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Abstract: Asymptotic Giant Branch (AGB) stars are among the most important astrophysical sites
influencing the nucleosynthesis and the chemical abundances in the Universe. From a pure nuclear
point of view, several processes take part during this peculiar stage of stellar evolution thus requiring
detailed experimental cross section measurements. Here, we report on the most recent results
achieved via the application of the Trojan Horse Method (THM) and Asymptotic Normalization
Coefficient (ANC) indirect techniques, discussing the details of the experimental procedure and
the deduced reaction rates. In addition, we report also on the on going studies of interest for
AGB nucleosynthesis.

Keywords: nuclear astrophysics; AGB nucleosynthesis; indirect methods

1. Introduction

The Asymptotic Giant Branch (AGB) phase is the evolved stage of stars with M≤ 6 M�
and is of critical importance for nucleosynthesis. Stars with M > 6 M� and up to 9–10 M�
climb the AGB too and they are usually called super AGBs. This phase is characterized
by nuclear burning of hydrogen and helium in shells surrounding the electron-degenerate
core of carbon and oxygen (or for the most massive superAGB stars, a core of oxygen,
neon, and magnesium). The radiative burning of the H-shell provides energy to the
star for most of the time. Its activity is interrupted by recurrent thermonuclear flashes
induced by the convective burning of the He-shell (and of the C-shell in the case of the
more massive superAGBs). Such a stratified structure going through alternating phases
of burning (radiative and convective) is also affected by a mixing phenomena, which not
only enrich the stellar envelope of fresh nucleosynthesis products but also allow particular
nucleosynthesis processes to take place [1].

AGB stars play a major role in determining the galactic chemical evolution being the
production site of almost 50% of elements heavier than iron through the slow neutron
capture process (the so-called s-process). The s-nuclesoynthesis path runs along the stability
valley due to the competition between n-captures and β-decays [2]. In particular, several
stable nuclei with masses between 90 and 209 belong to the main component of the s-process
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and are synthesized by AGB stars thanks to the neutrons delivered by the 13C(α,n)16O and
22Ne(α,n)25Mg reactions.

The main source of neutrons in AGB with M < 3 M� is the 13C(α,n)16O reaction, which
is burnt in a reservoir of 13C in the He-rich layers below the H shell, when the last is
active [3]. The modeling of the formation of this 13C reservoir, called the 13C pocket, is
among the most debated and uncertain topics on AGB stars. Several models have been
so far presented in the literature, from more simplified and parametric ones to the most
complex one based on multidimensional hydrodynamic approaches. Comparing the results
of such models would deserve a devoted paper. However, since our contribution is dealing
with the experimental measurement of nuclear reactions, we limit ourselves to describing
the formation of the 13C pocket in the most simplified way.

At the end of the convective He-burning episodes (when instead the 22Ne(α,n)25Mg
possibly operates), a convective phenomenon, known as third dredge-up (TDU), runs over
the regions below the envelope down to the He-burning shell and brings into the stellar
surface the nucleosynthesis products. During the TDU, proton-rich materials penetrate the
bottom edge of the convective zone down to the stellar layers rich in 12C and 4He, which
are below the H-shell. When this latter returns to burn the injected protons, it allows for
the formation of the so-called 13C-pocket through the 12C(p,γ)13N(β+ν)13C reaction chain,
and then, thanks to the abundance of α particles, the 13C(α,n)16O delivers a flux of neutrons
allowing the s-process to take place. The efficiency of the s-process nucleosynthesis (in AGB
stars with M ≤ 3 M�) depends on the abundances of the 13C and 14N in the 13C pocket, on
its extension in radius and mass, as well as on the rate of the nuclear reactions involved in
the s-process and in the synthesis of the 13C and the 14N (see [4–6] and references therein).
14N is produced in the 13C-pocket by further proton captured on 13C and it represents
a poison of the s-process because of its large neutron capture cross section. Although it
prevents the production of heavy elements, the 14N is at the basis of another important
nucleosynthesis network of AGB stars, the one that leads to the synthesis of 19F via the
13C(p,γ)14N(n,p)14C(α,γ)18O(p,α)15N(α,γ)19F pathway. Notably, 19F nucleosynthesis has
been a matter of debate. Several astrophysical sites have been suggested for fluorine
production (Type II supernovae [7], Wolf–Rayet stars [8–10], and merging white dwarf [11]),
and among them, AGB stars are believed to be the main site of production of the stable
isotope of fluorine in the Galaxy (see e.g., [12] and references therein). The interest in the
19F abundance relies also on the possibility to probe different nucleosynthesis scenarios [13],
since fluorine nucleosynthesis is extremely sensitive to the physical conditions inside stars.

Furthermore, nuclear production in AGB stars is important for the galactic chemical
evolution of elements lighter than Fe, because of these stars capability to produce elements
through the CNO, Ne-Na, and Mg-Al cycles. In this case, the H-capture reactions are
responsible for the nucleosynthesis, however their coupling with mixing phenomena
characterizes the yields. In stars more massive than 4–5 M�, the temperature at the base of
the convective envelope is high enough (a few 107 K) to allow further proton captures to
take place, and in lower mass AGB stars, non convective mixing mechanisms connect the H-
burning layers directly with the stellar envelope, of which in both cases, stars show in their
surface the same composition (or a composition similar to the one) of their inner and hotter
layers where H is burning, e.g., high values of C/O, 12C/13C, 14N/15N, 16O/18O,26Al/27Al.

For Hot Bottom Burning (HBB) [14], in more massive objects, as well as Cool Bottom
Process (CBP) [15], in lower mass AGB stars, having high precision reaction rates is crucial
to make accurate studies of proton capture nucleosynthesis in AGB stars. Indeed, isotopes
such as 7Li can undergo proton captures at few million Kelvin and the nucleosynthesis of
other species, such as 17O and 26Al is sensitive to environmental temperature; therefore,
their abundances can probe stellar interiors and/or, according to nuclear physics inputs
employed in stellar models, might hit different scenarios for their production. For example,
a current debate regard presolar oxide grains of group 2, indeed the abundances of oxygen
isotopes measured in stellar dust can be accounted for in both their condensation in low
mass AGB stars affected by CBP [16] as well as in more massive AGB stars affected by
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HBB [17], the difference is made by the rates for the 17O(p,α)14N and 17O(p,γ)18F reactions
used in nucleosynthesis calculations [18].

This review is focused on the measurements of key reactions for AGB nucleosynthesis
carried out by means of two indirect methods: the Trojan Horse Method (THM) [19–21]
and the Asymptotic Normalization Coefficient (ANC) method [22–24].

2. Indirect Methods in Nuclear Astrophysics

Nuclear reaction cross section measurements of interest for nuclear astrophysics are
difficult to be performed in terrestrial laboratories mainly because of Coulomb barrier pen-
etration and electron screening effects [25]. In most of the cases, the Gamow energy region
is explored via extrapolation procedures based on high-energy cross section measurements,
thus possibly introducing systematic uncertainties as, for instance, those related to the pres-
ence of low-energy resonances, to the contribution of broad sub-threshold resonances or to
the poor knowledge of the electron screening potential values [25]. In order to overcome
these difficulties, indirect methods have been proved to be a valid complementary tool for
experimental nuclear astrophysics since they allow the extraction of the astrophysically
relevant cross section by selecting a precise reaction mechanism on a suitable reaction
process thanks to devoted theoretical formalism [19]. In the next sections, the THM and
ANC methods will be discussed in more detail.

2.1. The Trojan Horse Method

The Trojan Horse Method allows to obtain the two-body cross section at low energies:

A + x −→ B + b (1)

from a suitable three-body reaction:

A + a −→ B + b + s, (2)

a, called the Trojan Horse nucleus, having a strong x⊕ s cluster structure. Under appropriate
kinematical conditions, it is possible to select the Quasi-Free (QF) contribution to the three-
body break-up reaction where the particle A interacts only with the part x of the nucleus a,
whereby the nucleus s can be considered as spectator during the reaction [26]. This direct
reaction mechanism gives the dominating contribution to the cross section in a restricted
region of the three body phase space when the momentum transferred to the spectator s is
small, that is for QF scattering conditions. Since the energy and momentum of nucleus x do
not obey the usual dispersion relation for a free particle, the transferred nucleus appears
only as a virtual particle in the reaction process. If QF conditions are fulfilled, the spectator
nucleus s is emitted with a momentum strictly connected to the momentum distribution of
the cluster x inside a, the reaction mechanism being direct.

The QF reaction (1) can be described by a pole diagram with two vertices (see Figure 1):
The upper pole describes the virtual break up of the nucleus a into the cluster x and s and
the lower pole describes the binary reaction (1) that is relevant to astrophysics. This picture
will be reflected in the expression relating the cross sections of the two reactions as a
result of the theoretical description in certain approximations. By using the Plain Wave
Impulse Approximation (PWIA), and denoting with µij = mimj/(mi + mj) and ~pij =
µij(~pi/mi −~pj/mj), the reduced mass and the relative momenta of the two particles i and j,
respectively, the three-body cross section (2) can be factorized in two terms corresponding
to the break-up and to the reaction pole respectively [21]:

dσA+a→B+b+s
dEBbdΩBbdΩFs

= K|χ̃xs(~QFs|2
dσHOES

A+x→B+b
dΩBb

. (3)

In Equation (3), χ̃xs(~QFs) is the momentum space wave function in the center-of-mass
system, being ~QFs =

ms
mx+ms

~pa −~ps (~pa and ~ps are the momenta of the Trojan Horse nucleus
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and of the spectator, respectively), K = µAaµFs
(2πh̄)3µAx

pAx pFs
pAa

2Jx+1
2Ja+1 is a kinematical factor where

Jx and Ja represent the total angular momenta for the x and a nuclei and
dσHOES

A+x→B+b
dΩBb

is the
half-off-shell cross section of the A + x → B + b reaction. Equation (3) shows the typical
structure with three factors as a result of the PWIA: a kinematic factor, a momentum
distribution, and a cross section of the two-body subprocess (1).

! a 

A 

x  

F  

s 

b  

B 

Figure 1. Scheme of a quasi-free Trojan Horse reaction A(a,bB)s. The upper vertex shows the a→x + s
breakup. The lower vertex shows the reaction of astrophysical interest, which proceeds through the
formation of intermediate system F. If the process is QF, the nucleus s will act as a spectator.

If the bombarding energy EA is chosen high enough to overcome the Coulomb barrier
in the entrance channel of the three-body reaction, both the Coulomb barrier and electron
screening effects are negligible.

Nevertheless, the QF A+x process can take place at sub-Coulomb, even negative, rela-
tive energy EAx, thanks to the key role of the a = x ⊕ s binding energy Bsx in compensating
for the A + a relative motion. In the QF kinematics psx = 0 and in the laboratory system
(the target is at rest, which means pa = 0 and ps = 0), the so called “QF two body energy”
is given by [27]:

EQF =
mx

mx + mA
EA − Bsx. (4)

This means that the binary reaction can be induced at very low EQF in the THM using
the beam energy EA above the Coulomb barrier, a condition that is impossible to achieve
in direct measurements due to the Coulomb barrier. It is important to notice that EQF is
uniquely determined from Equation (4) once the projectile energy is fixed.

For resonant cases, the TH double differential cross section can be written as [28–31]:

d2σTH

dΩ~psF
dEbB

=
1

2π

ΓbB(EbB)

(EbB − ERbB)
2 + 1

4 Γ2(EbB)

×
dσ(A+a→s+F)

dΩ~psF

, (5)

where the differential
dσ(A+a→s+F)

dΩ~psF
cross section has the form [31]:

dσ(A+a→s+F)

dΩ~psF

=
µsF µAa

4 π2
psF
pAa

1
JA Ja

× ∑
MF Ms MA Ma

|MMF Ms ;MA Ma(~psF,~pAa)|2 (6)

being Ji and Mi the spin of particle i and its projection, respectively. In PWIA, the transfer
reaction amplitude M can be factorized as:

Mi ≈ φ(pxs)WFi
xA(~pxA) , (7)
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where φ(pxs) is the Fourier transform of the radial x− s bound-state wave function, pxs is
the x− s relative momentum, while:

WFi
xA(~pxA) =< IFi

xA|VxA|~pxA > (8)

is the form factor for the A + x → Fi process, leading to the feeding of the i−th excited state
Fi. Therefore, Equation (5) represents an extension of Equation (3) to the case of resonant
reactions and makes it possible to use more advanced approaches in the place of PWIA,
such as DWBA or CDCC.

As stated above, THM is based on the theoretical formalism of the QF breakup exten-
sively studied in the past. However, the PWIA formulations cannot coherently account for
distortions and coupled-channel effects [21]. These limit the straight connection between
the THM 2→3 reaction and the two-body reaction of astrophysical relevance and could
cause the normalization constant (presently deduced by scaling to available direct data at
high energies) to depend on the center-of-mass energy. To fulfill the PWIA prescription,
we restrict the data analysis to only a small fraction of the available 2→3 body data, thus
limiting the final available statistics, yet reducing systematic errors to value lower than the
statistical one. Additionally, a key ingredient for THM applications is represented by the
momentum distribution, connected with the intercluster motion inside the TH-nucleus.
The study of the experimental momentum distribution is a very useful tool to size the
effect of the aforementioned distortions. To date, only nuclei with a dominat s-wave in-
tecluster motion are used for THM applications (such as 2H, 3He, 6Li, 14N) while further
efforts are needed for adopting p-wave intercluster motion nuclei. For example, the role
of momentum distribution and, in particular, of its derivation from the PWIA or DWBA
approach has been discussed in [32,33] for the 18O(p,α)15N case. In the narrow spectator
momentum range of 0–50 MeV/c, the difference between PWIA and DWBA momentum
distributions is negligibly small, at a level of about 4%, thus hardly influencing the final
THM cross section in the selected momentum window. Furthermore, in [34], the role of
d-state component of the deuteron wave function was investigated, leading to variations
at a level of about 1% as maximum, showing that the deduced cross sections are mildly
dependent on the details of the momentum distribution. This is further demonstrated
by the FWHM of the experimental momentum distribution in THM applications, which
might be a function of the projectile energies under some condition, as discussed in [35].
In addition, in this case, the deduced cross sections hardly depend on the change in the
width (which could be accounted for, anyway), since a variation of about 10% in the case of
the 6Li(d,α)α two body reaction is observed if no corrections are introduced. The influence
of the shape of the momentum distribution was also investigated for the 3He case [36],
where a 3% difference was found between the experimental momentum distribution and
the theoretical one. Furthermore, the shape analysis can also be used for discerning if
reaction mechanisms, other than the QF ones, affect THM data. For instance, the analysis
made in [37] leads to a negligible contribution (∼3%) on the final reaction rate evaluation.

The method has been largely tested and applied to shed light on different issues, rang-
ing from pure nuclear physics (as the p + p proton scattering [38] or clusterization effects
and the relative impact for electron screening [39,40]) to various contexts in nuclear astro-
physics (as primordial nucleosynthesis [41,42], lithium problem [43,44] and light elements
depletion [45–48], AGB and Novae nucleosynthesis [49], and carbon burning [37]). Recently,
the method has been extended to the indirect study of neutron-induced reactions [50,51]
and to reactions of astrophysical interest induced by radioactive ion beams [52,53], opening
a new field of research, overcoming all the experimental difficulties related to the direct
measurements of neutron-induced reactions with unstable beams [54,55].

2.2. The Asymptotic Normalization Coefficient

The Asymptotic normalization coefficients method consists in retrieving the cross
section for a A(a,γ)B reaction from a suitable A(X,Y)B one, in which X = Y + a and B = A + a.
Such a method has been used proficiently to investigate low energy proton [56], neutron [57],
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and α [58] captures of astrophysical interest. More recently an extension of the method has
also been developed for mirror nuclei [59], with the aim to study proton or neutron capture
from the analysis of a suitable mirror reaction [60–62].

For one-particle transfer reactions, the differential cross section for the A + a→ Y +
B reaction (Figure 2) can be parameterized, using Distorted Wave Born Approximation
(DWBA) as:

dσ

dΩ
= ∑

jB ,jX

SAa,lB ,jB SYa,lX ,jX σDWBA
lB ,jB ,lX ,jX , (9)

SAa,lB ,jB and SYa,lX ,jX being the so called spectroscopic factors for the initial and final
state associated to a specific bound state. Focusing on the A + a→ B vertex of Figure 2, the
radial overlap function IB

Aa,lB ,jB
can be approximated by the wave function of the bound

state (B = A + a) [63]:
IB
Aa,lB ,jB(rAa) = S1/2

Aa,lB ,jB
φAa,lB ,jB(rAa). (10)

In Equation (10), the spectroscopic factor SAa,lB ,jB is related to the A+a configuration
with quantum number lB and jB, while φAa,lB ,jB(rAa) represents the bound state wave-
function of the A + a system.

Figure 2. Sketch of a typical transfer reaction used to measure the ANC: The transferred particle a
can usually be a proton, a neutron or a α-particle.

In case of a peripheral reaction (such as the transfer ones at low energies), both the
radial overlap integral and bound state wave function can be written in their asymptotic
limit in terms of the Whittaker function W−η,lAa+1/2, where η is the Sommerfeld parameter:

IB
Aa,lB ,JB

rAa>Rn−−−−→ CB
Aa,lB ,JB

W−η,lAa+1/2(2kAarAa)

rAa
(11)

φB
Aa,lB ,JB

rAa>Rn−−−−→ bB
Aa,lB ,JB

W−η,lAa+1/2(2kAarAa)

rAa
. (12)

In both Equations (11) and (12), the Whittaker function depends on the interaction

radius (rAa) and on the wave number kAa =

√
2µAaεa

h̄2)
, with µAa as the reduced mass of

the A + a system and εa as the separation energy of the a particle from the B nucleus. The
coefficients CB

Aa,lB ,JB
and bB

Aa,lB ,JB
are the so-called ANC and single-particle ANC (or SPANC),

the latter representing the normalization coefficient of the radial single-particle bound-state
wave-function tail. This quantity is strongly connected to the single-particle potential used
to reproduce the bound states of the B = A + a system. Using Equations (11) and (12) in
Equation (10), we obtain that the spectroscopic factor S can be written in terms of ANC and
SPANC:

S2
Aa,lB ,JB

=

(
CB

Aa,lB ,JB

)2

(
bB

Aa,lB ,JB

)2 . (13)
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Using the same procedure for the X = Y + A vertex of Figure 2, the differential cross
section (Equation (9)) can be finally written as:

dσ

dΩ
= ∑

jB ,jX

(
CB

Aa,lB ,jB

)2(
CX

Ya,lX ,jX

)2 σDWBA
lB ,jB ,lX ,jX

b2
Aa,lB ,jB

b2
Ya,lX ,jX

. (14)

The advantage of this procedure lies in the fact that, with respect to the spectro-
scopic factor, for peripheral reactions, the ANC is weakly dependent from the adopted
potential [64–67]. Indeed, by properly selecting the kinematical conditions ensuring the
peripheral character of the transfer reaction, the uncertainties related to the ANC calcu-
lations are mainly related to the well-known model dependence of DWBA calculations
due, for instance, to the choice of the OMP and to the transferred single particle wave
function. Usually, these uncertainties are estimated to be at most 15% for the OMP and at
most 10% for the bound-state particle wave function (see [62,63,68] for example). These
uncertainties, together with the experimental ones (i.e., statistical error, target thickness
evaluation, background evaluation, and evaluation of the solid angle) return a final error
budget that, depending on the physics case, can be as low as 5% as in the recent 3He(α,γ)7Be
and 6Li(p,γ)7Be ANC investigations [58,69]. This uncertainty value can be achieved by a
careful selection of the transfer process and by constraining the OMP by fitting the elastic
scattering cross sections for the entrance and exit channel particles [58,69].

A more extended review of the method, along with a collection of remarkable results
useful for astrophysics can be found in [70].

3. The 17,18O(p,α)14,15N and 17,18O(p,γ)18,19F Reactions

In Red Giant Branch (RGB) and AGB stars, the relevant temperatures for the 17O and
18O nucleosynthesis are in the ranges T9 = 0.01–0.1 (T9 = T/109 K), corresponding to an
center-of-mass energy window ranging from ∼20 up to ∼150 keV. Thus, the cross sections
of the 18O(p,α)15N , 17O(p,α)14N, 17O(p,γ)18F, and 18O(p,γ)19F reactions have to be precisely
known in the center-of-mass energy lower than Ec.m. = 100 keV. At these energies resonance
reactions play a decisive role because the astrophysical S(E)-factor, a function proportional
to the cross section that contains all the strictly nuclear effect [25], might be dramatically
enhanced by the presence of a resonance, whose measurement is then crucial to pin down
the astrophysical scenario [71].

The 17O(p,α)14N reaction is dominated, in the energy region of our interest, by two
resonances at about 65 keV and 183 keV above the 18F proton threshold. The Ec.m. = 65 keV
resonance has been measured by applying the THM to the quasi-free 2H(17O,14Nα)n re-
action and by normalizing experimental data to the weighted average of the four values
for the 183 keV resonance strength reported in the literature [72–75]. The study of the
17O(p,α)14N via the THM application was carried out in two experiments: The first one at
the Laboratori Nazionali del Sud (LNS) in Catania (Italy) and the second one at the Institute
for Structure and Nuclear Astrophysics (ISNAP) of the University of Notre Dame (USA). In
the LNS experiment, the SMP Tandem Van de Graaff accelerator provided a 41-MeV 17O
beam impinging on a deuterated polyethylene target (CD2) of about 150 µg/cm2 placed at
90o with respect to the beam axis. In the NSL experiment, a beam energy of 43.5 MeV and a
target thickness of 170 µg/cm2 were used. The experimental setup and the data analysis
of the LNS and at NSL experiments are extensively discussed in [76,77]. The main result
of these two experimental studies is the 65-keV resonance strengths obtained in the LNS
experiment, ((ωγ)THM

LNS = (3.72 ± 0.78) × 10−9 eV) and in the NSL experiment, ((ωγ)THM
NSL =

(3.16 ± 0.68) × 10−9 eV). The adopted value ((ωγ)THM
p,α = (3.42 ± 0.60) × 10−9 eV), obtained

as a weighted average between the two strengths, was used to calculate the contribu-
tion of the 65 keV resonance to the total reaction rate adopting the narrow resonance
approximation, whose conditions are satisfied for the resonance under investigation [73].

Panel (a) of Figure 3 shows the ratio (blue middle line) between the THM reaction rate
and the reaction rate reported in [73] (see [77] for more details). The other blue lines in
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Figure 3a mark the positions of the high and low rates as deduced in [77]. The black dotted
area represents the range of variation for the reaction rate of [73]. A significant variation
(∼30%) can be seen in the range T9 = 0.02–0.07, while no significant differences are present
for higher temperatures.
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Figure 3. (a) Comparison of the THM reaction rate (blue lines) of the 17O(p,α)14N reaction with the
direct one [73] (black lines). (b) Comparison of the THM reaction rate (blue lines) of the 17O(p,γ)18F
reaction with the direct one [78] (black lines).

In 2016, a new direct measurement [79] of the 65-keV resonance strength performed at
the Laboratory for Underground Nuclear Astrophysics (LUNA) accelerator has led to a
value ωγ = 10.0± 1.4stat ± 0.7syst neV, a factor of 3 larger with respect to the value obtained
by using the THM [77].

Since the strengths of the E = 65 keV resonance in both (p,α) and (p,γ) channels are
proportional to the proton partial width Γp and the exit channel partial width essentially
coinciding with the total width through the statistical factor, by using the formula:

(ωγ)THM
pγ = (ωγ)THM

pα
Γγ

Γα
(15)

the 65-keV resonance strength in the (p,γ) channel can be evaluated, obtaining the value
(ωγ)THM

pγ = (1.18 ± 0.21) × 10−11 eV. This value is 39% smaller than the value of (1.6 ± 0.3)
× 10−11 eV given in the literature [72,80] and in the most recent reviews ([73,81], 2011).
The Γγ and Γα values used in Equation (15) are those reported in [73]. Panel (b) of Figure 3
shows the ratio (blue middle line) of the THM reaction rate to reaction rate evaluation
RDiLeva reported in [78] (black line) for the 17O(p,γ)18F reaction. The blue dotted area
marks the reaction-rate interval allowed by the experimental uncertainties on the 65-keV
resonance strength only, while the black dotted area is used to display the uncertainty
range characterizing direct data [78]. In addition, for this case, a significant reduction
(∼20%) of the reaction rate in the T9 = 0.03−0.09 temperature range was obtained due to
the THM measurement of the 65-keV resonance strength. A possible explanation for the
discrepancies between direct and THM results in both (p,α) and (p,γ) channels could be
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attributable to the electron screening effect that was not taken into account in the direct
measurements (see [77] for more details).

At temperatures typical of H-burning in AGB stars, the energy interval where the
18O(p,α)15N is most effective ranges from about 20 to 70 keV. In this energy range only, the
20, 144, and the broad 656 keV resonances are relevant for astrophysics as they determine
the reaction rate [82]. Since the strength of the 20 keV resonance was known only from
spectroscopic measurements [83] and from the direct capture reaction 18O(p,γ)19F [84],
the narrow-resonance formalism of THM was employed to obtain its strength [30,85]. In
particular, the cross section of the 18O(p,α)15N reaction was deduced by applying the THM
to the 2H(18O,α15N)n three-body process, performed in QF kinematics. The experiment
was performed at Laboratori Nazionali del Sud, Catania (Italy). The SMP Tandem Van
de Graaf accelerator provided the 54 MeV 18O beam, which was accurately collimated
to minimize angular straggling (about 0.06°) [32]. A description of the data analysis is
reported in [32]; here we discuss only the main results. In particular, the strength of the
20 keV resonance was obtained by normalizing the TH data to the well-known resonance
at 144 keV [86]. The TH strength results in ωγ = (8.3+3.8

−2.6) × 10−19 eV, which is in good
agreement with ωγ = (6+17

−5 ) × 10−19 eV, reported by [82] but 10 times more accurate.
The comparison between the obtained reaction rate and the one reported in Nuclear
Astrophysics Compilation of REaction rates (NACRE) [82] is given in Figure 4. In this
representation, the ratio of the THM reaction rate to the NACRE one is given by a full
blue line while the NACRE rate is given by a full black line. The blue dotted area marks
the reaction-rate interval allowed by the THM experimental uncertainties, while the black
dotted area is used to display the uncertainty range characterizing direct data [82]. Clearly,
the THM reaction rate shows a much narrower band than the direct one [82] over the
whole temperature range, especially at low temperatures, T9 < 0.03, thanks to the enhanced
precision of the strength of the 20-keV resonance measured by the THM.
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Figure 4. Comparison of the THM reaction rate (black lines) of the 18O(p,α)15N reaction with the
NACRE one [82] (blue lines). The full lines are the ratio of the recommended rate to the NACRE one.
The blue dotted area marks the reaction-rate interval allowed by the THM experimental uncertainties,
while the black dotted area is used to display the uncertainty range characterizing direct data [82].

The effect of the recent THM measurement of the 17O(p,α)14N, 18O(p,α)15N and
17O(p,γ)18F low energy cross sections has been investigated on nitrogen and oxygen iso-
topic abundances in RGB and AGB stars [71]. In fact, the CNO isotope supply is very
sensitive to the extra-mixing phenomena, significantly altering their surface abundance and
strong constraints can be set on models using the observed isotopic ratios in circumstellar
condensates found in meteorites. Assuming the extra-mixing model, as widely discussed
in [71], the coupled CNO nucleosynthesis was followed, alternatively introducing into
the post-processing codes the THM reaction rates and the ones in the literature [72,81,82].
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The change in the 18O(p,α)15N reaction rate stemming from the revised 20-keV resonance
strength does not significantly influence either 15N or 18O abundances, 18O being easily
destroyed by proton-capture reactions. For this reason, the introduction of this newly mea-
sured cross section into extramixing calculations confirms that the low 14N/15N isotopic
ratios found in A + B and Mainstream SiC grains have no nuclear reaction origin related to
the 18O(p,α)15N channel. Conversely, the reduced efficiency of proton captures on the 17O
nuclei given by the new THM reaction rates show an increase of the 17O/16O equilibrium
values by about 30% with respect to the literature. This leads to a better agreement between
predicted 17O/16O isotopic ratios and experimental values retrieved from group 2 oxide
grains, which are characterized by an excess of 17O and a large 18O depletion with respect
to the solar values. Therefore, extra-mixing calculations performed with the TH reaction
rates strengthen the idea that those grains were formed in the envelope of low-mass AGB
stars (for more details, see [71] and reference therein).

Even if the 18O(p,α)15N reaction is the dominant 18O destruction channel via proton
capture in an AGB environment [85,87], the competing 18O(p,γ)19F, whose rate is about
three orders of magnitude lower at solar energies, represents the main reaction channel to
escape the cycle, with the direct part of the (p,γ) process representing the main contributor
to the reaction at astrophysical energies.

The 18O(p,γ)19F reaction has been largely investigated in the past: the direct com-
ponent of the excitation function has been determined experimentally and theoretically
by [84], confirming the contribution of three low-energy resonances as in [88,89]. On
the other hand, some discrepancies were found by [90] concerning the behavior of the
18O(p,γ)19F direct component at low energies that shows an increasing trend with energy
instead of the decreasing one obtained by [84]. For this reason, the 18O(p,γ)19F reaction was
investigated again by means of the ANC method [56]. The radiative capture cross section
for the reaction 18O(p,γ)19F was retrieved from the 18O(3He,d)19F one, using the 24.6 MeV
3He beam provided by the U-120M iso-chronous cyclotron of the Nuclear Physics Institute
of the Czech Academy of Sciences. The gas target chamber, filled with 99% purity 18O gas,
was made to have an output window that covers an angular range from −65◦ to +40◦,
allowing the detection of particles in the angular range of interest. Eight ∆E-E telescopes,
of a different thickness as reported in [56] were used to identify and detect the outgoing
particles, the ones of interest being the scattered 3He and the deuterons from the transfer
reaction.

The optical model parameters (OMP’s) for the input channel were deduced from the
elastically scattered 3He particles off 18O. Such OMP’s turned out to be the same of [91]
and [92]. In this experiment, 11 peaks belonging to the deuterons coming from the reaction
18O(3He,d)19F were identified: such particles correspond to the transitions to the bound
state of 19F nucleus (an example can be found in Figure 5). The OMP’s for the outgoing
channel were taken from the global formula of [93] at the proper energy and used to
reproduce the extracted deuteron angular distributions.

Once the OMP’s for the entrance channel and for the exit ones (captured in the
ground state and in 12 excited states) are properly set, using Equation (14) it was possible
to calculate the ANC’s for the detected states (see Table 3 in [56]), using three different
interaction potentials for the 19F→p+18O system: To do so, the authors used the value
of C2

dp/b2
dp = 1.31 taken from [94] for the system 3He→d + p. In two of the three cases

analyzed, the resulting astrophysical S-factor shows a trend that is similar to [90], however
the direct contribution is lower than in both [84,90]. This discrepancy is due to the fact that
the ANC method covers just the direct part of the total S-factor (Figure 6).
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Figure 5. Part of the spectrum of deuterons from the reaction 18O(3He,d)19F at θlab =17◦ as reported
in [56].

Figure 6. S-factor of the total direct proton capture 18O(p,γ)19F determined using ANC (picture
taken from [56]): The dashed blue line obtained using the Perey and Perey potential [93] shows an
opposite trend with respect to [84] (red solid line). The S(E)-factor extracted by [90] (solid black
line), along with calculation performed using Coulomb (solid blue line) and hard sphere potentials
(dashed-dotted blue lines). A Coulomb potential scaled on data from the results of [90] is also
reported.

4. The 15N(p,α)12C Reaction

Concerning the 15N isotope in AGB stars nucleosynthesis, it takes a key role in the
19F production via the 15N(α,γ)19F reaction. Thus, proper knowledge of the competing
15N(p,α)12C reaction is of primary importance since it reduces the amount of both proton
and 15N nuclei available for the 19F production [95]. The 15N+p interaction takes place
at typical temperatures of about T9 = ∼10−2 − 10−1, corresponding to a Gamow energy
window ranging from ∼20 keV up to ∼200 keV. The NACRE reaction rate was obtained by
interpolating the experimental data discussed in [96–98] and by evaluating the contribution
of high-energy resonances (see [82] for a detailed discussion). In particular, the 15N(p,α)12C
cross section measurement of [98] spans the energy range Ec.m. ∼ 73–759 keV, thus partially
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covering the Gamow energy window. The extrapolated zero-energy astrophysical factor
S(0) = 65 ± 7 MeV b was obtained from the Breit–Wigner extrapolation [98].

In order to explore the whole Gamow energy window, a devoted 15N(p,α)12C THM
measurement was performed by selecting the QF contribution of the 2H(15N,α 12C)n three-
body reaction, by using the deuteron as the TH nucleus [99]. The experiment was performed
at the Texas A&M University Cyclotron Institute delivering a 60 MeV 15N beam onto a
150 µg/cm2 CD2 target. More details on the experimental setup and on the data analysis
procedure can be found in [99].

The THM investigation allowed to extract the S(E)-factor in the energy range Ec.m. = 19–
576 keV by normalizing the THM data to the direct ones by equating the areas under the
312 keV resonant peak due to the 12.44 MeV 16O level (Γ = 91 keV, Jπ = 1−) [99]. In order
to obtain the S(E)-factor for zero relative energy, THM data were fitted taking to account
the sum of a second-order polynomial and a Breit–Wigner function. In Figure 7, the THM
S(E)-factor (full red dots) of [99] is shown together with the result of the fitting procedure
(red line) and the direct data of [96–98] (open circles, open squares, and open triangles,
respectively). The black line represents the Breit–Wigner parametrization discussed in [98].
The THM measurement leads to the value of S(0) = 62 ± 10 MeV b, in good agreement with
previous estimations from direct measurements [96–98]. The uncertainty on the THM S(0)
value includes statistical, normalization, and extrapolation errors (see [99] for details).

Figure 7. THM S(E)-factor is shown as full red dots. The direct data from [96–98] are also shown as
open symbols (circles, squares, and triangles, respectively). The red line represents a fit to the THM
data. The black line is the result of the Breit–Wigner parametrization reported in [98].

A new paper by La Cognata et al. [31] provided an improved R-matrix fit of the
15N(p,α)12C S(E)-factor, taking into account both direct data and indirect Trojan Horse data.
Authors obtained a more accurate recommended value for the zero-energy astrophysical
factor. In particular, the new fit gave a S(0) = 73.0 ± 5.0 MeV b from direct [98] and
S(0) = 70.0 ± 13.5 MeV b from the Trojan Horse data [99].

5. The Fluorine Problem: Study of the 19F(p,α0)16O and 19F(α,p)22Ne Reactions

The 19F(p,α)16O nuclear reaction represents the dominant channel for the fluorine burn-
ing in the H-burning shell of AGB stars. Indeed, the extramixing phenomena can expose the
stellar material to temperatures large enough to activate the 19F(p,α)16O reaction [13,76,100],
thus depleting the fluorine surface abundance [13]. For a better understanding and for
properly modeling these phenomena, the role of the 19F(p, α)16O reaction has to be evalu-
ated at energies of Ec.m. ∼ 30–300 keV, with the 19F(p,α0)16O channel being the dominant
one at energies of Ec.m. . 300 keV [101].
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The direct measurements included in the NACRE compilation [82] provided the
19F(p,α0)16O S(E)-factor down to about 460 keV [102], well above the energy range of astro-
physical interest. Consequently, the adopted reaction rate was obtained by extrapolating
the low-energy S(E)-factor via non-resonant behavior [82].

In 2015, the measurement of [103] allowed for deriving the S(E)-factor in the energy
range Ec.m. ∼ 0.2–0.6 MeV, confirming the contribution of 20Ne excited levels at energies
lower than ∼600 keV’s, as suggested also in [104]. Recently, the γ-ray yields were mea-
sured over Ec.m. = 72.4–344 keV, covering the Gamow window [105]. The experiment was
performed under the extremely low cosmic-ray-induced background environment of the
China JinPing Underground Laboratory and the obtained S(E) factors deviate significantly
from previous theoretical predictions, and the uncertainties are significantly reduced.

In order to cover the full energy range of astrophysical interest, two devoted 19F(p,α0)16O
THM experiments were performed1 [104,108,109].

The first measurement was performed at LNS-INFN where the THM was applied to
the 2H(19F,α16O)n three-body reaction. A 50 MeV 19F beam was delivered onto a CD2 target,
where the deuteron was chosen as the “TH-nucleus” because its obvious p-n structure,
its low-binding energy (B.E. = 2.22 MeV), and well-known momentum distribution for
the p-n relative motion mostly occurring in s-wave [34]. More details on the experimental
setup and on the data analysis, performed via the Modified R-Matrix formalism [32], can
be found in [104].

The THM approach allowed to derive the S(E)-factor from 1 MeV down to zero
energies and to further investigate, for the first time, the contribution of three different
resonances at Ec.m. = 113 keV, 204 keV, and 382 keV due to the population of the 20Ne excited
states (see [104] for further details). Then, the 19F(p,α0)16O reaction rate was evaluated
and compared with the NACRE one. The contribution of the 113 keV resonance leads to
a large increase of the THM reaction rate with respect to the non-resonant one evaluated
in the NACRE compilation, with a maximum difference of about 70% at T9 ≈ 0.1 [104].
The other resonant structures observed below 450 keV give a small contribution to the
total reaction rate [104]. Additionally, thanks to the recent direct measurements of [110],
a further reanalysis of the available 19F(p,α0)16O THM data was performed in [108]. The
obtained results showed how the new normalization negligibly alters the results of [104].

Due to the low-energy resolution affecting the THM data of [104], it was not possible to
retrieve definitive information on the contribution of the 204-keV and 251-keV resonances
intervening in the 19F(p,α0)16O excitation function.

For such a reason, a second THM investigation of the 19F(p,α0)16O reaction was carried
out via the study of the quasi-free 2H(19F,α16O)n reaction performed at the INFN national
laboratories of Legnaro (LNL-INFN) [109].

Due to the improved energy resolution, the contribution of the 251-keV resonance
was properly taken into account for the evaluation of the updated THM reaction rate. The
ratio between the THM reaction rate and the NACRE one is shown in Figure 8 [109]. In
the temperature range 0.04 . T9 . 0.4, the THM reaction rate significantly deviates from
the NACRE one up to a factor of ∼2 at about T9 ≈ 0.1. Although the updated reaction
rate of [109] is in agreement with the previous THM one of [108], it deviates of ∼30% at
temperatures T9 ≈ 0.4 because of the constructive interference between the 113 and 251 keV
resonances properly evaluated thanks to the improved THM experiment, as discussed in
detail in [109].
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Figure 8. Ratio between the 19F(p,α0)16O THM reaction rate [109] and the NACRE recommended
one [82] (red line). The estimated uncertainties on THM data are reported as a blue band. The black
line corresponds to a ratio equal to 1.

The impact of the THM reaction rates [108,109] on the fluorine nucleosynthesis in AGB
stars was then evaluated in [111]. As expected, the models adopting the THM reaction rates
return lower fluorine abundances with respect to the calculations employing the NACRE
reaction rate [82]. However, despite the adopted 19F(p,α0)16O THM reaction rates, the
results of the theoretical models poorly differ if compared with the present observational
uncertainties thus suggesting the need for more accurate stellar observations in order to
better understand extra-mixing phenomena in AGB stars [111].

Besides the role played by the proton-induced reactions occurring in the H-shell,
alpha-induced processes need also to be studied since they can be triggered in the He-shell
of AGB stars and influence the final abundance of 19F. In these scenario, an important role
is played by 19F(α, p)22Ne reaction, as suggested by [95,112].

The 19F(α, p)22Ne reaction rate was affected by large uncertainties in correspondence
of the He-burning temperatures (0.4 ≤ T9 ≤ 0.9), due to the lack of low-energies exper-
imental data. Indeed, the cross section measurements of [113] stop at energies of about
Ec.m. = 660 keV, thus only partially covering the astrophysical relevant energy region (i.e.,
≈0.2–1 MeV).

For this reason, the 19F(α, p)22Ne was studied by means of THM [114,115]. The
measurement was carried out at the Rud̄er Bošković Institute (Zagreb – HR), using the
available 6 MeV 6Li beam to trigger the quasi-free 19F(6Li,p 22Ne)d reaction, by using the 6Li
as “TH-nucleus”. After the selection of the quasi-free process, the angular distributions of
the 19F(α, p)22Ne reaction were deduced in correspondence to the energy range relevant for
astrophysics, i.e., 0≤ Ec.m. ≤0.9 MeV. The analysis performed in [114,115] underlined the
predominance of the l = 2 contribution (Jπ = 3/2+, 5/2+) for the 11 identified resonances,
in agreement with the spin-parity and angular momentum assignment made by [113] for
higher energies. To derive the astrophysical S(E)-factor, a weighted fit of the cross section
was performed by means of the one-level, three-channel Modified R-Matrix approach [114].
The 19F(α, p)22Ne reaction rate was then calculated and compared with the one of [113],
resulting in an increase of up to a factor∼4 (considering the upper limit) in the temperature
range of interest, as shown in Figure 9 [114,115].
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Figure 9. Ratio of the 19F(α, p)22Ne THM reaction rate to the one calculated in [113] (Rlit). The
estimated uncertainties of the THM data are reported as a green band (see [114] for details).

The THM reaction rate was then used to evaluate the impact on the nucleosynthesis
of low-mass AGB stars using the NEWTON [116] code for three stellar models of 1.5, 3,
and 5 M� with solar metallicity, and 19F destruction revealed to be more efficient in the
AGB environment of up to a factor of 5. Nonetheless, the temporal evolution of fluorine
abundance in this context shows a variation that is smaller then 5% with respect to the
calculation performed using the rate from [113] in the stellar envelope.

6. Neutron Sources for s-Processes: The 13C(α,n)16O Reaction

The key ingredient for activating the s-process reactions in stellar environments is a
neutron source [117].

For this reason, several candidate reactions were proposed over the years [118]. How-
ever, in a stellar interior, identifying the neutron reaction with the highest rate is not the
only relevant parameter in predicting the main source of neutrons for s-process nucle-
osynthesis [2]. Our current understanding of s-process nucleosynthesis suggests that at
least two nuclei represent the best candidates for the source of neutrons: 13C and 22Ne,
which produce neutrons, respectively, via the 13C(α,n)16O and via the 22Ne(α,n)25Mg reac-
tions [119]. Depending on the dominant neutron source, a different s-element pattern is
expected. This is due to the fact that the 13C(α,n)16O reaction is activated at temperatures
around 0.9×108 K, typical of low-mass stars, while the 22Ne neutron source can only be
efficient in intermediate mass AGB stars where the temperatures are higher [120].

In the case of the 13C(α,n)16O reaction, at low energies, the S-factor is dominated by
the contribution of the near threshold resonance at 4.7 keV due to the 6.364 MeV level of
17O, having Γn = 136 ± 5 keV [121]. At the lowest energies, direct data, ending up around
280 keV, have to be corrected for atomic electron screening determining an enhancement
of less than 20% for the lowest-energy data point. Therefore, potential systematic errors
might be introduced in the evaluation of the bare-nucleus astrophysical factor [25]. As it
allows us to determine the resonance parameters even for sub-threshold energies, the THM
is suited to investigate the 13C(α,n)16O reaction [122]. For such a reason, an experiment
devoted to study the 13C(6Li,n16O)2H reaction was performed at Florida State University.
The Tandem-LINAC facility delivered a 6Li beam at 7.82 MeV impinging onto 99% 13C
enriched foils. The data analysis, described in details in [123], clearly shows the presence
of several resonances in the 13C-α relative energy spectrum at ∼–3 keV, ∼810 keV, and
∼1020 keV. In particular, the presence of a resonance located at 4.7 keV has been observed
for the first time in the 13C(α,n)16O reaction, as it lies at ultra low energies. This allowed us
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to calculate the S(E)-factor reported in Figure 10 with the blue line. The upper and lower
blue lines set the recommended range allowed for by the statistical, normalization, and
data reduction uncertainties [124]. For comparison, different available direct data set are
reported in the same picture: data by [125–130] are represented by green, brown, orange,
red, black, and open points, respectively.

Figure 10. THM S(E)-factor for the 13C(α,n)16O reaction (blue line and blue band) compared with
direct data available in the literature (see text for details).

Recently, the direct measurement performed at low energies by the LUNA collabora-
tion [131] confirmed once again the results obtained with the THM approach. Those data
are reported in Figure 10 with the cyan solid points.

7. Neutron Poison Reactions: The 17O(n,α)14C and the 14N(n,p)14C

Since light nuclei are relatively abundant with respect to heavier ones, a large fraction
of the neutrons produced by the 13C(α,n)16O and 22Ne(α,n)25Mg reactions are captured by
light nuclei and removed from the s-process nucleosynthesis path [132].

Indeed, the ignition of the 16O(n,γ)17O reaction is expected due to the presence of oxy-
gen from the CNO cycle, making this reaction an important neutron poison reaction [133].
The produced 17O can experience both (α,n) or (n,α) reactions; the 17O(α,n)20Ne reaction
represents a recycling channel for neutrons while the 17O(n,α)14C reaction is a neutron-
absorbing reaction [134]. Therefore, the knowledge of the ratio between the cross section
of these processes is important to determine the overall neutron flux available for the
subsequent s-process. In this framework, the 17O(n,α)14C reaction has been extensively
studied by different authors by means of direct experiments and by applying the detailed
balance principle to the inverse reaction [135–139]. These measurements have shown
the population of two excited states at 8213 keV and 8282 keV and the contribution of a
sub-threshold level at 8038 keV, while no evidence for the 8125 keV level is present [140].
Indeed, as this resonance is populated in f -wave, its contribution is suppressed by the
centrifugal barrier. Moreover, disagreement among the different data sets are still present,
clearly causing a difference in the calculated total reaction rate of about a factor of 2.5–3 in
the astrophysically relevant temperature region [138].

For all these reasons, a detailed measurement of the cross section in the energy range
up to a few hundred keV was performed by applying the THM to the 2H(17O,α14C)p three-
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body reaction [50,141]. Two experiments were performed: The first one at the INFN-LNS
in Catania, Italy and the second one at the ISNAP of the University of Notre Dame, USA. A
17O beam of 41(43.5) MeV was delivered onto a CD2 target in the LNS (ISNAP) experiment.
After the reaction channel selection and following the procedure described in [50,141] to
probe the presence of a QF reaction process, the HOES cross section of the 17O(n,α)14C
reaction was extracted. Finally, good agreement between the two THM measurements,
within the experimental uncertainties, allowed us to take the average of the two data cross
section sets, weighting over the respective errors, to improve the statistical precision.

The experimental data were normalized to the available direct measurements [138],
integrated over the angular distribution, and fitted following the modified R-matrix ap-
proach in order to calculate the reduced γ-widths of the excited levels. Thus, the calculated
reaction rate is shown in Figure 11 with a black line, while the red band highlights the
region allowed by uncertainties (statistical and normalization). In comparison, the reaction
rate from [136] (red line) and [138] (blue line) are reported.

Figure 11. THM reaction rate for the 17O(n,α)14C reaction (black line) in comparison with the ones
available in the literature (see text for details).

From such a measurement, it was possible to excite the sub-threshold level centered at
–7 keV in the center-of-mass system corresponding to the 8.039 MeV level of 18O, which
is important to determine the 17O(n,α)14C reaction rate. In addiction, it was found that
the resonance corresponding to the 8.213 MeV level is better reproduced by adopting
an angular momentum l = 2 instead of l = 0, as assumed in the past [135]. This result
triggered the need for a new experiment with an improved detection setup and a wider
angular coverage, whose analysis is still ongoing [142]. Finally, the use of the deuteron
as a source of virtual neutrons allows us to populate the level centered at 75 keV in the
17O-n center-of-mass system, corresponding to the 8.121 MeV level of 18O. Due to its Jπ

assignment (Jπ = 5−), the population of such a level is suppressed in direct measurements
because of its l = 3 angular momentum. The application of the modified R-matrix approach
made it possible to measure the neutron and alpha partial widths that are in agreement
with the ones available in the literature, while these partial widths were extracted for the
first time in the case of the 8.125 MeV level. Therefore, extensive calculations are being
undergone to understand the consequences of the present results on astrophysics.

In conclusion, the 14N(n,p)14C reaction also plays an important role in the s-process of
nucleosynthesis: 14N is very abundant since it is a dominant product of hydrogen-burning
in the CNO cycle, the stage prior to the s-process. Thus, with its relatively high cross
section, this reaction can act as a strong neutron poison in the reaction chain to heavier
elements. Moreover, 14N is of crucial importance in the nucleosynthetic origin of fluorine,
whose only stable isotope is 19F. The He-burning shell in asymptotic giant branch stars is
thought to be the most likely site for the synthesis of fluorine, mainly through the nuclear
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chain 14N(α, γ)18F(β+) 18O(p,α)15N(α, γ)19F. In this sense, the 14N(n,p)14C reaction plays
a key role because of its double effect of removing neutrons and producing protons. In
addition, the protons can trigger the 18O(p,α)15N or the 13C(p,γ)14N reactions, being the
last one in competition with the 13C(α,n)16O reaction [73].

The first direct measurement of the stellar 14N(n,p)14C cross section was done by [143].
Their result for the reaction rate was about a factor of three smaller than the rate used
in most of the previous s-process calculations. It was also 2–3 times smaller than rates
estimated from the inverse reaction and extrapolations from the thermal cross section, for
which an evaluated value of 1.83 b was adopted. Measurements performed from thermal
neutron energy up to 35 keV [144,145] found clear evidence for a 1/v behavior of the
14N(n,p)14C reaction cross section up to approximately 30 keV and their results for the
stellar reaction rate at kT = 525 keV are also approximately a factor of 3 higher than
reported by [143]. Measurements with quasimonoenergetic neutrons at 25 keV from [146]
are in fair agreement with the results from [144,145] and with the estimates from the inverse
reaction, since again the same thermal value was used for the normalization. Another
direct measurement of the 14N(n,p)14C stellar cross section at kT = 525 keV was done
by [147]. They found a value approximately a factor of 2 higher than [143] and a rather
good agreement with the other results. In 1999, new measurements at neutron energies
of 35.8 and 67.1 keV by [148] support the previous measurements but have rather large
(20% and 12%, respectively) uncertainties. In 2000, the 14N(nth,p)14C reaction cross section
was determined at the high flux reactor of the ILL in Grenoble [149]: They determined
an accurate value of (1.93 ± 0.05) b for the 14N(nth,p)14C cross section, that is in good
agreement with some results present in literature, however differs by 10% with the lower
extreme value.

For this reason, careful new evaluation is needed and the THM was applied to deter-
mine the cross section of the 14N(n,p)14C reaction by selecting the QF contribution to the
2H(14N,p 14C)p reaction. The experiment was performed at INFN-LNS where the SMP
Tandem accelerator provided a 40 MeV 14N beam on a deuterated polyethylene target
(CD2) of about 150 µg/cm2 was placed at 90° with respect to the beam axis. The data
analysis is already ongoing and final results will be published in the near future.

8. Conclusions

Indirect THM and ANC methods have been successfully used in the last few decades
for measuring astrophysically relevant nuclear reaction cross sections bypassing the typical
experimental difficulties often affecting the direct measurements, thus avoiding the need
of extrapolation. In this review, the theoretical frameworks on which the THM and ANC
methods were founded and discussed together with their typical systematic uncertainties.
The impact of the THM and ANC measurements of interest for AGB star nucleosynthesis
was detailed thanks to the devoted studies performed so far. Among the THM and ANC
studies, it is worth mentioning ongoing 14N(n,p)14C reaction data analysis because of its
significant role as “neutron poison” for heavy elements nucleosynthesis. By following the
standard THM data analysis procedure described elsewhere [19], the selection of the QF
mechanism could be accomplished by studying the experimental momentum distribution.
Then, the astrophysically relevant two-body reaction cross section could be extracted and
compared with the direct data available in the literature. Further ongoing study is related
to the 23Na(p,α)20Ne reaction, involved in intermediate-mass AGB-star nucleosynthesis. A
devoted THM experiment has already been performed and the preliminary data partially
discussed in [150]. Among future plans, we also aim to complement the study of the
23Na(p,α)20Ne with the one related to the 23Na(p,γ)24Mg by performing a devoted ANC
experiment.
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