AΔtBr
(3.14)

where Ncounts is the number of counts inside the γ-peak of interest, Δt is the measuring time of
the experiment, Br is the branching ratio of the emitted γ-ray, and A the activity of the source
at the measurement time.

The resultant efficiencies from calibration sources, 27Al(p,γ)28Si reaction and 14N(p,γ)15O
reaction taking into account two different distances for the RON100 detector can be seen Fig-
ure 3.3. The efficiency curve is fitted using the empirical formula[23]:

ln(ηph) = a+ b ln(Eγ) + c(ln(Eγ))
2 (3.15)

where Eγ is the γ-ray energy and a, b and c are free parameters. The efficiency curve is plotted
in Figure 3.3 and the fit parameters are shown in Table 3.1.
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Figure 3.3: Photo-Peak Efficiency obtained with two distances of RON100 at 3.5 cm (close geometry) (Blue) and
10 cm (Red).

a b c

-0.2346(3) -0.4411(7) -0.1855(2)

Table 3.1: Efficiency curve parameters obtained by the fit.

Using the efficiency curve, we can determine the efficiency of Eγ from the 13C(p, γ)14N reac-
tion.

3.5 Target Characterization

To calculate the 13C(p,γ)14N S-factor, the target thickness (ΔE) and target composition are
needed for the effective stopping power evaluation, as referenced in equation 3.3. The target
composition consists of evaporated enriched carbon targets with 99% 13C and 1% 12C were
used. To characterize and monitor the target thickness, a scan of the 13 C (p, γ) 14 N resonance
at 1749 keVwas performed. By increasing Ep by a few keV in each run, starting from 1748 keV,
we canmatch the resonance energy at different layers within the target as the proton beam loses
energy. A γ-ray spectrum was obtained for each measurement of the resonance scan.
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The target profile of 13C_02_01 and 13C_02_02 targets obtained frommultiple resonance
scans can be seen in Figure 3.4 and Figure 3.5, respectively, its good to mention here that some
of the resonance scans not used because the data obtained has the same energy value, The ex-
perimental yield curve from the resonance scan can be fit using two Fermi functions as follows
[22]:

Y = Ymax

[
exp(

Ep − E0

Γ1
) + 1

]−1 [
exp(

E0 − Ep − ΔE
Γ2

) + 1
]−1

(3.16)

where E0 is the incident beam energy, ΔE is the target thickness, and Γ1 and Γ2 are two pa-
rameters accounting, respectively, for the slopes of the falling and leading edges of the target
profile.

The target thicknessΔEobtained from thefit canbe seen inFigure 3.6 for both targetswhich
shows that no target degradation along with the Accumulative charge Qacc, in the following ta-
ble average results of the fit:

Target ΔE (keV)

13C_02_01 5.6475± 0.1953
13C_02_02 4.498± 0.492

Table 3.2: The target thicknesses obtained from Scans fit.
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Figure 3.4: Fitted Resonance Scan perfomed using 13C_02_01 target.
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Figure 3.5: Fitted Resonance Scan perfomed using 13C_02_02 target.

Figure 3.6: Target Thickness obtained from fit resonance Scans performed on Target 13C_02_01 (Left) and
13C_02_02 (Right).
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3.6 Yield Analysis of 13C(p,γ)14N

The region of interest (ROI) for the peak, which highly depends on the target thickness, was
visually selected. An evaluation of the tail’s impact was conducted by calculating the integral
for the tail and the peak, confirming that the tail contributes only 1% to the net counts, as can
be seen in Figure3.7.
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Figure 3.7: Two peaks for the 13C_02_01 target. Both are on a logarithmic scale; the one on the left shows the
contribution of the tail for the low-energy side. ROI is between the green lines, and the red line is the back-
ground suppression.

The net counts are calculated by subtracting the background counts (NB) from the total
number of counts (NT). The background counts are determined by the area under the γ-peak,
using a step-like function that fits the background on both the left and right sides of the ROI.

Ncounts = NT −NB (3.17)

σ2counts = σ2T + σ2B (3.18)

where σcounts is the calculated statistical error, and σT and σB are the errors of the peak counts
and background counts, respectively, both calculated assuming a Poisson distribution.

To calculate the reaction yield, the number of incoming protons (Np) was determined using
the following formula:

Np =
2Qrun

qe
(3.19)
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where Qrun is the accumulated charge during each experimental run, and qe is the elementary
charge.
The yields are calculated using the equation 3.1. The yield for both the targets (13C_02_01
and 13C_02_02 ) for all the energy runs are shown in logarithmic scale in the Figures 3.8-3.13.

Figure 3.8: The Yield as a function of beam energy in
lab frame for both targets of DC→ gs.

Figure 3.9: The Yield as a function of beam energy in
lab frame for both targets of DC→ 2312 keV.

Figure 3.10: The Yield as a function of beam energy in
lab frame for both targets of DC→ 3948 keV.

Figure 3.11: The Yield as a function of beam energy in
lab frame for both targets of DC→ 4915 keV.

Figure 3.12: The Yield as a function of beam energy in
lab frame for both targets of DC→ 5105 keV.

Figure 3.13: The Yield as a function of beam energy in
lab frame for both targets of DC→ 5691 keV.

The yields of the 13C_02_01 target are higher than those of the 13C_02_02 target, which
may be attributed to the difference in their thicknesses. The 13C_02_01 target is slightly
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thicker, as discussed in Section 3.5.

3.7 S-factor Calculation
The S-factor was calculated using Equation 3.4 for the proton beam energy range Ep = 350 -
700 keV. The effective stopping power, εeff, was calculated using equation 3.6. The ΔE for the
integration range in the S-factor calculationwas determined by taking the FWHMof the target
profile, Y(E) mentioned in section 3.5. The preliminary S-factors for both targets are shown in
logarithmic scale in Figure 3.14-3.19 and compared with literature data.
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Figure 3.14: The preliminary S-factor as a function
of beam energy in centre of mass frame for both
targets of DC→ gs.

Figure 3.15: The preliminary S-factor as a function
of beam energy in centre of mass frame for both
targets of DC→ 2312 keV.

Figure 3.16: The preliminary S-factor as a function
of beam energy in centre of mass frame for both
targets of DC→ 3948 keV.

Figure 3.17: The preliminary S-factor as a function
of beam energy in centre of mass frame for both
targets of DC→ 4915 keV.

Figure 3.18: The preliminary S-factor as a function
of beam energy in centre of mass frame for both
targets of DC→ 5105 keV.

Figure 3.19: The preliminary S-factor as a function
of beam energy in centre of mass frame for both
targets of DC→ 5691 keV.
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The uncertainty in the S-factor only statistical contribution, it includes counting statistics
and the uncertainty in the efficiency calculation. The systematic uncertainty of S(E) amounts
to 8.5% including the contributions from detection efficiency (6.5%), stopping power (3.5%),
target profile (3%), and charge collection (3%). The obtained values of the S-factor show good
agreement with those reported earlier in the literature. In particular, some of the values ob-
tained in this study agree within 8% in comparison with J.D.King et al. [18] for the transitions
to gs, 2312 keV, 3948 keV and 5105 keV, There is a small discrepancy for the low energy part
and at Ep = 500 keV for the transitions to 4915 keV and 5691 keV, which corresponds to the
resonance peak. The reason for this discrepancy needs to be looked into with further investiga-
tion to obtain an accurate value for the resonance peak.
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4
Conclusion

The 13C(p,γ)14N reaction is essential in the CNO cycle, influencing carbon and nitrogen iso-
tope ratioswithin stars. This reactionbecomesparticularly significantduringdredge-up episodes
in theRedGiant Branch (RGB) andAsymptotic Giant Branch (AGB) phases, where deep stel-
lar material is mixed into the outer layers. Accurate modelling of these mixing processes re-
quires precise knowledge of the 13C(p,γ)14N reaction rate, as it directly affects the production
of 14N, which is crucial for understanding stellar evolution, surface composition changes, and
the enrichment of the interstellar medium.
This thesis has reportedon the experimental study tomeasure the S-factor of the 13C(p,γ)14Nre-
action in the energy range of 350 - 700 keV using fiveHPGe cluster detectors. The experiment
wasperformed at theFelsenkeller underground facility inDresden (Germany)using evaporated
enriched carbon targets (99% 13C and 1% 12C). Being underground significantly reduces the
environmental background, allowing for highly sensitive measurements. The efficiency of the
detector was obtained using the 137Cs, 60Co and 88Y sources, and the 27 Al(p,γ)28 Si resonance
at Ep = 991 keV and 14N(p,γ)15O resonance at Ep = 278 keV. Scans of the 1749 keV resonance
were performed to monitor and characterise the targets. Finally, the S-factor was obtained in
the range 350 - 700 keV.
The performed analysis is an initial attempt for the derivation of the 13C(p,γ)14NS-factor. Fur-
ther work is necessary to improve the results and investigate the discrepancy between the ob-
tained S-factors and the literature data.
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