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Foreword

The symposium NUCLEI IN THE COSMOS 2018 was held at the Laboratori
Nazionali del Gran Sasso (LNGS), L’Aquila—Assergi, Italy, from June 24 to 29,
2018. Already in 1994, LNGS had hosted a NUCLEI IN THE COSMOS sympo-
sium. So, LNGS is honored to be the first location chosen to host this conference
two times. Starting from the pilot meeting in Greece (1988), the series of inter-
national conference on NUCLEI IN THE COSMOS has been organized in Australia,
Austria, Denmark, Hungary, Italy, Japan, Germany, Greece and Switzerland to
discuss topics at the crossroads of astronomy, astrophysics and nuclear physics. In
this XV edition, 197 researches from 29 countries participated to conference, 153 of
which traveled in from outside the host country. Thus, the NIC XV program
consisted of 25 invited review talks, 48 selected oral and 110 poster contributions
on important experimental and theoretical results in nuclear, particle and astro-
physics researches, as well as a detailed and thorough exposition of the modern
challenges in nuclear astrophysical scenarios.

The conference program aimed to address the current major achievements in
nuclear physics, astrophysics, astronomy, cosmochemistry and neutrino physics
that provide the necessary framework for any microscopic understanding of
astrophysical processes, as well as for discussing the future directions and per-
spectives in the various fields of nuclear astrophysics research. The scientific
program covered specific sessions on cosmology and Big Bang nucleosynthesis,
stellar contributions to the chemical evolution, hydrostatic and explosive nucle-
osynthesis, neutrino and nucleus interaction in the cosmos, physics of nuclei far
from stability, synthesis of heavy elements, direct observation of nucleosynthesis in
stars, study of extraterrestrial materials, nucleosynthesis in extreme environments,
techniques, tools and facilities for nuclear astrophysics and nuclear data for astro-
physical applications.

In addition, a limited number of contributions on the special topic “particle
astrophysics and rare events in cosmos” provided the possibility to explore the
interface between nuclear astrophysics and astroparticle physics.
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To encourage the attendance of young physicists, the support was granted to 19
undergraduate and graduate students without Ph.D. status or young postdocs. The
five best poster presentations delivered by graduate and undergraduate students
were selected and rewarded during the conference by a dedicated committee.

NUCLEI IN THE COSMOS 2018 was the fifteenth symposium of the series, and
Prof. Karl-Friedel Thielemann contributed with Special Lecture entitled “explosive
nucleosynthesis: what we learned and what we still did not understand” to review
the incredible story of success of this series of conferences.

As in previous editions, also NUCLEI IN THE COSMOS 2018 was comple-
mented by two dedicated satellite events: the NIC XV “School on Experimental and
Theoretical Methods in Nuclear Astrophysics with Applications” and the NIC XV
Workshop “Core-collapse Supernovae in the Multi-messenger Era (CCSN 2018).”

The “School on Experimental and Theoretical Methods in Nuclear Astrophysics
with Applications” (http://www.circe.unicampania.it/index.php/special-events/nic-
2018-satellite-school) was held in Caserta, Italy, from June 18 to 22, 2018. It was
geared toward graduate students, but advanced undergraduate students as well as
postdocs were also admitted. A total of 26 students from 10 countries and 3 con-
tinents attended the school.

The first two days were devoted to introductory lectures. In the following days,
students split in groups to perform one out of four possible hands-on stages on
nuclear reaction cross sections using ERNA (“European Recoil Separator for
Nuclear Astrophysics”) at the 3MV tandem laboratory (convener: R. Buompane),
measurements of isotopic ratios in meteorites at the ICP-MS laboratory (convener:
S. Palmerini), model calculations, nuclear cross sections and comparison to
observations in stellar evolution and nucleosynthesis (convener: L. Piersanti) and
data analysis in the context of the Trojan Horse method (convener: M. La Cognata).

The school took place in a constructive atmosphere, where the different scientific
backgrounds and even cultural diversity became opportunities for mutual enrich-
ment. The dedicated Scientific Committee included A. Di Leva, A. Formicola,
L. Gialanella (Chair), F. Marzaioli, P. Migliozzi, H. Schatz, O. Straniero, F. Strieder
and A. Tumino. It was organized by the University of Campania “Luigi Vanvitelli,”
supported by INFN and JINA and sponsored by CAEN. Lectures and hands-on
stages were held by the staff of different universities/research institutes: INAF,
INFN, South Dakota School of Mines & Technology, universities of Bologna,
Campania, Catania, Naples and Perugia.

The workshop “Core-collapse Supernovae in the Multi-messenger Era (CCSN
2018)” was organized from July 2 to 3, 2018, at the GSSI as a second satellite event
of the NIC XV conference (http://ccsn2018.0a-teramo.inaf.it). It has been planned
considering that even though core-collapse supernovae are events of key relevance
in the cosmos their understanding is still rather limited. This poses many unan-
swered questions with multidisciplinary character to the scientific community.

The workshop was enthusiastically attended by a very wide and varied scientific
community, including astronomers and astrophysicists, particle and nuclear
physicists, experimentalists and theorists. The field has shown to be lively, and the
debates have seen intense participation. It offered occasions of new collaborations
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and works and important progresses have been announced. CCSN 2018 was
organized jointly by the GSSI—Gran Sasso Science Institute, INAF—Osservatorio
Astronomico d’Abruzzo and INFN—Laboratori Nazionali del Gran Sasso. The
Organizing Committee of the workshop was chaired by Oscar Straniero and
Francesco Vissani and included Marica Branchesi, Marco Drago, Matthias Junker,
Chris Fryer, Ewald Muller, Massimo della Valle and Diego Vescovi.

NUCLEI IN THE COSMOS 2018 has been made possible thanks to the
engagement of all those colleagues who served in the International Advisory and
Program Committees as well of the Organizing Committee. A special thank is
addressed to Fausto Chiarizia for his efficiency in the logistic and the secretary
organization, we are also like to thank Alessio Attardi, as well as Aurora Galimi,
Valeria La Speme, Chiara Ruggeri and Alessandro Serafini (“Liceo Pasteur” high
school in Rome).

The conference and satellite events received support by INFN, Università degli
Studi della Campania “Luigi Vanvitelli,” GSSI, JINA-CEE, IUPAP and EPS. We
are grateful to High Voltage Engineering Europe and Springer Nature who spon-
sored the conference, too.

L’Aquila, Italy Alba Formicola
L’Aquila, Italy Matthias Junker
Caserta, Italy Lucio Gialanella
Napoli, Italy Gianluca Imbriani
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Chapter 1
Resonances in Stellar Carbon Fusion

Alexis Diaz-Torres and Michael Wiescher

Abstract A quantitative study of the astrophysically important sub-barrier fusion of
12C+12C is reported. Low-energy collisions are described in the body-fixed reference
frame using wave-packet dynamics within a nuclear molecular picture. In contrast
to conventional methods, such as the potential model and the coupled-channels ap-
proach, these new calculations reveal three resonant structures in the S-factor, ex-
plaining some structures observed in the data. The structures in the data that are not
explained are possibly due to cluster effects in the nuclear molecule, which need to
be included in the new approach.

1.1 Introduction

The 12C+12C fusion cross sections at very low energies are critical for modelling
energy generation and nucleosynthesis during the carbon burning phase of stellar
evolution of massive stars (M ≥ 8M�) [1]. These cross sections also determine the
ignition conditions for type-Ia supernova explosions [2]. Variations of the fusion rate
in its traditional range of uncertainty moderately affect nucleosynthesis in the actual
type-Ia explosion event [3]. This situation would change if resonant structures in the
low-energy range of the fusion cross sections existed [4]. Such structures have been
observed at higher energies and are associated with molecular states. The possible
existence of such states at very low energies can significantly affect nucleosynthesis
in type-Ia supernovae [5] as well as superbursts on accreting neutron stars [6]. It
is therefore important to go beyond conventional approaches for averaged cross-
sections, to understand the nature of thesemolecular phenomena and their occurrence
at very low energies.

In [7], a new method based on wave-packet dynamics applied to the sub-barrier
fusion of 12C+12C is presented. In contrast to other traditional methods, such as

A. Diaz-Torres (B)
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4 A. Diaz-Torres and M. Wiescher

the potential model [8] and the conventional coupled-channel approach [9], wave-
packet dynamics quantitatively explains some observed resonances in the fusion
cross sections. This is because the new method [7] allows one to include the effects
of molecular states on fusion. The present contribution highlights the main results
of the theoretical study reported in [7].

1.2 Wave Packet Dynamics

The method of wave packet dynamics has three steps:

(i) the definition of the initial wave function Ψ (t = 0),
(ii) the propagation Ψ (0) → Ψ (t), dictated by the time evolution operator,

exp(−i Ĥ t/�), where Ĥ is the total time-independent Hamiltonian,
(iii) after a long propagation time, the calculation of observables (cross sections,

spectra, etc.) from the time-dependent wave function, Ψ (t).

The wave function and the Hamiltonian are represented in a multi-dimensional
lattice. These are considered a function of a few collective coordinates such as the
internuclear distance and the spherical coordinate angles of the 12C symmetry axis
relative to the internuclear radius, thus reducing the complexity of the quantum
many-body reaction problem. The presentmethod directly solves the time-dependent
Schrödinger equation, without the traditional expansion in a basis of energy eigen-
states, which is used in the conventional coupled-channels model. Despite this, the
numerically calculated total wave function accounts for all the coupled-channel
effects. The irreversible process of fusion at small internuclear distances is described
with an absorptive potential for fusion. The heavy-ion collision is described in the
rotating center-of-mass frame within a nuclear molecular picture [10]. Expressions
for the kinetic-energy operator, the collective potential-energy surface (PES) and the
time propagator are provided in Appendices of [7].

1.3 Model Calculations

Figure1.1 shows real 12C+12C total potentials for J = 0, 2, 4 partial waves. Fig-
ure1.1a displays specific cuts in the PES for head-on collisions, while Fig. 1.1b
shows effective total potentials after folding the PES (including the centrifugal en-
ergy) of non-axial symmetric di-nuclear configurations with the probability density
of the ground-state wave-function of the two deformed, colliding 12C nuclei [7]. The
Equator-Equator alignment (thin solid line) facilitates the access by tunneling to the
potential pockets. All the alignments coexist and compete with each other, the kinetic
energy operator driving the system towards either re-separation or fusion in the po-
tential pocket of the Pole-Pole configuration (thick solid line). A strong, imaginary
Woods-Saxon potential centered at the minimum of the Pole-Pole potential pocket in

mumpower@lanl.gov
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Fig. 1.1 a Some cuts in the
real PES for 12C+12C as a
function of the internuclear
distance and three
alignments. The total angular
momentum is J = 0. b
Effective 12C+12C total
potentials for the J = 0, 2, 4
partial waves. The plot
inserted shows the scattering
phase shifts for specific
partial waves. The
occupation of these potential
resonances (circles) causes
the structures in the
theoretical S-factor in
Fig. 1.2
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Fig. 1.1a (thick solid line) provides a fusion absorption, which operates very weakly
at the potential pockets of the non-axial symmetric configurations (dashed and thin
solid lines). The strong repulsive core of the real potentials for non-axial symmet-
ric di-nuclear configurations hinders the effect of the imaginary fusion potential on
the potential resonances formed in the corresponding real potential pockets. These
potential resonances are shown in the plot inserted in Fig. 1.1b. The occupation of
these resonant states (circles in plot inserted) enhances the fusion cross sections, as
reflected in the theoretical S-factor in Fig. 1.2.

Figure1.2 displays model calculations of the astrophysical S-factor (lines) com-
pared with various data sets (symbols) [4, 11–16]. It is observed that the theoretical
S-factor curves, clearly affected by uncertainties of the PES of Fig. 1.1a, are rather
flat at stellar energies (<3MeV), without resonant structures. This is because the ab-
sence of potential resonances for these energies in Fig. 1.1b. However, cluster effects
in the nuclear molecule (e.g., 20Ne + alpha and 23Na + p) can also be very important,
possibly leading to additional resonances.
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Fig. 1.2 The astrophysical S-factor for 12C+12C. Measurements (symbols) are compared to model
calculations (lines). Themodel calculations are shown for (i) two normalization factors thatmultiply
the PES in Fig. 1.1a (thin solid and dashed lines), and (ii) a reduction by 15% of the curvature of
those potential pockets (thick solid line). The latter improves the location of the predicted fusion
resonances

1.4 Summary

Molecular structure and fusion are closely connected. The present calculations in-
dicate that the fusion excitation function monotonically declines towards stellar en-
ergies. In contrast to other conventional methods, the new approach reveals three
resonant structures in the theoretical S-factor, which explain some observed struc-
tures. The structures in the data that are not explained are possibly caused by cluster
effects in the nuclear molecule, which need to be included in the new approach.
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Chapter 2
On the Mass of Supernova Progenitors:
The Role of the 12C+12C Reaction

Oscar Straniero, Luciano Piersanti, Inma Dominguez and Aurora Tumino

Abstract A precise knowledge of the masses of supernova progenitors is essential
to answer various questions of modern astrophysics, such as those related to the
dynamical and chemical evolution of Galaxies. In this paper we revise the upper
bound for the mass of the progenitors of COwhite dwarfs (Mup) and the lower bound
for the mass of the progenitors of normal type II supernovae (M�

up). In particular,
we present new stellar models with mass between 7 and 10 M�, discussing their
final destiny and the impact of recent improvements in our understanding of the low
energy rate of the 12C+12C reaction.

2.1 Introduction

Mupis the minimum stellar mass that, after the core-helium burning, develops tem-
perature and density conditions for the occurrence of a hydrostatic carbon burning.
Stars whose mass is lower than this limit are the progenitors of C–O white dwarfs
and, when they belong to a close binary system, may give rise to explosive phenom-
ena, such as novae or type Ia supernovae. Stars whose mass is only slightly larger
than Mupignite C in a degenerate core and, in turn, experience a thermonuclear run-
away. Their final destiny may be either a massive O–Ne white dwarf or an e-capture
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supernova. More massive objects ignite C in non-degenerate conditions and, after
the Ne, O and Si burning, they produce a degenerate Fe core. These stars are the pro-
genitors of various type of core-collapse supernovae among which the well known
type IIp. In spite of their importance, a precise evaluation of Mup and M�

up is still
missing (see, e.g., [1, 2]). It relies on our knowledge of various input physics used in
stellar modelling, such as the plasma neutrino rate, responsible of the cooling of the
core, the equation of state of high density plasma, which affects the compressibility
and the consequent heating of the core, and the 12C+12C reaction rate. In addition
Mup and M�

up depend on the C–O core mass, which is determined by the extension of
the convective instabilities during the H and He-burning phases, such as convective
overshoot, semiconvection or rotational induced mixing. In this paper, we revise the
theoretical predictions of Mup and M�

up. New stellar models of stars whose initial
mass ranges between 7 and 10 M� and nearly solar composition, i.e., Z = 0.02 and
Y = 0.27, are presented. Finally we provide a quantitative evaluation of the effects of
the latest 12C+12C reaction rate as revised after the new experimental studies based
on the Trojan Horse Method [3].

2.2 Carbon Burning in Degenerate C–O Cores

All the models here presented have been computed with the latest version of the
FUNS code (see [4, 5]). Rotation is here neglected, but its effects will be discussed
in a forthcoming paper. The Kippenhahn diagram of the C burning phase of the 8.5
M� stellar model is shown in Fig. 2.1 (left). C ignites at about 0.15 M� from the
center, where the temperature attains its maximum value. More inside, the cooling
induced by the emission of plasma-neutrinos prevents the C burning. Suddenly, a
quite extended convective shell develops, powered by the thermonuclear runaway.
This episode lasts for about 4000 year. Then, for a short period of time the C burning
dies down, meanwhile the contraction and the consequent heating restart, until a

Fig. 2.1 Left: Kippenhahn diagram of the degenerate C burning in the 8.5 M�stellar model. The
red region corresponds to the convective envelope, while the violet regions are the convective C-
burning episodes. Note that the t = 0 point is arbitrary. Right: final composition: C (red), O (black),
Ne (green), Mg (blue)
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new off-center C ignition follows. This time, the released thermal energy diffuses
inward, so that the maximum temperature moves toward the center and a convec-
tive core develops. After about 500 year, the convective core disappears. Later on,
the maximum temperature moves outside again, giving rise to 3 distinct convective
C-burning episodes. The final composition of the resulting O–Ne core is shown in
Fig. 2.1 (right). The main components are 16O and 20Ne, with a lower, but non-
negligible, amount of 24Mg. Note that in the innermost 0.5 M�, the original carbon
has not besn fully consumed.

2.3 Mup and M�
up

In order to determine the values of Mup and M�
up, we have computed 2 sets of models,

with masses ranging between 7.0 and 10.0 M� (step 0.5 M�), and different choices
of the 12C+12C reaction rate, namely, the Caughlan and Fowler (CF88) [6] and the
Trojan Horse (THM) [3] rates. Figure2.2 reports the final composition of the cores

Fig. 2.2 Left: final composition within the core of the 7.0, 7.5 and 8.0 M� stellar model computed
by adopting the CF88 rate for the 12C+12C reaction. Right: as in the left panels, but adopting the
THM rate for the 12C+12C reaction. Colors represent different chemical species: C (red), O (black),
Ne (blue), Mg (magenta)
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Fig. 2.3 Left panel: As in Fig. 2.2, but for M = 9.5 and 10 M�. Colors represents: C (red), O
(black), Ne (blue), Mg (magenta), Si (green), S (cyan)

for themodels 7.0, 7.5 and 8.0 M�.With the CF88 rate (left panels), the lighter model
never attains the conditions for the C ignition and proceeds its evolution entering the
AGB phase. Then, the 7.5 and the 8.0 M� undergo an incomplete C burning. In
particular, in the 7.5 M� model, the C burning remains confined within a small shell
located near the external border of the C–O core. Only for M ≥ 8.5 M�, after the
usual off-center ignition, the C burning propagates inward down to the center, and a
complete C burning takes place, resulting in the formation of an O–Ne core. When
the THM rate is adopted (right panels in Fig. 2.2), we find similar final compositions
but for models ∼0.5 M� less massive. Concerning M�

up, Fig. 2.3 shows the final
compositions of the 9.5 and 10 M� models. In this case we find little differences
between the CF88 and the THM models. In both cases, the 9.5 M� model never
attains the conditions for the Ne photo-dissociation. On the contrary the 10 M�
models ignite C at the center. Then, they experience a complete C burning. Later on,
the Ne photo-dissociation starts at about 1 M� and the evolution proceeds through
the more advanced burning phases (note that we stopped the computations when the
O burning was still moving inward).
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Chapter 3
The 12C+12C Fusion Reaction
at Stellar Energies

Xiaodong Tang

Abstract The carbon fusion reaction is a crucial reaction in stars. Due to its com-
plicated reaction mechanism, there is a large uncertainty in the S* factor at stellar
energies. In this talk, I will review the challenges in the study of carbon burning. An
outlook for the future studies will also be presented.

The 12C+12C reaction plays an important role in a wide variety of stellar burning
scenarios such as massive stars, type Ia supernovae and superbursts. The important
energy range covers from few 10s keV up to around 3 MeV [1]. At sub-barrier en-
ergies, the main products of 12C+12C are n, p and α. To obtain the fusion reaction
cross section at such energies, two different techniques have been used. One is the
particle spectroscopy and the other is the characteristic γ -ray spectroscopy. Patter-
son [2], Mazarakis [3] and Becker [4] extended the measurements below 2.7 MeV
by counting the protons and alphas from the fusion reaction process. As energy ap-
proaches the astrophysical region, backgrounds arising from the target impurity and
other sources produce a significant background. Some proton and alpha channels
could not be identified, leading to underestimation of the total fusion cross sections.
Kettner [5], Aguilera [6] and Spillane [7] measured the cross sections of the charac-
teristic γ -rays of the fusion residues, 23Na, 20Ne and 23Mg. Since some decays of the
fusion residues bypass the decay of the characteristic γ -rays, the sum of the charac-
teristic γ -ray cross sections reflects only a fraction of the total fusion cross section. A
recent direct measurement of 12C(12C,n)23Mg has been performed at stellar energies,
providing a reliable rate [8]. The results of some measurements are shown in Fig. 3.1
as the modified S factor, S∗(Ec.m.) = σ(Ec.m.)Ec.m.exp( 87.21√

Ec.m.
+ 0.46Ec.m.).

Mazarakis’s measurement showed the S* factor had a uprising trend as the en-
ergy decreases.With the resonances at higher energies, it was found his energy needs
to be shifted by +100 keV. After this correction, the uprising trend in the S* factor
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Fig. 3.1 S* factors of 12C+12C. The 12C+12C data from [2, 4, 6, 7] shown as red, green, magenta
and blue points, respectively. Model calculations, CC-M3Y+Rep (thick dark red), SPP (oragen),
TDWP (light blue) and hindrance (blue dashed) are also shown, respectively. The recommended
averaged S* factor by CF88 is shown as red dashed line. The THM result and the fit are shown as
black dashed and solid lines, respectively

disappeared [9]. Barron used a smoothingmethod towash out the resonances, leading
to no way of checking the energy calibration [10]. Therefore, such kind of measure-
ments should not be considered to be valid. Spillane et al. claimed a strong resonance
at Ec.m. = 2.14 MeV with a S* factor more than 2 orders of magnitude higher than
any other S* factors at higher energies [7]. A measurement of 12C(12C,p)23Na was
carried out in the same region [11]. However, they could not confirm this strong
resonance due to large error bars.

The 12C+12C has a complicated resonance feature which continues all the way
from the Coulomb barrier energy down to the lowest measured energies. These
resonances have a characteristic width of about 100 keV. Since there is no way to
model the resonances in the unmeasured energy range, the averagedS* factor are used
for extrapolation while the resonances are treated as the fluctuation. Since the width
of the Gamowwindow is comparable or wider than the the 12C+12C resonance width,
the averaged S* factor is a reasonable approach for the astrophysical application. In
order to extrapolate the experimental results to the energy region of astrophysical
interest, the modified S* factor was introduced to remove from the cross-section
the penetrability of the Coulomb barrier, which dominates all the other effect, by
taking the second-order expression for the barrier transmission of a square-well black
nucleus, for l = 0, and neglecting all higher-order terms [2]. Considering the data
with energies below 0.8 of the Coulomb barrier in 12C +12C, Patterson recommended
an averaged S* factor of 2.9 × 1016 MeV b for the lower energies [2]. The standard
12C+12C reaction rate was established by Caughlan and Fowler who revised this
value to be 3 × 1016 MeV b by including more measurements [12]. This simple
extrapolation agrees reasonably with some recent theoretical calculations, such as

mumpower@lanl.gov



3 The 12C+12C Fusion Reaction at Stellar Energies 15

CC-M3Y+Rep [13], TDWP [14] and barrier penetration model based on the global
São Paulo potentials (SPP) [1]. Guided by the experimental S factors of the medium-
heavy systems, Jiang et al. developed a phenomenological hindrance model which
predicts that the 12C+12C S-factor reaches its maximum [15]. At lower energies, this
model predicts a rapid drop in the S factor leading to a reduced reaction rate that
is many orders of magnitude smaller than the standard rate used for astrophysical
modeling. To check the predictive powers of the hindrance and other models, a
measurement of the 12C+13C is being carried out at deep sub-barrier energies [16].

Recently the Trojan Horse Method (THM) has been applied to determine the
12C+12C fusion S-factor at energies below Ec.m. = 2.7 MeV [17], resulting in a
new averaged S-factor with a rising slope much faster than any models presented in
Fig. 3.1. And the averaged S* factor rises fast as the energy decreases by comparing
with the flat trend observed with the data obtained from the direct measurement.
Why are the resonances obtained by THM so special that they change the trend of the
averaged S* factor? Right now there is an ongoing debate on the applicability of the
THM theory of converting the indirect measurement into the astrophysical S* factor
[18, 19]. Before drawing any final conclusion from the measurement in [17] and
determining the actual trend of the averagedS* factor at stellar energies, both accurate
direct measurements at energies below Ec.m. = 2.7 MeV and the validation of the
THM approach at higher energies with a better overlap with the direct measurements
would be urgently needed.

In contrast to the striking resonances observed in the 12C+12C fusion reaction, the
other carbon systems, such as 12C+13C and 13C+13C, behave more regularly. Only
minor resonance features have been observed in these two systems. By comparing the
cross sections for the three carbon isotope systems, 12C+12C, 12C+13C, and 13C+13C,
it is found that the cross sections for 12C+13C and 13C+13C provide an upper limit
for the fusion cross section of 12C+12C over a wide energy range. After calibrating
the effective nuclear potential for 12C+12C using the 12C+13C and 13C+13C fusion
cross sections, it is found that a coupled-channels calculation with the ingoing wave
boundary condition (CC-M3Y+Rep) predicts the major peak cross sections in 12C+
12C and serves as an excellent upper bound to all the experimental 12C+12C S* factor
except that the strong resonance found at 2.14 MeV exceeds this upper limit by a
factor of more than 20 [20]. Another contradiction is that the indirect result obtained
with THM is much higher than the upper limit.

Despite of more than half a century of studies, there are large discrepancies in
how to extrapolate the averaged fusion cross section and modeling the resonances
in the astrophysical energy region. Precise direct measurement at energies below 2.6
MeV is the key for resolving the problems. Such data are expected to be available by
using new experiment techniques, such as particle and γ coincidence technique and
underground experiment. Experimental and theoretical studies of the fusion reaction
cross sections for the carbon isotope systems are useful for modeling the average
trend of the 12C+12C fusion cross section.
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Chapter 4
The Resonant Behaviour of the 12C+12C
Fusion Cross Section at Astrophysical
Energies

Aurora Tumino, C. Spitaleri, M. La Cognata, S. Cherubini, G. L. Guardo,
M. Gulino, S. Hayakawa, I. Indelicato, L. Lamia, H. Petrascu,
Rosario Gianluca Pizzone, S. M. R. Puglia, G. G. Rapisarda, S. Romano,
M. L. Sergi, R. Spartá and L. Trache

Abstract The 12C(12C,α0,1)20Ne and 12C(12C,p0,1)23Na reactions, which determine
carbon burning in stars, have been measured from Ec.m. = 2.7 MeV down to 0.8 MeV
via the TrojanHorseMethod off the deuteron in 14N. This range of energies is relevant
for several astrophysical scenarios, from superburst ignition to hydrostatic burning.
The measured astrophysical S(E) factors reveal several resonances, which are re-
sponsible for a very large increase of the reaction rate at the relevant temperatures.

4.1 Introduction

The 12C+12C fusion reactions have been investigated in different scenarios of low-
energy nuclear physics for more than five decades. In particular, star evolution and
nucleosynthesis of intermediate mass stars (8–10 M�) and up is strongly influenced
by the carbon fusion process [1]. Also superburst models with neutron stars can
be constrained by the carbon burning reaction rate, in particular if resonances are
found to contribute in the Gamow peak [2]. Carbon burning during the hydrostatic
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phase takes place from 0.8 to 1.2 GK, corresponding to center-of-mass energies
from 1 to 3 MeV. In that sub-Coulomb energy region, the cross section falls rapidly
below the nanobarn range. That is why the measurement of the cross section at
astrophysical energies remains a difficult task.The compoundnucleus 24Mg is formed
at an excitation energy much above the particle decay threshold. Alpha, proton and
neutron are the dominant evaporation channels, leading respectively to 20Ne, 23Na
and 23Mg, which can also be produced in excited bound states. Below a center
of mass energy Ecm of 2.5 MeV there is not enough energy to feed 23Mg even in
its ground state and α and p channel are the only relevant ones at low energies.
Several attempts were made to measure the 12C + 12C cross section at astrophysical
energies, involving both, charged particle [3–5] and gamma ray spectroscopy [6–11]
but, it has only been measured down to Ecm = 2.5 MeV, still at the beginning of
the region of astrophysical interest. In a more recent study [12], the astrophysical
S(E) factor exhibits new resonances at Ecm ≤ 3.0 MeV, with a strong increase at Ecm

= 2.14 MeV. This behaviour, if confirmed, would enhance the present nonresonant
reaction rate of the alpha channel by a factor of 5 near T = 0.8 GK. This would
contradict the proposed hypothesis that a sub-barrier fusion hindrance effect [13]
might drastically reduce the reaction rate at astrophysical energies. Anyway, until
now the only way to reach the astrophysical region has relied on the extrapolation
procedure from higher energy data. However, extrapolation is complicated by the
presence of possible resonant structures even in the low-energy part of the excitation
function. Thus, further measurements extending down to at least 1 MeV would
be extremely important. In this paper, we are going to discuss the indirect study
of the 12C(12C,α)20Ne and 12C(12C,p)23Na reactions via the Trojan Horse Method
(THM) [14–16] applied to the 12C(14N,α20Ne)2H and 12C(14N,p23Na)2H three-body
processes in the quasi-free (QF) kinematics regime, where 2H from the 14N TH
nucleus is spectator to the 12C + 12C two-body processes. Several experimental
works provide evidence of direct 12C transfer in the 12C(14N,d)24Mg∗ reaction at 30
MeV of beam energy and up [17, 18].

The Trojan Horse Method (THM) was developed as alternative approach to de-
termine the bare nucleus S(E) factor for rearrangement reactions. It has already been
applied several times to reactions of astrophysical relevance involving light particles
as spectators, such as d, 3He, 6Li ([19–29] and references therein). This is the first
application of the THM to heavy ion reactions.

4.2 The Experiment

The experiment was performed at the Laboratori Nazionali del Sud - INFN, using a
14N beam at 30 MeV accelerated by the SMP TANDEM and delivered onto a 100
µg/cm2 C targetwith a beamspot on the target smaller than 1.5mm.The experimental
setups consisted of two telescopes (38 µm silicon detector as �E- and 1000 µm
position sensitive detector (PSD) as E-detector) placed on both sides with respect to
the beam direction in symmetric configuration (two on each side), covering angles
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Fig. 4.1 Quasi-free two-body cross section for the 20Ne+α1 channel (black filled dots). Solid blue
line with light blue band are the result of R-matrix calculations

from 7◦ to 30◦. The ejectile of the two-body reactions (either α or p) was detected in
coincidence with the spectator d particle. In order to fulfill the QF requirement for
the spectator d particle to be essentially part of the beam, this particle was detected at
forward angles. The trigger for the event acquisition was given by the coincidences
between the two telescopes. The angular regions covered by the detectors were
optimized for measuring the break-up process of interest in QF kinematics, and the
investigated range of deuteron momentum values was feasible to check the existence
of the QF mechanism.

4.3 Results

After completion of the several steps involved in the data analysis, the half-of-shell
two-body cross section of astrophysical relevance was extracted for four channels:
20Ne+α0, 20Ne+α1, 23Na+p0 and 23Na+p1. The yield for the 20Ne+α1 channel is
shown in Fig. 4.1 (black solid dots) as a function of the 12C+12C relative energy
variable, Ecm .

A modified one-level (interference not included, see Methods in [30] for details)
many-channel R-matrix analysis was carried out including the 24Mg states reported
in [30]. If one considers the α1 and p1 fractions of the total fusion yield observed
at Ec.m. below 2.8 MeV [5, 12] and reported in [12], the lower limits of the α0+α1

and p0+p1 contributions to the total cross sections from the present experiment at
the highest energies are 0.85 ± 0.07 and 0.68 ± 0.06, respectively. However, the
number of accessible excited states for both 20Ne and 23Na already reduces to half
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Fig. 4.2 S(E)∗ astrophysical factor for the 20Ne+α1 channel (black solid line and shading). Avail-
able direct data in the investigated Ec.m. range are reported as purple filled squares [3], blue empty
diamonds [6], red filled stars [7], blue filled circles [12] and green filled triangles [9]

while moving from Ec.m. = 2.8 to 1.5 MeV and the cross sections for 20Ne and 23Na
excited states are expected to drop steeper than those for ground states, due to the
sharper decrease of the corresponding penetration factors. Monitoring the decrease
of the penetration factors for the relevant states, and according to the results of [5] at
Ec.m.≤3 MeV, the fraction of the total fusion yield from α and p channels other than
α0,1 and p0,1 was neglected in the modified R-matrix analysis with estimated errors
at Ec.m. below 2 MeV lower than 1% and 2% for the α and p channels, respectively.
The result for the 20Ne+α1 channel is shown in Fig. 4.1 as middle solid blue line
with light blue band arising from the uncertainties on the resonance parameters,
including correlations. The resonance structure observed in the excitation functions
is consistent with 24Mg level energies reported in the literature. The tendency for
the even J states to be clustered at about 1.5 MeV might be a sign of intermediate
structure of 24Mg associated with a 12C+12C molecular configuration. The THM
reduced widths thus entered a standard R-matrix code and the S(E) factors for the
four reaction channels were determined.

The results are shown in Fig. 4.2 for the 20Ne+α1 in terms of modified S(E) factor,
S(E)∗, as defined in [11, 12]. The black middle line and the grey band represent
the best fit curve and the range defined by the total uncertainties, respectively. The
grey band is the result of R-matrix calculations with lower and upper values of the
resonance parameters provided by their errors.

The resonant structures are superimposed onto a flat nonresonant background
taken from [12] for all channels and quoted as 0.4 × 1016 MeVb. Unitarity of the S-
matrix is guaranteed within the experimental uncertainties. Normalization to direct
data was done in the Ec.m. window 2.5–2.63 MeV of the 20Ne+α1 channel where
a sharp resonance corresponding to the level of 24Mg at 16.5 MeV shows up and
available data [3, 6, 7, 12] in this region are the most accurate among those available
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in the full overlapping region with THM data. Scaling to the resonance by means
of a weighted normalization, the resulting normalization error is 5% that enters the
definition of the grey band of Fig. 4.2, combined in quadrature with errors on the
resonance parameters.

All the existing direct data below Ec.m. = 3 MeV are shown as blue filled circles
[12], purple filled squares [3], blue empty diamonds [6], red filled stars [7] and green
filled triangles [9]. Except for the data from [12], their low energy limit is fixed
by background due to hydrogen contamination in the targets. Agreement between
THM and direct data is apparent within the experimental errors except for the direct
low-energy limit around 2.14 MeV, where THM data do not confirm the claim of a
strong resonance, rather a nearby one at 2.095 MeV about one order of magnitude
less intense in the 20Ne+α1 channel (see Fig. 4.2) and with similar intensity in the
23Na+p1 one. The present result is in agreement with spectroscopy studies of [31,
32] with a deep at 2.14 MeV and no particularly strong α state around 2.1 MeV.
Further agreement is found with the unpublished experimental data down to Ec.m. =
2.15 MeV from [33] for the 12C(12C,p0,1)23N reactions. Our result is also consistent
with the total S(E)∗ from a recent experiment at higher energies [34] calculated at
the overlapping Ec.m. value of 2.68 ± 0.08 MeV.

The reaction rates for the four processes were calculated from the THM S(E)∗
factors using the standard formula reported in [35]. Since the total 12C+12C fusion
yield at Ec.m. below 2.8 MeV is likely to be exhausted by the α0,1 and p0,1 channels
(see Methods), we assume that the sum of their reaction rates in the Ec.m. range here
investigated is representative of the total one.

The reaction rate experiences a variation below2GKwith an increase froma factor
of 1.18 at 1.2GK to a factor ofmore that 25 at 0.5GKwith respect to the reference rate
reported in [36]. The latter increase, duemainly to the resonant structure around Ec.m.

= 1.5 MeV, endorses the fiducial value conjectured in [2] to reduce down to a factor
of 2 the theoretical superburst ignition depths in accreting neutron stars for a realistic
range of crust thermal conductivities and coreUrca neutrino emissivities. This change
is compatible with the observationally inferred superburst ignition depths. In other
words, carbon burning can trigger superbursts. As for the hydrostatic carbon burning
regime, the present rate change will lower temperatures and densities at which 12C
ignites inmassive post-main-sequence stars. Taking advantage of the stellarmodeling
reported in [37], for core C-burning of a star of 25M�, the ignition temperature and
density would undergo a decrease of down to 10% and 30% respectively. Additional
work is needed to investigate the impact that the new 12C+12C reaction rate has in
the various astrophysical contexts.
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Abstract One of the most puzzling problems in Nuclear Astrophysics is the “Cos-
mological Lithium Problem”, i.e the discrepancy between the primordial abundance
of 7Li observed in metal poor halo stars (Asplund et al. in Astrophys J 644:229–
259, 2006, [1]), and the one predicted by Big Bang Nucleosynthesis (BBN). One
of the reactions that could have an impact on the problem is 7Be(n,p)7Li. Despite
of the importance of this reaction in BBN, the cross-section has never been directly
measured at the energies of interest for BBN. Taking advantage of the innovative fea-
tures of the second experimental area at the n_TOF facility at CERN (Sabate-Gilarte
et al. in Eur Phys J A 53:210, 2017, [2]; Weiss et al. in NIMA 799:90, 2015, [3]),
an accurate measurement of 7Be(n,p) cross section has been recently performed at
n_TOF, with a pure 7Be target produced by implantation of a 7Be beam at ISOLDE.
The mesurement started in April 2016 and lasted for two months. The experimental
procedure, the setup used in the measurement and the results obtained so far will be
here presented.

5.1 Introduction

Theoretical models of the Big Bang Nucleosynthesis (BBN) correctly predict the
abundance of the stable isotopes of hydrogen and helium, but not for 7Li that is
overestimated by a factor of 3–5. This significant discrepancy between observation
and predictions is known as the Cosmological Lithium Problem (CLiP) [1]. Since
95% of the primordial 7Li is the product of the electron capture decay of 7Be, a higher
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destruction rate of 7Be could, potentially, solve or at least partially explain the CLiP.
In this scenario, reactions induced by neutrons on 7Be, in particular the 7Be(n,α)4He
and the 7Be(n,p)7Li reactions, could play an important role. However, data on these
reactions have been so far scarce or completely missing. The recent construction of a
second experimental area (EAR2) at n_TOF (Neutron Time of Flight) characterized
by an extremely high instantaneous neutron flux (108 n/cm2/pulse), a good energy
resolution and a low repetition rate, offered the unique opportunity to perform time-
of-flight measurements of 7Be(n,p)7Li and 7Be(n,α)4He cross sections over a wide
energy range, covering the one of interest for the Big Bang Nucleosynthesis. Results
on the latter reaction have already been published [4]. The results on the (n,p) reaction
are reported here.

5.2 Experimental Setup

The measurement of the 7Be(n,p)7Li reaction was performed using a telescope made
of two Silicon strip detectors mounted at an angle of 90 degrees relative to the beam
direction (see Fig. 5.1) [5]. To minimize the energy straggling of emitted protons
inside the 7Be deposit, the sample was tilted relative to the neutron beam direction
by 45◦.

A high-purity 7Be samples of 1.1 GBq was prepared starting from 200 GBq 7Be
solution collected at Paul Scherrer Institute (PSI). The samples were produced at
ISOLDE by implantation of a beam of 7Be at 35 keV on an Aluminum backing and
later installed in the vertical neutron beam of EAR2 [6].

Fig. 5.1 Schematic view of
the experimental setup. In
yellow the support for 7Be.
The Silicon strip detectors
are in blue. The ΔE detector
is 20 µm thick, while the
stopping detector is 300 µm
thick
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5.3 Data Analysis and Results

In order to calibrate the detector and be used as a reference, the 6Li(n,t)4He reaction,
whose cross section is standard from thermal energy up to 1MeV, wasmeasured. The
results compared with the evaluation from ENDF/B-VII.1 [7], are shown in Fig. 5.2,
left panel. A good agreement, within 5%, from thermal neutron energy up to 1 MeV
can be observed.

The protons emitted from the 7Be(n,p)7Li reaction were detected in coincidence
and identified in the telescope. In Fig. 5.2, right panel, the ΔE vs E plot is shown and
the red circle indicates the region of protons detected.

The 7Be(n,p)7Li cross section was extracted relative to that of the 6Li(n,t) reaction
(σLi F ), from the ratio of the number of counts (CBe and CLi F ), normalized to the
respective total neutron fluence and taking into account the ratios of the efficiencies
(εBe and εLi F ), beam-sample convolution factors (fCBe and fCLi F ) and the total number
of atoms in the 7Be and in the 7Li sample (NBe and NLi ).

σn,p (En) = CBe (En)

CLi F (En)
· εLi F

εBe
· fCLi F

fCBe

· σLi F (En) · NLi

NBe
(5.1)

fC represents the convolution of the normalized neutron beam spatial profile and
target nuclei distribution and has a dimension of b−1 [8].

Figure5.3, left panel, shows the background-subtracted reduced cross section
of the 7Be(n,p)7Li reaction, as a function of neutron energy, compared with the
two previous direct measurements and with the ENDF/B-VII.1 evaluation. The high
purity of the sample, the use of a telescope for particle identification, and the very high
instantaneous neutron flux of EAR2 resulted in a practically negligible background,
in particular the one associatedwith the natural γ -ray activity of 7Be. The only source
of background affecting the measurement is related to the 14N(n,p) reactions in the
sample backing. This contribution was found important only for neutron energies
above∼500 keV. The right panel shows instead a comparison of the present reaction

Fig. 5.2 Left panel: comparison between the 6Li(n,t)4He cross section measured at n_TOF and the
evaluated one from ENDF/B-VII.1 data library. Right panel: E vs ΔE plot for the 7Be sample
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Fig. 5.3 On the left the 7Be(n,p)7Li reduced cross section measured at n_TOF compared with the
results of previous measurements and with the ENDF/B-VII.1 library. On the right comparison of
the reaction rates for the 7Be(n,p)7Li reaction of the present work with the commonly adopted rates
and that derived from the evaluated cross section of ENDF/B-VII.1 library. The temperature range
of interest for BBN is indicated by the grey band

rate with two other rates commonly adopted in BBN calculations. It can be seen that
the present rate is significantly higher in a wide range up to T9 ∼ 1.

5.4 Conclusions

The 7Be(n,p)7Li cross section has been measured at n_TOF, covering for the first
time the energy range of interest for the Cosmological Lithium Problem (20–200
keV) in the second experimental area (EAR2) at n_TOF, using 1.1 GBq pure 7Be
sample implanted at ISOLDE facility, starting from a 200GBq 7Be solution collected
at PSI.

At thermal neutron energy the cross section measured at n_TOF sets a value of
52.3± 5.2 kb and is higher than previous results, while it is by∼40% consistent with
current evaluations above 50 keV. As is shown in Fig. 5.4, the new 7Be destruction

Fig. 5.4 Comparison of 7Li
abundance (relative to H) in
units of 10−10 calculated
over the recent years,
compared with the
observation of the
Spite-plateau in
low-metallicity stars
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rate yields a decrease of the predicted cosmological Lithium abundance of 10%,
insufficient to provide a viable solution to the Cosmological Lithium Problem. More
details are now available in [8].
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Chapter 6
Cross Section Measurements
of the 7Be(n,p)7Li and the 7Be(n,α)4He
Reactions Covering the Big-Bang
Nucleosynthesis Energy Range
by the Trojan Horse Method at CRIB
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Abstract We performed indirect measurements of the neutron-induced reactions
7Be(n,p)7Li and 7Be(n,α)4He simultaneously by the Trojan Horse method relevant
to the cosmological 7Li problem. Preliminary excitation functions for (n, p0) and
(n, α) are basically consistent with the previous studies, and new information about
the (n, p1) contribution suggests possible enhancement of the total reaction rate.
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6.1 Introduction

It is still an open question that the prediction of the primordial 7Li abundance by the
standard Big-Bang Nucleosynthesis (BBN) model [1] is about 3 times larger than
the observation [2], the so-called cosmological 7Li problem. Although several ideas
have been proposed to solve the cosmological 7Li problem [3], no definitive solution
has been found so far. As the basis, nuclear reaction rates involved in the BBN
should be accurately reevaluated, as there are still lack or incompletion of data near
the BBN energies. Especially, neutron-induced reactions on 7Be are important since
the radiogenic 7Li abundance by the BBN strongly depends on the 7Be production
and destruction rates, yet less well studied owing to the fact that both species are
radioactive.

The 7Be(n,p)7Li reaction is considered as the main process to destroy 7Be. Re-
cently, a direct measurement was performed [4], revising the cross sections upward
from the precious direct data [5] below the BBN energies. However, the contribution
of the transition to the first excited state of 7Li at the BBN energies has never been
discussed. Another important neutron-induced reaction channel 7Be(n,α)4He has not
been investigated until recently [6–9], still lacking in direct data at the BBN energies.
Thus both studies still lack the information on the total 7Be(n,α)4He cross section in
the BBN energy region.
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6.2 Experimental Method

Wemeasured the 7Be(n,p)7Li and 7Be(n,α)4He reactions simultaneously by the Tro-
jan Horse Method (THM) [10] at Center-for-Nuclear-Study Radioactive Isotope
Beam (CRIB) separator [11]. The THM has been developed mainly for charged-
particle induced reactions at astrophysical energies based on the plane wave impulse
approximation. Recently, applicability of the THM for neutron-induced reactions
has been also investigated [12], and the first application of THM to RI+n reaction
has been done [13] aiming at the 7Be(n,α)4He reaction measurement. We developed
this method so as to measure both the 7Be(n,p)7Li and 7Be(n,α)4He reactions simul-
taneously by introducing forward-angle telescopes for heavy-ion detection, i.e. 7Li.
We produced a 7Be beam at 22.1 ± 0.14 MeV with an intensity of 1 × 106 pps on
target. The experimental setup consisted of two Parallel-Plate Avalanche Counters
(PPACs), a CD2 target, and six ΔE-E position-sensitive silicon-detector telescopes
as shown in Fig. 6.1. The beam ions were tracked and identified event by event with
the PPACs. The thickness of the CD2 target was 64 µg/cm2. A use of such a thin
target enables to reduce the energy spread of the Q-value to 200 keV. This helps with
separation of the first excited state of 7Li (478 keV) in the reconstructed Q-value
spectrum.

6.3 Data Analysis

TheΔE-E particle identificationwas successful to select the particles of interest such
as 7Li, α and protons. By selecting coincidence pairs of 7Li-p or α-α, we confirmed
that the reconstructed Q-value spectrawere consistentwith the known Q values of the
7Be(d,7Lip0)1H (−0.580 MeV) and the 7Be(d,7Li∗p1)1H (−1.058 MeV) reactions,
and the 7Be(d,αα)1H (16.766MeV) reactions, respectively. Figure. 6.2 shows the Q-
value spectra observed in the coincidence pairs of 7Li-p (left) andα-α (right) with the
corresponding Q values indicated by arrows. We also confirmed that the momentum
distributions of the spectator proton in the exit three-body channels are consistent
with that of the well-known p-n intercluster motion inside the deuteron nucleus

Fig. 6.1 Schematic view of the experimental setup
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Fig. 6.2 Q-value spectra of the coincidence pairs of 7Li-p (left) and α-α (right). The arrows
indicate the known Q values of the 7Be(d,7Lip)1H reaction for the ground state and the first excited
state of 7Li, and the 7Be(d,αα)1H reaction, respectively

Fig. 6.3 Preliminary cross sections of the 7Be(n,p0)7Li (red), the 7Be(n,p1)7Li∗ (blue) and the
7Be(n,α)4He (green) reactions for |ps | < 60 MeV/c. Black dots are previous experimental data
[5–9, 14–17]

expressed by the Hulthén function in momentum space, both for the 7Be(d,7Lip)1H
and the 7Be(d,αα)1H data, which guarantees the quasifree mechanism is dominant
through the reaction process.

We successfully extracted the p0 and the p1 yield separately as functions of the
excitation energy by fitting Gaussian functions to the Q-value spectra. Preliminary
cross sections of the 7Be(n,p0)7Li, 7Be(n,p1)7Li∗ and the 7Be(n,α)4He reactions for
|ps | < 60 MeV/c are shown in Fig. 6.3. Tentatively, we assume isotropy, and s-wave
penetrability correction for the (n, p0) and the (n, p1) channels, and p-wave correc-
tion for the (n, α) channel. The (n, p0) and the (n, α) cross sections are normalized
to the previous data [5–9, 14–17], and the (n, p1) is to the (n, p0). The prominence
in the (n, p0) excitation function around 300 keV corresponds to the previously re-
ported resonance by 3+ state at Ex = 19.24 MeV of 8Be [18]. The shape of the
excitation function of the (n, α) is also roughly consistent with the previous studies
[6–9]. A multi-channel R-matrix analysis is desired to confirm the penetrability cor-
rection and the normalization of the present THMdata more strictly from the point of
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view of the resonance structure. At present, we could reproduce the basic feature of
these excitation functions simultaneously, with consistent resonance parameters not
to violet the known total width nor the Wigner limits. A further analysis is ongoing.

6.4 Summary

We performed indirect measurements of the BBN reactions 7Be(n,p)7Li and
7Be(n,α)4He simultaneously by theTHMvia the 7Be(d,7Lip)1Hand the 7Be(d,αα)1H
reactions at CRIB. Preliminary excitation functions for the (n, p0) and the (n, α)

channels are roughly consistent with the previous studies. In addition, we showed
that the BBN energy region is accessible with our measurement and there is pos-
sible contribution of 7Be(n,p1)7Li∗. We are currently aiming to confirm and better
normalize the present data by performing a multi-channel R-matrix analysis.

Acknowledgements This experiment was performed at RI Beam Factory operated by RIKEN
Nishina Center and CNS, University of Tokyo, and supported by JSPS KAKENHI (Grant No.
15K17631).
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Chapter 7
Non-extensive Solution to Cosmological
Lithium Problem

S. Q. Hou, J. J. He, A. Parikh, D. Kahl, C. A. Bertulani, Toshitaka Kajino,
Grant J. Mathews and G. Zhao

Abstract The standard Big-Bang model predicts the primordial abundances of
2H(D), 3He, 4He in excellent agreement with observations, except for 7Li that is
overpredicted by a factor of about three. Despite many attempted solutions to this
discrepancy using conventional nuclear physics over the past decades, the lithium
enigmapersists.Herewepresent an investigation ofBigBangnucleosynthesis (BBN)
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predictions when we adopt a non-extensive distribution to describe the velocity
profile of the nuclides in the primordial plasma. We find excellent agreement be-
tween predicted and observed primordial abundances of D, 4He, 7Li for the case
of 1.069 ≤ q ≤ 1.082, which indicates a possible new solution to the cosmological
lithium problem.

7.1 Introduction

Big Bang theory is regarded as one of the most successful explanation for the origin
of our Universe. However, the Big Bang theory still face what has turned out to be an
intractable issue: Big Bang nucleosynthesis (BBN) predictions and their correspond-
ing astronomical observables are consistent only for abundances of D,3He,4He, while
the abundance of 7Li is anamalously overpredicted by most present theories by a fac-
tor of about three [1, 2]. Attempts to resolve this discrepancy from the perspective
of conventional nuclear physics have been unsuccessful for several decades [3, 4].

In thisworkwe propose a solution to the lithiumproblem that arises naturally from
a simplemodification of the velocity distributions of nuclei during theBBNepoch [5].
In the BBN model, the predominant nuclear-physics inputs are thermonuclear reac-
tion rates (derived from cross sections). A key assumption in all thermonuclear rate
determinations is that the velocities of nuclei may be described by the classical
Maxwell-Boltzmann (MB) distribution [6]. However, this assumption might be vi-
olated as non-thermal BBN processes may plausibly take place, for example, as a
result of dark matter or stochastic primordial magnetic field (PDF) [7, 8].

As derived from non-extensive statistics [9], the Tsallis distribution can be used
to describe particle velocity profile as a deviation from classical MB distribution by
introducing a real parameter q and reduces to the nominal MB distribution when
non-extensive parameter q = 1. In the following sections, we will introduce the
derivation of an expression of thermonuclear reaction rates using the Tsallis dis-
tribution, and we subsequently investigate the impact of this new distribution on
primordial nucleosynthesis.

7.2 Non-extensive Reaction Rate

It is well-known that thermonuclear rate for a typical 1 + 2 → 3 + 4 reaction is
usually calculated by folding the cross section σ(E)12 with a MB distribution [6]

〈σv〉12 =
√

8

πμ12(kT )3

∫ ∞

0
σ(E)12Eexp

(
− E

kT

)
d E, (7.1)
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Fig. 7.1 Ratio between rates calculated using Tsallis and MB distributions for the 2H(d,p)3H
reaction as functions of temperature T9 and q values, a for forward reaction (in linear scale), and b
for reverse reaction (in logarithmic scale)

with k the Boltzmann constant, μ12 the reduced mass of particles 1 and 2. In Tsallis
statistics, the q-Gaussian velocity distribution can be expressed by Silva et al. [10]

fq(v) = Bq

( m

2πkT

)3/2
[
1 − (q − 1)

mv2

2kT

] 1
q−1

, (7.2)

where Bq denotes the q-dependent normalization constant. Thus, the non-extensive
reaction rate becomes

〈σv〉12 = Bq

√
8

πμ12
× 1

(kT )3/2
×

∫ Emax

0
σ12(E)E

[
1 − (q − 1)

E

kT

] 1
q−1

d E,

(7.3)

with Emax= kT
q−1 for q >1, and +∞ for 0< q <1. The corresponding reverse rate is

expressed as the following equation:

〈σv〉34 = c × Bq

√
8

πμ12
× 1

(kT )3/2

×
∫ Emax−Q

0
σ12(E)E

[
1 − (q − 1)

E + Q

kT

] 1
q−1

d E . (7.4)
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As an example, Fig. 7.1 shows the impact of q values on the forward and reverse
rates as functions of temperature for 2H(d,p)3H, one of the most important reactions
involved in theBBN. In the regionof 0.1 ≤ T9 ≤ 1.0 and0.91 ≤ q ≤ 1.1, the forward
rate calculated with the Tsallis-distribution deviates from the MB rates by relatively
modest factor of 2 at most. However, the reverse rate is supersensitive to deviations
of q from unity. For 0.91 ≤ q ≤ 1 (i.e., q <1), the corresponding Tsallis reverse rate
deviates tremendously from the MB rates by about 200 orders of magnitude. For
instance, even with a very small deviation (q = 0.999), the Tsallis reverse rate of
2H(d,p)3H is about 1010 times larger than the MB reverse rate at 0.2 GK. As for the
q >1 case, the Tsallis reverse rate is negligible small in comparison to the MB rates.

7.3 BBN Calculation

We have for the first time used a non-extensive velocity distribution to determine
thermonuclear reaction rates of primary importance to BBN in a consistent manner,
details seen in [5]. Figure7.2 shows predicted abundances as a function of the non-
extensive parameter q along with observed primordial abundances of D, 4He and
7Li, which can be found in [5]. For these species, agreement at the 1σ level is found

Fig. 7.2 Predicted
primordial abundances
versus the non-extensive
parameter q (in red dashed
lines). The observed
primordial abundances with
1σ uncertainty for D, 4He,
and 7Li are drawn. The
vertical (dark blue) band
constrains the range of q
parameter, i.e.,
1.069≤ q ≤1.082, which
reconcile the predicted D,
4He, and 7Li abundances
with the observed ones
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for 1.069 < q < 1.082 as shown in dark blue band. Thus, we find that deviations
from the MB distribution of baryon velocities during BBN offer a new solution to
the cosmological lithium problem. This solution might be suited for scenario where
stochastic PMF fluctuations is taken into account [8]. We encourage extensions of
the present study to astrophysical sites of higher density to further interrogate and
test the usual assumptions of classical statistics.

Acknowledgements This work was financially supported by the Major State Basic Research De-
velopment Program of China (2016YFA0400503 ) and the the National Natural Science Foundation
of China (Nos. 11705244, 11490562, 11135005, 11321064).
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Chapter 8
Experimental Challenge
to the Cosmological Li Problem

S. Kubono, T. Kawabata, N. Iwasa, J. J. He and S. Q. Hou

Abstract The cosmological Li problem, the overproduction of 7Li in the big bang
nucleosynthesis (BBN), still is one of the serious remaining problems for the big
bang model. Several experiments were performed for the problem in recent years,
especially, on the reaction channel of 7Be+n. These efforts were summarized includ-
ing our works by indirect methods. The 7Be(n,α)4He reaction was found to have
a major component of the p-wave contribution, not s-wave as thought previously.
The contribution of this reaction for destruction of 7Be can be concluded to be less
effective than assumed before, and thus this reaction does not help to solve the Li
problem. A new measurement of the 7Be(n,p)7Li reaction was reported to be larger
than before at low energies, and the 7Be(n,p1)7Li* reaction is also shown to be sig-
nificant for the Li problem by our new study at JAEA, suggesting a need of further
work on this reaction for the Li problem. Other possibilities for 7Be destruction was
also discussed, especially by the 7Be+d channel.
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Fig. 8.1 Light elemental
observation and the BBN
prediction as a function of
baryon to photon ratio,
shown by curves [6]

8.1 The Cosmological 7Li Problem

Nucleosynthesis is one of the keys for studying the evolution of the universe as well
as various stellar phenomena. Almost all the elements were produced by nuclear
reactions along the evolution of the universe. Thus, studying nucleosynthesis is a
powerful way to look back the history of the universe, and investigate the mechanism
of the evolution [1].

The primordial nucleosynthesis (BBN) just after the big bang is one of the key
elements that basically support the big bang model [2]. The nuclear reactions there
took place in an environment of rich protons and neutrons under high temperature
conditions for the first ten minutes just after the big bang, and produced primarily the
very light nuclides, 1H, 2H, 3,4He, and 6,7Li. The 7Li abundance in halo stars together
with other light nuclides is considered to be of primordial origin, having a plateau
toward very early epoch of our universe [3]. However, the BBN calculation using the
recently well determined baryon-to-photon ratio(η) by the cosmic microwave back-
ground measurements by WMAP [4] and the ESA Plank Mission [5] has revealed
an overestimate roughly by a factor of three [6] (see Fig. 8.1). This discrepancy is
called the cosmological Li problem. There is a possibility that this problem comes
from unstudied, or not well studied nuclear reactions in BBN, although so much
efforts have been made for many years in nuclear astrophysics. Primarily, there are
three possibilities of solution for the cosmological Li problem; some uncertainties
in nuclear reaction rates, astronomical observation, or some unknown physics. Thus,
this problem for nuclear physics side should be worked out by checking all possible
nuclear reactions relevant thoroughly.
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Fig. 8.2 The nuclear
reactions relevant to 7Be
production and destruction in
the standard BBN model.
Here, the Wagoner rate [2]
was adopted for the
7Be(n,α)4He reaction

7Li of BBN origin is considered to have been produced primarily through the
electron capture of 7Bewhichwasproducedby the 3He(α,γ)7Be reaction and survived
the BBN epoch. Figure 8.1 shows a typical BBN calculation we made. The 7Be is
considered to be destroyed during BBN by the (n,p), (n,α) and (d,pα) reactions, as
shown in Fig. 8.2. The 7Be(n,p) reaction was considered to be well investigated, and
there was no experiment until recently on 7Be (n,α). Recently, there are significant
progresses on these reaction studies, which I will mainly discuss in the following
sections. The next possible destruction channel 7Be+d will be also touched.

8.2 The 7Be(n,α)4He Reaction for 7Be Destruction

In 2014, since there was no reliable data on the reaction cross section of 7Be(n,α)4He
at the BBN temperature region, it was evaluated using the mirror reaction data. Hou
collected most available data on the 7Li(p,α)4He reaction, and evaluated the 7Be(n,α)
cross section by correcting for the Coulomb and centrifugal potential penetrabilities
[7]. The result, shown by the open triangles in Fig. 8.3, clearly indicated an important
role of resonances at around 20 MeV of 8Be in the BBN temperature region, shown
by the shaded band in the figure, as they have large resonance widths.

The cross sections of the 7Be(n,α)4He reaction was directly measured at the n-ToF
facility using a 7Be target [8]. They measured the s-wave component of the reaction,
which is considered to be dominant at very low energies. Themeasurement wasmade
for a small fraction (~5%) of the s-wave component, and the total s-wave component
was estimated using a theoretical calculation for the decay paths unmeasured. The
total s-wave cross sections follow the 1/v rule as can be seen by the dotted line in
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Fig. 8.3 The 7Be(n,α)4He
cross sections obtained by
estimating from the
7Li(p,α)4He reaction data
(open triangle) [7], the time
reverse measurement (closed
circles) [9], and the estimated
cross sections from the direct
7Be(n,α)4He measurement
and theory (dotted line) [8]

Fig. 8.3. The experiment covered up to around 10 keV, and should see a large p-wave
contribution, but they did not, which needs to be clarified why.

The p-wave components were measured at RCNP, Osaka using the time-
reverse reaction 4He(α,n)7Be at the long TOF facility for precision neutron
measurements [9]. Since the neutron detector sees only the target-neutron interaction
in this facility, almost background free spectra were obtained for all the measure-
ments. The total cross sections of the transitions to the ground state and the first
excited state in 7Be were obtained by integrating the angular distributions measured
at four incident energies. The 7Be(n,α)4He cross sections were obtained by convert-
ing the cross sections of 4He(α,n)7Be using the detailed balance. The results are very
much consistent with the theoretical estimates made by Hou et al. [7], confirming
the p-wave dominace.

The cross sections of 7Be(n,α)4He at the BBN temperature, the shaded area in
Fig. 8.3, were investigated recently by two experimental efforts using the Trojan
HorseMethod at the LNL, Italy [10] and the CRIB facility of the University of Tokyo
in RIBF of RIKEN [11]. As were presented in this symposium, the two experimental
results are consistent with the time reverse measurement [9].

The new results obtained above can be compared with the presently adopted
reaction rate by Wagoner, the solid line in Fig. 8.3. The sum of the experimentally
obtained s-wave and p-wave contributions is roughly an order of magnitude smaller
than the Wagoner’s. In order to solve the Li problem, we needed to have an order
of magnitude larger rate of 7Be(n,α)4He than the Wagoner’s. Thus, the conclusion
is that the 7Be(n,α)4He reaction channel has a minor effect for the cosmological Li
problem.
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Fig. 8.4 The 7Be(n,p)7Li reaction cross sections. The closed black squires indicate the new data
reported from [15]. They seem to agree with the previous data [12, 13] at low energies

8.3 The 7Be(n,p)7Li Reaction for 7Be Destruction

As can be seen in Fig. 8.2, the 7Be(n,p)7Li reaction channel is considered to play
the major role for destruction of 7Be [12–14]. Recently, this reaction was revisited
by three experiments, although it was believed to be well understood [6]. One was
reported in this session by Damone [15] from the n-TOF group who studied the
7Be(n,p)7Li reaction cross sections by the direct measurement. They reported about
35% larger cross sections at lowenergies than theKoehler data [14], and consequently
the new result gives 10% reduction of 7Be in BBN, as can be seen in Fig. 8.4. This
new data seems to agree with the data group of [12, 13]. It is not so obvious yet
which group is correct.

The large contribution for the 7Be(n,p)7Li reaction inBBNseems to come from the
3+ resonance in 8Be, which can be excited by p-wave, not s-wave. Thus, the angular
distribution measurement is important to derive exact cross sections. Unfortunately,
the n-TOF experiment assumed s-wave for all the resonances in the analysis. To be
precise for the Li problem, it is recommended to measure the angular distributions
at all energies, as this channel has the largest contribution for 7Be destruction.

There is another important point to note for this reaction study. The reaction
channel of 7Be(n,p1)7Li* (0.487, 1/2−) was neglected in most studies [6]. At the
thermal energy, it was estimated to be about 1% or less [14], although the transition
of p1 was not separated from p0. At very low energy there is a 2− resonance which
favors the p0 decay by s-wave, but not p1. However, there are natural parity states
with large width just above the 3+ resonance. The p1 decay from these resonances
can have the same angular momentum as to the p0 decay. Thus, the 7Be(n,p1)7Li*
reaction would also influence to 7Be destruction in BBN.

Very recently, we successfully measured at JAEA tandem facility the decay prop-
erties of the resonances relevant in 8Be [16]. The data is still in preliminary stage in
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analysis, but the result indicates significant p1 transitions from the resonances except
for the 2− and 3+ states. Thus, the p1 contribution would not be so large, but cannot
be neglected. Similar results were obtained for p1 using THM at the CRIB facility,
which was presented by Hayakawa in this meeting [11].

8.4 7Be Destruction by Other Particles

As can be seen in Fig. 8.2, 7Be can be destroyed not only by neutrons but also
by other particles, especially by deuterons. The 7Be(d,p)8Be reaction was studied
experimentally before [17, 18], and it seems to have only a minor effect for the
Li Problem. However, as was reported by Wiedenhoever [19] in this meeting, the
7Be(d,α)5Li reaction may have a considerable effect for destruction of 7Be. See this
proceedings for detail.

The remaining possible channels relevant to the Li Problem would be 7Be+3He,
and 7Be+t. They were studied previously by an indirect method [20], but the contri-
butions are not well understood yet. These channels need to be further investigated.
Another possibility is the nuclear reactions in the BBN network that are not directly
relevant to destruction of 7Be, which also need to be revisited carefully.

8.5 Summary

I briefly overviewed the recent efforts in nuclear physics for the cosmological Li
problem, especially for destruction of 7Be during the BBN epoch. Now, we may
conclude that the 7Be(n,α)4He reaction cross sections has been confirmed to be
roughly one order of magnitude smaller than the Wagoner prediction. Thus, this
reaction has a minor effect for destruction of 7Be, and does not solve the Li problem.

The 7Be(n,p)7Li reaction, which is considered to be the dominant destruction
channel of 7Be, also was revisited by direct and indirect methods. There are still
some insufficiency in determining the cross sections, i.e., the angular distribution
effect for the total cross section deduction, and the contribution of the p1 transition.
This would be the subject of the coming years.

The 7Be+d channels, now being actively investigated, may have a certain effect
for 7Be destruction. It should be thoroughly investigated. The channels of 7Be+3He,
t, and α are less extensively investigated, and need to be investigated seriously.

Although I discussed primarily the efforts from the nuclear reaction rate study for
the cosmological Li problem, it should be very interesting to have various approaches
like astronomical observations as well as a new possibility in other physics for BBN.
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Abstract The cosmologically relevant 7Be(n,α)4He has been matter of recent stud-
ies aimed at contributing to the long-standing Li-problem. Here a brief description
of the twin THM investigations will be shown and the main results discussed.

9.1 Introduction

Lithium puzzle is one the most intriguing unsolved problem at our days. Its predicted
abundance byCMBevaluations is generally accepted to be a factor∼3 higher than the
one deduced by halo stars observations (see [1] for a general review). However, recent
observations and stellar models for Pop.II stars seem to alleviate such a discrepancy.
These models tend to predict a higher value of primordial lithium [2], starting from
which possible stellar depletion mechanism could have left the lithium value at the
currently observed value. In this charming scenario, nuclear physics solutions have
been largely investigated in the past [3, 4] and reaction rate determination for both
the producing and the destruction channels involving lithium are really necessary in
order to reduce the corresponding uncertainties. In particular, the role of the unstable
7Be (t1/2 = 53.22 ± 0.06 d) during BBN era is currently matter reflecting in a boost
of devoted experimental investigations [5–7]. Recently, the Trojan Horse Method
(THM) [8–16] have been applied formeasuring the cross section of the (n,α) reaction
channel on 7Be by means of charge-symmetry hypothesis applied to the previous
7Li(p,α)4He THM data corrected for Coulomb effects. The deduced 7Be(n,α)4He
data overlapwith theBigBangnucleosynthesis energies and the deduced reaction rate
allows us to evaluate the corresponding cosmological implications [17]. In addition,
the BELICOS (BEryllium and LIthium in the COSmos) experiment has been also
performed at INFN-LNL via THM application to the 7Be+2H quasi-free reaction
reaction ignited at a beam energy of 20 MeV. A parallel experiment has been also
discussed in [18].

9.2 The THM Experiments

Recently, the 7Be(n,α)4He cross section has been derived by applying the charge-
symmetry hypothesis to previous 7Li(p,α)4He THM data, as discussed in [17].
Charge-symmetry hypothesis (CSH) is still a largely debated topic in nuclear physics
particularly for low-energy induced reactions. However, the agreement between the
cross section values derived in [6] by means of the detailed balance principle and
the ones derived in [19] represents a test for the goodness of CSH for this system.
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For the purpose of our work, two data sets have been considered for applying CSH
to the already existing THM 7Li(p,α)4He data. In particular, we adopted the data
discussed in [11, 20]. These data allowed for the extraction of the 7Li(p,α)4He via
a deuteron and 3He breakup THM experiments, separately. In addition, because we
are interested in using the experimental data useful for the 7Be(n,α)4He investiga-
tion, only part of available data have been considered. In particular, because of the
difference in mass of the two entrance channels 7Li+p and 7Be+n, a difference of
1.644 MeV is present between the center-of-mass energies covered in the two cases.
For such a reason, only 7Li(p,α)4He THM data covering a center-of-mass energy
ELi−p>1.644 MeV have been taken into account. These data have been then correct
for Coulomb effects and threshold energies, as discussed in [17]. The result of such
investigation show a marked agreement with the trend of the cross section data of
[6, 19], with the advantage of producing a cross section measurement right in the
energy region of BBN. The good agreement once again showed the goodness of our
assumption as previously done in [19]. From the deduced reaction rate, we found
a very small decrease within 10% of the corresponding reaction rate. Although this
results improve the production of lithium, its impact is far to solve completely the
lithium-problem thus suggesting, once again, other solutions rather than the nuclear
ones [4, 17].

Besides the previous investigation, the 7Be(n,α)4He reaction (Q= 18.99MeV) has
been studied bymeans of the THMapplied to the quasi-free reaction 2H(7Be,α4He)p
(Q = 16.765MeV), by using a 20.4MeV 7Be beam impinging on a 400µg/cm2 thick
CD2 target. By using deuteron as TH-nucleus, the two emerging alpha particles have
been detected while the kinematical quantities of the undetected proton have been
reconstructed by means of momentum-energy conservation laws. The experiment
has been performed at the EXOTIC facility [21]. A 7Be beam has been produced by
means of a 33 MeV 7Li beam interacting with a 1 bar H2 cryogenic gas target. At the
end of the beam line, an intensity of 5–8 ×105 pps and a purity of about 99% were
measured. The adopted experimental setup for the present 7Be+2Hhas been described
in [22]. It is part of the EXPADES array described in [23]. The detectors have been
located around the so-called QF angular pairs, i.e. the angular pairs at which alpha
particles are emitted in correspondence of low-momenta of the undetected proton,
thus completely covering the kinematic region at which the contribution of the QF
reaction mechanism is expected to be dominant. A symmetrical configuration of the
detection system has been chosen to double statistics. The alpha particles emitted in
the angular range 27◦ ± 8◦ have been detected by means of a ΔE-E telescope made
up of an ionization chamber (IC), (ΔE stage), and two 300µm silicon detectors
acting as E stage. The IC’s have had an active depth of 61.5mm and have been filled
with 100 mbar isobutane gas. Entrance and exit windows were made up by 1.5µm
thick mylar foils with an effective area of 60 × 60 mm2 to match the E silicon-stage.
The further stage of the analysis foresees the selection of the events corresponding
to the three-body reaction channel 2H(7Be, α4He)p. By using the standard ΔE-E
technique to select the Z = 2 loci in the telescopes, the alpha-alpha events of interest
have been reconstructed once the energy loss in the CD2 target as well as in the IC
has been properly evaluated. To assess the proper selection of the exit channel the
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experimental Q-value spectrum has been deduced for the selected events, leading to
an experimental value of about 16.76 MeV, in agreement with the theoretical one
of 16.765 MeV. A Gaussian fit of such a peak leads to a FWHM of about 2 MeV,
reflecting the experimental FWHM of the 7Be beam (FWHM≈1 MeV), energy loss
effects in the CD2 target (≈0.7 MeV) and angular resolution (±0.4◦) effects. In
order to select the QF-reaction mechanism, on which the full THM data analysis
is based, the trend of the momentum distribution for the p-n intercluster motion
inside deuteron has been studied, showing a good agreement with the theoretical
Hulthen wave function in momentum space. This agreement marks unambiguously
the QF-reaction mechanism thus allowing us to further proceed in the extraction of
the 7Be(n,α)4He cross section. Thus, the two body reaction cross section needs to be
properly evaluated taking into account HOES (half-off energy shell effects) as well
as normalization to the available direct data of [5, 6, 19].
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Chapter 10
Few-Nucleon Reactions of Astrophysical
Interest: A Review

Laura Elisa Marcucci, Alex Gnech and Alessandro Grassi

Abstract We review the theoretical studies of the proton-deuteron and α-deuteron
radiative captures. The two theoretical frameworks used, the ab-initio and the cluster
approach, respectively, are also briefly discussed.

10.1 Introduction

In this brief review of theoretical studies for few-nucleon reactions of astrophysi-
cal interest, we consider two different approaches, which we refer to as “ab-initio
method” and “cluster method”. In the first one, the nucleus is seen as a system of A
nucleons interacting among themselves and with external electroweak probes. The
main ingredients of the calculation are a realistic description of the nuclear interac-
tion and currents, and an “exact” method to solve the quantum-mechanical problem,
both for bound and scattering states.We will review in Sect. 10.2 such an approach at
work for the proton-deuteron radiative capture (p + d → 3He + γ), following the
recent work of [1] (see also [2], and references therein).

Within the so-called cluster method, the nucleus is seen as a system of clusters,
whose choice depends on the considered systemand reaction.The essential ingredient
of thismethod is the inter-cluster potential model.Wewill see in Sect. 10.3 the cluster
method at work for the α-deuteron radiative capture (α + d → 6Li + γ), following
the recent work of [3].
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In all these studies the observable of interest is the astrophysical S-factor, defined
as S(E) = E exp(2π η)σ(E), where η is the Sommerfeld parameter and σ(E) is the
capture cross section.

10.2 The ab-initio Method Applied to the pd Reaction

The pd radiative capture S-factor has been recently calculated in [1], within an
ab-initio approach, based on phenomenological realistic models for the nuclear in-
teraction and currents. Here we consider the results in the energy range 30–300 keV,
of interest for Big Bang Nucleosynthesis (BBN). The nuclear interaction includes
both two- and three-nucleon potentials, the Argonne v18 (AV18) [4] and the Urbana
IX (UIX) [5] model, respectively. The Hyperspherical Harmonics (HH) method is
used to solve the A = 3 bound and scattering problem (see [6, 7] and references
therein). To be remarked that the HHmethod is at present the only one able to calcu-
late the pd scattering state at low relative energies, including Coulomb interaction
between the charged initial particles. The nuclear electromagnetic current operator is
written as a sum of one- and many-body terms, the latter constructed so as to satisfy
the current conservation relation exactly with the adopted Hamiltonian as in [8]. For
a review see also [9]. The one-body term is obtained performing a 1/m expansion (m
is the nucleon mass) of the single-nucleon covariant current up to order O(1/m3).
The termO(1/m3) has been found important in the study of the nd radiative capture
at thermal energies [10].

The calculated S-factor in the BBN energy range is shown in the left panel of
Fig. 10.1, where it is compared with the previous ab-initio calculation of [8], with
the best fit of [2], and with the available experimental data [11–14]. By inspection of
the figure we can conclude that the results of [1] are systematically larger than those
of [8] as well as the polynomial fit of [2]. The origin of this difference can be traced
back in part to the one-body O(1/m3) term, responsible for an increase of 1–3 %
over the whole energy range, but mostly to the more accurate new solutions for the
A = 3 scattering problem. The difference with the available experimental data in the
BBN region [13], however, is even larger.

The consequences of this new S-factor determination for BBN has been discussed
in [1], where it has been shown that the predicted deuterium primordial abundance
is in nice agreement with experiment [15].

10.3 The Cluster Method Applied to the αd Reaction

Theαd radiative capture S-factor has been recently studiedwithin the cluster method
in [3, 16]. In [16], the initial state is calculated solving a two-body α + d problem,
while the 6Li nucleus is seen as a α + n + p three-body system. In [3] both the
initial and final nuclear states are studied within a two-body framework. In this
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Fig. 10.1 Left panel: The pd S-factor in the 0–300 keV energy range, as calculated in [1] (red
filled circles), is plotted together with the available experimental data of [11–14], the calculation of
[8] (solid black line), and the best fit to data of [2] (green band). Right panel: The αd S-factor in the
0–1.5 MeV energy range, as calculated in [3], plotted together with the available experimental data
of [21–27]. In the insert, the tail of the S-factor in the 10–50 keV energy range. The black dotted,
red dashed, green dot-dashed, orange dot-dot-dashed and blue solid lines correspond to the results
obtained with the potential models of [3, 17–20], respectively

contribution we will review this last work. The main ingredient of the calculation
is the α + d potential. Five models have been considered: four of them are taken
from the literature [17–20]. The first three are central potentials, including a spin-
independent and a spin-orbit interaction. Therefore, they are unable to reproduce
the 6Li magnetic dipole and electric quadrupole moments. Only the model of [20]
retains a tensor component. However, this model, as well as the one of [17], is unable
to reproduce the S-state asymptotic normalization coefficient (ANC), which turns
out to be crucial at the low energy of interest for BBN. In [3] then a new model for
the α + d potential has been constructed, which is able to reproduce, besides the 6Li
binding energy,magnetic dipole and electric quadrupolemoments, also theANC, and
the α + d elastic scattering phase shifts. Therefore, this new potential model should
be considered as the most accurate model within this two-body cluster approach.
The long-wavelength approximation is then used in order to calculate the S-factor,
and only the electric dipole (E1) and quadrupole (E2) operators are retained. To be
noticed that the E1 contribution is isospin suppressed at low energies [3].

The predicted S-factor is shown in the right panel of Fig. 10.1, and is compared
with the available experimental data [21–27]. As we can see by inspection of the
figure, the S-factor at low energies has a strong dependence with respect to the ANC
value, as expected. In fact, the three potential models able to reproduce the ANC,
i.e. those of [3, 18, 19], give very close results. The potential models of [17, 20],
giving a larger value for the ANC, predict higher values for the S-factor. The use of a
relatively large number of potential models allows us to conclude that within the two-
body cluster approach, the theoretical uncertainty is of the order of 20%,when all the
potentials are considered, but becomes a few%when only the three potentials which
reproduce the correct ANC value are taken into account. The available experimental
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data, though, are not accurate enough in order to discriminate between the results
obtained with these five potentials.

The effect of this recent S-factor prediction on the 6Li and 7Li+7Be primordial
abundances has been studied in [3], where is has been shown that no significant
changes have been produced, compared with previous predictions.

10.4 Summary and Conclusions

We have presented two recent studies of few-nucleon radiative captures within the
ab-initio and the cluster method, and the theoretical results have been compared
with the available experimental data. Also, the implications for BBN primordial
abundances predictions have been briefly discussed.

Both approaches can be improved. For instance, within the ab-initio approach,
it is highly desirable to apply the so-called chiral effective field theory framework,
in order to be able to provide a robust estimate for the theoretical uncertainty (see
[9] and references therein). On the other hand, the cluster approach remains the
only alternative for reactions where A is too large to apply ab-initio methods, as
at present the case of the p 6Li radiative capture, also of interest for the primordial
lithium abundance [28].
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Abstract A considerable amount of (n,γ) reactions has been studied, so far, at the
neutron time-of-flight facility n_TOF at CERN. The experimental program aims
at determining and improving cross sections for a number of isotopes relevant to
s-process nucleosynthesis. A brief summary of some physical cases related to the
s-process nucleosyntheis is presented in thiswork togetherwith ongoing experiments
and challenging future programs.

11.1 Introduction

The origin of heavy elements (A > 56) is thought to be caused by successive neutron
capture reactions and β decays. This s-process nucleosynthesis path extends up to
lead and bismuth [1, 2]. The observed abundances are a mixture of abundance con-
tributions from the s and r process with small contaminations from the p process [3,
4]. After the pioneering survey by Burbidge and collaborators [5], 6 decades of ex-
periments and progress in stellar models have brought the s-process nucleosynthesis
to a considerably refined level. For instance, it is now understood that the s process
takes place in the He-burning layers of low-mass asymptotic giant branch (AGB)
stars and during the He- and C-burning phases of massive stars. The nucleosynthesis
of nuclides in the A ≈ 60–90 mass region (the so-called weak component) is driven
by the 22Ne(α,n)25Mg reaction in massive stars, which provides the required neutron
intensities at temperature higher than about 3–400 million Kelvin. On the contrary,
at lower temperatures typical of AGB stars, the 13C(α,n)16O acts as primary neutron
source and drives the synthesis of nuclides in the A ≈ 90–209 mass region (the so-
called main component). In this framework, the comparison of the stellar abundance
patterns with s-process calculations yields important constraints on stellar evolution
modelling, provided that nuclear physics inputs are accurately known. Among all the
various experimental quantities responsible for the good quality of stellar models,
β-decay half-lives, capture cross sections of isotopes in the β-stability valley and
reaction rates of the neutron reaction sources are the most relevant physics data.

11.2 Experimental Determination of Stellar Cross Section

The key nuclear physics quantity for s-process modelling are the Maxwellian-
averaged capture cross sections (MACS), defined as:
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Fig. 11.1 Left panel: 197Au(n,γ) cross section in the region of interest to the s process, the bottom
curves represent the Maxwellian neutron energy distribution for different stellar burning stages.
Right panel: Au MACS at stellar temperatures between 0.1 and 1 GK

< σ >= 2√
π(kB T )2

∫ ∞

0
σγ(E)Ee− E

kB T d E, (11.1)

where T is the stellar temperature, and σγ(E) the energy dependent capture cross
section. The MACS takes into account the effect of the stellar temperature (between
0.1 and 1 GK) where the s process takes place. Two methods are currently adopted
for the experimental determination of the MACS: activation and Time-of-flight tech-
nique. The first method is an energy-integrated measurement, where the neutron
spectrum corresponds to a stellar spectrum. This method has extensively been used
for measurements of MACS at kB T = 25 keV, relatively to the one of 197Au, which
is considered as a reference. With the second technique, adopted at n_TOF, σγ(E) is
measured and the MACS is obtained by folding with the neutron energy distribution,
thus enabling the determination of the MACS as a function of the temperature. It is
worth recalling the n_TOF research activities [6, 7] related to the international co-
operative effort [8] to improve the 197Au cross section standard, which is of primary
importance for activationmeasurements. Figure11.1 shows the σγ(E) of 197Au(n,γ),
together with its MACS for different temperatures.

11.3 n_TOF Experimental Program

Some of the studies carried out at n_TOF (a non-exhaustive list of examples), about
the role of branch-point isotopes, s-only isotopes, bottle necks in the s process path
and neutron source reactions are hereafter briefly summarised.

mumpower@lanl.gov



68 C. Massimi et al.

11.3.1 Branch-Point Isotopes

The reaction flow path of the s process proceeds along the β-stability valley. When a
long-lived isotope is encountered, depending on the stellar conditions, the competi-
tion between neutron capture andβ decay can take place. Because of this competition,
the reaction path divides into different branches and the resulting isotopic pattern
can reveal the physical conditions: neutron density, temperature and pressure, of the
stellar environment where the s process is taking place.

Despite their importance, some few measurements of (n,γ) cross sections on un-
stable isotopes are present in literature in the energy region of interest. For instance,
among the 21 relevant cases [3] only 8 isotopes have been studied so far. And among
them, the cross section of 5 isotopes has been measured as a function of neutron en-
ergy via time-of-flight at n_TOF. The results of 151Sm(n,γ) and 63Ni(n,γ) provided
new information for the characterisation of the pulsed s-process nucleosynthesis in
AGB stars and for the production of 63Cu, 64Ni, and 65Zn in massive stars, respec-
tively [9–11]. The preliminary results of the isotopes with half-lives of a few years,
i.e. 147Pm, 171Tm and 204Tl, indicate that their capture cross sections are smaller
than theoretical predictions and therefore important consequences are expected. For
the future, the n_TOF Collaboration is preparing the detector setup for the measure-
ment campaign on the branching at 79Se, which can constrain the temperature of the
s-process nucleosynthesis in massive stars.

11.3.2 s-Only Isotopes: The Case of 154Gd

The s process is known to be responsible for the production of about one half of the
elemental abundances between iron and bismuth. Moreover about 40 isotopes can be
produced only via the s process because they are shielded against the β-decay chains
from the r -process region by stable isobars. Therefore their pure s-process origin
allows one to check the robustness of stellar models in galactic chemical evolution
models (GCE). In addition, they can be used to constrain the so-called 13C pocket
(i.e. the shape and the extension of the neutron source).

The n_TOF Collaboration has recently measured the 154Gd(n,γ) cross section,
because of a large disagreement between GCE models for this isotope. In Fig. 11.2
some examples of the capture yield determined at n_TOF are compared with the data
in literature.

The preliminary new data could rule out one of the possible causes of the incon-
sistency, as the cross section seems sizeably lower than reported in literature (i.e. the
MACS at kB T = 8 keV is about 10% lower than previously thought).
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Fig. 11.2 154Gd(n,γ) capture yield measured at n_TOF compared to its evaluated cross section in
nuclear data libraries

11.3.3 140Ce as Bottle Neck of s-Process Flow at N = 82

Isotopeswith very small cross sections act as bottle necks in the neutron capture chain
and build up large abundances. This nuclear feature can explain 3 sharp structures
in the isotopic solar abundance distribution (see for instance the inset of Fig. 11.2
in [3]) related to the s-process. These 3 maxima correspond to nuclei with a magic
number of neutrons (N = 50, 82 and 126), whose nuclear configuration makes them
particularly stable. A precise and accurate knowledge of the neutron capture cross
section is sometimes challenging, as the experimental signature is dominated by the
background. However their MACS largely affect the efficiency for the production
of heavier elements. The region at N = 82 has partially been investigated at n_TOF
in the past, when the production of 140Ce was studied [12], we are now measuring
the 140Ce(n,γ) cross section, in order to accurately model the synthesis of heavier
elements and reproduce the observed abundances.

11.3.4 Constraining the 22Ne(α,n) Reaction

The reaction rate of 22Ne(α,n)25Mg has an obvious fundamental role in the weak
component. In addition, it determines the final abundance pattern of the main com-
ponent, although it contributes only about 5% to the total neutron budget of AGB
stars. The small size of the cross section in the energy range relevant to s process
makes the direct measurement exceedingly difficult, and no conclusive results have
been reported so far below Eα ≈ 830 keV. As a consequence, the uncertainty in the
reaction rate is dominated by the poorly known properties of states in 26Mg between
the resonance at Eα ≈ 830 keV and the threshold. To characterise these levels, we
have studied the n+25Mg system and provided valuable pieces of information [13,
14] which are now being adopted in some international cooperative effort for the
determination of the 22Ne(α,n) reaction rate together with the one of the competing
22Ne(α,γ) reaction.
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11.4 Summary

In the last 2 decades, the nuclear data activity of the n_TOF Collaboration has pro-
vided relevant information for the characterisation of several aspects of the s-process
nucleosynthesis.After twoyears of technical stop, foreseen in 2019–2021, the n_TOF
facility will restart its operation and new data are expected from challenging exper-
iments.
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Chapter 12
The Study of the 6Li(p,γ)7Be Reaction
at LUNA

D. Piatti

Abstract The 6Li(p,γ)7Be reaction is of interest in many different astrophysical
scenarios, as for example the early stages of the star evolution. Recently a resonant
structurewas observed at Ecm =195keVbut it is still not confirmedbyboth theoretical
and experimental studies. In order to investigate the existence of the resonance and
to constrain the 6Li(p,γ)7Be S-factor at low energies a direct measurement was
performed at LUNA. A High Purity Germanium was used in close geometry. A
Silicon detector was inserted in backward geometry in order to detect the α particles
by 6Li(p,α)3He reaction. Five solid targets were irradiated from Ep = 80 keV up to
Ep = 390 keV and the ongoing analysis suggests there are no resonances.

12.1 Astrophysical Motivation

Pre-main sequence and main sequence stars deplete 6Li via 6Li(p,γ)7Be and
6Li(p,α)3He reactions, which are activated at T≥ 3MK. Because of this progressive
depletion 6Li detection in stars is a powerful tool to track the evolution of stars [1].

While the 6Li(p,α)3He reaction is well known [2], the S-factor of the 6Li(p,γ)7Be
reaction is still uncertain at energies of astrophysical interest, E≤ 400 keV. Recently
it has been found a resonant structure at Ecm = 195 keV (Ex = 5.8 MeV) [3], which is
still not confirmed by both theoretical [4] and experimental studies [5], see Fig. 12.1.
The suggested excited state could explain the angular distribution of the 6Li(p,α)3He
reaction that implies the contribution of both positive and negative levels [2]. In
addition it may affect the 3He(4He,γ)7Be cross section and the predicted abundances
by the Big Bang Nucleosynthesis [3].
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Fig. 12.1 Some of the literature data for the 6Li(p,γ)7Be S-factor. The experimental data with dots.
The dashed line is a theoretical curve for the S-factor. The solid line is the theoretical calculation
by A. Gnech, whose contribution is inserted in this volume

The necessity to a new direct measurement at low energies is evident. The present
work describes the study of 6Li(p,γ)7Be performed at LUNA (Laboratory for Under-
ground Nuclear Astrophysics) in order to investigate the existence of the resonance
and to constrain the S-factor at low energies.

In the next sections the experimental setup is described and some preliminary
results are presented.

12.2 Experimental Setup

LUNA experimental hall is located at National Laboratories of Gran Sasso (LNGS)
in Italy under 1400m of rocks, which represent a natural shield against the cosmic
rays background, themuon flux is reduced of six orders of magnitude and the neutron
flux of three orders of magnitude [6].

A high intensity and well collimated proton beam can be accelerated from 50 keV
up to 400 keV by the LUNA400kV electrostatic accelerator [7]. The beam can be
delivered either to a gas or a solid target beam line.

For the present study the solid target beam linewas exploited. The beam is focused
to the scattering chamber thanks to both electrical and magnetic optical elements.
In addition one static aperture, diameter 3mm, defines the final size of the beam,
see Fig. 12.2. The beam focus can be monitored thanks to two Faraday Cups located
along the beam line. In addition the current can be read on the target directly. Before
entering the scattering chamber the beam passes through a copper tube which is in
thermal contact with LN2. This is used as suppression for the secondary electrons
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Fig. 12.2 The scattering chamber used for the present study

produced by the beam impinging on the target. In addition the cold finger prevents
the carbon build up on the target surface. The target was mounted at the end of the
scattering chamber at 55◦ with respect to the beam direction (w.r.t) on a customized
CF flange. As a matter of fact a water cooling system was installed on the target
holder in order to keep the target cold during the irradiation preventing the target
degradation.

The γ-rays produced by the 6Li(p,γ)7Be reaction were detected by a coaxial High
Purity Germanium (HPGe), which was positioned in close geometry and parallel to
the target surface, thus at 55◦ w.r.t. the beam direction in order to minimize effects
due to the angular distribution. The efficiency was measured at low energies using
three different standard sources, 137Cs, 60Co and 88Y. At high energies the efficiency
was fixed exploiting the Ep = 278 keV resonance of the 14N(p,γ)15O reaction [8]. The
efficiency was measured at different source to detector distances in order to analyt-
ically correct the experimental efficiency curve for the True Coincidence Summing
(TCS), see Fig. 12.3. In addition the 6Li(p,γ)7Be reaction produces two primaries:
γ0 by the capture to the ground state and γ1 by the capture to the first excited state
Ex = 429 keV. The experimental data for γ0 and γ1 must be corrected for the TCS
too.

In backward position, at 125◦ w.r.t. the beam direction, a Silicon detector was
inserted in order to measure the 6Li(p,α)3He reaction to perform a relative determi-
nation of the 6Li(p,γ)7Be S-factor. In order to reproduce the experimental conditions
the efficiency of the Silicon detector was measured exploiting the Ep = 151 keV
resonance of the 18O(p,α)15N [9]. The discrepancy between the observed efficiency
and the expected solid angle was explored by a Geant3 code. The measured effi-
ciency was reproduced by simulating a circular beamspot with a diameter of 5mm
and moved of 3mm from the center of the target, that seems to match the current
case, see Fig. 12.4.

Five targets were irradiated with different composition and thickness in an energy
range between 80 keV and 390 keV, see Table12.1. The nominal enrichment in 6Li is
between 95% and 99% for all the targets. All the targets were evaporated on tantalum
backings at ATOMKILaboratories, Debrecen (Hungary). The target degradationwas
periodically checked at a reference energy. After the irradiation at LUNA the targets
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Table 12.1 Composition and
thickness of the targets
irradiated at LUNA

Target Nominal thickness

Li2O-7 40 μg/cm2

Li2O-9 20 μg/cm2

Li2WO4-3 100 μg/cm2

Li2WO4-1 130 μg/cm2

LiCl Infinite

were moved to the Helmholtz Zentrum Dresden Rossendorf (HZDR) laboratories in
order to investigate the real thickness and composition viaNuclear ReactionAnalysis
and Elastic Recoil Analysis.

12.3 Preliminary Results and Conclusions

The analysis is actually ongoing for only one target, namely the Li2WO4-1. The areas
for γ0 and γ1 were obtained and corrected for the TCS and the calculated branching
ratio was compared with the literature values, a good agreement was found, Fig. 12.5.
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Fig. 12.5 Black points represent the experimental b.r. with only the statistical errorbars. The line
is the value presented in [3] and the grey area is the uncertainty
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Fig. 12.6 The experimental yield, black dots, compared with the expected yield for the proton
beam energies explored by the current study assuming S-factor reported in literature see Fig. 12.1

Then the total yield was compared with the expected values starting from the
S-factor in literature, both with and without the resonance, see Fig. 12.6. The exper-
imental yields at low energies are in disagreement with the expected values starting
from the S-factor by He et al. [3].
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Chapter 13
A New Measurement of the 2H(p,γ)3He
Cross Section in the BBN Energy Range
at LUNA

Sandra Zavatarelli

Abstract Fusion reaction cross sections have an influence on the element formation
in the earliest stages of the Universe and in all the stellar objects formed later on:
a precise knowledge on nuclear physics input is fundamental since the abundances
of the primordial elements are sensitive to the physics of the early universe and are
therefore a tool to test the cosmologicalmodels. Presently the abundance of deuterium
deduced from observation of Damped Lyman Alpha (DLA) absorption systems at
high redshift is more accurate with respect to the predictions, mainly because the
Big Bang Nucleosynthesis (BBN) calculation is affected by the paucity of data for
the deuterium burning reaction 2H(p, γ)3He cross section at the relevant energies.
Deep underground in the Gran Sasso Laboratory, Italy, the LUNA collaboration is
pursuing a dedicated effort tomeasure the 2H(p, γ)3He cross section directly at BBN
energies (30–300keV). The campaign is divided into two phases based on aBGO and
a high-purity germanium (HPGe) detector, respectively. The LUNAmeasurement is
here described and the impact on cosmology and particle physics highlighted.

13.1 The Primordial Nucleosynthesis and the D/H
Abundance Predictions

The Big-Bang Nucleosynthesis (BBN) models describe the production of the light-
est nuclides via a dynamic interplay among the four fundamental forces during the
first minutes of cosmic time, as the result of the competition between the rapidly
expanding universe and the reaction rate of relevant nuclear processes [1–3]. In the
standard BBN the only free parameter is the baryon density, usually normalised
to the black-body photon density η = nB/nγ . Both densities change with time and
temperature but their ratio remains constant from the end of BBN to the present.
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Fig. 13.1 Left −The BBNprediction for the D/H ratio as a function of η (in blue color) is compared
with observations (in orange) [1, 3]: the crossing of the two curves settles η; Right − The D/H and
3He/H ratio for different Neff values [1] (blue = 2, green = 3, red = 4)

Because standard BBN is a one-parameter theory, the comparison between any
abundance measurement with the BBN calculation determines η the baryon-to-
photon ratio, or equivalently the present baryon density Ωb,0, through the relation:
1010η = (273.78 ± 0.18)Ωb,0h2 (Fig. 13.1, left) [4]. Additional measurements over-
constrain the theory by providing a consistency check [5].

New observations and analysis of quasar absorption systems have dramatically
improved the determination of D/H: a notable precision of 1.2% has been achieved,
105(D/H)P = (2.527 ± 0.030) [3].

Unluckily, the predictions for this quantity are more uncertain since they are influ-
enced by a network of nuclear reactions [2]: according to BBN, as a consequence of
temperature decrease of the Universe, the equilibrium between deuteron production
through p(n, γ)2H and its photo-dissociationwas broken and the deuteriumnuclei just
createdwere destroyed through the 2H(2H,p)3H, the 2H(2H,n)3Heand the 2H(p,γ)3He
reactions. The overall primordial deuterium abundance is thus determined by the val-
ues of all these cross sections, experimentally studied in nuclear laboratories since the
middle of last century. While the 2H(2H,p)3H and the 2H(2H,n)3He are known with a
precision of 1%, the 2H(p,γ)3He reaction represents the main source of error for cal-
culations because is quite uncertain: only one data set exists at the BBN energies [6],
with a large error (9%). New theoretical models for this fusion reaction [7], based
on an ab-initio approach, predict significantly higher values for the cross section, at
the level of 20%.

If the theoretical values, provided with no error, are adopted in the BBN codes,
the comparison with observational D/H abundance constrains the baryon density to
100Ωb,0h2(B B N ) = (2.166 ± 0.015 ± 0.011) [3].

On the other side, the baryon density has been independently fixed by a series
of precise measurements of microwave background anisotropies, most recently by
Planck, yielding to 100Ωb,0h2(C M B)= (2.226± 0.023) [3]. The two determinations
are broadly consistent but their difference corresponds to a ∼1.5 σ discrepancy. If
conversely, the measured value of 2H(p,γ)3He cross section is used as input in the
BBN calculations instead of the theoretical one, the discrepancy is removed [3].
In conclusion a new measurement with a few % accuracy is very important to
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reduce the BBN uncertainty on deuterium abundance to the same level of obser-
vations and to eventually constrain possible new physics effects: the D/H ratio is, in
fact, very sensitive to number of relativistic degrees of freedom Neff (see Fig. 13.1,
right) and can contribute to settle tight bounds on the number of equivalent neutrino
flavours [1, 8].

13.2 The LUNA Study of the 2H(p,γ)3He Reaction

Deep underground in the Gran Sasso laboratory, the 50 kV and later on, the 400
kV LUNA (Laboratory for Underground Nuclear Astrophysics) accelerators, have
demonstrated to be suited to extend toward stellar energies the study of the proton-
capture reactions [9].

The LUNA collaboration already measured the 2H(p,γ)3He reaction in the solar
Gamow peak region (2.5 keV < E < 22 keV) [10]. Unfortunately all the old experi-
mental points are far below the BBN energies, thus justifying a renewed experimental
effort. At the energies of interest the 2H(p,γ)3He reaction proceeds through a not res-
onant mechanism directly to the ground state of 3He. The incoming proton can be
captured both in a s-wave or p-wave orbital angular momentum state and the emitted
gamma-ray shows a not isotropic angular distribution dominated by the M1 and E1
components. Since the Q-value of the reaction is quite large (Q = 5.493 MeV) the
gamma-ray energy is above the natural radioactivity endpoint, a feature that fully
exploits the cosmic ray suppression at LNGS. The experimental set-up consists of a
400 kV electrostatic accelerator providing intense current of protons up to 500 µA:
the beam power is measured through a constant temperature gradient calorimeter. In
order to achieve the needed high precision the measurements have been repeated by
exploiting two different experimental approaches.

In the former, a windowless deuterium gas target, 10cm long at 0.3mbar of pres-
sure was inserted into the center of a 28cm long, 7cm thick BGO detector, divided
into six sectors, each covering an azimuthal angle of 60◦ [11]. The almost 4π geom-
etry together with the high detection efficiency for 5.5 MeV-γ’s (62%) reduces the
dependence of the counting rate on the angular distribution of the emitted γ rays and
makes this setup particularly suitable to the lowest beam energies (Ecm = 30–200
keV). The latter phase was based on a 137% HpGe detector, placed at ∼4 cm dis-
tance from the beam axis and coupled to a a windowless deuterium gas target, 33 cm
long. Thanks to high energy resolution of the HpGe (10 keV at 6 MeV) this config-
uration is less sensible to beam induced backgrounds at the higher energies (Ecm >

140 keV). The explored energy window (Ecm = 70–270 keV) was chosen to have a
sizeable overlap with the BGO-based measurements. As an interesting feature, this
setup offers also the possibility to measure the angular distribution of the emitted
gammas because of the Doppler effect:

Eγ = m2
p + m2

d − m2
He + 2E pmd

2(E p + md − ppcos(θlab))
. (13.1)
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Fig. 13.2 The measured
shape of the full γ absorption
peak (in blue color) is
compared with expectations
from the theoretical ab-initio
models [7] (red) and by an
isotropical γ emission
(green)

where m p, md and m He are respectively, the proton, deuteron and 3He mass, E p and
pp are the beam energy and momentum and θlab is the γ emission angle.

From the measured energy shape of the full absorption peak, the γ angular dis-
tribution can be deduced and the predictions nuclear physics models validated (see
Fig. 13.2).

In both approaches, several checks have been performed to exclude possible sys-
tematical effects: detailed informations are reported in [12, 13]. The analysis of the
acquired data is still on-going: in general, a smooth cross section variation with the
energy has been observed, with values on average higher respect to the literature
data.

In conclusion, thanks to the low cosmic background of LNGS and the expertise
of the LUNA collaboration, a complete and high precision set of data points has now
been acquired, covering the complete BBN energy range and offering the possibility
to fully exploit the D/H primordial abundance as a probe of ΛCDM.
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Chapter 14
Galactic Chemical Evolution
with Rotating Massive Star Yields

Nikos Prantzos

Abstract I present results from a recent work studying galactic chemical evolution
with yields from rotating massive stars; they include, for the first time, the combined
effect ofmetallicity, mass loss and rotation for a large grid of stellarmasses and for all
stages of stellar evolution. The yields of massive stars are weighted by a metallicity
dependent function of the rotational velocities, constrained by observations.

14.1 Impact of Rotation on Massive Star Yields

Rotation affects the yields of massive stars both directly and indirectly.

– Directly because (a) the mixing induced by the combined effects of meridional
circulation and secular shear brings in contact nuclear species that otherwisewould
remain well separated (this concernsmainly the H andHe layers: species produced
in one of the layers maymove onto the other and serve as fuel or just be saved from
destruction); and (b) the size of the various convective regions (core and shells)
are modified, changing therefore the physical evolution of the star.

– Indirectly because the inclusion of rotation alters significantly the surface prop-
erties of most of the stellar models, especially at subsolar metallicities, pushing
them towards conditions where they lose an enormous amount of mass that would
not be lost in absence of rotation.

Several of the - potentially important - effects of rotating massive stars on GCE
are summarized in [1]:

(i) production of large amounts ofN at lowmetallicity, from both rotatingAGBand
massive stars, explaining the observed primary behaviour of N in the Galactic
halo;

(ii) production of quasi-primary 13C at very low metallicities by massive stars,
helping to understand the low 12C/13C ratio observed in halo stars;
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(iii) production of Galactic Cosmic Rays (GCR) mainly from the accelerated winds
of massive stars, explaining the observed GCR excess of 22Ne and helping to
understand the observed primary behavior of spallogenic Be; and

(iv) production of substantial amounts of “light s-nuclei” - resulting from the weak
s-process in massive stars - which may help to understand the large dispersion
of the “light/heavy” s-element ratio in halo stars.

Previous studies of the s-element evolution in the Milky Way were based on
grids of yields poorly sampled in stellar masses and metallicities, obtained by post-
processing nucleosynthesis calculations and/or just including either one of the possi-
ble stellar s-element sources (LIM stars or MS), and adopting an ad hoc contribution
from the other source. Full (coupled) stellar evolutionary models and nucleosyn-
thesis post-process calculations in LIM stars have shown the extreme sensitivity on
the initial stellar metallicity of the s-process, namely to the ratio of the seed-nuclei
(mainly Fe) to free neutrons. Detailed calculations in massive stars also show this
trend with metallicity, with an additional important contribution from rotationally
induced mixing (Fig. 14.1).

14.2 The Model

The novelty of the adopted model in [2] is threefold: the use of a complete set of
isotopes from H to U, the use of a new grid of stellar yields over the whole stellar
mass range and the use of a weighted average of those yields through an empirically
calibrated, metallicity-dependent function of rotation velocities.

The adopted grid of LIM stars (from the FRUITY database [3]) and of massive
stars (from [4]) covers a large range of masses and metallicities and, for massive
stars, different initial rotational velocities: 0, 150 and 300 kms−1. On the basis of
recent ideas on massive star explosions, it is assumed that stars with M > 25 M�
contribute only through the stellar wind, for all values of initial metallicity and
rotational velocity.

Due to our current ignorance on the dependence of the stellar rotation with metal-
licity, the adopted yields of rotating massive stars are weighted with a metallicity
dependent function. This function is empirically determined, as to obtain both the
observed primary behavior of nitrogen versus [Fe/H] (requiring a large average rota-
tional velocity at lowmetallicities) and to avoid overproduction of s-elements around
[Fe/H]∼ −1 (requiring lower rotational velocities for disk stars).

Since most heavy elements have a mixed origin (s- and r-), fiduciary yields are
adopted for the isotopes of r-process origin; namely, it is assumed that they are
produced in CCSNe, their yield being solar-scaled to that of 16O. This permits the
study of the behavior of the other isotopes (of mixed origin), as well as the behavior
of the elements (Fig. 14.2).
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Fig. 14.1 Distribution of isotopic abundances (plotted as X/X�) obtained at the time of the for-
mation of the solar system and compared to solar system data. Yields for isotopes lighter than the
Fe-peak and those on the s-process path are from stellar nucleosynthesis models. r- isotopes are
assumed to originate inmassive stars and their yields are fiduciary. Dotted horizontal lines bound the
regions where over/underproduction factors of 2 and of 10%, respectively, are obtained. Red dots
denote s-only nuclei, green squares r-only nuclei and black dots those of mixed origin. p-isotopes
do not appear on the figure. Element symbols appear close to the lightest isotope of a given element

14.3 Discussion

We find that the resulting elemental and isotopic composition at the epoch of solar
system formation compare remarkably well to the observed proto-solar one. Among
the main findings we note:

– The abundances of all major isotopes of the multi-isotopic elements up to Fe (12C,
14N, 16O, 20Ne, 28Si, 32S, 36Ar, 40Ca, 54Cr, 56Fe) are well reproduced, in most cases
to better than 10%.

– Proto-solar fluorine abundance is well reproduced (at the 85% level), with no
need for ν-induced nucleosynthesis. About 2/3 of the proto-solar F abundance
comes from rotatingmassive stars, the remaining 1/3 resulting fromLIM stars. The
isotope 15N is produced along the same nucleosynthesis path that leads to 19F and
is also well reproduced, with no need for either nova or ν-induced nucleosynthesis.
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Fig. 14.2 Top: Model distribution of elemental abundances obtained at the time of the formation of
the solar system compared to the observed solar systemdata. Dotted horizontal lines indicate a factor
of twowith respect to the solar system value.Bottom: Percentage contribution of the s-process to the
elemental abundances at solar system formation. Model results are in black squares and measured
solar system data in red open circles. The dotted horizontal line at 50% defines elements produced
mostly by the s- or the r- processes (above or below it), respectively

– Rotating massive stars are found to have an important impact on the production of
light s-elements (A < 90), through the increased production of the neutron source
22Ne. In our model, the proto-solar abundances of s-only isotopes with A < 90
are accounted by rotating massive stars at the 50–85% level. In contrast, only a
few % of the s-only isotopes with A > 90 is made in such stars. This allows us to
obtain an abundance distribution for the s-only isotopes remarkably flat (to better
than 10% for most of them) in the entire mass range 70 < A < 204.

We also compare our GCE predictions with a large body of observational data
obtained from a number of recent large spectroscopic surveys and concerning [X/Fe]
versus [Fe/H] in halo and disk stars. The main conclusions concern

– The evolution of N and F who are mostly affected by the rotational massive stars
yields, their behavior turning from a secondary (without rotation) to a primary
one (with rotation). Rotation has already been suggested as the explanation for
primary N, but it is the first time that this effect is obtained with the use of a
metallicity-dependent distribution of rotational velocities and not on the basis of
a single velocity. Determinations of [F/Fe] and and [F/O] ratios in metal-poor
unevolved stars are urgently needed to check our finding.
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Fig. 14.3 Evolution of abundance ratios [X/Fe] as a function of [Fe/H] for elements up to the
Fe-peak and comparison to observational data. Our baseline model with rotating massive star yields
is in solid orange curves; the same model but with non-rotating massive star yields is in dashed
green curves

– The evolution of the s-elements, in particular the lightest ones (Sr, Y, Zr) at low
metallicity ([Fe/H]< −0.5). The predicted trends are in better agreement with the
average observed ones although we find some deficiency for Zr and Mo. For the
heavy s-elements (Ba, La etc.) the impact is lower, but still significant.

14.4 Summary

In summary, we have revisited the chemical evolution of the halo and the local
disk with a consistent GCE model and metallicity-dependent yields from rotating
massive stars, as well as LIM stars and SNIa. For the first time, we found that some
metallicity-dependent distribution of the initial rotational velocities of massive stars
has to be assumed, and we adopted such a distribution on the basis of observed
abundances of key elements (nitrogen and s-elements). Under this assumption, we
found that the adopted yields can help to improve our understanding of a large number
of observations, particularly regarding the isotopic and elemental abundances of
s-elements at the epochof solar system formation aswell as duringGalactic evolution.
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Fig. 14.4 Same as in Fig. 14.3, but for elements heavier than the Fe-peak. Two models have been
added, both without the r-component, one for the rotating massive stars (orange dashed) and one
for the non-rotating massive stars (gray dashed)

For some lighter elements, the inclusion of rotation in massive stellar models turns
them into primaries (N, F) or improves the situation (Sc), but for others (Mg, K,
V and Ti at all metallicities, and some Fe-peak elements at very low metallicities)
the situation does not improve and important discrepancies with the observations
remain. Finally, we find that rotating massive star yields may help to explain only
partially the large dispersion observed in [X/Fe] at low metallicities for most of the
heavy elements. A full explanation probably requires both inhomogeneous chemical
evolution of the early ISM and formation of the early Galaxy through hierarchical
merging of sub-haloes with different evolutionary histories (Fig. 14.4).
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Chapter 15
Inhomogeneous Chemical Evolution
of r-Process Elements in the Galactic
Halo

Benjamin Wehmeyer, Carla Fröhlich, Marco Pignatari
and Friedrich-Karl Thielemann

Abstract The origin of the heaviest elements is still a matter of debate. For the rapid
neutron capture process (“r -process”), multiple sites have been proposed, e.g., neu-
tron star mergers and (sub-classes) of supernovae (e.g., [1–4]). R-process elements
have been measured in a large fraction of metal-poor stars [5]. Galactic archeology
studies show that the r-process abundances among these stars vary by over two or-
ders of magnitude. On the other hand, abundances in stars in the galactic disk do not
differ greatly. This leads to twomajor open questions: (1)What is the reason for such
a huge abundance scatter of r -process elements in the early galaxy? (2) While the
large scatter at low metallicities might point to a rare production site, why is there
barely any scatter at solar-likemetallicities?Weuse the high resolution ((20 pc)3/cell)
inhomogeneous chemical evolution tool “ICE” to study the role of the contributing
source(s) of r -process elements. Our main findings are that in addition to neutron star
mergers, a second, early acting site is necessary. We assume “magnetorotationally
driven supernovae” as this additional and earlier r-process site and conclude that our
simulations with an adequate combination of these two sites successfully reproduce
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the observed r-process elemental abundances in the Galactic halo. Finally, we discuss
the potential role of neutron star-black hole mergers as alternative earlier r-process
site.

15.1 Introduction

The cosmic life cycle depends on many ingredients, including the different stellar
production sites, their variations as a function of metallicity, and their occurrence
frequency during galactic chemical evolution. Gas clouds may form stars which
experience different evolutionary stages according to their individual properties (like
mass and metallicity, e.g., [6, 7]). The end of their life time is either characterized
by strong stellar winds that eject most of the outer envelopes of the star and leaving
behind a white dwarf (for lower mass stars), or in violent events like supernovae or
hypernovae/gamma-ray bursts, leaving behind either a neutron star or a black hole
([8], and references therein). Eventually, such compact objects might merge, leading
to neutron star mergers, neutron star - black hole mergers or black hole mergers.

The ejected yields of heavy r-process elements and the relative contributions of
the proposed stellar sites like supernovae and neutron star mergers are still matter of
debate (e.g., [1, 2, 9]).

We use the inhomogeneous Galactic chemical evolution tool “ICE” [3, 10, 11] to
examine the influence of some of the main parameters of the cosmic life cycle. With
ICE’s high resolution ((20 pc)3/cell) models, we study the impact of abundances in
supernova remnants on newly born stars. This approach explains the inhomogeneities
in the early Galactic evolution stages as a fundamental reason of the observed scatter
of r-process elements in low metallicity stars [5].

15.2 GCE Model

We set up a simulation cube with an edge length of of 2 kpc. The resolution of the
simulation is (20 pc)3. In each time step of 106 years, the following calculations are
performed (cf. [3, 10, 11] for details):

1. The star formation rate is calculated using Schmidt’s law (power 1.5) [12].
2. The stars are distributed into the simulation cells, higher mass cells are favored.
3. The mass of a newly born star is chosen randomly, consistently with a Salpeter

IMF (with an integrated slope of −1.35).
4. The newly born star inherits the chemical properties of the ISM out of which it

is formed.
5. Considering its mass and metallicity, the life time of a star is calculated following

the Geneva Stellar Evolution and Nucleosynthesis Group prescriptions [13].
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6. When stars have reached the end of their life time, the following occurs:

– Lowand intermediatemass starswill return theirmass via stellarwinds leaving
white dwarfs behind.

– Massive stars explode as core collapse supernovae, leaving neutron stars be-
hind.

For both cases, the surrounding ISM is moved (by a Sedov blast wave with an
energy deposition of 1051 erg), until 5× 104 solar masses of ISM are swept-up.

7. A fraction (PSNIa) of double IMS systems will undergo a supernova of type Ia
once both stars have become a white dwarf.

8. A fraction (PNSM) of double HMS systems will undergo a neutron star merger
(NSM) event after the two stars have undergone their individual supernova events
and the two remaining neutron stars have spiraled in for a delay (“coalescence”)
time.

9. Stars in the surrounding ISM (in the affected cells) inherit the exploding star’s
abundances plus the event specific yield.

15.3 Observations

We use europium (Eu) as r-process nucleosynthesis diagnostic element. The largest
fraction of Eu in the Universe is made by the r-process (e.g., [14]). The abundance
of Eu is also easier to measure in the spectra of stars compared to other r-process
elements like Pt or Ir [15]. Observations used in the figures to compare with our
simulations are taken from the SAGA database (e.g., [16], http://saga.sci.hokudai.
ac.jp) where the full list of references can be found.

15.4 Results and Discussion

When neutron star mergers are the exclusive site of r-process nucleosynthesis, it is
not possible to explain the observed galactic abundances. Compared to observations
in the early galaxy, their contribution to the abundances of r-process elements sets in
at too high metallicities (assuming standard merger probabilities), or their too fre-
quent occurrence leads to too high abundances at higher metallicities (close to solar,
high merger probability case). The influence of the in-spiral time scale of the two
neutron stars (“coalescence time”) only marginally affects the abundance curve, see
Fig. 15.1 for illustration. Other groups’ approaches find that another way to achieve
low-metallicity but highly r-process abundant stars is using a hierarchical sub-halo
assembling scheme. These sub-halos might have experienced lower star formation
efficiencies before merging, which might help to keep the iron inventory low during
the r-process abundance increase [17, 18]. Yet, this approach might have difficulties
to reproduce age-metallicity relations of observed sub-halo (dwarf) systems. Hence,
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Fig. 15.1 Effect of probability and coalescence time scale of a simulation with NSM as only r-
process nucleosynthesis site. Grey error bars indicate observations, whereas blue, green, and red
dots represent model stars corresponding to environments with different probability or coalescence
time scale for NSM events. Figure adopted from [3]

Fig. 15.2 Abundances of r-process elements in a model with both neutron star mergers and
magneto-rotationally driven supernovae as r-process nucleosynthesis sites. Probability of MHD
supernovae is one per 1000 regular core-collapse supernovae. Figure adopted from [3]

it remains unclear whether the approach can be applied to the bulk of these systems
[18].

15.4.1 Jet-Supernovae

Recent nucleosynthesis calculations successfully reproduced an r-process in “mag-
netorotationally driven supernovae” (or “jet-supernovae”/“collapsars”/“magnetars”,
e.g., [19, 20]). If one in 1000 supernovae explodes as a Jet-SN (and acts as a second
source of r-process elements), this contribution sets already in at lower metallicities.
A combined environment with both mentioned nucleosynthesis sites reproduces the
observed r-process element abundances. This is shown in Fig. 15.2.
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15.4.2 Neutron Star—Black Hole Merger

Recent simulations of core-collapse supernovae (e.g., PUSH [21], or similar conclu-
sions as in, e.g., [22]) suggest that some progenitors fail to explode after their core
collapsed and bounced. In lieu of undergoing an explosion, these stars collapse to a
black hole at the end of their life time. This implies, that no metals from the star are
added back to the interstellarmedium. Such an objectmightmergewith a neutron star
that was produced in a companion star’s supernova, and eject r-process rich material
[23, 24]. Since this event requires the presence of only one neutron star, only one
successful supernova explosion is required before the merging of the two objects.
This r-process nucleosynthesis event may occur in an environment more metal-poor
compared to “classical” neutron star mergers. This neutron star - black hole merger
scenario might be another additional scenario to explain the presence of highly r-
process rich stars at low metallicities. We will use the results of the PUSH supernova
simulation framework to find out how many stars undergo a failed SN channel, and
use these results in our simulation suite to explore the r-process contribution from
neutron star - black hole mergers.
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Chapter 16
Nucleosynthesis in Core-Collapse
Supernovae

Carla Fröhlich, Sanjana Curtis, Kevin Ebinger, Matthias Liebendörfer,
Albino Perego and Friedrich-Karl Thielemann

Abstract Core-collapse supernovae (CCSNe) are one of the most important nucle-
osynthesis sites and they hold a key role in the evolution of galaxies. In the explosion,
CCSNe eject freshly synthesized iron-group nuclei from explosive burning along-
side of intermediate mass elements (from hydrostatic and explosive burning), and
carbon and oxygen from the pre-explosion evolution. In the neutrino-driven wind,
nuclei beyond the iron group can be synthesized under neutron-rich conditions (weak
r-process) and proton-rich conditions (νp-process). The signature of CCSN nucle-
osynthesis can be observed in the atmospheres of the oldest stars. Here, we will
compare the nucleosynthesis from different progenitor models exploded with the
PUSH method in spherical symmetry.

16.1 Introduction

Core-collapse supernovae (CCSNe) mark the death of massive stars (more mas-
sive than about 10 M�). For the chemical enrichment, CCSNe play an important
role in synthesizing elements and ejecting these freshly synthesized elements into
the interstellar medium. The CCSN problem is a complex multi-physics problem
which also requires adequate pre-explosion properties of a massive star as initial
conditions. Despite many advances in massive star evolution [1, 2, e.g.] and hy-
drodynamical modeling of CCSNe in 2D and 3D [3, 4, e.g.], the problem of the
explosion mechanism is still not fully solved. This poses a challenge for nucleosyn-
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thesis predictions from CCSNe. For example, CCSN nucleosynthesis predictions for
entire grids of models are only available from simple explosion prescriptions such as
thermal/kinetic bomb or piston approaches [5, 6] which have well-known limitations
especially regarding the electron fraction (Ye) in the innermost ejecta (see e.g. [7] for
a detailed discussion). At the same time, only very few nucleosynthesis predictions
are available from multi-dimensional CCSN simulations [8–12]. Recently, various
attempts have been made at mimicking the net effects of multi-dimensional simula-
tions in effective 1D models [13–17]. Most of these works are aimed at investigating
the progenitor-remnant connection. Nucleosynthesis yields were computed in [17]
(however without including the effects of neutrino interactions on the Ye in the nu-
cleosynthesis) and in [18] (including neutrino interactions in the hydrodynamics and
the nucleosynthesis calculations). Here, we will compare the nucleosynthesis results
obtained with the PUSH method [18–20] for two different pre-explosion models.

16.2 Inputs and Method

We investigate the nucleosynthesis resulting from the explosion of two massive star,
pre-explosion models suitable for SN 1987A: s18.8 (a non-rotating, solar-metallicity
single-star evolution models from the WHW02 series [21]) and b15-7 (a LMC-
metallicity model originating from the binary merger of a primary red supergiant
and a secondary main-sequence star [22]). Both models have been exploded using
the PUSH method as described in [18, 20]. For the hydrodynamic simulation of the
collapse and explosion, we use the hydrodynamics code Agile [24] together with
a nuclear equation of state [25] and spectral neutrino transport [26, 27]. The key
features of PUSH in the context of nucleosythesis are that it enables a consistent
treatment of (i) the location of the mass cut, (ii) the electron fraction, and (iii) the
entropy of ejecta. In particular, charged-current reactions on free nucleons are taken
into account consistently in the hydrodynamics and in the nucleosynthesis calcula-
tions. The detailed nucleosynthesis is calculated in a post-processing approach with
a large nuclear reaction network [18].

To set the free parameters in the PUSHmethod (kpush and trise, see [19]), we require
that a pre-explosion model of suitable zero age main sequence (ZAMS) mass simul-
taneously reproduces the observationally derived values for explosion energy and
isotopic yields from SN 1987A. Both models used here have a suitable ZAMS mass
for SN1987A (18.8M� for s18.8 and 21.1 for b15-7). For a description of the calibra-
tion procedure, see [19]. For model s18.8 we use the calibration obtained in [20]. We
repeated the calibration procedure formodel b15-7,whichwas specifically developed
as progenitor of SN 1987A [22], and found similar values for kpush and trise [23].
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16.3 Results

Here, we focus on the overall nucleosynthesis results from the two SN 1987Amodels
s18.8 and b15-7. For the detailed yields of model s18.8 see [18] and for the detailed
yields of b15-7 see [23]. From the calibration procedure, both models reproduce the
yields of 56,57,58Ni from SN 1987A. In both cases, the 44Ti yield is too low (it is
well-known that spherically symmetric models have difficulties predicting Ti-yields
consistent with observations [28]). In Fig. 16.1, the complete calculated abundances
for both models are shown. Overall, the abundances from both models are very
similar. The largest differences are found in the mass range 20 < A < 40. These are
predominantly nuclei that are synthesized during the hydrostatic evolution and are
only ejected in the supernova explosion. The difference can easily be understood
from the different evolutionary path of the two models: s18.8 is the evolution of a
single 18 M� star at solar metallicity, while b15-7 is the result from a binary merger
of a 15M� red supergiant and a 7M� main sequence star at LMCmetallicity. Hence,
the outer structure of these two models is quite different.

In Fig. 16.2, we show the resulting elemental iron-group yields for both models
compared to the abundances of metal-poor star HD 84937. The yields are very com-
parable between the two models and also consistent with the observed abundances.

16.4 Discussion

We present nucleosynthesis results for two different pre-explosionmodels suitable to
reproduce the observed properties of SN 1987A.While the pre-explosion models are
quite different (s18.8 is a red supergiant, single star; b15-7 is blue supergiant from

Fig. 16.1 Mass-integrated final abundances as function of the mass number A for models s18.8
(red circles) and b15-7 (blue stars)
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Fig. 16.2 Observed elemental iron-group abundances for HD 84937 (triangles) and our results for
s18.8 (red circles) and b15-7 (blue stars)

a binary evolution), the overall nucleosynthesis yields are similar, in particular for
the iron-group. The largest differences are found in the intermediate mass elements
which have significant contributions from burning during the pre-explosion phase.
A more in-depth analysis is the subject of Fröhlich [23].
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Chapter 17
Neutron Star Mergers as r-Process
Sources

Stephan Rosswog

Abstract The astrophysical origin of the rapid neutron capture elements has been
a puzzle since the 1950s. While evidence for a compact binary merger origin has
been growing over the last two decades, the final confirmation only came from the
recent multi-messenger observation of a merging neutron star binary. The slope of
the bolometric electromagnetic luminosity strongly suggests the radioactive decay
of freshly synthesized r-process nuclei as power source. The spectral evolution from
blue to red indicates that a broad range of r-process nuclei has been produced. Both
the ejecta mass and the event rate from this first event are at the upper end of the
pre-detection expectations. These number suggest that neutron star mergers are the
major r-process source in the cosmos, but additional sources cannot be excluded and
may even be welcome from a chemical evolution perspective. With the large number
of neutron star detections expected per year for LIGO/VIRGO’s next science run
one can be optimistic to soon get answers to questions that have plagued (nuclear)
astrophysics for many years.

17.1 The Quest for the Astrophysical r-Process Site

Approximately half of the elements heavier than iron are formed via rapid neutron
capture or “r-process”. The distinguishing feature as compared to the slow neutron
capture process is that captures are much faster than the competing β−decays.While
the basic nuclear reaction mechanisms have been identified more than half a century
ago [1, 2], the astrophysical production site/s has/have remained elusive until very
recently. For this reason, the astrophysical origin of the r-process elements has been
named as one of the “11 Science Questions for the new Century” [3].
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Fig. 17.1 Volume rendering
of the merger of a 1.4 and a
1.5 M� neutron star

t= 8.39 ms t= 12.30 ms

t= 13.50 ms t= 15.90 ms

The traditionally favoured r-process production sites were core-collapse super-
novae and in particular the neutrino-driven wind emerging after the birth of a
proto-neutron star seemed like a viable nucleosynthesis environment [4–6]. As an
alternative production site, Lattimer and Schramm [7, 8] suggested that neutron star
matter ejected during a neutron star black hole encounter could have a high poten-
tial for heavy element nucleosynthesis and the chemical evolution of the cosmos. It
remained, however, an open question whether a sufficient amount of matter could be
ejected in such an event, the original estimates were “∼0.05 Mns ± 0.05 Mns” [7].
Binary neutron star mergers were also discussed as r-process sites and neutrino
sources [9] and potential gamma-ray burst engines [9, 10]. The first hydrodynamics-
plus-nucleosynthesis calculations [11–13] demonstrated that typical ejecta masses
from a neutron star merger are, with some dependence on mass ratio, spin and equa-
tion of state, ∼0.01 M�. A recent simulation of an unequal mass binary merger
(1.4 and 1.5 M� is shown in Fig. 17.1. Folded with the estimated merger rates these
numbers yield an amount of galactic r-process similar to the observed one. Most
importantly, the simulations showed [12] that elements up to and beyond the 3rd
r-process peak around A = 195 are a natural consequence of the enormous neutron
richness. Nuclei in this regime had always been a serious challenge for neutrino-
driven supernova winds and could only be obtained by a substantial (and unrealistic)
tuning of the wind parameters.The first results [11] immediately triggered the ques-
tion about observable manifestations of the radioactivity from the freshly produced
r-process elements [14] (now called “macronovae” [15] or “kilonovae” [16]). These
post-merger EM transients have become a subject of intense research over the last
decade, see e.g. [16–25] for recent reviews.
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17.2 Lessons from the First Binary Neutron Star
Merger Detection

The first multi-messenger detection. The first direct detection of gravitational waves
(GW) from amerging neutron star binary [26] and the subsequent detection all across
the electromagnetic (EM) spectrum [27–32] brought a quantum leap in our under-
standing of compact object astrophysics. The advanced LIGO facilities observed the
GW chirp signal for about 1min. 1.74 s after the merger the Fermi satellite detected a
burst of gamma rays [30] from the same location. This detection constrains the grav-
itational wave propagation speed with a fractional accuracy of ∼10−15 to the speed
of light [33]. Moreover, the GW detection also demonstrated that it is possible to
extract masses and to constrain the tidal deformability of a neutron star and therefore
its equation of state. The burst was exceptionally close, but at the same time the ob-
served emission was exceptionally weak. It was therefore initially debated whether
the GRBs was a normal, but off-axis or a very peculiar burst [28]. By now there is
now growing consensus that it would have appeared as a normal bright sGRB would
it have been observed along the main emission axis [34–36].

Implications of themacronova emission.The observed post-mergermacronova emis-
sion has provided conclusive evidence that neutron star mergers are at least a (likely
even the) major source of cosmic r-process. In Fig. 17.2, left panel, we show the
result of a numerical experiment where we expand a homogeneous cloud of matter
with different velocities and electron fractions (black, green, blue and red lines), see
[37] details. The nuclear heating rates q̇ [erg/g s] depend only moderately on the
velocity (here varied between 0.1 and 0.4 c), but substantially on the electron frac-
tion. Trajectories with Ye below or equal to 0.3 produce heating rates that agree well
with the observed bolometric luminosity slope.1 Such material produces substantial
amounts of r-process (see Fig. 2 in [37] for the detailed abundance distributions).
Matter with higher Ye hardly produces r-process contributions and does not agree
with the slope of the bolometric light curve (red lines). This provides robust evidence
that really r-process elements have been synthesized. Note also, that we used a mass
of 1.5 × 10−2 M� to compare heating rates [erg/g s] with luminosities [erg/s]. This
implies that –under the extreme assumption that 100% of the radioactive decay en-
ergy have been transformed into detected radiation– at the very least 1.5 × 10−2 M�
have been ejected during the merger, but more realistically a few times this number.

This heating rate experiment is, however, not conclusive concerning the question
whether the 3rd r-process peak elements have been produced or not: matter with
Ye = 0.2 (producing the 3rd peak) andmatter with Ye = 0.3 (not producing r-process
with A > 130) agree equally well with the bolometric light curve slope. The major
insight concerning the 3rd r-process peak comes from the colour evolution of the
observed transient. Matter below the threshold value of Y crit

e ≈ 0.25 [38] reaches
the 3rd r-process peak and produces in particular lanthanides (57 ≤ Z ≤ 71), while
matter with Ye > Y crit

e does not. The complex atomic structure of lanthanides leads to

1Data taken from https://kilonova.space.
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Fig. 17.2 Left: Observed, bolometric emission [erg/s] (divided by a mass scale of 1.5 × 10−2

M�) compared to the nuclear heating rates obtained for different expansion velocities and electron
fractions. Matter with Ye below ≈0.3 is undergoing a substantial r-process and the corresponding
heating rates agree well with the slope of the bolometric luminosity. Right: mass inside an initial
1.4 M� neutron star (for DD2 and SFHo equation of state) that has an electron fraction about Y lim

e .
Note that for both equations of state less than 10−4 M� is initially above the critical Ye-value of
0.25

an enormous number of possible line transitions (∼108 in some cases) which in turn
results in very large effective opacities (∼10 cm2/g) [19, 39]. As a result, radiation
is efficiently trapped inside the ejecta and once the matter becomes transparent after
∼1week, the radiation escapes predominantly at red wavelengths. Material with
higher Ye, in contrast, produces only light r-process elements with substantially lower
effective opacities (∼1 cm2/g), therefore the peak emission is reached earlier (∼1
day) and radiation escapes predominantly in the blue part of the spectrum. The
electromagnetic counterpart of GW170817 was surprisingly bright in the blue part
of the spectrum after around a day [32, 40, 41] and then evolved quickly into a
red transient peaking after about a week [42, 43]. The brightness of the early blue
peak came to many in the community as a surprise and comparison with models
suggest [44] that as much as ∼0.03 M� of matter with an electron fraction >0.25
has been ejected. Given that the initial neutron stars hardly contain any such matter
(less than 10−4 M�), see the right panel of Fig. 17.2 for the mass distribution with
Ye for two popular equations of state, it would seem entirely unnatural that all of
the ejecta should have their electron fraction raised above the critical value of 0.25.
Therefore, avoiding the production 3rd r-process peak elements seems extremely
unlikely. The fact that a strong early blue peak was observed, however, implies
that a substantial fraction of matter had its electron fraction changed (by positron
and/or neutrino capture) and that we have witnessed weak interaction “in flagranti”
during the observation of GW170817 and its electromagnetic counterparts. This also
underlines the paramount importance of carefully modelling weak interactions and
neutrino transport in neutron star merger simulations.
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17.3 Outlook

The first multi-messenger detection of a binary neutron star merger has conclusively
solved some long-standing puzzles such as the origin of short GRBs and of the r-
process elements. While overall confirming most theoretical expectations, some of
the numbers are uncomfortably large. For example, the total ejecta mass has been
estimated as ∼0.07 M� and the merger rates inferred from the first event are as
high as the 1540+3200

−1220 Gpc
−3 year−1 [26]. This could easily overproduce the galactic

r-process content. If the current rate estimates should be overly optimistic large,
this would actually resolve a slight tension both with binary population synthesis
and earlier expectations for the merger rates from nucleosynthesis (see e.g. Fig. 2 in
[45]). Binary evolution models can under favourable conditions reach rates from 200
to 400 Gpc−3 year−1 [46–48]. A number of∼300 Gpc−3 year−1 would also a “sweet
spot” for other constraints (merger simulations, observed gamma ray bursts, 244Pu,
r-process in dwarf galaxies) [45, 49]. Another possibility, would be that GW170817
was an exceptional encounter and ejected substantially more matter than the average
event. Recent studies [50] suggest that galactic elemental evolutionwould be easier to
understand if there was another heavy r-process source besides neutron star mergers.
With expected detection rates of 1–50 DNS mergers per year for the upcoming
science run [51], we can be optimistic to get answers on many of our questions in
the near future.
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Chapter 18
Impact of Electron-Captures on N = 50
Nuclei on Core-Collapse Supernovae

Rachel Titus, Chris Sullivan, Remco G. T. Zegers, B. Alex Brown
and Bingshui Gao

Abstract Sensitivity studies of the late stages of stellar core collapse with respect
to electron-capture rates indicate the importance of a region of nuclei near the N=50
shell closure, just above doubly magic 78Ni. In the present work, it has been demon-
strated that uncertainties in key characteristics of the evolution, such as the lepton
fraction, electron fraction, entropy, stellar density, and in-fall velocity are about 50%
due to uncertainties in the electron-capture rates on nuclei in this region, although
thousands of nuclei are included in the simulations. The present electron-capture rate
estimates used for the nuclei in this region of interest are primarily based on a simple
approximation, and it is shown that the estimated rates are likely overestimated by
an order of magnitude or more. More accurate microscopic theoretical models are
required to obtain Gamow-Teller strength distributions, upon which electron-capture
rates are based. The development of these models and the benchmarking of such cal-
culations rely on data from charge-exchange experiments at intermediate energies.
An experimental campaign to study Gamow-Teller strength distributions in nuclei
at and near N=50, including 86Kr and 88Sr, with the (t, 3He) reaction at NSCL is
underway and preliminary results indicate the electron-capture rates in the weak rate
library are indeed overestimated.

Weak rates, such as electron-capture rates and β-decay rates, are important nuclear
physics inputs for a variety of astrophysical simulations. In particular, simulations
of the late stages of core-collapse, prior to a supernova explosion, depend heavily
on the electron-capture rates included in the simulation. The weak rate library [1]
includes the most accurate weak rate tables available currently, and can be used in
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conjunction with the neutrino transport code, NuLib [2], to generate opacities for
use in astrophysical simulations. The core-collapse supernova simulations discussed
in this work use the spherically-symmetric, general relativistic hydrodynamics code,
GR1D [3], using the SFHo equation of state [4] and a 15 solar-mass progenitor [5].

A number of weak rate tables are included in the weak-rate library, as detailed in
[6]. These rate tables are based onGamow-Teller strength distributions, which can be
obtained from charge-exchange experiments, complemented with information about
low-lying states from β-decay, or from theoretical calculations. Since measurements
are only available for a limited set of nuclei, most of the rates contained in these
tables are calculated using theoretical methods, such as shell model or Monte Carlo
shell model calculations. Theoretical calculations are also necessary because the
temperature of the core of a dying star is finite and transitions from excited states in
the parent nucleus, which, in general, are not measurable, contribute. Experimental
results are used to validate and benchmark current theoretical models [7], in order to
ensure that they are providing themost accurate nuclear physics inputs to simulations.

Detailed theoretical calculations for electron-capture rates have not been per-
formed for all nuclei that participate in astrophysical simulations. This is particu-
larly true for the extremely exotic nuclei near the neutron and proton drip lines, and
those nuclei in the higher mass regions. Theoretical models in these areas are still
being refined and benchmarked using available experimental results. When neither
experimental nor theoretical rates are available for a nucleus, the weak rate library
uses an approximate method to calculate the electron-capture rates. Typically, an
electron-capture rate is obtained by a sum over the Gamow-Teller strength distribu-
tion, weighted by the stellar density, temperature, and excitation energy of the state.
The approximate method, instead, uses a single Gamow-Teller state at 2.5 MeVwith
a strength of 4.6, as determined from fits to middle-mass, mid-shell, stable nuclei
[8]. While successful for nuclei immediately adjacent to the fitting region, this ap-
proximation breaks down when considering heavy nuclei and those near to a shell
closure. For these nuclei, especially in the N=50 region, the neutron orbitals are
filled and block the low-lying Gamow-Teller strength, instead only allowing transi-
tions to higher excitation energy. Hence, the electron-capture rate is reduced because
higher-lying states contribute less strongly to the rate. Using the occupancy cal-
culation presented by Macfarlane [9] as a test, it is expected that the approximate
method, because it does not account for the Pauli-blocking effect described above,
will overestimate the electron-capture rates of heavy, neutron-rich nuclei by an order
of magnitude or more [6].

This potential for extreme overestimation of electron-capture rates is important
to consider as there is always a need for accurate nuclear physics inputs for core-
collapse supernova simulations. In particular, it is necessary to focus on the accuracy
of the rates in the N=50 region because of the results of a recent sensitivity study [1].
In this study, a region of neutron-rich nuclei, centered on theN=50 region, was found
to have the strongest effect on the change in electron fraction in the late stages of
core-collapse. Further examination showed that the vast majority of these nuclei use
electron-capture rates calculated from the approximate method. Because the nuclei
lie on or near the neutron shell closure, the Pauli-blocking effect is expected to be
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strong, causing the electron-capture rates to be smaller than the approximate method
currently assumes.

To test the effect that such an overestimation would have on the simulations, a
second sensitivity study was performed. A region of 74 nuclei, hereafter referred
to as the high-sensitivity region, was chosen, and two sets of simulations were per-
formed. The first scaled the electron-capture rates of all of the nuclei participating
in the simulation, and the second scaled the electron-capture rates of the 74 nuclei
in the high-sensitivity region. A number of quantities at core bounce, such as lep-
ton fraction, entropy, stellar density and in-fall velocity, from the simulation were
compared in order to observe the effect of the variation of the electron-capture rates.
Using a scaling factor of 0.1, it was found that the high-sensitivity region nuclei were
responsible for half of the change in the above quantities compared to the case in
which all of the electron-capture rates were scaled [6].

From this result, it is evident that overestimated electron-capture rates in the
high-sensitivity region have a significant effect on the behavior of simulations of the
late stages of core collapse. Therefore, it is important to obtain more accurate rates,
whether by theoretical methods, or by experimental measurements. Presently, the
models for the N=50 region are lacking and require further development. Therefore,
experimental work should be focused on studying the N=50 nuclei, and using the
extracted electron-capture rates to validate and benchmark theoretical models as they
are developed.

Charge-exchange reaction experiments are favored for extracting Gamow-Teller
strength distributions for use in calculating electron capture rates for several reasons.
First, charge-exchange reactions in the (n,p)-direction connect the same initial and
final states as an electron-capture reactions, making an intuitive parallel between the
two reactions. Second, while it might nice to measure such reactions directly, for
example via a β-decay experiment, such reactions are limited by the Q-value win-
dow. Charge-exchange reactions are not limited by this window, yielding a complete
excitation energy spectrum. Finally, there exists a well-established proportional-
ity between the charge-exchange cross section at zero momentum transfer and the
Gamow-Teller strength distribution. Because of this relationship, it is simple to ex-
tract the strength distribution and use it to calculate electron-capture rates for the
nucleus being studied.

Recent experimental work at the National Superconducting Cyclotron Laboratory
has been focused on examining neutron-rich nuclei in the region near the N=50 shell
closure. Experiments on 86Kr and 88Sr directly examine N=50 nuclei, probing the
effect of Pauli blocking on the extracted electron-capture rates. Currently, studies
of more neutron-rich nuclei or those contained in the high-sensitivity region are not
possible because the nuclei are unstable, and the beams for experiments in inverse
kinematics lack the necessary intensity.

Although the analysis of the aforementioned experiments is ongoing, preliminary
results indicate that the Gamow-Teller strength is much smaller than the B(GT)=4.6
used by the approximate method. In the case of 88Sr, the preliminary electron-capture
rate extracted differs from the approximate electron-capture rate by approximately 2
orders of magnitude. Based on the conclusions from the sensitivity study described
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above, if we assume all of the electron-capture rates in the high-sensitivity region
show a similar level of overestimation, then this introduces extremely large uncer-
tainties into current results from the simulations.

In order to reduce the uncertainties in the simulated results, it is necessary to im-
prove the electron-capture rates using the simulation. First, the approximate method
will need to be updated so that its results are also applicable for heavy, unstable
nuclei. A first step for this has been taken, through the work of Raduta [10]; the new
approximate method includes the isospin of the nuclei, yielding somewhat more ac-
curate electron-capture rates. Additionally, experimental data will be used to develop
and test new theoretical models that can be used to generate electron-capture rates
for wide swaths of nuclei. As new rates become available, they will be included in
the weak rate library, and the resulting improved simulations will provide a more
accurate view of the late stages of core collapse.
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Chapter 19
Learning About Nucleosynthesis from
Multi-dimensional Simulations
of Core-Collapse Supernovae

W. Raphael Hix, J. Austin Harris, Eric J. Lentz, Stephen Bruenn,
O. E. Bronson Messer and Anthony Mezzacappa

Abstract For more than two decades, we have understood that the development of
a successful core-collapse supernova is inextricably linked to neutrino heating and
three dimensional fluid flows, with large scale hydrodynamic instabilities allowing
successful explosions that spherical symmetry would prevent. Unfortunately, our
understanding of the nucleosynthesis that occurs in these supernovae, and therefore
the impact of supernovae on galactic chemical evolution, has generally ignoredmuch
that we have learned about the central engine of these supernovae over the past
two decades. Now, with two and three dimensional simulations of core-collapse
supernovae run to sufficient duration, we are learning how the multi-dimensional,
neutrino-driven character of the explosions directly impacts the nucleosynthesis and
other observables of core-collapse supernovae. Here we focus on lessons frommulti-
dimensional models which implement realistic nuclear reaction networks.

19.1 Nucleosynthesis in Core-Collapse Supernova

Much of our theoretical understanding of the nucleosynthesis in core collapse super-
novae (CCSNe) relies on parameterized models where the turbulent, neutrino-driven
inner workings of the supernova are replacedwith a kinetic energy piston or a thermal

W. Raphael Hix (B) · O. E. Bronson Messer
Physics Division, Oak Ridge National Laboratory, Oak Ridge, TN, USA
e-mail: raph@ornl.gov

W. Raphael Hix · E. J. Lentz · A. Mezzacappa
Department of Physics and Astronomy, University of Tennessee, Knoxville, TN, USA

J. Austin Harris · O. E. Bronson Messer
National Center for Computational Sciences,
Oak Ridge National Laboratory, Oak Ridge, TN, USA

S. Bruenn
Department of Physics, Florida Atlantic University, Boca Raton, FL, USA

A. Mezzacappa
Joint Institute for Computational Sciences,
Oak Ridge National Laboratory, Oak Ridge, TN, USA

© Springer Nature Switzerland AG 2019
A. Formicola et al. (eds.), Nuclei in the Cosmos XV, Springer
Proceedings in Physics 219, https://doi.org/10.1007/978-3-030-13876-9_19

115

mumpower@lanl.gov

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-13876-9_19&domain=pdf
mailto:raph@ornl.gov
https://doi.org/10.1007/978-3-030-13876-9_19


116 W. Raphael Hix et al.

energy bomb (see, e.g., [1–3]). In such bomb or piston simulations, the explosion’s
energy, its delay time and the mass cut, which separates the ejecta from matter des-
tined to become part of the neutron star, are externally supplied parameters. Better
are models which include parameterized, but neutrino-driven, explosions (see, e.g.,
[4, 5]), but these still do not allow the fundamentally different behavior afforded by
multi-dimensional fluid flows. Relatively few studies have considered the full impact
of the turbulent, neutrino-driven central engine. Wanajo et al. [6] and Harris et al. [7,
8] did so in the context of two-dimensional models with spectral neutrino transport
and sophisticated neutrino opacities. However, the nucleosynthesis in [6–8] are com-
puted by post-processing, since these models employed only an α-network within
the simulation. This is a general flaw in state of the art models of the core-collapse
mechanism, with many not even reaching this level of sophistication in their tracking
of the nuclear composition.

19.2 Realistic Reaction Networks in CCSN Models

Here, we present preliminary results for a set of models that include a much
larger nuclear reaction network alongside sophisticated neutrino transport and multi-
dimensional hydrodynamics. These models, like those of Harris et al. [7, 8], were
computed with the CHIMERA supernova modeling code [9, 10]. The models pre-
sented here replace the α-network used in [7, 8] with a network containing 160
species stretching from Hydrogen to Germanium, generally including all isotopes
from those with equal numbers of neutrons and protons to the most neutron-rich
stable species. While insufficient for the investigation of highly neutronized matter
within the proto-neutron star, the p-process or r-process, these 160 species cover the
majority of the products of explosive nucleosynthesis in supernovae. Furthermore,
inclusion self-consistently within the simulation allows the full impact of compo-
sitional mixing and thermonuclear energy release to be considered. Two and three
dimensional simulations have been run including the 160 species network for a first
generation, 9.6 solar mass star from Heger [priv. comm.] (labeled D9.6–HPC). In
addition, a series of 2D simulations are being run with this larger network, covering
stellar masses from 9 to 15 solar masses, using solar metallicity progenitors from
[3] (labeled D#–WH07 in this manuscript), [4] (labeled D#–SEWBJ16) and [11]
(labeled D#–EYF12).

The progress of the 2D models is presented in Fig. 19.1. As the explosion begins
to develop, regions of space become locally unbound when the sum of their thermal,
kinetic and gravitational energy becomes positive. The solid lines in the left panel
show the evolution of the diagnostic energy, the integral of these energies over the
unboundmatter. The dashed lines include the energy cost of unbinding the portions of
the star above the unbound matter. This corrected diagnostic energy should approach
the ultimate explosion energy (the kinetic energy of the ejecta) asymptotically. The
temporal evolution of the corrected diagnostic energy provides an indication of the
development of the explosion, with the lightest models being nearly asymptotic by

mumpower@lanl.gov



19 Learning About Nucleosynthesis from Multi-dimensional … 117

E+ = E+
kin + E+

th + E+
grav

E+
ov = E++ Overburden

D9-SEWBJ16-sn160
D10-SEWBJ16-sn160
D11-SEWBJ16-sn160
D12-SEWBJ16-sn160
D12-WH07-sn160
D12-EYF12-sn160
D15-WH07-sn160
D15-EYF12-sn160

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

0 400 800 1200 1600 2000 2400

En
er

gy
[B

]

Time after bounce [ms]

1

1.2

1.4

1.6

1.8

0 400 800 1200 1600 2000 2400

Pr
ot

o-
N

S
M

as
s
[M

]

Time after bounce [ms]

D9-SEWBJ16-sn160
D10-SEWBJ16-sn160
D11-SEWBJ16-sn160
D12-SEWBJ16-sn160
D12-WH07-sn160
D12-EYF12-sn160
D15-WH07-sn160
D15-EYF12-sn160

Fig. 19.1 Temporal evolution of the explosion energy (left panel; dashed lines) and neutron star
mass (right panel) for a set of 2D models from a variety of progenitors

1 s after the formation of the proto-neutron star, while the explosion energies of 12
and 15 solar mass models continue to increase at 2 s. The right panel of Fig. 19.1 pro-
vides a complementary analysis of the completeness of the explosion development
by showing the temporal evolution of the proto-neutron star mass. The continued
growth in the PNS mass for the more massive models beyond 1s after bounce indi-
cates that significant accretion continues. This accretion in turn powers the neutrino
luminosities that drive the growth of the explosion energy.

The temporal evolution of the isotopic composition of the ejecta can be factored
into two components. The first is the production or destruction of the various isotopes
in parcels of matter by explosive burning and the freezeout from nuclear statistical
equilibrium. The second is the presence of those parcels in the ejecta. Like the
explosion energy, defining the ejecta during the developing explosion is uncertain.
For that purpose in this analysis, we define the ejecta to be all matter which is locally
unbound, as discussed in the previous paragraph. Figure19.2 shows the temporal
evolution of 6 isotopes for the same set of 2D models discussed in Fig. 19.1. The
ejected mass of 16O is increasing in all models, as the shock unbinds matter in
the oxygen layer, with the rate of change determined largely by the strength of the
explosion, which generally grows with progenitor mass over this range. For 16O, the
impact of matter from the oxygen-rich layers of the progenitor joining the ejecta is
much larger than the impact of explosive oxygen burning in the shock, except at early
moments in the explosion. Note the significant difference in 16O ejecta between the
three 12 solar mass models (D12-SEWBJ16, D12-WH07 & D12-EYF12), reflective
of differences in stellar structure and explosion energy (which is in turn dependent
on stellar structure).

The behavior of 28Si is more complex, since it is both created by explosive oxygen
burning and destroyed by explosive silicon burning as well as joining and leaving
the ejecta. Alone of the isotopes shown here, 28Si shows a general decrement at
late times, in the most extreme case (D12-SEWBJ16) the final ejected mass is a
third of the peak value. The immediate cause of this decline is hydrodynamic rather
than thermonuclear, with relatively low velocity silicon-rich matter being slowed by
shear flows and work done on overlying layers until it becomes once again bound
to the PNS. As this now bound matter falls toward the PNS, some accretes onto the
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Fig. 19.2 Temporal evolution of the ejecta masses of 16O, 28Si, 40Ca, 48Ca, 44Ti and 56Ni for a set
of 2D models from a variety of progenitors

PNS, fueling continued neutrino emission, but some is re-energized and rejoins the
ejecta. The heating leads to nuclear processing, primarily α-rich freezeout, boosting
the abundances of intermediate mass and iron-peak isotopes like 40Ca, 56Ni and
especially 44Ti. The impact of this late accretion and ejection is stronger for 44Ti
because much of the 40Ca and 56Ni are made in the first ∼0.5s by explosive silicon
burning.

A feature unique to multi-dimensional models is the ejection of neutron-rich
matter. With neutrino-matter interactions in the hot bubble driving the matter proton-
rich, neutron-rich matter must be drawn up from the vicinity of the neutron star by
mechanical means. As discussed by [6], in the case of low mass iron cores (as well
as oxygen-neon cores), convection behind the shock, launched very early in such
models, dredges neutron-rich matter into the ejecta from the envelope of the PNS.
For electron fractions (YI ) ∼ 0.4, this matter is rich in 48Ca, provided the entropy
remains low. Figure19.3 shows the spatial distribution of 48Ca and 44Ti from the
D9.6–HPC–3Dmodel.Note that the 48Ca lies over top of the 44Tiwhichwas produced
later in the hot bubble behind the shock. For more massive iron core progenitors,
matter from near the PNS does not join the ejecta at early times, however it is possible
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Fig. 19.3 Comparison of the distribution of 48Ca and 44Ti for a 3D model of the explosion of a 9.6
M� mass, zero metallicity star

for accretion streams at later times to dredge such matter into the ejecta. The spikes
in the lower right panel of Fig. 19.2 shows the resulting impact on the 48Ca content
of the ejecta. In all of these models, the 48Ca is subsequently destroyed by α capture
as the entropy increases due to internal shocks and neutrino heating, however in one
model of [7] significant amounts of 48Ca did survive.

Supernovamodels including realistic nuclear reaction networks capable of follow-
ing the dominant explosive burning and NSE freeze-out nucleosynthesis processes
afford increased physical fidelity through inclusion of compositional mixing and
more accurate thermonuclear energy release. They also afford the ability to test the
reliability of post-processing studies by comparing post-processing for these models
with the abundances calculated by the same network within the model.
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Chapter 20
Fission Properties Relevant for
GW170817

M. R. Mumpower, N. Vassh, T. Sprouse, P. Jaffke, T. Kawano, E. Holmbeck,
Y. L. Zhu, R. Surman, G. C. McLaughlin and P. Möller

Abstract The recent observation of gravitational waves and electromagnetic coun-
terpart to GW170817 [1] has provided fresh impetus to understand the formation of
the heaviest elements on the periodic table. The merging of two neutron stars offers
a potentially robust site for the neutron-rich nucleosynthesis of these elements in
the rapid neutron capture process (r process). However, many challenging problems
remain in both the astrophysical modeling of merger events and the nuclear physics
inputs. Among the nuclear physics needs for the r process, fission properties may be
particularly important. The dynamical ejecta of mergers is expected to be so neutron-
rich that the resulting r process produces nuclei above the predicted N = 184 shell
closure and terminates via fission. We focus our discourse on recent nuclear model
developments in the description of fission, apart of the Fission In R-process Ele-
ments (FIRE) collaboration. We discuss new calculations of neutron-induced and
β-delayed fission properties using FRDM2012. We present new microscopic fission
yields predicted from FRLDM. We report on the relevance of these calculations
to nucleosynthetic yields, the impact on reheating of the ejecta in addition to the
influence on kilonova observables.

20.1 Introduction

The astrophysical location where the formation of the heavy elements above iron on
the periodic table occurs remains a longstanding open issue in nuclear astrophysics.
Neutron star mergers provide sufficiently neutron-rich environments for the forma-
tion of the heaviest elements known as the actinides. In the low-electron fraction
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outflows of these events fission may become active. We focus our contribution on
the calculation of neutron-induced fission rates and fission yields. We discuss the
impact of these calculations on extremely neutron-rich r -process outflows when the
bulk of the nuclear flow or r -process path pushes to the actinides.

20.2 Models

We base our calculation of neutron-induced fission rates on the statistical Hauser-
Feshbach formalism of [2]. This standard approach to describe reaction mechanisms
relies on several model inputs including the nuclear level density, neutron optical
model and γ strength function. We use the Portable Routines for Integrated nucle-
oSynthesis Modeling (PRISM) nucleosynthesis network to calculate the resultant
abundances [3]. For this contribution we select nuclear properties based off the 2012
version of the Finite-Range Droplet Model (FRDM2012) consisting of a suite of
nuclear masses, decay, reaction and fission properties [4–7] with fission yields cal-
culated on a 5D potential energy surface of the Finite-Range Liquid Drop Model
(FRLDM) as discussed in [8].

20.3 Results

Neutron-induced fission rates evaluated at T9 = 1 across the chart of nuclides are
shown inFig. 20.1. The fast rates encountered by the r -process path after the N = 184
shell closure induce fission recycling thus preventing the nuclear flow to higher mass
number. As the r -process path moves back to stability, towards the north and west

Fig. 20.1 Neutron-induced fission rates evaluated at T9 = 1 across the chart of nuclides based off
FRDM2012 nuclear properties
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Fig. 20.2 FRLDM charge
yields compared to the data
of [11]

in this figure, it will encounter regions of β-delayed fission. The interplay between
these two nuclear processes during this time shape lighter mass regions and set the
population of more stable actinides [9].

Fission yields also play a crucial role in the r -process as they dictate where the
light fragments land in the NZ-plane. We have begun investigating the predictions
of FRLDM in isotopes near stability, with the comparison to data for several astatine
(Z = 85) isotopes shown in Fig. 20.2. Further comparisons have beenmade to known
nuclei at higher Z that are relevant to the r -process. The calculation of the fission
yield of 254Cf(Z = 98) for instance wasmade in [10]. The spontaneous fission of this
nucleus was found to have a substantial influence on the brightness of the late-time
kilonova emission.

We extend the work of [10] to even more neutron-rich conditions of [12]. Fig-
ure20.3 shows the dominance of 254Cf in the radioactive heating at late times. The
impact of 254Cf is even larger compared to the work of [10] due to the increased

Fig. 20.3 The impact of
254Cf on radioactive heating
is found to be greater in
more neutron-rich conditions
as compared to the results of
[10]
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production of this isotope in lower-electron fraction material. If the electromagnetic
observations are not obscured by other components, the late-time brightness of the
kilonova may be used as a proxy to determine if actinide nucleosynthesis has oc-
curred.

20.4 Conclusions

Fission properties can play an important role in determining the nucleosynthetic
outcome of astrophysical ejecta with low electron fraction. Fast neutron-induced
fission rates recycle r -process material down to lower mass numbers thus providing
a termination point to the r -process. Fission yields from FRLDM were found to be
in good agreement in isotopic chains near stability thus pointing to this model being
well suited for extension into the r -process region.

References

1. B.P. Abbott et al., Gw170817: observation of gravitational waves from a binary neutron star
inspiral. Phys. Rev. Lett. 119, 161101 (2017)

2. T. Kawano, R. Capote, S. Hilaire, P. ChauHuu-Tai, Statistical hauser-feshbach theory with
width-fluctuation correction including direct reaction channels for neutron-induced reactions
at low energies. Phys. Rev. C 94, 014612 (2016)

3. M.R. Mumpower, T. Kawano, J.L. Ullmann, M. Krtička, T.M. Sprouse, Estimation of M 1
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Chapter 21
Explosive Nucleosynthesis: What We
Learned and What We Still Do Not
Understand

Friedrich-Karl Thielemann

Abstract This review touches on historical aspects, going back to the early days
of nuclear astrophysics, initiated by B2FH and Cameron, discusses (i) the required
nuclear input from reaction rates and decay properties up to the nuclear equation
of state, continues (ii) with the tools to perform nucleosynthesis calculations and
(iii) early parametrized nucleosynthesis studies, before (iv) reliable stellar models
became available for the late stages of stellar evolution. It passes then through (v)
explosive environments from core-collapse supernovae to explosive events in binary
systems (including type Ia supernovae and compact binary mergers), and finally (vi)
discusses the role of all these nucleosynthesis production sites in the evolution of
galaxies. The focus is put on the comparison of early ideas and present, very recent,
understanding.

21.1 Introduction

In this short text it is not possible to give an overview over more than 60 years of nu-
clear astrophysics, and especially explosive nucleosynthesis, but we try to address the
questions how it all started, what nuclear and technical input was/is required, how ini-
tially parametrized calculations developed into full scale (magne-to-)hydrodynamic
simulations, which nucleosynthesis processes take place, and how they impact ejecta
compositions, which again make their way into galactic evolution and the present
solar abundance composition. The solar neutrino problem is solved, the expansion
of the Universe understood with the aid of type Ia superovae, the role of neutron star
mergers was clarified in 2017 with GW170817. Many other open questions remain,
especially how the abundance evolution from lowest metallicities to present can be
understood.
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21.2 Nuclear Input and Reaction Networks

21.2.1 Nuclear Input

Over the years an enormous wealth of experimental information entered into compi-
lations of nuclear reaction rates, initially with the lead of the Kellogg group around
Willy Fowler [26, 42, 43]. Major updates were due to Angulo et al. [1, NACRE],
Xu et al. [164, NACRE II], followed by Iliadis et al. [71], Longland et al. [89]
I, Iliadis et al. [72–74] II, III, IV from North Carolina, which entered into Starlib
[130]. Uncountable individual investigations have been undertaken by many groups,
here especially the Wiescher group should be mentioned, clarifying recently the role
of 12C(α, γ )16O in stellar helium burning [33]. And the LUNA Lab at Gran Sasso
plays a key role to measure minute reaction cross sections at lowest energies deep
underground, important in early hydrostatic stellar burning stages (see https://luna.
lngs.infn.it/index.php/scientific-output/publications). An enormous body of neutron
capture reactions has been established by Bao and Käppeler [14], and Bao et al. [15],
expandedmore recently by theKADONIS collaboration [34]. This has been extended
to unstable nuclei by the n_ToF collaboration at CERN. A constantly growing set of
results, involving highly unstable nuclei, comes from radioactive ion beam facilities
at MSU, GSI, RIKEN, GANIL, and Lanzhou.

Theoretical developments to predict nuclear reaction rates started with Truran
et al. [145], utilizing the statistical (Hauser-Feshbach) model with ground state prop-
erties, continuing with Truran [147], Michaud and Fowler [98, 99, adding improved
optical potentials], Arnould [10, the first one including excited states], Arnould and
Beelen [11], and Truran [148]. Holmes et al. [64], and Woosley et al. [160] made
use of level densities via a back-shifted Fermi gas. Thielemann et al. [138, 139]
developed the SMOKER code, Rauscher and Thielemann [123, 124] extended it to
the NoSMOKER approach. Panov et al. [118] included fission. Present efforts center
around T. Rauscher, extending NoSMOKER to SMARAGD [125], and S. Goriely
et al., who started out with theMOST code in 1997 [52], introducing since thenmany
improvements with applications of the TALYS code (e.g. [53]).

Weak interaction rates, like e.g. beta-decays, electron captures, neutrino interac-
tions are of equal importance, pioneered by Kratz et al. [81], Möller and Kratz [101]
to measure/predict beta-decay half-lives; Fuller et al. [49], Langanke and Martinez-
Pinedo [83], addressing electron capture rates as well as neutrino interactions with
nuclei. Many others followed, like e.g. [92], focussing on neutron-rich nuclei far
from stability, especially important for the r-process. All predictions of such efforts
for unstable nuclei, addressing also fission, have an intimate relation to properties of
nuclear mass models (see e.g. [134]). Combined information has entered Complete
Reaction Libraries, e.g. presently publicly available Reaclib, Bruslib, Starlib, as well
as the Equation of State database CompOSE [116].
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21.2.2 Reaction Neworks

Early approaches to solve nuclear reaction networks, which are stiff systems of
ordinary differential equations and not solvable with the means of explicit methods,
were undertaken by Truran et al. [145, 146] and Arnett and Truran [6]. The solution
via the implicit backward Euler method was obtained in a linear approach. Woosley
et al. [159], Arnould [12], Thielemann et al. [137], changed this to a fully converged
multi-dimensional Newton-Raphson scheme. Restricted nuclear networks have long
been used in stellar evolution codes (e.g. [69]). Presently in use on a global basis are
BasNet (going back to [137]), NetGen (in Bruslib), XNET [60], Timmes et al. [144],
Cabezon et al. [22], NucNet [97], WinNet [158], SkyNet [88].

21.3 Stellar Models

First explosive nucleosynthesis calculations were all based on parameter studies
rather than realistic stellar models, but were highly important to explore results. All
explosive burning stages, fromH,He, C, Ne, O, Si-burning to nuclear statistical equi-
librium (NSE) have been tested by these early investigations e.g. expl. Si-burning:
Fowler and Hoyle [41], Bodansky et al. [17], expl. O- and Si-burning: Woosley et al.
[159], expl. Ne- and C-burning: Arnett [4], Howard et al. [67], Truran and Cameron
[149], Arnett and Wefel [9], Morgan [104]. As initial stellar models examined only
early burning stages, these investigations had to be done via parameter studies with
assumed adiabatic expansions from initial peak temperatures and densities. First at-
tempts to model late burning stages and provide pre-collapse models for supernova
explosions were undertaken by Arnett [7], Weaver et al. [154, leading to the Kepler
code], and Nomoto and Hashimoto [114]. Presently highly sophisticated input exists
from Limongi and Chieffi ([87], FRANEC), Heger and Woosley [58, KEPLER],
Meynet, Hirschi and collaborators (e.g. [50], GENEC), Paxton et al. [119, MESA],
Umeda/Yoshida (e.g. [165]), Nakamura et al. [106]. Stellarmodels have been verified
by the solution of the solar neutrino problem [90].

21.4 Type Ia Supernovae

Binary systems with accretion onto one compact object can lead to (depending on
the accretion rate) explosive events with thermonuclear runaway (under electron-
degenerate conditions). In case of accreting white dwarfs this can cause nova or
type Ia supernova explosions. The explanation of type Ia supernovae goes back to
Hoyle and Fowler [68]. First carbon-detonationmodelswere developed byArnett [5],
Arnett et al. [8], and Woosley [161], later discarded as they did not fit observations.
Iben and Tutukov [70] and Webbink [155] laid the theoretical groundwork for so-
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called single and double degenerate systems, depending whether one white dwarf
is or two white dwarfs are involved in the binary system. First 1D deflagration
models were developed by Nomoto et al. [111–113] andWoosley andWeaver [162].
Müller and Arnett [105] and later Khokhlov et al. [78] started general combustion
approaches. Consistent ignition modeling for degenerate condition is approached
with the MAESTRO code [166]. Presently, single-degenerate systems starting with
central carbon deflagration, double degenerate mergers, He-accretion caused double
detonations, and even white dwarf collisions are considered (for a review see e.g.
[142]). Major progress is due to observations, disentangling the possible scenarios
[51, 91, 110]. Important understanding for the combination of contributing scenarios
comes from their nucleosynthesis of Mn (55Co-decay) and Zn in galactic evolution
([131], Hoeflich et al. [61], [85, 100, 150]).

21.5 Core-Collapse Supernovae (CCSNe)

Weare on the path of solving the core-collapse supernova problem in a self-consistent
way.While early approaches assumed that the bounce of the collapsing Fe-core at nu-
clear densitieswould permit a sufficiently energetic shock front and an explosion, this
has been shifted to explosions driven by neutrinos [16]. There exists a growing set of
2Dand3DCCSNexplosion simulations (see e.g. reviewsby Janka et al. [75, 76],Bur-
rows [20, 21], Bruenn et al. [18], Foglizzo et al. [40], Nakamura et al. [106], Cabezon
et al. [23]). Active groups are based in Garching/Belfast/Monash/RIKEN (Janka,
Müller, Müller, Just …), Princeton/Caltech/MSU (Burrows, Ott, Couch …), Oak
Ridge (Mezzacappa, Hix, Lenz,Messer, Harris…), Tokyo/Kyushu (Takiwaki, Naka-
mura, Kotake), Paris (Foglizzo et al.), and Basel (Liebendörfer, Cabezon, Hempel
…). Open questions relate to the stellar mass limit where core-collapse ends in black
hole formation [82, 117], and when - due to rotation and magnetic fields - this leads
to hypernovae [115].

To provide complete nucleosynthesis predictions from self-consistent multi-D
simulations is still in its infancy. For this reason 1D approximations, based on piston
or thermal bomb approaches have been undertaken for many years (e.g. [58, 87,
115, 140]). They lack self-consistent predictions of explosion energies, mass cuts
between neutron star and ejecta, as well as the neutron-richness (Ye) of the innermost
ejecta. More recently improved 1D approximations have followed, attempting to
mimic multi-D effects and avoiding the shortfalls mentioned above [35, 38, 120,
135, 151]. A major role in determining the composition of the innermost ejecta play
neutrino interactions with outflowingmatter. Opposite to early ideas that matter close
to the proto-neutron starwould be neutron-rich, neutrino capture on neutrons (favored
by the neutron-proton mass difference) is winning against antineutrino capture on
protons and turns matter (slightly) proton-rich, causing a νp-process [30, 37, 46,
47, 122, 153] . While such a νp-process is supported by present simulations, an
r-process is apparently not occurring, at most a weak r-process [2, 93, 126]. For
possible exceptions, in case of fast rotation and strong magnetic fields, see the next
section.
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21.6 Origin of the Heavy Elements

The production of a fraction of the heavy elements up to Pb and Bi has long been
postulated since B2FH [19] and Cameron [24] via the slow neutron capture (s-) pro-
cess in shell He-burning during stellar evolution (see e.g. [77]). The origin of the
heaviest elements up to Th, U, and Pu (and beyond) via the rapid neutron capture
(r-) process remained a puzzle until very recently, despite much progress in under-
standing the nuclear physics impact (see e.g. [29], Kratz et al. [80], [13, 54, 121]).
Regular core-collapse supernovae were champions for many years (see early ideas
in [29] and neutrino-wind powered models in [136, 163] or later in [39]), but appar-
ently they cannot provide the conditions required [44], as matter turns rather proton-
than neutron-rich via neutrino interactions (see previous section). A rare fraction
of magneto-rotational supernovae, dependent on initial rotation rates and magnetic
fields, seems to have a chance for succeeding [25, 48, 56, 102, 103, 107–109, 158].
Neutron star mergers have been proven to support the conditions for a full r-process
since GW170817. For a review before this event, from the early proposals [36, 84],
over first simulations [32, 128, 129] and the first nucleosynthesis predictions [45]
up to early 2017 see [141]. Numerous investigations have followed this observational
break-through by e.g. Barnes, Hotokezaka, Kasen, Metzger, Rosswog, Tanaka, Wol-
lager (for references see [65]).

21.7 Chemical Evolution and Explosive Nucleosynthesis

Since B2FH [19] and Cameron [24] we know that essentially all elements beyond
H and He are made in stars. The Big Bang produced only H, He, and some Li [31].
The production of heavier elements as a function of time/metallicity depends on
occurrence frequencies and delay times for individual nucleosynthesis contributions
in galaxies, scrutinized by ever improving observational facilities [86]. The observed
enhanced value of [α/Fe] abundance ratios (α = O, Ne, Mg, Si, S, Ca, Ar, Ti) at
low metallicities, turning down to solar values at metallicities from [Fe/H] = −1 to
0, due to the input of Ni and Fe-enhanced type Ia supernovae, is reasonably well
understood since Matteucci and Greggio [94], Wheeler et al. [157], Timmes et al.
[143], Kobayashi et al. [79], Matteucci [95, 96], and Nomoto et al. [115]. Recent
supernovamodels [30] can explain theFe-group.Amore interestingquestion iswhich
role Mn and Zn play in this game. The low value of [Mn/Fe] at low metallicities,
rising above [Fe/H] =−1, indicates its origin as 55Co from type Ia supernovae ([100]).
[Zn/Fe] = 0, i.e. solar values, can be made in regular core-collapse supernovae [30,
46], but the upturn (with a sizable scatter) below [Fe/H] = −2 has to be due to
hypernovae and/or a certain class ofmagneto-rotational supernovae [150]. The reason
that [Zn/Fe] stays at 0 also beyond [Fe/H] = −1, when type Ia supernovae take over
the production of Fe-group elements, indicates that there must also exist a type Ia
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subclass producing Zn (as 64Ge), caused probably by He-detonations, permitting a
strong alpha-rich freeze-out.

The large scatter of [Eu/Fe] at low metallicities by more than two orders of mag-
nitude [57, 127, 133] indicates a rare site for the strong r-process. This could be
consistent with neutron starmergers, but also be due to (still only proposed)magneto-
rotational supernovae (their existence being supported by the observations of mag-
netars as endpoints of such events, Greiner et al. [55]). Chemodynamical galactic
evolution calculations have been performed e.g. by Argast et al. [3], Cescutti et al.
[27], van de Voort et al. [152], Shen et al. [132], Wehmeyer et al. [156], Hirai et al.
[59], Coté et al. [28], Hotokezaka et al. [66]. There exists sufficient supporting mate-
rial that neutron star mergers are probably themain contributor for the solar r-process
composition, but they occur with a delay in galactic evolution which causes prob-
lems explaining the [Eu/Fe] ratios at metallicites as low as [Fe/H] = −3. So-called
actinide boost stars, i.e. objects found at such low metallicities with enhanced Th/Eu
and U/Eu ratios, have probably not the typical solar r-process origin. Their features
seem explainable by an interplay between the r-process path and fission properties.
Conditions which are slightly less neutron-rich in magneto-rotational supernovae
than in neutron star mergers possibly support such resulting final compositions [62,
63]. Similar results are found by Eichler and Wu (private communication).

Notes and Comments: I want to thank the organizers of NIC XV at Gran Sasso
for asking me to present this special invited talk. It gave me challenges to cover
an extended research field from its beginnings up to present. I enjoyed especially
following the ongoing progress and thank M. Busso and G. Meynet for advice. I
apologize that this review is probably biased and also not complete. It omits al-
most completely nucleosynthesis in stellar evolution and explosive events in novae,
X-ray bursts and superbursts. It would not have been possible without the insight I
obtained working with my collaborators and students. Thanks go to my teachers (Ar-
nett, Arnould, Cameron, Fowler, Hilf, Hillebrandt, Schramm, Truran), my long-term
collaborators outside Basel (Cowan, Kratz, Langanke, Nomoto, Panov, Wiescher),
all PhD students, often supervised jointly within the extended Basel group (Brach-
witz, Dillmann, Ebinger, Eichler, Fehlmann, Freiburghaus, Frensel, Fröhlich, Hein-
imann, Hix, Käppeli, Liebendörfer, Mocelj, Oechslin, Perego, Reichert, Rembges,
Rosswog, Scheidegger, Wehmeyer), and my present/former Basel co-workers (Ar-
cones, Cabezon, Hempel, Hirschi, Kolbe, Kuroda, Liebendörfer, Martinez-Pinedo,
Nishimura, Pignatari, Pan, Rauscher), of whom many have dispersed around the
world.
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Chapter 22
The Beta-Oslo Method: Experimentally
Constrained (n,γ) Reaction Rates
Relevant to the r-Process

A. C. Larsen, S. N. Liddick, Artemis Spyrou, M. Guttormsen,
F. L. Bello Garrote, J. E. Midtbø and T. Renstrøm

Abstract Unknown neutron-capture reaction rates remain a significant source of
uncertainty in state-of-the-art r -process nucleosynthesis reaction network calcula-
tions. As the r -process involves highly neutron-rich nuclei for which direct (n, γ)
cross-section measurements are virtually impossible, indirect methods are called
for to constrain (n, γ) cross sections used as input for the r -process nuclear net-
work. Here we discuss the newly developed beta-Oslo method, which is capable of
provding experimental input for calculating (n, γ) rates of neutron-rich nuclei. The
beta-Oslo method represents a first step towards constraining neutron-capture rates
of importance to the r -process.

22.1 Introduction

On August 17, 2017, the LIGO and Virgo gravitational-wave detectors measured,
for the first time, a direct signal from two colliding neutron stars [1]. Follow-up
measurements with telescopes sensitive to electromagnetic radiation confirmed that
the rapid neutron-capture process (r -process) [2, 3] had indeed taken place in the
collision (e.g., [4]). Hence, a long-standing question in nuclear astrophysics was at
least partly solved; one astrophysical r -process site is now confirmed.
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However, the uncertain nuclear-physics input remains a huge obstacle inmodeling
the r -process yields in large-scale nucleosynthesis network calculations [5, 6]. The
r -process involves highly neutron-rich nuclei, where there is a severe lack of relevant
nuclear data such as masses, β-decay rates and neutron-capture cross sections. As
shown in, e.g., [5], one cannot rely on the assumption of (n, γ)–(γ, n) equilibrium
for typical r -process temperatures and neutron densities in a neutron-star merger
event, at least not at all times and for all trajectories as demonstrated in [7]. As a
consequence, neutron-capture rates will impact the final abundances and must be
included in the nucleosynthesis calculations. Moreover, it is an unfortunate fact that
different theoretical predictions for neutron-capture rates may vary by several orders
of magnitude.

In this work, a recently developed method to address this issue is presented:
The beta-Oslo method [8, 9] provides data on the nuclear level density and average
γ-decay strength ofmoderately neutron-rich nuclei. These quantities are crucial input
for calculations of neutron-capture rates [5]. The beta-Oslo method presents a first
step towards constraining neutron-capture rates of importance to the r -process.

22.2 The Oslo and Beta-Oslo Methods

The principles behind the beta-Oslo method are very similar to those of the Oslo
method, which will be briefly outlined in the following. The starting point is a set of
excitation-energy tagged γ-ray spectra containing γ rays from all possible cascades
originating at a given initial excitation energy. In the Oslo method, this has been
achieved by charged-particle–γ-ray coincidence measurements. The γ-ray spectra
are corrected for theNaI detector response using themethod described in [10], and the
distribution of primaryγ rays is determined by an iterative subtraction technique [11].
Finally, the nuclear level density (NLD) and γ-ray strength function (γSF) are si-
multaneously extracted from the primary γ-ray distribution [12] and normalized to
auxiliary data [13]. The level-density and γ-strength data can then be used as input
for (n, γ) cross-section calculations as shown, e.g., in [14].

In 2004, a surprising increase in the low-γ-energy region of the γ-decay strength
of 56,57Fe was discovered [15]. This upbend has later been discovered in many nuclei
and has been confirmed with an independent measurement technique [16, 17] and
shown to be dominantly of dipole nature [18, 19]. If the upbend is indeed present
in very neutron-rich nuclei such as those involved in the r -process, it could increase
(n, γ) reaction rates by 1–2 orders of magnitude [20]. Hence, it is critical to measure
the γSF in neutron-rich nuclei to see whether the upbend exists in these exotic
systems. To address this question and to provide indirect measurement of (n, γ)
reaction rates, the beta-Oslo method [8] was recently invented.

The method exploits the high Q-value for beta decay of neutron-rich nuclei,
so that excited states in a broad energy range will be populated in the daughter
nucleus. Further, using a segmented total-absorption spectrometer such as the SuN
detector [21], one obtains the sum of all γ rays in the cascades giving the initial
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excitation energy, while the single segments give the individual γ rays. In this way,
one can generate a matrix of excitation-energy tagged γ-ray spectra and apply the
Oslo method to extract NLD and γSF for the daughter nucleus.

The beta-Oslo method was first applied on 76Ga beta-decaying into 76Ge [8]. The
experiment was performed at the National Superconducting Cyclotron Laboratory
(NSCL), Michigan State University (MSU), using a 130-MeV/nucleon 76Ge beam
producing 76Ga by fragmentation on a thick beryllium target. The 76Ga secondary
beam was implanted on an Si surface-barrier detector mounted inside SuN, which
was used to measure the subsequent γ-ray cascades in the daughter nucleus 76Ge.
The resulting data set enabled a significant improvement on the 75Ge(n, γ)76Ge
reaction rate, which has not beenmeasured directly and so relied on purely theoretical
estimates.

Further, the beta-Oslo method has recently been applied on the neutron-rich 70Co
isotope, beta-decaying into 70Ni [9]. The experiment was performed at NSCL,MSU,
where a primary 140-MeV/nucleon 86Kr beam hit a beryllium target to produce 70Co
that was delivered to the experimental setup, this time with a double-sided Si strip
detector inside SuN. Again, SuN was used to detect the γ-ray cascades from the
daughter nucleus, 70Ni. Complementary data from GSI on the 68Ni γSF [22] above
the neutron separation energy allowed for a well-determined absolute normalization
of the full γSF as shown in Fig. 22.1a. The low-energy upbend is indeed present in
the 70Ni γSF and is likely due to strong low-energy M1 transitions as supported by
shell-model calculations [23].

From the 70Ni data, the 69Ni(n, γ)70Ni reaction rate is deducedwith an uncertainty
of a factor∼2 − 3 (see Fig. 22.1b and [9]). This is to be comparedwith the uncertainty
band considered in [24], multiplying the JINA REACLIB rate [25] with a factor 0.1
and 10. It is clear that the data-constrained rate represents a significant improvement.
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Fig. 22.1 Gamma-decay strength function of 70Ni [23] (a) and the 69Ni(n, γ)70Ni reaction rate
from [9] (b), where we follow [24] and compare with the JINA REACLIB rate [25] (dashed line)
scaled with a factor of 10 up and down (light-shaded band)
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22.3 Summary and Outlook

The beta-Oslomethod is capable of extractingNLDs and γSFs of neutron-rich nuclei,
enabling an indirectway to experimentally constrain (n, γ) reaction rates of relevance
to the r -process. So far, three reaction rates have been inferred: 75Ge(n, γ)76Ge [8],
69Ni(n, γ)70Ni [9] and 68Ni(n, γ)69Ni [26]. In the future,manymore rateswill be con-
strained with this technique, to the benefit of r -process nucleosynthesis calculations
and our understanding of NLDs and γSFs.
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Chapter 23
Assessment of Stellar Nucleosynthesis
Abundances Using ENDF/B-VIII.0
and TENDL-2015 Evaluated Nuclear
Data Libraries

Boris Pritychenko

Abstract Evaluated Nuclear Data File (ENDF) libraries contain complete collec-
tions of reaction cross sections, angular distributions, fission yields and decay data.
These data collections have been used worldwide in the nuclear industry and na-
tional security applications. The recently-released evaluated libraries were explored
for nuclear astrophysics purposes and findings analyzed.Maxwellian-averaged cross
sections (MACS) and astrophysical reaction rateswere calculated using theENDF/B-
VIII.0 and Talys Evaluated Nuclear Data Library (TENDL) data sets. The calculated
cross sections were combined with the solar system abundances and fitted using
the classical model of stellar nucleosynthesis. Astrophysical abundances for rapid-
and slow-neutron capture, r - and s-processes, respectively, were extracted from the
present data and compared with available values. The current results demonstrate the
large potential of evaluated libraries and mutually-beneficial relations between the
nuclear industry and research efforts.

23.1 Introduction

The indirect observations of r -process production of gold, platinum and lanthanide
elements in neutron stars merger [1–3] renewed interest in stellar nucleosynthesis
abundances calculations. These calculations strongly rely on the quality of underlying
nuclear data and astrophysical models. The release of ENDF/B-VIII.0 evaluated
nuclear data library by the Cross Section Evaluation Working Group collaboration
[4] provides anopportunity to use the library data for stellar nucleosynthesismodeling
and deduce isotopic abundances. In the current work we adopt the calculations of
Maxwellian-averaged cross sections and astrophysical reaction rates at kT = 30keV
from ENDF/B-VIII.0 and TENDL-2015 [5] libraries, using the techniques described
in [6], and begin ENDF data exploration for stellar nucleosynthesis, usingwell-tested
approaches and models.
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23.2 Assessment

The classical s-process model is based on a phenomenological and site-independent
approach, and it assumes that the seeds for neutron captures are made entirely of
56Fe. If we assume that the temperature and neutron density are constant, and ignore
branchings, the s-process abundance of an isotope N (A) depends on its precursor
N (A − 1) quantity as

d N (A)

dt
= σ(A − 1)N (A − 1)+ σ(A)N (A). (23.1)

The product ofMACS and isotopic abundance or σ(A)N (A) can be deduced from
the (23.1) analytically for an exponential average flow of neutron exposure assuming
that temperature remains constant over the whole timescale of the s-process as [7]

σ(A)N (A) = f N56

τ0

A∏

i=56

[
1+ 1

σ(i)τ0

]−1
, (23.2)

where f and τ0 are neutron fluence distribution parameters, and N56 is the initial
abundance of 56Fe seed.

Formula 23.2 was employed for least squares fitting of s-process only nuclei
assuming the present work evaluated cross sections and solar system abundances.
Using the fit parameters, s-process contribution to a MACS and abundances product
can be calculated and compared with observed values. The results for the ENDF/B-
VIII.0MACS (kT =30 keV) and abundances [8] product are shown in Fig. 23.1. This

Fig. 23.1 s-process fit and
MACS abundance product
for ENDF/B-VIII.0 nuclei
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Fig. 23.2 r -process abundances for evaluated libraries and solar system values from Arnould et al.
[9]

surplus is commonly attributed to the r -process contribution, and it can be deduced
by subtracting the expected s-process production from the presently-observed values.

The graphic representation of the ENDF/B-VIII.0 and TENDL-2015 libraries
r -process abundances is shown in the left panel of Fig. 23.2. The Figure data analysis
shows peaks due to production of gold, platinum and lanthanide-region nuclei that
were indirectly observed in neutron stars merger.

The right panel of Fig. 23.2 modify the soil by increasing the shows the ENDF/B-
VIII.0 library and solar system r -process abundances thatwere deducedbyArnould et
al. [9].Due to space limitations, the numerical values for s- and r -process abundances,
MACS, and reaction rates will be given in subsequent publications.

23.3 Outlook

The present results show that the ENDF/B-VIII.0 library can be successfully used for
s-process modeling and stellar nucleosynthesis calculations. The next stage of this
work will involve incorporation of the evaluated nuclear data sets into astrophysical
model codes for further exploration, and work on the ENDF libraries data format
conversion and transfer for capture, fission and other reaction channels at multiple
neutron temperatures is currently underway.
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Chapter 24
Axions and the Final Fate of Stars

I. Domínguez, Oscar Straniero, M. Giannotti and A. Mirizzi

Abstract Axions areweakly interactive bosons introduced to solve the longstanding
CP problem. If their mass is small enough (up to a few keV), they can be produced in
stellar interiors, and act as an additional energy loss mechanism. We study the effect
of axions in the evolution of stars with mass close to the minimum that experiences
carbon burning, so called Mup. This mass limit is a fundamental property in astro-
physics as it defines which stars produce carbon-oxygen white dwarfs (CO WDs)
and, at the other side, those that produce oxygen-neon white dwarfs, electron-capture
supernovae and normal core collapse supernovae (CCSNe). Hence, Mup is critical
for theWDmass distribution, supernova progenitors, supernova rates, chemical evo-
lution of galaxies and so on. We find that axions may increase Mup till values that
are in tension with the observed minimum mass of CCSN progenitors and with the
maximum stellar mass that produces CO WDs. This is the first study that considers
axion effects in this stellar mass range, and on Mup.

24.1 Introduction

Stars are known to be good laboratories for particle physics. In particular, axions
may be produced in stellar interiors and escape, carrying energy out, and thus, mod-
ifying stellar evolution. Moreover, it has been suggested that several astronomical

I. Domínguez (B)
Universidad de Granada, 18071 Granada, Spain
e-mail: inma@ugr.es

O. Straniero
INAF-Osservatorio Astronomico d’Abruzzo, 64100 Teramo, Italy

INFN-LNGS, L’Aquila, Italy

M. Giannotti
Barry University, 33161 Miami Shores, FL, USA

A. Mirizzi
Universita di Bari, Bari, Italy

INFN-Bari, 70125 Bari, Italy

© Springer Nature Switzerland AG 2019
A. Formicola et al. (eds.), Nuclei in the Cosmos XV, Springer
Proceedings in Physics 219, https://doi.org/10.1007/978-3-030-13876-9_24

147

mumpower@lanl.gov

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-13876-9_24&domain=pdf
mailto:inma@ugr.es
https://doi.org/10.1007/978-3-030-13876-9_24


148 I. Domínguez et al.

observations could be better explained considering an extra-energy sink (see i.e. [1]).
Among them, the decrease of the pulsational period of some white dwarfs [2, 3] and
the shape of the observed WD luminosity function [4, 5].

Axions are hypothetical particles, introduced to explain the absence of CP viola-
tion [6–8] and, later on, proposed as dark matter candidates [9]. In well motivated
axion models, like the DFSZ [10, 11], axions couple to photons and fermions. These
couplings are characterized by the corresponding coupling constants, gaγ and gae.
The axion-induced energy loss rates are proportional to the square of the coupling
constants. In stellar interiors, axions that couple to photons are produced through the
Primakoff process and, if they couple to electrons, mainly through the Compton and
Bremsstrahlung processes [12].

In this work we study the influence of axions on the value of Mup, the minimum
stellar mass that experiences carbon burning [13], hence the minimum stellar mass
thatmay produce aCCSN, and themaximum stellarmass that produces aCOWD.As
we will show, axions may increase both, possibly beyond observational constraints.

Among CCSNe, type II-P are those expected to come from single RSGs. Several
RSGs have been identified on the corresponding images taken at the SN locations
before the explosion. Progenitor masses as low as 7–10 M� have been estimated
(see [14, 15]), while the minimum masses predicted by the theory for CCSNe are
above 9–10 M� (see i.e. [16, 17]). Note that there is nearly no space for increasing
this theoretical minimum mass.

At the other side, the maximum stellar mass that produces a CO WD may be
derived semi-empirically from young open clusters in which WDs have been iden-
tified. Initial masses above 6–7 M� have been deduced for the most massive WDs
observed, ∼1.1 M� [18, 19].

24.2 Numerical Models and Results

We consider DFSZ axions produced through Primakoff, Bremsstrahlung and Comp-
ton, adopting for the coupling constants a set of values allowed by the current con-
straints, gaγ ≤ 0.66 × 10−10 GeV−1 [20–22] and gae ≤ 4 × 10−13 [23].

The FUNS code [24, 25], modified to include the corresponding axion processes,
is used for all the numerical simulations presented here. The axion energy loss rate
for Primakoff is taken from [12], for Compton and non-degenerate Bremstrahlung
from [26] and for degenerate Bremsstrahlung from [27, 28]. Rates and interpolations
have been revised by the authors.

We compute models with initial masses from 7 to 11 M�, with a resolution of at
least 0.2 M�, and assuming solar initial chemical composition, Z=0.014 and Y =
0.26. Allmodels are computed from the pre-MS to central C-burning or, alternatively,
to CO core cooling (along the early-AGB phase).

Our numerical analysis reveals that Mup shifts from 7.5 M�, for models without
axions, to 9.2 M� for models with gaγ = 0.6 × 10−10 GeV−1 and gae = 4 × 10−13.
The main reason for the shift is the smaller CO core developed, for a given initial
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mass, as compared to models without axions. The growth of the CO core, during the
early-AGB phase, is halted earlier because the 2nd-Dup is anticipated. We identify
both, Compton and Primakoff processes, to be relevant energy sinks within the non-
degenerate and hot He-burning shell. Nuclear energy has to compensate the axion
energy losses within the He-shell [29], the shell temperature increases faster, antic-
ipating the 2nd-Dup and ending the growth of the CO core. Also, axions produced
by the Bremmsstrahlung process cool the semi-degenerate inner part of the CO core
and a higher CO core mass is needed for C-ignition. Table24.1 shows Mup, MW D

and age for selected models. The increase of Mup (�Mup) is displayed in Fig. 24.1.
Note that next generation of axion experiments, like ALPSII [30] and IAXO [31, 32]
will reach the region which is relevant for astrophysics.

The production of axions, with coupling constants within current limits, has pro-
found and multiple implications for astrophysics. Stars up to 9 M� may produce
Type Ia supernovae, increasing their production rate, and introducing a younger
population as progenitors. Isolated CO WDs may reach higher masses, up to 1.12
M�. Analogously, if we assume the same effects on the minimum CCSN progenitor

Table 24.1 Axion impact on MU P and maximum mass of CO WDs

gae (10−13) gaγ

(10−10 GeV−1)
MU P (M�) MW D (M�) Age (Myr)

0.0 0.0 7.5 1.05 39.5

2.0 0.0 8.2 1.08 34.3

0.0 0.4 8.2 1.09 32.5

2.0 0.4 8.6 1.11 29.5

4.0 0.6 9.2 1.12 25.6

Fig. 24.1 Contours of �Mup, in steps of 0.1 M�, from 0.1 to 1.4M� (dashed lines). In solid black
we show the contours for �Mup = 0.5 and 1M�. The hashed area represents the region of the
axion parameter space hinted by the combined analysis of WDs, RGB and HB stars. The projected
sensitivity of IAXO and ALPSII are also indicated for reference, as is the area excluded by the
recent CAST result
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mass, CCSN rate would substantially decrease, and if RSGs of 8–10 M� were con-
firmed to be progenitors of CCSNe, our analysis would exclude axions with coupling
constants gaγ ≥ 0.6 × 10−10 GeV−1 and gae ≥ 2.4 × 10−13.

Acknowledgements I.D acknowledges founding from the MINECO-FEDER grant AYA2015-
63588, O.S. from the PRIN-MIUR grant 20128PCN59 and A.M. is supported by the MIUR and
INFN through the Theoretical Astroparticle Physics project.
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Chapter 25
Neutrinos from Pair Instability
Supernovae

James P. Kneller, Carla Fröhlich, Matthew S. Gilmer and Warren P. Wright

Abstract We present the first ever calculations of the neutrino signal from
pair-instability supernovae (PISNe) using two hydrodynamical simulations which
bracket the mass range of the stars which explode via this mechanism. We take into
account both the time and energy dependence of the emission and the flavor oscil-
lations, as well as investigating the equation-of-state dependence. We then process
the computed neutrino fluxes at Earth through four different neutrino detectors. We
show how the neutrino signal from PISNe possesses unique features that distinguish
it from other supernovae, how the detectors we consider are capable of observing
neutrinos from PISNe at the standard distance of 10 kpc, and how the proposed Hy-
perKamiokande detector can even reach the Large Magellanic Cloud and the several
very high mass stars known to exist there.

Pair-instability supernovae (PISNe) are the explosions of very massive stars with
carbon-oxygen (CO) cores in the range of 64–133 M�. These kind of supernovae
are candidates for some observed superluminous supernovae although recent studies
suggest PISNe in the local Universe may be much dimmer and hidden among other
supernova classes. While observations of PISNe using electromagnetic radiation
may be able to distinguish these supernovae from the other types, a much clearer and
unambiguous difference is found in the neutrino emission.

In order to compute the neutrino signal we start with two GENEC progenitor
models, P250 and P150, whose initial masses are 250 and 150 M� respectively. At
the point where the two stars are about to explode, the CO core mass of P250 is
126.7 M� which is at the upper end of the PISN mass range, while the P150 model
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has a CO core mass of 65.7 M� which is at the lower end of the PISN mass range.
Thus the neutrino emission we calculate should bracket what we can expect from
an actual PISN. The actual explosion is computed with version 4.3 of FLASH using
the Helmholz equation of state (EOS) and the Aprox19 nuclear reaction network.
Further details can be found in [1, 2]. The neutrino luminosity and spectra due to
thermal andweak processes are calculated by using the software packageNuLib. For
the weak processes we consider two EOS’s: the Helmholtz EOS based on [3], and
the SFHo EOS from [4]. The composition of the matter used for the Helmholtz EOS
is the same as for the simulation thus ensuring consistency but at the expense that
the neutrino emission from missing nuclei cannot be computed. For the SFHo EOS
we identify those zones with temperatures T > 3 GK and assumeNuclear Statistical
Equilibrium (NSE). This approach allows us to compute the neutrino emission from
nuclei not in the Aprox19 network but likely overestimates their contribution due
to the assumption of NSE. Thus the two EOS’s bracket the neutrino emission due
to weak processes. The thermal processes do not suffer from a similar uncertainty.
The total luminosity and the emitted spectra for the two models and two EOS’s are
shown in Figs. 25.1 and 25.2 respectively.

The neutrino spectra at Earth are computed after including neutrinoflavor transfor-
mation through the mantle of the two stars and the decoherence through the vacuum
using an exact three-flavor neutrino oscillation code. The neutrino mixing parame-

Fig. 25.1 PISN total neutrino luminosity as a function of time arising from the various neutrino
emission processes considered. The results for the P150 simulation are on the left, the P250 on
the right. Emission due to pair production are shown as red and purple lines, electron capture on
nuclei are the blue lines, and electron and positron capture on nucleons are the green lines. The
various temperature cuts used are given in the legend.We have also calculated the weak and thermal
emission using the Helmholtz EOS using temperature cutoffs in order to make a comparison with
the SFHo EOS
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Fig. 25.2 PISN neutrino flux spectra. Each curve is the sum of all considered weak and thermal
processes at the timeslice of maximum emission. The gray region is the spectra from the SFHo,
P250 results at t = 12.6 s

ters are taken from the Particle Data Group and we consider both the normal mass
ordering (NMO) and the inverted mass ordering (IMO). The neutrino flux at Earth is
then fed through the SNOw GLoBES software for the four neutrino detectors listed
in Table 25.1. The number of events for a PISN at d = 10 kpc in HyperK, SuperK,
DUNE and JUNO are shown in Table 25.2 along with the number of events when
we do not take into account the flavor transformations. Table25.2 shows a PISN at
d = 10 kpc can be detected by HyperK for the entire mass range of stars that explode
in thismannerwhile SuperK,DUNEand JUNOcan detect a PISN at d = 10 kpc only
for the upper end of the PISN progenitor mass range. HyperK could detect neutrinos
from a PISN as far as the Large Magellanic Cloud d = 50 kpc. Also note that for the
P250 case we see a difference between the number of events for NMO and IMO that
could be exploited to determine this neutrino property. The table also shows that the
number of events does not change significantly between the two EOS’s indicating
this is not a major source of uncertainty. Finally, the table indicates that neutrino
oscillations always decreases the expected number of events. The number of events
for the P250 model at d = 10 kpc is about two order of magnitudes larger than the
number of neutrino events from a Type Ia supernova and two orders of magnitude
smaller than a core-collapse supernova at the same distance [5–7]. The time structure
of the neutrino signal is shown in Fig. 25.3 and we find the general expectation is for
a Gaussian-like burst of neutrinos over a period of ∼30 s. This is also quite different
than the time structure of the neutrino burst from both a Type Ia and a core-collapse
supernova.
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Table 25.1 A summary of the detector types considered

Detector Type Mass (kt)

Super-Kamiokande type: 30% phototube coverage Water Cherenkov 50

Hyper-Kamiokande type Water Cherenkov 374

DUNE type detector Liquid Ar 40

JUNO type detector Scintillator 20

Table 25.2 The total numbers of interactions per detector for a PISN at 10 kpc

Mass Detector NMO IMO Unoscillated

Helm SFHo Helm SFHo Helm SFHo

P150 Hyper-Kamiokande 1.77 1.78 1.74 1.75 3.02 3.05

Super-Kamiokande 0.24 0.24 0.23 0.23 0.40 0.41

DUNE 0.14 0.14 0.15 0.15 0.25 0.25

JUNO 0.10 0.10 0.10 0.10 0.17 0.17

P250 Hyper-Kamiokande 52.23 50.08 43.32 41.98 85.70 84.19

Super-Kamiokande 6.98 6.69 5.79 5.61 11.46 11.26

DUNE 2.95 2.78 3.17 3.06 5.30 5.20

JUNO 3.13 3.00 2.48 2.40 5.06 4.97

Fig. 25.3 Detector interaction event rate from a PISN at 10 kpc. The left (right) plots are for NMO
(IMO). The dashed horizontal lines show how the event rates would shift for a closer PISN
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25.1 Summary

For the first time we have computed the expected neutrino signal from two PISNe
which bracket the mass range of the stars which explode via this mechanism. We
conclude that the signal form this kind of supernova is well-understood and contains
signatureswhich distinguish it fromother types of stellar explosionmaking it a useful
diagnostic of a PISN in the Milky Way or Magellanic Clouds.
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Chapter 26
Neutrinos from Presupernova Stars

Takashi Yoshida, Koh Takahashi, Hideyuki Umeda and Koji Ishidoshiro

Abstract Neutrinos from a presupernova star will be observed by current and future
neutrino detectors if a nearby supernova at a fewhundredparsec from the earth occurs.
The events of neutrinos produced through pair-neutrino process are expected to be a
few to hundreds depending on stellar mass, neutrino mass hierarchy, and detectors.
The neutrino events can be applied to an alarm of the supernova. The supernova alarm
will be sent before a few to more than ten hours before the supernova explosion by
KamLAND. If hundreds neutrino events are observed by JUNO, the time variation
of the burning processes in the central core of the presupernova star can be analyzed
from the neutrino events.

26.1 Introduction

Neutrino emission is a main cooling process during advanced stages of massive star
evolution. The luminosity of neutrinos produced through pair-neutrino process be-
comes ∼1044−47 erg s−1 from Si burning to the core collapse. Electron captures at
the collapse also produce neutrinos with the luminosity of ∼1050 ergs s−1. Although
the flux of these neutrinos is much lower than that of supernova neutrinos, these neu-
trinos will be observed by current and future neutrino detectors if a supernova occurs
within hundreds parsec from the earth. Recently, the spectrum evolution of neutrinos
emitted from presupernova stars and their detectability by current and future neutrino
detectors such as KamLAND, JUNO, Super-Kamiokande (SK), Hype-Kamiokande
(HK), and DUNE are evaluated [1–6]. The evaluated neutrino events are applied to
the expectation of a supernova alarm [3, 4] and the observations of stellar interior
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[4]. Here, we briefly show the properties of neutrinos from presupernova stars and
their detections based on our recent study [4].

26.2 Properties of Neutrinos from Presupernova Stars

We calculate the evolution of 12, 15, and 20 M� star models from zero-age main
sequence until the central temperature becomes 109.8 K using a stellar evolution
code in [7]. Then, we evaluate the time variation of the spectra of neutrinos produced
though the pair-neutrino process from the Si burning.

Figure26.1 shows the evolution of the ν̄e emission rate and the average ν̄e energy.
The νe emission rate is equal to the ν̄e rate. The emission rate of νμ,τ and ν̄μ,τ is
smaller than that of νe and ν̄e by about a factor of three. The ν̄μ,τ average energy
is slightly larger than that of ν̄e. The emission rate and the average energy continue
increasing during the core Si burning. The neutrinos are mainly produced in the
central region. Then, the emission rate and the average energy decreases for a while
from the ignition of the O shell burning. At the O shell ignition, the star expands
and the neutrino emission from the central region becomes weak. The neutrinos
are mainly produced in the O shell burning region. Since the temperature of the O
shell burning region is lower than the center, the average energy also becomes low.
The similar change is also seen at the ignition of the Si shell burning. After the Si
shell burning, the neutrinos are mainly emitted from the Si shell burning region. The
evolution of the average energy affects the detectability of presupernova neutrinos.
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26.3 Presupernova Neutrino Events

26.3.1 Neutrino Events

We evaluate the events of presupernova neutrinos by KamLAND through the inverse
β decay reaction ν̄e + p → e+ + n. KamLAND is 1 kton liquid scintillation detector.
The neutrino energy threshold of this reaction is 1.8 MeV. The detection efficiency
of KamLAND of 0.58 is taken into account. We consider the flavor transitions by
neutrino oscillations in stars. The spectrum of ν̄e released from a star,φν̄e , is evaluated
as φν̄e = 0.675φν̄e,0 + 0.1625(φν̄μ,0 + φν̄τ ,0) for normal mass hierarchy and φν̄e =
0.024φν̄e,0 + 0.488(φν̄μ,0 + φν̄τ ,0) for inverted mass hierarchy, where φν̄α,0 is the
spectrum of ν̄α produced in the star. The distance of a presupernova star is assume to
be 200 pc, which corresponds to the distance to a red supergiant, Betelgeuse [8]. The
left panel of Fig. 26.2 shows the integrated neutrino events from a given time until
the central temperature reaches 109.8 K. The neutrino events within one week before
the explosion is four to fourteen depending on the stellar mass and mass hierarchy.
More than half of events will be detected within one day before the explosion. We
expect that the presupernova neutrino events by JUNO, a future liquid scintillation
detector, is 34 times as large as by KamLAND owing to its larger fiducial volume.

SK and HK are water Cherenkov detectors. The main neutrino reaction is the
inverse β-decay of protons. The fiducial volume of SK is 22.5 kton. We assume that
the threshold neutrino energy is 4.79MeV, corresponding to the fourth phase of solar
neutrino experiment. The ν̄e events for one week before an supernova explosion by
SK is 8–24 and 5–14 in the normal and inverted mass hierarchies, respectively. Most
of the neutrino events will be observed in one day before the explosion, because the
threshold energy of SK is higher than that of KamLAND.We assume that the fiducial
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volume of HK is 380 kton and the threshold energy of HK is the same as SK. In this
case, the expected neutrino events by HK are about 17 times as large as those by SK.

26.3.2 Supernova Alarm

Since presupernova neutrinos are detected before a supernova explosion, the presu-
pernova neutrinos can be used as an alarm of the supernova. Here, we investigate the
time of the supernova alarm using the presupernova neutrino events by KamLAND
according to [3]. When three neutrino events are observed within 48 h by Kam-
LAND, we consider that these neutrinos are from a presupernova star and we will
send an supernova alarm. The detection significance of three neutrino events in 48
h by KamLAND is 3.7σ and 2.1σ in low and high background cases. The expected
supernova alarm time is 3.5 (–), 18.1 (1.0), and 9.4 (3.6) h before the supernova
explosion for 12, 15, and 20 M� star models in the normal (inverted) mass hierar-
chy. We also evaluated supernova alarm time by JUNO and discussed background
dependence [4].

26.3.3 Observation of Stellar Interior by Neutrinos

If a supernova explodes at ∼200 pc from the earth, hundreds presupernova neutrino
events will be observed by JUNO. In this case, we will be able to analyze the time
variation of presupernova neutrino events. We evaluate the time variation of the
neutrino event rate detected by JUNO. The right panel of Fig. 26.2 shows the time
variation of the neutrino events per hour.We see the temporal decrease in the neutrino
events rate between 8 and 17 h before the collapse. This decreases is mainly due to
the expansion and the temperature and density decrease of the iron core induced by
the O shell burning. The reliability of the neutrino event rate depend on the neutrino
background. We see from Fig. 26.2 that it is difficult to observe the decrease in the
neutrino event rate if neutrino background is high and mass hierarchy is inverted. In
the 20 M� star model, we see that the increase in the neutrino event rate is suppressed
between seven and nine hours before the collapse [4]. Although the O shell burning
occurs in the 20 M� model, the central temperature and density scarcely decrease at
that time.Wewould estimate the effect of the O shell burning through the observation
of the neutrino events. Detailed analysis of the time variation of the neutrino events
will give information of burning processes such as the O shell burning in the stellar
interior.
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Chapter 27
The Chemical Composition of the Solar
System

Katharina Lodders

Abstract Elemental abundances in CI-chondrites are compared to recent photo-
spheric data. Resulting issues for solar system abundances are noted.

27.1 Historical Developments

The modern stage for studying element and isotopic distributions with the goal of
understanding the origin of the chemical elementswas set about a century agowhen it
was alreadyknown thatmeteorite compositions can provide clues.Russell did thefirst
comprehensive quantitative analyses of elements in the solar photosphere and found
that abundances of non-volatile elements in meteorites compared reasonably well.
By the 1950s, improvements in geochemical analyses and solar spectroscopy gave
abundance data that served as testbeds for nucleosynthesis models. For a description
of the historical developments, see [1].

27.1.1 Elemental Abundances from Meteorites

Meteorites are divided into chondrites, achondrites, and irons, and for elemental
abundance studies, the chondrites are important. Chondrites never melted so their
metal, silicate, and sulfide portions, occurring in different proportions in different
chondrite types never fractionated, and chondrites are considered “primitive”. The
most common chondrites are ordinary chondrites, followed by enstatite and carbona-
ceous chondrites. Abundances in the common ordinary chondrite were employed by
Harkins 1917, Goldschmidt, and the Noddacks in the 1920s and 30s, but assump-
tions about the metal, silicate and troilite proportions had to be made. In the early
1950s Urey pointed to the carbonaceous CI-chondrites as solar system standards for
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non-volatile elements. By the 1970s consensus was reached that the abundances in
CI-chondrites are indeed the least affected by chemical volatility fractionations. On
the downside, only 5 CI chondrite falls were collected (out of >1000 observed falls),
and less than 25 kg total of them remains. Optimal CI chondritic abundances require
multiple well-determined elemental analysis. Recently new elemental and isotopic
measurements provided improvements, but also some problems. The abundances for
all 83 naturally occurring elements and their isotopes can be evaluated statistically,
see Lodders (2003) (L03) [2], Lodders et al. (2009) (LPG09) [3], and Palme, Lodders
and Jones (2014) (PLJ14) [4] for which updates are in progress.

27.1.2 Elemental Abundances in the Solar Photosphere

By now, only 68 of 83 elements have been analyzed in the sun’s photosphere because
issues with line strengths, number of lines, line accessibility in the spectrum and
blending hamper detection and/or quantitative measurements of all elements.

Allende Prieto gives a comprehensive reviewof spectroscopic abundance determi-
nations [5]. Abundance determinations require a model for the solar atmosphere, and
the 1D-atmospheric models (e.g., [6, 7]) and 3D-atmospheric models (e.g. [8–13])
are often employed. Differences among different 3D-models are small if the same
line selections and NLTE corrections are applied, and line selection and NLTE con-
siderations remain major issues when 3D results are compared.

Asplund et al. (2009) (A09) [8] reported 3D abundances and details for the heavy
element analyses and revised values are in Scott et al. [11, 12], andGrevesse et al. [13]
(henceforth referred to collectively as SSG15, [11–13]). Their updates are mainly
NLTE corrections and line selections. Differences are smaller than 0.05 dex for most
elements, and tend to increase heavy element abundances slightly (see Fig. 27.1).
Larger differences between A09 and SSG15 are for Ba, Tb, Os, Ir, Pb, and Th.

Fig. 27.1 Differences between 3D-photospheric abundances reported by Scott et al. 2015a, b,
Grevesse et al. 2015 [11–13]—Asplund et al. 2009 [8]
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Fig. 27.2 Differences in photospheric abundances: 3D model (Asplund)—1D model (Holweger),
other parameters constant, see data and discussion in SSG15 [11–13]

SSG15 [11–13] computed abundances using the 1D-Holweger and 3D-Aplund
model atmospheres, leaving other parameters constant. In 3D models, many abun-
dances are lower than in the 1D models (Fig. 27.2). The 3D corrections reduce
abundances by 0.05–0.10 dex for most elements, they increase by <0.05 dex for B,
Ge, Tb, Y, and Zn, the increase is somewhat larger for Ba. Large decreases over 0.1
dex occur for Mo, Ru, Rh, W, Sn, and Pb.

Photospheric abundances in L03 (2) were compiled from different papers and
literature updates are in LPG09, PLJ14 [3, 4]. This approach relies on the recom-
mendations given in the papers, sometimes averages of several studies were used.
This approach may not have a self-consistent base for atmospheric models, since 3D
results from different groups, as well as 1D and 3D model results were included.
PLJ14 [4] did not adopt A09 [8] because at the time detailed descriptions for the
solar abundance determinations were pending.

27.1.3 Elemental Abundances: Solar and Meteoritic

The difference between meteoritic and photospheric abundances are shown in
Figs. 27.3 and 27.4. Both Figures use the same meteoritic data [4]. Figure 27.3
uses photospheric data from SSG15 [11–13], and Fig. 27.4 photospheric data from
PLJ14 [4]. Themeteoritic values were converted to a logarithmic atomic scale so that
log Si = 7.52 to match the photospheric Si abundance in [4]. A different choice for
scaling will shift the differences between photospheric andmeteoritic abundances by
a constant for all elements in Figs. 27.3 and 27.4, which is irrelevant for the compar-
ison but would be relevant for linking meteoritic abundances to absolute abundance
on the photospheric abundance scale (see [2] for details about the scale factor).

Very volatile elements (C, N, O) are depleted in meteorites and differences are off
the scale in Figs. 27.3 and 27.4. Differences betweenmeteoritic and solar abundances
are less than 10% (~0.05 dex) for many elements. Some previous discrepancies
between solar and meteoritic abundances in Mn, Ga, Rb, In, and W were partially
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Fig. 27.3 Differences betweenmeteoritic (Palme et al. 2014, [4]) and photospheric 3D abundances
(Scott et al., Grevesse et al. 2015 [11–13]) versus atomic number.Meteoritic abundanceswere scaled
to log (Si) = 7.52

Fig. 27.4 Differences between meteoritic and photospheric abundances from Palme et al. 2014 [4]
versus atomic number. Meteoritic abundances were scaled to log (Si) = 7.52

resolved in SSG15. Differences are notably large for elements with atomic numbers
around 40 < Z < 50, and for Z > 70. For some elements the differences between 3D
photospheric and meteoritic abundances (Fig. 27.3) are larger than those calculated
with photospheric data from PLJ14 (Fig. 27.4). The differences between solar and
photospheric abundances outside uncertainty limits need to be understood. However,
neither comparison reveals obvious systematic trends with chemical properties that
would suggest element fractionations between CI-chondrites and the photosphere.

The 3D results indicated dramatic downward revisions in C, N, O, Ne and other
elemental abundances, which led to the “oxygen crisis”, e.g., [14]. Standard solar
models now missed opacity from C, N, O and Ne for the solar interior and models
no longer matched with helioseismology results. A surge of investigations has not
yet solved these problems completely. Meteorite studies cannot help to resolve this
because meteorites did not retain the full solar complement of volatile C, N, and O.
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27.2 Solar System Abundances

In [2–4], solar system abundances were determined from present photospheric and
meteoritic abundances. C, N, and O were adopted from solar data, for elements lack-
ing or with uncertain solar data, CI-chondrite data were adopted, for elements with
plausible agreements, averages could be used. Noble gas data are usually estimated
from compositions of the solar wind, B-stars, and/or nucleosynthesis systematics.
The data must be adjusted for heavy element settling from the solar photosphere, and
abundances of elementswith long-lived radioactive nuclidesmust be calculated to the
time of solar system formation (4.567 Ga ago). Given the larger differences between
meteoritic and photospheric data from SSG15, deriving the solar system abundances
becomesmore challenging. Abundances for elements with similar chemistries and/or
nucleosynthesis origins from other meteorite groups and from other astronomical
objects can be compared to uncover inconsistencies in solar abundances. For exam-
ple, preliminary Genesis solar wind abundances show non-systematic variations of
elements with low First Ionization Potential (FIP) (e.g., Al, Ca, Cr, Mg) relative to
the photospheric abundances in A09, whereas comparisons to CI chondrites in PLJ14
indicate systematic variations with FIP, which could indicate that CI-chondrites pro-
vide better approximations of the solar composition [15, 16]. The updates on mete-
oritic, photospheric, and solar abundances are in progress.
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Chapter 28
Observational Constraints on
Nucleosynthesis from AGB and
Post-AGB Stars in Our Galaxy
and Its Satellites

Carlos Abia

Abstract The chemical analysis of the atmospheres of AGB and post-AGB stars
provide a valuable tool to study the late phases of the evolution of low and interme-
diate mass stars. Depending on stellar mass and metallicity the resulting abundance
patterns exhibit characteristic features which provide information on the nucleosyn-
thesis processes occurring in the interior of these stars, and on their role in the
chemical evolution of galaxies. Recent progresses on abundance determinations of
s-elements and fluorine in AGB and post-AGB stars belonging to our Galaxy and
the Local Group are reviewed.

28.1 AGB and Post-AGB Stars

Asymptotic giant branch (AGB) stars are low and intermediatemas stars (M< 8M�)
at the very end of their stellar life. Post-asymptotic giant branch (post-AGB) stars,
on the other hand, corresponds to the transient evolutionary phase between the AGB
and the white dwarf phase. Usually, a super-wind mass loss terminates the AGB after
which the star evolves onto the post-AGB phase, eventually cooling down as a white
dwarf. During the AGB phase, the end products of internal chemical processes like
C, N, O, F and s-process elements are transported to the stellar surface by multiple
mixing events, called the third dredge-up (TDUs). The TDU events eventually can
convert an initially oxygen-rich AGB star into a carbon-rich (C-rich) when the C/O
ratio exceeds unity in the envelope. These elements (and others) are ejected into the
interstellar medium through strong stellar winds, thus making these stars important
contributors to the cosmic chemical budget [1–4]. In fact, a significant fraction of
the mass returned to the interstellar medium from stars is believed to come from this
type of stars.

The atmospheres ofAGB (C-rich andO-rich) stars contain signatures of the chem-
ical enrichment from internal nucleosynthesis that has occurred before and during
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their entire AGB lifetime. However the chemical analysis is not straightforward: due
to their cool surface temperatures (Teff < 3500 K), the spectra are usually crowded
with molecular absorptions making difficult the detection of the relevant atomic fea-
tures. Furthermore, these stars are variable showing in the spectrum clear signatures
of shock waves and stellar pulsations, which should be taken into account for an ac-
curate abundance analysis. This means that the uncertainties in the chemical analysis
are usually large. This has to be considered when comparing with theoretical predic-
tions. At contrary, the warmer post-AGB stars photospheres are free of molecules
making it possible to quantify photospheric abundances more accurately for a very
wide range of elements, which were brought to the stellar surface during the pre-
vious AGB phase. AGB stars are numerous and bright objects thus, they can be
easily detected in the nearby satellite galaxies. Post-AGB stars, however, are scarce
in number since the post-AGB lifetime is very short. In any case, both type of objects
provide direct and stringent constraints on the parameters governing the later phases
of stellar evolution and nucleosynthesis. In this contribution, I will review recent
progress on the chemical analysis of s-elements and fluorine in AGB and post-AGB
stars belonging to the Galaxy and the Local Group.

28.1.1 Constraints on the s-Process

The discovery by P. Merrill of the presence of radioactive isotope 99Tc in the
spectra of some AGB stars constitute the most indisputable indicator of in-situ s-
process nucleosynthesis and mixing in these stars. This is because the half-life of
99Tc (produced by the s-process) is about 210,000years, thus much shorter than
the AGB phase lifetime. Ever since, spectral observations of AGB and post-AGB
stars, turned out to be a prolific source of s-process information for the He-burning
stage of stellar evolution. Nowadays it is widely accepted that AGB stars are the
site of the s-process nucleosynthesis (main component), the origin of the stable
elements from Sr to Bi (see e.g. [5]). These observations have served to test the
main s-process nucleosynthesis properties, namely: (i) the source of neutrons and
the operating density, (ii) the dependence on stellar metallicity of the s-process, and
(iii) the efficiency of the s-process linked to the mixing process occurring in these
stars.

Indeed, the branchings at the s-process path provide an opportunity to infer the
neutron density at the s-process site. One of these branchings occurs at the 86Rb
since depending of the neutron density the s-process flows whether trough 86Sr (low
density regimen) or 87Rb (high density, and then 87Sr trough beta-decay). Because
the large difference in the neutron capture cross sections between 85Rb and 87Rb,
significant differences in the abundances ratios between Rb and its neighbour s-
elements (Sr, Y and Zr) are expected depending on the neutron density (see [6] for
details). Abundances of Rb, Sr, Y and Zr determined in many galactic (and a few
extragalactic) C-rich and O-rich AGB stars [7, 8] show [Rb/Sr, Y, Zr]< 0.0, which is
compatible with the 13C(α, n)16O reaction being the main neutron source providing

mumpower@lanl.gov



28 Observational Constraints on Nucleosynthesis … 175

a low 106–108 cm−3 neutron density. These densities are typically reached at the He
inter-shell of low mass stars (<3 M�). On the other hand, recent abundances studies
in more massive AGB stars (>4 M�, [9]) find [Rb/Zr] > 0 (a few objects show
[Rb/Zr] > 1). These ratios are explained if the 22Ne(α, n)25Mg reaction is instead
the main neutron source in intermediate mass stars, from which a neutron density
1011 cm−3 is typically expected. We have to mention, however, that many metal-
poor post-AGB stars show Pb enhancements lower than theoretically expected from
standard AGB nucleosynthesis models. This might be explained if a higher neutron
density (∼ 1015 cm−3, [10]) operates at the s-process site. However, it is not clear
yet which mechanism can provide this high density and in what kind of objects may
it operate.

On the other hand, the neutron exposure at the s-process can be tested from the
abundance ratio between the heavy-mass (hs: Ba, La, Ce) and the low-mass (ls: Sr, Y,
Zr) s-elements [hs/ls]. Observations in galactic and extragalactic AGB stars show an
increase of [hs/ls] ratiowith decreasingmetallicity [12, 13], also observed in Ba-stars
(see this proceeding), which is in nice agreement wih theoretical predictions. This
correlation naturally appears from the dependence of the s-process on themetallicity:
the lower the metallicity the heavier s-elements are produced preferentially. All these
observations confirm also the relation between the neutron exposure [hs/ls], and third
dredge-up efficiency, [s/Fe]. Nevertheless, again post-AGB stars in an ample range
of metallicities seem to deviate from the former correlation (e.g. [14]): they show no
correlation between [hs/ls] versus [Fe/H]. Currently there is not a clear explanation
for this behavior.

28.1.2 The Puzzle of Fluorine

Fluorine is also a useful tracer of the physical conditions prevailing in stellar interiors
but its origin is still not well known. Recent observations in unevolved stars of
near solar metallicity seem to show a correlation with metallicity (and the oxygen
abundance), which points out for a secondary origin of this element, at least for
this metallicity range [15]. The production of fluorine in AGB stars has (mainly) a
secondary nature [16] thus, these objects have been proposed to be one of the main
sources.However, despite abundance analysis inAGBstars showclear enhancements
in their envelopes [11], the actual F enhancements found are not fully understood nor
the corresponding theoretical yields seem tobe enough to account for the observations
in unevolved stars [17] from chemical evolution model basis. Figure28.1 shows
the [F/Fe] ratios so far determined in galactic and extragalactic AGB C-rich stars
compared with theoretical predictions for a representative 2 M� AGB stellar model.
The increase of the [F/Fe] ratio for decreasing metallicity predicted nicely agrees
with observations, however, AGB stars of SC-type1 (green symbols) show larger
F enhancements than expected. This finding is not well understood as these stars

1These stars have a C/O very close to unity within a few hundredth.
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Fig. 28.1 [F/Fe] ratios derived in AGB carbon stars in the Galaxy and in some satellite galaxies
(red coloured) belonging to the Local Group (see [11]). Black symbols refer to normal carbon stars
while the green ones to SC-type carbon stars. Open diamonds are newly analysed stars (Abia et al.
in preparation). Dashed lines are theoretical predictions for a 2 M� AGB stellar model with no
rotation (see [12]) at different thermal pulses (TP)

should be in an early stage in the AGB phase compared with normal AGB carbon
stars (black symbols) and thus, lower [F/Fe] ratios would be expected. Furthermore,
since neutrons are needed to produce 19F [16], a correlation between fluorine and the
s-element enhancements is also expected in AGB stars. This correlation is, however,
marginally observed as many AGB carbon stars (mainly of the SC-type) show large
F enhancements without the corresponding s-element one and vice versa [11]. More
observational and theoretical effort is needed to understand the mechanism(s) for the
production of this element in AGB stars.
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Chapter 29
Heavy Elements Nucleosynthesis
on Accreting White Dwarfs Surface:
Seeding the p-Process

Umberto Battino, Claudia Travaglio,
Marco Pignatari and Claudia Lederer-Woods

Abstract The production of the proton-rich isotopes beyond iron that we observe
today in the solar system is still uncertain. Thermonuclear supernovae (SNe Ia) ex-
ploding within the single-degenerate scenario have been proposed to be a potential
source for these isotopes. We calculate accretion models and the nucleosynthesis
for four WD with different initial mass 0.85, 1.26, 1.32 and 1.38 solar masses mod-
els), calculating the full abundance distribution. The abundance distribution peaks
between Fe and Zr for the model at 1M�, while for largerWDsmuch higher produc-
tion efficiency is obtained beyond iron, with a strong production up to the Pb region.
Using these results, we compute the nucleosynthesis of proton rich heavy isotopes
using a multi-D SNe Ia model, and discuss the uncertainties affecting our results.

29.1 Introduction: Type Ia Supernovae Progenitors

SNe Ia are luminous stellar explosions which marks the fatal destruction of accreting
white dwarfs (WD) in binary systems. The two scenarios to make SNIa explosions
are Single-Degenerate (SD) and Double Degenerate (DD; [6]). SNe Ia are funda-
mental sources for galactical chemical evolution. They produce iron group elements
in the ejecta exposed to the most extreme SN conditions [7]. In the ejecta exposed
to less extreme conditions, intermediate mass elements like Si and Ca are made, as
also confirmed from optical spectra of recent SNIa remnants [5]. Travaglio et al. [12]
showed how SNIa could be a relevant source for the p-process isotopes made by
photo-disintegrations reactions on assumed pre-existing heavy-element seeds distri-
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bution formed from the neutrons released during the He-flashes occurring all along
the accretion. In this work, we want to verify the assumption [12] made about pre-
existing heavy-element seeds distribution on the WD surface, self-consistently com-
puting stellar models and the nucleosynthesis taking place along the mass accretion
phase.

Present stellar evolution theory predicts that the maximum CO-core mass in non-
rotating AGB stars cannot exceed 1.1 M�. This fact and the lack of He II lines
detection (expected from stably accreting WDs in this mass range) from elliptical
galaxies seems to indicate that the SD-channel for SNe is highly unlikely [2, 14].
Similarly as done in [2], we computed the mass retention-efficiency (defined as
the difference between the accreted and ejected mass after each He-flash instability
along the mass accretion) of our rapidly accreting white dwarf models (RAWD): we
obtained low retention-coefficient values of few percent for Mwd < 1 M�, which are
in agreement with [2], confirming how difficult reaching the Chandrasekhar limit is
when starting from this WD mass. The retention efficiency grows anyway with the
WD mass, ranging between 60 and 80% for WD masses higher than 1.3M� (for a
similar work considering He-accreting see also [9]). On the other hand, [3] showed
that in rotating massive AGB stars the final CO-core mass is markedly increased,
obtaining final CO-core masses in the range between 1.1 and 1.4 M� . Rotating stars
modelled with MESA [8], GENEC [4] and STAREVOL [11] stellar codes are under
analysis: preliminary results seems to confirm results by [3] (den Hartogh, Battino,
Ekstrom, Charbonnel et al. 2019 in prep.).

29.2 Stellar Models and Nucleosynthesis Calculations

The stellar models presented in this section are computed using the stellar code
MESA revision 4219. Mass loss is only considered when Super-Eddington wind
conditions are met. In this work, we adopted different constant mass-accretion rates
(always around 10−7 M�) in order to achieve steady H-burning regime, occasionally
triggering H-flashes in particular during the first phases of the accretion. Table29.1
lists the initial WD mass and metallicity of the RAWD models calculated. Full
nucleosynthesis calculationswere performed using the post-processing codemppnp,
which is described in detail in [10].

Table 29.1 Accreting WD models and their initial mass and metallicity

Name Mass (M�) Metallicity

M1p025.Z1m2 1.025 0.01

M1p250.Z1m2 1.250 0.01

M1p316.Z1m2 1.316 0.01

M1p376.Z1m2 1.376 0.01
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The production factors tend to increase with the increase of the WD mass, due
to the most efficient production of neutrons. This can be seen in Fig. 29.1 top panel,
where the abundance distribution calculated for different WD masses is shown.
The distributions obtained for the M1p025.Z1m2 and M1p259.Z1m2 model show

Fig. 29.1 Top panel: Final abundance distribution calculated for models M1p025.Z1m2,
M1p259.Z1m2, M1p316.Z1m2 and M1p376.Z1m2. Bottom panel: Final abundance distribution
from explosive nucleosynthesis calculations obtained when the abundances showed in the top panel
are used as a starting abundance distribution
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a significant production up to 136Xe, while the one obtained in M1.376.Z1m2 and
M1.316.Z1m2 continues with large efficiency up to the Pb region. In the figure, the
larger neutron exposure is obtained by numerous H-flashes which trigger proton
captures onto the abundant 12C producing 13C, which is then completely burned via
13C(α,n)16O in a region of the order of 10−7 M� at very high temperature (T ∼
0.3 GK) resulting in i-process conditions [1] and a nuclear production reaching the
Pb region. Notice that this happens during the time interval before the onset of the
TP. These abundances, produced on the surface of WDs of different masses, have
been then translated into initial abundances at different mass coordinates to compute
explosive nucleosynthesis. These results are shown in the bottom panel: (see [12] for
a description of the multi-D SNe Ia model here adopted), p-nuclei are significantly
produced to and above the Solar-System level in the mass range 96 < A < 196. No-
tice that the lightest p-nuclei, underproduced in these simulations, receive anyway a
significant contribution from Type II Sne (see [13]).

Notes and Comments Wepresented for the first time a heavy-element distribution calculated from
realistic simulations of WD-accretion phase in the single degenerate scenario channel to SNIa. The
final abundance distribution presents large quantities of Rb, Kr, Zr, Ba-peak isotopes, including
Pb for our M1p316.Z1m2 and M1p376.Z1m2 models. Is therefore globally very similar to the one
adopted in [12]. When used as a starting abundance distribution, p-nuclei are significantly produced
in the mass range 96<A< 196. This research was enabled in part by support provided byWestGrid
(www.westgrid.ca) and Compute Canada Calcul Canada (www.computecanada.ca). NuGrid data
is served by Canfar CADC. UB and CLW acknowledge support from the Science and Technology
Facilities Council UK (ST/M006085/1), and the European Research Council ERC-2015-STG Nr.
677497.
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Chapter 30
The Importance of the 13C(α,n)16O
Reaction in Asymptotic Giant
Branch Stars

Sergio Cristallo

Abstract I will present a theoretical sensitivity study, carried out with the FUNS
evolutionary stellar code, to evaluate the effects induced on the s-process nucleosyn-
thesis by variations of the 13C(α,n)16O cross section. Some peculiar evolutionary
phases, particularly sensitive to this rate, will be discussed in detail.

30.1 The Importance of the s-Process for Multi-messenger
Astrophysics

In the epoch of multi-messenger astrophysics, a detailed knowledge of the nucle-
osynthesis occurring in stellar objects (from low mass stars, ending their lives as
white dwarf, to highly compact interacting objects) is mandatory. The recent kilo-
nova event, following the detection of gravity waves in GW170817, proved that the
rapid neutron capture process (the r process) is at work during these events (see e.g.,
[1, 2]). This nucleosynthesis process is characterized by extremely large neutron
densities (nn > 1023 cm−3). However, to date the theoretical knowledge of the r-
process is not accurate enough to provide a comprehensive and independent picture
of the nucleosynthesis occurring in those mergers. As a consequence, the r-process
contribution to the solar inventory is commonly calculated as a residual from its
slow neutron capture process counterpart (the s-process), i.e. r% = 1 − s%. The
latter is characterized by rather low neutron densities (nn ∼ 107 cm−3). In Fig. 30.1
(left panel), two solar r-process residual distributions are reported: the first is calcu-
lated with the classical theory (i.e. ignoring stellar models; [3]), while the second is
the result of a Galactic Chemical Evolution model, which takes into account yields
from low and massive stars (1 ≤ M/M� ≤ 120) at various epochs [4]. A detailed
knowledge of s-process nucleosynthesis is therefore an essential condition to attain
a full understanding of the pollution history of our Galaxy, including its r-process
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Fig. 30.1 Left panel: r-process residuals distributions from [3] and [4]. Right panel: s-process and
r-process contributions to the solar heavy elements inventory (data from [4])

component. In the right panel of Fig. 30.1, I report the s- and r- contributions to the
solar heavy elements distributions provided by Prantzos et al. [4].

The s-process consists of two components: a weak component (from the iron
peak to the first s-process peak, close to the Sr-Y-Zr region), which is produced
by massive stars during their core He- and C-shell burnings (see, e.g., [5]) and a
main component, synthesized by low and intermediate mass stars (1 ≤ M/M� ≤
8) during their Asymptotic Giant Branch (AGB) phase (for reviews see [6, 7]). As
a matter of fact, AGB stars are among the most important polluters of the Milky
Way, because the isotopes freshly synthesized in their interiors are recurrently mixed
up to the surface and ejected in the interstellar medium via strong stellar winds.
From the modelling point of view, the major uncertainties affecting AGB stars are
the treament of convection and the mass-loss law (for details see [8]). From the
nuclear point of view, there are few reactions able to influence the whole s-process
distribution. Among them, there are the two main neutron sources: the 13C(α,n)16O
and the 22Ne(α,n)25Mg reactions. The latter, which plays a minor role in low mass
AGB stars, has been recently studied by Massimi [9]. On the other side, owing to
its astrophysical importance, the 13C(α,n)16O has been the subject of many studies
(see for instance [10]). From the experimental point of view, there are ongoing
experiments aiming at the direct determination of its cross section (LUNA, see A.
Best contribution, this volume) or focusing on specific 17O states (n_TOF, see S.
Urlass contribution, this volume). From the theoretical point of view, latest results
have been published by Cristallo et al. [11] and will be presented in next sections.
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30.2 The Importance of the 13C(α,n)16O Reaction
in AGB Stars

The standard paradigm of the s-process adfirms that the 13C(α,n)16O reaction fully
burns in radiative conditions between two Thermal Pulses (TPs), at a temperature
around 90 MK [12]. However, [13] found that some 13C may not be fully consumed
during the interpulse in some low-mass AGBmodels at solar-likemetallicities. If this
occurs, the residual 13C burns at higher temperature in the convective shell triggered
by a TP, modifying the isotopic composition close to s-process branching points.
The 13C(α,n)16O reaction may also influence the physical and chemical evolution
of the early TP-AGB evolution of low mass low metallicity models. In particular,
those stars may suffer peculiar events in which protons are engulfed in the convective
shell triggered by the first fully developed TP. As a consequence, hydrogen burns
on-flight, and the energy provided by the 13C(α,n)16O reaction (plus the additional
contribution from the relative neutron capture) plays a key role (see e.g. [14]).

30.3 Results

Recently, [11] performed a sensitivity study to evaluate the effects of a variation of
the 13C(α,n)16O cross section on the s-process nucleosynthesis occurring in AGB
stars. The rate has been varied by a factor 1.5 and 2 (upward and downward) with
respect to the value proposed by Heil et al. [15], assumed as a reference case. As
expected, it has been found that s-process distributions for masses above 3 M�

Fig. 30.2 Left panel: elemental distributions obtained with different values of the 13C(α,n)16O
cross section in a low mass model at solar-like metallicity. Right panel: as in the left panel, but for
a low metallicity model
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at any metallicity are not sensitive to any change of the rate, thus confirming the
robustness of s-process theory. However, low mass models (M < 3 M�) at close-
to-solar metallicities show appreciable variations (on average 10% with peaks up to
30%) in the elemental composition, when the rate of the 13C(α,n)16O is changed
(see left panel of Fig. 30.2). For what concerns single isotopes, variations up to a
factor 20 are found (for example 60Fe). The most interesting results, however, come
from low-mass low-metallicity models. When protons are engulfed in the convective
shell, the He-burning energy budget receives an important contribution from the
13C(α,n)16O reaction (and from the followingneutron captures). The resulting surface
distributions strongly depend on the adopted rate (see right panel of Fig. 30.2), with
the heavier elements abundances changing by almost two orders of magnitude.
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Chapter 31
Thermonuclear Supernovae: Prospecting
in the Age of Time-Domain and
Multi-wavelength Astronomy

Peter Hoeflich, Chris Ashall, Alec Fisher, Boyan Hristov,
David Collins, Eric Hsiao, Ingo Wiedenhoever,
S. Chakraborty and Tiara Diamond

Abstract We show how new and upcoming advances in the age of time-domain and
multi-wavelength astronomywill open up a newvenue to probe the diversity of SN Ia.
We discuss this in the context of the ELT (ESO), as well as space based instrument
such as JamesWebb Space Telescope (JWST). As examples we demonstrate how the
power of very early observations, within hours to days after the explosion, and very
late-time observations, such as light curves and mid-infrared spectra beyond 3years,
can be used to probe the link to progenitors and explosion scenarios. We identify the
electron-capture cross sections of Cr, Mn, and Ni/Co as one of the limiting factors
we will face in the future.

31.1 Introduction

Thermonuclear Supernovae, stellar explosions of White Dwarf Stars (WD)/the de-
generate C/O cores of low mass stars are important for understanding the Universe.
As well as being one of the building blocks and drivers of modern cosmology, they
are also important for understanding the origin of elements, and are laboratories for
the explosion physics of WDs in close binary systems. Here, we focus on new devel-
opments. For a general discussion fromour perspective, see [1–3]. Recently advances
in observations and theory have caused new problems to emerge. One of these is the
discrepancy in the Hubble constant Ho obtained using the Microwave background
(66.93 ± 0.62 km/s/Mpc, [4]) and that obtained using the empirical SNe Ia-based
methods (73.24 ± 1.74, [5]). This discrepancymay have direct consequences for: the
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interpretation of the Big-bang nucleosynthesis (Li-problem), high precision cosmol-
ogy, early Black Hole formation, and new physics beyond the high-energy standard
model.

The majority of Type Ia supernovae appear to be rather homogeneous with a well
defined luminosity decline relation of light curves Δm15 [18] and similar spectra.
However, there is in fact some diversity in their observations which has been hypoth-
esized to be due to various progenitor channels and explosion scenarios. Potential
progenitor systems may either consist of two WDs, called a double degenerate (D-
D) system, or a single WD with a donor which may be main sequence, red giant, or
Helium (He) star, called a single degenerate (SD) system [19]. The various explosion
scenarios can be distinguished by three possible triggering mechanisms: (a) Com-
pressional heat in a slow accretion triggers the explosion when the WD approaches
(!) the Chandrasekhar mass MCh in either SD or DD systems. The flame propagates
as a detonation (Det.), a deflagration (Defl.) or, more likely, starts as deflagration and
transitions to a detonation with or without a pulsation phase (DDT, PDDT); (b) Heat
released on dynamical time scales triggers a detonation of a DD-system (dynamical
mergers); (c) in Helium detonations (HeDs,) a surface He-detonation triggers a deto-
nation in a C/O core of a sub-MCh WDwith a He-star companion. Core-degenerates
(CD) are explosions within a Red-Supergiant by (a) or (b).

From theory, the empirical SNe Ia relations dm15 and CMAGIC (Fig. 31.2) for
cosmology are stable because basic nuclear physics determines: the structure of the
progenitor WD, the explosion physics, and the average expansion velocities. This
‘Stellar amnesia’ leads to similar light curve shapes and spectral evolution. All sce-

Fig. 31.1 Right: Characteristics of explosion scenarios including the range of total mass MW D in
M�, modes of burning, M56Ni production in M�, asymmetries in density Aρ and abundances A(Xi ),
presence of unburned C/O and stable Ni. x denotes the presence of the feature. The production
of electron capture isotopes depends on the nuclear physics, which is dominated by the density of
burning, versus hydrodynamical time scales (≈1 s). The exact production depends on the nuclear
rates and recent revisions [6, 7]. The production of electron capture isotopes becomes important
beyond 108 g/cm3. Left: The central density of the WD is shown as a function of MW D . For MCh
explosions this indicates the highest density of burning. In contrast, for HeDs, the detonation waves
compress the material and increases the density. Therefore the corresponding relation for HeDs
is indicated by red dots. E.g. to first order and as an upper limit, we may expect similar electron
capture isotopes in HeD and DDTs at 1.2 and 1.3 M�, respectively. Note, however, that the duration
of compression by a detonation is shorter than the WD expansion time scale resulting in about 1/2
the shift in abundance with respect to EC isotopes [2, 8]
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Fig. 31.2 Comparison of observable properties of ‘classical’, spherical delayed-detonation models
with observations [9]. We show the width-luminosity Δm15,s(B) (upper left) and the brightness-
color relation of the normal bright SN2005M, SN2004eo, SN2005am and the subluminous S-
N2005ke (black X) and models (blue) with transition densities of 27, 23, 16, 8 × 106 g cm−3

originating from a WD with a main sequence mass of MM S = 5 M�, an initial central density
ρc = 29 g/cm3 and solar metallicity Z unless denoted. As example, the comparison between the
normal bright SN2005am and model spectra is shown on the right panel

narios may contribute to the SNe Ia population but there is observational evidence
that one scenario dominates (Figs. 31.1 and 31.2) [9, 20]. However which one dom-
inates is heavily discussed in the community. Dynamical mergers are not likely as
they predict high continuum polarization and aspherical explosions, this is not seen in
the data [21, 22]. The DDT (MCh) seems to explain most of the observed properties
of SNe Ia (Fig. 31.2), and DDTmodel-based, δ − Ceph.-independent distances give
an Ho = 68 ± 4 km/Mpc/s [8, 9]. However, HeDs have recently become a serious
contender because their main-flaw, the need for a large He-layers on the surface of
theWD, can be migrated by a mixing of the He and C, as long as the MW D > 1.1 M�
[23]. In this scenario the optical spectra and LCs become similar to DDTs. However,
these HeDs result in systematically larger Ho when analyzing observations.

31.2 New Early Time Observations

They [11] provide a new tool to probe the outermost 10−4...−5 M� layers of the
ejecta (Fig. 31.3).Within the MCh scenarios likeDDTs these outermost layers consist
of H- and He for main-sequence/red-giant and He-star donors, respectively. When
the detonation burning passes through the ‘surface’-layers the burning time scales
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for hydrogen burning are too long [24] but a He/C mixture would ignite leaving a
nuclear signature at high velocity and during the first 2–5 days as observed (Fig. 31.3,
lower left and middle). Alternative explanations may be high mass HeDs, PDDTs or
ongoing interaction pending further analysis.

31.3 Late and Ultra-time Observations in the Mid-infrared

They are a novel tool to probe for the distribution electron capture isotopes and,
with it, the underlying physics of flames Fig. 31.4. The detection of stable Ni at late
times can distinguish between MCh explosions or high mass (M ≈ 1.2M� HeDs
from mergers or low mass HeDs (Fig. 31.5). Unfortunately, the 57Ni/Co production,
which is analyzed in very late time light curves of SNe Ia, is rather insensitive to
density of burning for MW D larger than 1.1M�. This does not allow us to distinguish
massive HeD from MCh models. However, as the density of burning increases the Cr,
Mn and stable Ni abundances becomes more prominent, see the table in Fig. 31.6.
These lines are predominantly located in the the mid-IR and will be observable with
JWST in the near future. By doppler shifts, line profiles will provide the spatial
location and test for mixing versus nuclear effects. JWST and ELT will open up the
parameter space for many SNe Ia and allow to use the spectra during the 57Co regime
(Fig. 31.6) emphasizing the need for high-precision, electron capture nuclear data for
Mn, Cr, Ni isotopes on the 20–40 % level based on our tests.

Fig. 31.5 Left: The MIR spectra at day 135 of SN 2005df the Spitzer Space Telescope (red,
[15]) and SN 2014J (black). Right: The time series for SN2014J obtained at the Grand Canari
Telescope (right) [16]. The dotted lines give the synthetic spectra of our reference DDT model with
the wavelength in µm

mumpower@lanl.gov
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Fig. 31.6 Ultra-late time observations are a probe for high density burning. Top: EC isotopes at
0, 100days and infinity for DDT models with ρc between 2 . . . 35 × 108 g/cm3 (d02…d35) for
a delayed-detonation model with ρc between 2...35 × 108 g/cm3 (d02...d35) for various times
t . Lower left: The bolometric and monochomatic LCs, obtained by the Hubble Space telescope,
become dominated by rare, short lived isotopes rather than the positron decay channel of 56Co
(from [17]), and require proton trapping which requires initial B fields larger than 106G. Lower
right: Predicted spectra at day 3000 are shown for 0B (red) and 106G (blue). The precence of the
electron capture isotopes Cr, Mn, and Ni/Co should be noted
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Abstract The 30P(p,γ)31S reaction is one of the few remaining reactions whose rate
uncertainty has a strong impact on classical novae model predictions. To reduce the
nuclear uncertainties associated to this reaction, we measured the 31P(3He,t)31S re-
action at the ALTO facility. Simultaneous detection of the triton and proton decays
from the populated resonances will provide the proton branching ratios. The astro-
physical context of this work, the current situation of the 30P(p,γ)31S reaction rate,
the experimental set-up and the analysis of the single and coincidence events will be
presented.

32.1 Introduction

Classical novae occur in binary systems consisting of a white dwarf accreting
hydrogen-rich material from a companion main-sequence star. The outer layers of
the underlying white dwarf are mixed with the accreted material. The pressure and
the temperature in the accumulated envelope increase until a thermonuclear runaway
occurs, ejecting part of the envelope into the circumstellar medium. Although the-
oretical models are successful in reproducing the overall characteristics of classical
novae, several key issues remain unexplained, such as the mixing mechanism and
the degree of mixing between the outer layers of the white dwarf and the accreted
matter, and the observed ejecta masses.

Sensitivity studies using one-dimensional hydrodynamical models [1] and post-
processing calculations [2] have shown that the 30P(p,γ)31S reaction is one of the few
remaining reactions whose rate uncertainty has a strong impact on classical novae
model predictions. Indeed, this reaction is a bottleneck for nucleosynthesis of nuclei
up to Ca, the heaviest species that can be produced in ONe novae. In particular, the
rate of the 30P(p,γ)31S reaction strongly influences the 30Si/28Si isotopic ratio, which
is an important signature that helps to identify presolar meteoritic grains that may
originate from a nova [3]. Furthermore, studies identified that elemental abundance
ratios of Si/H, O/S, S/Al, O/P and P/Al can be used to constrain the degree of
mixing [4] and the peak temperature during the explosion [5]. The predicted ratios
of these elemental abundances are greatly affected by the 30P(p,γ)31S reaction rate
uncertainty.

32.2 30P(p,γ)31S Current Status

Resonances involved in the 30P(p,γ)31S reaction correspond to excited states in the
31S compound nucleus located above the proton threshold (Sp = 6.131 MeV). The
relevant energy range, known as the Gamow window, goes up to 600 keV above
this threshold for temperatures achieved in classical novae (0.1–0.4 GK). A direct
measurement of the 30P(p,γ)31S cross section is not currently feasible due to the low
available intensities of 30P radioactive ion beams. So far, various indirect methods
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have been used to populate the states in the Gamow window. More recent experi-
mental works have concentrated on determining the energies, spins and parities of
these states [6–12].

In order to calculate the reaction rate, which is expected to be dominated by the
sum of contributions from narrow, isolated resonances, the resonance strengths (ωγ)
are necessary:

ωγ = (2JR + 1)

(2Jp + 1)(2J30 P + 1)

ΓpΓγ

Γ
, (32.1)

where JR , Jp and J30 P are the spins of the resonance in 31S, the proton and 30P
(ground state), respectively. The total width of the resonance Γ is the sum of the
proton partial width Γp and the γ-ray partial widths Γγ (other decay channels are
energetically forbidden at the excitation energies of interest). Strengths of key low
energy resonances close to the proton threshold have recently been constrained ex-
perimentally [10]. So far, the proton branching ratios were measured once for states
above 6.7 MeV at Yale University’s Wright Nuclear Structure Laboratory [13].

Weperformed anewmeasurement of protonbranching ratios to extend the existing
data to states at lower excitation energy and to reduce the current uncertainties. For
this purpose, the same charge-exchange reaction 31P(3He,t)31S used at Yale was used
to populate the states of interest in 31S.

32.3 Experiment

The choice of the charge-exchange reaction was motivated by its low selectivity, thus
most known states above the proton threshold are populated [14, 15].

A 25-MeV 3He beam from the tandem accelerator at the ALTO facility (Accéléra-
teur Linéaire et Tandem d’Orsay) was used to bombard a 31P target of 53 μg/cm2-
thickness deposited onto a 104 μg/cm2-thick carbon backing. An Enge split-pole
magnetic spectrometer [16] at 10◦ in the laboratory was used to momentum ana-
lyze the emitted particles (p, d, t, α) which were detected at the focal plane of the
spectrometer by a position-sensitive gas chamber, a proportional gas-counter (ener-
gy loss measurement) and a plastic scintillator (residual energy measurement). Six
Double-Sided Silicon Strip Detectors (DSSSDs) were mounted at backward angles
in the reaction chamber to detect the protons from the decay of the populated states
of 31S emitted in coincidence with the tritons. A schematic of the experiment set-up
can be found in [17].

A Faraday cupwas positioned at 0◦ to stop the beam andmeasure the accumulated
charge. A thick shield was set up across the center of the reaction chamber to protect
the silicon detectors from radiation coming from beam-induced radioactivity in the
Faraday cup and beam scattering (see Fig. 32.1). Mounts with two vertically stacked
DSSSDs were used such as three angular ranges were covered from θlab = 103◦
to 171.5◦. Since the split-pole was set at 10◦ in the laboratory, corresponding to
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Fig. 32.1 Photograph of the
DSSSD array inside the
split-pole reaction chamber.
A Faraday cup is placed at 0◦
behind the target ladder and
is shielded from the DSSSDs

θc.m. � 28◦ for the recoiling 31S nuclei, the center-of-mass of the recoil angular
coverage of the DSSSD array was between 75◦ and 177.5◦, leading to a better center-
of-mass angular coverage compared to the Yale setup for which the split-pole angle
was 1.5◦ [13]. In this experiment, the discriminator threshold was lowered in order
to detect the low-energy protons, having energies of a few hundred keV, associated
with the resonances of interest.

32.4 31P(3He,t)31S*(p)30P Single and Coincidence Events

The focal-plane magnetic rigidity (Bρ) spectrum at energies of astrophysical interest
(indicated byblack arrows inFig. 32.2)was obtained after triton particle identification
(as described in [17]).

To extract the t-p coincidence events, the DSSSDs were first calibrated in energy
using a pulse generator to obtain the electronic offset and a triple nuclide alpha-
particle source to measure the gain factor. A similar energy deposited, within 3
times the resolution, was required in the front and back strips within a same silicon
detector. The time difference between theDSSSDs and the split-pole events, gated on
the tritons, showed that the t-p coincidence events formed a peak above the random
coincidence background, with a time resolution of about 25 ns which agrees with
the kinematics of the reaction. After applying a cut on the timing peak, the proton
kinematic locus could be seen on the DSSSD energy versus split-pole magnetic
rigidity spectrum (see Fig. 32.3). The most prominent diagonal band corresponds to
proton decays of resonances in 31S to the ground state of 30P.
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Fig. 32.2 Focal-plane triton spectrum from the 31P(3He,t)31S reaction at 25 MeV and θlab = 10◦.
Black arrows indicate the energy range of the Gamow window for the two extreme temperatures of
interest. The comparison with the levels observed by Wrede et al. [13], in blue, shows a satisfying
agreement

Fig. 32.3 Energy in the DSSSDs 1 and 2 (see Fig. 32.1) versus split-pole magnetic rigidity (Bρ)
spectrum of canditate t-p coincidence events from the 31P(3He,t)31S*(p)30P reaction. The most
prominent diagonal band, indicated by the black selection, corresponds to proton decays of resonant
states in 31S* to the ground state of 30P

32.5 Summary and Perspectives

The 30P(p,γ)31S reaction is important for classical novae nucleosynthesis. We per-
formed a coincidence measurement using the non selective 31P(3He,t)31S reaction to
indirectly populate 31S unbound states and extract the proton branching ratios. The
triton-singles events spectrum has been obtained and the t-p coincidence events have
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been identified. Analysis is in progress to extract the final coincidence spectrum and
the angular correlations. The proton branching ratios which will be finally obtained
will be used to calculate an updated 30P(p,γ)31S reaction rate.
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Chapter 33
s-Processing from MHD-Induced Mixing
and Isotopic Abundances in Presolar
SiC Grains

Sara Palmerini, Maurizio Busso, Oscar Trippella and Diego Vescovi

Abstract It has been known for decades that s-process elements from Sr to Pb
are produced by Asymptotic Giant Branch stars. However only recently, physically-
based mixing mechanisms for the formation of 13C have been proposed. Among
them, we aim to verify the robustness of the model of a MHD induced 13C-pocket
formation. In doing that we present results of nucleosynthesis models for low mass
AGBstars, developed from theMHDscenario, comparedwith the isotopic abundance
ratios of s-elements from presolar Mainstream SiC grains.

The slow neutron capture nucleosynthesis process (s-process) is responsible for the
production of about 50% of nuclei heavier than Fe in the Galaxy. Several obser-
vational evidences demonstrate that low mass stars are the main site for s-process
nucleosynthesis when ascending the so-called Asymptotic Giant Branch (or AGB).
At present AGB nucleosynthesis models do provide a very nice fit to the observa-
tional constrains and, in particular, to those coming from the isotopic composition
of presolar grains, which provide perhaps the strongest benchmark to the models.
Indeed these tiny particles of dust are litteraly pieces of the stars in which they form
and their isotopic composition can be determined in terrestrial laboratories with high
precision (up to per mil). Results achieved by AGB nucleosynthesis models in repro-
ducing the record of isotopic abundance ratios of s-elements in presolar Mainstream
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SiC grains1 have been reported, among several authors involved in the field, in the
recent papers by Liu et al. [1–4]. In low mass AGBs (M ≤ 3M�) the 13C(α,n)16O
reaction, burning in the He-intershell, is the main source of neutrons for the s-process
and the crucial point is to determine the “size” and the profile of the 13C reservoir
that better accounts for the observations. This is the parametric approach adopted in
the years by researchers forced to extensive parameterisations by the lack of knowl-
edge about the physical mechanisms responsible for the injection of protons from
the stellar envelope into the He-rich layers, which yields to the formation of the 13C
pocket. Only recently, attempts to solve this problem started to consider quantita-
tively physically-based mixing mechanisms. Among them, MHD2 processes in the
plasma were suggested to yield mass transport thanks to magnetic buoyancy [5].

TheMHD-mixing has been already proven to account for the composition of oxide
grains of AGB origin, when applied to the H-shell of AGB stars with M ≤ 2M� [6].
We aim to verify if the samemechanismmight also drive the formation of a 13Cpocket
suitable to reproduce the signature of the s-process recorded in the composition of
SiC grains (which form in the envelope of C-rich AGB stars). For this reason we
have not undertaken a fine tunning of the parameters defining the “pocket”, but we
compare with grain abundances the output of our nucleosynthesis models, in which
the 13C reservoir is shaped by the stellar MHD coupled with physical conditions of
the stellar layers below the convection at the moment of the third dredge-up (namely
the plasma diffusivity, kinematic viscosity, and the magnetic Prandtl number, see [7]
and [8] for details).

Examples of the comparisons between our predictions for isotopic and elemental
ratios, pulse after pulse, and the measured data are included in Figs. 33.1, 33.2 and
33.3. For brevity, we show here comparisons between model predictions and mea-
surements just for a few isotopic ratios of Zr and Ba, which we choose as the most
rappresentative ones belonging to the light (ls) and heavy (hs) s-elements group,
respectively. Moreover, we show the comparison of the trends displayed by Zr iso-
topes with respect to those of Ba (Fig. 33.3), being the correlation between ls and hs
a crucial constraint on the 13C pocket (see e.g. [3]). In the right-hand panels of the
figures, we present the model curves pertaining to the G-component of calculations
for 3M� stars, which represent the maximum nucleosynthesis effects possible for
each model free from any isotopic shifts induced by the mass loss choices adopted
in the stellar models. Even if error bars of grain data are large and not all the points
are reproduced, Figs. 33.1, 33.2 and 33.3 present a satisfactory agreement between
models and measurements. Indeed the quality of the fit that models adopting the
magnetic 13C pocket offer to grain data is comparable with that of other “paramet-
ric” attempts to reproduce the SiC isotopic abundances, available in the literature.
An extended discussion and more details on the comparison between our model
predictions and grain data can be found in the paper by Palmerini et al. 2018 [10].

1Among Silicon Carbide (SiC) grains those belonging to theMainstream group are the most numer-
ous and have carbon and nitrogen isotopic compositions that, together with traces of s-elements,
hint to AGB origins.
2Magnetic Hydro Dynamic.
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Fig. 33.1 Comparison between our model predictions and presolar grain abundances in two three-
isotope plots for Zr. The measurements of 91Zr/94Zr, 92Zr/94Zr, and 96Zr/94Zr in SiC grains are
from [3] and [9]. The curves show the evolution in time of the abundances in the stellar envelopes;
the dots along the lines represent the various thermal pulses. Model calculations are for AGB stars
with mass from 1.5 to 3M� and metallicity from 1/3 solar to solar, as indicated by the labels. The
G-component, namely the pure s-process composition of the He-intershell material, is included in
the right panel for the 3M� models to show the maximum effect achievable by nucleosynthesis
processes

Very recently, Liu et al. [4] confirmed that Sr-Ba isotopic abundances in SiC grain
can be well reproduced by the MHD induced 13C-pocket [8], which, at the state of
the art, is the sole model able to consistently explain also the Ni isotopic distribu-
tion recorded in these grains [11]. After reproducing the s-element distribution in
the Sun [7] and in post-AGB stars [8], addressing the precise constraints offered by
the record of isotopic abundance ratios in presolar SiC grains is the third test suc-
cessfully passed by the MHD-induced mixing in the field of the s-process. This fact
suggests that, among all the physical models proposed for the formation of the 13C-
pocket, this mechanisms is perhaps the most promising one being able to account for
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Fig. 33.2 Comparison between our model predictions and presolar grain abundances in a three-
isotope plots for Ba. The nucleosynthesis models and the notation used are the same as in Fig. 33.1.
The measurements of 138Ba/136Ba and 135Ba/136Ba in Mainstream SiC grains are from [3] and [9]

Fig. 33.3 Comparisons between our model predictions and values for some Ba and Zr isotopes,
using 135Ba/136Ba as abscissa. The nucleosynthesis models and the notation used are the same as
in Fig. 33.1. Measurements in presolar SiC grains are from [9]

observational and experimental constraints coming from heterogeneous sources.
However a big challenge remains: understanding the origins of short-lived radioac-
tivities in the early Solar System. Indeed so far none of the suggested models has
been really able to reproduce the abundances of all the now extinct radioactivities,
which were alive in the solar nebula [12].
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Chapter 34
The Evolution of CNO Isotope Ratios:
A Litmus Test for Stellar IMF Variations
in Galaxies Across Cosmic Time

D. Romano, Z.-Y. Zhang, F. Matteucci, R. J. Ivison and P. P. Papadopoulos

Abstract Determining the shape of the stellar initial mass function (IMF) and
whether it is constant or varies in space and time is the Holy Grail of modern as-
trophysics, with profound implications for all theories of star and galaxy formation.
On a theoretical ground, the extreme conditions for star formation (SF) encountered
in the most powerful starbursts in the Universe are expected to favour the forma-
tion of massive stars. Direct methods of IMF determination, however, cannot probe
such systems, because of the severe dust obscuration affecting their starlight. The
next best option is to observe CNO bearing molecules in the interstellar medium at
millimetre/submillimetre wavelengths, which, in principle, provides the best indirect
evidence for IMF variations. In this contribution, we present our recent findings on
this issue. First, we reassess the roles of different types of stars in the production
of CNO isotopes. Then, we calibrate a proprietary chemical evolution code using
Milky Way data from the literature, and extend it to discuss extragalactic data. We
show that, though significant uncertainties still hamper our knowledge of the evolu-
tion of CNO isotopes in galaxies, compelling evidence for an IMF skewed towards
high-mass stars can be found for galaxy-wide starbursts. In particular, we analyse
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a sample of submillimetre galaxies observed by us with the Atacama Large Mil-
limetre Array at the peak of the SF activity of the Universe, for which we measure
13C/18O � 1. This isotope ratio is especially sensitive to IMF variations, and is little
affected by observational uncertainties. At the end, ongoing and future developments
of our work are briefly outlined.

34.1 The Stellar IMF and Its Chemical Imprints

First introduced by Salpeter [1], the stellar initial mass function (IMF) parameterizes
the relative numbers of stars that fall in different mass ranges. Since a star’s initial
mass is the main driver of its evolution, it goes without saying how crucial the IMF
is to studies of star and galaxy formation and evolution.

Stars of different initial masses inject in the interstellar medium (ISM) various
chemical elements, on different timescales. The net yields1 are a strong function of
the adopted IMF (the stellar metallicity plays a secondary role, except at extremely
lowmetallicities). The IMF shape can thus be recovered, in principle, from its chem-
ical imprints [3]. This is particularly attractive for environments where direct obser-
vations are unfeasible. Indeed, direct observations (either star counts or integrated
stellar properties) are limited to optical, ultra-violet and near-infrared wavelength-
s. They have generally led to the notion of a universal IMF in the local Universe
([4], but see [5, 6]), but provided hints for variations in early-type galaxies [7, 8].
In this contribution we deal with high-redshift submillimetre galaxies (SMGs), that
undergo vigorous star formation (SF) with rates of conversion of gas into stars of
100–1000 M� yr−1 [9], and have their stellar light heavily obscured by dust [10].
We focus on these systems because it is exactly in their high-density, cosmic-ray
dominated ISM where fundamentally altered conditions for SF are met [11], possi-
bly resulting in an IMF sensibly biased towards high-mass stars [12]. The question is
then, are there any practical, indirectmethods to probe the IMF in these dust-shrouded
systems?

34.2 Carbon, Nitrogen, and Oxygen: Stellar Production
and Galactic Evolution

It has been pointed out [13, 14] that CNO-bearing molecules observed at millime-
tre/submillimetre wavelengths might provide the best evidence for IMF variations in
dust-obscured galaxies, straight after direct determinations. We have demonstrated
[15, 16] that, in particular, the 13C/18O ratio is most sensible to IMF variations and

1The net yield of a given element is defined as thematter restored to the ISM in the form of the newly
created element, normalized to the total mass locked up into low mass stars and stellar remnants,
per stellar generation [2].
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little biased by differential astro-chemical and lensing effects for the bulk of the
molecular gas in galaxies; this permits its use as a functional IMF tracer in high-
redshift starbursts. Our assertion is based on current instrumental and theoretical
advancements; in the following we discuss the latter.

Themain isotope of carbon, 12C, is forged as a primary element (i.e., starting from
hydrogen and helium) in stars of all masses. The other stable carbon isotope, 13C,
is produced (similarly to 14N) mostly in intermediate-mass stars, partly as a primary
and partly as a secondary element (when starting from 12C seeds already present at
star’s birth). Massive stars may provide significant amounts of primary 13C and 14N
at very low metallicities, but only if they rotate fast [17]. Regarding oxygen, 16O
and 18O are synthesised in high-mass stars, the first as a genuine primary element
and the second mainly as a secondary one. Intermediate-mass stars and novae both
produce interesting amounts of 17O. Novae are also responsible for the synthesis of
15N (see J. José, these proceedings). Overall, both 12C/13C and 16O/18O in galaxies
are expected to decrease with time (metallicity). In Fig. 34.1, the predictions of our
best-fit chemical evolution model for the Milky Way are compared with the relevant
12C/13C (upper panels) and 16O/18O data (lower panels; see [15] for details). As [15]
remarked, given the paucity of data for the solar neighbourhood (left panels), in order
to select the best-fitting yield set it ismandatory to analyse theGalactic gradient (right
panels). We find a good match between model predictions and observations when
using the yields from [18] for low- and intermediate-mass stars and [19] for massive
stars. We stress that this choice is not unique; in particular, we need to test new
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stellar yields that have recently –or will soon– become available for use in chemical
evolution models (see A. Chieffi and R. Hix, these proceedings).

Once the stellar yields are calibrated against the Milky Way data, we can build up
models for other galaxies. In particular, we want to explain the ratio of 13C/18O � 1
measured by us [16] from simultaneous observations of 13CO and C18O emission
lines using the Atacama Large Millimetre Array for a sample of four strong CO
emitters. Our targets are caught at redshift 3–2, namely, two to three billion years
after the big bang. They are expected to have SF histories cleaner than local starbursts
(that emerge after ∼13 Gyr of evolution) and, hence, ISM abundances more closely
related to the current SF episode. We first assume a Kroupa IMF (the same adopted
for the Milky Way), and change the strength and duration of the SF episode until a
value of 13C/18O � 1 is obtained. The final stellar mass is 2 × 1011 M� in all cases,
typical of SMGs. With the Kroupa IMF, only short bursts (lasting less than 100Myr)
with unrealistically high SF rates (up to 15,000 M� yr−1) can match ISM values of
13C/18Oaroundunity (seeFig. 34.2, right-handpanels). The ratio,moreover, suddenly
increases to standard galactic disc values as soon as the SF activity ceases, owing to
the delayed release of substantial amounts of 13C from intermediate-mass stars. The
only way to recover a stable, low 13C/18O value is to assume an IMF skewed towards
high-mass stars (see Fig. 34.2, left-hand panels).

Conclusions and Outlook. Our result that the IMF must be top-heavy in high-
redshift starbursts is based on a novel approach –we measure the 13C/18O ratio in
these systems in a regime free from the pernicious effects of dust and use detailed
chemical evolution models to disentangle the effects of changes in the IMF or in the
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Fig. 34.2 SF rates (upper panels) and evolution of 13C/18O (lower panels) for seven representa-
tive SMG models. We modify either the IMF (left-hand panels) or the SF strength and duration
(right-hand panels), but always end up with 2 × 1011M� of stars. The fraction of high-mass stars
(m >8M�) is reported, for each IMF, in the top-right corner of the top-left panel. See [16], their
Table 1, for details about the adopted IMFs
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SF history on the predicted evolution– and is consistent with recent, independent
claims of IMF variations in galaxies [6, 7, 12]. We are currently ploughing on with
the extension of the analysis to other types of galaxies and to other abundance ratios.
As discussed in [16], it is likely that most fundamental parameters in the field of
galaxy formation and evolutionwill have to be re-addressed, following the increasing
evidence for a non-universal IMF in galaxies.
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Chapter 35
Direct 13C(α,n)16O Cross Section
Measurement at Low Energies

A. Best, G. F. Ciani, J. Balibrea-Correa and L. Csedreki

Abstract The reaction 13C(α,n)16O is the main neutron source in the “s process”,
which is responsible for the production of about half of the heavy elements in the
universe. It operates in thermally pulsing low mass AGB stars at temperatures of
about 90 MK. This translates to a Gamow window between 140 and 230 keV, far
below the Coulomb barrier. Various measurements of the low energy cross section
of 13C(α,n)16O have been performed in the past, and while remarkable results have
been achieved, ultimately the environmental background on the surface of the earth
has been a limiting factor. The LUNA collaboration is currently performing a mea-
surement of 13C(α,n)16O in the low-background environment of the LNGS, where
the environmental neutron flux is reduced by over three magnitudes with respect to
the surface. This unique location, together with a high-efficiency low background
detector and state of the art electronics that allow suppression of the intrinsic back-
ground, has already enabled us to push the low-energy cross section limit beyond
what has been reached before. Here we present the current status of the experiment,
the plans for an upcoming next measurement campaign and preliminary results.

The reaction 13C(α,n)16O has been established as the main neutron source for the
slow neutron capture (“s”) process, which is responsible for the production of∼50%
of the elements heavier than iron in the universe (see [1] and references therein). The
s process occurs in thermal pulsing asymptotic giant branch stars, at temperatures of
around 90MK. The corresponding effective energy range in which the reaction cross
section needs to be known lies between about 140 and 230 keV. The cross section
in this range is very low (<10−12 b), making direct measurements very challenging.
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The extrapolation from higher-energy data into the astrophysically relevant region
is complicated by the existence of a near threshold state in 17O, whose influence
on the cross section can only be inferred indirectly. Although in the recent years
impressive progress has been made in both direct and indirect measurements (see [2]
and references therein) further direct studies are desirable, providing cross section
data very close to or inside of the Gamow window.

The measurements that have pushed the low-energy limits the most so far were
limited by the natural background on the Earth’s surface [3, 4]. In order to overcome
the problemof the natural background and to allowmeasurements of the 13C(α,n)16O
reaction at lower energies the LUNA (Laboratory for Underground Nuclear Astro-
physics) collaboration is currently carrying out an experimental campaign in the deep
underground Gran Sasso National Laboratory (LNGS). The>1km rock overburden
provides an efficient shielding from cosmic rays, basically eliminating the cosmic-
ray induced component of the neutron background. The remaining neutron flux at
the LNGS is due to fission and alpha-capture induced reactions in the surrounding
rocks and the concrete walls of the laboratory. The thermal component, which is the
dominant one, is reduced by a factor of ≈103 with respect to the surface [5].

The setup used for the measurement consists of 3He counters embedded in a ther-
malising polyethylene matrix and is described in detail in the articles by L. Csedreki
and G. F. Ciani in the present volume. In order to suppress the internal background
of the counters themselves the signals are digitised and a pulse shape discrimina-
tion method can be applied to identify neutron- and alpha-induced signals. This is
discussed in the article by J. Balibrea-Correa in this volume and in [6]. In short, the
detection efficiency of the setup is >30%, and the total background rate is about
4 counts/h (this background is approximately equally due to outside neutrons and
intrinsic alphas). Targets are produced by evaporating enriched 13C on Ta backings,
and the stability as a function of deposited charge is regularly controlled by changing
to a proton beam and performing an analysis of the shape of a primary gamma-ray
from the 13C(p,γ)14N reaction.

The maximum beam energy at LUNA is 400 keV, allowing for some overlap
with the previous direct data - although it needs to be said that the literature data at
these low energies have very large uncertainties. In the near future this issue will be
addressed by connecting the low-energy region to the better known higher-energy
data using the to be installed 3.5 MV accelerator “LUNA MV”. The goal of the
present campaign is the measurement of the low energy cross section. Preliminary
results are shown in Table 35.1 and Fig. 35.1. So far a total charge of about 80C has
been deposited on various targets, covering the energy range between 360 and 400
keV (∼ 275 to 310 keV c.m.). The statistical uncertainty is about 10% even at the
lowest energy, which is also the lowest energy 13C(α,n)16O data point ever directly
measured.

The current experimental campaign foresees at least two more beam times and
we are expecting to reach statistics of about 10% at 250 keV (c.m.). Also foreseen to
be included in those beam times are dedicated measurements of the beam-induced
background.
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Table 35.1 Deposited charges and raw counts for the energies covered so far at LUNA

Eα (keV) Charge (C) Raw counts

400 11 1375

390 16.7 1408

380 17 1177

370 13.7 569

360 20.4 474

c.m. Energy [keV]
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Fig. 35.1 Background-subtracted yield of the 13C(α,n)16O reaction as a function of c.m. energy.
The vertical line marks the lowest energy data point that has been directly measured previous to the
experiment described here [3]

In summary, the low-energy cross section of the main s process neutron source,
the reaction 13C(α,n)16O, is currently being measured at the LNGS using a low-
background array of moderated 3He counters. We already have extended the en-
ergy range of direct cross section measurements beyond what has previously been
achieved, and have greatly improved upon the precision of the low energy data. In
the near future LUNA will continue with measurements at even lower energies, and
in order to control systematic effects will create a connection to the higher-energy
region using the soon-to-be installed LUNA MV accelerator.
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Chapter 36
Nuclear AstroPhysics at ELI-NP:
Preliminary Experiments with ELISSA
Detector

G. L. Guardo, D. Balabanski, S. Chesneyskaya, M. La Cognata, D. Lattuada,
C. Matei, T. Petruse, Rosario Gianluca Pizzone, G. G. Rapisarda, S. Romano,
C. Spitaleri, Aurora Tumino and Y. Xu

Abstract The Extreme Light Infrastructure-Nuclear Physics (ELI-NP) facility,
under construction in Magurele near Bucharest in Romania, will provide high-
intensity and high-resolution gamma ray beams that can be used to address hotly
debated problems in nuclear astrophysics. For this purpose, a silicon strip detector
array (named ELISSA) will be realized in a common effort by ELI-NP and Labo-
ratori Nazionali del Sud (INFN-LNS), in order to measure excitation functions and
angular distributions over a wide energy and angular range. An experimental cam-
paign is ongoing in order to test the feasibility of the future study at ELI-NP. With
this aim, an experiment has been approved at INFN-LNS in order to measure the
19F(p,απ)16O reaction at astrophysical energies using a prototype of the ELISSA
array. Moreover, an exploratory experiment to measure the 7Li(γ,3H)4He reaction
has been performed at High Intensity Gamma Source (HIγS). The good preliminary
results of our tests and simulations allows us to conclude that the ELISSA detector
will be very suitable for nuclear astrophysics experiments with the upcoming gamma
ray beam at the ELI-NP facility.

36.1 The ELISSA Detector

The upcoming ELI-NP facility will provide, for the first time, pencil size gamma
beams in the range between 200 keV and 19.5 MeV with a bandwidth better than
0.5%, spectral density of about 104 photons/s/eV and linear polarization higher than
95% [1, 2].
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Such a facility will open new experimental perspectives for studies in the field
of photonuclear physics. Moreover, thanks to these excellent features, this Gamma
Beam System will provides unique opportunities to perform accurate measurements
of small cross sections (order of μb or even less) of nuclear reactions of astrophysical
interest and hence of the astrophysical S-factors that are essential for stellar evolution
modeling.

Resistive strip silicon detector arrays have been successfully designed and com-
missioned for studies of nuclear reactions, e.g. ORRUBA (Oak Ridge Rutgers Uni-
versity Barrel Array) or ANASEN (Array for Nuclear Astrophysics Studies with
Exotic Nuclei) [3, 4].

In the case of photonuclear reactions of astrophysical relevance, since photodisso-
ciations are induced at photon energies slightly larger than particle emission thresh-
olds owing to the typical temperatures in stars, the emitted fragments have low
energies, ranging from few hundreds keV to few MeV. Therefore, low-threshold
detectors are necessary. Thus, the Extreme Light Infrastructure Silicon Strip Array
(ELISSA) is under construction [5]. Monte Carlo simulation using a code based on
GEANT4 tracking libraries and the n-body event generator of ROOT, as described in
[6], proved that the barrel configuration is particularly suited as it guarantees a very
good resolution and granularity, ensuring also a compact detection system (useful as
it would allow a simple integration with ancillary detectors, such as neutron arrays)
and a limited number of electronics channels [7]. The final setup of the ELISSA array
will consist of X3 silicon-strip detectors (manufactured by Micron Semiconductor
Ltd.) arranged into a barrel configuration that could be made up of 3 rings of 12 posi-
tion sensitive detectors, for a total angular coverage of 100◦ in the laboratory system.
The angular coverage is extended by using end cap detectors such as the assembly
of four QQQ3 segmented detectors by Micron Semiconductor [8]. A sketch of the
final expected setup is shown in Fig. 36.1.

Fig. 36.1 Final design of the
ELISSA detector. It will be
made of three rows of PSD
detectors to form a barrel
plus eight end cap detectors
to extend the angular
coverage
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36.2 The 19F(p,απ)16O Reaction

After an exhaustive test campaign during which a batch of forty X3 detectors have
been characterized with particular emphasis on energy and position resolution, bal-
listic deficit, leakage currents and depletion voltage [9, 10], a prototype of ELISSA
is going to be used for an already approved experiment. The aim of the experiment is
to measure the 19F(p,απ)16O reaction cross section at astrophysical energies. Indeed,
19F synthesis is believed to take place in the H-He intershell region of AGB stars but
current models fail to explain the high F abundances found in the low-mass AGB
stars [11]. Although the 19F(p,α)16O is the main destruction channel and its reaction
rate is determined by the sum over the rate for the (p,α0), (p,απ) and the (p,αγ)
channels, most of the existing measurements refer only to the 19F(p,α0)16O channel,
while very little experimental info is available for the (p,απ) and (p,αγ) rates at very
low energies. Here we refer to α0 as the ground state of the emerging 16O while απ

is the pair-emitting first exited state (Ex =6.05MeV). Finally, the combination of the
transitions of γ2, γ3 and γ4, is referred to as the (p,αγ) channel [12].

For this purpose, a small prototype of the ELISSA detector will be used. We plan
to use one rings made of 12 X3 detectors, covering the angular range 40◦–80◦. In
order to increase the investigated angular range we plan to use also an end cap on
the forward direction made up of 4 QQQ3 detectors covering the 15◦–35◦ range
(as shown in left panel of 36.2). Our simulations show that ELISSA will ensure the
energy separation between the different channels and the kinematical identification
of the outgoing reactions (right panel of 36.2) for which a good resolution is a
crucial parameter aiming to investigate the cross section and angular distribution of
the 19F(p,α)16O reaction in the energy range between ≈450 keV and ≈1000 keV,
where up to now no definite conclusions are drawn with direct measurements.

Fig. 36.2 Left panel: Final design of the prototype that will be used for the experiment. Right
panel: Monte Carlo simulation for the expected reaction channels involved in the experiment
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36.3 The 7Li(γ,3H)4He Reaction

One of the unresolved problems in nuclear astrophysics is the so-called “cosmologi-
cal Li problem”. Big-Bang Nucleosynthesis (BBN) predicts the abundances of light
elements 4He, D, 3He and 7Li that are produced shortly after the Big Bang. There
is good agreement between calculated and observed abundances for all these light
nuclei except for 7Li [13]. Moreover, the mirror alpha capture reactions 3H(α,γ)7Li
and 3He(α,γ)7Be are receiving a lot of theoretical attention recently as theoretical
models could provide the capture cross section at solar energies where experimental
measurements are not possible [14]. For those reasons the measurement would be an
ideal first day experiment with ELISSA at ELI-NP. Moreover, an exploratory exper-
iment to measure the 7Li(γ,3H)4He reaction has been performed at High Intensity
Gamma Source (HIγS) in order to test the feasibility of such a kind of detectors with
gamma beam systems.

The experiment was performed using a large area silicon detector array (SIDAR)
in a lampshade configuration [15] devoted to the detections of tritons and alpha par-
ticles in coincidence. The energy and position resolutions of SIDAR are comparable
to ELISSA since it is made of 12 YY1 segmented silicon detectors of different thick-
ness [8]. The SIDAR vacuum chamber was coupled with a lead shielding system
(mandatory since the gamma beam travels through air) and some beam monitor-
ing instruments: copper scattering foil, HPGe detector at 0◦, D2O cell and neutron
detectors. The promising preliminary results clearly show that the use of a silicon
detector array with gamma beams allows one to measure cross sections and angular
distributions of nuclear reaction of astrophysical relevance.

In conclusion, the good preliminary results of our tests and simulations allows
us to say that the ELISSA detector will be very suitable for nuclear astrophysics
experiment with the upcoming gamma ray beam at the ELI-NP facility.
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Chapter 37
Direct Charged-Particle Measurements
Using Stable Beams Above Ground

Christian Iliadis, Art Champagne, Tom Clegg, Andrew Cooper,
Jack Dermigny, Lori Downen, Sean Hunt, Amber Lauer and David Little

Abstract Many stellar burning phases are dominated by thermonuclear reactions
involving stable nuclei. Prominent examples include hydrostatic hydrogen and heli-
um burning in low-mass stars, massive stars, and thermally pulsing asymptotic giant
branch stars. The nuclear reaction cross sections involved are very small and thus
successful measurements require sophisticated equipment and data analysis tech-
niques. We will provide an overview of recent experimental improvements at the
Laboratory for Experimental Nuclear Astrophysics (LENA).

37.1 Astrophysical Motivation

Direct charged-particle measurements using stable beams are of continued interest
for a number of astrophysical environments, including big bang nucleosynthesis,
hydrostatic stellar burning phases, and stellar explosions. Prominent examples for
astrophysically important nuclear reactions are 12C(α,γ)16O, 14N(p,γ)15O, and 12C+
12C.Many laboratories have additional nuclear reactions on their wish list of planned
experiments. Below we will briefly discuss two scenarios involving reactions whose
key importance has only recently been identified.

The first one relates to the mysteries surrounding the nature of globular clusters.
They are of paramount importance for stellar evolution and early galaxy formation,
and we should pay close attention to any unsolved fundamental questions related to
these fascinating objects. Recently, stunning observations of red giant stars in the
globular cluster NGC 2419 revealed a negative correlation between the measured
Mg and K abundances [1, 2]. Since these stars all have the same metallicity ([Fe/H]

C. Iliadis (B) · A. Champagne · T. Clegg · A. Cooper · J. Dermigny · L. Downen · S. Hunt ·
A. Lauer · D. Little
Triangle Universities Nuclear Laboratory (TUNL), Durham, NC 27708, USA
e-mail: iliadis@physics.unc.edu

C. Iliadis · A. Champagne · T. Clegg · A. Cooper · J. Dermigny · L. Downen · S. Hunt ·
A. Lauer · D. Little
Department of Physics and Astronomy, The University of North Carolina
at Chapel Hill, Chapel Hill, NC 27599, USA

© Springer Nature Switzerland AG 2019
A. Formicola et al. (eds.), Nuclei in the Cosmos XV, Springer
Proceedings in Physics 219, https://doi.org/10.1007/978-3-030-13876-9_37

225

mumpower@lanl.gov

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-13876-9_37&domain=pdf
mailto:iliadis@physics.unc.edu
https://doi.org/10.1007/978-3-030-13876-9_37


226 C. Iliadis et al.

≈ −2), supernovae of a previous generation cannot account for the observations.
Neither could these signatures be produced in the stars we observe, since they never
reach temperatures high enough to impact theMg or K abundances. The observations
tell us that about 40% of all stars in that cluster consist of matter that underwent some
unknown process before the stars we currently observe were born. But what is the
nature of these “polluter” stars? Several different scenarios have been suggested in
the past, but recent nucleosynthesis simulations indicate that neithermassive stars nor
AGBstars can likely explain the observations [3]. Super-AGBstars or accretingwhite
dwarfs, on the other hand, may bemore promising polluter candidates. Very recently,
the impact of thermonuclear reaction rate variations on the derived abundances of
elements betweenMgandSc inNGC2419was studied [4]. Itwas found that uncertain
contributions of low-energy resonances in the 30Si(p,γ)31P reaction have a significant
impact on the observations. The measurement of this reaction is discussed in these
proceedings in the contribution by Dermigny and collaborators.

The second example relates to presolar stardust grains,whichweobserve in certain
primitivemeteorites. Their isotopic ratios of C, N, O, Si, etc., are vastly different than
those of any other material found in the solar system. The only viable explanation for
their existence is that each grain formed in a single star, survived the travel through the
interstellar medium to the location of the presolar cloud, and was incorporated into
primitive meteorites with their original isotopic signatures untouched (for a review,
see [5]). Most presolar stardust grains are believed to originate in AGB stars and
supernovae. Many classical novae are also prolific dust producers. But for reasons
not clear, no presolar grainswith a nova paternity have been unambiguously identified
yet. Over the years, about 30 presolar grains have been put forward as nova candidate
grains, although their observed isotopic ratios can only match the simulated values
if the latter are mixed with ten times the amount of solar-like matter. However, the
source of the pristine matter and the mixing mechanism remain elusive. Clearly, it
is highly desirable to identify grains that formed directly from nova ejecta, which
do not invoke any unknown mixing process. Recently, nucleosynthesis simulations
strongly hinted at the nova paternity of 18 presolar grains, all of the SiC variety,
without requiring any dilution of the nova ejecta [6]. Simulations also demonstrated
the impact of low-energy resonances in the 29Si(p,γ)30P reaction on the issue of
presolar grains from classical novae. This topic is discussed in these proceedings in
the contribution by Downen and collaborators.

37.2 Experimental Techniques and Procedures

The previous sections identified two direct charged-particle measurements requir-
ing stable ion beams. The important resonances are located at low energies, be-
low 500 keV, where the cross section is very small because of a small probability
for tunneling through the Coulomb and centripetal barriers. The small cross sec-
tion translates directly into a tiny reaction yield. Before discussing experimental
techniques in more detail, it is worthwile to pause and consider a well-known, but
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sometimes overlooked, piece of information: the sensitivity of a measurement, i.e.,
the signal-to-noise ratio, is directly proportional to the signal count rate, but inversely
proportional to the square root of the background count rate [7]. This implies that
if the beam intensity is increased by a factor of, say, 100, and beam-induced back-
ground is negligible, the sensitivity improves by the same factor. If, on the other hand,
the environmental background is reduced by a factor of 100, the sensitivity is just
improved by one order of magnitude. Below we will discuss our efforts at the Labo-
ratory for Experimental Nuclear Astrophysics (LENA) to improve the measurement
sensitivity for low-yield experiments.

LENA houses two ion accelerators: a modified 1 MV Van de Graaff machine,
and an electron cyclotron resonance ion source (ECRIS) with a 230 kV acceleration
system. Details about the facility can be found in [8]. The Van de Graaff is mostly,
although not exclusively, used for cross section calibrations, while the low-energy
measurements are performed with the high-intensity 230 kV accelerator. The latter
system provided proton beams of about 2 mA on target in the measurements of the
17O(p,γ)18F [9] and 22Ne(p,γ)23Na [10] reactions, which are important for under-
standing the nucleosynthesis in classical novae and globular clusters, respectively.
Interestingly, the former reaction was also measured underground at the LUNA facil-
ity. The lowest energy measured at LUNA, where all relevant primary γ-ray decays
could be observed, was 202 keV in the center of mass [11]. This can be compared to
the lowest measured energy of 160 keV in the LENA study [9]. The crucial parameter
enabling the measurement at much lower beam energies in the latter work was the
significantly higher proton beam intensity on target (a factor of 10 larger than in the
LUNA study).

All published LENA measurements to date were performed with the system de-
scribed above, which operated for 9 years. However, our laboratory has recently ex-
perienced significant upgrades. A major problem was the ionization of background
gas and the resulting secondary electrons were accelerated and struck interior sur-
faces causing intense bremstrahlung radiation and substantial column heating. This
caused vacuum leaks, electrical discharges, and permanent damage to glass insula-
tors. As a result, the acceleration tube had to be replaced with a new design. The new
tube was installed in March of 2015. The system also underwent a number of other
upgrades, and we are at the time of writing still in the commissioning phase. So far,
we have achieved a proton beam intensity of 3.5 mA on target, and we are hopeful
that the beam intensity can be increased to 10 mA. Details regarding the new LENA
system can be found in [12].

A 4.5-mA proton beam of 100 keV energy implies a beam power of 450W, which
represents a severe challenge to the stability of any target. Interestingly, one of the
upgrades at LENA involved a new microwave system with pulsing capability and a
maximumpower output of 1.2 kW.Using this system, the plasma is fully extinguished
between beam pulses and subsequently reignited during each pulse. We typically
operate the low-energy accelerator with a 10% duty cycle, with beam on for a period
of 100 ms, and beam off for 900 ms. An example is provided on the left side in
Fig. 37.1, showing pulse height spectra measured for the Elab

r = 151 keV resonance
in 18O(p,γ)19F. This reaction is important for interpreting oxygen isotopic ratios in
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Fig. 37.1 (Left) Pulse height spectra for the Elab
r = 151 keV resonance in 18O(p,γ)19F. The

top panel, obtained with continuous beam, shows a secondary transition in 19F (3908 keV →
1554 keV) and a room background line (208Tl). The bottom panel was obtained with a pulsed beam
of 10% duty cycle. Notice the disappearance of the room background line. The accumulated charges
were the same for both panels. (Right) Pulse height spectra for the Elab

r = 830 keV resonance in
22Ne(α,γ)26Mg. The top panel shows the singlesHPGe spectrum; no peak is observed at the location
of the expected transition from the first excited state to the ground state in 26Mg (1808 keV). The
middle panel displays the coincidence-gated spectrum, where the background peak (from 214Bi)
is absent, and the 1808-keV peak is clearly visible. The bottom spectrum shows the coincidence
spectrumwith the veto imposed, resulting in a significant reduction in cosmic-ray muon events. The
accumulated charges and running times are the same in all three panels. The data were accumulated
using a continuous beam on target

presolar grains from AGB stars [13]. The top panel, obtained with continuous beam,
shows a secondary transition in 19F (3908 keV→ 1554 keV) and a room background
line (208Tl). The bottom panel was obtained with a pulsed beam of 10% duty cycle,
implying a factor of 10 higher peak intensity, but the same average beam intensity on
target compared to the top panel. Notice how the room background line disappears
in the bottom panel, while the peak intensity of the beam-induced transition in 19F
remains unchanged.

Apart from taking advantage of a pulsed ion beam, it is of utmost importance
to further reduce the background by additional means. At LENA, we employ a
“coincidence-anticoincidence” detection apparatus [14]. It consists of a large-volume
HPGe detector, located as close as possible to the target, and a 16-segment NaI (Tl)
annulus,which surrounds both theHPGedetector and the target.Most excited nuclear
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levels of astrophysical interest de-excite via emission ofmore than one photon. Using
this apparatus, coincidence timing, and energy conditions can be imposed on events,
so that the signals of interest can be discriminated from unwanted background events.
In addition, the apparatus is surrounded by 5-cm-thick plastic scintillators, which act
as a cosmic-ray muon veto shield. Using this system, the background can be reduced
by several orders of magnitude.

An example is provided on the right side in Fig. 37.1, showing pulse height spectra
measured for the Elab

r = 830 keV resonance in 22Ne(α,γ)26Mg. This reaction com-
petes for α-particles with the 22Ne(α,n)25Mg neutron source that operates in massive
stars and AGB stars [15]. The top panel shows the singles HPGe spectrum, where
no peak is observed at the location of the expected secondary transition in 26Mg (at
1808 keV). The middle panel displays the coincidence-gated spectrum. The back-
ground peak, from 214Bi, has disappeared, and the 1808-keV peak is clearly visible.
The bottom panel shows the coincidence spectrum with the veto imposed, resulting
in a significant reduction in cosmic-ray muon events.

The extraction of accurate cross section and resonance strength information from
the data requires careful calibrations and corrections, e.g., for detection efficiencies,
coincidence summing, angular correlations, finite beam spot sizes, etc. Themost reli-
able way to perform these calibrations is to employ extensive Monte Carlo radiation
transport codes, such as Geant4. However, this requires that the detector geome-
try is precisely known. For this reason, we obtained three-dimensional Computed
Tomography (CT) images of our HPGe detector [16]. We used this information to
build a complete Geant4 model of the apparatus, including the beam tube, target
holder, passive shielding, etc. [17]. We also recently developed a method to analyze
not just the net intensity of isolated peaks in the pulse height spectra, but to fit the
entire measured singles and gated HPGe spectra using a binned likelihood approach
based on a Bayesian method [18]. This technique has been successfully applied to
the analysis of data for the 17O(p,γ)18F [9] and 22Ne(p,γ)23Na [10] reactions, which
are important for understanding the nucleosynthesis in classical novae and globular
clusters.

In the future,wewill seemanymore improvements in experimental techniques and
analysis methods to extract in creative ways the desired information of astrophysical
interest from low-yield data.

Acknowledgements This work was supported in part by NASA under the Astrophysics Theory
Program grant 14-ATP14-0007, and the U.S. DOE under contracts DE-FG02-97ER41041 (UNC)
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Chapter 38
Neutron Induced Reactions
in Astrophysics

Claudia Lederer-Woods

Abstract Neutron induced reactions play an important role in the synthesis of the
chemical elements, in particular for elements heavier than iron. Methodologies for
measuring stellar neutron capture cross sections and recent advances are disccussed.

38.1 Introduction

Neutron induced reactions are of key importance to nucleosynthesis in stars, in
particular for the creation of the elements heavier than iron. Two neutron capture
processes contribute about equally to the overall chemical element abundances, the s
process (slow neutron capture process), and the r process (rapid neutron capture pro-
cess). The r process takes place in explosive environments, such as neutron starmerg-
ers or core collapse supernovae [1]. Due to high neutron densities nn > 1020 cm−3

generated, neutrons get rapidly captured on seed material, and the reaction path
proceeds along the neutron rich side of the chart of nuclides, involving short lived,
exotic species. In contrast, the s process happens at moderate neutron densities of
about nn = 108 cm−3, and β decay typically proceeds faster than neutron capture on
unstable species [2, 3]. This means that the reaction path tracks along the valley of
stability and reactions involve stable and long-lived nuclei (see Fig. 38.1).

Two different stellar environments contribute to s-process nucleosynthesis. The
main component of the s process occurs in low mass Asymptotic Giant Branch
(AGB) stars, mainly generating elements between Zr and Bi. AGB stars of low
metallicity are mainly responsible for producing Pb (strong component) [4]. The
abundances ranging from Fe to Zr are dominantly produced in massive stars, which
later eject material in a core collapse supernova explosion. A key difference in
s-process conditions for the main and the weak components is the different mean
neutron exposure τ , which is 0.3 mb−1 for the main, but only 0.07 mb−1 for the
weak component (values quoted for kT = 30 keV) [5]. The high neutron exposures
in AGB stars cause a reaction flow equilibrium of the form N<σn,γ> = const.,
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Fig. 38.1 The different nucleosynthesis processes contributing to the synthesis of elements heavier
than iron.While the s process tracks closely to stable nuclei, the r process operates far on the neutron
rich side, involving very short lived species. Only about 1% of abundances are created by charged
particle or photon-induced reaction

with N being the abundance and <σn,γ> the stellar neutron capture cross section
of a particular isotope. For massive stars, neutron exposures are not large enough to
reach equilibrium and consequently one neutron capture cross section impacts on
abundances of several nuclei that follow along the reaction path (for an example of
these propagation effects see Fig. 6 in [3]).

38.2 Experimental Techniques and Recent Results

For a reliable determination of the abundances produced in the s process, accurate
neutron capture cross sections at stellar neutron energies are indispensable. The stellar
neutron capture cross section, or Maxwellian Averaged Cross Section is defined as

M AC S = 2√
π

1

(kT )2
·
∫ ∞

0
Eσ(E) · exp

(
− E

kT

)
dE, (38.1)

Neutron capture cross sections can be measured over a large energy range using
the time-of-flight (tof) technique. For s-process studies, data should ideally cover
neutron energies up to 200 keV, as this allows a reliable determination of MACSs at
all temperatures relevant to the s-process (corresponding to kT values between 8 and
90 keV). The tof technique is based on production of a pulsed neutron beam of a wide
energy spread. The sample to be measured is placed at a distance L from the neutron
source, and for each reaction the neutron energy is determined via the time-of-flight
between creation of the neutron and the time of detection of the reaction product (see
Fig. 38.2), i.e. for the non-relativistic case:
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Fig. 38.2 Illustration of the neutron time-of-flight technique

En = mn

2
(

L

tof
)2 (38.2)

The directmeasurement of neutron reactions on radioactive species is challenging.
Neutrons are unstable, so experiments cannot be performed in inverse kinematics,
which means that enough target material needs to be available, and half lives need
to be long enough to allow a measurement. The s process branching point 63Ni
meets these requirements and its (n, γ) cross sections have recently been measured
at n_TOF (CERN) [6] and LANSCE (Los Alamos National Laboratory) [7]. These
two measurements provided the first experimental data at stellar neutron energies,
and showed that the theoretical calculation of the cross section, which was used in
stellar models before, is a factor of 2 too low. The new result suggest a 30% reduction
in 64Zn abundances produced in massive stars, as well as a 15% reduction of 63Cu
abundances, which thus affects the 63Cu/65Cu ratio [6].

There are also a number of stable isotopes where no experimental neutron capture
data at stellar neutron energies are available yet, notably the two germanium isotopes
72,73Ge. A campaign tomeasure all stable Ge isotopes has recently been completed at
n_TOF [8]. First results suggest that the stellar cross section of 73Ge is substantially
higher than most theoretical predictions. Results on 73Ge will be published in the
imminent future, while data analysis for the other isotopes is still ongoing.
While neutron reactions are usually associated with the heavy elements, there are a
few light isotopes for which neutron reactions are key. (n,α) and (n, p) reactions on
the cosmic γ ray emitter 26Al are at present the main nuclear physics uncertainty to
determine 26Al abundances in massive stars [9]. This is due to the fact that for each
reaction channel, the two available experimental data sets exhibit large discrepan-
cies. For 26Al(n,α) reactions, cross sections obtained at the GELINA facility [10],
are about a factor 2 smaller than cross section published from an experiment at LAN-
SCE [11]. Likewise for the 26Al(n, p) channel, data obtained by Trautvetter et al.
[12, 13] using neutron spectra at keV energies indicate substantially smaller cross
sections than measurements at LANSCE. Both reactions were recently measured at
n_TOF, taking advantage of the new high flux beam line EAR-2 [14], at a distance
of only 20m from the neutron production target. A new setup for charged parti-
cle detection consisting of silicon strip detectors arranged as �E-E telescopes was
built for that purpose at Edinburgh. The data analysis for this run is currently ongoing.
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A complementary technique that allows a ‘direct’ measurement of the stellar cross
section can be employed using activation. For reactions, where the reaction product
is radioactive, the material of interest can be irradiated with a quasi-maxwellian
neutron spectrum, and only small corrections are needed to extract the MACS. The
most prolific method to produce such neutron spectra is using the 7Li(p, n) reaction
with protons of 1912 keV energy, which results in a quasi-maxwellian spectrum
around kT = 25 keV, perfect for s-process studies [15]. As for this methodology the
beam need not be pulsed, less sample material is needed for an experiment, which
makes it perfectly suited for measurements on radioactive nuclei.

38.3 Outlook

The construction of new ultra high neutron flux facilities provides new exciting
opportunities to measure neutron induced reactions on radioactive species, or mea-
surements of very small cross sections. Thanks to the new high flux beam line EAR-2
at n_TOF new data on (n, p) and (n,α) reactions have been obtained on radioactive
7Be [16, 17] and 26Al over a wide neutron energy range using the time-of-flight tech-
nique. An ultra high flux facility providing quasi-maxwellian neutron spectra using
the 7Li(p, n) reaction is currently under construction at Goethe University Frankfurt
(FRANZ) [18], while experiments have already started at the new LiLit at SARAF
facility (Israel) [19, 20], which at present provides typically 10 times more neutron
flux for activation experiments at stellar energies than previously available.
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Chapter 39
Progress of Underground Nuclear
Astrophysics Experiment JUNA in China

WeiPing Liu

Abstract Underground Nuclear Astrophysics Experiment in China (JUNA) will
take the advantage of the ultra-low background in Jinping underground lab. A 400
kV high current accelerator with an ECR source and γ, neutron and charged particle
detectorswill be set up. A number of nuclear reactions important to hydrostatic stellar
evolution near their Gamow window energies, such as 25Mg(p,γ)26Al, 19F(p,α)16O,
13C(α,n)16O and 12C(α,γ)16O will be directly measured.

39.1 Underground Nuclear Astrophysics

Underground nuclear astrophysics experiment is a unique approach to study directly
most important reaction rates [1]. China JinPing underground Laboratory (CJPL)
was established from a constructing hydro-power plants in the Jinping mountain,
Sichuan, China [2]. The facility is located near the middle of traffic tunnel. The
facility is shielded by 2400m of mainly marble overburden, with radioactively quiet
rock. Its ultra-low cosmic ray background, which is about 2 orders of magnitude
lower than that in Gran Sasso, makes it an ideal environment for low background
experiment. CJPL phase I (CJPL-I) now housing CDEX [2] and PandaX [3] dark
matter experiments. CJPL phase II [2] (CJPL-II) is supported by national basic
scientific facilities and will be available by the end of 2018 for much larger scale
underground experiments (120,000 m3 volume), the largest in the world. JUNA [4]
will be one of its major research programs in CJPL-II, together with dark matter
experiments CDEX-II and PANDA-II (Fig. 39.1).
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(d) (e)

Fig. 39.1 Layout of CJPL-II and JUNA

39.2 Nuclear Reactions of Astrophysical Interest

The 12C(α,γ)16O reaction is quoted as the holy grail in nuclear astrophysics. The
uncertainty of this reaction affects not only the nucleosynthesis of elements up to
iron, but also the evolution of themassive stars and their final fate (black hole, neutron
star). The cross section of this reaction has to be knownwithin an uncertainty less than
10% at helium burning temperatures (T9 =0.2), corresponding to a Gamow window
around Ec.m. =300keV. It is extremely difficult to determine the reaction cross section
at this energy. A direct measurement at Ec.m. =600keV near the Gamowwindowwill
be done in JUNAwith high intensity ion beamof the experimental platform to provide
better constrain for extrapolating models.

For total cross section and angular distribution measurement at Ec.m. =600keV,
we will optimize the experiment condition, including: (1) optimizing the beam trans-
mission on the basis of the beam-optics calculation, adjusting the setup of shields
to suppress the background coming from the beam, (2) confirming the origin of
13C and improving the implantation condition of 12C implantation target to reduce
the disturbance of 13C, analysed by back scattering method [5]. A BGO detection
array placed around the target chamber can significantly increase the detection effi-
ciency (absolute efficiency 60% at Eγ =7MeV) of γ-rays. For the test measurement
at Ec.m. =380keV, we will use 4He2+ beam with an intensity of 2.5 emA and the
high-efficiency BGO detection array.

The 13C(α,n)16O reaction is the key neutron source reaction for the stellar s-
process nucleosynthesis, which of importance since it is related to the big question of
element synthesis heavier than iron.Due to the existence of sub-threshold resonances,
there is a rather large uncertainty (30%) in this important reaction rate which limits
our understanding to the nucleosynthesis of heavy elements.We plan to study directly
this important reaction for the first time at energies down to Ec.m. ∼ 0.2 MeV, within
its relevant stellar energy range.
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Weare designing a fast neutrondetector consisting of 24 3Heproportional counters
and a liquid scintillator. The scintillator has a cylindrical shape with a length of 0.4m
and a diameter of 0.4 m. The 24 3He counters are distributed in the two circles with
radii of 0.1 and 0.15 m, respectively.

The energies of neutrons from the 13C(α,n)16O reaction are in the range of 2–
3 MeV. The produced neutrons are firstly slowed down by the liquid scintillator.
After their thermalization, some neutrons enter 3He counters and are detected. With
the coincidence between the fast signal from fast neutron slowing down inside the
liquid scintillator and the delayed signal from the thermalized neutrons captured by
the 3He counters, we can effectively suppress the backgrounds in liquid scintillator
and 3He detectors. The detection efficiency after coincidence is estimated to be 20%
for neutrons from the 13C(α,n)16O reaction.

The 25Mg(p, γ)26Al reaction is the main way to produce 26Al in the galaxy and
its cross section is dominated by the capture process of the isolated resonances in
26Al. The temperature range of astrophysical interests is T=0.02–2GK, so the levels
between 50 and 310keV are more important in the study of galactic 26Al.

Many experiments have been performed to study the 25Mg(p, γ)26Al reaction
since 1970, but the experiment on the surface of earth ground can only reach to
190 keV energy level due to the small cross section and large background effects
of the cosmic rays. In 2012, the laboratory of underground nuclear astrophysics
(LUNA) in Italy successfully measured the resonance strength at 92 keV with the
help of high shielding conditions in the underground laboratory [6]. However, the
25Mg(p, γ)26Al cross section of 58 keV resonant capture is inaccessible for direct
measurement in the shielding conditions of LUNA experiments. Benefiting from the
ultra low background and the high beam intensity, we will be able to measure the
58 keV resonance strength of 25Mg(p, γ)26Al with the new designed 4π BGO γ
detectors array [7].

The 19F(p,α)16O reaction is considered to be an important reaction in the CNO
cycles. Currently, the experimental cross sections of this reaction at Gamow energies
are still incomplete, and the precision of its thermonuclear reaction rate does not yet
satisfy the model requirement. The proposed experiment is targeting on direct cross
section measurement of the key 19F(p,α)16O reaction right down to the Gamow
energies (70–350 keV in the center-of-mass frame) with a precision better than
10% [8]. The charged particle array is ready for experiment. A ground based test
experiment by using JUNA accelerator will be also finished in 2018.

The expected conditions and results of all four above reactions are summarized
in Table39.1.

We adopted a design of 2.45 GHz ECR which is developed to CI-ADS project.
This ion source is expected to deliver 12 emA proton, 6 emA He+ and 2.5 emA
He2+. The maximum beam energy out of ion source is 50 keV/q with emittance less
than 0.2 π mm mrad. The fabrication of ion source is finished. In October 2016, we
achieved the first proton beam intensity of 16 mA.

For the low energy and high intensity beam, we adopted segmental voltage for the
accelerating tube and we have designed an acceleration and deceleration structure
for the accelerating tube electrode to reduce the space-charge effect. The fabrication

mumpower@lanl.gov



238 W. Liu

Ta
bl
e
39
.1

B
as
ic
pa
ra
m
et
er
s
of

fo
ur

re
ac
tio

ns
pl
an
ne
d

R
ea
ct
io
n

Io
n
be
am

In
t.
(e
m
A
)

E
c.

m
.
(k
eV

)
σ
or

ω
γ
(m

b
or

eV
)

Ta
rg
et
(/
cm

2
)

ef
f.
(%

)
C
N
T
(/
da
y)

B
K
D
(/
da
y)

12
C
(α
,γ
)1
6
O

4
H
e2

+
2

60
0

1×
10

−1
0

10
18

at
om

s
60

32
1.
0

13
C
(α
,n
)1
6
O

4
H
e1

+
10

20
0

4×
10

−1
1

T
hi
ck

ta
rg
et

20
7

1.
0

25
M
g(
p,

γ
)2
6
A
l

1
H
1+

10
58

ω
γ
2.
1×

10
−1

3
0.
6
µ
g

38
1.
4

1.
0

19
F(

p,
α

γ
)1
6
O

1
H
1+

0.
1

10
0

7.
2×

10
−9

4
µ
g

60
27

1.
0

mumpower@lanl.gov



39 Progress of Underground Nuclear Astrophysics Experiment … 239

of accelerator tube is finished. In 2018, we achieved the proton beam intensity of
12 mA with the beam energy of 350 keV.

The effect to background ratio of the nuclear reaction measurement will be sig-
nificantly enhanced with the ultra-low background of CJPL and high current beam.
All the detector and target chamber materials are tested to be satisfactory in CJPL-I
for their natural background [9]. But at the same time the high current beam will
bring new background, which must be shielded. We plan to construct two shielding
system around the target chamber and the detectors, aiming at shielding γ-ray and
neutron. We will test the design of such system by ground base experiment, Monte
Carlo simulation and underground test.

39.3 Summary

In summary, a new underground nuclear astrophysics experiment JUNA planned in
the space CJPL-II. Nuclear astrophysical reaction, namely 25Mg(p,γ)26Al,
19F(p,α)16O, 13C(α,n)16O and 12C(α,γ)16O, will be measured down to Gamow win-
dow. Ground test of targets and detectors is performed until 2019. The CJPL-II
experimental space will be available in the year of 2019, followed by the under-
ground installation of accelerator, shielding and detector system. The underground
experiment will be started in 2020 and the first batch of experimental results will be
delivered in the year of 2021.

Acknowledgements This work was supported by the National Natural Science Foundation of
China (Grant Nos. 11321064 and 11490560) and the National Basic Research Program of China
(Grant No. 2013CB834406 and 2016YFA0400502).
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Chapter 40
Trojan Horse Method: A Versatile Tool
for Nuclear Astrophysics

Rosario Gianluca Pizzone

Abstract Owing the presence of the Coulomb barrier at astrophysically relevant
kinetic energies, it is very difficult, or sometimes impossible tomeasure astrophysical
reaction rates in laboratory, expecially for the presence of the electron screening
effect. This is why different indirect techniques are being used along with direct
measurements. The Trojan Horse Method (THM) is a unique indirect technique
allowing one tomeasure astrophysical rearrangement reactions down to astrophysical
relevant energies. The basic principle and a review of the main applications of the
THM are presented.

Nuclear fusion reactions, that take place in the hot interiors of remote and long-
vanished stars over billions of years, are the origin of nearly all the chemical elements
in the universe [1]. The detailed understanding of the origin of the chemical elements
and their isotopes has combined astrophysics and nuclear physics, and forms what
is called nuclear astrophysics. In turn, nuclear reactions are the heart of nuclear
astrophysics: they strongly influence the nucleosynthesis in the earliest stages of
the universe and in all the objects formed thereafter, and control the associated
energy generation (by processes called nuclear fusion or nuclear burning), neutrino
luminosity, and evolution of stars. A good knowledge of the rates of these fusion
reactions is essential for understanding this broad picture

In a stellar plasma the constituent nuclei are usually in thermal equilibrium at
some local temperature T. Occasionally they collide with other nuclei, whereby t-
wo different nuclei can emerge from collision A+x→c+C. The cross section σ (E)
of nuclear fusion reaction A(x,c)C is of course governed by the laws of quantum
mechanics where, in most cases, the Coulomb and centrifugal barriers arising from
nuclear charges and angular momenta in the entrance channel of the reaction strongly
inhibit the penetration of one nucleus into another. This barrier penetration leads a
steep energy dependence of the cross section. It is the challenge to the experimen-
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talist to make precise σ (E) measurements at the Gamow energy (EG). Owing to
the strong Coulomb suppression, the behavior of the cross section at EG is usually
extrapolated from the higher energies by using the definition of the smoother bare
nucleus astrophysical factor Sb(E).

Although the Sb(E)-factor allows for an easier extrapolation, large uncertainties to
σ(EG)may be introduced due to for instance the presence of unexpected resonances,
or high energy tails of sub-threshold resonances. In order to avoid the extrapolation
procedure, a number of experimental solutionswere proposed in directmeasurements
for enhancing the signal-to-noise ratio at EG .

Moreover, the measurements in laboratory at ultralow energies suffer from the
complication due to the effects of electron screening [2]. This leads to an exponen-
tial increase of the laboratory measured cross section σs(E) [or equivalently of the
astrophysical factor Ss(E)] with decreasing energy relative to the case of bare nuclei.
Then, although it is possible to measure cross sections in the Gamow energy range,
the bare nucleus cross section σb is extracted by extrapolating the direct data behav-
ior at higher energies where negligible electron screening contribution is expected.
In order to decrease uncertainties in the case of charged particle induced reactions
extrapolations should be avoided and therefore experimental techniques were im-
proved (e.g. by means of underground laboratories). After improving measurements
(at very low energies), electron screening effects were discovered. Finally to extract
from direct (shielded) measurements the bare astrophysical Sb(E)-factor, extrapola-
tion were performed at higher energy. In any case the extrapolation procedure is once
more necessary.

40.1 The Trojan Horse Method

Alternative methods for determining bare nucleus cross sections of astrophysical
interest are needed. In this context a number of indirect methods, e.g. the Coulomb
dissociation (CD) [25], the Asymptotic Normalization Coefficient method (ANC)
[26] and the Trojan-horse method (THM) were developed [27, 28]. For further in-
formation on the development and first principles of the method please refer to [29].
The latter has already been applied several times to reactions connected with fun-
damental astrophysical problems such as primordial nucleosynthesis [11, 30–32],
lithium problem [4–6, 33, 34], light elements depletion [7, 35], AGB [36] and No-
vae nucleosynthesis [20]. It was also applied to reactions induced by radioactive
ion beams [12, 13] and neutrons [21, 22]. THM selects the quasi-free (QF) contri-
bution of an appropriate three-body reaction performed at energies well above the
Coulomb barrier to extract a charged particle two-body cross section at energies of
astrophysical interest. The idea of the THM [28] is to extract the cross section of an
astrophysically relevant two-body reaction

A + x → c + C (40.1)

at low energies from a suitable chosen three-body quasi-free reaction
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A + a → c + C + S (40.2)

In this approach S acts as a spectator to the A + x → c + C binary interaction.This is
done with the help of direct processes theory assuming that the Trojan Horse nucleus
a has a strong x ⊕ S cluster structure [37]. In many applications, this assumption is
trivially fulfilled e.g. a = deuteron, x = proton, S= neutron. If the bombarding energy
EA is chosen high enough to overcome the Coulomb barrier in the entrance channel
of the three-body reaction, both Coulomb barrier and electron screening effects are
negligible. The polar approximation, used in the standard THMprescription has been
extensively verified [38, 39] and constitutes a powerful validity test for the method
which strenghten the theoretical approach. We refer to [29] for further and advanced
theoretical approach to the method.

We just underline that THM allows to link the three-body cross section which is
measured in the laboratory with the half-off-energy shell of the binary process of
astrophysical interest. Then after inclusion of the Coulombian effects data are then
compared and normalized to direct data, at the higher energies available. After that
phase, reaction rate is calculated according to the standard prescriptions.

A summary of the recent results obtained by means of the THM method is
summarized in Table 40.1 together with references. Table40.1 shows success for

Table 40.1 Two-body reactions recently studied via Trojan Horse Method at the astrophysical
energies

Binary reaction Indirect reaction TH nucleus References

[a] 7Li(p,α)4He 7Li(d,α α)n d = (p⊕n) [3, 4]

[b] 6Li(d,α )4He 6Li(6Li,α α)4H 6Li = (α⊕d) [5]

[c] 6Li(p,α)3He 6Li(d,α 3He)n d = (p⊕n) [6]

[d] 11B(p, α)8Be 11B(d, 8Be α)n d = (p⊕n) [6]

[e] 10B(p,α)7Be 10B(d,7Be α)n d = (p⊕n) [7]

[ f ] 9Be(p,α)6Li 9Be(d,6Li α)n d = (p⊕n) [8, 9]

[g] 2H(3He,p)4He 6Li(3He,p α)4He 3He = (p⊕n) [10]

[h] 2H(d,p)3H 2H(6Li,t p)4He 6Li = (α⊕d) [11]

[i] 18F(p,α)15O 18F(d,α15O)n d = (p⊕n) [12–14]

[l] 15N(p,α)12C 15N(d,α12C)n d = (p⊕n) [10]

[m] 18O(p,α)15N 18O(d,α15N)n d = (p⊕n) [15]

[n] 19F(p,α)16O 19F(d,α16O)n d = (p⊕n) [16]

[o] 19F(α,p)22Ne 19F(6Li,p22Ne)α 6Li = (α⊕d) [17, 18]

[p] 12C(12C,α)20Ne 12C(14N,α d)20Ne 14N=12(C⊕d) [19]

[q] 17O(p,α)14N 17O(d,α14N)n d = (p⊕n) [20]

[r ] 17O(n,α)14C 17O(d,α14C)H d = (p⊕n) [21, 22]

[s] 13C(α,n)16O 13C(6Li,n d)16O 6Li = (α⊕d) [23]

[t] 12C(12C,p)23Na 12C(14N,p d)23Na 14N=12(C⊕d) [19]

[u] 3He(d,p)4He 3He(6Li,p α)4He 6Li = (α⊕d) [24]
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(p, α), (α, p), (α, n), (p, n), (n, α), (n, p) of astrophysical interest studied with
the THM method, both with stable as well unstable beams. Moreover, our study of
12C(12C,α)20Ne and 12C(12C,p)23Na [19] has demonstrated that we can extend the
method to heavier ions [19].

The THM is complementary to direct measurements which are needed in the
higher energy range where indirect data must be normalized to available data in
literature. A numbers of astrophysical scenarios were thus explored helping to shed
light in many cosmic problems. We underline that in many cases the THM will be
a powerful aid to nuclear astrophysics knowledge especially in the investigation of
the interaction of neutron-induced reactions with unstable particles.
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Chapter 41
Nuclear Reaction of Astrophysical
Interest with LUNA Projects

Paolo Prati

Abstract About 25 year ago LUNA (Laboratory for Underground Nuclear Astro-
physics) opened the era of underground nuclear astrophysics installing a home-made
50 kV ion accelerator under the Gran Sasso mountain. A second machine, with a
terminal voltage of 400 kV, was then installed and it is still in operation. Most of the
processes so far investigated were connected to the physics of solar neutrinos and
hence to the hydrogen burning phase in stars. The interest to next and warmers stages
of star evolution (i.e., helium and carbon burning) pushed a new project based on a
ion accelerator in the MV range called LUNA-MV. Thanks to a special grant of the
Italian Ministry of Research (MIUR), INFN is now building, inside one of the major
hall at Gran Sasso, a new facility which will host a 3.5 MV single-ended accelerator
able to deliver proton, helium and carbon beams with intensity in the mA range. The
scientific program for the 1st phase of the LUNA-MV life will be described with the
first experiment scheduled for June 2019.

41.1 The LUNA Approach

41.1.1 Experimental Techniques for Underground Nuclear
Astrophysics

Underground nuclear astrophysics was born twenty-seven years ago in the core of
Gran Sasso, with the aim of measuring cross sections in the low energy range and
derive reaction rates directly at stellar temperatures. LUNA (Laboratory for Under-
ground Nuclear Astrophysics) started its activity as a pilot project with a 50 kV
accelerator [1] and it has been for about 25 years the only laboratory in the world
running an accelerator deep underground, currently a 400 kV (LUNA400) accelera-
tor with hydrogen and helium beams [2]. The extremely low laboratory background
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has allowed for the first time nuclear physics experiments with very small count
rates, down to a couple of events per month. Only in this way, the important reac-
tions responsible for the hydrogen burning in the Sun could be studied down to the
relevant stellar energies [3, 4]. In particular, the first direct determination of the cross
section of the 3He(3He,2p)4He inside the Solar Gamow peak definitively excluded a
nuclear solution to the Solar Neutrinos Problem [5] while the LUNA experiment on
the bottleneck reaction of the CNO cycle, the 14N(p,γ)15O reduced by a factor two
the value of the CNO neutrinos expected from the Sun [6]. More recently, LUNA
shed light on the origin of the meteoritic stardust [7] through a low-energy study of
the 17O(p,α)14N [8]. Full descriptions of the LUNA approach and numerous results
are given in two recent review papers [9, 10].

41.1.2 Ongoing Experiments at LUNA400

The 400 kV current LUNA accelerator and the unique low-background conditions
of the underground LNGS laboratory have been and still are the perfect blend for the
study of most of the proton-capture reactions involved in the stellar H burning and
in the Big Bang Nucleosynthesis. Actually, a scientific program based on the study
of D(p,γ), 6Li(p,γ), 13C(α,n), 22Ne(α,γ) and 12,13C(p,γ) has been approved both by
the LNGS-Scientific Committee and it will extend to the whole 2019. The previous
study of the CNO cycle are now going to be concluded with dedicated experiments
on (p,γ) reactions on carbon isotopes (12C and 13C).

Theoretical calculations of the products of the primordial nucleosynthesis (also
Big BangNucleosynthesys, hereinafter BBN) provide important hints for cosmology
and particle physics. The recent developments of experimental cosmology, such
as, in particular, the precise determination of the CMB temperature fluctuations
and the associated polarization obtained by WMAP and PLANK as well as the
observation of high-redshift supernovae, revived the interest for BBN studies [11].
In practice, different observables provide spots of the Universe at different epochs.
For instance, supernovae, CMB and primordial helium, deuterium and lithium show
the Universe at z ~ 1, 1000 and >108, respectively. LUNA400 has contributed to
improve the predictions of the BBN by significantly reducing the uncertainties of the
rates of the 3He(α,γ)7Be and the D(α,γ)6Li reactions. To complete this investigation,
an accurate determination of the D(p,γ)3He reaction rate is now missing and is
the goal on the ongoing experiment at LUNA400. This reaction mainly affects the
primordial deuterium abundance. A precise determination of its rate at BBN energies
is a necessary input to constrain baryon density and effective neutrino species.

In view of the foreseen studies at the new LUNA MV facility (see Sect. 41.2),
experiments on two processes that may be active in the stellar He-burning zones,
when the slow neutron capture nucleosynthesis (s process) takes place are also in
progress. The first, the 13C(α,n)16O reaction, is the most important neutron source in
low-mass Asymptotic Giant Branch (AGB) stars and is responsible for the produc-
tion of about half of the heavy isotopes (beyond iron) in nature. The second is the
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22Ne(α,γ)26Mg, which competes with the 22Ne(α,n)25Mg reaction, another impor-
tant neutron source for massive stars, and contribute to the synthesis of Mg isotopes.
The on-going program is completed by the study of the 6Li(p,γ)7Be reaction to
clarify some important nuclear physics issues and to improve the knowledge of the
3He(α,γ)7Be process, one of the key branches of the p–p chain.

41.2 The LUNA-MV Project

A beam of higher energy is required to extend the LUNA approach to reactions
between heavier isotopes, as those operating during more advanced phases of stellar
evolution, namely the He and the C burnings. The LUNAMVproject has been devel-
oped to overcome such a limit: the new accelerator will provide hydrogen, helium
and carbon (also doubly ionized) high current beams and it will be devoted to the
study of those key reactions of helium and carbon burning that determine and shape
both the evolution of massive stars towards their final fate and the nucleosynthesis
of most of the elements in the Universe.

In particular, the 12C(α,γ)16O and 12C+12C reactions represent the “Holy Grail”
of nuclear astrophysics and they are the most ambitious goals of this project [9, 10
and references therein]. The first of these two reactions competes with the triple-
alpha during the He burning. Both release a comparable amount of energy (about
7 meV), but the He consumption of the 12C(α,γ) is only 1/3 of that of the 3-alpha.
Therefore, a change of the 12C(α,γ) reaction directly affects the He burning lifetime.
Furthermore, it determines the C/O ratio left at the end of the He burning. This is
a fundamental quantity impacting, for instance, white dwarf cooling timescale and
the outcomes of both type Ia and core-collapse supernovae. The 12C+12C fusion
reaction is the trigger of C burning. The temperature at which C burning takes place
depends on its rate: the larger the rate, the lower the C-burning temperature. Since
the temperature controls the nucleosynthesis processes, reliable estimations of all
the yields produced by C burning, for example the weak component of the s process
which produce the elements between Fe and Sr, require the precise knowledge of
the 12C+12C rate. The 12C+12C rate also determines the lower stellar mass limit for
C ignition. This limit separates the progenitors of white dwarfs, nova and type Ia
supernovae, from those of core-collapse supernovae, neutron stars, and stellar mass
black holes. This mass limit also controls the estimations of the expected numbers
of these objects in a given stellar population, which are required to answer crucial
questions such as: how many neutrons stars are there in the Milky Way? How many
double neutron stars are there in close binaries? And what is the expected merging
rate? A very recent experiment carried out with the so-called Trojan Horse Method,
claimed the existence of several resonances in 12C+12C in the so far un-explored
region at Ecm 1–2.5 meV [12]. This observation would imply a significant increase
in the reaction rate and a corresponding lowering of the mass limit of star for which
carbon-burning can ignite. An independent verification of such result is definitively
needed and LUNA-MV is the sole laboratory in the world where a low-energy direct
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experiment can be performed. Actually, the 12C+12C experiment will be the main
goal/task in the first years of life of the new underground facility

Among the key processes for stellar nucleosynthesis, the sources of neutrons rep-
resent a longstanding and debated open problem [13, 14]. Neutron-captures (slow or
rapid, i.e., the s or r process, respectively)were early recognized as themost important
mechanism to produce the elements heavier than iron. The identification of the astro-
physical sites where these processes may operate requires the accurate knowledge
of the efficiency of the possible neutron sources. Various reactions have been iden-
tified as promising neutron sources. Among them 13C(α,n)16O and 22Ne(α,n)25Mg
represent the most favored candidates. This is because they operate from relatively
low temperatures typical of He burning (100–300 MK) and because 13C and 22Ne
are relatively abundant nuclei in stellar interiors. The 13C(α,n)16O reaction operates
in the He-burning shell of low-mass (less than 4 solar masses) AGB stars and it is the
neutron source reaction that allows the creation of the bulk of the s-process elements
such as Sr, Zr and the light rare earth elements in the Universe. The 22Ne(α,n)25Mg
reaction operates in the He-burning shell of high-mass (more than 4 solar masses)
AGB stars and during the core-He burning and the shell-C burning of massive stars
(more than 10 solar masses). Underground experiments with LUNA MV will allow
us to gain a full understanding of these two reactions through the direct measurement
of their cross sections in the energy range of astrophysical interest.

The LUNA-MV facility will be installed at the north side of Hall B of LNGS and
will consist of an accelerator roomwith concrete walls and a further building hosting
the control room and technical facilities including the cooling system, the electric
power center, etc. (Fig. 41.1). The concrete walls and ceiling (thickness of 80 cm)
of the accelerator room serve as neutron shielding.

The LUNA-MV accelerator is an Inline Cockcroft Walton accelerator designed
and constructed by High Voltage Engineering Europe (HVEE). The machine will
cover a Terminal Voltage range from 0.2 to 3.5MV and will deliver ion beams of H+,
4He+, 12C+ and 12C++ in the energy range from 0.35 to 7 meV into two different beam
lines via a 35° switching analyzing magnet (Fig. 41.1). The delivery of accelerator to
LNGS is scheduled for the first months of 2019. Data taking for physics experiments
is envisaged to start in late fall 2019. The scientific life of the new facility will be of
25–30 just considering the possible experiments in nuclear astrophysics and can go
well beyond if including applications in other fields even outside the fundamental
research frame. A proposal for the first five years of activity at LUNA-MV has
been approved by the LNGS Scientific Committee. Such program includes the direct
measurement of the cross section of the 12C+12C, 13C(α,n) and 22Ne(α,n) reactions
and a renewed study of the 14N(p,γ) at energies higher than those previously explored
at LUNA400. In a successive phase, the problem of 12C(α,γ) should also be attacked
with a dedicated experiment.
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Fig. 41.1 Top panel: layout of the LUNA-MV installation with the 3.5 MV accelerator in Hall B
at LNGS. Bottom panel: schematic of the LUNA-MV accelerator plus a beam line (tendered to
HVEE) and a picture of LUNA-MV ready at the manufacturer factory (March 2018)
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Chapter 42
Investigation of Neutron-Induced
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Mario Weigand, Michael Wiescher and Patric Ziel

Abstract We present first results and plans for future neutron activation measure-
ments at the Goethe University Frankfurt. The measurements were performed at the
Van-de-Graaff accelerator employing the 7Li(p,n) reaction.

42.1 Introduction

Neutron-induced reactions are relevant for many astrophysical scenarios [1]. The
involved isotopes can be stable as during the s-process or radioactive as during the
p-, i- or r-process. The different scenarios are characterized by different temperatures
and neutron densities. Direct measurements of the relevant cross section are therefore
ideally performed for many different energies. The most general method is the time-
of-flight method, which typically requires large samples of isotopically enriched
material, intense neutron sources and sophisticated detectors.
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The activation method alleviates many of these costly requirements at the cost
of integral measurements. The Van de Graaff accelerator at the Goethe University
Frankfurt provides unpulsed proton beams of up to 20 µA in the energy regime
between 1.5 and 2.5 MeV. This is ideally suited for the production of neutrons via
the 7Li(p,n) reaction. Many different energy spectra can be produced depending on
the proton energy, the thickness of the lithium layer and the position of the irradiated
sample.

42.2 Activation Technique

To obtain stellar cross sections from an activation experiment, the neutron spec-
trum should ideally correspond to the thermal spectrum at the respective s-process
site [2]. The 7Li(p,n)7Be reaction, which represents the most prolific neutron source
at low energy accelerators fulfills this requirement almost perfectly [3–5]. Adjust-
ing the proton energy at E p = 1912, 30 keV above the reaction threshold, yields
a neutron spectrum with an energy dependence close to a Maxwellian distribution
corresponding to kB T = 25 keV almost perfectly mimicking the situation during He
shell flashes in AGB stars. A typical activation setup is depicted in Fig. 42.1.

The neutron spectrum can be significantly altered, if the proton energy, the proton-
energy distribution, the thickness of the lithium target, or the angular coverage of
the neutron field by the sample is modified [6, 7]. The neutron flux is typically
determined using a reference sample of the same shape up- and downstream of the
sample.

42.3 First Measurements

The upcoming neutron facility FRANZ in Frankfurt (Germany) [8] will be based
on the 7Li(p,n) reaction to produce neutrons by upgrading the proton source as
well as high current lithium targets. In a first step, the Van-de-Graaff accelerator at
the department of physics at the Goethe University Frankfurt was used to perform
measurements of neutron-induced reactions.

Fig. 42.1 A typical
activation setup consists of a
continuous neutron source, a
sample positioned very close
to the neutron source and a
separate setup to detect to
decay of freshly produced,
radioactive nuclei
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42.3.1 Detection of γ-Activities

We performed activations of natural samples of aluminum, potassium chloride, gal-
lium and potassium bromide, see Figs. 42.2, 42.3 and 42.4. While recent activation
measurements for the isotopes 27Al [9], 41K [10], and 79,81Br [11] exist, no activation-
based data are available for 37Cl, 69,71Ga as well as for the population of the isomeric
state of 82Br. The preliminary results shown in Figs. 42.2, 42.3 and 42.4 indicate that
the activations were successful and we anticipate final results with 5–10% uncer-
tainty.

Fig. 42.2 The s-process reaction network around 27Al (left) and γ-spectrum resulting from the
2.2min decay of 28Al following the activation of natural aluminum (right)

Fig. 42.3 The s-process reaction network around gallium (left) and γ-spectrum resulting from the
decay of 70,72Ga following the activation of natural gallium (right)

Fig. 42.4 The s-process reaction network around bromine (left) and the time dependence of the
511 keV γ-line resulting from the decay of 80BrGS following the activation of natural bromine
(right)
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Fig. 42.5 Sketch of the NICE-setup used to measure the 7Li(n,γ) cross section. The NICE-detector
(Neutron-Induced Charged particle Emission) is based on a thin scintillation foil read out by photo-
multiplier tubes mounted on flat side of the foil

42.3.2 Detection of α-Activities

A new detection system for charged particles was successfully tested for the first
time, see Fig. 42.5. This setup allows the investigation of neutron-induced reactions
with charged particles in the exit channel. This includes (n,α), (n,p), and (n,fission)
reactions. A first test was performed on the 7Li(n,γ)8Li(β−)8Be(α)α reaction. This
reaction was investigated in the past with ionization chambers [12]. For this purpose,
the proton beam from the accelerator was periodically directed onto the neutron
production target for 2 s and then deflected onto a beam stop for 2 s to observe the
0.8 s decay of 8Li followed by the prompt α-decay of 8Be.

42.4 Outlook

In the near-term future we plan to perform activation measurements with different
neutron spectra to constrain the stellar reaction rates at different temperatures. As
soon as the RFQ-based accelerator is operational, we will perform activation as well
as time-of-flight measurements on radioactive isotopes.
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Chapter 43
Nuclear Astrophysics Underground:
Status and Future

Frank Strieder, Daniel Robertson, Axel Boeltzig, Tyler Borgwardt,
Manoel Couder, Bryce Frentz, Uwe Greife, Joachim Goerres,
Mark Hanhardt, Thomas Kadlecek and Michael Wiescher

Abstract For more than two decades LUNA (Laboratory for Underground Nuclear
Astrophysics) has been the only underground laboratory in the world. Over the years
many plans have been discussed on different continents for additional laboratories
dedicated to the study of nuclear reactions of astrophysical interest at very low en-
ergies under almost background free conditions. Only now some of these projects
became or will soon become reality. This contribution will focus on the commis-
sioning and features of the CASPAR (Compact Accelerator System for Performing
Astrophysical Research) project, the first underground accelerator in the US located
in the Sanford Underground Research Facility.

43.1 Introduction

Even more than 60years after the groundbreaking publication [1] by Burbidge, Bur-
bidge, Fowler, and Hoyle, Nuclear Astrophysics is still a thriving and exciting re-
search field at the interface of nuclear physics, astrophysics, and particle physics.
An important current topic is associated with the evolution of stars and its impact
on the production of heavy elements. The most critical reactions are 12C(α, γ)16O,
13C(α,n)16O, 22Ne(α,n)25Mg as well as 12C+12C fusion but other (p,γ), (α, γ), or
(α,n) reactions may also play a role depending on the stellar environment. The study
of these reactions at stellar energies has been a major goal by the community, in Eu-
rope, the US and increasingly also in China. However, the large cosmic ray induced
background has been prohibitive for advancing these measurements into the stellar
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energy range and the present reaction rates rely on theoretical extrapolations that
carry high uncertainties. Accelerator laboratories, located deep underground offer
unique conditions for measuring these reactions at low energies as demonstrated by
the success of the LUNA facility [2] at Gran Sasso, Italy. LUNA showed for the
case of hydrogen burning reactions that many of these kinds of extrapolations can
be significantly improved. Over the past years the CASPAR (Compact Accelera-
tor System for Performing Astrophysical Research) laboratory has been constructed
and commissioned at the Sanford Underground Research Facility (SURF) at former
Homestake Gold mine (Lead, South Dakota, USA) to address the further need for
such facilities. CASPAR operates a 1 MV accelerator that can provide beam inten-
sities of more than hundred micro-Ampere. Furthermore, the LUNA-MV facility in
Gran Sasso and as well as the JUNA project in Chinas Jinping Underground Lab-
oratory will be operational in the near future (for details see other contributions to
this volume). Successful implementation of a science program at these facilities will
offer great opportunities for significant progress in the field.

43.2 CASPAR Laboratory

The implementation and operation of the CASPAR accelerator system (Fig. 43.1) is
being undertaken by a small collaboration of universities: South Dakota School of
Mines and Technology, University of Notre Dame and Colorado School of Mines.
However, the laboratory will serve as an open access facility for the broader nu-
clear astrophysics community. The CASPAR laboratory is located in a dedicated,
temperature controlled cavity on the Ross Campus of the 4850 ft science level of
the Sanford Underground Research Facility [3] with a rock overburden of 4300m
water equivalent. The CASPAR system includes a 1 MV, high intensity Van-de-

Fig. 43.1 CASPAR accelerator and beam line in the Sanford underground research facility (photo
credit: Matt Kapust, SDSTA)
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Graaff accelerator originally manufactured in 1958 by High Voltage Engineering.
Terminal charging of the accelerator is achieved through a charge carrying belt, pro-
viding charge and 400Hz power for the terminal components. A radio-frequency ion
source at the terminal is able to provide proton and helium beams with intensities
of more than hundred micro-Ampere. Prior to installation, the CASPAR accelerator
has been refurbished at the University of Notre Dame. Modern fiber optic control
and communication system inside the pressure vessel as well as encapsulation of
vital components, will provide the level of reliability required for operation in a re-
mote location. The ion beam energy selection and filtering is achieved through a 25◦
analyzing magnet (1 × 10−5 stability/h) located approximately half-way of the total
ion path of 15m between accelerator tank and target station. A solid target station
and a windowless, recirculating gas target system are available for experiments at
CASPAR.

Currently, the commissioning of the system is performed through a measurement
of the reaction 14N(p,γ)15O over almost the entire energy range available from the
CASPAR accelerator and utilizing a Canberra high purity germanium detector with
120% efficiency relative to a 3′′ × 3′′ NaI detector. A 5–10cm lead shield surrounds
the detector as well as the target chamber with some openings required for detector
cryostat, beam line, and water-cooling lines. The detector and its lead shield are
placed on amovable cart mounted on rails which allows for a variation of the distance
of the detector front face to the target. Standard measurement position is in close
geometry to increase the detection efficiency. However, since the close geometry
results in a significant γ-ray summing effect, the influence of this effect is studied
with calibrated radioactive sources andwell-known resonances at different distances.
Detector and target are mounted at angles of 55◦ and 45◦, respectively, with respect
to the beam axis. In order to be able to measure the cross section of the reaction
14N(p,γ)15O also close to the dominant low-energy resonance at Ep = 278 keV thin
evaporated ZiN targets with a thickness of 10–20 keV at the resonance energy are
used. These targets have proven to withstand beam intensities of 100 µA.

An important requirement for a successful low-energy measurement of nuclear
reactions of astrophysical importance is the background suppression. Figure43.2
shows an environmental background γ-ray spectrum obtained with the Canberra
120% HPGe detector in the CASPAR cavity. The spectrum of the shielded detector
(configuration used during actual measurements) is compared to a background run
takenwith the samedetector in the undergroundcavity, butwithout any lead shielding,
as well as with a detector of similar size at the LUNA facility at Gran Sasso [2].
The suppression factors achieved in both underground laboratories are comparable.
However, since the uranium and thorium content in the rocks—and as a consequence
the radon contamination in air—in the Sanford Underground Research Facility is
higher than in the Gran Sasso Laboratory, the low-energy background, i.e., γ-ray
background below Eγ = 3 MeV, at CASPAR is increased with respect to LUNA
(see Fig. 43.2). The increased low-energy background has also some effect on the
background at higher γ-ray energies due to pileup and additional neutron-induced
γ-ray background. Finally, the shieldedHPGe detector at CASPARhas a background
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Fig. 43.2 Environmental
γ-ray background in the
CASPAR cavity taken with a
120% HPGe detector and
compared to measurements
done at Gran Sasso

rate of 3.7 × 10−4 and 2.6 × 10−4 events keV−1 h−1 in the energy range 3300–6000
and 4600–7600 keV, respectively (for quantitative comparison see also [4]).

Measurements of the reaction 14N(p,γ)15O are in progress in the proton energy
range between lower than 200 keV and 1 MeV. The results of these measurements
will be published elsewhere.

43.3 Future

The main science goal for the CASPAR project in the near term future will be
a measurement of the two s-process neutron source reactions 13C(α,n)16O and
22Ne(α,n)25Mg. Apart from the r-process, the s-process provides the main path for
the synthesis of heavy elements beyond iron in our universe. The s-process is charac-
terized by slow neutron capture reactions taking place during late stellar evolution.
The distribution of the heavy element products in these specific burning environ-
ments serves as a signature for the conditions in the stellar interior during these
phases. Therefore, direct measurements of the two main neutron sources fueling the
s-process are very important to probe our stellar models.

Recently, there have been several indirect determinations of the cross sections of
these two important reactions which placed some doubts on previous direct measure-
ments with moderated 3He detectors. In particular for the reaction 22Ne(α,n)25Mg
a recent indirect study at Texas A&M University revealed a factor of 3 smaller
resonance strength for the dominating resonance at Eα = 832 keV than in previ-
ous measurements [5]. The CASPAR accelerator covers the right energy range to
remeasure this resonance with high precision and check for other, potentially im-
portant low-energy resonances. The low neutron background environment in the
underground laboratory is extremely important for these studies and will lead to un-
precedented precision. Studies of the ambient neutron background in the CASPAR
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cavity along with improved pulse shape discrimination to distinguish different back-
ground sources in the detector are currently performed and direct measurements will
start end of 2018.

Finally, one of the most important open quests in Nuclear Astrophysics with sta-
ble beams that could be answered by underground measurements is the cross section
of the carbon fusion reactions. Extremely low yields and high backgrounds in γ-ray
spectroscopy as well as in particle spectroscopy will make this task very challeng-
ing. A recently successful approach of measuring particle-γ-ray coincidence lacks
sufficient efficiency for measurements at energies close to the Gamow window of
carbon burning and also cannot access the ground state transitions in 12C(12C,p)23Na
and 12C(12,α)20Ne. Just a combination of a γ-ray and a particle detection setup with
very high efficiency for both channels will bring significant progress. Since both
channels have different experimental difficulties, the γ-ray spectroscopy approach
in an underground laboratory currently seems to be themore promising path forward.
However, in the next foreseeable future among the deep underground laboratories
only the LUNA-MV facility can contribute to this endeavor.
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Chapter 44
Study on Explosive Nucleosynthesis
with Low-Energy RI Beams at CRIB

H. Yamaguchi, S. Hayakawa, L. Yang, H. Shimizu, D. Kahl
and CRIB Collaboration

Abstract Studies on nuclear astrophysics and nuclear structure have been per-
formed using the radioactive-isotope (RI) beams at the low-energy RI beam sep-
arator CRIB of the University of Tokyo. Recent studies on astrophysical reactions in
high-temperature stellar environments at CRIB are discussed. We conducted a series
of α resonant scattering measurements with RI beams and the thick-target method,
mainly to evaluate astrophysical reaction rates of α-induced reactions. Experimental
projects based on other experimental techniques, such as the Trojan horse method or
RI-implanted target, are also ongoing.

44.1 Introduction

CRIB [1, 2] is a radioactive-isotope (RI) beam separator operated by Center for
Nuclear Study (CNS), the University of Tokyo, installed at the RIBF facility of
RIKEN Nishina Center. CRIB can produce low-energy (<10 MeV/u) RI beams
by the in-flight technique, from primary heavy-ion beams accelerated at the AVF
cyclotron ofRIKEN(K=70).Most of theRI beams are producedvia 2-body reactions
such as (p, n), (d, p) and (3He, n), taking place at an 8-cm-long gas target with a
maximum pressure of 760 Torr. A cryogenic target system, in which the target gas
can be cooled down to about 90 K, is currently available, and an intense 7Be beam of
2 × 108 pps was produced using the system [3]. The low-energy RI beams at CRIB
are particularly suitable for studies on astrophysical reactions and nuclear resonant
structure.
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Recent nuclear astrophysics projects with low-energy RI beams at CRIB can be
summarized as follows.

1. α-resonant scattering with the thick-target method in inverse kinematics (TTIK)
The TTIK [4] is a method suitable for astrophysical reaction studies. In that
method, the beam energy is degraded in a thick reaction target, and the reaction
occurs at various center-of-mass energies.Bydetecting the position and the energy
of light particles emitted after the reaction, the reaction position in the target and
the reaction energy are deduced according to the kinematical relationship. This
enables us to perform an efficient measurement of excitation functions even with
low-intensity RI beams.
A series of measurements of α resonant scatterings with beams of 7Li [5], 7Be
[6], 30S [7], 10Be [8], 15O, and 18Ne have been carried out. These measurements
provide resonant information to evaluate astrophysical reaction rates, and are also
very suitable for investigating α cluster structure in the compound nuclei.

2. Application of Trojan horse method (THM) with RI beams
Thefirstmeasurement using theTHM[9, 10]with anRI beamhas been performed
at CRIB [11]. The measurement was to study the 18F(p, α)15O reaction, which is
particularly responsible for the 511-keV γ-ray emission in nova explosions. By
our experiment, the excitation function of the 18F(p, α)15O reaction was obtained
down to the stellar temperature, while an uncertainty on the spin and parity (Jπ)
of resonances still remained. Therefore we have performed another measurement
with greater statistics in 2015, and the analysis is under way. The second THM
experiment at CRIB was on the 7Be+n reactions, related to the cosmological
lithium abundance problem in the Big-Bang nucleosynthesis [12].

3. Isomeric 26Al beam and resonant scattering
An 26Al beam containing both ground states (26gAl; Jπ =5+) and isomers (26mAl;
Jπ =0+) was produced at CRIB first in 2016 [13]. The 26Mg(p, n) reaction was
used for the beam production. The primary 26Mg beam energywas at 6.7MeV per
nucleon, where the production of 26gAl is fairly suppressed by the limitation of the
angularmomentumwhich can be brought into the system, and thus a high isomeric
purity (number of 26mAl to the total 26Al) of about 50%was achieved. We applied
this beam to the measurement of 26mAl+ p resonant elastic scattering, to study
26mAl(p, γ) reaction as a possible destruction reaction of 26mAl in supernovae.

4. RI-implanted target
When an RI has a lifetime sufficiently long, we can implant the RI into a host
material and use it as a target.With such an implantated target, an intense and low-
emittance light-ion beamcanbe used formeasurements of light-ion+RI reactions.
In 2018, a 7Be-implanted gold target was produced at CRIB, transferred to JAEA
Tandem facility, and then used for a 7Be(d, p) reactionmeasurement at the energy
of Big-Bang nucleosynthesis. This project was carried out in collaboration with
RCNP, Osaka University and JAEA [14].
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44.2 10Be+α Elastic Resonant Scattering

The study on the 10Be+α system is discussed here, as a typical example of the α
resonant scattering experiment. The study was performed mainly for interst in an
exotic cluster structure, while 10Be(α, n) or 10Be(α, γ) reaction may play a role in
the Big-Bang nucleosynthesis [15] or other high-temperature stellar environments.

In 1956, Morinaga [16] came up with the novel idea of a particular cluster state:
the linear-chain cluster state (LCCS). Now the LCCS is commonly considered as
extreme and exotic, due to its presumed propensity to exhibit bending configurations.
A theoretical prediction of LCCS in 14C was made by Suhara and En’yo [17, 18]
with an antisymmetrized molecular dynamics (AMD) calculation, yielding a prolate
band (J π =0+, 2+, 4+) that has a configuration of an LCCS at a few MeV or more
above the 10Be+α threshold.

We applied the 10Be+α resonant scattering method in inverse kinematics to iden-
tify the predicted LCCS band in 14C [8]. The 10Be beam had a typical intensity of
2 × 104 particles per second, and the beam purity was better than 95%. The 10Be
beam at 25.8 MeV impinged on the gas target, which was a chamber filled with heli-
um gas at 700 Torr and covered with a 20-µm-thick Mylar film as the beam entrance
window. The measured 10Be beam energy at the entrance of the helium gas target,
after theMylar film, was 24.9 ± 0.3MeV.α particles recoiling to the forward angles
were detected by �E − E detector telescopes. We obtained an excitation function
of the 10Be+α resonant elastic scattering for 13.8–19.1 MeV, as shown in Fig. 44.1a.

We performed an R-matrix calculation to deduce the resonance parameters, and
we identified three resonances perfectly corresponding to the predicted LCCS band;
J π are identical, and their energies and spacings are consistent with the theoretical
prediction. We claimed this as the strongest indication of the LCCS ever found [8].

Fig. 44.1 Excitation
function of the 10Be + α
resonant scattering for
θlab = 0◦–8◦
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Chapter 45
Charged-Particle Decays of Highly
Excited States in 19F

P. Adsley, F. Hammache, N. de Séréville, M. Assié, D. Beaumel, M. Chabot,
M. Degerlier, C. Delafosse, F. Flavigny, A. Georgiadou, J. Guillot,
V. Guimaräes, A. Gottardo, I. Matea, L. Olivier, L. Perrot, I. Stefan,
A. M. Laird, S. P. Fox, R. Garg, S. Gillespie, J. Riley, J. Kiener,
A. Lefebvre-Schuhl, V. Tatischeff and I. Sivacek

Abstract Neutron-capture reactions on 18F in the helium-burning shell play an im-
portant role in the production of 15N during core-collapse supernovae. The competi-
tion between the 18F(n, p/α)18O/15N reactions controls the amount of 15N produced.
The strengths of these reactions depend on the decay branching ratios of states in
19F above the neutron threshold. We report on an experiment investigating the de-
cay branching ratios of these states in order to better constrain the strengths of the
reactions.

45.1 Astrophysical Background

Spatially correlated hot-spots of 15N and 18O have been observed in grains which
originate from core-collapse supernovae [1]. In the helium-burning shell, 14N pro-
duced during the CNO cycles is converted into 18F and 18O by 14N(α, γ)18F(β+)18O.
During the supernovae the 18O(α, n)21Ne reaction activates releasing neutrons and
causing 18F(n, p/α)18O/15N reactions. The amounts of 15N and 18O produced de-
pend sensitively on the relative strength of the 18F(n, p/α)18O/15N reactions [2]
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determined by 19F states above the neutron threshold. At present, the astrophysical
reaction rates used for astrophysical models are based on statistical-model calcula-
tions [2]; as 19F is known to exhibit strong clustering behaviour [3] statistical-model
calculations may be inappropriate.

Direct measurement of the pertinent cross sections is extremely challenging as
neither neutrons nor 18F may be easily fashioned into targets. Instead, the rates may
be calculated from detailed knowledge of the properties (energies, total and partial
widths, and spins and parities) of the nuclear states above the neutron threshold in
19F.

We report a study of excited states by 19F(p, p′) to constrain the 18F(n, p)18O and
18F(n,α)15N reaction rates.

45.2 Experimental Setup

A 15-MeV proton beam from the Orsay tandem was incident upon a 90-µg/cm2 LiF
foil on a carbon backing located at the target position of the ‘Split-Pole’ Enge mag-
netic spectrometer. Scattered particles were momentum analysed in the spectrometer
and detected at the focal plane in a position-sensitive gas detector, a gas proportional
detector and a plastic scintillator.

Charged particles decaying from the populated states in 19F were detected in an
array of sixW1 double-sided silicon strip detectors (DSSSDs). As the beamstop was
located within the scattering chamber of the spectrometer, a steel shield was placed
in the chamber to reduce the background seen by the silicon detectors.

A more detailed description of the experimental setup may be found in [4].

45.3 Data Analysis and Preliminary Results

Figure45.1 shows the coincidence spectrum where there is a hit in the focal plane
and a hit in a silicon detector after imposing certain conditions on the data to check
for good hits in the silicon detectors.

The focal-plane spectra gated on a particular decay channel could then be con-
structed by selecting those events where the ‘missing’ energy corresponded to the
separation energy for the channel of interest. Excitation-energy spectra for the sin-
gles events, the α0-decay-gated events and the p0-decay-gated events are shown in
Fig. 45.2.

Once the various spectra have been generated they are fitted to extract information
on the state parameters e.g. the excitation energies, total widths and decay branches.
We started byfitting the spectra using known state information taken from theENSDF
database [5]. However, we found that a number of states which have been observed
in resonance reaction measurements particularly of 18O(p,α)15N [6–8] have been
omitted by the compilers of the nuclear data-sheets [9] complicating the analysis as
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Fig. 45.1 Magnetic rigidity against the energy detected in the silicon detectors for detector number
5. The α0 and p0 loci are marked. The other loci are due to exited states in 12C from the target
backing breaking up and competing coincidence channels such as 19F(p,α)16O(p) reactions

Fig. 45.2 (Top) Singles excitation-energy spectrum. (Bottom) Excitation-energy spectra gated on
α0 (blue) and p0 (red) decays
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well-defined physical parameters for these states are not available and the present
experiment is unable to resolve them.

The first important observation from the present experiment is the weakness of
the proton decays for many of the excited states.We can compare the ratios of the ob-
served branching ratios to the reaction rates from statistical-model calculations [10].
The calculations predict that the 18F(n,α)15N reaction rate should be around three
times stronger than the 18F(n, p)18O reaction. From the results of the present ex-
periment, we find that the 18F(n, p)18O reaction rate is much weaker relative to the
18F(n,α)15N reaction rate than that predicted using TALYS with a corresponding
increase in the production of 15N in supernovae.

45.4 Outlook

More 19F(p, p′) data have been collected using the Q3D magnetic spectrometer at
MLL, Garching in July 2018. The excitation-energy resolution achievable in this
case is around 5 keV [11] which is around a factor of three better than the current
experiment. This should allow for the states in the region of interest to be better
resolved and used to guide the future progress of the coincidence analysis.
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Chapter 46
Pulse Shape Discrimination for High
Pressure 3He Counters

J. Balibrea-Correa, A. Best, G. Imbriani and A. di Leva

Abstract Low counting rate experiments strongly depend on the background sup-
pression during the measurement campaigns. In this work we present a novel
Pulse Shape Discrimination methodology, based on digital filters, for high pres-
sure 3He detectors read through charge sensitive preamplifiers. In addition, the
preliminary results from a semi-empirical Monte Carlo model for these detectors
are exhibited.

46.1 Introduction

The success of low counting rate experiments strongly depends on the accurate
knowledge and reduction of the backgrounds present during the measurement cam-
paigns. For this reason, dark matter search and low energy nuclear astrophysics ex-
periments are performed in underground laboratories, shielded from the cosmic rays
[1, 2]. Two important examples in nuclear astrophysics are 13C(α,n) and 22Ne(α,n)
cross-section measurements at low energies, which are considered to be the main
neutron sources for the astrophysical s-process [3, 4].

The intrinsic alpha-activity contained in the walls of high pressure 3He counters,
used for these experiments, becomes a major source of background in low count
rate scenarios. To reduce this intrinsic background, two pulse shape discrimination
(PSD) methodologies were developed recently: They make use of current sensitive
preamplifiers [5]; and rise-timemethodology for lowpressure 3He counters [6].How-
ever, most experiments are performed using charge sensitive preamplifiers and the
high-pressure counters which limits the applicability of the rise-time methodology.
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In this work, the charge sensitive preamplifier signals are converted into current
preamplifier, benefited of the double pulse for 3He(n,p)T reactions [5], by the use of
digital filters. 18 cylindrical, steel housed, 10 bar 3He counters1 read through CAEN
charge sensitive preamplifiers were used. The detectors were embedded inside a
polyethylene matrix and surrounded by a 2.54cm thick 5% borated polyethylene
shielding, placed underground at the Gran Sasso National Laboratory. The wave-
forms were digitized using CAEN 1724 cards. Two different data sets were taken:
3He(n,p)T reactions labeled as “neutron” data were measured using an Am-Be cal-
ibration source and a long background data set run was acquired without the use
of any neutron source labeled as “α” data. The region of interest for this work will
presented as the deposited energy region where the neutron events are taken place.

46.2 Pulse Shape Analysis of the Experimental Data

The digitized waveforms were converted into current sensitive preamplifier signals
by applying a first order digital high pass filter (CR) described by the following
recurrence formula [7]

yn = 1 + ξ

2
xn − 1 + ξ

2
xn−1 + ξ yn−1 (46.1)

where {xn}, {yn} are the input and output buffers, respectively. The parameter ξ

is related to the bandwidth of the filter and must be determined according to the
characteristics of the input charge preamplifier signal and the digitizing sampling
time.

For each converted current sensitive pulse, the fast (I f ) and slow (Is) integrals over
two different time intervals were calculated. Then the PSD parameter M , defined as
M = I f /(I f + Is) , were adjusted to maximize the differences between neutron and
alpha events signatures as it displayed in Fig. 46.1. The “α” data rejection (>98%)
and remaining neutron events (77%) obtained by the use of this parameter have
similar performance to the literature values [5, 6].

46.3 Monte Carlo Simulations

The detector response is being investigated by developing a semi-empirical model of
the 3He detectors for neutron and α events, including the electronic chain used during
the experiment. The simulated events were processed in the same way as the exper-
imental data, calculating for every pulse the amplitude and the PSD parameter M .

1Manufactured by GE Reuter Stokes, model numbers RS-P4-0816-217 and RS-P4-0810-249.
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Fig. 46.1 PSD M versus deposited energy for a background (blue) and an Am-Be (red) run in the
region of interest

Fig. 46.2 Left: 3He amplitude signature simulated compared with the experimental data used in
this work. Right: PSD M—deposited energy distribution obtained from the simulation of neutron
and α events

A good agreement between experimental and simulated amplitude spectra for
neutron events is obtained as it displayed in left panel of Fig. 46.2. The preliminary
results for the PSD simulation, displayed in right panel of Fig. 46.2, confirms the
trend observed in the experimental data for neutron and “α” events. These results
will be used to improve the current PSD methodologies.

46.4 Conclusions

Anovel methodology based on digital techniques was developed for the PSD on high
pressure 3He counters read out through charge sensitive preamplifiers. The “α” events
rejection, larger than 98%, and survived remaining neutron distribution, ∼77%, are
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similar to the PSD values for low-pressure 3He counters found in the literature. In
addition a semi-empirical model of the detector is being developed, which can be
used to further improve PSD methods.
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Chapter 47
Photoneutron Reaction Cross Section
Measurements on 94Mo and 90Zr
Relevant to the p-Process Nucleosynthesis

A. Banu , E. G. Meekins, J. A. Silano, H. J. Karwowski and S. Goriely

Abstract The photodisintegration cross sections for the 94Mo(γ ,n) and 90Zr(γ ,n)
reactions have been experimentally investigated with quasi-monochromatic photon
beams at the High Intensity γ -ray Source (HIγS) facility of Triangle Universities
Nuclear Laboratory (TUNL). Energy dependence of the photoneutron reaction cross
sections was measured with high precision close to the respective neutron emis-
sion thresholds and up to 13.5 meV. These measurements contribute to a broader
investigation of nuclear reactions relevant to the understanding of the p-process
nucleosynthesis. The results are compared with the predictions of Hauser-Feshbach
statistical model calculations using different models for the γ-ray strength function.
The resulting 94Mo(γ ,n) and 90Zr(γ ,n) photoneutron stellar reaction rates as a func-
tion of temperature in the typical range of interest for the p-process nucleosynthesis
show how sensitive the photoneutron reaction rate can be to the experimental data in
the vicinity of the neutron threshold.

47.1 Introduction

Despite the endemic problem of reproducing the solar abundances of 92,94Mo and
96,98Ru most abundant p-nuclei [1], as well as the part of the A < 124 region, recent
studies performed by Travaglio et al. [2] in supernova Type Ia calculations using
both deflagration and delayed detonation models demonstrated that both light and
heavy p-nuclei, including the much debated isotopes 92Mo and 96,98Ru, are produced
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with similar enhancement factors relative to solar abundances, provided an s-process
enrichment of the progenitor is assumed. The model, however, predicts production
of 94Mo with a much lower abundance in comparison to all the other light p-nuclei.
Another remarkable finding of [2] points out that the γ-process can make important
contributions to the production of the neutron magic 90Zr, previously known as
genuine s-process nuclide.

In light of the intriguing findings of [2], we were motivated to investigate the pho-
toneutron reactions on 94Mo and 90Zr. The measurements were focused on studying
the energy dependence of the photoneutron reaction cross sections near the respective
neutron emission thresholds and up to 13.5 MeV.

The experimental results are compared to the predictions ofHauser-Feshbach (HF)
statistical model calculations using different models for the γ-ray strength function
(γSF). They allow the γSF to be constrained by the present experimental data and are
used to estimate the corresponding stellar photoneutron reaction rates which directly
influence the p-process nucleosynthesis.

47.2 Experimental Setup

The measurements reported in this paper were performed using TUNL’s High Inten-
sity γ-ray Source (HIγS) facility. A schematic not-to-scale drawing of the experi-
mental setup as it was assembled for the present experiment is shown in Fig. 47.1.

The quasi-monoenergetic γ-ray beam had an energy width in the range of 4–5%
(FWHM). The γ-ray beam fluxwas continuouslymonitored and yielded values in the
range of 107–108 γ/s on target. The very high γ-ray flux available at HIγSmakes this

Fig. 47.1 Schematic drawing of the experimental setup in the HIγS upstream target room (not to
scale). See [3] for details of the detectors sketched in the figure
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facility ideal for investigation of photoneutron reaction cross sections with p-nuclei
as targets. In-depth experimental description is provided in [3].

47.3 Results

The photoneutron reaction cross sections of the presentwork are comparedwith theo-
retical calculations obtained with the TALYS nuclear reaction code and two different
models of the γSF, namely the Generalized Lorentzian (GLO)model and the axially-
symmetric-deformed Hartree-Fock-Bogoliubov (HFB) plus QRPA model based on
the D1MGogny interaction, as illustrated in Fig. 47.2. Reference [3] provides details
about these statistical models calculations.

In Fig. 47.3 are shown the resulting 90Zr(γ,n)89Zr and 94Mo(γ,n)93Mo stellar
photoneutron rates as a function of the temperature in a typical range of interest for
the p-process nucleosynthesis [1].
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Fig. 47.2 Comparison between the present (γ,n) photoneutron reaction cross sections as a function
of the γ-ray beam energy and previous data. Also included are the predictions obtained with the
D1M + QRPA E1 and M1 strengths (solid line) and with the GLO model (dotted line)
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Fig. 47.3 90Zr(γ,n)89Zr and 94Mo(γ,n)93Mo stellar reaction rates, as a function of the temperature,
obtained with the D1M + QRPA (solid lines) or the GLO (dotted lines) γSF shown in Fig. 47.2
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Chapter 48
First Time Measurement of the
19F(p,α1)16O Reaction at Astrophysical
Energies: Evidence of Resonances
Through the Application of the Trojan
Horse Method

B. Becherini, M. La Cognata, Sara Palmerini, O. Trippella, S. Cherubini,
G. L. Guardo, M. Gulino, S. Hayakawa, I. Indelicato, L. Lamia,
Rosario Gianluca Pizzone, G. G. Rapisarda, C. Spitaleri and Aurora Tumino

Abstract The 19F(p,α)16O reaction is an important channel of fluorine destruction
in H-rich environments as the outer layers of Asymptotic Giant Branch (AGB) stars.
Measurements of the 19F(p,α0)16O reaction via theTrojanHorseMethod (THM)have
shown the presence of resonant structures not observed before. As a consequence,
the reaction rate at astrophysical temperatures (about 107–108 K) exceeds up to a
factor 1.7 the one previously adopted. Here we present the result of an experiment
in which THM was used to extract the Quasi-Free (QF) contribution of the 2H(19F,α
16O)n reaction to the 19F(p,α1)16O channel, corresponding to the population of the
first excited state of the 16O. Three resonances in the Ecm energy region below about
500 keV have been observed. This result hints to an enhancement of the 19F(p,α)16O
destruction rate, with respect to what presently predicted.
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48.1 Introduction

The sole stable isotope of fluorine is 19F, which can be easily destroyed in stel-
lar interiors by several reactions. As a consequence, cosmic origins of fluorine are
still uncertain. Three possible sites of fluorine nucleosynthesis have been proposed:
AGB stars, Type II supernovae and Wolf-Rayet stars. The comparison between the
observed fluorine abundance with those of other elements whose stellar origins are
well known made by [1], foreseen the hypothesis that AGB stars were the main site
of fluorine production in galaxies. However, theoretical models do not reproduce the
observed aboundance of fluorine, tending to overstimate its production. To solve this
problem, mechanisms of fluorine production and destruction in AGB stars have to
be further investigated.
The major fluorine destruction channels are the 19F(p,α)16O and the 19F(α,p)22Ne re-
actions, which take place in astrophysical enviroments rich in H andHe, respectively.
In AGB stars affected by Cool Bottom Process (CBP) [2] or Hot Bottom Burning
(HBB) [3], the F surface abundance might be reduced by those phenomena, because
mixed materials undergo low temperature proton captures, and in this scenario some
19F might be destroyed via the 19F(p,α)16O reaction. Unfortunately, no experimental
data are reported by NACRE [4] for both the 19F(p,α0)16O and the 19F(p,α1)16O at
energies below 500 keV. This lack of data forces researcher to an unsatisfactory ex-
trapolation of the reaction rate to astrophysical energies. The first experimental study
of the 19F(p,α0)16O reaction at astrophysical energies was performed by [5], by using
the THM to extract the quasi-free contribution to the 2H(19F,α 16O)n and the 19F(3H,α
16O)d reactions. The measurement shows the presence of resonant structures not ob-
served before, which increased the reaction rate at astrophysical temperatures up to
a factor of 1.7. The experiment was repeated, and updated data are reported in [6]
and [7]. However, there is no data in the literature for the 19F(p,α1)16O channel below
500 keV , whose contribution is not negligible at astrophysical energies (0–1 MeV)
if resonances show up.
The aim of this work is to use the indirect method of THM to study the quasi-free
contribution of the d(19F,α1

16O)n reaction to the 19F(p,α1)16O at energies below
1 MeV.

48.2 Experiment, Data Analysis and Results

The 19F(p,α1)16O reaction has been experimentaly studied via the THM experiment
d(19F,α 16O)n, where deuteron has been chosen as TH-nucleus because of its p − n
structure and its radial wave function for the intercluster s-wave p − n motion given
by the Hulthen wave-function. Under QF conditions, the neutron emerging from
the reaction represents the spectator while the proton partecipates in the two body
reaction, eventually proceeding through 20Ne excited levels [8]. The experiment was
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performed at Laboratori Nazionali del Sud (LNS) Catania, were a 19F beam of 55
MeV impinging into a CD2 target was delivered.

The reaction of interest was identified by selecting the events in which an oxigen
was detected in the telescope (PSD1 and PSD4, as shown in Fig. 48.1), in coincidence
with a signal of one of the two detectors placed at higher angles, on the opposite side
with respect to the beamaxis. In particular, in thisworkwe focused on the coincidence
between two detectors (PSD1 and PSD5, as shown in Fig. 48.1). Following the
procedure described by [5, 7], we were able to disantangle between the contributions
of the different reaction channels, to isolate the α1 channel contribution and finally
to extract the three-body differential cross section in arbitrary units for this channel.
The differential cross section in Fig. 48.2 shows at least three resonances below
0.5 MeV in the center of mass framework, suggesting an enhancement of the rate
of the 19F(p,α)16O. The complete data anlysis of all the coincidences in between the
telescopes, together with the normalization of the THM cross section data, will be
presented in a forthcoming paper.

Fig. 48.1 Scheme of the experimental set-up

Fig. 48.2 Three-body differential cross section for the α1 channel. Experimental data are fitted
by a multi gaussian function (black curve), while colored lines show the contribution of different
resonances. The energy values of the fitted resonances are the following: 0.204 MeV (red line),
0.251 MeV (blue line), 0.378 MeV (purple line), 0.663 MeV (green line), 0.742 MeV (light blue
line), 1.022 MeV (yellow line)
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Chapter 49
Aluminium-26 from Massive
Binary Stars

H. E. Brinkman, C. L. Doherty, E. T. Li, B. Côté and Maria Lugaro

Abstract Aluminium-26 is a radioactive isotope present in the early Solar System
and in the current Galaxy. Themost likely places for the production of this isotope are
massive stars, single and binary. We simulated a single star of 20M� with theMESA
code, as well as binaries consisting of 20+18M� stars. From these simulations, it
becomes clear that binaries give higher 26Al yields than single stars.

49.1 Introduction

Aluminium-26, a radioactive isotope with a half-life of 0.72 Myear, was present
in the early Solar System, as inferred from 26Mg excess in meteorites [1]. It is also
detected in the Galaxy via γ -ray observations fromCOMPTEL and INTEGRAL [2].
While it is known that 26Al is produced in stars, many uncertainties are left related to
the production sites and the nuclear physics input. Past research has focused mostly
on yields of 26Al frommassive single stars, both rotating and non-rotating, including
their winds and supernova explosions [3–7]. However, most massive stars are found
in binary systems, and this can strongly influence their yields [8]. Here we present
the initial results from a project that focuses on the yields from the winds, both from
single massive stars and from non-conservative mass transfer in binary massive star
systems.
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49.2 Simulations

First, we calculated a single star with an initial mass of 20M� and a metallicity of
Z = 0.014 using the MESA code [9]. Secondly, we calculated binary models with a
primary of 20M� and a secondary of 18M� with different orbital periods. Further,
we explored the parameter space by using semi-numerical binaries. The parameters
of interest here are: the primary mass, M1, the mass-ratio, q = M1

M2
and the orbital

period, P. In this initial result, we did not vary the masses, this will be done in a
subsequent work. With Kepler’s third law (49.1) and Eggleton’s approximation of
the Roche lobe [10] (49.2), we calculated semi-numerical binaries, based on the
numerical single star.

a3

P2
= G(M1 + M2)

4π2
(49.1)

RL1

a
= 0.49q

2
3

0.6q
2
3 + ln(1 + q

1
3 )

(49.2)

For periods ranging from a few days to ∼100 days, we calculated the size of the
Roche lobe for a fixed mass-ratio of q = 20/18. At the points where the radius equals
the size of the Roche lobe, we assume that the full envelope of the star is stripped
away and we calculated the 26Al yield by summing the amount 26Al in all the cells
stripped away.We chose the limits for the period in such a way that the mass-transfer
will be either during hydrogen burning, case A, or after hydrogen burning, but before
the envelope becomes convective during helium burning, case B. We use these limits
because otherwise the 26Al is already destroyed by helium burning or decayed.

49.3 Results

In Fig. 49.1 we compared the results of different studies of non-rotating single stars
(the horizontal lines) to each other as well as to our results. Our single star model
produced a yield of 26Al of 1.5×10−7M� (the solid horizontal blue line). Our bi-
nary models produced yields between 1.9 × 10−6 and 2.0 × 10−7 M� (blue stars).
The semi-analytic binaries (blue dots) produce yields between 1.0 × 10−5 and 3.8 ×
10−6 M�.

The general trend is that the numerical binaries give a higher yield than the single
stars. This is because the mass-loss is generally larger for the binaries than for the
single stars. The yields from the semi-numerical binaries represent an upper limit
because we have assumed that the whole envelope of the star is lost during the mass-
transfer phase. In the numerical simulations this does not happen because the star
reconfigures and detaches from the Roche lobe, stopping the mass-transfer, before
the innermost layers are stripped.
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Fig. 49.1 Aluminium-26 yields in M� for 20M� single stars (horizontal lines) and 20+18M�
binaries (stars (analytical) and dots (semi-analytical)) for various periods given in days

49.4 Outlook

Here we have focused on a system consisting of a 20M� and a 18M� star and varied
the orbital periods between a few days to ∼100 days. The research will be expanded
to a wider mass-range of primary stars, between 15 and 120M�, again with periods
varying between a few days to∼100 days. Also the mass-ratio, q = M2

M1
, will be varied

to analyse its influence on the yields.
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Chapter 50
Study of the Eα = 395 keV Resonance of
the 22Ne(α,γ)26Mg Reaction at LUNA

Antonio Caciolli and D. Bemmerer

Abstract The 22Ne(α,γ)26Mg is the competitor of the 22Ne(α,n)25Mg in AGB stars,
which, in turn, is an efficient source of neutrons for s-processes in medium masses
AGB stars. There is a significant uncertainty in the 22Ne(α,γ)26Mg thermonuclear
reaction rate. This has been clearly remarked the ChETECCOSTAction (CA16117)
considering the 22Ne(α,γ)26Mg among the nuclear reactions with major impact on
stellar nucleosynthesis. A narrow resonance at an energy Eα = 395 keV has been
claimed in the 22Ne(α,γ)26Mg reaction and it has been studied only with indirect
methods leading to a range of possible values for its strength from 10−9 to 10−15

eV. At LUNA (Laboratory for Underground Nuclear Astrophysics) this resonance
can be studied directly, thanks to a high efficiency setup, composed by a 4π-BGO
detector and a windowless gas target filled with neon gas enriched in the 22Ne isotope
to 99.99%. This setup has been already used in a previous experiment for the study
of the 22Ne(p,γ)23Na reaction, and in April-June 2018 a new measurement cam-
paign will be performed. Thanks to its position inside the Laboratory of Gran Sasso,
LUNA already benefits from a reduced background and in particular a factor one
thousand for the neutron component. Still this remains the most important source of
background in the region of interest for the 22Ne(α,γ)26Mg. Therefore a new borated
polyethylene shielding will be employed to reduce the neutron contamination due to
the environmental background by an additional order of magnitude.
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50.1 Introduction

The 22Ne(α,γ)26Mg competes with the 22Ne(α,n)25Mg reaction in AGB stars. Re-
cently, it has been found to have a role in the uncertainty budget to calculate the abun-
dances of 26Mg and 31P in intermediate-mass AGB stars. Since the 22Ne(α,n)25Mg
has a threshold at α-beam energy of 565 keV [1], a possible resonance in the
22Ne(α,γ)26Mg below this threshold could affect the temperature at which the ratio
of the two rates is higher than one. A direct measurement of a possible resonance at
energies below the threshold is of high importance for the neutron density calculation
in ABG stellar models.

The 22Ne(α,γ)26Mg reactionhas been already studied in several of the experiments
also addressing its competitor, but most of these studies rely on indirect methods (see
[2] and references therein).

One of the most interesting resonances, which shows only upper limits on its reso-
nance strength [2], is the one at Eα = 395 keV, corresponding to the EX = 10,949 keV
excited level of the 26Mg. For this resonance, a great discrepancy between different
upper limits is present in literature (see [2] and reference therein). In particular, the
range of possibile upper limits varies from 3.6×10−9 eV [3] to 8.7×10−15 eV [2].

Using the LUNA-400kV accelerator [4], this reaction can be studied directly. The
setup planned for this study is already described in [5]. This setup is characterised
by an high efficiency 4π-BGO detector surrounding the scattering chamber, which
is filled with neon gas enriched in 22Ne up to 99.99%. This setup was tested against
results of a previous study of the 22Ne(p,γ)23Na reaction [6–9]. Thanks to the deep
underground position [10–13] the LUNA collaboration is planning to be sensitive
to a value of the resonance strength at least two orders of magnitude lower than the
value in literature [3]. In order to reach this goal, an additional shielding made of
10 cm borated (5% boron included) polyethylene has been designed and mounted
around the detector. This is expected to reduce the neutron flux in the region of
interest (10.5–11.5 MeV) by an order of magnitude with respect to the flux already
present inside the LNGS halls.

The 22Ne(α,n)25Mg reaction is already in the program of the future LUNA-MV
[14]. Among the ChETEC network, there is an open discussion about the necessity
to review other resonances of this reaction and of the 22Ne(α,γ)26Mg, especially at
energies above the threshold of the neutron channel. Their study will be one of the
goals of the new LUNA-MV accelerator that will start its activity at LNGS in 2019.
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Chapter 51
The s-Process Nucleosynthesis in Low
Mass Stars: Impact of the Uncertainties
in the Nuclear Physics Determined by
Monte Carlo Variations

Gabriele Cescutti, Raphael Hirschi, Nobuya Nishimura, Thomas Rauscher,
Jacqueline den Hartogh, Alex St. J. Murphy and Sergio Cristallo

Abstract We investigated the impact of uncertainties in neutron-capture and weak
reactions (on heavy elements) on the s-process nucleosynthesis in low-mass stars
using a Monte-Carlo based approach. We performed extensive nuclear reaction net-
work calculations that include newly evaluated temperature-dependent upper and
lower limits for the individual reaction rates. Our sophisticated approach is able to
evaluate the reactions that impact more significantly the final abundances. We found
that β-decay rate uncertainties affect typically nuclides near s-process branchings,
whereas most of the uncertainty in the final abundances is caused by uncertainties
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in neutron capture rates, either directly producing or destroying the nuclide of in-
terest. Combined total nuclear uncertainties due to reactions on heavy elements are
approximately 50%.

51.1 Introduction

The s-process nucleosynthesis is a source of heavy elements beyond iron in the u-
niverse, taking place in stellar burning environments. There are two astronomical
conditions and corresponding classes of the s-process. The s-process occurs (i) dur-
ing the AGB phase of low mass stars producing heavy nuclei up to Pb and Bi, called
the main s-process; (ii) in He-core and C-shell burning phases of massive stars rep-
resenting the lighter components (up to A ≈ 90), categorised as the weak s-process.
Here, we investigate themain s-process production in low-mass AGB stars. There are
several well known uncertainties concerning this production. In thiswork, we explore
the nuclear reaction side, in particular the uncertainties in neutron captures and beta
decays on intermediate and heavy isotopes. Our approach is to vary simultaneously
all reaction rates in a Monte Carlo (MC) framework rather than one reaction at a
time. We followed the same procedure as presented in detail in [1]. Furthermore, we
use temperature-dependent uncertainties based both on experimental and theoretical
studies as we have already done for several other processes: the s-process in massive
star, γ-process in core collapse SNe and γ-process in supernovae type Ia [1–3]. On
the astrophysical side, the evolution of low-mass stars is complex, especially during
the TP-AGB phase [4]. It is thus not feasible to repeat such simulations 10,000 times
as required by the MC procedure to complete a sensitivity study. We thus have to ap-
proximate the thermodynamic conditions inside the star with a trajectory following
the key phase that we are studying (for details see [5]).

51.2 Results

As can be seen in Fig. 51.1, the overall uncertainties at the end of the trajectory
approximating a 13C pocket in a 3 M� star of solar metallicity are generally small.
Indeed,most of themare smaller than50%.This is not too surprising since the relevant
temperature range (∼8keV) is accessible to experimental measurements so many of
the relevant rates. There are nevertheless several nuclides, for which uncertainties
are larger than a factor of two. These are generally nuclides around branching points
such as 86Kr. We also notice a propagation effect for nuclides more massive than
138Ba. This is due to the combined effect of uncertainties in neutron capture rates
above 138Ba. Inmost cases, rates dominating the nuclear uncertainties are the neutron
captures either directly producing or destroying the nuclide in question (for the full
list see [5]). There are, however, three neutron-capture rates that play a significant
role in the uncertainty for many nuclides during the 13C-pocket conditions. These
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Fig. 51.1 Total production uncertainties in the s-process abundances at the end of a thermodynamic
trajectory approximating a 13C pocket in a 3M� stars of solar metallicity. The color shading denotes
the probabilistic frequency and the 90% probability intervals up and down are marked for each
nuclide with the red lines. The final abundances are normalised by the final abundance at the peak
of the distribution. Horizontal dotted lines indicate a factor of two uncertainties
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are the neutron capture rates on 56Fe, 64Ni, and 138Ba. For a detailed analysis of the
how the importance of these key rates are determined by examining the correlation
between a change in a reaction rate and the change of an abundance, we refer the
reader to [5].
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Chapter 52
Stellar Nucleosynthesis: Experimental
Yields of the 112Sn(γ,n)111Sn and
112Sn(γ,p)111m,gIn Reactions for p-Nuclei
Production Simulation

A. V. Chekhovska, I. L. Semisalov, V. I. Kasilov and Ye. O. Skakun

Abstract The bremsstrahlung yields of the photonuclear reactions 112Sn(γ,n)111Sn
and 112Sn(γ,p)111m,gIn on the tin-112 p-nuclide have been measured at the near
and above threshold energy range. These measured yields are compared with the
NON-SMOKER and TALYS code predictions.

52.1 Introduction

Whereas the overwhelming majority of naturally occurring isotopes of chemical
elements of the middle and heavy masses was synthesized in stars via the reactions
of slow (s) and rapid (r) capture of neutrons, a separate group of 35 weak abundant
proton-rich nuclei could not be produced in these scenarios because of the ratio
of their masses and the masses of the neighboring isobars ([1] and therein). To
understand the stellar mechanisms of the production of these so-called p-nuclei, the
low energy proton and photon induced reaction rates are required on a huge network
of stable and radioactive nuclei. Theoretical calculations using the statistical model
of Hauser-Feshbach [2] which in turn should be tested by comparison with the
known experimental data take on special importance.

In the present study the integral yields of photonuclear reactions 112Sn(γ,n)111Sn
and 112Sn(γ,p)111m,gIn were measured in the near and above threshold energy range
of interest for stellar nucleosynthesis. The activation technique with the high
resolution γ-spectrometry based on the HPGe-detector was applied for the mea-
surements of the (γ,n)- and (γ,p)-reaction yields on the 112Sn p-nucleus.
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Fig. 52.1 Diagram of the photonucleon reactions on the 112Sn target and decay of the residuals

Figure 52.1 shows the energy diagram of photonucleon reactions on the 112Sn
target nucleus and decays of the residuals. The (γ,n) reaction produces
111Sn (T1/2 = 35.3 min) nucleus, the (ε + β+)-decay of which is followed by the
emission of a large number of γ-ray groups corresponding to the transitions between
levels of the 111In daughter nucleus [3] populating the 111m,gIn long-lived isomer pair
(T m

1/2 = 7.7 min, Eγ = 538keV; T g
1/2 = 2.8 d, Eγ = 171, 245keV) which in addition

can be formed directly in the 112Sn(γ,p)111m,gIn reaction.

52.2 Experiment

The intense bremsstrahlung flux was produced by the 100 µm tantalum converter
at the Kharkiv electron LINAC. The tin sample weighing 77 mg enriched by 112Sn
isotope to 80% was positioned on the initial electron beam axis after the deflect-
ing magnet. It was sandwiched with a gold foil of the known thickness using for
the 197Au(γ, n)196Au reaction as the standard one [4]. The ionization chamber was
monitoring the photon flux recording the X-ray dose during irradiation.

The experimental activation yield Yact (E0) of the (γ,n)-reaction normalized to
one target nucleus and unit bremsstrahlung flux was determined from the measured
intensities Nγ of one or several strong γ-transitions followed by the 111Sn decay
(762, 1101, 1153keV) via the conventional activation equation:

Nλγ

NtargεBγ
= Yact

(
E0

) × (
1 − e−λtirr

) × e−λtcool × (
1 − e−λtmeas

)
(52.1)
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where Ntarg is the number of the target nuclei, λ the radioactive decay constant of a
residual, ε the detector efficiency, Bγ branching coefficient, tirr , tcool , and tmeas the
times of irradiation, cooling and measurement of the sample activity, respectively.

The intensities of the 171 and 245keV γ-lines in the spectra of decay gamma rays,
measured over a cooling period of 40min and more (when the 111mIn as the residual
of the 112Sn (γ,p)-reaction had decayed practically completely), obey the activation
equation for a genetically related pair of radioactive nuclei:

Nγ

NtargεBγ
= Y (γ,n)

act
λpλd

λd − λp

[1 − e−λptirr

λ2
p

e−λptcool
(
1 − e−λptmeas

)

− 1 − e−λd tirr

λ2
d

e−λd t2
(
1 − e−λd tmeas

)]

+ Y (γ,p)
act

1 − e−λd tirr

λd
e−λd t2

(
1 − e−λd tmeas

)

(52.2)

in which the additional notations Y (γ,n)
act and Y (γ,p)

act are total activation yields
of the 112Sn(γ,n)111Sn and 112Sn(γ,p)111m+gIn reactions with λp and λd as the
decay constants of the parent and daughter of the radioactive chain 111Sn→111gIn
respectively.

52.3 Experimental Results and Theoretical Predictions

Our experimental values of the integral yields (in mbarn×MeV) for the
112Sn(γ,n)111Sn, 112Sn(γ,p)111m,gIn and reactions presented as the dark circle points
in Fig. 52.2 are compared with the statistical theory predictions using the computer
codes NON-SMOKER [5] and TALYS 1.6 [6]. The dark points of all three panels
were obtained with the genetic activation equation (52.2). The light triangle points
of the 112Sn(γ,n)111Sn reaction (upper panel) correspond to the treatment with the
conventional activation equation (52.1) and the adopted for today branching coeffi-
cient values of the 111Sn nuclide decay [3]. The difference between these two value
sets are explained by non-correct branching coefficient values of the 111Sn nuclide
decay. The experimental data for the (γ,n)-reaction (the dark points) are agreed to the
NON-SMOKER prediction and the option “ld1-st2” (constant temperaturemodel for
level density-Brink-Axel model for strength function). The Varlamov values [7] (the
light circle points) exceed our data by 20% and are agreed with other combination
of models.
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Chapter 53
The Development of 400 kV High
Intensity Accelerator Facility for Jinping
Underground Nuclear Astrophysics
Experiments

L. H. Chen, B. Q. Cui, R. G. Ma, Y. J. Ma, Q. H. Huang, B. Tang, X. Ma,
G. Lian, B. Guo, WeiPing Liu, Q. Wu and L. T. Sun

Abstract Direct measurement of the cross sections for key nuclear reactions is
crucial in verifying extrapolation model, constraining theoretical calculations, and
solving key scientific questions in nuclear astrophysics. However, these cross-
sections are extremely small. Tiny reaction rates in laboratories at the earth’s surface,
the measurements are hampered by the cosmic-ray background. Experiments using
high intensity beam and Measurements in ultra-low background underground labs
become a promising solution of experimental nuclear astrophysics. China JinPing
Underground Laboratory (CJPL) is currently deepest underground site in the word.
For such experiments, a 400 kV, 10 mA accelerator specially designed for Jinping
Underground Nuclear Astrophysics (JUNA) will be placed in CJPL. In this paper
the recent development of the 400 kV accelerator are presented.

53.1 Introduction

TheChina JinpingUndergroundLaboratory (CJPL) is constructed at the southwest of
China [1]. It’s covered by over 2400m rock depth. Jinping Underground experiments
of Nuclear Astrophysics (JUNA)will take the advantage of the ultra-low background
of CJPL to study a number of crucial reactions occurring at their relevant stellar
energies during the evolution of hydrostatic stars [2]. For such experiments, a high
intensity accelerator (400 kV with 10 emA for proton or helium beam) 400 kV high
intensity accelerator has been established.
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Fig. 53.1 Set-up of the 400 kV accelerator for JUNA

53.2 Overview of the 400 kV Accelerator for JUNA

The 400 kV high accelerator for JUNA experiments adopts two step acceleration and
separation mode (see Fig. 53.1). The beams are extracted at 20–50 keV from a high
intensity ECR ion source [3] and post-accelerated up to 400 keV by the accelerating
tube. Two solenoids are set in LEBT for matching the beam into the accelerator tube.
Two triple quad-poles are set after the tube for match the beam transport and satisfy
the requirement of the experiments. By this method the optimum beam transport
could be gotten without affected by ion source. The inhibition of beam impurities is
achieved by two dipoles. One is on the 400 kV high voltage platform; the other is
on the ground potential. The preliminary 30° dipole arranged in low energy beam
transport line has an ability to resolute different charge-mass ratio beams (clear up
the fraction of H2

+, H3
+ in beam etc.), and 90° dipole has a high mass resolution to

resolute same charge-mass ratio (e.g., tiny D+ in He2+ beam, D2
+ in He+ beam.) or

neutral particles that would affect underground physics experiments.

53.3 The Accelerating Tube

Space charge effect is important to high intensity beam transport. Accelerating tube
is used to accelerate beam from 50 to 400 keV. In accelerating tube, due to the
existence of accelerating electric field, the space charge neutralization is completely
destroyed. Beam quality would become worse quickly because of chare repulsion.
So the accelerating tube need specially designed. An accelerating tube for few tens
microampere high intensity beam has been developed in China Institute of Atomic
Energy.

Uniform field acceleration structure is used in the machine. The electrode is
specially designed to accommodate high intensity beam. The beam energy can be
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obtained through four accelerating gaps. Each accelerating gap has a maximum load
of 100 kV. Various measures of homogenization electric field are used to reduce the
occurrence of sparks. The total length of the accelerating tube is 1300 mm, but the
length of accelerating electric field is only 250 mm maximum that minimizes the
impact of space charge effect.

53.4 The Tuning of Accelerator on the Ground

The main parts of accelerator have been installed and tuning on the ground (see
Fig. 53.2). Limited by laboratory space, the triple quad-poles behind the 90° dipole
are not installed. The performance of accelerating tube has been test. Over 12 mA
proton beam and 5 mA helium beam have been steadily accelerated up to required
energy. The beam has also been transported to Beam-stop or experimental targets.
When the beam energy is below 350 keV, the operation is stable and almost no spark.
As increasing the accelerating potential, the spark becomes more likely to occur (per

Fig. 53.2 Some photos of 400 kV accelerator for JUNA. a The high voltage platform; b the accel-
erating tube; c and d the ECR ion source and beam lines
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few hours once). Some improvements are underway to enhance the stability of the
accelerator in long-term operation.

53.5 Conclusion and Future Plan

Due to the high intensity beams have been transmitted to the terminal, validations
of experimental terminal and test plans on the ground are under way. Safety pro-
tects and interlocks will be improved according to experimental results to make the
machine easier to operate and more reliable. Depending on the progress of CJPL-II,
the accelerator will be delivered to the underground lab before the end of 2019.
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Chapter 54
7Be(p,p)7Be and Its Importance
in Nuclear Astrophysics

Thomas Chillery

Abstract Recent Earth-bound experiments measuring solar neutrino fluxes from
the Sun show discrepancies both with each other and with the standard solar model.
Of the reactions involved in the production of solar neutrinos, the 7Be(p,γ)8B still
carries the largest uncertainties. Studies have been performed of both 7Be(p,γ)8B
[1] and 7Be(p,p)7Be [2]. To further constrain the (p,γ) channel S-factor at relevant
energies, a precise study of the 7Be(p,p)7Be elastic scattering will be carried out at
the Centre for Isotopic Research on Cultural and Environmental heritage in Italy [3].
Data will help to constrain the 7Be(p,γ)8B reaction cross section through a global
R-matrix analysis. The ultimate drive of this effort in understanding the neutrino
uncertainties is to use the Sun as a standard reference to better understand other stars
across the Universe.

54.1 Motivation

The standard solar model (SSM) traces the Sun’s evolution over the past 4.6 Gyr
of main-sequence burning, predicting the present day competition between nuclear
reaction chains [4]. The competition between burning paths can be used to determine
the central temperature of the Sun, if the various nuclear reaction rates are precisely
known. Neutrinos probe this competition, as the relative rates of the ppI, ppII, and
ppIII cycles can be determined from fluxes of the pp/pep, 7Be, and 8B neutrinos [1].
This highlights why precise measurements of nuclear reaction cross sections are so
closely connected to solar neutrino fluxes.

The solar neutrino problem was solved at the turn of the 21st century with the
discovery that neutrinos oscillate between three flavours [5, 6]. As a result more
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precise measurements of relevant nucleosynthesis reactions are required to reach a
finer agreement between the SSM predictions and observatory measurements.

A recent review [1] highlights that the reaction 7Be(p,γ)8B, a producer of 8B
which subsequently beta decays emitting neutrinos, currently has the highest cross
section uncertainty of all reactions occurring in the Sun. The 7Be(p,p)7Be scattering
will be studied to complement the existing (p,γ) channel data for a global R-matrix
analysis.

54.2 Experimental Setup

The 7Be(p,p)7Be reaction will be studied at the Center for Isotopic Research on
Cultural and Environmental Heritage (CIRCE) laboratory located in Italy. CIRCE
utilises a caesium source and a 3 MV TTT-3 Tandem Accelerator [3] capable of
accelerating radioactive ion beams. In this study 7Be ionswill be accelerated between
Elab = 1.2–6MeV and focussed (beam spot diameter of order 5mm) onto a 930 µg

cm2

thick solid polyethylene (CH2) target. The 7Be + p reaction will thus follow inverse
kinematics, whereby protons recoiled at forward angles will be detected by one of
two Micron S2 silicon semiconductor detectors [7], mounted at nominal distances
25 and 120mm from the target’s center. The S2 detectors are multi-striped with
48 annular rings on the front face, allowing the recoils to be detected with angular
resolution (�θlab of order 0.3o). Mylar foils will be mounted in front of the detectors
for protection from scattered beam projectiles that would otherwise cause radiation
damage to the silicon.

Prior to measurement, the CH2 target’s upstream side was sputtered with a thin
(nominal: 40 µg

cm2 ) gold flush. This is intended to scatter incoming beam particles
at backward angles, into a single channel silicon diode detector. Knowledge of the
exact positioning of the diodewill allow both the beam current and target degradation
to be monitored during the measurement. A computer generated drawing of the
experimental setup is provided in Fig. 54.1.

54.3 Initial Tests: Thick-Target Measurement
with 7Li Beam

Commissioning tests have been performed using 7Li beam at Elab = 3 and 3.5MeV
bombarding a CH2 target. The recoil proton spectra were calibrated using a 241Am
and 239Pu radioactive source and a pulser walkthrough. The detected proton energy
takes into account the energy loss of the proton in both the target and the silicon dead
layer of the S2s. Conversion from detected to centre of mass energies was performed
using stopping powers provided by SRIM-2013 [8]. A sample proton spectrum (7Li
Elab = 3MeV) is shown in Fig. 54.2, where the trend expected from pure Rutherford
scattering is overlayed in red.
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Fig. 54.1 Computer generated drawing of the target chamber

Fig. 54.2 Measured proton spectrum converted to centre of mass frame (Black). Expected
Rutherford Scattering (Red) scaled to data

54.4 Future Outlook

Further commissioning of the setup is required using the 7Li(p,p)7Li reaction. The
7Be(p,p)7Be experiment is planned to run in CIRCE for Autumn/Winter 2018. The
cross section/phase shifts will be extracted across the Elab = 1.2–6MeV range and a
global R-matrix fit will be performed with the (p,γ) channel.
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Chapter 55
Direct Measurement of the 13C(α, n)16O
Reaction at LUNA

G. F. Ciani, L. Csedreki and A. Best

Abstract The 13C(α, n)16O reaction is the main neutron source for the s-process in
lowmass AGB stars. Although several direct measurements have been performed, no
dataset reaches the Gamowwindow (140–230keV) due to the the nearly exponential
drop of σ(E) with decreasing energy. The available dataset didn’t extend to lower
energies because of the strong cosmic background and some difficulties to evaluate
the target degradation. To study the 13C(α, n)16O cross section at low energies,
ancillary measurements to characterize 13C enriched evaporated targets, under an
high intensity proton beam (100–200µA), are carried out at Laboratori Nazionali
del Gran Sasso (LNGS) in the framework of the LUNA experiment. The preliminary
results are reported in this contribution.

55.1 State of the Art and Next LUNA Measurement

The 13C(α, n)16O reaction is the major neutron source for the main component of
the s-process in low mass (1 − 3M�) Asymptotic Giant Branch (AGB) stars, whose
temperature of interest is around 1−2 × 108 K. This corresponds to a Gamow win-
dow between 140 and 230keV, below the Coulomb potential energy of the reaction.
Several direct measurements have been performed by different groups [1–4]. The
astrophysical S factors, S(E), are shown in Fig. 55.1. The lowest energy point has
been measured by Drotleff et al. [2] with an uncertainty of 50%.
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Fig. 55.1 State of the art of the direct measurement of the 13C(α, n)16O reaction adapted from
Heil’s paper [1]. The violet band represents theGamowwindow, the red solid line is the extrapolation
of the astrophysical S-factor down to this region while its error bands are indicated by red dashed
lines. The green line is an extrapolation where the presence of the threshold resonance is omitted

In addition the reaction mechanism at low energies includes also the contributions
from the tail of a sub-threshold resonance at ER = −3keV (the resonance energy in
the center-of-mass system), corresponding to Ex = 6.356MeV state in 17O .
The red and the green line indicate the R Matrix extrapolation taking and not taking
in account the sub-threhsold resonance, respectively (see Fig. 55.1).
As one can see the two curves differ almost of one order of magnitude in the astro-
physical energy region. In order to be reliable such an extrapolation must be more
effectively constrained by as much experimental information as possible.

The LUNA collaboration proposed to measure the 13C(α, n)16O cross section
in the region of interest for the s process reaching an overall accuracy of 10%. The
experiment has been performed at LNGS, combining the underground reduction of
the neutron flux, of 3 orders of magnitude compared with the surface [5], with an
intense stable alpha beam delivered by the LUNA 400 accelerator [6] in the energy
range 50 < Eα < 400keV.

55.2 Target Preparation and Characterization

Targets used for themeasurements have been produced atMTAATOMKI (Debrecen,
Hungary) evaporating 99% 13C enriched powder on Tantalum backing by means of
electron gun technique.

mumpower@lanl.gov



55 Direct Measurement of the 13C(α, n)16O Reaction at LUNA 317

A deep target characterization has been performed focusing on the investigation of
target composition, stoichiometry, and density profile as a function of cumulative
charge measuring the capture process to the ground state of 14N of the 13C(p, γ)14N
reaction.
The measurements have been mainly devoted to:

– measure the presence of light element impurities in the target and in the backing
which can produce, due to their relatively low Coulomb barrier, an high level of
beam induced background.

– quantify the degradation and the stoichiometry modification due to the beam irra-
diation.

An important requirement is the quality of the solid target used: high density, high
purity and high stability. All of these aspects have been studiedwith a complementary
approach using two facilities: the 2MV Tandetron installed at MTA ATOMKI [7]
and the LUNA 400kV accelerator. The uniformity and reproducibility of the target
production is performed by observing the excitation function at the narrow resonance
at E p = 1748 keV (Γ = 120eV)of the 13C(p, γ)14N reaction [8] at 2MVTandetron.
Being in the thick target Yield condition (target thickness ΔE � Γ ), the excitation
function has the typical double arctangent function [9], sowe can easily fit and extract
parameters as target thickness.

A typical underground γ-spectrum acquired at E p = 310 keV is shown in
Fig. 55.2. The measurements were carried out using an High Purity Germanium
detector in close geometry, due to the good resolution of the Ge detector (FWHM
= 3 keV at E = 1460 keV corresponding to 40K) possible γ-ray lines from proton
capture reactions on 11B, 12C and 19F have been investigated.

All γ-ray lines below the direct capture to the ground state transition are referable
to the 13C(p, γ)14N reaction, with negligible observation of contaminants.
The stability test is performed by observing the reduction of the yield of the transition
to the ground state in 13C(p, γ)14N reaction, at Eγ = 7843keV: after 33C the yield
was decreased of 17%.

55.3 Target Monitoring During 13C(α, n)16O Cross
Section Measurement

In Fig. 55.3 is shown a typical γ-ray transition to the ground state analysed with the
γ-line shape procedure in order to study the targetmodification due to the degradation
or to the change of the stoichiometry. The expected γ-line shape is determined by the
cross section behaviour σ in the proton energy interval spanned by the incident beam
during the slowing down process in the target. A detailed treatment of this procedure
is beyond the aim of this contribution.
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Fig. 55.2 Underground γ-spectrum of the 13C(p, γ)14N reaction acquired at E p = 310keV, some
of the primary γ-rays transition to the ground state are showed

Fig. 55.3 Typical γ0-ray line shape of the 13C(α, n)16O reaction obtained at E p = 310keV. The
solid line represents the sum of the resonant and non-resonant contributions, convoluted with the
simulated straggling [10]
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The experimental procedure is based on an alternative proton/alpha beam irradia-
tion. We adopt this complementary approach since from the analysis of the transition
peak of DC→ GS, we are able to observe the possible presence of surface con-
taminations and estimate target density as function of the accumulated charge. We
developed a novelty analysis approach to monitor the thickness variation as function
of the active and inactive nuclei after the alpha beam bombardment (Ciani’s Ph.D.
in submission).

55.4 Summary

In this paper the targetmodificationmonitoringduring the 13C(α, n)16O cross section
measurement is described.

After 1 C of alpha irradiation the beam will be switched to proton and direct
capture of the 13C(p, γ)14N reaction is measured.

The analysis is based on the γ-line shape, which permits to extract information
on the target composition and the target thickness, used in the cross section analysis.
The final analysis is in progress.
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Chapter 56
H-He Shell Interactions
and Nucleosynthesis in Massive
Population III Stars

Ondrea Clarkson, Falk Herwig, Robert Andrassy, Paul Woodward,
Marco Pignatari and Huaqing Mao

Abstract We report on our ongoing investigation into the nucleosynthetic and hy-
drodynamic nature of mixing at the interface between the H- and He-convection
zones in massive Pop III stars. Studying recent a grid of 26 1D stellar evolution sim-
ulations with different mixing assumptions, we find that H-He interactions occur in
23/26 cases. We demonstrate the nucleosynthesis expected in a H-He interaction in
an 80M�. Finally, we describe our progress in simulating a Pop III double convection
zone in the PPM-Star hydrodynamics code.

Pop III stars are thought to have produced and released the first elements heavier
than those created in the Big Bang [1]. The most metal-poor stars we observe today
may be the most direct descendants of Pop III stars and are a powerful diagnostic in
our study of early cosmic chemical evolution [2].
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Interactions between H and He-convection layers have been seen in 1D stellar
evolution simulations of massive Pop III stars [3, 4] but until recently, have not been
investigated in detail.

Similar convective-reactive events occur in additional environments, such as He-
shell flashes in low-Z low-mass stars [5–7], post-AGB stars [8], rapidly-accreting
white dwarfs [9], and low-Z Super-AGB stars [10]. In these cases—just as Pop III
stars—likely leading to the i-process with neutron densities≈ × 1013−15 cm−3, first
discussed by Cowan and Rose [11].

We have explored the possibility that the abundance patterns of theCEMP-no stars
SMSS J031300, HE1327-2326 and HE 0107-5240, among the most iron-poor stars
known, could be explained by highly energetic, convective H-He shell interactions in
massive Pop-III stars [12] without a strong odd-even effect. Based on a 45M� stellar
model that undergoes a H/He convective-reactive event during C-core burning, we
ran single-zone calculations to ascertain the nucleosynthesis which may result from
such an event. For these simulations we found neutron densities of≈6 × 1013 cm−3,
leading to striking similarities with the abundance patterns existing in some of the
most metal-poor stars, particularly in abundance ratio trends seen from Na-Si and
Ti-Mn.

We have run a grid of 26 models using the MESA stellar evolution code [13]
over a mass range of 15−140M�. For each initial mass, we use 5 different sets
of mixing assumptions in order to explore the dependence of H-He interactions on
marcophysical modelling choices. Our findings indicate that there are three distinct
modes for the interaction: firstly, as in Clarkson et al. [12] a convective H and He-
shell interaction. Secondly, a convective H-shell mixing into a convective He-core
and thirdly, a convective H-shell mixing down into a radiative He-shell.

Although difficult to constrain from1Dsimulations,we have preformed additional
single zone calculations more, with the aim to further explore the abundances of

Fig. 56.1 Abundances of CEMP-no stars HE0107-5240 and HE2317-2326 in purple and black
are shown with single zone calculations (red and blue stars) based on an 80M� stellar evolution
simulation
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Fig. 56.2 3D simulation of convective H andHe-burning shells on a 7683 grid. Only the first 50,000
km of the H-shell is simulated in order to adequately resolve the stable layer. Colours show vorticity

HE 0107-5240 and HE 2317-2326. We ran simulations with T = 2.5× 108 K and
ρ = 1.9× 102 g cm−3 from the He-shell of an 80M� model from our grid of Pop
III models with 1% H added, by mass. Preliminary results are shown in Fig. 56.1.
We find that in order to simultaneously reproduce both light and trans-Fe elements
in these stars the total neutron exposure must be a factor of ∼4 smaller than we
previously reported.

We have begun using the explicit PPMstar code [14] to investigate these events.
Our initial suite of simulations contain the He-shell flash convection zone and the
bottom of the H-burning convection zone, separated by a radiative zone of 25,000
km (Fig. 56.2). Initially we are driving these convection zones by a constant volume
heating at the bottom of the He convection zone and a corresponding cooling at the
top of the H-burning convection zone. In order to realistically model this Pop III
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stellar environment, several code modifications were made. In future simulations,
we will be including a simplified network to model the nuclear feedback expected
from the mixing of H and He-burning material. The aim of these simulations is to
answer the hypothesis [12] that such an event may led to a GOSH-like instability and
could potentially eject material from the star. We hope to determine whether such an
event would occur, and if so, how would it unfold in a full 4π -3D environment in
terms of possible asymmetries in the entrainment and how would the model respond
to the nuclear feedback?

The first massive stars may have experienced violent convective-reactive interac-
tions at the interface of theH- andHe-burning regions. Three dimensional simulations
with nuclear feedback are now being constructed to investigate this stellar and nucle-
ar astrophysics environment. A light-element i process could be triggered, and may
result in abundance patterns observed in CEMP-no stars without strong odd-even
effect.
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Chapter 57
A Public Code for Precision Big Bang
Nucleosynthesis with Improved Helium-4
Predictions

Alain Coc, Cyril Pitrou, Jean-Philippe Uzan and Elisabeth Vangioni

Abstract A Mathematica code (“PRIMAT”) for big bang nucleosynthesis (BBN),
has been made publicly available. Its network includes more than 400 reactions
with their updated thermonuclear reaction rates. In particular, it takes advantage of
the recently improved weak reaction rates that include all the required theoretical
corrections to reach a level of accuracy of 10−4 on 4He. Once the uncertainties on the
reaction rates and neutron lifetime are taken into account, we obtain Yp = 0.24709 ±
0.00017, D/H = (2.459 ± 0.036) × 10−5 and Li/H = (5.623 ± 0.247) × 10−10.

Primordial nucleosynthesis (BBN) is one of the historical observational evidences
for the standard big bang model, together with the expansion of the universe and
the Cosmic Microwave Background (CMB). It is very special because, within the
standard BBN model, the thermodynamic conditions can be calculated from first
principles. In addition the cross sections of most of the nuclear reactions that are
of importance are measured in the laboratory, at the relevant energies. Furthermore,
now that the number of neutrino families and the baryonic density have been fixed
by laboratory measurements or CMB observations, the model has no free parameter.
Then, it is now possible to accurately calculate the abundances of the produced “light
elements”: 4He, D, 3He and 7Li.

Precision on primordial abundances, deduced from observations, have now
reached the percent level for 4He (1.6% [1]) and deuterium (1.2% [2]). Precision on
predictions for Yp (4He mass fraction) and D/H (ratio of number of atoms) should,
hence, reach the same level of accuracy. (We leave aside the lithium problem which
is even more acute [3] with the now precise deuterium observations [2], and 3He
whose galactic chemical evolution is uncertain.) (Table 57.1).
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Table 57.1 Primordial abundances compared to observations. Percentages correspond to the rela-
tive uncertainties

Observations (%) Predictions [4] (%)

Yp 0.2449 ± 0.0040 [1] (1.6) 0.24709 ± 0.00017 (0.07)

D/H (×10−5) 2.527 ± 0.030 [2] (1.2) 2.459 ± 0.036 (1.5)
7Li/H (×10−10) 1.58+0.35

−0.28 [9] (20) 5.623 ± 0.247 (4.4)

TheBBNMathematica code (PRIMAT for PRImordialMATter), is fully described
in Pitrou et al. [4], and is made publicly available at at http://www2.iap.fr/users/
pitrou/primat.htm. Its network of 391 reactions and 59 β–decay processes allows to
predict abundances up to the CNO region. The associated thermonuclear rates and
uncertainties are identical (with only a few exceptions [4]) to the one described in
Coc et al. [5]. It is inherited fromour originalFortran code (see e.g. [6] and references
therein). The reaction rates that have the strongest influence on D/H [2H(p,γ)3He,
2H(d,p)3H, and 3H(d,n)4He] have been re–evaluated using Bayesian methods [7, 8],
and are among these exceptions. The uncertainty on the 4He mass fraction came
partially from the experimental neutron lifetime. However, theoretical uncertainties
also affected the weak reaction rates that interconvert neutrons with protons. For
these rates, the radiative, finite nucleonmass, finite temperature radiative corrections,
weak-magnetism, QED plasma effects, and consequences of incomplete neutrino
decoupling have all been calculated by Pitrou et al. [4] in a self-consistent manner.
For all of them, detailed balance was enforced, an essential requirement as there rates
govern the n/p ratio at freeze–out and, consequently, Yp. Even if they are small, these
corrections affect the predictions by 1.84% for Yp and 1.49% for D/H larger that the
observational uncertainties (Table 5 in Pitrou et al. [4]). Hence, they are essential,
not only for 4He abundance prediction but also for the deuterium one.

The precision on Yp is limited by the neutron lifetime, for which we adopted the
experimental value proposed by Serebrov et al. [10], namely 879.5 ± 0.8 s, keeping
in mind that there is still a discrepancy between the results of “beam” and “bottle”
experiments [10]. The uncertainty on D/H arise from the thermonuclar reaction rates
of 2H(p,γ)3He, 2H(d,p)3H, and 3H(d,n)4He which need to be known at the percent
level. In particular, the 2H(p,γ)3He reaction rate is not known with sufficient accu-
racy, because of the scarcity of experimental data in the region of interest and their
conflicts with the more recent theoretical model [11] (see Fig. 23 in Pitrou et al. [4]).
If the experimental data expected from the LUNA facillity [12] confirm this the-
oretical calculation [11], our deuterium prediction will decrease by 0.072 × 10−5,
i.e. D/H ≈ 2.39 × 10−5, in tension with observations [2]. However, numerous non–
standard models of BBN, initially proposed to solve the lithium problem (see e.g.
[3]), can easily solve this deuterium discrepancy and very slightly reduce the lithium
one. (Experimental results concerning the 7Be(n,p)7Li and 7Be(d,p)24He reactions,
presented at this conference [13, 14], reduce the 7Li production, but by far less than
the required amount.)
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The public PRIMAT code allows to re-do all the calculations presented in our
Physics Report [4] (Monte–Carlo, non-degenerate neutrinos,…). The file of tabulated
reaction rates, provided with the code, can certainly be adapted to other BBN codes,
and used as benchmark for comparison. The code can be developed to include new
physics (e.g. our previous investigations [15, 16]) or simply to test the influence of
new reaction rates. Once, the corrections to the weak rates are fully implemented in
it, the Fortran version will also be made public. We expect to update the reaction
rate library on a regular basis.
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Chapter 58
The LUNA Neutron Detector Array
for the Direct Measurement of the
13C(α,n)16O Nuclear Reaction

L. Csedreki, G. F. Ciani, A. Best, J. Balibrea-Correa and Gy. Gyürky

Abstract The direct measurement of the 13C(α,n)16O nuclear reaction down to its
Gamow window is essential to the complex understanding of the astrophysical
s-process, which is responsible for the production of about half of the heavier ele-
ments above the iron group. The combination of a high efficiency experimental setup
and the extremely low environmental background is required to measure cross sec-
tions of the order of picobarns. This paper presents the main features of the LUNA
neutron detector array dedicated to the direct investigation of the 13C(α,n)16O nuclear
reaction in the Underground Laboratory of LNGS.

58.1 Introduction

The 13C(α,n)16O nuclear reaction is of key importance in nuclear astrophysics. This
reaction is the dominant neutron source for the synthesis of the main s-process
component of heavy elements, a process which takes place in thermally pulsing, low-
mass asymptotic giant branch stars [1]. Direct and indirect methods to investigate the
behavior of the 13C(α,n)16O reaction [2–5] are presented in literature. However, the
extrapolation of the astrophysical S-factor of this reaction into its Gamow window
(Ec.m. = 140–230 keV, Eα,lab = 180–300 keV) is challenging due to the effect of a
resonanceof 17O locatednear the threshold andhighuncertainties of the experimental
data in the low-energy region.
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The aim of the current LUNA campaign is the determination of the reaction cross
section towards the Gamow window with an accuracy of about 10%. At these low
energies (Ec.m.< 250 keV) the cross section is of the order of picobarns. Because
of this the measurement takes place at the LUNA-400 kV accelerator [6] located
in the LNGS Underground Laboratory where the neutron background is reduced
by 3 orders of magnitude compared to the flux on the surface. The design of the
experimental setup and the applied targets have already been presented in [7, 8]. The
aim of this paper is to introduce the main characteristics of the experimental setup
and to demonstrate its neutron background suppression.

58.2 Experimental Arrangement

The experimental setup is composed of 18 low-activity 3He counters as a neutron
detector array embedded in a polyethylene moderator with geometry optimized (us-
ing GEANT 4 code) for maximal detection efficiency. In order to cover the projectile
energy range down to the Gamow window of the 13C(α,n)16O nuclear reaction, two
different implementations of the neutron array are applied. Neutron counters in ver-
tical arrangement are dedicated to the measurement of the reaction in the Eα,lab

= 360–400keV energy regions. A multi-stage target holder is applied to minimize
the possible contamination and simplify the target changing procedure during the
experiment.

Below Eα,lab<350 keV projectile energy the counters are arranged in horizontal
position, resulting in an increased solid angle and more moderator material between
the target and the counters can be used. A single target chamber is applied in this
arrangement. In both experimental conditions the moderator is composed of two
parts, which can be separated allowing the mount of a HPGe detector close to the
target chambers. In the energy range of the LUNA-400 accelerator, the 13C(p,γ )14N
reaction is suitable for the monitoring of the target degradation. The schematic view
of the two different implementations of the experimental setup is shown in Fig. 58.1.
The left panel presents the setup with the vertical arranged counters in an open mod-
erator position. The right panel shows the setup with horizontally arranged neutron
detectors. The moderator (white) is coated with 1 inch thick borated-polyethylene
for further reduction of count rates from the environmental neutron background.

58.3 Neutron Background Suppression

As it was pointed out before, the high detection efficiency and a low background rate
are crucial to achieve the required sensitivity. The environmental neutron background
is investigated in the LNGS Underground Laboratory and it is compared with mea-
surements on surface. Figure 58.2. presents the comparison of the background flux

mumpower@lanl.gov



58 The LUNA Neutron Detector Array for the Direct Measurement … 333

Fig. 58.1 LUNAdetector arraywith the vertically (left part) and horizontally (right part) positioned
3He counters embedded in polyethylene blocks coated with borated-polyethylene lamina

Fig. 58.2 Neutron spectrum
acquired on surface (blue
line) and in the underground
laboratory of LNGS (red
line)

in the signal region of interest. Approx. 3.7 counts/h is determined as a counting rate
in the region of interest underground, which is caused by the alpha particles emitted
by radioactive impurities of the detector materials and neutrons from the laboratory
environment.

58.4 Summary and Outlook

In this paper the LUNA neutron detector array using 3He counters is introduced. Two
geometries are developed to cover the projectile energy region from Eα,lab = 400keV
down to the Gamow window of the 13C(α,n)16O nuclear reaction. The experimental
arrangements provide extremely low neutron background, which is mandatory to
implement the cross section measurement with 10% required uncertainty. The data
taking started at the beginning of 2018 and it is planned to be finished at the beginning
of 2019 approaching the Gamow window of 13C(α,n)16O .

mumpower@lanl.gov



334 L. Csedreki et al.

Acknowledgements This work was partly supported by the Hungarian Scientific Research Fund
NKFIH (K120666, NN128072).

References

1. R. Gallino et al., Astrophys. J. 497 (1998)
2. H. Drotleff et al., Astrophys. J. 414 (1993)
3. M. Heil et al., Phys. Rev. C 78 (2008). https://doi.org/10.1103/PhysRevC.78.025803
4. La Cognata et al., Phys. Rev. Lett. 109 (2012). https://doi.org/10.1088/0004-637X/777/2/143
5. A. M. Mukhamedzhanov, Shubhchintak and C. A. Bertulani, Phys. Rev. C 96 (2017). https://

doi.org/10.1103/PhysRevC.96.024623
6. A. Formicola et al., Nucl. Instrum. Methods Phys. Res. A 507 609–616 (2003)
7. L. Csedreki et al., EPJ Web of Conf. 165, 01017 (2017). https://doi.org/10.1051/epjconf/

201716501017
8. G.F. Ciani et al., EPJ Web of Conf. 165, 01012 (2017). https://doi.org/10.1051/epjconf/

201716501012

mumpower@lanl.gov

https://doi.org/10.1103/PhysRevC.78.025803
https://doi.org/10.1088/0004-637X/777/2/143
https://doi.org/10.1103/PhysRevC.96.024623
https://doi.org/10.1103/PhysRevC.96.024623
https://doi.org/10.1051/epjconf/201716501017
https://doi.org/10.1051/epjconf/201716501017
https://doi.org/10.1051/epjconf/201716501012
https://doi.org/10.1051/epjconf/201716501012


Chapter 59
On Barium Stars and the s-Process
in AGB Stars

Borbála Cseh, Maria Lugaro, Valentina D’Orazi, Denise B. de Castro,
Claudio B. Pereira, Amanda I. Karakas, László Molnár, Emese Plachy
and Róbert Szabó

Abstract A new large set of homogeneous high resolution spectra of Barium (Ba)
stars makes it now possible to compare the observational data from only one study
with different AGB models. The Ba star data show an incontestable increase of the
hs-type/ls-type element ratio (for example, [Ce/Y]) with decreasing metallicity. This
trend in the Ba star observations is predicted by lowmass, non-rotating AGBmodels
where 13C is the main neutron source.

59.1 Motivation

Barium stars are chemically peculiar giants and dwarfs with spectral classes from
G to K. They show strong spectral features at the specific wavelenghts of elements
heavier tha iron (e. g., Ba II at 4554 Å, Sr II at 4077 Å, [1]), which are synthesized
in AGB stars through the slow neutron capture process. Based on radial velocity
observations (e.g., [8, 9]) Ba stars belong to binary systems, in which the material
formed in the interior of the primary star during the AGB phase is transferred to the
companion. Since their spectra are easier to model than those of AGB stars, they are
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appropriate objects for testing AGB s-process nucleosynthesis models. Ba stars can
be formed through two possible mass-transfer mechanisms: Roche-lobe overflow or
wind accretion.

The efficiency of the s process has been measured using the abundances of the
ls (light-s) and hs (heavy-s) indexes, taken as the average of different elements be-
longing to the first (Sr, Y, Zr) and second (Ba, La, Ce, Nd, Sm) s-process peaks,
respectively. However, the availability and accuracy of the abundances of these el-
ements vary in different studies. Using the largest set (182 stars) of homogeneous
observational data of Ba stars published by de Castro et al. [4] we aremoving forward
from the use of ls and hs to directly use the available elements and to perform the
first detailed error analysis [3].

59.2 Results and Conclusions

All of the available hs-type/ls-type element ratios show clear decreasing trend with
increasing metallicity. This is in very good agreement with low mass AGB nucle-
osynthesis models and confirms that the 13C is the main neutron source in AGB stars
in the metallicity region −0.8 < [Fe/H] < 0 (Fig. 59.1). A spread of about a factor
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Fig. 59.1 Ba stars observations and final surface abundances of different AGB models for hs-
type to ls-type element ratios as a function of metallicity. Monash label indicates the models from
[5, 7], while FRUITY stands for models from [2]. The dots without error bars represent stars for
which there are less than 3 lines for one of the elements
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Fig. 59.2 Comparison for
[Ce/Y] between the Ba stars
and the 1.5 M� rotating and
non-rotating (IRV = initial
rotational velocity) FRUITY
models [2, 10]. The dots
without error bars represent
stars for which there are less
than 3 lines for one of the
elements
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of 3 is apparent in the data, indicating that other effects may be present, such as
variations in the initial mass of the AGB, magnetic field or rotation.

Observations of the cores of red giant stars and of white dwarfs (the ancestors and
the progeny of AGB stars, respectively) inferred via asteroseismology from Kepler
observations show low core rotational velocities [6], which is in agreement with the
results from the Ba star data and may derive from coupling between the core and the
envelope (see Fig. 59.2).
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Abstract In AGB environment, Fluorine and Sodium production and destruction
pathways are still not completely understood: their abundances are therefore still
matter of debate. 19F (only stable isotope of fluorine) abundance is strongly re-
lated to standard and extra-mixing processestype typical of the interior AGB-stars.
Furthermore, the destruction channels for this element are far from being well un-
derstood. About 23Na, its presence in Globular Clusters along with the well-known
anticorrelation with oxygen, underline that this element has been produced in pre-
vious generations of stars: in particular, intermediate-mass AGB stars are one of the
possible candidates for its production. For this reason we studied the 19F(α,p)22Ne
and 23Na(p, α)20Ne reactions in the energy range of relevance for astrophysics via
the Trojan Horse Method (THM), using the three-body reactions 6Li(19F, p22Ne)d
and 23Na (d, pn)20Ne.

60.1 Introduction

19F has been clearly observed in AGB stars [1]. This element can be destroyed via
19F(n,γ )20F, 19F(p,α)16O [2, 3], and 19F(α,p)22Ne. Therefore in the He-intershell
region, where α-particles are abundant, the 19F+α reaction is expected to dominate
over the competitive reaction. Looking at the destruction chains of reactions, Fluorine
abundance is really sensitive to the physical condition of the stars, and can be used
to clarify if stellar interior nucleosynthesis is well understood or not [4, 5]: its abun-
dance can not be reproduced by the up-to-date models, and a possible reason of that
can be found in the large uncertaities at He-burning temperatures (0.2 ≤ T9 ≤ 0.8).
Furthermore, few data about the cross-section in the energy region of astrophysical
interest were present in literature before this experiment (results published in [6,
7]): The Gamow peak, in fact, lies between 0.2 and 1.2 MeV, while there are no
direct measurements below 0.7 MeV. The Coulomb barrier effects strongly suppress
such low energies reactions, and indirect methods such as the Trojan Horse Method
(THM) [8] can be a powerful tool to overcome the difficulties related to the height
of the Coulomb barrier itself.
As regard the 23Na(p, α)20Ne, this reaction is considered to have great importance in
intermediate-mass AGB stars (M = 4−8 M�), and could be strongly related to the
wide known Na/O anticorrelation in globular clusters [10]. This reaction also rep-
resents the turning point between the NeNa and MgAl cycles. 23Na(p, α)20Ne has
not been studied at astrophysical energies with direct methods in the energy range of
astrophysical interest. Here the Gamow window lies between 50 and 200 keV, while
the Coulomb barrier is at 2.57 MeV. Several states of 24Mg were however studied
[11], via the 23Na(3He, d)24Mg transfer reaction at 20 MeV. Two resonant states at
37 and 138 keV were found: the former had a too low cross section to be studied
(but uncertainties were reduced by a factor of 515), and the latter is still the bigger
source of uncertainties (approximately a factor of 12) in the temperature region near
T ∼ 70 × 106 K.
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Table 60.1 THM reaction rate (RT H M ) and its ratio versus the one resulting from [9] ( RT H M
R ), for

several temperatures in units of 109 K

Temperature (109K) Rate
(

cm3

mol×s
)

RT H M
R

0.10 2.59 × 10−22 1.08

0.20 6.00 × 10−14 1.81

0.30 4.67 × 10−10 3.71

0.40 1.11 × 10−7 3.29

0.50 5.09 × 10−6 1.66

0.60 1.14 × 10−4 1.12

60.2 The 19F(α,p)22Ne: Experimental results

To study the 19F(α,p)22Ne reaction, the THM was applied by using a 6Li beam
(6 MeV energy, 5 enA intensity) impinging on a 7LiF target (150 µm thick), using
the low energy lithium beam provided by the Ru -der Bošković Institute (Zagreb,
Croatia). The set-up was composed by two �E-E telescopes (placed at 12.3◦±7◦
and 32.3◦±7◦) made up using thin silicon detectors (82 mm2 active surface, 15 µm
and 9 µm thickness respectively) as �E stage and thick (500 µm each) Position
Sensitive Detectors (PSDs) as E stage, both meant for deuteron particles detection.
On the opposite side of the beam, other 3 PSD’s with the same specifics are placed
at 37.7◦±12◦, 81◦±9◦ and 119.9◦±11◦ and are devoted to proton detection. Using
the THM prescriptions we were able to extract the two-body cross section from
the three-body process, and we found an enhancement up to a factor of four in the
Gamow region (see Table 60.1 for reference) [7].

Wewere then able to estimate the contribution of the newcross section to low-mass
AGB superficial abundance, using the NEWTON code [12] for three stellar models
of 1.5, 3, and 5 M� and solar metallicity: The 5 M� AGB model appears to be most
sensitive to the updated reaction rate values. In the 1.5 M� and the 3 M� models,
whose He-shell burning temperatures do not exceed 2.9 and 3.2×108 K respectively,
variations aremuch smaller. Once the ashes of the He-burning are brought into stellar
surface by TDU, the nucleosynthesis products are diluted with envelope materials
and the effects of the 19F(α, p)22Ne reaction rate become negligible, and none of the
studied cases shows a variation, in the ratio, larger than 5% [7].

60.3 The 23Na(p, α)20Ne: Preliminary Results

To study the 23Na(p,α)20Ne reaction, the THM was applied using a brand new 23Na
beam (58 MeV energy, 0.8 enA intensity) delivered at Laboratori Nazionali del Sud.
This beam impinged on a CD2 target (deuterium acts as Trojan Horse nucleus due
to its cluster structure p ⊕ n), inducing the 23Na(d,pn)20Ne three-body reaction. The
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experimental setup consists in two symmetrical �E-E telescopes at small angles
(centered at 6◦) made by a PSD detector (500 µm thick) and a ionization chamber
(filled with isobuthane at 50 mbar), and two symmetrical PSD at higher angles (cen-
tered at 25◦, 1000 µm thick). After the selection of the heavy fragment (20Ne) by
means of the �E-E technique, the Q-value for the three-body process can be iso-
lated and the quasi-free contribution of the 23Na(p, α)20Ne can be separated from
the sequential decay. Once the channel is selected, an evaluation of the momen-
tum distribution of the participant particle inside the Trojan Horse nucleus has been
made. Its experimental behaviour follows a Hultén function (FWHM � 52 MeV/c),
in agreement with literature [8]. The excitation function has also been considered,
and structures consistent with the levels of the 24Mg excited states in the energy
region spanned by this experiment (11.5–13.5 MeV) are present. In the future, the
half-of-energy-shell binary cross-section of interest will be extracted and the impact
of this new measurement on the reaction rate will be evaluated.

Acknowledgements This publication was supported by OP RDE, MEYS, Czech Republic under
the project SPIRAL2-CZ, CZ.02.1.01/0.0/0.0/16_013/0001679.
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Chapter 61
The HEAT Project: Study of Hydrogen
Desorption from Carbon Targets

Rosanna Depalo, Carlo Broggini, Antonio Caciolli,
Alessandra Guglielmetti, Roberto Menegazzo and Valentino Rigato

Abstract HEAT (Hydrogen dEsorption from cArbon Targets) is a new project
started in 2018 with the aim of studying the desorption of hydrogen and deuterium
contaminations from carbon targets used for Nuclear Astrophysics studies, with spe-
cial reference to the 12C+12C fusion reaction. 12C+12C fusion is the dominant process
during stellar carbon burning and its cross section is a crucial parameter in modern
astrophysics, given its strong influence on stellar evolution and nucleosynthesis. The
direct measurements of the 12C+12C cross section performed so far were affected by
a strong beam induced background due to the interaction of the carbon beam with
hydrogen and deuterium contaminations inside the targets. The HEAT experiment
aims at establishing a reproducible technique for hydrogen desorption from different
types of carbon targets. The temperature of the samples will be increased uniformly
up to 1200 ◦C through a heating device with a well defined temperature gradient.
The contamination level will be measured before and after the desorption process
exploiting ion beam analysis techniques.
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61.1 Introduction

The 12C+12C fusion reaction is a key ingredient in stellar modeling and a precise
determination of is cross section is of paramount importance for a comprehensive
understanding of stellar evolution and nucleosynthesis. A direct measurement of the
12C+12C cross section is especially needed at the energies of interest of hydrostatic
carbon burning and type Ia supernova explosions, i.e. between 1 and 3 MeV in the
center of mass [1, 2]. Literature direct measurements only extend down to 2.1MeV
[3, 4]. Moreover, a recent indirect experiment performed with the Trojan Horse
Method has revealed the existence of several resonances in the Gamow window,
highlighting the need for further direct measurements [5].

The main limitation found by experiments aiming at measuring the 12C+12C cross
section below 2.5MeV is the presence of a strong beam induced background due
to the interaction of the carbon beam with hydrogen and deuterium contaminations
inside the targets: 1H(12C,γ)13N, 2H(12C,pγ)13C and the two-step process 2H(12C,
2H)12C → 12C(2H,pγ)13C [6]. A first quantitative study of deuterium desorption
through irradiation with an intense ion beam has been recently published [7]. How-
ever, amore reproducible technique for target heatingwould help future experiments.

An investigation of the 12C+12C cross section will be performed at the Laboratory
for UndergroundNuclear Astrophysics (LUNA), in the framework of the LUNA-MV
project. The Laboratory for Underground Nuclear Astrophysics is located at Gran
Sasso National Laboratories (LNGS) and it is shielded against cosmic radiation by
1400m of rock (3800m of water equivalent) [8, 9]. This guarantees a six orders
of magnitude reduction in the cosmic muon flux and a three orders of magnitude
reduction in the neutron flux. As a consequence, the background in gamma ray and
particle detectors is orders ofmagnitude lower compared to experiments at theEarth’s
surface [10–12].

The LUNA-MV project involves the installation of a 3.5 MV accelerator at the
GranSasso deep underground laboratories and the 12C+12C reaction is among the first
reactions that will be investigated at LUNA-MV. A deep underground measurement
represents a unique opportunity to constraint the cross section of the 12C+12C reaction
in the energy domain relevant for astrophysics, but in order to take full advantage
of the underground location of the LUNA-MV experiment, ultra-pure carbon targets
with low 1H and 2H contamination levels should be available.

61.2 The HEAT Project

HEAT (Hydrogen dEsorption from cArbon Targets) is a INFN-funded project started
in February 2018 with the aim of establishing a reproducible technique for hydrogen
desorption from different types of carbon targets.

mumpower@lanl.gov



61 The HEAT Project: Study of Hydrogen … 345

Carbon targets will be heated up to 1200 ◦C through a heating device with a
programmable temperature gradient. The heater and the target will be mounted on
an orientable holder, allowing to perform Ion BeamAnalysis in different geometries.

A water cooled target chamber has been especially designed for the HEAT project
and is currently under construction. During the hydrogen desorption process, carbon
samples will be heated to very high temperatures. In order to avoid overheating
of the whole scattering chamber, the external surface of the chamber itself will be
surrounded by a water cooling circuit.

Two arms will be installed on the scattering chamber: one at 30◦ and the other at
135◦ from the beam axis. These extensions will host the charged particle detectors
for IBA (see Fig. 61.1).

The hydrogen contamination level in the samples will be measured before and
after the desorption process exploiting two independent techniques:

– Elastic Recoil Detection Analysis (ERDA) will allow to measure the surface 1H
contamination. It will be performed delivering a 4He beam to the target mounted
in grazing geometry and detecting the hydrogen nuclei scattered at 30◦.

– Nuclear Reaction Analysis (NRA) will be performed exploiting the intense, broad
resonance at 0.6 MeV in the 2H(3He,p)4He reaction and it will allow us to inves-
tigate the deuterium content of the samples to higher depths then ERDA.

Measurements will be performed at the AN2000 accelerator of Legnaro National
Laboratories (Italy). The aimed sensitivity is 1 atomic ppm of hydrogen, allowing to
investigate hydrogen desorption in the outmost layers of the cleanest targets studied
so far (i.e. Highly Oriented Pyrolytic Graphite, which has a hydrogen contamination
level of about 50 atomic ppm in the first 10μm and 0.3 atomic ppm in the bulk [13]).

Fig. 61.1 Sketch of the
scattering chamber designed
for the HEAT experiment
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Chapter 62
Explosion of Fast Spinning
Sub-Chandrasekhar Mass White Dwarfs

I. Domínguez, R. M. Cabezón and D. García-Senz

Abstract We study the explosion of rotating sub-Chandrasekhar mass white dwarfs
using three-dimensional hydrodynamic simulations. High rotational speeds are as-
sumed in order to significantly distort the initial spherical geometry of the white
dwarf. Unlike spherically symmetric models, when He-ignition is located far from
the spinning axis the detonation wave trains arrive asynchronously to the antipodes.
Models considering different masses of the He-shell, He-ignition locations and ro-
tational velocities are analyzed. We study independently both, the detonation of the
He-shell, artificially avoiding carbon-ignition, and the complete detonation of the
white dwarf. Our calculations support the viability of the Double Detonation mech-
anism when the white dwarf is spinning fast.

62.1 Introduction

Nowadays the number of progenitor scenarios invoked to explain the Type Ia Super-
nova (SNe Ia) explosions is uncomfortably high [1]. In several of these scenarios the
explosion of a white dwarf (WD) comes after the deposition of a large amount of
energy in a small region close to the center of theWD. Such a large energy concentra-
tion raises the density and the temperature so that carbon manages to fuse with itself
fast enough to induce a steady detonation wave. The supersonic detonation consumes
the core of the star, giving rise to the SNe Ia display. This is the explosion mechanism
behind the Gravitational Confined Detonation [2] and sub-Chandrasekhar (SubCh)-
mass models of SNe Ia [3]. In the particular case of the SubCh-mass explosions,
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the concentration of energy above the core is favored by the focussing of a Helium-
detonation previously formed at the base of the accreted envelope of the WD. Thus,
in the SubCh-mass models of SNe Ia the explosion of the WD is the result of the
combined He and C-detonations, the former acting as a trigger of the latter. In this
communication we investigate the robustsness of such Double Detonation explosion
mechanism in fast spinning WDs. A more detailed discussion about this subject can
be found in [4].

62.2 Models and Results

The explosions, of rotating white dwarfs with masses �1 M� have been simulated
using the state-of-the-art Integral Smoothed Particle Hydrodynamics (ISPH) code S-
PHYNX [5]. SPHYNX implements a nuclear alpha-network of 14 nuclei completed
with the heavy-ion reactions 12C+12C, 16O+16O, and 12C+16O. An implicit coupling
between the nuclear reactions and the energy equation allows to follow all the com-
bustion stages, including the nuclear statistical equilibrium (NSE) and the freeze-out
of the reactions during the expansion of the burnt material [6]. Stable white dwarfs
in rigid rotation were built usind the procedure described in [4]. Fast rotation, close
to the centrifugal limit, was assumed so that the WD becomes an oblated spheroid.
Table62.1 summarizes themain features of the initialmodels considered in thiswork.

It was shown in [4] that the detonation of the He-shell alone would produce,
if observed, an intermediate event between a Nova explosion and a Type Ia SNe.
Most likely is, however, the complete detonation of the rotating WD, and these are
the models A, B, C and D presented in Table62.1. Our simulations show that the
convergence of the He-detonation at the antipodes is strong enough to detonate the
core in both non-rotating (A, C) and rotating (B, D) WDs. A typical sequence of the
explosion is shown in Fig. 62.1, which depicts the temperature colormap of model B
(igniting at 900 with respect the rotation axis) in an equatorial slice. The second and
third snapshots do clearly show the emergence of an off-center Carbon-detonation
which volatilizes the star a few tenths of second later. The kinetic energy of the
explosion and nucleosynthesis match well with a standard SNe Ia explosion.

Table 62.1 Main features of the calculated models. IME and IGE are the intermediate mass and
iron group elements, respectively
Model MW D ρc ωx �MHe Ekin IME IGE 56Ni

- M� (107 g cm−3) (rad/s) M� (1051 erg) M� M� M�
A 0.9590 2.60 0.00 0.1068 1.09 0.36 0.45 0.37

B 1.0815 2.57 0.50 0.1140 1.26 0.38 0.53 0.43

C 1.1052 6.82 0.00 0.0520 1.40 0.23 0.79 0.74

D 1.1872 6.87 0.65 0.0532 1.48 0.26 0.83 0.78
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62 Explosion of Fast Spinning Sub-Chandrasekhar Mass White Dwarfs 349

Fig. 62.1 Temperature colormap in an equatorial slice showing the core detonation of model B at
t = 1.10, 1.22, 1.62, 1.72 and 2.03 s, respectively

Unlike spherically symmetric models, when helium ignition is located far from
the spinning axis the detonation fronts converge asynchronically at the antipodes of
the igniting point. Nevertheless, the detonation of the carbon core still remains as the
most probable outcome. The detonation of the core gives rise to a strong explosion,
matchingmost of the basic observational constraints ofType IaSupernova.Therefore,
we conclude that theDoubleDetonationmechanism alsoworkswhen thewhite dwarf
is spinning fast.
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Chapter 63
Low-Energy Resonances
and Direct Capture Cross Section
in the 22Ne(p,γ)23Na Reaction

Federico Ferraro

Abstract The 22Ne(p, γ)23Na reaction takes part in the neon-sodium (NeNa) cycle
of hydrogen burning. The 22Ne(p, γ)23Na reaction rate was the most uncertain in
the NeNa cycle because of a large number of uncertain resonances in the Gamow
window. A new direct study of the 22Ne(p, γ)23Na reaction has been completed at
the Laboratory for Underground Nuclear Astrophysics (LUNA), using a windowless
gas target and two complementary setups. Three new resonances at 156.2, 189.5
and 259.7keV have been discovered and their decay scheme has been determined
both with a high-resolution setup and with a high-efficiency one. Improved upper
limits have been put for the tentative resonances at 71 and 105keV, making their
contribution to the thermonuclear reaction rate almost irrelevant. The high-efficiency
setup allowed the measurement of the non-resonant cross section at unprecedentedly
low energies.

63.1 Introduction

In the innermost regionof the convective envelopeofmassive asymptotic giant branch
(AGB) stars, temperatures as high as T = 0.1GK can be reached during the so-called
hot bottom burning (HBB) process. In very massive stars, more advanced cycles of
hydrogen burning are operating: the neon-sodium (NeNa) andmagnesium-aluminum
(MgAl) cycles [1, 2].

Galactic globular clusters are composed by hundreds of thousands of stars. While
the abundance of the iron-group elements does not change among the stars in the
same cluster, the abundance of lighter elements such as C,N,O,Na,Mg andAl shows
large variations from star to star. In particular, an anti-correlation was observed be-
tween sodium and oxygen in stars on the red giant branch, where the 22Ne(p, γ)23Na
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reaction plays a crucial role in the synthesis of sodium [3, 4]. The 22Ne(p, γ)23Na re-
action rate has a sizable impact on the outcome of models seeking to reproduce such
anticorrelation [1, 5]. This rate was very uncertain until recently, with a discrepancy
of a factor of 1000 between the recommended rates from the NACRE [6] compila-
tion, and the subsequent evaluations by Hale et al. [7], Iliadis et al. [8], and STARLIB
[9]. The Laboratory for Underground Nuclear Astrophysics (LUNA) [10] recently
studied this reaction, observing three new low-energy resonances with high-purity
germanium (HPGe) detectors [11–14]. Two out of the three new 22Ne(p, γ)23Na
resonance strengths were higher than the values or the upper limits previously ob-
tained [6, 15] with indirect methods [7]. The existence of the two lowest out of the
three new resonances at E p = 156.2, 189.5, and 259.7keV (E p is the proton energy
in the laboratory system) was recently independently confirmed in a surface-based
experiment at the Triangle Universities Nuclear Laboratory (TUNL) [16]. In order
to evaluate the thermonuclear reaction rate at very low temperatures, T < 0.1 GK,
new measurements have been performed at LUNA, using a high-efficiency setup
including a Bismuth Germanate (BGO) detector. In particular, the resonances at
E p = 156.2, 189.5, and 259.7keV have been studied with high statistics, determin-
ing their strength and branching ratios. Two resonances at E p = 71 and 105keV,
reported as tentative in an early indirect experiments [17] but not confirmed later
[7, 18] have been investigated with high sensitivity. Moreover, the direct capture
contribution as well as the contribution from broad resonances have been measured.

63.2 Experiment

63.2.1 Setup

A differential-pumping, extended gas target was used in combination with a ∼ 4π
solid angle coverage, optically segmented BGO detector [19]. The 99.9% isotopi-
cally enriched 22Ne was recycled and purified by a chemical getter which removes
hydrocarbons, oxygen and nitrogen from the gas. Pressure and temperature mea-
surements in several positions inside the chamber allowed the determination of the
density profile of the target and the beam-heating effect was taken into account.
The beam current was measured by a power compensation calorimeter with constant
temperature gradient. Each segment of the detector is coupled to a PMT and indepen-
dently digitized. Energy and time are saved for each event and offline coincidence
analysis is possible.
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Fig. 63.1 189.5keV
resonance. Spectra obtained
with 22Ne (red) and Ar
(black) target

63.2.2 Measurements

A yield curve was measured for each of the three previously observed resonances
[11–14], varying the beam energy by 1–3keV. Long runs were performed with a
beam energy corresponding to the maximum of the yield curve, either with 22Ne or
argon inside the target chamber to properly subtract the beam-induced background
as shown in Fig. 63.1. The singles spectra, gated on add-back counts in the region
of interest were compared with GEANT4 [20] and GEANT3 [21] Monte Carlo
simulations using the previously reported branching ratios [13, 19], showing good
agreement. To investigate the existence of the suggested resonances at E p = 71 and
105keV, several long runs were performed at 63–78 and 95–113keV, respectively.
These resonances were not observed and upper limits were given on their strength.
The off-resonance yield was measured at E p = 188.0, 205.2, 250.0, and 310.0keV,
below or above the energies of known or supposed resonances, to study direct capture
and the contribution by broad resonances.

63.3 Conclusion

The present strengths for the three recently observed resonances at E p = 156.2,
189.5, and 259.7keV are slightly higher than those from the LUNA-HPGe exper-
iment [11–14] but consistent within 2 σ. Since the LUNA-HPGe experiment only
measured the yield at two angles, the observed difference may be due to angular
distribution effects, which do not play a significant contribution with the ∼ 4π solid
angle coverage of the present LUNA-BGO experiment. The new thermonuclear re-
action rate for the first time will take into account all the relevant processes at low
energy. In particular, the contributions by non-resonant capture and the two suggested
resonances at E p = 71 and 105keV are now based on direct experimental data [22].
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Chapter 64
Theoretical Calculation of the p-6Li
Radiative Capture

Alex Gnech and Laura Elisa Marcucci

Abstract The astrophysical S-factor for the 6Li(p, γ)7Be reaction is calculated in
a cluster-model framework. The p-6Li interaction is determined fitting elastic scat-
tering data. Then the astrophysical S-factor is predicted, obtaining a nice agreement
with the available experimental data. Moreover we try to include in our model the
resonance presented in a recent experimental work.

64.1 Introduction

The 6Li primordial abundance in the standard theory of Big Bang Nucleosynthesis
(BBN) is in tension with results of recent measurements [1]. The 6Li(p, γ)7Be reac-
tion can contribute to depletion of 6Li. Therefore, the determination of astrophysical
the S-factor of this reaction in the BBN energy window (50–400 keV) is fundamental
in order to determine its contribution in the BBN reaction network.

In this workwe treat the problem as a two-body problem, using phenomenological
nuclear potentials to describe the 7Be final nucleus and the initial p-6Li scattering
system. The parameters of the potential are fitted to p-6Li elastic scattering data and
to the bound states properties of 7Be. Solving the two-body Schrödinger equation,
we evaluate the wave functions for the scattering and the bound states, which we use
to predict the S-factor of the radiative capture reaction. The final results are in nice
agreement with the available experimental data at BBN energies.
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64.2 The Cluster Model

We consider proton and 6Li as structureless particles. We build the wave functions
using the prescriptions given in [2]. To describe the interactions between the clusters,
we introduce an inter-cluster potential of the form,

V (r) = −V0 exp (−a0r
2), (64.1)

where r is the inter-cluster distance. The parameters V0 and a0 are fixed in order to
reproduce the binding energies of the ground state (GS) and the first excited state
(FES) of the 7Be separately. For the elastic scattering V0 and a0 are determined for
each partial wave in order to reproduce the elastic scattering phase shifts reported
in [2]. To take care of the electromagnetic repulsion we add a point-like Coulomb
potential. The Schrödinger equation is solved using both the Numerov and the R-
matrix method [3], in order to check the accuracy of the calculated wave functions.

64.3 The Astrophysical S-Factor

The main contribution to the 6Li(p, γ)7Be S-factor comes from the electric dipole
(E1). The 7Be has the GS with Jπ = 3/2−, and the FES with Jπ = 1/2−, both
with spin 1/2. Because of the structure of the electromagnetic operator in the long
wavelength approximation, the total spin in the transition is conserved. For this reason
only the spin 1/2 waves in the 6Li+ p system will give contributions. Thus, the only
waves that contribute to the E1 transition up to L = 2 are in spectroscopic notation
2S1/2, 2D3/2 and 2D5/2 for the GS, and 2S1/2 and 2D3/2 for FES. By using these
waves, we obtain for the S-factor the dashed line in Fig. 64.1. (we named it Sbare)
As the reader can observe, even if the energy-dependence seems to agree with the
Switkowski data [5], the S-factor results systematically lower compared to the data.
The reason is that our model does not consider the internal structure of 6Li and 7Be.
In order to correct for this effect, we introduce a spectroscopic factor S redefining
the S-factor as,

S(E) = S2Sbare(E). (64.2)

We fitted the spectroscopic factor on the Switkowski data only [5], because the He
data [4] are still under debate. The final result is the full line shown in Fig. 64.1.
From the fit we obtain a S = 1.063 with a χ2/N = 1.04. The value of the S-factor
obtained at zero energy is S(0) = 103 eV b in line with the results of [6, 7].
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Fig. 64.1 The astrophysical
S-factor for the 6Li(p, γ)7Be
radiative capture. The dashed
line is the bare calculation.
The full line is the S-factor
normalized with the
spectroscopic factor
evaluated to reproduce the
data of [5]
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64.4 The “He Resonance” in the Cluster Model

In [4] the authors suggest the presence of a resonance structure with Jπ = 1/2+
or 3/2+ with energy Er = 145 MeV and width �r = 50 keV. We try to introduce
this contribution in our calculation. The best result is obtained supposing that the
resonance is present in the 4S3/2 wave, that couples with a tiny component of spin
3/2 in the 7Be. In this way the E1 operator can couple the 4S3/2 wave to the 4P3/2

component in the GS of 7Be. If we consider that the 4P3/2 represents only the 0.01%
of the total 7Be GS wave function, we are able to reproduce the data of [4] quite
well. The result we obtain is shown in Fig. 64.2, and it is very similar to the R-
matrix fit reported in [4]. On the other hand the effect on the 4S3/2 phase shifts is
dramatic. This is shown on the right panel of Fig. 64.2, from which we can conclude
the introduction of the 4S3/2 resonance improves the description of the S-factor data
of [4] but is unable to reproduce the elastic phase shift.

It is worth to note that we have tried to introduce the resonance also through the
2S1/2 and the 4D3/2 without obtaining any significant improvement in the description
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Fig. 64.2 On the left, the S-factor evaluated adding the resonance in the 4S3/2 wave (full line)
compared with the bare calculation (dashed line). On the right, the elastic phase shifts with the
resonance (full line) and the elastic phase-shift evaluated fitting the data (dashed line)
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of the data of [4]. Thenwe can conclude that, if a resonance exists, it cannot be handle
by a simple two cluster-model.
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Chapter 65
Indirect (n,γ)91,92Zr Cross Section
Measurements for the s-Process

M. Guttormsen, S. Goriely, A. C. Larsen, A. Görgen, T. W. Hagen,
T. Renstrøm, S. Siem, N. U. H. Syed, G. Tagliente, H. K. Toft,
H. Utsunomiya, A. V. Voinov and K. Wikan

Abstract Nuclear level densities (NLDs) and γ-ray strength functions (γSFs) of
91,92Zr have been extracted from particle-γ coincidences using the Oslo method. The
extracted γSF data, combined with photonuclear cross sections, cover the whole
energy range from Eγ ≈ 1.5MeV up to the giant dipole resonance at Eγ ≈ 17MeV.
The wide-range γSF data display structures at Eγ ≈ 9.5MeV, compatible with a
superposition of the spin-flip M1 resonance and a pygmy E1 resonance. Furthermore,
the γSF shows aminimum at Eγ ≈ 2–3MeV and an increase at lower γ-ray energies.
The experimentally constrained NLDs and γSFs are shown to reproduce known
(n, γ) and Maxwellian-averaged cross sections for 91,92Zr using the TALYS reaction
code, thus serving as a benchmark for this indirect method of estimating (n, γ) cross
sections for Zr isotopes.

65.1 Introduction

The playground for the nucleosynthesis is found in the interior of stars and/or in
extreme cosmic events. The major contributors to creating heavier elements are the
neutron capture processes [1]. The key question for these processes is whether the
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nuclear system after neutron absorption will keep the neutron and emitting γ rays
to dissipate the energy, or will it eject the neutron or other particles/fragments and
thereby producing other elements? For the s-process, this question is important at the
so-called branch points, where the β−-decay rate is comparable with the (n, γ) rate.

65.2 Experiment and Methods

Nuclear level densities (NLDs) and γ-ray strength functions (γSFs) are essential
quantities in estimating (n, γ) rates. At the Oslo cyclotron laboratory, we have ex-
tracted NLDs and γSFs for 91,92Zr using the Oslo method [2]. The experiments [3]
were performed with 17-MeV and 28-MeV proton beams for the 92Zr(p, p′)92Zr
and 92Zr(p, d)91Zr reactions, respectively. The target was a 2mg/cm2 thick metallic
foil enriched to 95% in 92Zr. The charged outgoing particles were measured with the
SiRi system of 64 ΔE − E silicon telescopes with thicknesses of 130 and 1550 µm,
respectively. The Si detectors were placed in forward direction covering θ = 42◦
to 54◦ relative to the beam. By setting 2-dimensional gates on the (E,ΔE) matrix,
the outgoing charged ejectiles for the desired reaction were selected. Coincident γ
rays for the residual 91,92Zr were measured with the CACTUS array consisting of 28
collimated 5′′ × 5′′ NaI(Tl) detectors.

The energy distribution of first-generation or primary γ rays can be extracted from
the unfolded total γ-ray spectra U E (Eγ) at an initial excitation energy E . Then the
primary spectrum can be obtained by a subtraction of a weighted sum of U E ′

(Eγ)

spectra for E ′ below E :

F E (Eγ) = U E (Eγ) −
∑

E ′<E

wE ′U E ′
(Eγ). (65.1)

The weighting coefficientswE ′ are determined by iteration [4]. The obtained primary
spectra are organized into a matrix P(Eγ, E). The next step of the Oslo method, is
the factorization

P(Eγ, E) ∝ ρ(E − Eγ)T (Eγ), (65.2)

where we assume that the decay probability is proportional to the NLD at the final
energy ρ(E − Eγ) according to Fermi’s golden rule [5]. The decay is also propor-
tional to the γ-ray transmission coefficient T , which is assumed to be independent
of excitation energy according to the Brink hypothesis [6].

65.3 Results and Conclusions

We have adopted the iteration procedure of Schiller et al. [2] in order to determine
ρ and T by a least-χ2 fit using relation (65.2). The transmission coefficient is con-
nected to the γSF by f (Eγ) = T (Eγ)/2πE3

γ . The results for the NLDs and γSFs
are shown in Fig. 65.1.
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Fig. 65.1 Normalized NLDs of 91,92Zr (left) and γSFs (right) extracted from the present experi-
ment. At low excitation energies, the NLD data are normalized to known discrete levels (solid blue
line). At higher excitation energies, the data are normalized to ρ at the neutron separation energy
Sn using average neutron capture resonance spacing D0. The γSFs are normalized to reproduce
the average γ width 〈Γγ〉 for neutron capture states at Sn , and photoneutron data [7, 8]

The experimental NLDs and γSFs can now be tested on the additional exper-
imental data relative to the radiative neutron capture cross sections 90Zr(n, γ)91Zr
and 91Zr(n, γ)92Zr. A comparison of the experimentally known (n, γ) cross sections
with the theoretical calculations obtained with the TALYS reaction code using the
measured NLD and γSF is very gratifying. A similar comparison is made for the
Maxwellian-averaged cross sections, which reveal the same agreement.

We found that our indirect method of determining the MACS is fully compat-
ible with direct measurements, giving confidence that this approach is capable of
providing reasonable cross sections for cases where direct measurements are not
available.

In conclusion, the experimentally constrained NLDs and γSFs are shown to re-
produce known (n, γ) and Maxwellian-averaged cross sections for 91,92Zr using the
TALYS reaction code, thus serving as a benchmark for this indirect method of esti-
mating (n, γ) cross sections and MACS for the Zr isotopes.
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Chapter 66
Heavy Puzzle Pieces: Learning About
the i Process from Pb Abundances

M. Hampel, Amanda I. Karakas, R. J. Stancliffe, Maria Lugaro
and B. S. Meyer

Abstract We examine the observed heavy-element abundances of two types of
objects that show enrichments in s-process elements but whose abundance pat-
terns are generally incompatible with s-process predictions: CEMP-i stars and Pb-
poor post-AGB stars, with representative metallicities around [Fe/H] ≈ −2.5 and
[Fe/H] ≈ −1.3, respectively. We can explain these abundance patterns, including
the puzzlingly low Pb abundances of post-AGB stars, as results of i-process nucle-
osynthesis. To do this we use nuclear-network calculations to study heavy-element
production at different constant neutron densities up to n = 1015 cm−3. The con-
straints posed by measured Pb abundances in these objects, allow us to characterise
the neutron densities and exposures of the process responsible for creating the ob-
served heavy-element abundances.

66.1 Introduction

Most elements heavier than iron are formed by the slow (s) and rapid (r ) neutron cap-
ture processes. However, it has become clear that a neutron capture process operating
at neutron densities intermediate to the s and r process (i process, [1]) gives rise to its
own characteristic abundance pattern. This i-process pattern is successful at repro-
ducing observed heavy-element abundances that could not be explained previously,
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e.g. those of carbon-enhanced metal-poor (CEMP) stars that show enrichments of s-
and r -process elements (CEMP-i , also CEMP-s/r ; e.g. [2, 3]). The required high
neutron densities may occur in the thermal pulses of metal-poor Asymptotic Giant
Branch (AGB) stars as a result of proton ingestion episodes. However, the sites of
the i process are as yet unknown.

The i process has also been suggested to be the source of peculiar heavy-element
abundance patterns in Pb-poor post-AGB stars in the Small and Large Magellanic
Clouds. These objects with [Fe/H] ≈ −1.3 and initial masses of 1–1.5M� show
particularly low Pb abundances which are inconsistent with models of s-process
nucleosynthesis and AGB evolution [4–7]. This discrepancy between observed and
simulated Pb abundances was also found in Galactic post-AGB stars up to a metal-
licity of at least [Fe/H] � −0.7 [8].

In this work we present our simulations of heavy-element production by i-process
nucleosynthesis with a special focus on the production of Pb. The comparison with
observed abundances of CEMP-i and Pb-poor post-AGB stars allows us to learn
about the thermodynamic properties of possible i-process sites.

We follow the methodology used by Hampel et al. [3] to study the production
of heavy elements and the evolution of their abundances when exposed to different
neutron densities up to n = 1015 cm−3. In contrast to [3]we do not run the simulations
to heavy-element equilibrium, but explore different total neutron exposures in order
to focus on the production of Pb at the end of the neutron-capture path. For details
we refer the reader to [9].

66.2 Comparison to CEMP-i and Pb-Poor Post-AGB Stars

We compare the calculated abundance patterns to 16 CEMP-i stars with −2.8 ≤
[Fe/H] ≤ −1.8. These are the stars from the sample studied by [3, 10]withmeasured
Pb abundances. Figure66.1 shows the abundances of CEMP-i star LP625-44 com-
pared to the results of our simulation with n = 1013 cm−3, which provides the best fit
amongst our models at a neutron exposure of τ = 2.0mbarn−1. Overall, the major-
ity of CEMP-i stars can be well matched by simulations with n = 1013 − 1014 cm−3

as expected based on the results from [3]. The required neutron exposures for all
stars lie between τ = 2.0 − 3.4mbarn−1, except for one star whose high Pb over-
abundance requires a neutron exposure as high as τ = 6.0mbarn−1 to match the
observed abundances.

From [4–6, 8] we study 7 post-AGB stars with [Fe/H] ≤ −0.7. These are the
stars with an upper limit on their Pb abundance that is well below the expected
Pb overabundance from s-process models at their measured metallicity. Figure66.2
shows the abundances of post-AGB star J004441 which can be reproduced best by
our i-process model with n = 1012 cm−3 and τ = 1.14mbarn−1. For comparison,
models of AGB nucleosynthesis with different 13C pockets are shown, which either
(i) overproduce Pb by at least 1.5 dex or (i i) fail to reproduce the overabundances of
the elements past the heavy s-process peak. Our i-process models provide better fits
to the abundance patterns of the post-AGB stars without either of these problems.
Interestingly, all of the best fits are provided by models with n = 1011 − 1012 cm−3
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Fig. 66.1 CEMP-i star
LP625-44 [11]: best fitting
models from this work and
from [10]. Figure from [9]

Fig. 66.2 Best fitting model
for Magellanic post-AGB
star J004441. For
comparison, different
s-process models from [7]
are shown. Figure from [9]

and τ = 1.0 − 1.3mbarn−1, which are considerably lower than the parameters that
reproduce the CEMP-i abundance patterns.

66.3 Discussion and Conclusion

Our understanding of s-process nucleosynthesis has been challenged by the abun-
dance patterns of CEMP stars with both Ba and Eu enhancements, as well as by the
puzzlingly low Pb abundances in metal-poor post-AGB stars. i-process simulations
provide much better fits than standard s-process models to these objects. However,
the parameters that determine these fits, namely the neutron density n and exposure
τ , cluster in different parts of the parameter space, where the fits of the post-AGB
stars have lower n and τ than those of the CEMP-i stars. This shows that the i-process
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which operates at differentmetallicities in the progenitors of these two different types
of objects is not the same.While we do not have a good understanding of the progen-
itor responsible for the heavy-element production seen in CEMP-i stars (which is
believed to be the companion in a binary system with the observed object) we know
that the i-process nucleosynthesis seen in the post-AGB stars is a direct result of the
low-mass star’s previous evolution on the AGB.
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Chapter 67
Women Scientists Who Made Nuclear
Astrophysics

Christine V. Hampton, Maria Lugaro, Panagiota Papakonstantinou,
P. Gina Isar, Birgitta Nordström, Nalan Özkan, Marialuisa Aliotta,
Aleksandra Ćiprijanović, Sanjana Curtis, Marcella Di Criscienzo,
Jacqueline den Hartogh, Andreea S. Font, Anu Kankainen,
Chiaki Kobayashi, Claudia Lederer-Woods, Ewa Niemczura,
Thomas Rauscher, Artemis Spyrou, Sophie Van Eck, Mariya Yavahchova,
William Chantereau, Selma E. de Mink, Etienne A. Kaiser,
Friedrich-Karl Thielemann, Claudia Travaglio, Aparna Venkatesan
and Remo Collet

Abstract Female role models reduce the impact on women of stereotype threat, i.e.,
of being at risk of conforming to a negative stereotype about one’s social, gender,
or racial group (Fine in Delusion of Gender. W.W. Norton & Co., NY, p. 36, 2010
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[1]; Steele and Aronson in J Pers Soc Psychol 69:797–811, 1995 [2]). This can
lead women scientists to underperform or to leave their scientific career because
of negative stereotypes such as, not being as talented or as interested in science
as men. Sadly, history rarely provides role models for women scientists; instead, it
often renders these women invisible (CafeBabel Homepage [3]). In response to this
situation, we present a selection of twelve outstanding womenwho helped to develop
nuclear astrophysics.

67.1 Introduction

Nuclear astrophysics is a melding of theoretical and experimental nuclear physics,
observational astronomy, astrophysical modeling, and cosmological theory. It
involves spectroscopic identifications, star classifications, prediction and discovery
of stellar objects, construction of instrumentation, and chemical and physical inter-
pretations. Women scientists have been an essential part of the development of these
fields.
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67.2 Twelve Scientists

Marie Skłodowska Curie (1867–1934) chose to investigate radiation phenomena
in 1896 for her Ph.D., and in doing so, explained the theoretical basis of radioac-
tivity; developed methods for isolating radioactive isotopes; and discovered the ele-
ments Po and Ra [4]. Marie has the distinction of being the first female Nobel Lau-
reate (Physics 1903; Chemistry 1911). Prof. Curie’s outstanding achievements in
Physics, Chemistry, Radiology, and Medicine; her humanitarian efforts in the throes
ofWWI; and her response to challenges will continue to inspire us for generations to
come [5].

Lise Meitner (1878–1968) was the second woman at the University of Vienna
to receive a doctorate in Physics and the first woman in Germany to become a
full professor. Her most significant achievement was the theoretical explanation of
nuclear fission [6]. She also discovered a number of radioactive isotopes together
with Otto Hahn, with whom she collaborated for 30 years. Their discovery of Pa-231
was instrumental in establishing Protactinium as an element [7]. Prof. Meitner was
nominated for the Nobel Prize 48 times (29 in Physics; 19 in Chemistry) [8].

S, tefania Mărăcineanu (1882–1944) after a teaching career in secondary schools
in Romania, obtained a fellowship at the Radium Institute working withMarie Curie.
In 1924, she defended her Ph.D. at the Sorbonne on the half-life of Po [9]. She also
researched the interaction of Po radiation with metals. With this work she may have
introduced the ‘philosophical concept’ of artificial radioactivity [10]. After her Ph.D.,
Dr. Mărăcineanu worked on developing techniques for atmospheric nucleation reac-
tions; then returned to Romania in 1930 to install their first Radioactivity Laboratory.

Cecilia Payne Gaposchkin (1900–1979) worked as a human computer at the
HarvardObservatory [11]. During her Ph.D., shemade the discovery that the strength
of stellar spectral lines depend not only on the stellar surface composition, but also
on the degree of ionization at a given temperature. She was the first to conclude that
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hydrogen and helium are much more abundant in stars than all other elements [12].
Prof. Payne-Gaposchkin became the first female full-professor at Harvard’s Faculty
of Arts and Sciences and the first woman chair of a department at Harvard.

Maria Goeppert Mayer (1906–1972) Magic nucleon numbers, reflected in
nuclear properties and in the observed solar abundances, had long puzzled physi-
cists. In 1949, Maria devised a brilliant solution by coupling the nucleon spin with
its orbital parameter [13]. She was hired for the Manhattan project, at the Univer-
sity of Chicago, and at Argonne National Laboratory. Prof. Mayer’s work on magic
numbers won her the Nobel Prize with Hans Jensen for their discoveries concerning
nuclear shell structure.

Toshiko Yuasa (1909–1980) was Japan’s first female nuclear physicist. She spe-
cialized in spectroscopy. In 1939 she won a French scholarship to work with Frédéric
Joliot-Curie, resulting in a doctorate from the Collège de France on the continuous β-
ray spectrum in artificial radioactive material. AfterWWII, Toshiko worked at Riken
Nishina Center. She returned to France in 1949 to continue her nuclear research at
CNRS. Her interests turned to reactions with synchrocyclotrons and in 1962, Prof.
Yuasa earned a second doctorate from Kyoto University on the β decay of 6He [14].

Georgeanne (Jan) R. Caughlan (1916–1994) studied nuclear data of reactions
important for stars. Her very first efforts to provide extensive compilations of nuclear
reaction rates based on current experimental information resulted in some of themost
famous papers in the field [15]. Jan’s career followed a very nontraditional path. After
receiving a Physics degree, she dedicated herself to raising her five children. Prof.
Caughlan earned her Ph.D. at the age of 48; became Professor of Physics at the age of
58; and then became Acting Dean of Graduate Studies at Montana State University.

Edith Alice Müller (1918–1995) obtained her Ph.D. in solar physics and worked
on the observation and theory of the solar atmosphere. With her collaborators, L.
Goldberg andL.H.Aller she published an extremely influential paper on the elements
in the solar atmosphere which remained the gold standard for 20 years [16]. Edith
was the first woman to be appointed General Secretary of the IAU. A named award
in Prof. Müller’s honor has been granted in 2018 to an outstanding Ph.D. thesis in
Switzerland.

E. Margaret Peachey Burbidge (b. 1919) has played a central role in shaping
nuclear astrophysics. Her early research focused on chemical abundances in stars.
Her landmark 1957 paper [17] thrust the theory of stellar nucleosynthesis into the sci-
entific spotlight. For her pioneering research,Margaret received 12 honorary degrees;
was elected a Fellow of the Royal Society of London; and held many leadership posi-
tions, including becoming the first female president of the AAS. Prof. Burbidge is
currently Professor Emeritus at the University of California, San Diego.

Erika Helga Ruth Böhm-Vitense (1923–2017) was the first scientist to accu-
rately describe convective mixing in stellar interiors using a prescription that has
been widely adopted for half a century now in all stellar evolutionary codes. Her
1958 paper [18] is a crucial contribution to “mixing-length” theory. She combined
theory and observations in optical studies of a large variety of objects from helium
stars, to super giants, to open clusters. Prof. Böhm-Vitense received the Annie Jump
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Cannon Prize fromAAS and the Karl Schwarzschild Medal from the Astronomische
Gesellschaft.

Dilhan Ezer Eryurt (1926–2012) is regarded as the mother of Astronomy in
Turkey; her life dedicated to science created a tremendous legacy. After complet-
ing her doctorate, she worked at Indiana University, NASA Goddard Space Flight
Center, and the University of California. Her work revealed a striking fact about
the Sun: it was much brighter and warmer in the past than it is today [19]. Prof.
Eryurt received the 1969 Apollo Achievement Award; organized the first National
Astronomy Congress in Turkey; founded the Astrophysics branch in Physics at the
Middle East Technical University; and became Chair of the Department and Dean
of the Faculty.

Beatrice Muriel Tinsley (1941–1981) was a true pioneer of the chemical evolu-
tion of galaxies. In her 1980 review article [20], we find her brilliant explanations
of the modeling of galaxies and her predictions that are still pertinent today. With
her Ph.D. dissertation awarded by the University of Texas in 1967, she started her
journey into achieving international fame as a cosmologist. Her work was considered
revolutionary with the discovery that the Universe was in a state of infinite expansion
[21]. Prof. Tinsley was the first woman at Yale to advance to Professor of Astronomy.

67.3 Summary

We present role models for young scholars and encourage them to explore nuclear
astrophysics as a potential career path. Our intent is also to remind the scientific
community and to inform the general public about the significant role women have
played and continue to play in the development of Nuclear Astrophysics. Our poster
contains additional information and will be freely available for download from the
ChETEC website (www.ChETEC.eu).
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Chapter 68
Presolar SiC Grains of Type AB
with Isotopically Light Nitrogen:
Contributions from Supernovae?

P. Hoppe, Marco Pignatari and S. Amari

Abstract Primitive solar system materials contain presolar grains that formed in
the winds of evolved stars and in the ejecta of stellar explosions. Here, we report on
NanoSIMSmeasurements of C-, N-, Al–Mg-, Si-, and S-isotopic compositions of 10
submicrometer-sized presolar SiC grains of Type AB from the Murchison meteorite.
Except for one grainwith the highest 12C/13C ratio we find good correlations between
12C/13C, 14N/15N, and 26Al/27Al. The correlations are well explained by a 25 M�
supernova (SN) model that considers H ingestion into the He shell. The comparison
of our data with the SN model suggests that SNe might have contributed not only
AB grains with heavy N, as suggested previously, but also some with light N.

68.1 Introduction

Primitive Solar Systemmaterials contain small amounts of presolar grains (e.g., SiC,
graphite, oxides, silicates)which formed in thewinds of evolved stars and in the ejecta
of stellar explosions [1]. These pristine samples exhibit large isotope anomalies in
major and minor elements, the fingerprints of nucleosynthesis and mixing processes
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in their parent stars. SiC is the best studied presolar mineral. Based on C-, N-, and
Si-isotopic compositions it can be divided into distinct populations. The origin of
so-called SiC AB grains (12C/13C ≤ 10, Si along the SiC mainstream line [1]) is still
a matter of debate. Among the proposed stellar sources are supernovae (SNe) for
grains with isotopically heavy N (14N/15N < 440) [2, 3], and born-again AGB stars
[4] and especially J-type C stars for grains with isotopically light N (14N/15N ≥ 440)
[5].

Here, we report on measurements of C-, N-, Al–Mg-, Si-, and S-isotopic com-
positions of 10 SiC AB grains from the Murchison meteorite, conducted to explore
whether H ingestion into the He shell of massive stars and SNe could have also
contributed to the population of AB grains with isotopically light N.

68.2 Experimental Procedures

SiC AB grains from the Murchison separate KJD (median size 0.81 µm [6]) were
identified based on their low 12C/13C ratios by C ion imaging with the NanoSIMS at
MPI for Chemistry [7]. Subsequently, we acquired high-resolution (≤100 nm, Cs+

and Hyperion O− ion sources) ion images of C, N (measured as CN), Si, S, and
Al–Mg isotopes of AB grains in multi-collection mode in three analysis sessions.

68.3 Results and Discussion

Except for one grainwith the highest 12C/13C ratio we find good correlations between
12C/13C, 14N/15N, and 26Al/27Al for AB grains; 6 grains have isotopically heavy and 4
grains isotopically light N with 14N/15N up to 1000 (Figs. 68.1 and 68.2). An almost
perfect 1:1 correlation between Al and N concentrations (Fig. 68.2) is suggestive
of the presence of AlN and low levels of Al and N contamination. Magnesium is
essentiallymonoisotopic 26Mg from 26Al decay (half life: 0.72Myr). Silicon isotopes
plot along the SiC mainstream line and S isotope anomalies are generally small.

We have compared our isotope data with predictions for SN models 25T-Hx by
Pignatari et al. [2]. These 25 M� SN models consider H ingestion into the He/C
zone during the pre-SN stage (H from 0.0024 to 1.2%) and artificially increased
temperature and density in theHeburning shell during explosion.Hydrogen ingestion
and explosive nucleosynthesis leads to low 12C/13C and 14N/15N, and high 26Al/27Al
in the lower part of the He/C zone, called O/nova zone. The correlations between C,
N, and Al are well explained by model 25T-Hwhenmatter from the O/nova zone and
above (6.847–13.3 M�) is mixed with matter from the H envelope that was partially
lost during the pre-SN phase, as suggested by Liu et al. [3], and if the 12C/13C ratio
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Fig. 68.1 Left: C- and N-isotopic compositions of presolar SiC grains. The AB grains of this study
exhibit both light and heavy N and are well explained by the modified SNmodel 25T-H (green line).
Right: 26Al/27Al and 12C/13C ratios of AB grains from this and previous studies and predictions
from the same SN model as in the left figure. Data from previous studies are from [8]

Fig. 68.2 Left: Concentrations of Al and N in SiC AB grains from this study. The data plot along
the slope-1 line, suggestive of AlN and only low levels of Al and N contamination. Right: 26Al/27Al
and 14N/15N ratios of SiC AB grains from this and previous studies and predictions from the same
SN model as in Fig. 68.1. Data from previous studies are from [8]

in model 25T-H is decreased by a factor of 3. The comparison of our data with SN
model 25T-H suggests that SNe potentially contributed both AB grains with heavy
and light N.
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Chapter 69
Alpha-Capture Reaction Rate
for 22Ne(α, n) via Sub-Coulomb
α-Transfer and Its Effect on Final
Abundances of s-Process Isotopes

H. Jayatissa, G. V. Rogachev, V. Z. Goldberg, E. Koshchiy, B. T. Roeder,
O. Trippella, J. Hooker, S. Upadhyayula, E. Uberseder,
A. Saastamoinen and C. Hunt

Abstract The 22Ne(6Li,d) reaction at sub-Coulomb energy was performed to mea-
sure partial α-widths of near α-threshold resonances in 26Mg. New constrains on the
22Ne(α,n) reaction rate have been obtained and consequences on the final abundances
for some s-process isotopes are discussed.

69.1 Introduction

The 22Ne(α,n) reaction is one of the twomain sources of neutrons for the slowneutron
capture nucleosynthesis process (s-process). The Gamow energy window for this re-
action lies around Ec.m. ∼ 400 to 700 keV at temperatures around 0.2–0.3GK,which
correspond to the conditions in AGB stars where this reaction is expected to be most
effective. This energy window lies below the Coulomb barrier for the interacting par-
ticles. Therefore, direct measurements of this reaction cross section at these energies
are challenging due to Coulomb suppression. Indirect techniques, such as α-transfer
reactions, can be used instead to constrain the reaction rate. We have carried out the
α-transfer 22Ne(6Li,d)26Mg reaction, populating states at excitation energies around
10.4–11.3MeV that dominate the 22Ne(α,n) reaction rate. Byusing low sub-Coulomb
energies in the entrance and exit channels of the α-transfer reaction the dependence
of the result on the optical model potential parameters is reduced significantly.
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69.2 Analysis

The 22Ne(6Li,d) reaction has been studied previously at several beam energies above
the Coulomb barrier [1–4]. This experiment, performed at the Cyclotron Institute at
Texas A&MUniversity, is the first sub-Coulombmeasurement. A 22Ne beam of ener-
gy 1MeV/u was impinged on a 30 µg/cm2 6LiF target on a 10 µg/cm2 12C backing.
This low beam energy ensured that both the entrance and exit channels of the reac-
tion were below the Coulomb barrier. This reaction produced ∼ 7 MeV deuterons
which were identified using the Multipole-Dipole-Multipole (MDM) spectrometer
[5] placed at 5◦ from the beam axis. The magnetic field of the dipole was set so
that the deuterons populating the states of 26Mg within the Gamow window were
selected. The deuterons were detected in the modified Oxford detector, located after
the magnet, which consists of 4 proportional counter wires perpendicular to the path
of the particles for track reconstruction, as well as a segmented MicroMegas pad
and an array of 7 Cesium Iodide (CsI) detectors for dE and E signals respectively.
Four distinct resonances were observed in the excitation energy spectrum of 26Mg
reconstructed using deuteron tracks in the Oxford detector (Fig. 69.1). These four
resonances have excitation energies of 11.32, 11.10, 10.95 and 10.83MeV. The ab-
sence of a background in this spectrum is attributed to the relatively thick entrance
window of the Oxford detector which effectively stops all heavier ions with the same
rigidity as the deuterons from entering the detector.

All of these four observed resonances are above the α-decay threshold of 26Mg
and have been observed previously. The 11.32MeV state corresponds to the lowest
resonance that was directly observed at 832keV in the 22Ne(α,n) reaction [6]. This

Fig. 69.1 Excitation energy spectrum of 26Mg reconstructed using deuteron energies
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resonance has the highest partial α width within the Gamow energy window and is
the major contributor to the 22Ne(α,n) reaction rate.

There have been numerous work done previously to determine the spins and
parities of each of these resonances of 26Mg using various techniques [1, 7–10],
but there is still a significant uncertainty due to the extremely high level density of
26Mg in this energy region. In the present work, due to low 22Ne+6Li c.m. energy,
it is assumed that the transferred angular momentum for the α particle does not
exceed � = 2. DWBA calculations indicate significant reduction of the α-transfer
reaction cross sections for � > 2. Using 2 as an upper limit for transfered angular
momentum, the partial α widths for all four observed states were calculated. In spite
of sub-Coulomb energies, uncertainties for the extracted partial α-widths are still
dominated by the parameters of opticalmodel potential and correspond to about 30%.
The optical model potentials were calculated for the relevant energy for deuterons
and 6Li using global fits [11, 12].

Assuming that the partial α-widths are small compared to the total widths of these
states [13], the resonance strengths is given by ωγ ≈ (2J + 1)Γα , where J is the
resonance spin. It is important to note that the partial α width of the 11.3 MeV state
in the present work results in a significantly smaller resonance strength (by a factor
of 3) than reported in [6].

These resonance strengths were then used to calculate the rate of the 22Ne(α,n)
reaction in AGB stars. These were applied in NEWTON (Nucleosynthesis of Ele-
ments With Transfer Of Neutrons) code for a chosen stellar model at a temperature
suitable for anAGB star to calculate the change of the abundances of isotopes created
exclusively by the s-process. It was seen that the decrease of the reaction rate of the
22Ne(α,n) reaction due to the smaller resonance strengths significantly effects the
abundances of s-process only isotopes, in particular 152Gd and 176Lu. This further
amplifies the importance of constraining the 22Ne(α,n) reaction rate. More detailed
analysis of astrophysical implications of the modified 22Ne(α,n) reaction rate will be
published elsewhere.

69.3 Conclusion

Sub-Coulomb α-transfer reactions provide a method to significantly reduce the de-
pendence of the results on optical model parameters of near-threshold resonances for
astrophysically important α-capture reactions. Indirect measurements performed in
this work lead to smaller 22Ne(α,n) reaction rate than the previously recommended
[1], which in turn affects the abundances of s-process isotopes.
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Chapter 70
On the Activation Method for Stellar
Cross-Sections Measurements: Flat
Sample Correction in Measurements
Relatives to Gold

P. Jiménez-Bonilla, J. Praena and J. M. Quesada

Abstract Maxwellian-averaged cross-sections (MACS) are needed for modelling
s- and r-processes in stellar nucleosynthesis. Inmany casesMACSare experimentally
obtained from measurements using the activation method with a quasi-maxwellian
energy spectrum neutron flux, generated by the 7Li(p,n)7Be reaction at proton energy
equal to 1912keV. Due to the angular aperture of this neutron flux, neutrons experi-
ence different sample thickness, depending on its incident angle on the flat sample, so
a correction is needed for absolute measurements.We propose an analytic expression
for the calculation of this correction and we discuss its importance for measurements
relatives to gold.

70.1 Introduction

Neutron capture reactions in r-process and s-process are responsible for the nucle-
osynthesis of the major part of the heavy elements beyond iron. The Maxwellian-
averaged cross-section (MACS) or stellar cross-section of the involved isotopes is
a key parameter for modeling s- and r-processes in these stellar sites [1, 2]. If the
nucleus produced after neutron capture is unstable with a convenient half-life, an
experimental spectrum-averaged cross section or SPA (that can be later corrected to
a MACS) can be deduced measuring the induced gamma activity in the sample (acti-
vation technique). Usually the neutron flux is produced by the 7Li(p,n)7Be reaction at
a proton energy Ep = 1912keV. Then the neutron flux is kinematically collimated into
a forward cone of 120 degrees opening angle, and its angle-integrated energy spec-
trum approximates a Maxwellian distribution at kT = 25 keV (a quasi-Maxwellian
neutron spectrum or QMNS). Most measurements are carried out relatives to a ref-
erence: the sample is placed between gold foils, to obtain the neutron fluence or to
cancel it in the expression of cross-sections ratio. Equations (70.1) and (70.2) show
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the traditional data analysis [3], where A is the total number of activated nuclei pro-
duced by the irradiation (that can be deduced from gamma activity), Φ = ∫

φ(t)dt
is the time integrated neutron flux, N is the number of atoms in the sample per area
unit (at/b), and σ is the spectrum averaged capture cross section (SPA or SACS).

Ai = σi · Ni · Φ (70.1)

σi = σAu · Ai · NAu

AAu · Ni
(70.2)

70.2 Flat Sample Correction

As seen in Fig. 70.1 left, neutrons experience different effective sample thickness
depending on the emission angle. We can try to minimize this effect using a semi-
spherical sample [4], otherwise we need to take into account this effect, by including
a flat sample correction obtained by analytical calculation ((70.3) [5]), or by simu-
lations [6–8]. In relative activation measurements, historically this effect has been
neglected, considering that its value is practically the same for the sample and for the
reference gold foils, and so it would cancel out. However, as shown in (70.3), the flat
sample effect, affecting the number of activations A, is not only geometric, but its
also depending on the sample cross section σ(E). We have studied the k f possible
variation, first modelling the cross section by σ(E) ∼ E−a , with the exponent a rang-
ing from 0.4 to 0.8 (valid for most isotopes). Results are shown in Table 70.1. With
this modelling we observe up to 2% possible difference from the correction value for
197Au (k f Au = 1.26). However, higher differences are possible if the cross section
shape is rather different from the gold one, for instance due to broad resonances
(Fig. 70.1 right). We have calculated some k f using ENDF/B-VII (E) cross sections

Proton Beam 
Ep=1912 keV

Li

Au X

n

Fig. 70.1 Left: scheme of neutron different paths inside samples due to angular aperture. Right:
ENDF/B-VII σ(E) cross sections for several nuclei
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Table 70.1 Values of k f obtained with (70.3) modelling the cross section trend by σ(E) ∼ E−a ,
for exponent a ranging from 0.4 to 0.8

a 0.4 0.5 0.6 0.7 0.8

k f 1.24 1.25 1.26 1.27 1.28

Table 70.2 k f for several nuclei calculated with (70.3) and ENDF/B-VII cross sections

Nucl. 181Ta 197Au 176Lu 192Pt 19F 13C

k f 1.27 1.26 1.26 1.24 1.21 1.11

(Table 70.2), and as an example we find differences of 4% for 19F (k f 19F = 1.21)
and 12% for 13C (k f 13C = 1.11). We proposed then (70.4) as an alternative to (70.2)
for data analysis:

k f = A f lat

Aspheric
=

∫ ∫
σ(E) · 1

cos(θ)
· φ(θ, E)d Edθ

∫ ∫
σ(E) · φ(θ, E)d Edθ

(70.3)

σi = σAu · Ai · NAu · k f Au

AAu · Ni · k f i
(70.4)

Neutron scattering into the materials may also increase the flat sample effect,
especially if samples or backing are not thin enough. To include this effect its possible
convenient to use alsoMontecarlo simulations [7]. When using the method proposed
in [9] for a more accurate maxwellian neutron spectrum generation, as studied in
[10] its possible to reduce the value and sensitivity of the k f correction if the sample
is placed further from the neutron source, covering a lower solid angle.

70.3 Conclusions

In neutron activation experiments using the quasi-maxwellian spectrum neutron flux
to measure stellar cross sections, for absolute measurements a flat sample correction
is needed, due to the experimental neutron flux angular aperture. We have studied its
importance also for measurements relatives to gold, concluding that this correction
could be relevant in some cases.
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Chapter 71
Relative Importance of Convective
Uncertainties

Etienne A. Kaiser , Raphael Hirschi , W. David Arnett ,
Andrea Cristini , Cyril Georgy and Laura J. A. Scott

Abstract Convection plays a key role in the evolution of stars due to energy trans-
port and mixing of composition. Despite its importance, this process is still not well
understood. One longstanding conundrum in all 1D stellar evolution codes is the
treatment of convective boundaries. In this study we compare two convective uncer-
tainties, the boundary location (Ledoux versus Schwarzschild) and the amount of
extra mixing, and their impact on the early evolution of massive stars. With increas-
ing convective boundary mixing (CBM), we find a convergence of the two different
boundary locations, a decreasing blue to red super giant ratio and a reduced impor-
tance of semiconvection.

71.1 Introduction and Methodology

In the framework of the mixing-length theory (MLT) [1], the location of the convec-
tive boundary is not defined and has to be determined by either the Ledoux or the
Schwarzschild criterion. In regions with a gradient in chemical composition, the two
criteria differ, leading to a region mixed by semiconvection. The process responsible
and the efficiency of this mixing is a matter of debate.

Another source of significant uncertainty emerges from the treatment of CBM
which is not included in MLT. Several add-ons have been proposed to account for
the mixing of the boundary region, however, CBM is still an open question.
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We calculated 15 M�, non-rotating stellar models at solar metallicity using the
MESA stellar evolution code [2–5]. All stellar models are computed several times,
oncewith the Schwarzschild and three timeswith the Ledoux criterion, the latter with
varied semiconvective efficiency. In the Ledoux models, we use the semiconvective
formalism from [6] (their (10)), with the adjustable efficiency parameter αsc. In
all models, we chose the exponentially decaying diffusive overshoot description ((2)
from [7]) to account for CBM, with the adjustable parameter fCBM which determines
the length scale of CBM in pressure scale height.

71.2 Discussion

In general, the extra mixing, either by CBM or semiconvection, smooths out the
gradients in temperature and chemical composition, stabilizing the region above the
hydrogen core against dynamical and vibrational instabilities, as shown in Fig. 71.1.
This reduces the differences between the two boundary criteria and they start to
converge. Further distinctions are:

(i) CBM starts to appreciably change the structure already for a small value of
fCBM (>0.004).

(a) Ledoux, fCBM = 0.004, αsc = 0.04 (b) Schwarzschild, fCBM = 0.004

(c) Ledoux, fCBM = 0.022, αsc = 0.04 (d) Schwarzschild, fCBM = 0.022

Fig. 71.1 Structure evolution diagrams, illustrating the convective and burning history until helium
depletion of someof the stellarmodels. The x-axis shows the time left until the star begins to collapse.
Blue shading indicates convective zones, turquoise shading the CBM region, yellow shading the
semiconvective zones and the redgradient the nuclear energygeneration rate (minus neutrino losses).
The zoom shows the intermediate convective zone which is crucial to determine whether the model
stays in the blue super giant (BSG) or crosses directly to the red super giant (RSG) branch
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(ii) The greatest influence of semiconvection is for no or veryweakCBM.3Dhydro-
dynamic simulation indicate a non-negligible amount of CBM [8], reducing the
occurrence and thus the importance of semiconvection.

(iii) The size of the helium core, which is an indicator of the further stellar evolution,
depends on the strength of the extra mixing. Generally, a higher amount of extra
mixing results in larger helium cores.

(iv) The extra mixing increases the main-sequence width. Moreover, all the Ledoux
models, and the Schwarzschild models with large amounts of CBM, cross
the Herzsprung-Russel diagram directly towards the RSG branch whereas
Schwarzschild models with no or less CBM spend time in the BSG branch.

71.3 Conclusion

This study illustrates the need to determine the amount of CBM, which might reduce
the discrepancy in stellar evolution due to the different boundary locations.Moreover,
the time a star spends in the BSG branch before entering the RSG branch depends
strongly on the amount of extra mixing and the stability criterion. This has crucial
influence on themass loss. These uncertainties can be tackled with 3D hydrodynamic
simulations and asteroseismology (e.g. [8–10]). We will investigate the impact on
nucleosynthesis and the advanced burning stages in a future work.

Acknowledgements The authors acknowledge support from the ChETEC COST Action
(CA16117), supported by COST (European Cooperation in Science and Technology). This research
has made use of the NASA’s Astrophysics Data System Bibliographic Services. RH and CG thank
ISSI Bern for meeting support.

References

1. E. Böhm-Vitense, Z. Astrophys. 46, 108 (1958)
2. B. Paxton, L. Bildsten, Dotter et al., ApJS 192, 3 (2001)
3. B. Paxton, M. Cantiello, P. Arras et al., ApJS 208, 4 (2013). https://doi.org/10.1088/0067-

0049/208/1/4
4. B. Paxton, P. Marchant, J. Schwab et al., ApJS 220, 12 (2015). https://doi.org/10.1088/0067-

0049/220/1/15
5. B. Paxton, J. Schwab, E.B. Bauer et al., ApJS 234, 34 (2018). https://doi.org/10.3847/1538-

4365/aaa5a8
6. N. Langer, K.J. Fricke, D. Sugimoto, A&A 126, 207 (1983)
7. F. Herwig, A&A 360, 952 (2000)
8. A. Cristini, C. Meakin, R. Hirschi et al., MNRAS 471, 279 (2017). https://doi.org/10.1093/

mnras/stx1535
9. W.D. Arnett, C. Meakin, M. Viallet et al., ApJ 809, 30 (2015). https://doi.org/10.1088/0004-

637X/809/1/30
10. W.D. Arnett, E. Moravveji, ApJ 836, L19 (2017). https://doi.org/10.3847/2041-8213/aa5cb0

mumpower@lanl.gov

https://doi.org/10.1088/0067-0049/208/1/4
https://doi.org/10.1088/0067-0049/208/1/4
https://doi.org/10.1088/0067-0049/220/1/15
https://doi.org/10.1088/0067-0049/220/1/15
https://doi.org/10.3847/1538-4365/aaa5a8
https://doi.org/10.3847/1538-4365/aaa5a8
https://doi.org/10.1093/mnras/stx1535
https://doi.org/10.1093/mnras/stx1535
https://doi.org/10.1088/0004-637X/809/1/30
https://doi.org/10.1088/0004-637X/809/1/30
https://doi.org/10.3847/2041-8213/aa5cb0


Chapter 72
Weak Interference Between the 1− States
in the Vicinity of α-Particle Threshold
of 16O

M. Katsuma

Abstract The subthreshold 1−
1 state at an excitation energy Ex = 7.12 MeV in 16O

has been believed to enhance the S-factor of 12C(α,γ )16O. The enhancement seems
to originate from strong interference between 1−

1 and 1−
2 (Ex ≈ 9.6 MeV) in the

vicinity of the α-particle threshold. However, weak interference between them and
a resulting small E1 S-factor are exemplified with R-matrix theory. Including a
higher-order correction of the resonance parameters, the present example appears to
reproduce the experimental data consistently. It would therefore be possible that the
E1 S-factor is reduced at low energies.

The 1−
1 (Ex = 7.12MeV) and 1−

2 (Ex ≈ 9.6MeV) states in 16O play an important
role in the low-energy extrapolation of 12C(α,γ )16O cross sections. If complicated
process of compound nuclei is assumed, strong interference between them is expect-
ed, and E1 transition becomes predominant. At present, this interference has been
believed to describe the cross section at Ec.m. = 300keV. However, I have predicted
a small E1 S-factor at this energy from the potential model (PM) [1], because non-
absorptive scattering results in weak coupling between shell and cluster structure in
16O. Besides, I have shown that E2 transition is dominant because 2+

1 (Ex = 6.92
MeV) has α+12C structure [2, 3].

In this paper, weak interference between 1−
1 and 1−

2 , and the resulting small E1
S-factor are exemplified with R-matrix theory [4]. I estimate their reduced α-particle
widths from [1, 2], and use the conventional R-matrix method [5, 6]. In addition,
the formal parameters are obtained from an exact expression, including a higher-
order correction, because it has been reported that the parameters for 1−

2 are not
appropriately treated in the linear approximation [5]. This correction ensures that
R-matrix calculations correspond to the experimental data.

Before showing an example of calculations, let me describe the R-matrix param-
eters. The Schrödinger equation is solved with the R-matrix,
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RL(Ec.m.) =
∑

n

γ̃ 2
nL

ẼnL − Ec.m.

+ RαL , (72.1)

where RαL is the non-resonant component. ẼnL and γ̃nL are the formal resonance
energy and formal reduced width, respectively. These are different from the Breit-
Wigner (observed) parameters, EnL , γnL . The conversion is given as

ẼnL(Ec.m.) = EnL + γ̃ 2
nL(Ec.m.)ΔL(EnL , ac) [ 1 + dnL ] (72.2)

γ̃ 2
nL(Ec.m.) = γ 2

nL

1 − γ 2
nLΔ′

L(EnL , ac) [ 1 + QnL(Ec.m., ac) ]
, (72.3)

where QnL is the higher-order correction of the resonance parameters, depending
on energies. Note that QnL = 0 was used in most of reactions [5, 6]. ΔL is the
shift function, Δ′

L = dΔL/d E . dnL is a parameter for multi-levels, and it is adjusted
self-consistently so as to satisfyΔL(EnL , ac)RL(EnL) = 1; d11 = −1.0133, d21 = 0.
The observed parameters are 1−

1 : E11 = −0.0451 MeV, γ11 = 0.345 MeV1/2; 1−
2 :

E21 = 2.434 MeV, γ21 = 0.850 MeV1/2. ac is the channel radius, ac = 4.75 fm. All
nucleons are interacting close together in the internal region, whereas nucleons are
well-separated into α and 12C outside the region. Other observed parameters are
taken from [7]. ANC of 1−

1 is 5.0 × 1028 fm−1 [1, 8].
The example of the small E1 S-factor is shown by the solid curve in Fig. 72.1a.

The present example includes the component of the subthreshold state, and it re-
sembles PM [1] (dashed curve). The interference between 1−

1 and 1−
2 appears to be

weak. The corresponding calculations of the β-delayed α-particle spectrum of 16N
and the p-wave phase shift of α+12C elastic scattering are consistent with the exper-
imental results [9, 10]. (Fig. 72.1b and c) So, the small E1 S-factor in Fig. 72.1a is
in agreement with these experimental data. The experimental α-particle width of 1−

2
(Γ exp

α = 420 ± 20 keV [7]) is also reproduced by the present example, Γ th
α = 432

keV. The dotted curves are the R-matrix calculations [9] with QnL = 0, in which the
narrow reduced widths are assumed. The derived 1−

2 width [9] does not reproduce
the experimental one. Compared with the solid curves, QnL is found to reduce the
E1 S-factor at low energies. In fact, a large energy shift for 1−

2 is expected from the
large reduced width of α+12C cluster structure. (Eq. 72.2) So, the resultant energy of
the 1−

2 pole is found to be located in the vicinity of 1−
1 . (Fig. 72.1d) This proximity

of the poles suppresses their interference, and it consequently makes the small E1
S-factor below the barrier.

The present example can be replaced with my previous result from PM, so I could
use a hybrid model [12], E1(R-matrix)+E2(PM). The resulting total S-factor and
reaction rates are confirmed to be concordant with [1, 13].

In summary, the weak interference between 1−
1 and 1−

2 , and the small E1 S-factor
have been exemplified with R-matrix theory. The formal parameters are obtained
from the exact expression, including the higher-order correction. The reduced α-
particlewidths of 1−

1 and1−
2 are estimated fromPM.Thepresent example is consistent
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Fig. 72.1 An example of R-matrix calculations of a E1 S-factor of 12C(α,γ0)16O, b β-delayed
α-particle spectrum of 16N, c p-wave phase shift of α+12C elastic scattering. The solid, dotted, and
dashed curves are the results of the present work, R-matrix method [9], and PM [1], respectively.
The experimental data are taken from [9–11]. d The resultant R-matrix is illustrated with the solid
curve. The dashed curve is the sum of 1−

3 , 1
−
4 , and non-resonant components

with the experimental results of the β-delayed α-spectrum of 16N, the p-wave phase
shift, and the α-decay width of 1−

2 . In the example, the pole energy of 1−
2 is located in

the vicinity of 1−
1 . This proximity suppresses their interference, and itmakes the small

E1 S-factor below the barrier. It would therefore be possible in the R-matrix method
that the E1 S-factor is reduced from the enhanced value currently expected. At the
same time, the reaction rates are confirmed to be obtained from the direct-capture
mechanism [1, 13].
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Chapter 73
The Effects of 26Al Isomeric State
on Its Ground State Production

E. T. Li, Maria Lugaro, H. E. Brinkman, C. L. Doherty and B. Côté

Abstract The ground state of unstable 26Al nucleus (26Alg) with T1/2 = 0.717 Myr
was the first radioactive isotope detected in the galaxy, via the characteristic 1.809
MeVγ-emission of 26Mg (Mahoney et al., Astrophys J 286:578, [1]). The observation
is direct proof of ongoing stellar nucleosynthesis in our Galaxy and indicates that
there are approximately 2–3 M� of 26Alg (Diehl et al., Nature 439:45, [2]). 26Al has
an isomeric state (26Alm) which is prohibited to decay into 26Alg due to the large spin
difference. However, an equilibration between 26Alm and 26Alg could proceed via
intermediate states and influence the abundance of 26Alg . Hence, the isomer could
have an important influence on the production of 26Alg . A one consistent program is
used to investigate the effects of 26Alm on 26Alg production by using a 20 M� stellar
model in its hydrogen core burning and C/Ne shell burning.

73.1 Motivation

To understand the mechanism of the 26Alg production, a lot of nuclear reactions
are needed to be considered. In laboratory, 26Alm is prohibited to decay into 26Alg

due to the large spin difference. In hot stellar plasma, the 26Alg and 26Alm might
“communicate” via γ transitions involving higher-lying 26Al levels, but different
theories do not agree with each other (see Fig. 73.1). Therefore, it is important to
investigate the impact of the isomer on the abundances of 26Alg . Post-processing
nucleosynthesis calculations [3] studied the effect of the communication between
the 26Alg and 26Alm in massive stars [4]. Here, we present our investigations by
using one consistent program.
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Fig. 73.1 Comparison of the
effective rates between the
26Alg and 26Alm . The solid
lines are from Gupta and
Meyer [6] and the dashed
lines are from Rene et al. [7]

73.2 Simulations

A 1D stellar code MESA [5] is employed to evolve a 20 M� star. The flux of the
reactions is calculated and used to investigate which reaction is important to the pro-
duction of 26Alg . For a 20M� star in its hydrogen core burning, (see Fig. 73.2), 26Alg

is produced by the 25Mg(p, γ)26Alg reaction and the seed nucleus 25Mgmainly come
from the initial abundance. One also can see that there is almost no communication
between the 26Alg and 26Alm . For a 20 M� star in its hydrostatic C/Ne shell burning
(see Fig. 73.3), 26Alg is mainly produced by 25Mg(p, γ)26Alg but the seed nucleus
25Mg mainly come from 24Mg(n, γ)25Mg and 22Ne(α, n)25Mg reactions other than
the initial abundance. The communication between the 26Alg and 26Alm become im-
portant and cannot be ignored. The rates of Gupta and Meyer [6] increase the net
flux between the 26Alg and 26Alm by 130%.

73.3 Conclusions

For the 20 M� massive star in the hydrostatic hydrogen core burning, the communi-
cation between the 26Alg and 26Alm can be ignored. The initial abundance of 25Mg
influences significantly the production of 26Alg . For the star in its hydrostatic C/Ne
shell burning, the reaction rates between the 26Alg and 26Alm are very important,
and different rates influence the 26Alg , and the seed nucleus 25Mg mainly come from
24Mg(n, γ)25Mg and 22Ne(α, n)25Mg reactions.
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Fig. 73.2 The reaction net fluxes of a 20 M� star in its hydrogen core burning. The rates between
the 26Alg and 26Alm are from [7]

Fig. 73.3 The reaction net fluxes of a 20 M� star in its hydrostatic C/Ne shell burning. The rates
between the 26Alg and 26Alm are from [7]
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Chapter 74
Spectroscopic Study on 39Ca Using
the 40Ca(d,t)39Ca Reaction for Classical
Nova Endpoint Nucleosynthesis

J. Liang, A. A. Chen, M. Anger, S. Bishop, T. Faestermann, C. Fry,
R. Hertenberger, A. Psaltis, D. Seiler, P. Tiwari, H.-F. Wirth and C. Wrede

Abstract In classical novae simulations, the uncertainty in the reaction rate of
38K(p,γ ) has been shown to affect the abundances of endpoint nuclides signifi-
cantly. To better understand the reaction rate, we have done a spectroscopic study on
39Ca. The reaction 40Ca(d,t)39Ca at a beam energy of 22 MeV was used to populate
excited states of 39Ca. Tritons were momentum analyzed using a high resolution
quadrupole-dipole-dipole-dipole (Q3D) magnetic spectrograph at 4 angles. Prelimi-
nary resonance energies for 39Ca within the energetic region of interest for classical
novae - 6.0–6.4 MeV - were determined.

74.1 Introduction

Classical novae occur in close binary systems with a white dwarf and a main se-
quence/red giant companion star. In these systems, the denser white dwarf siphons
hydrogen rich material from its companion star, forming a layer of nuclear fuel
on the surface of the white dwarf. Thermonuclear runaway ensues, causing a dra-
matic increase in temperature (T = 0.1–0.4 GK) and luminosity, eventually leading
to a classical nova outburst. In this process, heavier nuclei are synthesized via pro-
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gressive proton capture reactions and subsequent β+ decays. The endpoint of this
nucleosynthesis occurs at approximately A ∼ 40.

Currently, observed elemental abundances of endpoint nuclides show enhance-
ment compared to nova models by up to an order of magnitude [1, 2]. This difference
could be caused by the treatment of clumping in the ejecta [3], or due to uncertain-
ties in nuclear reaction rates. In a sensitivity study by Iliadis et al. [4] it was shown
that the 38K(p,γ )39Ca reaction could change abundances of the endpoint nuclides in
classical novae by up to 2 orders of magnitude if the reaction rate was varied within
its uncertainty.

In temperatures typical of classical novae, the total reaction rate is dominated by
three � = 0 resonances within the Gamow window. These occur at excitation en-
ergies in 39Ca at 6157(10), 6286(10), and 6460(10) keV. This motivated the direct
measurement of the 39K(p,γ )39Ca reaction by Lotay et al. [5] at the DRAGON
facility in TRIUMF. In [5], the resonance at 6460(10) was instead observed at
6450+2

−1(stat.) ±1 (sys.) and the resonance strength was obtained. Upper limits were
determined for the resonance strengths of the others. When the reaction rate was
varied within its new uncertainties it was shown that the variations in abundances of
these endpoint nuclides were reduced to one order of magnitude.

High resolution spectroscopic studies of 39Ca were recommended by Lotay et al.
[5] to probe for additional resonances corresponding to low � capture resonances in
the 38K+p system. To that end we performed a spectroscopic study using the reaction
40Ca(d,t)39Ca not only to probe for new states, but to also to improve the precision
on excitation energies of existing states.

74.2 Experimental Method

The experiment was performed at the Maier-Leibnitz Laboratory (MLL), a joint
facility of the Technical University ofMunich and Ludwig-Maximilians-Universität.
The MP Tandem Van de Graff was used to accelerate a deuteron beam to 22 MeV,
which was then impinged on the following targets: natural CaF2 on carbon backing,
a calibration target of 32S implanted in carbon, and a background target of natural
LiF on a carbon backing.

Tritons emerging from the reaction were momentum analyzed in a quadrupole-
dipole-dipole-dipole (Q3D) magnetic spectrograph. Data were taken at spectrograh
angle θlab = 15, 20, 25 and 30◦. Gas filled proportional counters provided energy loss
signals and precise position information from charges induced on the anode strips
detector along the focal plane. A scintillator provided residual energy of the tritons,
and thus a unique particle identification.

Positions of the tritons were determined, corresponding to the energies of those
tritons.
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Table 74.1 Preliminary resonance energies of 39Ca determined in the current work compared to
previously evaluated values

NDS evaluated energy (keV) This work (keV) (±) stat

6.451(2) 6.4592(6)

6.432(2) 6.431(2)

6.405(10) 6.4003(4)

6.286(10) 6.289(1)

6.157(10) 6.1507(1)

6.094(10) 6.0869(5)

74.3 Results and Discussion

The background from 19F(d,t)18F was well characterized by a scaled spectrum pro-
duced by a LiF target, where a polynomial, featureless background from 7Li(d,t)6Li
was assumed.

The peaks in the background subtracted triton position spectrum, corresponding
to resonance states, were fitted using exponentially modified Gaussian functions; the
asymmetry accounting for the energy straggling within the target. Centroid positions
and full widths at half maximum of peaks were determined for the 40Ca(d,t)39Ca and
the 32S(d,t)31S calibration spectrum.

The 40Ca(d,t)39Ca triton spectra were calibrated by relating the positions of iso-
lated 32S(d,t)31S peaks with their respective energies from [6]. Through the SPlitpole
ANalysis Code (SPANC) [7], a polynomial function of the energy vs. position was
determined using these calibration peaks,whichwas then applied to the 40Ca(d,t)39Ca
triton spectrum to determine the energy at each centroid position.

The preliminary results of ameasurement at a spectrograph angle of 20◦ is reported
in Table 74.1. The uncertainty is purely statistical, however the addition of systematic
uncertainties is unlikely to cause the total uncertainty to exceed 2–5 keV [8]. Most of
the preliminary energies agree with previously tabulated values, with the exception
of the 6451(2) keV state.

74.4 Conclusion

A spectroscopic study of 39Ca was performed at MLL using the reaction 40Ca(d,t)
39Ca. Preliminary data generally agrees well with previously evaluated data, and
will likely reduce uncertainties in excitation energies, however a discrepancy exists
between the state suggested in [5] and this preliminary work.
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Chapter 75
Inhomogeneous Primordial Magnetic
Field Strength and Its Impact on
Primordial Nucleosynthesis

Yudong Luo, Toshitaka Kajino, Motohiko Kusakabe and Grant J. Mathews

Abstract We investigate the effect on the light element abundances from the pres-
ence of a primordial magnetic field (PMF) whose strength is spatially inhomoge-
neous. By assuming an uniform total energy density with a gaussian distribution of
field strength, we find that domains of different temperatures exist in the BBN epoch
due to variations in the local PMF. As a result, the effective distribution function
of particle velocities averaged over domains of different temperatures deviates from
the Maxwell-Boltzmann distribution. We perform BBN calculations including this
effect and find that the 7Li abundance is significantly reduced. We also discuss the
possibility that the baryon-to-photon ratio decreased after the BBN epoch. In this
case, if the ratio during BBN was larger than the cosmic microwave background
constraint, all produced light elements are consistent with observational data.

75.1 Model

In the standard big bang nucleosynthesis (BBN) model, the photon energy density is
homogeneous during the entire nucleosynthesis epoch. The previous study [1] intro-
duced a constant scale invariant (SI) PMF strength within a co-moving radius 1 Mpc
during the BBN epoch. However, the survival length scale for primordial magnetic
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field (PMF) during the BBN epoch is constrained as Lsur ∼ 104 cm [2], which is
inside the co-moving length scale of PMF energy density. Therefore, it is possible for
PMF to have a energy density fluctuations. We simply assume that the distribution
function of magnetic energy density ρB follows f (ρB) which is a gaussian distribu-
tion with a peak located at the mean value ρBc, the summation of radiation energy
density ρrad and ρB, i.e., ρtot = ρrad + ρB, is presumed to be a homogeneous quantity.
Since temperature is proportional to ρ

−1/4
rad , it is also inhomogeneous in our model.

The nuclear reactions occur locally, this means that the local velocity distribution
function for baryons at a certain temperature is described by Maxwell-Boltzmann
(MB) distribution; Globally, due to the existence of temperature inhomogeneity, it
would finally lead to an effective non-MB distribution function for baryonic veloci-
ties during the BBN epoch (for detailed derivation see [3]).

75.2 Results

We encode the temperature averaged reaction rates into the BBN network calculation
and compare the results with the observationally inferred abundances for D, 4He and
7Li. In Fig. 75.1, we plot the light element abundance as a function of baryon-to-
photon ratio η10 = η × 1010. In the range of Planck constraint (light blue vertical
band): η10 = 6.10 ± 0.04 [4], in the grey region of the figure, the model parameters
ρBc and σB are ranged from ρBc/ρtot =0.08–0.13 and σB =0.04–0.17 respectively.

Fig. 75.1 Yp , D/H and
7Li/H prediction as a
function of baryon-to-photon
ratio η10 = η × 1010. The
green bands show the
adopted observational
constraints for each elements
[5–7]. The vertical blue band
shows the Planck constraint
on η10. The light orange
band shows the possible η10
region for which
concordance is possible for
all three elements
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This region shows that the calculated D/H and Yp (4He mass fraction) are consistent
with observations, and the 7Li/H value is reduced to (3.18–3.52) ×10−10 compared
with standard BBN (shown by solid lines). However, this is still above the constraints
from metal-pool stars [5]. We also explore the possibility to find a parametric region
of the baryon-to-photon ratio in which a concordance for all light element abun-
dances can exist. As shown by dot-dashed lines, with the fraction ρBc/ρtot = 0.11
and the fluctuation parameter σB = 0.53, although there is no solution to the Li prob-
lem within the η10 range from Planck, at η10 = 8.26 ± 0.14 (light orange vertical
band), all of the elements fall into a region that is consistent with the observational
constraints. It is possible to have this larger η value in BBN epoch since a dissipation
of the PMF between BBN and the last scattering of the background radiation can
results in an evolution of the η value, also other mechanisms such as the radiative
decay of exotic particles can have the same effect.

75.3 Conclusion

In this work, we assume that the PMF energy density obeys a narrow Gaussian
distribution under the presumption of a constant value of total energy density. This
inhomogeneous PMF energy density eventually leads to a non-Maxwellian baryonic
distribution function in our model. We encode this fluctuated PMF to the BBN
calculation. By comparing our results with observational constraints on η (baryon-
to-photon ratio obtained from Planck satellites), D/H and Yp (4He mass fraction), we
find that a PMFwhosemean energy density isρBc/ρtot =0.08–0.13with the fractional
gaussian range σB =0.04–0.17 can reduce the predicted primordial 7Li abundance to
a value of 7Li/H=(3.18–3.52)×10−10 which is closer to the observational value. We
also discussed the possibility that η is larger than the value obtained from Planck
constraint, in the case that the baryon-to-photon ratio decreased after primordial
nucleosynthesis. We find that with the baryon to photon ratio η10 = 8.26 ± 0.14
with certain model parameters, there is a possible solution to the Li problem.
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Chapter 76
Systematic Low-Energy Enhancement
of the Gamma-Ray Strength Function

J. E. Midtbø, A. C. Larsen, T. Renstrøm, F. L. Bello Garrote and E. Lima

Abstract In this work, we have studied the low-energy behaviour of the γ-ray
strength function within the framework of the shell model. We have done calcula-
tions on isotopic and isotonic chains, spanning several mass regions. We find sys-
tematic trends, where the strength function exhibits a low-energy enhancement that
is steeper near shell closures and flatter in the mid-shell regions. Further, we compile
strength functions fromdiscrete experimental data and find evidence for a low-energy
enhancement.

Gamma-ray strength functions are an essential ingredient for s- and r -process nucle-
osynthesis simulations, through their role in the prediction of neutron-capture cross
sections. The γ-ray strength function for all nuclei in the energy region of a few
tens of MeV is qualitatively similar, dominated by the E1 giant dipole resonance
(GDR). A growing number of nuclei have been found to exhibit an enhancement
of the strength function towards Eγ = 0. This low-energy enhancement (LEE) has
been shown to potentially increase neutron-capture cross sections up to about two
orders of-magnitude [1, 2].

It is at present unknown how general this enhancement is – whether it is the result
of peculiarities of certain nuclei, or arises from some fundamental mechanism. Con-
siderable experimental and theoretical efforts have been put in to chart the prevalence
of the LEE and to obtain a theoretical understanding of how it comes about. In this
work, we study the γ-ray strength function using the nuclear shell model, employing
the very efficient and versatile code KSHELL [3]. We consider nuclei in two mass
regions: (i) the sd shell, using the USDa interaction [4]; and (ii) the f5/2 pg9/2 shell
atop the 56Ni closure, using the jun45 interaction [5]. In eachmass regionwe perform
a systematic survey, totaling 283 nuclei. For each nucleus, we calculate hundreds or
thousands of energy levels, and all possible M1 transitions between the levels. See
[6] for more details.

For each nucleus, we have compiled a γ-ray strength function fM1(Eγ) using the
definition given in [7]. As a measure for the low-energy enhancement of the strength
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Fig. 76.1 Integrals of M1 γ-ray strength functions for different nuclei. Panel a shows the integral
from 0 to 2 MeV, panel b shows the integral from 2 to 6 MeV, and panel c shows the ratio of (a) to
(b)

function, we have taken the integral of fM1(Eγ) from 0 to 2 MeV and from 2 to
6 MeV, and find the ratio of the two. We are interested in how this ratio changes
between nuclei. The results of this is shown in Fig. 76.1, plotted as a nuclear chart.
Panels (a) and (b) show the integrals from 0 to 2 and 2 to 6 MeV, respectively, while
panel (c) shows the ratio. A larger ratio indicates a stronger LEE. We do not find any
cases where the ratio is lower than 1/3 – in theses cases, the strength function is flat.
Trends are apparent: In both mass regions, there is LEE in regions close to either
neutron or proton magic numbers, while it is diminished mid-shell, most clearly so
for the sd shell. Furthermore, in each mass region, there is a systematic tendency
for larger LEE in the bottom-right and top-left corners compared to the bottom-left
and top-right ones. Intriguingly, this correlates with the regions where one expects
shears bands, and a link between the shears band mechanism and the LEE has been
suggested previously [9, 10] – but not studied in this systematic fashion.

Having all these calculations at hand, it is interesting to see how they compare
to data. A source not often considered in the context of γ-ray strength functions is
lifetime and branching ratio information on discrete, low-energy states. Indeed one
should be cautious, as the low-energy level structure easily overshadows the statisti-
cal behaviour that enables one to speak of averages and strength functions. It is still
possible to construct γ-ray strength functions, but one should expect large fluctua-
tions. We have used the RIPL-3 library [11] to obtain state and lifetime information.
Unfortunately, RIPL does not give multipolarity information about the decays. Still,
the ease with which it lends itself to automatic parsing leads us to choose it over
other databases. Thus, what we extract is a strength function of presumed M1 tran-
sitions, by selecting transitions between states with the same parity, and with a spin
difference of |Ji − J f | ≤ 1.

We show results for the nuclei 44,45Sc, 51Ti and 56,57Fe in Fig. 76.2. The shell
model calculations shown use the GXPF1a interaction [12], and are not part of the
systematic chart shown above. The shell-model lines marked “quasicontinuum” are
compiled the same way as above, using all available states, while the ones marked
“discrete” use only a discrete set, chosen to be comparable to the experimentally avail-
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Fig. 76.2 Compiled γ-ray strength functions based on discrete data from the RIPL-3 database [11],
compared to shell model calculations (see text)

able levels. The bottom right panel of Fig. 76.2 shows the average of all the strength
functions, to increase statistics. The data clearly exhibit a low-energy enhancement.
The exponential fit shown is the function g(Eγ) = 6.3 × 10−9 exp(−Eγ/2.4).

We eagerly await new experiments that can shed light on the systematic trends of
the LEE.
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Chapter 77
Impacts of the New Carbon Fusion Cross
Sections on Type Ia Supernovae

Kanji Mori, Michael A. Famiano, Toshitaka Kajino,
Motohiko Kusakabe and Xiaodong Tang

Abstract Recent measurement of cross sections of the carbon fusion reaction
unveiled existence of low-energy resonances, which enhances reaction rates. We
apply the new resonant reaction rates to the double degenerate scenario of type Ia
supernovae. It is shown that merging carbon-oxygen white dwarfs are more likely to
be burnt into oxygen-neon-magnesium white dwarfs by the enhanced reaction rates
and collapse into neutron stars.

77.1 Introduction

The carbon fusion reactions 12C(12C,α)20Ne and 12C(12C, p)23Na play important
roles in astrophysical phenomena including type Ia supernovae (SNe Ia1), massive
stellar evolution, and X-ray superbursts. Because of their importance, its cross sec-
tions at astrophysical low energies have been measured for tens of years. Recently,
low-energy resonances with the resonance energy of ER ≈ 1.5 MeV were discov-

1In this paper, a type Ia supernova(e) is denoted by SN Ia (SNe Ia).
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ered with the Trojan Horse Method using three body reactions 12C(14N, 20Ne)2H
and 12C(14N, p23Na)2H [1], which enhance the reaction rates by ∼25 times at
T ≈ 5 × 108 K compared with a conventional reaction rate ([2]; hereafter CF88).
In this study, we explore the effect of such resonances on white dwarf (WD) binary
mergers, which are a hypothetical progenitor of SNe Ia [3].

77.2 Ignition Temperature and the Fate of WD Mergers

The evolution of WD mergers is dependent on the carbon fusion reaction rates.
Let us assume that the total mass of the binary is larger than the Chandrasekhar
limit. In the original double degenerate scenario [4, 5], the merger forms a massive
carbon-oxygen (CO) WD and carbon fusion is ignited at the center, resulting in SN
explosion (accretion indiced explosion; AIE). However, it has been pointed out that
off-center ignition can occur before the central ignition [6]. In this case, the COWD
is burnt into a neon-oxygen-magnesiumWD, which collapses into a neutron star due
to electron captures. This is often referred to as accretion induced collapse (AIC). On
the other hand, if the total mass is smaller than the Chandrasekhar mass, a massive
WD remains.

The ignition condition is determined by the heating rate by the fusion and cooling
rate by the thermal neutrino emission. Figure 77.1 shows the ignition temperature
calculated by CF88 and [1]. The hatched region shows the temperature and the
density of WDmergers [7]. If the temperature of a system is higher than the ignition
temperature, it becomes a NS via the AIC path, while other systems end up with a
SN Ia. We can see that the enhanced reaction rate decreases the ignition temperature,

Fig. 77.1 The iginition temperature calculated with CF88 and [1]. The hatched region shows the
temperature and the density of WD mergers. The labels “NS” and “SN Ia” show the fate of WD
mergers above and below the ignition curves, respectively

mumpower@lanl.gov



77 Impacts of the New Carbon Fusion Cross Sections on Type Ia Supernovae 411

Table 77.1 The event rates of the AIC and AIE paths in units of 10−14/M�/year and the ratio of
NSs and SNe Ia that can be explained by each scenario. Here θ2 is the reduced width of low-energy
resonance. The observational estimates of the NS birthrate and the SN Ia event rate are from [8, 9],
respectively

Theory Theory/observation

AIC AIE AIC/NS AIE/SN Ia

CF88 2.2 ± 0.6 6.5 ± 1.9 0.013+0.018
−0.007 0.60+0.37

−0.25

θ2 = 0.1 2.6 ± 0.7 6.0 ± 1.7 0.015+0.021
−0.008 0.55+0.34

−0.23

θ2 = 1 4.6 ± 1.3 4.2 ± 1.2 0.027+0.038
−0.015 0.38+0.24

−0.15

therefore the off-center carbon burning, which results in accretion induced collapse,
becomes easier to occur. On the other hand, the SNe Ia become more difficult to
occur.

We calculated the event rate of SNe Ia based on the double degenerate scenario as
a function of the dimensional reduced width θ2 (Table 77.1). The case of θ2 = 1 is
theWigner limit, which can be regarded as the theoretical upper limit on the strength
of the resonance. The low-energy resonances found in [1] correspond to the θ2 = 0.1
case. One can see that the event rate is a decreasing function of the resonance strength,
though it is still subject to large uncertainties.

77.3 Conclusion

The resent experimental results on the cross sections of the carbon fusion revealed
existence of low-energy resonances, which enhance the reaction rate. The new reac-
tion rate makes it difficult for WD mergers to evolve into SNe Ia. However, we note
that the hydrodynamical model [7] does not include viscosity, which can ignite car-
bon burning in a longer timescale [10, 11]. In addition to that, the analysis performed
in [1] is under debate [12, 13]. Extensive studies are still desirable to unveil the nature
of SN Ia progenitors.
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Chapter 78
A BGO Set-Up for the 2H(p,γ)3He Cross
Section Measurement at the BBN
Energy Range

Viviana Mossa

Abstract Deuterium is the first nucleus produced in the Universe, whose accumu-
lation marks the beginning of the Big Bang Nucleosynthesis (BBN). Its primordial
abundance is sensitive to some cosmological parameters like the baryon density
and the number of the neutrino families. Presently the main obstacle to an accu-
rate theoretical deuterium abundance evaluation is due to the poor knowledge of the
2H(p, γ)3He cross section at BBN energies. The aim of the present work is to de-
scribe one of the two experimental approaches proposed by the LUNA collaboration,
whose goal is to measure with unprecedented precision, the reaction cross section in
the energy range 30 < Ec.m.[keV] < 300.

78.1 The BGO Set-Up

The 2H(p, γ)3He cross section has been measured with unprecedented accuracy by
the LUNA (Laboratory for Underground Nuclear Astrophysics) collaboration thanks
to the low background of the INFN underground Gran Sasso Laboratories [1]. The
experimental set-up consists of a 400 kV electrostatic accelerator [2] able to provide
intense current of proton up to 500µA and a windowless deuterium gas target, 10 cm
long at 0.3 mbar of pressure. The lack of a physical window prevents the beam
energy loss before it enters into the chamber and limits the beam energy straggling.
To confine the gas inside the interaction chamber, a strong pressure gradient between
the target and the beam line is produced by three pumping stages separated by three
water cooled apertures of decreasing diameter. The beam current is measured by a
constant-gradient calorimeter characterized by two sides, a hot one heated to 70 ◦Cby
thermoresistors and a cold one cooled to 0 ◦C by a refrigerating system [3].When the
ion beam hits the hot side, it contributes to its heating and reduces correspondingly
the electric power needed to keep the temperature gradient constant. The current
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Fig. 78.1 Drawing of the
target chamber inside the
BGO detector

impinging on the target is thus related to the power difference between beam-on and
beam-off conditions.

The γ rays emitted by the reaction are detected by a cylindrical BGO detector
having a length of 28 cm with a radial thickness of 7 cm. The crystal is optically
divided into six sectors, each covering an azimuthal angle of 60 degrees and the
chamber and the calorimeter are hosted inside the BGO hole (Fig. 78.1), granting a
configuration geometry close to 4π. With this set-up, the counting rate (full detection
γ-peak) obtained is of the order of 104–105 events/hour in the considered energy
range, making the measurement with the BGO detector relatively fast for reaching
10,000 events under the photopeak to ensure a low statistic uncertainty (<1%). On
the other hand the large angular coverage of BGO makes the counting yield almost
independent of the angular distribution of the emitted photons.

78.2 BGO-Phase Data Analysis

At first the gas target has been characterized calculating its density profile (Fig. 78.2
left side) starting from the pressure and temperature profiles directly measured along
the beam axis from the pumping stages to the calorimeter. The beam heating effect,
due to the beam energy loss heating the gas and thus causing a local density reduction,
has been also evaluated performing measurements at constant beam energy and

Fig. 78.2 Left side: deuterium density profile. Right side: beam heating evaluation
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Fig. 78.3 Left side: 2H(p, γ)3He spectra at Ebeam 50, 150 and 300 keV. Right side: beam induced
background spectra obtained in vacuum at the same energies

different currents. In Fig. 78.2 (right side) the results obtained with a proton beam
of 300 keV of energy and a current changing from about 90 to 400 µA are shown,
plotting the rate of events of the 2H(p, γ)3He reaction ROI, normalized to the charge,
as a function of the current. Since all the points lay on the same line within 2σ error,
the beam heating contribution has been assumed negligible.

The detection efficiency, about 60% in the range of interest for the 2H(p, γ)3He
reaction (5.5 MeV), has been obtained at a few per cent level using Monte Carlo
simulations, tuned to match the experimental data of radioactive sources (137Cs,
60Co and 88Y) at low energies and of the well-known resonant reaction 14N(p, γ)15O
at Er = 259 keV, emitting γ rays in the p + d energy range.

Finally the reaction cross section has been measured filling the interaction cham-
ber with deuterium gas and changing the proton energy from 50 to 300 keV. For each
investigated energy a further run in vacuum has been performed in order to evaluate
the beam induced background or the eventual deuterium implantation (Fig. 78.3 right
side).

The still ongoing analysis of the BGO spectra (Fig. 78.3 left side) allows the
S-factor of the 2H(p, γ)3He reaction to be derived: currently a polynomial trend as a
funtion of the center of mass energy is confirmed, with higher values than the already
existing data and lower uncertainty [4].
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Chapter 79
Cosmic-Ray Nucleosynthesis in Galactic
Interactions

Tijana Prodanović and Aleksandra Ćiprijanović

Abstract It has been shown that galactic interactions and mergers can result in
large-scale tidal shocks that propagate through interstellar gas. As a result, this can
give rise to a new population of cosmic rays, additional to standard galactic cosmic
rays present in star-forming galaxies. We investigate the impact of this tidal cosmic-
ray population on the nucleosynthesis of light elements. We especially focus on
extragalactic systems where lithium has been measured in gas phase but which have
been disturbed by galactic interactions, namely the Small Magellanic Cloud and
the M82. Moreover, we demonstrate that the presence of these tidal shock-waves
may also have far reaching consequences on star-formation rate estimates and our
general understanding of galactic evolution through affecting the far-infrared radio
correlation.

79.1 Introduction

Galactic interactions result in large-scale tidal shock waves that impact interstellar
medium (ISM), affect evolution of galaxies and trigger star-formation [1]. A new
cosmic-ray (CR) population can be accelerated in galactic tidal shocks - tidal cos-
mic rays (TCRs) [2]. Presence of tidal cosmic-ray population in a galaxy would [3]:
increase light element abundance with delayed and different increase in metallic-
ity, enhance non-thermal radio emission of the galaxy, enhance dust temperature,
affect far-infrared radio correlation, affect estimates of star-formation rate (SFR).
Though both Li isotopes are made in CR interactions in the ratio varying between
7Li/6Li = 1.3−2 depending on the CR spectrum, cosmic-ray dosimeters like 6Li
that are made only through CR nucleosynthesis would be affected the most. Conse-
quently, observations of lithium abundance in the ISM of interacting systems could
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A. Ćiprijanović
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potentially reveal and quantify the TCR presence. Here we present cases of two sys-
tems that have experienced recent galactic interactions and where lithium has been
measured in the gas phase – Small Magellanic Cloud (SMC) and M82, and present
some estimates about whether their observed lithium abundances are consistent with
their star-formation histories.

79.2 Small Magellanic Cloud and M82

Small Magellanic Cloud is a neighboring dwarf irregular galaxy, with metallicity
20% of Solar, which has suffered galaxy harassment by the Milky Way (MW) and
the Large Magellanic Cloud. Furthermore, lithium was measured in the SMC in the
interstellarmedium to be (7Li/H)SMC = 4.8 × 10−10 with isotopic ratio of 6Li/7Li =
0.13 ± 0.05 [4]. The observed isotopic ratio is higher than in the Milky Way at solar
metallicity 6Li/7Li = 0.08. Ćiprijanović has argued that this observed 6Li abundance
is inconsistent with gamma-ray observations of the SMC [5]. Prodanovic et al. [2]
argued that it would be sufficient to shock the entire SMC gas twice, with tidal
shocks, to account for the entire Li abundance and explain high observed isotopic
ratio with production through TCR nucleosynthesis. However, galactic interactions
are also known to result in episodes of intense star-formation and star-burst phases,
thus one might argue that enhanced abundances of “cosmic-ray dosimeters” are the
result of galactic cosmic-ray (GCR) nucleosynthesis. Here we estimate what would
the mean SFR of the SMC need to be in order to account for the observed isotopic
ratio with GCRs.

(7Li/6Li)obs =
7Lips + 7LiCR

6LiCR
=

7Lips
6LiCR

+ 1.3 (79.1)

where 7Lips denotes primordial and stellar sources, while 6,7LiCR is lithium produced
in cosmic-ray nucleosynthesis. Isotopic ratio produced in GCR interactions is taken
to be (7Li/6Li)GCR = 1.3, which corresponds to the same CR spectra as in the MW
but can go up to ∼2 for calorimeters. Yields of light elements accumulated through
CR nucleosynthesis are proportional to CR fluxes φCR and accumulation timescales
τ . Thus, assuming that fusion channel dominates, we have 6,7LiCR ∼ τσααyαφα,CR,
where σαα is the interaction cross section and yα ≡ nα/nH helium abundance. If
supernovae are the only source of CRs then fluxes are proportional to star-formation
rates φCR ∝ ψ thus we have

〈φCR〉SMC

〈φCR〉MW
= fps

(7Li/6Li)MW,obs − 1.3

(7Li/6Li)SMC,obs − 1.3
= 〈ψCR〉SMC

〈ψCR〉MW
(79.2)

where fps is the ratio between SMC and MW joint primordial and stellar sources of
Li. Taking themeanMWSFR to be equal to presentψMW = 1M�/year, and fps = 1,
from observed isotopic ratios we can estimate that 〈ψSMC〉/〈ψMW〉 = 1.6. If observed
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SFR of the SMC ψSMC = 0.1M�/year ≈ 0.1ψMW corresponds to its “quiescent”
phase, and if SMC had 3 recent bursts of star-formation lasting in total ∼2 Gyr [6],
we can estimate what the mean burst phase SFR had to be 〈ψSMC〉∗ ∼ 7M�/year.
This is about ∼35× higher than the most intense estimated SFR in the SMC which
was 0.2M�/year [6].

M82 is a dwarf, starburst galaxy that has experienced interaction with M81
[7]. At metallicity of ∼1/2 of solar, ISM lithium abundance was inferred to be
(Li/H)M82 = 3.98 × 10−9 [8], which is ∼2× higher abundance than solar. As
post-BBN Li abundance should scale with metallicity, this observation can be ex-
plained by dilution of metals due to intense gas inflow which can accompany
starburst phase. However, we can check if Li consistent with observed super-
nova rates. Writing the ratio of CR produced Li abundances in M82 and MW
as LiM82,GCR/LiMW,GCR = (LiM82,obs − Lips)/2.36Li� ≈ 8 where we have assumed
that primordial and stellar-produced Li abundance of M82 is same as in the MW
at M82 metallicity, and assuming M82 to be a calorimeter, we can estimate that
7LiM82,CR/

7LiMW,CR ∼ 10. From this it follows that the ratio ofmean supernova rates
is 7LiM82,CR/

7LiMW,CR = 〈RSN,M82〉/〈RSN,MW〉 ∼ 10. However, taking that current
starburst phase lasts for ∼0.3 Gyr with current 〈RSN,M82〉∗ ∼ 10RSN,MW while qui-
escent phase had 〈RSN,M82〉q ∼ 0.3RSN,MW [7], we estimate mean supernova rate of
M82 to be 〈RSN,M82〉 ∼ RSN,MW.

79.3 Discussion and Comments

Close fly-bys between galaxies can result in large scale tidal shocks in the galactic gas
which could accelerate tidal cosmic rays and affect abundances of light elements such
as lithium. SMC andM82 are systems that have experienced galactic interactions and
are also the only extragalactic systems where Li abundance has been measured in gas
phase. We find that high observed isotopic Li ratio of SMC and lithium abundance
of M82 are inconsistent with their star-forming histories. We point out that observed
inconsistencies and Li abundances could indicate that additional CR population was
present in these interacting systems.
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Chapter 80
First Radiative Proton-Capture
Cross-Section Measurements
in Mid-Weight Nuclei Relevant
to the p-Process

A. Psaltis, A. Khaliel, E.-M. Assimakopoulou, A. Babounis,
A. Kanellakopoulos, V. Lagaki, M. Lykiardopoulou, E. Malami,
I. Psyrra, K. Zyriliou and T. J. Mertzimekis

Abstract One of the important, but still unsettled topics in Nuclear Astrophysics
is the production of the p-nuclei. The p-process relies on an extended reaction
network, which can be described theoretically by the Hauser–Feshbach statistical
model, which in turn relies strongly on experimental data. To provide reliable data
for p-nuclei, an experimental campaign at the Tandem Accelerator Laboratory of
NCSR “Demokritos”, focusing on 107,109Ag(p, γ)108,110Cd and 112Cd (p, γ)113In
reaction cross-sections measurements was carried out. Both reactions were studied
using a set of four HPGe detectors via the in-beam γ-ray spectroscopy, while for the
latter the activation method was additionally employed to account for the population
of a low-lying isomeric state. Total cross sections for proton beam energies lying
inside the Gamow window for energies relevant to p-process nucleosynthesis were
obtained for the first time. Experimental results are compared to Hauser–Feshbach
calculations performed with the latest version of the TALYS code (v1.9). An overall
good agreement has been achieved. These results provide important new input for
the theoretical description of the p-process, but additionally for the origin of the
cross-point p-nucleus 113In.
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80.1 Introduction

Explaining the solar abundances of the p-nuclei remains an open question for nuclear
astrophysics. Their production site is not well settled yet, but the most promising
scenario for the p-process to-date is the photodisintergation of s- and r-seed nuclei
in the O/Ne layer of core-collapse supernovae.

As far as it concerns nucleosynthesis, the p-process reaction network involves
thousands of nuclei, and rates are estimated in the framework of theHauser–Feshbach
statisticalmodel. Its efficiency relies strongly on experimental input of proton-, alpha-
and neutron-induced reaction cross sections, which can adjust parameters and thus
improve the theoretical predictions for unmeasured reactions rates [1, 2]. To that
end, a campaign of measurements at the Tandem Accelerator Laboratory of NCSR
“Demokritos” focusing on radiative proton capture measurements on 107,109Ag [3]
and 112Cd [4] in the energy range of p-process nucleosynthesis was undertaken.

80.2 Experimental Details

Both reactions involve p-nuclei never studied before. In this work, radiative proton-
capture reactions were studied by means of in-beam γ-ray spectroscopy. For the case
of 112Cd(p, γ)113In the activation method was additionally used to account for a
low-lying isomeric state in 113In (E = 391.7 keV, t1/2 = 99.5 min).

The detection apparatus comprised four 100% HPGe detectors, mounted on a
turntable (Fig. 80.1), so as to obtain angular distributions of the transitions of interest.
In the case of 107,109Ag(p, γ)108,110Cd reaction, no significant angular dependence
was observed in contrast with 112Cd(p, γ)113In (see Fig. 80.3). For each reaction
the total cross section was deduced by measuring photopeak intensities of all the
transitions feeding the ground state of the produced nucleus.

Fig. 80.1 A sketch of the
experimental setup

mumpower@lanl.gov



80 First Radiative Proton-Capture Cross-Section Measurements . . . 423

80.3 Results and Conclusion

Measured cross sections for the 107Ag(p, γ)108Cd reaction are shown in Fig. 80.2,
while preliminary results for the 112Cd(p, γ)113In are shown in Fig. 80.3. The exper-
imental results are compared to Hauser–Feshbach calculations employing the latest
version of the TALYS code (v1.9) [5]. A total of 96 different model combinations
of the three main ingredients of the TALYS code, i.e. the Optical Model Potential
(OMP), the Nuclear Level Density (NLD), and the γ-ray Strength Function (γSF)
(See Table 80.1), resulted in the shaded areas shown.

It is worth mentioning that compared to [3], the experimental points are the same,
however the Hauser–Feshbach calculations have been performed with the newest
version of TALYS (v1.9) and a finer energy step (≈8 keV). In addition, the effect
of the γSF was exclusively studied by keeping the OMP and NLD unchanged. The
combination of OMP and NLD used (See Table 80.1) seems to well reproduce the
experimental data both in trend and magnitude.

Fig. 80.2 107Ag(p, γ) reaction cross sections

Fig. 80.3 (Left) A typical γ angular distribution (1024 keV, E p = 3.4MeV) (Right) Total reaction
cross sections for the 112Cd(p, γ)113In reaction
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Table 80.1 Combinations of models used in TALYS for the 107Ag(p, γ)108Cd reaction

Model OMP NLD γSF

TALYS1 BDGa THBFBGb Kopecky-Uhl

TALYS2 BDG THBFBG HFB tables

TALYS3 BDG THBFBG HFB-BCS tables

TALYS4 BDG THBFBG Gogny D1M

HFB + QRPA
aBDG Bauge-Delaroche-Girod
bTHFBG T-dependent HFB, Gogny force

Note that for the 112Cd(p, γ)113In reaction, at E = 3.4 MeV, the respective (p, n)

channel threshold is reached, hence the wide spread of model predictions thereafter
(shaded region in the left panel of Fig. 80.3).

The reported (partially preliminary) results show an overall good agreement with
the theoretical predictions of the TALYS code. The present study provides valuable
new input for the theoretical modeling of the p-process, but undoubtedly, more
experimental studies in the mass region are needed to shed light on the complex
nucleosynthesis network in this mass regime.
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Chapter 81
Radiative Alpha Capture on 7Be
with DRAGON at Energies Relevant
to the νp-Process
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Abstract The origin of the p-nuclei, has been a long-standing puzzle in nuclear as-
trophysics. The νp-process is a candidate for the production of the light p-nuclei, but
it presents high sensitivity to both supernova dynamics and nuclear physics. It has
been recently shown that the breakout from pp-chains through the 7Be(α, γ)11C re-
action, which occurs prior to νp-process, can significantly influence the reaction
flow, and subsequently the production of p-nuclei in the 90 < A < 110 region.

A. Psaltis (B) · A. A. Chen · J. Liang
Department of Physics and Astronomy, McMaster University,
Hamilton, Ontario L8S 4M1, Canada
e-mail: psaltisa@mcmaster.ca

D. S. Connolly · B. Davids · N. Esker · W. Huang ·
D. A. Hutcheon · A. Lennarz · C. Ruiz ·M. Williams
TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada

G. Gilardy
Department of Physics, Joint Institute for Nuclear Astrophysics,
University of Notre Dame, Notre Dame, IN 46556, USA

Centre d’Études Nucléaires de Bordeaux Gradignan,
UMR 5797 CNRS/IN2P3 - Université de Bordeaux, 19 Chemin du Solarium,
CS 10120, Gradignan 33175, France

U. Greife · J. Karpesky · M. Lovely
Department of Physics, Colorado School of Mines, Golden, CO 80401, USA

W. Huang
Department of Physics, University of Northern British Columbia,
Prince George, BC V2N 4Z9, Canada

G. Tenkila · A. Wen
Department of Physics and Astronomy, University of British Columbia,
Vancouver, British Columbia V6T 1Z4, Canada

S. N. Paneru · R. Giri
Department of Physics and Astronomy, Ohio University, Athens, OH 45701, USA

M. Williams
Department of Physics, University of York, Heslington, York YO10 5DD, UK

© Springer Nature Switzerland AG 2019
A. Formicola et al. (eds.), Nuclei in the Cosmos XV, Springer
Proceedings in Physics 219, https://doi.org/10.1007/978-3-030-13876-9_81

425

mumpower@lanl.gov

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-13876-9_81&domain=pdf
mailto:psaltisa@mcmaster.ca
https://doi.org/10.1007/978-3-030-13876-9_81


426 A. Psaltis et al.

Nevertheless, this reaction has not been studied well yet in the relevant tempera-
ture range - T=1.5–3 GK. To that end, the first direct study of important resonances
of the 7Be(α, γ)11C reaction with unknown strengths using DRAGON was recently
performed at TRIUMF. The reaction was studied in inverse kinematics using a ra-
dioactive 7Be (t1/2 =53.24 d) beam provided by ISAC-I and two resonances above the
11Cα-separation energy - Qα = 7543.62 keV -weremeasured. The experimental de-
tails, in particular how the recoil transmission and BGO efficiencies were accounted
for considering the large cone angle for this reaction, will be presented and discussed
alongside some preliminary results.

81.1 Introduction

The nucleosynthesis of heavy elements in the neutrino-driven wind of core-collapse
supernovae has gained a lot of attention in recent years. Assuming that the ejecta of
the supernova are proton-rich, as has been shown in simulations [1], the ν p-process
operates synthesizing the nuclei with A > 64 [2].

However, the particular scenario appears to be very sensitive to both supernova
dynamics and nuclear physics input. In a recent study of the uncertainties of the
aforementioned factors, Wanajo et al. [3] found that the breakout from the hot pp-
chains through the 7Be(α, γ)11C, which occurs prior to the onset of the ν p-process,
influences the reaction flow and eventually the final abundances of nuclei in the
90 < A < 110 region.

Nevertheless, most of the reactions related to breakout processes have not yet been
studied well, since they involve unstable nuclei. More specifically, for 7Be(α, γ)11C,
there are five known resonances in the relevant energy window for T=1.5–3 GK that
regulate the astrophysical reaction rate but only two of them have known strengths
[4–6]. In order to improve the reaction rate at energies relevant to the ν p-process,
a new direct measurement of 7Be(α, γ)11C, focusing on resonances with unknown
strengths was recently performed at TRIUMF using the DRAGON recoil separator.

81.2 Experimental Details

The DRAGON recoil separator [7] has four main components: (a) the windowless,
differentially pumped, recirculated gas target, (b) the γ-ray detector array consisting
of 30 BGO detectors, (c) the electromagnetic separator and (d) the recoil detection
system.

The 7Be(α, γ)11C reaction also poses a great challenge for DRAGON as far as its
acceptance in the light mass regime is concerned. The maximummomentum cone of
the recoils far exceeds its acceptance and for this reason, simulations using GEANT3
were performed to investigate the transmission of the recoils as well as the BGO

mumpower@lanl.gov



81 Radiative Alpha Capture on 7Be with DRAGON . . . 427

array efficiency. Since DRAGON measures reaction yields, resonance strengths are
extracted by:

ωγ = 2Y ε

λ2
cm

m4He

m4He + m7Be
& Y = Nrecoils

Nbeam × ηBG O × ηsep × ηDSSSD × fq
(81.1)

Where ε is the target stopping power and fq is the charge state distribution of the
recoils The aforementioned simulations provide the efficiencies of the separator and
the BGO array (ηsep & ηBG O ).

The reaction was studied in inverse kinematics using a radioactive 7Be beam
(t1/2 =53.24 d) provided by ISAC impinging on the 4He filled gas target. The most
intense charge state of 11C (q=2+) was tuned through the separator and the recoils
were detected using a double-sided silicon strip detector (DSSSD). To further in-
crease the beam suppression, identification of real events was carried out using the
BGO array signals in coincidence with the DSSSD.

81.3 Preliminary Results

Two resonances corresponding to states of 11C were studied (Ex= 8.654 MeV& Ex=
8.699MeV). Unfortunately, the radioactive ion beamwas contaminated by the isobar
7Li, nevertheless some encouraging results were obtained. Figure 81.1 Left shows
a clean separator time-of-fight spectrum, which however suffers from low statistics.
The 7Be content in the beam was extracted using TRIUMF’s Resonant Ionization
Laser Ion Source (TRILIS) [8] and was around 107 pps during the experiment.

Fig. 81.1 Preliminary results from the resonance at Ex =8.699MeV. (Left) Separator time-of-flight,
time a recoil takes to travel through DRAGON which starts by a γ-ray signal in the BGO array and
stops by a hit in the DSSSD& (Right) BGO γ-ray hit pattern, γ-ray signals in the BGO array versus
their position along the beam axis with respect to the target center. Coincidence events are gated
only on the Separator time-of-flight and include all DSSSD triggers, while the other two include
DSSSD, BGO energy and TRILIS signal cuts
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81.4 Conclusion and Future Goals

A first attempt to study the astrophysically important 7Be(α, γ)11C reaction was
recently performed using the DRAGON recoil separator. Given the challenging na-
ture of the reaction, detailed simulations are necessary to obtain reliable resonance
strengths and this first measurement can be used as a benchmark to further improve
them. A new measurement of the reaction with a more intense and pure radioactive
7Be beam is expected in the near future.
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Chapter 82
Uncertainties in the Production of
p Nuclides in SN Ia Determined
by Monte Carlo Variations

Thomas Rauscher, Nobuya Nishimura, Raphael Hirschi, Alex St. J. Murphy,
Gabriele Cescutti and Claudia Travaglio

Abstract Several thousand tracers from a 2D model of a thermonuclear super-
nova were used in a Monte Carlo post-processing approach to determine p-nuclide
abundance uncertainties originating from nuclear physics uncertainties in the reac-
tion rates.

82.1 Introduction

Type Ia supernovae (SN Ia) originating from the explosion of a white dwarf accreting
mass from a companion star have been suggested as a site for the production of p
nuclides [1]. The recently developedMonteCarlo (MC) code PizBuin [2]was applied
to the post-processing of temperature and density profiles obtained with tracer parti-
cles extracted from a 2D model of a thermonuclear supernova explosion. This code
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already has been applied to several other nucleosynthesis environments [3, 4] to
tackle the question of how uncertainties in the nuclear reaction rates propagate into
the final abundance yields. Realistic, temperature-dependent reaction rate uncertain-
ties are used, combining experimental and theoretical uncertainties. Bespoke uncer-
tainties are assigned to each individual rate and all rates are varied simultaneously
within their uncertainty limits. This approach allows to probe the combined action
of all uncertainties and proved superior to manual variation of a few rates or coupled
variation of rate subsets.

In this study, 51,200 tracers were extracted from the DDT-a explosion model as
described in [1]. Among these, 4624 tracers experienced conditions supporting the
production of p nuclides and their temperature and density profiles were used in the
MC post-processing. The reaction network included 1342 nuclides (around stability
and towards the proton-rich side). To complete the study it had to be run more than
40 million times. This necessitated the use of HPC facilities.

82.2 Results

Figure 82.1 shows the total production uncertainties (all tracers combined) for each p
nuclide. With the exception of 180Ta, which is known to receive major contributions
from other nucleosynthesis processes, the uncertainties are well below a factor of

Fig. 82.1 Total production uncertainties of p nuclide due to rate uncertainties. The color shade
gives the relative probabilistic frequency and the horizontal red lines enclose a 90% probability
interval for each nuclide. Uncertainty factors of two and three are marked by dotted lines. Note that
the uncertainties are asymmetric and that the abundance scale is logarithmic. Figure taken from
[5], with permission
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two, despite the fact that photodisintegration, electron capture, and β+-decay rates
of unstable nuclides bear much larger uncertainties. The uncertainties are also con-
siderably smaller than those found for the production of p nuclides in the γ -process
in explosions of massive stars (core-collapse supernovae, ccSN) [2]. This can be
explained by the larger number of temperature-density combinations encountered in
SN Ia, which allow alternative reaction flows bypassing suppressed reactions.

Due to the challenging demand on CPU time, only one SN Ia explosion model
was studied. To be able to draw more general conclusions, uncertainty contributions
from high and low density regions in thewhite dwarf were also scrutinised separately.
The high density regions gave rise to larger uncertainties in the final abundances [5].
Based on the ratio of high- to low-density regions in other models, our results can
be used to estimate the resulting uncertainties also in those other models.

As in our previous investigations [2–4], key rates were identified by correla-
tions between rate and abundance variations. Only one reaction was found to dom-
inate the total production uncertainty: The uncertainty in 145Eu + p ↔ γ+146Gd
significantly affects the abundance uncertainty of 146Sm. Again, this is due to the
range of conditions found in SN Ia. Considering high- and low-density regions
separately, a few other key reactions were identified. For the low-density group,
five key rates were found: 129Ba + n ↔ γ+130Ba for 130Ba, 137Ce + n ↔ γ+138Ce
for 138Ce, 144Sm + α ↔ γ+148Gd for 146Sm, 164Yb + α ↔ γ+168Hf for 168Yb,
and 186Pt + α ↔ γ+190Hg for 190Pt. For the high-density group, seven key rates
were identified: 83Rb + p ↔ γ+84Sr for 84Sr, 105Cd + n ↔ γ+106Cd for 106Cd,
111Sn + n ↔ γ+112Sn for 112Sn, 129Ba + n ↔ γ+130Ba for 130Ba, 137Ce + n ↔
γ+138Ce for 138Ce, 176W + α ↔ γ+180Os for 180W, and 186Pt + α ↔ γ+190Hg for
190Pt.

For further details on calculation and results, see [5].
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Chapter 83
Germanium Detector Based Study
of the 2H(p,γ )3He Cross Section at LUNA

Klaus Stöckel

Abstract The Big Bang Nucleosynthesis theory for a given baryon density provides
the abundance of the primordial elements. Deuterium is the only isotopewhich, in the
precision era of cosmology, is better observed than predicted, with accuracy of about
1 and 2%, respectively. This is mainly due to the uncertainty on the 2H(p,γ )3He cross
section, known only at the 9% level in the BBN energy range (30–300 keV). The
aim of the present work is to introduce one of the experimental approaches adopted
by the LUNA (Laboratory for Underground Nuclear Astrophysics) collaboration,
whose goal is to measure the 2H(p,γ )3He reaction cross section in the energy range
30 < Ec.m. [keV] < 300 with ∼5% accuracy.

83.1 The High Purity Germanium (HPGe) Setup

The cross section of the 2H(p,γ )3He reaction has been measured in the energy range
2.5–22 keV by the LUNA collaboration in the INFN underground Gran Sasso Lab-
oratories in Italy [1–3].

A new measurement with two phases is under analysis. The LUNA 400 kV ion
accelerator was used to deliver a proton beam on target [4]. In the first phase a
Bismuth Germanium Oxide (BGO) detector was used [5] and the second phase was
dedicated to a measurement with a HPGe setup.
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Fig. 83.1 Drawing of the three pumping stages and the target chamber with the calorimeter inside

The experimental setup for the HPGe-phase includes a differentially pumped
33 cm long windowless gas target chamber. The target gas is a 99% isotropically
enriched deuterium gas at a pressure of 0.3 mbar. In order to provide a constant
pressure inside the target chamber and a strong pressure gradient between the beam
line and the target chamber the differential pumping system consists of three pumping
stages connected with water cooled apertures of decreasing diameter (Fig. 83.1).

A constant temperature gradient calorimeter is placed inside the target chamber.
It serves as a beam stop and beam current measuring device. The beam impinges on
the hot side of the calorimeter which is heated up by thermoresistors to a constant
temperature of 70 ◦C. The cold side is cooled down to 0 ◦C by a feedback controlled
chiller [6]. The difference between the calorimeter power with and without beam is
used to determine the beam current.

83.2 Analysis of the HPGe-Phase

The experimental setup consists of a 137% HPGe detector (labeled as Fixed HPGe
in Fig. 83.2) in close geometry of 0.7 cm distance to the target chamber with the
interaction chamber and a collimated and movable 120% HPGe detector (labeled
as Movable HPGe in Fig. 83.2). With this setup the angular distribution can be
inferred by exploiting the high energy resolution of the detector and theDoppler effect
responsible for the broad energy distribution of the detected gamma rays coming from
different directions inside the extended gas target. The 2H(p,γ )3He photons have an
energy of about 5.5MeV, far away from the energy of the commonly used radioactive
sources. Thus, for determining the setup efficiency a different technique based on the
well-known resonant reactions 14N(p,γ )15O and on 60Co radioactive decay has been
used. For this measurement the collimated 120% HPGe detector was moved along
the target chamber in 3 cm steps, to measure the emitted γ -rays in coincidence mode
with the fixed 137%HPGe detector. The results of the efficiency measurements were
used to confirm Monte Carlo simulations for the HPGe-setup.
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Fig. 83.2 Setup of the HPGe-phase with target chamber, HPGe-detectors and first pumping stage

In order to reduce the systematic error due to the summing correction, the setup
efficiency has beenmeasured exploiting the coincidence between two γ -rays emitted
in cascade (from source as well as from reaction) and detected by two different ger-
manium detectors, the main detector (Ge1) and a second one used as the acquisition
trigger (Ge2). Whenever Ge2 detects an event 1, it enables Ge1 that can thus detect
photon 2 emitted in cascade: the ratio of the observed photons with respect to the
number of triggers provides the Ge1 efficiency. In case of 60Co, for each radioactive
decay process, two photons, γ1 = 1.17 MeV and γ2 = 1.33 MeV, are produced. In the
case of the resonant capture, several decay branches are able to provide two photons
in cascade of energies up to 6.7 MeV, even higher than the 2H(p,γ )3He reaction.

This method allows fixing precisely the detector energy response. To measure the
cross section we did a scan in the energy range of interest (30 keV < Ec.m. < 300
keV) with 30–50 keV steps; two runs were performed for each energy: one with
deuterium gas inside the scattering chamber, the other with 4He in order to evaluate
the beam induced background contribution and the eventual deuterium implantation.

For proton energies below 250 keV, the beam induced background is negligible.
At higher energies the resonance at 340 keV of 19F(p,αγ )16O reaction produce some
beam induced background in the region of interest, but it does not limit the precision
(Fig. 83.3).

The data taking has been completed, the analysis is ongoing.
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Fig. 83.3 Top picture: 2H(p,γ )3He spectrum of the 137%-detector at 50 keV beam energy with
zoom in p + d energy region. Bottom picture: 2H(p,γ )3He spectrum of the 130%-detector at 335
keV beam energy with zoom in p + d energy region
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Chapter 84
R-Process Nucleosynthesis
in Core-Collapse Supernova Explosions
and Binary Neutron Star Mergers

Toshio Suzuki, Shota Shibagaki, Takashi Yoshida,
Toshitaka Kajino and Takaharu Otsuka

Abstract Beta decay rates for exotic nuclei with neutronmagic number of N = 126
relevant to r-process nucleosynthesis are studied up to Z = 78 by shell model cal-
culations. The half-lives for the waiting-point nuclei, which are found to be short
compared to a standard finite-range-droplet model (FRDM), are used to study
r-process nucleosynthesis in core-collapse supernova explosions and binary neu-
tron star mergers. The element abundances are obtained up to third peak as well as
beyond the peak region up to thorium and uranium.We find that thorium and uranium
elements are produced more with the shorter shell-model half-lives and their abun-
dances come close to the observed values in core-collapse supernova explosions.
In case of binary neutron star mergers, thorium and uranium are produced as much
as consistent with the observed values independent of the half-lives.
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84.1 β-Decay Half-Lives of the N = 126 Isotones

Beta-decay rates for exotic waiting point nuclei relevant to r-process nucleosynthe-
sis are studied by shell-model calculations including both Gamow-Teller (GT) and
first-forbidden (FF) transitions. We extend our previous work for the isotones with
Z =64–73 [1] to a wider range of Z =64–78. The extension of the region to higher
Z is important to discuss the element synthesis far beyond the third peak up to
thorium and uranium. The modified G-matrix [2, 3] is adopted with configuration
spaces including up to 2�ω excitations from the filling approximations for proton
holes up to Z = 74, while for Z = 75–78 wider configuration spaces are taken.
A quenching factor of g A

ef f /gA = 0.70 (0.50) is adopted for the GT transitions for
Z ≥ 76 (Z = 64–75), and those for FF transitions with 1− and 2− are taken to be
g A

ef f /gA = 0.34 and gV
ef f /gV = 0.67, respectively [2]. As for 0−, the MT

0 (σ · p term
from γ5) [1] is enhanced due to the meson exchange current effects by twice [4]. The
mass formulae of FRDM [5, 6] are used except for the isotones with N = 126 and
their daughters of the beta-decays, where the Q-values obtained by the shell-model
calculations are taken.

The half-lives obtained in the present shell-model calculations [7] are found to
be short compared with the standard values by FRDM [5, 6], while they are close
to another shell-model evaluation [8]. See Fig. 1 and Table 1 of [7] for more details.
The contributions from the FF transitions become more important for larger Z and
dominant at Z > 72. The odd-even staggering effects in the half-lives found in the
FRDM are not seen in the shell-model calculations. Calculated half-life for Z = 78
(204Pt), τ1/2 = 38.3 s, is found to be fairly consistent with the recent experimental
data; 16+6/−5 s [9].

84.2 R-Process Nucleosynthesis

The half-lives obtained by the present shell-model calculations are applied to in-
vestigate the r-process nucleosynthesis in three different models of core-collapse
supernovae (CCSNe) and binary neutron-star mergers (NSMs). The CCSN models
adopted here are the neutrino-driven wind (νDW) model in supernova explosions
and the magnetohydrodynamic jet (MHDJ) supernova explosion model. We use the
dynamical ejecta model for the binary NSM. It has been argued that all these three
mechanisms are necessary for the r-process nucleosynthesis [10]. For nucleosyn-
thesis calculations, β-decay half-lives of FRDM [5, 6] are used for the “standard”
case while for the “modified” case β-decay half lives of the N = 126 isotones are
changed to new ones obtained by our shell model calculation.

For the νDW model, an analytic model for the single flow of neutrino-driven
winds [11] is used for the time evolution of thermal profiles. The neutrino energy
spectra are assumed to obey Fermi distributions with zero chemical potentials with
the temperatures, (Tνe , Tν̄e , Tνx ) = (3.2, 5, 6 MeV), where νx is νμ,τ and ν̄μ,τ . The
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temperatures are determined to avoid an overproduction of the 11B abundance dur-
ing Galactic chemical evolution [12]. The luminosity of each flavor of neutrinos is
equipartitioned and is taken to be Lν = 1.0 × 1051 erg/s [1, 7], which is a typical
one during the νDW stage, that is, after a few seconds from the core bounce. The
time scale of the expansion is artificially shortened by a constant factor ft = 0.08
The final temperature of the wind is set to be T f = 8 × 108 and 1 ×108 K for the hot
and cold r-process nucleosynthesis, respectively. The initial electron to baryon ratio
is taken to be Ye = 0.40.

The MHDJ supernova is an alternative and natural model for the CCSNe associ-
ated with jet or asymmetry. We use a jet-like supernova explosion model based upon
a two-dimensional magnetohydrodynamic simulation [13] where the ejecta consist
of 23 tracers to describe the thermodynamic evolution of each outflow.

In the present NSMmodel, we use 30 trajectories of the NSM ejecta in the hydro-
dynamic simulations [14–16] based on the smoothed-particle-hydrodynamic (SPH)
method in Newtonian gravity where the neutrino transport is taken into account in the
neutrino leakage scheme [17]. The hydrodynamic evolution of the flow trajectories
is continued as a free adiabatic expansion [18].

84.3 Conclusion

In all the three models above, the third peak of the r-process abundances is shifted
toward higher mass region. In the νDW model, the abundances of thorium and ura-
nium obtained with shorter half-lives are enhanced about by three times compared
to those of FRDM, and they come closer to the solar abundances [7]. In the MHDJ
model, general feature of the calculated abundances is similar to the results obtained
in the νDW models, though the effects of the shorter β half-lives are smaller com-
pared with the νDWmodel. In the NSMmodel, where Ye ≈ 0.01–0.1, the calculated
abundances of Pb-Bi and Th-U elements are found to be close to the solar abun-
dances independent of the β-decay half-lives at N = 126. This suggests that NSMs
are promising robust r-process sites for producing very heavy elements such as tho-
rium and uranium. Further extensive knowledge on the nuclear input properties on
and near the r-process flow path might help identify both the r-process site and the
nucleosynthesis mechanism.
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Chapter 85
Precise Measurement of the 95Ru
and 95Tc Half-Lives

T. N. Szegedi

Abstract In order to evaluate the global alpha-nucleus optical potentials used in
the simulation of the astrophysical γ-process, the cross section measurement of the
92Mo(α,n)95Ru and 92Mo(α,p)95Tc reactions is in progress atMTAAtomki using the
activation technique. Precise information on the half-lives of the reaction products
are essential for such a measurement. The half-lives of the produced 95Ru and its
daughter 95Tc are published in previous works, however with large uncertainties
and ambiguous values, therefore, these values have been re-measured with high
precision using γ-spectroscopy. Details on the experimental approach and the half-
life determination are presented in this article.

85.1 Introduction

The bulk of the elements heavier than Iron are synthesized via neutron capture re-
actions in the astrophysical s- [1] and r- processes [2]. However, at the proton-rich
side of the valley of stability there are about 30–35 neutron-deficient isotopes, the
so-called p-isotopes, which cannot be synthesized via neutron capture reactions.
Most probably, the main stellar mechanism building up these species, the so - called
γ-process—which takes place either in the O/Ne-rich layer of type II supernovae
during core collapse or during the thermonuclear explosion of a white dwarf [3]—
involves photodisingtegration reactions on already produced s and r seed nuclei.
The modeling of this nucleosynthesis scenario and the calculation of the p-isotope
abundances require the use of large nuclear reaction networks. In such a calculation
about 22,000 reactions on approximately 2000, mostly unstable, isotopes are taken
into account and the necessary cross sections are provided by the Hauser - Feshbach
(H-F) statistical model. Nuclear physics inputs – e.g. optical potentials, nuclear level
densities, γ-ray strength functions, etc. – are needed for the statistical model and the
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ambiguities of the input parameters introduce considerable uncertainties to the cross
section predictions.

The reliability of the cross section predictions and the input parameters of the
H-F model can be studied by measuring charged particle capture reaction cross
sections [4]. Although, several charged particle induced cross section measurements
were already performed [5–9], the available experimental database is still scarce
[10]. To evaluate the different open-access global alpha-nucleus optical potentials
the cross section measurement of the 92Mo(α,n)95Ru and 92Mo(α,p)95Tc reactions
is in progress at Atomki using the activation technique. In this method, the cross
section is deduced from the off-line activity measurement of the reaction products.
The activity is strongly correlated to the half-life, thus the cross section is affected
by the uncertainty of the half-life value.

85.2 Precise Half-Life Measurement

The literature values of the 95Ru and the 95Tc half-lives are t1/2 = 1.643± 0.013 h
and t1/2 = 20.0± 0.1 h, respectively [11]. All of these values [12–14]weremeasured
several decades ago, in the 60s and 70s and in the publications very little experimental
details are presented and therefore the cross-check of the results is essential.

For this purpose four high purity, 0.5mm thickmolybdenumplateswere irradiated
with alpha beams of Eα =13; 12; 11 and 10.5 MeV, provided by the K = 20 cyclotron
accelerator of Atomki. The duration of the irradiation varied between 5 and 12 h,
the typical beam intensity was 2 µA. After the irradiation the activity of the samples
were measured with a 50% relative efficiency HPGe detector, the distance between
the targets and the endcap of the detector was set to be 21 cm. The γ-counting started

Fig. 85.1 Offline γ-ray
spectrum, taken one hour
after irradiating a
molybdenum target with Eα=
12.0 MeV beam. Transitions
belonging to the decay of
95Ru, 95Tc and 97Ru are
indicated by black, red and
green letters, respectively
(the stars represents the
weaker transitions belonging
to the decay of 95Ru)
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typically about 30 min after the end of the irradiation and lasted for 4–5 days, which
is approximately six half-lives of the longer-lived isotope (95Tc). In the first 8–10 h
the spectra were stored in every 10 min to follow the decay of 95Ru, after that, the
spectra were recorded hourly. A typical γ-spectrum measured one hour after the end
of the irradiation can be seen in Fig. 85.1.

85.3 Results

The half-life determination has been made by fitting linear function on the semi-
logarithmic plot of the γ-yields as the function of time. Only those transitions were
used in the analysis where the relative intensities were higher than 1%. For fitting
the decay curve the least squares method was used [15].

The t1/2 values for the 95Ru and 95Tc isotopes and their statistical uncertainties
were calculated as the weighted average of the measured samples. The following
systematical uncertainties were taken into account: selecting different background
regions and using different methods for the net peak area determination (Gaussian
fit and numerical integration) led to 0.09% difference in the derived t1/2 results.
Furthermore, there is a small—0.10% for 95Ru and 0.18% for 95Tc—difference
between the half-lives based on the measurement of different γ-transitions. Finally,
the stability of the γ-counting setup and the reliability of the deadtime determination
was investigated by using the 97Ru isotope—which has a very well known half-life
(t1/2 = 2.8370 ± 0.0014 d [16])—as standard. In each measurement the t1/2 of the
97Ru isotope was derived also and was found always to be within 0.19% to the
literature value.

The data analysis is in progress, the resulted half-life values will be proclaimed
elsewhere.
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Chapter 86
Stellar Yields of Rotating Pair Instability
Supernovae and Comparison
with Observations

Koh Takahashi

Abstract A very-massive star forming a massive CO core of ∼60–120 M� is
considered to explode as a pair-instability supernova (PISN). We have calculated
the PISN nucleosynthesis taking both rotating and non-rotating progenitors for
the first time to conduct a systematic comparison between theoretical yields and
a large sample of metal-poor star abundances. We have found that the predicted low
[Na/Mg] ∼ -1.5 and high [Ca/Mg] ∼ 0.5–1.3 abundance ratios are the most impor-
tant to discriminate PISN signatures from normal metal-poor star abundances, and
have confirmed that no currently observed metal-poor star matches with the PISN
abundance. The confirmation of the non-detection may indicate that something im-
portant is missing from current understanding of stellar physics. Finally, we discuss
that qualitatively different stellar evolution, which is against the PISN explosion,
results from a CO core with a higher C fraction than canonical models.

86.1 The Pair Instability Supernova

If a star is massive enough to form a CO core of ∼60–120 M�, the star collapses
owing to the electron-positron-pair-creation instability, in which the reaction of the
electron-positron pair creation converts a part of the thermal energy into the rest
mass energy so that the pressure is effectively reduced. In the collapsing core, rapid
nuclear reactions of carbon and oxygen burnings take place. When the released
binding energy is large enough to explode the whole star, it leads to a thermonuclear
explosion called a pair-instability supernova (PISN). Because the theoretical picture
is based on fundamental physics, the prediction to be exploded as the PISN has been
considered to be highly robust.
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86.2 PISN Nucleosynthesis

We have calculated the evolution and explosion of zero-metallicity stars with the ini-
tial masses of 100–300 M� [1]. For the exploding models, the explosive nucleosyn-
thesis is calculated by a postprocessingmanner, considering extended 300 isotopes in
the reaction network. In order to investigate the effect of the rotation induced mixing
on the PISN nucleosynthesis, two sequences of rotating models, with and without
the effect of magnetic angular momentum transport, are set in addition to the other
sequence of nonrotating models. The main feature of the PISN nucleosynthesis is the
pronounced contrast between odd-Z and even-Z elemental yields. Besides, we show
that the rotation induced mixing results in the enhanced production of the primary
nitrogen. However, the stellar rotation does not affect the characteristic odd-even
variation in the explosive yields.

86.3 Comparison with Metal Poor Star Abundances

The expectation to have a PISN in the early universe would be much higher than
in a present universe, because the typical initial mass of the zero-metallicity stars is
considered to be as large as ∼100 M�. If a PISN takes place in the early universe,
the characteristic abundance pattern can be preserved in a metal-poor (MP) star that
is formed from a primordial gas cloud enriched by the PISN (a PISN-MP star). To
test the hypothesis that some MP stars in our galaxy may possess the characteristic
abundance patterns of PISNe, we have compared our theoretical yields with the sur-
face abundance patterns of more than 2000MP stars compiled in the SAGA database
[2]. The main comparison utilizes the ratio among Na, Mg, and Ca, since they are
the most accessible elements for the observations and moreover the low [Na/Mg]
and high [Ca/Mg] ratios are useful indicators of the large odd-even variation of the
PISN nuclearsynthetic signature. The results are shown in Fig. 86.1. No candidates
for the PISN-MP star has been discovered from the current sample.

86.4 Evolution of Carbon-Enhanced Very Massive Stars

The non-detection of a PISN-MP star might indicate that the actual event rate of
PISNe is lower than the current prediction. Recently, we have found that a VMS
with a high core C fraction evolves qualitatively different from the canonical model
[3]. A multiplication factor of fcag ∈ [0.1, 1.2] is introduced to decrease the reaction
rate of the 12C(α,γ )16O, such that the core C fraction is increased from the canonical
value of∼10% in mass. With the high core C fraction, lower mass very-massive-star
models come to develop shell convections by C shell burnings, and massive very-
massive-star models become easier to expand. Consequently, the upper and lower
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Fig. 86.1 Comparisons between theoretical expectations and surface abundances of MP stars for
[Na/Mg] versus [Fe/H] (left panel) and [Al/Mg] versus [Ca/Mg] (right panel). For the observation,
stellar data are plotted by blue crosses and typical errors of ±0.2 dex for [Na, Al/Mg] and ±0.1
dex for [Fe/H] and [Ca/Mg] are shown by purple crosses. The ranges of the theoretical yields
by changing the initial mass are shown by the cyan and orange bands for the nonrotating and
nonmagnetic rotating results, respectively

 150  200  250  300  350  400  450
Mini [Msun]

 0.2

 0.4

 0.6

 0.8

 1

 1.2

f ca
g

-1

-0.5

 0

 0.5

 1

lo
g 

X(
C

)/X
(O

)

BHPISNPPISN

BH

PISN (HW02)

Fig. 86.2 The phase diagram showing the fate: PISN to models that explode as a PISN, PPISN to
models that are affected by the pair instability but experience incomplete mass ejection, and BH
to models that avoid mass ejection due to the pair instability and finally form a stellar mass BH.
The boundary between PISN and PPISN is shown by the dashed line because of the relatively large
uncertainty in the initial mass. The color shows the central X(C)/X(O) ratio of the CO cores
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ends of not only the initial mass range but also the CO core mass range to become a
PISN can be significantly shift upward (Fig. 86.2), suggesting that the event rate of
PISNe can also be significantly affected. Increasing the core C fraction provides the
very first idea to affect the PISN event rate by directly changing the CO core mass
range for PISNe.
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Chapter 87
Stellar Surface Abundance of Light
Elements and Updated ( p,α)
Reaction Rates

E. Tognelli, L. Lamia, Rosario Gianluca Pizzone, S. Degl’Innocenti,
P. G. Prada Moroni, S. Romano, C. Spitaleri, Aurora Tumino and M. La
Cognata

Abstract We present the progress in the measurements of the nuclear reaction rates
for 6,7Li, 9Be and 10B (p,α) burning channels derived using the Trojan HorseMethod
(THM). The effects on the predicted stellar surface abundances of such elements in
pre-main sequence stars are evaluated using the Pisa up-to-date stellar evolutionary
code. The present analysis is restricted to the pre-MS evolution of low-mass stars.

87.1 Introduction

The understanding of the surface stellar abundance evolution of lithium, beryllium
and boron represents one of the most interesting open problems in astrophysics.
These elements are burned at relatively low temperatures (T ≈ 2 − 5 × 106 K) and
thus in pre-main sequence (PMS) they are gradually destroyed at different depths of
stellar interior mainly by (p,α) burning reactions, in dependence on the stellar mass.
Their abundances in PMS stellar surface are thus strongly influenced by the nuclear
burnings as well as by the extension toward the interior of the convective envelope
and by the temperature at its bottom. These elements are thus good tracers of the
efficiency of mixing processes active in stellar envelopes.
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Fig. 87.1 Comparison between the recent THM and other largely used reaction rates, for the Li,
Be and B (p,α) burning channels versus temperature (T9 = T/109 K). Top left: ratio between the
THM [4] and JINA REACLIB 6Li(p,α)3He reaction rate (solid blue line), with upper and lower
limits of the THM (red dashed line) and JINA (black dashed) rate. Top right: the same as in top left
panel but for the THM [3] and NACRE 7Li(p,α)4He reaction rate. Bottom left: the same as in top
left panels, but for the THM [5] and NACRE 9Be(p,α)6Li reaction rates. Red and grey filled area
mark the THM and the NACRE reaction rate uncertainty. Bottom right: the same as in bottom left
panel but for the THM [5] and NACRE 10B(p,α)7Be reaction

87.2 Updated Light Element (p,α) Reaction Rates
and Surface Abundances in Pre-main Sequence

Figure 87.1 shows the recent nuclear reaction rates for 6,7Li, 9Be and 10B(p,α) burning
channels as derived using the Trojan Horse Method (THM) (see e.g. [6]) compared
with those available in the NACRE [1] and JINA REACLIB [2] compilations. THM
allows to measure the astrophysically relevant cross sections in correspondence,
or very close, to the so-called Gamow peak without experiencing the lowering of
the signal-to-noise ratio due to the presence of the Coulomb barrier between the
interacting particles. The first release of the NACRE compilation is still widely
adopted in the literature, even if for the 9Be(p,α)6Li and 10B(p,α)7Be reactions the
rates by themore recent NACRE II compilation [9] are also available. The differences
between the corresponding reaction rates are particularly evident in the low-energy
regime, where light elements are destroyed in stars. The differences can reach about
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Fig. 87.2 Temporal evolution of the surface Li, Be and B isotopes for several masses and different
reaction rates. Top left: surface 6Li abundance, for models computed with the THM, NACRE and
JINA 6Li reaction rates. Bottom left: surface 7Li abundance for models computed with THM, and
NACRE reaction rates. Top right: the same as in bottom left panel but for surface 9Be abundances.
Bottom right: the same as in bottom left panel but for surface 10B abundances

15% (6,7Li) and about 25% (9Be and 10B) especially when the NACRE reaction
rates are considered. However, if the more recent NACRE II rates are adopted the
differences are reduced [5]. To be noted that in all cases, the uncertainty of the recent
THM determinations is smaller than that estimated in NACRE/JINA compilations.

Figure 87.2 illustrates the impact of the new reaction rates on the surface light
element abundances predicted using the Pisa stellar evolutionary code [7]. Regarding
6Li the maximum difference is achieved between the calculations with NACRE
and THM, ranging from about 13% (1.2 M�) to about 60% (1.0 M�). For 7Li
the differences between the surface abundances calculated with THM and NACRE
reaction rates range from about 7% (1M�) to about 25% (0.6M�). However one has
to notice that the effect of adopting different 6Li /7Li burning rates is less important
than the effects due to errors in present chemical composition determinations and
to the uncertainties in some other physical inputs adopted in the calculations (e.g.
radiative opacity) [8].

The THM rate for the 9Be(p,α)6Li reaction is about 25% larger than the NACRE
one, thus leading to a faster 9Be destruction in the THM models. The differences
in the predicted surface abundances are significant if surface 9Be is efficiently de-
stroyed (i.e. for M < 0.5 M�). The THM burning rate for the 10B(p,α)7Be reaction
is smaller by about 25% with respect to the NACRE one, leading to a larger sur-
face 10B abundance at a fixed age. Because of the larger 10B burning temperature
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with respect to the 9Be one, the effect of changing the reaction rate is relevant only
for masses M < 0.4 M�. Although observational 9Be and 10B abundances are still
not available for the low temperature/mass regimes typical of efficient 9Be and 10B
burnings, it is worth to estimate the role of the improvements in nuclear physics in
surface abundance predictions.

87.3 Conclusions

Thanks to the recent improvements in the evaluation of light element nuclear cross
sections at astrophysical energies, the uncertainties on the predictions of surface
light elements abundances have been largely reduced. In particular, the recent THM
reaction rates uncertainties have an impact on thefinal abundance calculations smaller
than that caused by the other indeterminations on input physics/chemical composition
adopted in stellar models.
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Abstract We made an experiment to measure half-lives T1/2 and neutron emission
probabilities Pxn of nuclei around mass 80, aiming to improve r-process abundance
calculations around the first abundance peakwith a newdedicated experimental setup
at RIKEN. Details of the experiment and a few preliminary results are presented.

88.1 Introduction

β-delayed neutron emission (βn) is a form of β-decay, in which one ormore neutrons
are emitted.This formof decayplays a key role during the synthesis of heavy elements
through the r-process [1], where highly neutron-rich nuclei are produced. The half-
lives of the nuclei along the r-process path determine the initial abundances. The final
abundance distribution of the synthesized elements is affected by the βn decay mode
in a complex way, shifting the decay path to lower masses on the one hand, while
providing additional neutrons for further late captures with the opposite effect [2].
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88.2 Experimental Setup and Measurements

The BRIKEN (Beta-delayed neutronmeasurements at RIKEN) collaboration [3] had
installed a new dedicated setup for T1/2 and Pxn measurements at the Radioactive
Isotope Beam Factory (RIBF) in RIKEN, which currently provides the highest in-
tensities of the most neutron-rich nuclei produced by in-flight fission. The detection
system is composed of the Advanced Implantation Detector Array (AIDA) [4], and
a 4π neutron counter. It is placed at the F11 focal plane of BigRIPS spectrometer
[5].

AIDA consists of a stack of six Si DSSDs. The setup registers ion implantations
and the subsequently emitted β particles. The highly segmented DSSDs grant a high
detection efficiency and reduce accidental implant-beta correlations.

The neutron counter, which surrounds AIDA, is made of an array of 140 3He tubes
embedded in a hydrogenous matrix (PE). A parametrized Monte Carlo optimization
algorithm was developed in order to determine the best position of the tubes [6].
Neutron energies aremoderated by elastic scatteringwith thematrix and the neutrons
are absorbed by the 3He in an exothermic reaction. The energy deposited in the tube
produces a signal that is recorded by the eventless DAQ system Gasific developed at
IFIC, Valencia [7]. The setup includes also two HPGe detectors for high resolution
γ -ray spectroscopy.

The data from BigRIPS, AIDA and BRIKEN, which run independently and syn-
chronized, is merged and sorted by time stamp using dedicated software. The output
can be used directly in the analysis procedure where complex correlations can be
applied.

The first radioactive beam was delivered to the setup on November 2016 for
commissioning. Two experimental campaigns were carried out in Spring and Fall of
2017, including the A ∼ 80 run.

88.3 Analysis and Results

The Pxn value, the half-life and the number of parent decays are obtained from a
simultaneous fit of the implant-decay curves. The example of 86Ge is shown in Fig.
88.1. Most of the detected neutrons come from the beam-induced background, and
a method for correcting the accidental correlations was implemented.
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Fig. 88.1 Preliminary fits of time correlation histograms for 86Ge decay. Left: implant-β. Right:
implant-β (n-gated). By colors: black, data; red, total activity; green, parent activity; rest of colors,
additional contributions

The energy threshold applied to the β-events causes the β-efficiency to be some-
what dependent on the energy window of the decay and beta intensity distribution,
and thus on each isotope [7]. This can be taken into account introducing selected
efficiencies as adjustable parameters during the fit. We are currently working on the
minimization of thresholds for β-signals to further reduce the systematic uncertain-
ties.

88.4 Impact on r-Process

Previous studies have shown the relatively large sensitivity of the abundance pattern
of the r-process to T1/2 and Pxn of selected isotopes [8, 9], like 86Ge.We are currently
working to evaluate the impact of our new T1/2 and Pxn values in this region on the
result of network calculations of r-process abundances.
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Chapter 89
Development of an Ionization Chamber
for the Measurement of the 16O(n, α)13C
Cross-Section at the CERN n_TOF
Facility

Sebastian Urlass, Arnd R. Junghans, Andreas Hartmann, Federica Mingrone,
Manfred Sobiella, Daniel Stach, Laurent Tassan-Got, David Weinberger and
The n_TOF Collaboration

Abstract The 16O(n, α)13C reaction, as the inverse reaction of the astrophysically
important 13C(α, n)16O reaction, is proposed to be measured at the neutron time-of-
flight (n_TOF) facility of CERN. To this purpose, a Double Frisch Grid Ionization
Chamber (DFGIC) containing the oxygen atoms as a component in the counting gas
has been developed and a prototypewas constructed at Helmholtz-ZentrumDresden-
Rossendorf(HZDR), in Germany. The first in-beam tests of the detector have been
performed in November 2017 in the first (EAR1) and in April 2018 in the second
(EAR2) experimental areas of the n_TOF at facility.

89.1 Introduction

The fundamental role played by the 13C(α, n)16O reaction rate in the understanding of
stellar nucleosynthesis processes is widely recognized. Heavy elements (90 < A <

204) are produced in lightAsymptoticGiantBranch (AGB) stars-withmasses M
M� <3

-by the slow neutron capture process (s-process), whose main source of neutrons is
precisely the 13C(α, n)16O reaction. Therefore, an accurate and precise knowledge
of this reaction rate is crucial to correctly model the nucleosynthesis process and to
predict the abundances of elements along the s-process chain [1].
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Directmeasurements are experimentally challenging toperformbecause theCoulomb
barrier surppresses the 13C(α, n)16O reaction cross-section [2]. For this reason we
propose an indirect method to obtain the neutron source reaction rate to measure
the inverse 16O(n, α)13C reaction cross-section at the n_TOF facility, applying the
time-reversal invariance theorem. The main purpose of the n_TOF facility at CERN
is to improve nuclear data by measuring neutron induced cross sections exploiting
the time-of-flight technique [3]. The n_TOF facility has two vacuum beam lines to
the experimental areas: the first (EAR1) with a 185 m flight path is characterized by
a very high energy resolution, while the second (EAR2) with a 20 m flight path can
count on an approximately 40 times higher flux intensity. Thanks to the character-
istics of the facility, like the high intensity-and high energy neutron flux [3], a high
precision measurement will give access to very important information as the cross
section and the level parameters of the compound nucleus 17O.

89.2 Development of the DFGIC and the Switch Technology

The detector developed for themeasurement is a double Frisch-grid ionization cham-
ber (DFGIC). The working principle of the DFGIC is similar as described in [4]. A
photo with schematics of the DFGIC are shown in Fig. 89.1.

In November 2017 the first test of the DFGIC has been performed in EAR1. The
test clearly underlined the effect of the γ -flash which is produced from spallation
reactions, as all the preamplifiers were saturated. The idea to solve this problem
is to put a wideband switch between the detector and the preamplifier, in order to
prevent the charge collection while the γ -flash passes through the DFGIC. The main
component of this circuit is an ADG902 chip consisting of CMOS transistors [5].
The switch circuit developed for the second detector test, performed in EAR2, and
the reduced γ -Flash from a charge sensitive preamplifier of the DFGIC are shown
in Fig. 89.2.

Fig. 89.1 Photo of the DFGIC detector including electrodes and guard rings. On the left the voltage
divider scheme is explicited, providing the cathode and grid biases. The right part shows the readout
signals (two anodes, two grids and one cathode)
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Fig. 89.2 a Schematics of the the switch circuit. A gate signal is applied to open the switch after
a certain delay in respect to a trigger which arrives before the γ -flash. b Averaged signals from
the detector test in EAR2 in the region of the γ -Flash. The direct measured current (without a
preamplifier) is depicted as dashed line. The preamplifier signals are shown as solid lines where
delays of 1µs and 2µs in respect to the γ -flash, for gating the signals by the switch, are applied.
The latter one (2µs) shows no saturation anymore

89.3 Summary and Outlook

In order to perform the measurement of the 16O(n, α)13C reaction cross-section,
as the inverse reaction the 13C(α, n)16O reaction at the n_TOF facility at CERN, a
DFGIChas been constructed atHZDR. From the first dector test inNovember 2017 in
EAR1 the properties of the γ -flash effecting the preamplifier could be characterized.
The results of that test lead to the development of a switch device for gating the
preamplifier electronics. The subsequent second detecor test in EAR2 with the new
wideband switch technology showed for the first time at n_TOF that it is possible to
perform a measurement with a DFGIC containing a gaseous target. Before the main
experiment in October 2018 the switch circuit parameters will be optimized to allow
a maximum neutron energy and a sufficient γ -Flash suppression.

Acknowledgements This work has been sponsored by the Wolfgang Gentner Programme of the
German Federal Ministry of Education and Research (grant no. 05E15CHA).
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Chapter 90
The Effects of a Late Single-Star
Contamination of the Solar Nebula
on the Early Solar System Radioactivities

Diego Vescovi and Maurizio Busso

Abstract We re-examine the origin of now-extinct radioactivities, which were alive
in the early solar nebula. The Galactic inheritance broadly explains most of the
isotopes involved with lifetime τ � 5 Myr. Instead, shorter-lived isotopes like 26Al,
41Ca and 135Cs require nucleosynthesis events close in time to the solar formation.
Models of final stages of Intermediate-Mass Stars (IMSs) now predict the ubiquitous
formation of a 13C-pocket, which always implies large excesses in 107Pd with respect
to 26Al. Even a late contamination by a Massive Star (MS) meets serious problems,
because the inhomogeneous addition of Supernova debris yields excesses on stable
isotopes that disagree with measurements.

90.1 Introduction

Mass spectrometry techniques applied to pristinemeteorite samples (which formed in
the first fewmillion years of the nebula lifetime), revealed the presence of radioactive
species with lifetimes lower than 100 Myr in the Early Solar System (ESS) [1].
The proto-sun was previously isolated from Galactic nucleosynthesis for a time �

around 10Myr. In such conditions, nuclei with τ � 5–10Myr might be explained by
Galactic evolution. This is so for nuclei like 53Mn, 107Pd, 146Sm, 182Hf, 205Pb, 247Cm
and probably also for 129I [2] if it was synthesized in a peculiar neutron star merging
(NSM) r -process site, like the one described in [3]. Even 60Fe might be explained in
this way [2], if we accept the recent low estimate of its abundances [4]. The presence
of other short-lived radioactivities (SLRs) with τ < 5 Myr would instead require an
in situ production [1, 2]: indeed, their lifetime is so short that the isolation time �
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would be sufficient to deplete them completely [1, 2]. In particular, this is true for
nuclei like 26Al, 41Ca and 135Cs; they must therefore be explained at the local level,
by a nearby nucleosynthesis event. Moreover the complementary process of solid
bombardment by fast solar-wind particles was also shown to be inadequate [2, 5].

90.2 Effects of a Late AGB Star and a Late CCSN

In the context outlined above, we investigated the possibility that an Asymptotic
Giant Branch (AGB) star could have contamined the solar nebula. We did this by
means of two different Deep Mixing models for the 13C-pocket formation: one is
based on MHD (magnetohydrodynamics)-induced circulations [6, 7], the second on
an opacity-driven mixing mechanism [8, 9]. In order to take into account the ef-
fects of this contamination, we followed the prescriptions described in [1, 2] and
fixed the dilution factor and the time separating CAI (calcium-aluminium-rich in-
clusion) formation from the stellar nucleosynthesis event by imposing that the ESS
abundance ratios 26Al/27Al and 41Ca/40Ca fit the measured values. We notice that a
clear correlation of these ratios was early shown by Sahijpal et al. [10], implying for
both these SLRs a stellar origin. We found that any considered mixing model will
inevitably produce execesses of some neutron-rich isotopes (especially 107Pd, see
Fig. 90.1). This is due to the excess of neutrons produced by the 13C neutron source,
which spoils the previous positive indications byWasserburg et al. [1]. Subsequently,
we applied the same method to test the effects of a possible late contamination by
a Core-Collapse Supernova (CCSN). For this purpose, we adopted nucleosynthesis
yields from the MS models by Limongi and Chieffi [11], including the effects of
rotation during the hydrostatic evolution and a full computation of explosive phases.
As illustrated in Fig. 90.2a, a solution is not possible. Both 53Mn and 60Fe are over-

Fig. 90.1 Prediction for
heavy SLRs from AGB stars
using two different physical
models for Deep Mixing
description. In the plot, dots
indicate the models of [8, 9],
while diamonds those of [2,
6, 7]. Some error bars cannot
be seen due to the
logarithmic scale
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Fig. 90.2 a Predictions for SLRs from a late contamination by a CCSN in the mass range 13–25
M� and for different initial equatorial velocities. b Values of the excesses introduced on α-rich
isotopes of major stable elements by the CCSN models discussed in the text

produced by two orders of magnitude. While for 53Mn one might invoke special
models with an ad-hoc mass cut [12], an unsolved problem emerges by considering
the inhomogeneous addition of CCSN contributions to other nuclei. This always
implies large, unobserved excesses on stable isotopes (see Fig. 90.2b).

Therefore, the possibility that a single, nearby evolved star be at the origin of ESS
radioactivities meets serious problems both for an IMS and a MS source. In this last
case, to avoid unobserved excesses on stable nuclei one should dilute more exten-
sively, as in scenarios of the mixing and homogeneization of a pre-solar molecular
cloud. This however would deplete 41Ca (τ = 0.15 Myr) completely. One possibil-
ity still open is that the contamination came from a Super-AGB star, where the 13C
n-source might not be active, avoiding the overproduction of 107Pd. An alternative
might also be found in the most massive among IMSs (7–8M�) if Hot Bottom Burn-
ing yields were remarkably different fromwhat is currently available in the literature
(see [2] for further details).
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Chapter 91
On the Measurements of the Beam
Characteristics of Low-Energy
Accelerator

Shuo Wang, Kuang Li, Shiwei Xu, Shaobo Ma, Han Chen, Xiaodong Tang,
Jun Su and Yangping Shen

Abstract A new 400 kV accelerator, with high current based on an ECR source,
will be installed into China JinPing underground Laboratory (CJPL) for the study
of Nuclear Astrophysics (JUNA). The beam characteristics of the accelerator will
be determined by several well-known resonance and non-resonance reactions. Due
to the new accelerator still being under operation at CIAE, the resonance reaction
of 27Al(p,γ)28Si and non-resonance 12C(p,γ)13N were studied at the 320 kV high-
voltage platform of Institute of Modern Physics in Lanzhou, China. The energy
spread of proton beam is about 1.0 keV and the long-term energy stability of proton
beam is better than ±200 eV during 4 h measurement.

91.1 Introduction

China JinPing underground Laboratory (CJPL) is located at the middle portions
of the 17.5 km JinPing tunnels in Sichuan province, southwest China, which has
approximately 2400 m of marble and sandstone above it and is currently the world’s
deepest underground laboratory with horizontal access [1–3]. The cosmic ray muon
flux, 2.0 ± 0.4 ×10−10/(cm2 s) [4–6], is about 2 orders of magnitude lower than
that in Gran Sasso [7, 8]. Jinping Underground experiment for Nuclear Astrophysics
project (JUNA), as one of the major research programs in CJPL-II, aims to direct
measurement of (α,γ), (α,n), (p,γ) and (p,α) reactions involved in stellar hydrogen
and helium hydrostatic burning [9–11].

A new 400 kV accelerator with high stability and high intensity will be placed in
A1 experiment hall of CJPL-II. The ECR ion source is expected to delivered 12 emA
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proton, 6 emA He+ and 2.5 emA He2+ [9], while the radio-frequency ions source of
LUNA II 400 kV accelerator provides ion beams of 1mA hydrogen (75% H+) and
500 µA He+ [7]. Accelerator construction is already finished, the machine is now
operating at CIAE and it will be transported to CJPL in the middle of 2019.

91.2 Experimental Setup and Results

Currently, the JUNA 400 kV accelerator is still not ready for the experiment, the test-
ing experiments for 12C(p,γ)13N, 27Al(p,γ)28Si and 24Mg(p,γ)25Al reactions were
performed at 320 kV high-voltage platform, IMP Lanzhou [12]. The schematic di-
agram of the experimental setup is shown in Fig. 91.1. A High Purity Ge-detector
with 70% efficiency (compared to a 3′′ × 3′′ NaI crystal) was placed at 0◦ with re-
spect to the beam axis at a distance d = 35 mm from the target. The observed energy
resolution was ΔEγ = 3.0 keV at Eγ = 1.33 MeV.

The 12C(p,γ)13N reaction has been used as an alternative method to determine the
absolute proton energy over a wide energy range, due to the smooth cross section of
this reaction. The energy of the incident proton beam Ep can be calculated by the
energy of γ-ray from 12C(p,γ)13N reaction:

Eγ = Q + (12/13)E p + ΔEDC(0◦) − ΔER (91.1)

with Q = 1943.5±0.3 keV [13], ΔEDC (0◦): the Doppler shift at θγ = 0◦, and ΔE R :
the nuclear recoil. A thick C target (2 mm) was bombarded by proton beam with

Fig. 91.1 Experimental setup at 320 kV high-voltage platform
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energies 250, 260 and 290 keV, and the γ-ray spectra are shown in Fig. 91.2. A
plateau of the capture transition was observed and three background γ-ray peaks
were used for the energy calibration.

The yield curve of the 223 keV resonance of 27Al(p,γ)28Si reaction is shown in
Fig. 91.3, where the data points are fitted by an error function. An experimental

Fig. 91.2 γ-ray spectra at proton beam energies 250, 260, 290 keV and background

Fig. 91.3 Tricket-target
yield curve of the 223 keV
resonance of 27Al(p,γ)28Si.
The circle and square points
show the data at different
measurement time. The
dashed line through the data
points is an error function
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energy spread of 1.0 keV is deduced from the 25 and 75% points and the resonance
energy of 224.4 keV is determined by the 50% point, which has about 1.4 keV shift
from the literature [14]. Due to the steep slope of the yield curve in Fig. 91.3 near the
resonance energy (50% yield point), the long-term energy stability of the accelerator
is determined to be better than ±200 eV during 4 h measurement.
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Chapter 92
The Nuclear Physics Uncertainty
on Kilonova Heating Rates and the Role
of Fission

Y. L. Zhu, T. Sprouse, M. R. Mumpower, N. Vassh,
R. Surman and G. C. McLaughlin

Abstract The detection of an electromagnetic counterpart to GW170817 suggests
that r-process elements are produced in neutron star mergers. This electromagnetic
counterpart has beenmodeled as a kilonova, which is a light curve thought to be pow-
ered mainly from the radioactive decay of heavy elements formed. We investigate
uncertainties on the nuclear heating from the nuclear physics inputs of nucleosyn-
thesis simulations. Using 12 theoritical mass models in regions where experimental
mass measurements are unavailable, we find that the uncertainty in the total nuclear
heating rate is a factor of a few. The β-decay is the dominating heating channel at
about 1 day after merger for all 12massmodels. The energy contribution from fission
are not neglectable at around one day.

92.1 Introduction

The detection of an electromagnetic counterpart to GW170817 [1] suggests that
r-process elements are produced in neutron star mergers. This electromagnetic coun-
terpart has been modeled as a kilonova, which is a light curve thought to be powered
mainly from the radioactive decay of heavy elements formed. This heating rate is
therefore dependent on nuclear physics properties, such as Q-values and reaction
rates, that are as yet unmeasured. A joint effort of nuclear physicists, atomic physi-
cists and astrophysicists is required to understand this event [2].
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92.2 Objective

We consider the r-process in neutron-rich merger ejecta, with a focus on the heating
rates from freshly synthesized r-process material. We investigate uncertainties in the
nuclear physics inputs to kilonova calculations and examine in particular the role
of heating from different reaction channels. We go beyond pervious work [3] on
uncertainties by considering a larger variety of mass models.

92.3 Method

We choose an astrophysical trajectory from the 1.4 to 1.4 M� neutron star merger
simulations in [4] with the initial electron fraction of Ye = 0.03488. We use the
Portable Routines for Integrated nucleoSynthesis Modeling (PRISM) reaction net-
work developed jointly at the University of Notre Dame and Los Alamos National
Laboratory. All relevant nuclear reaction channels such as charged particle reac-
tions, neutron capture, photodissociation, β-decay, and delayed neutron emission
are included in our nucleosynthesis calculations. For the fission channels, we in-
clude neutron-induced fission, β-delayed fission and spontaneous fission. We use
12 mass models, FRDM2012 [5], DZ33 [6], HFB21 [7], HFB22, HFB23, HFB24,
HFB25 [8], HFB27 [9], UNEDF1 [10], SLY4 [11], KTUY05 [12], WS3V6 [13].
When available, experimental data is used for masses [14] and decay properties from
NUBASE2016 [15]. For the calculation with each different mass model, we use self-
consistent Q-values of β-decay rates, and separation energies for neutron capture
rates. Furthemore, the thermodynamical trajectories are calculated self-consistantly
with nuclear re-heating. We estimate the heating rates from the reaction rate and
Q-value of each nuclear reaction.

92.4 Results

The total heating rate band of all mass models and the one with FRDM2012 is shown
in the left panel of Fig. 92.1.

At a time from 1 to 100 days, when the kilonova is powered by nuclear heat-
ing, the spread in the heating rate can be a factor of 2–3. As in the right panel of
Fig. 92.1, we show the fraction of the heating which comes from the reaction chan-
nels, α-decay, β-decay, neutron-induced fission, β-delayed fission and spontaneous
fission. The nuclear heating is dominated by β-decay for all mass models studied
here. The fraction of heating from fission is nonnegligible [16]. Since the thermaliza-
tion from fission products is much more efficient than the α-decay and β-decay [3],
the contribution from fission cannot be neglected.

mumpower@lanl.gov



92 The Nuclear Physics Uncertainty on Kilonova Heating … 471

Fig. 92.1 Left: the total heating rate range of 12 mass models up to 1000 days after merger. Right:
the range of fraction of heating rates from each reaction channels in nucleosynthesis calculations

92.5 Conclusion

Wefind that the uncertainty in the total nuclear heating rate fromnuclearmassmodels
is a factor of a few to an order of magnitude. We consider different nuclear heating
channels in the nucleosynthesis simulations and analyze their roles in the process
of nuclear heating. We found that beta-decay dominates the nuclear heating while
fission and alpha decay are nonnegligible.
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