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Abstract

Indirect methods have proven to be a complementary approach for extending our knowledge of nuclear structure
and low-energy cross sections. Among these, the neutron-induced reaction cross sections appear to be of particular
interest since their role both for unstable and stable beams. In view of this, we report here the combined study of
the '"O(n, )'*C reaction accomplished by the Trojan Horse Method (THM) and the asymptotic normalization
coefficient (ANC) method. The low-lying 8038, 8125, 8213, and 8282 keV resonances in 80 are studied, and their
I', are derived. A comparison with recent direct data and recent THM experimental data is presented. The
independent ANC investigation corroborates our previous THM results, confirms the consistence of the two
indirect investigations, and shows new frontiers for neutron-induced reactions with radioactive ion beams.
Moreover, we examined the impact of adopting the newly recommended '"O(n, a)'*C reaction rate on asymptotic
giant branch stars' nucleosynthesis. Our findings reveal significant variations (210%) in the production of the
neutron-rich heavy isotopes sensitive to neutron density, underlining the neutron-poisoning effect of '’O on the
s-process.

Unified Astronomy Thesaurus concepts: Nuclear astrophysics (1129); Asymptotic giant branch stars (2100);

S-process (1419); Stellar nucleosynthesis (1616)

1. Introduction

The knowledge of the 70(n, )'*C reaction cross section at
very low energies is important in many astrophysical scenarios:
indeed, the reaction plays a key role in the inhomogeneous
Big-Bang model, in which the '*C may act as a bottleneck in
the production of elements heavier than A = 17 (J. H. Appleg-
ate et al. 1988). Moreover, the '"O(n, a)'*C reaction is
commonly considered in astrophysical simulations for its role
in hampering the synthesis of elements heavier than iron in the
slow neutron-capture process occurring in evolved low-mass
and massive stars (R. Gallino et al. 1998; M. Pignatari et al.
2010). In fact, theoretical s-process predictions are largely
affected by uncertainties on the neutron-capture rates of the
light neutron poisons (e.g., A. Koloczek et al. 2016). In
addition, it was recently claimed that the 17O(n, 'y)]sO reaction
has a large impact on the production of '®0 and '’F in metal-
poor asymptotic giant branch (AGB) stars (L.-Y. Zhang et al.
2022). Since the (n, o) channel well exceeds the neutron-
capture channel, the 17O(n, a)”C may have an even greater
effect. Thus, its cross section must be known in the whole
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energy region of interest for astrophysics, extending from a few
keV up to about 400 keV and with a high accuracy. At such
energies, the intermediate '’O + n — '®0 nucleus presents four
excited levels (8038, 8125, 8213, and 8282 keV) affecting the
magnitude of the '"O+n cross section at astrophysical
energies because of the neutron emission threshold at
8044 keV for '80. The role of the 8213keV (J™=2") and
8282keV (JT"=37) states was already investigated in the
direct measurements of J. Wagemans et al. (2002,
hereafter W02). An accurate evaluation of the spectroscopy
properties of those levels is fundamental for the evaluation of
the reaction rate of interest for an astrophysics purpose
(A. Saastamoinen et al. 2011; I. C. Stefanescu et al. 2019).
In addiction, up to now, insufficient information has been
available for the 8125keV (J™=5"7) level, thus requiring a
detailed experiment. Neutron-induced reaction cross section
measurements are difficult to perform due to the practical
difficulties of neutron beams. For this reason, the Trojan Horse
Method (THM) has been applied to the 70(n, a)™C case as
discussed in M. Gulino et al. (2013) and G. L. Guardo
et al. (2017).

The THM measurements (M. Gulino et al. 2013;
G. L. Guardo et al. 2017) show an evident contribution of
the 8213 and 8282keV '®O excited states with an additional
contribution of the 8125keV resonant level, naturally
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B=(A+a)

Figure 1. Sketch of a typical transfer reaction.

suppressed in direct measurements because of the large /=3
angular momentum required for its population as 'O + n.

Thanks to our previous THM investigation, information
about the corresponding neutron (I',) and alpha partial widths
(I',) are now available. To complement such information,
which was mainly deduced by the (modified) R-matrix
formalism for THM described in A. M. Mukhamedzhanov
et al. (2008), we Performed a new experiment devoted to the
study of these 'O levels, with particular regard to the
measurement of the 'O 4 n — '%0 for the 8125 keV level by
means of the corresponding asymptotic normalization coeffi-
cient (ANC) measurement.

2. The ANC Method

The ANC method, as suggested in A. M. Mukhamedzhanov
& N. K. Timofeyuk (1990) and H. M. Xu et al. (1994), can be
used to determine the astrophysical S-factors for peripheral
radiative direct-capture processes (R. E. Tribble et al. 2014):
the method in fact was successfully used for proton (V. Burjan
et al. 2019), neutron (A. M. Mukhamedzhanov et al. 2011), and
alpha (G. G. Kiss et al. 2020) transfer reactions over the last
two decades. More recently, it has also been extended to study
direct capture using the charge symmetry properties of mirror
nuclei (N. K. Timofeyuk et al. 2006), with the aim of studying
neutron and proton captures from a proper mirror pair reaction
(L. Trache et al. 2003; M. McCleskey et al. 2014; G. D’ Agata
et al. 2021). Indeed, the ANC is a fundamental nuclear
parameter of importance in nuclear reactions since it corre-
sponds to the amplitude of the overlap function of the bound-
state wave functions of the initial and final nuclei. Such an
integral can be given asymptotically, in the case of peripheral
reactions, by Hankel functions if the transferred particle is a
neutron, and a Whittaker function for a transferred proton.

The method can be applied for analysis of direct radiative
capture processes under particular conditions, e.g., small
binding energies and strong Coulomb barrier, when the
direct-capture reactions are peripheral, leading to a final loosely
bound state.

As reported elsewhere (C. A. Gagliardi et al. 1999), the
overall normalization of the cross section for a direct radiative
capture reaction at low binding and/or beam energy is entirely
defined by the ANC of the final bound state wave function into
the two-body channel corresponding to the colliding particles.
For all these reasons, the ANC technique turns out to be very
effective for the study of the astrophysical reactions, especially
in the presence of a subthreshold state.

A typical transfer reaction can be defined as X+ A — Y+ B,
where X =Y + a, B=A + a, with a the transferred particle, as
shown in Figure 1.

In such a case, using the distorted wave born approximation
(DWBA) for the entrance and exit channel and introducing the
spectroscopic factor (SF, or in general Sy,), it is possible to
describe the experimental angular distribution (A. M. Mukham-
edzhanov et al. 1997):

do®*® DWBA
BTe) = Z SAG,IBJBSY“JXJXO-]B,]};Jx»jx (0
JBJx
DWBA - . . .
where the o is the DWBA cross section while /; and j;

refer to the orbital and total angular momenta. Equation (1)
generally depends on the optical potential parameters and the
geometry of the Wood—Saxon used to describe the B— A +a
and X —Y+a systems. Once the optical model (OM)
parameters are set for the entrance and the exit channel, via
the analysis of the elastic scattering (entrance channel) and
transfer reaction (exit channel) angular distributions, the SF
will be very sensitive to the Woods—Saxon potential. However,
in the case of a peripheral reaction, it is possible to reduce
Equation (1) as follows (A. M. Mukhamedzhanov &
N. K. Timofeyuk 1990; A. M. Mukhamedzhanov et al. 1997):

dO.CXp

_ B 200X 2
= Z (CAa,lB,jE) (CYa,lX,jX) Rig jy vy @
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DWBA
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In Equations (2) and (3), the coefficients C and b are the ANC
and single-particle ANC coefficients, respectively. For a
peripheral reaction, once the potential parameters in the initial
and final channels are constrained, the ANC’s may be taken as
the only fitting parameters, and since ANCs have a small
dependence on the chosen nucleon binding potential, the ratio
R has also a small dependence on b* (A. M. Mukhamedzhanov
et al. 1997; G. G. Kiss et al. 2021).

In the presence of narrow above-threshold resonances, the
connection between the ANC and the partial width has been
derived in A. M. Mukhamedzhanov & R. E. Tribble (1999) and
A. M. Mukhamedzhanov (2019). Indeed, once extracted, the
ANC values are related to the corresponding I' of the
considered resonant level through the following formula
(A. M. Mukhamedzhanov & R. E. Tribble 1999):

202 2y, E, ficC}
ra KGN T 2B e
Hap Hap

Hap
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where E, is the resonance energy (in MeV), u is the reduced
mass (in MeV), hic = 197.3 MeV fm, and |C|* is the squared
ANC (given in fm ™).

By following such a procedure, '*0 excited levels above the
neutron threshold have been investigated via a devoted ANC
experiment (Section 3) and the corresponding ANC values
derived in view of the application of the previous Equation (4)
(Sections 4-5). Thus, the 17O(n, a)14C reaction rate has been
derived, and its impact on s-process nucleosynthesis scenario
has been evaluated (Section 6).

3. The Experiment

To extract the ANC for the 0 resonant states, the ]7O(d, p)lgO
reaction was studied. The experiment was performed at the
isochronus cyclotron U-120M operated by the CANAM infra-
structure project of the Nuclear Physics Institute of the Czech
Academy of Science in Rez. A 16.3MeV deuteron beam was
delivered onto a 90% pure 'O gas target, connected to the beam
line with 3 pm thick havar entrance and exit windows. The particle
detection setup consisted of eight standard point-like AE-E
telescopes, with thickness of 500 and 5000 pm, respectively. Three
telescopes were placed at fixed angles 17°, 27°, and 37° with
respect to the beam line and were used also as monitors. Five
telescopes were placed on the turntable plate on the opposite side
with a relative angular step of 10°. The whole set of five telescopes
could measure reaction products in the range of 6 ,p from
6° to 67°.

Detector calibrations were performed by means of an
a-source consisting of 24Cm  (E, =5804.77(0.05) keV,
76.4% and E,=5762.16(0.03)keV, 23.6%) and of ***Pu
(E, =5499.03(0.20) keV, 71.4% and E, =5456.3 (0.3)keV,
26.6%). In addition to the a-source data, the reaction data from
a Mylar target of about 150 ;g cm™ > were also collected. Those
data refer to the appropriate known final states in the d, p, and
« reaction channels, namely, elastic scattering on 'H, 12C, and
1°0, the states of '°C and '"O in the proton reaction channel,
and states of '°B and '*N in the a-reaction channel, all taken at
different reaction angles. These data were used to fit the beam
energy and the reaction angles. Fitted reaction angles were
found to differ from the nominal ones within about +/—0°%2
and have been used to extract the angular distributions of
measured reaction channels with the gas targets.

Apart from the expected presence of '°0 and '®0 impurities
in our 'O gas target, some trace amounts of 14N, 12C, and 'H
were observed in most reaction channels. In detail, the
admixtures' contributions have been individually evaluated,
finding out that the percentages of 'O and 'S0 are
approximately 9.5%, while those of the other isotopes are less
than 1%, well in agreement with the certified gas purity of
90%. The comparison with the calibration run performed on the
Mylar target (Figure 2) allowed us to duly take into account the
admixtures' contribution during the analysis, highlighting their
negligible impact. Moreover, the effective target thickness,
different at different reaction angles, was determined for the
given geometry by using the LISE++ tool (O. Tarasov &
D. Bazin 2016).

All measured data including the charge from the Faraday cup
were collected in an online computer for later processing. The
estimation of uncertainties of measured data includes several
sources. Uncertainties due to the effective gas target thickness
and detector solid angle were about 8%. The collected beam
charge was measured with an uncertainty of about 3%. These
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uncertainties together with statistical uncertainties, which were
mostly better than 5% for more intense transitions at maxima of
angular distributions, lead to a total uncertainty for forward
angles of less than 10%.

4. Data Analysis

The next stage of the analysis is the extraction of the angular
distributions for both the elastic scattering '’O + d and for the
reaction ’O(d, p)lgo. This is a standard procedure followed
elsewhere (R. E. Tribble et al. 2014) aiming to first extract the
optical parameters from DWBA fitting of the '"O + d elastic
scattering angular distributions and then to determine the
ANC’s for the resonant '*0 levels populated in the '’O(d, p)
reaction.

The measured elastic scattering angular distribution of the
"0 +4+d at 16.3MeV is shown in Figure 3. In the same
Figure 3, different OM calculations using the parameters of
J. Lohr & W. Haeberli (1974), H. An & C. Cai (2006), and
T. K. Li et al. (1976) are compared with the experimental data.
Finally, in order to adjust the OM parameters to the elastic
scattering data mainly at backward angles, we fitted the
experimental data using a volume and derivative Woods—
Saxon form for the real and imaginary part of the OM,
respectively. The results are summarized in Table 1 and
represented in Figure 3 by the solid black line.

The angular distributions of protons from the reaction
70(d, p)'®0 populating the bound excited states 4™ (7.12 MeV),
17 (7.62MeV), and 5~ (7.86 MeV) have been fitted with finite-
range DWBA using the FRESCO code (I. J. Thompson 1988).
For the entrance channel potential (d-'"O), we use the potential
obtained before. The Konin%—Delaroche parameterization was
used for the exit channel (p-'*0) and for the core—core potential
(p-""0) (A. J. Koning & J. P. Delaroche 2003). For the binding
potential n-'"0, the parameterization of T. K. Li et al. (1976)
was considered, where the potential depth was adjusted to give
the binding energy. A Gaussian form was used for the deuteron
binding potential N. Austern et al. (1987). In Table 1, the OM
parameters used in the calculations are presented. The results are
summarized in Figure 4.

Moreover, for each bound state, the dependence of the ANC
and SF on the geometrical parameter binding potential was
checked by representing these parameters as a function of ry, in
order to investigate the peripherality of the reaction. In detail,
in Figure 5, the angular distribution of the 4 excited state was
fitted, varying the radius ry from 1.0 to 1.7 fm, obtaining an
average value for the SF. The relative variation of the ANC is
represented in Figure 6(a) (normalized to unity at ry = 1.0 fm)
changing the radius ry: from this figure, it is evident that this
reaction is peripheral since this variation from the central value
is about 7%. Finally, in Figure 6(b), the ry dependence of the
SFs normalized to unity at o = 1.0 fm is shown. In this case, it
is worth noticing that, although the SF varies by 60%, the
corresponding small variation of the C? parameter makes us
confident about the peripherality of the reaction, underling once
more the advantage of the ANC approach.

The same checks were performed for all the excited bound
states providing similar results. This allows us to calculate the
SF for the unbound states (D. Y. Pang & A. M. Mukhamedzh-
anov 2014). A practical procedure followed in this work (G24)
concerns the idea of continuity: the first step is to assume
different excited energies below the threshold energy (e.g., 25,
50, 100, 150keV below the neutron threshold energy of
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Figure 2. Experimental spectrum measured at 0 g = 16°74 for the deuteron—gas interaction (blue points) compared with the mylar one (red stars) at the same angle.
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Figure 3. Experimental elastic scattering angular distribution. The dashed green line, dashed—dotted red lines, and dotted blue line represent the optical model
calculations taken from J. Lohr & W. Haeberli (1974), H. An & C. Cai (2006), and T. K. Li et al. (1976), respectively.

Table 1
OM Potential Parameters Used in the Calculations

Potential V(MeV) ry(fm) ay(fm) W (MeV) ry(fm) ay(fm) Ws (MeV) rg(fm) ag(fm)
d-"0 89.57 1.13 0.69 9.85 1.56 0.69
p—'70 Koning & Delaroche (2003) 51.80 1.14 0.67 1.39 1.14 0.67 8.16 1.30 0.53
n-'"0 s 1.25 0.65

p—'80 Koning & Delaroche (2003) 51.80 1.14 0.67 1.39 1.14 0.67 8.16 1.30 0.53
p-n(d) Austern et al. (1987) 72.15 1.48

Note. V, ry, and ay are the depth, radius, and diffuseness parameters of the real part while W, ry, ay and Wg, rs, ag are depth, radius, and diffuseness parameters of the
volume and surface imaginary parts, respectively, of the optical potential of the standard Woods-Saxon type. Gaussian form, V(r) = —V exp[—(r/ )%, is used for the
deuteron binding potential.
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Figure 7. Angular distributions for the 8125 keV (/™ = 57) in black, 8213 keV (/™ =2") in red, and 8282 keV (J™ = 37) in blue excited levels of the 180 fitted via

finite-range DWBA calculations (lines).

Table 2
ANCs Extracted for the 8125keV (J™=57), 8213 keV (/™ =2"), and
8282 keV (J™ = 37) Excited Levels of 180 Measured via the '70(d, p)]80
Transfer Reaction

Eiso JT |C]? T, Orbital
(MeV) (fm™") (keV)

306046 x 1078 744+ 111 x10°%  1f5/2
253+£038x 107  650+£098x10°%  1f7/2

8.125 55 3

2.85+043 x 1073
287 £043 x 1073

8.213 2t 2 1.13+0.17 x 107* 2d3/2

1.14+0.17 x 107 2d5/2

320048 x 1074
3.17 £047 x 1074

8.282 37 1 1494022 x 1072 2p3/2

14742022 x 107> 2p1/)2

S, =8045keV) in order to fit the experimental data with the
finite-range DWBA. After this step, it is possible to calculate
the SF for each energy and then to extrapolate the SF
parameters for the energies of interest above the threshold
(quasi-bound approximation, E. D. Johnson et al. 2006).

To this aim, we initially started to study the angular
distribution for the '®0O excited states at energies above the
neutron threshold, i.e., the 8125keV (J"=5"), 8213keV
(JT=2"), and 8282keV (J™ =3"), as shown in Figure 7. By
using the same OM parameters deduced above, the DWBA fits,
performed via the FRESCO code, allowed for the evaluation of
the corresponding ANCs as reported in Table 2.

5. Results

After the determination of the ANCs and following
Equation (4), the I',, values were calculated for each level leading
to a value of 1.39 +0.21 x 107" MeV for the 8.125 MeV state,
2274034 x107*MeV  for the 8213MeV one, and
2.96 +0.44 x 10> MeV for the 8.282MeV level. The quoted
errors of the I',, values take into account the model uncertainties
and the uncertainties in the calculation of the ANCs. Then,
considering also the I, as given in G. L. Guardo et al. (2017),

it was possible to calculate the cross section and compare it
with the direct and inverse cross section data from W02,
P. E. Koehler & S. M. Graff (1991, hereafter K91), and
R. M. Sanders (1956). Indeed, the reduced widths () of the
analyzed levels related to the I's determined from the ANCs
can be used as input parameters of an R-matrix calculation. So
that, in the present case, the R-matrix approach was applied in
order to determine the ANC data cross section of the 17O(n,
oz)MC reaction. In the calculation, the channel radii were fixed
by using the standard formula R = 1.3(A!/3 + AY/3) fm, thus
leading to R,7g =4.64 fm and R,4c =5.20 fm. The result of
this computation is shown in Figure 8 where the red line
represents the cross section while the red band indicates the
uncertainty associated with the I',: the uncertainties are
estimated taking into account the uncertainties related to the
overall error of the experimental data (about 10%) and to the
fitting procedure used to retrieve the ANC values (around
11%), giving a total uncertainty of 15%. This ANC cross
section was then compared with the direct data reported in the
same figure: blue points are data taken from the work of W02,
red points are from K91, and black points are the inverse data
of R. M. Sanders (1956) converted using the detailed balance
principle. The discrepancy present between the present ANC
evaluation and the direct cross section measurement of W02
suggests a correction factor of x3 for reconciliations of direct
and indirect approaches. Further approaches (such as a
comprehensive multichannel R-matrix calculation that include
also the *C(a, )™*C scattering data) are then required in order
to investigate the origin of such discrepancy (R. deBoer &
A. Oliva 2023, private communication).

In addition, in order to compare the results of the ANC
investigation performed here with the previous THM invest-
igation discussed in G. L. Guardo et al. (2017), the same
neutron partial widths have been used in the so-called modified
R-matrix calculation (M. LaCognata et al. 2009) in order to
perform a comparison with the angular integrated THM cross
section dza/dEc,m,dQn as reported in G. L. Guardo et al.
(2017). Indeed, the THM data are well described by a modified
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Figure 8. Comparison of the cross section of the neutron-capture '"O(n, o)'*C reaction determined by ANC method (red line) with experimental data taken from
J. Wagemans et al. (2002; blue points), P. E. Koehler & S. M. Graff (1991; red points), and R. M. Sanders (1956; black points). The red band takes into account the

error on the ANC calculation.

R-matrix function, where the entrance channel partial width has
to be replaced by a suitable function to take into account the
virtual nature of the transferred particle. It is possible to
demonstrate that the same reduced widths appear in the
modified and standard R-matrix equations; therefore, the ones
deduced from the fitting of direct data can be used to reproduce
the THM cross section. This calculation is reported in Figure 9.
Again, the red line and red band are used to highlight the cross
section calculated from the I', derived from the ANC data
while the black points represent the THM data. In both cases,
the results are in quite good agreement, confirming the
possibility of using an independent ANC investigation to
corroborate THM results and thus opening new frontiers also in
view of neutron-induced reactions with radioactive ion
beams (RIB).

In Table 3, we present a comparison between the I' values
for the '®0 states available in the literature, to point out the
good agreement between the methods and to underline that the
combined study presented here allows us to measure, for the
first time, the resonance parameters of the 8125keV (J™"=5")
level state, suppressed in direct measurement due to the high
centrifugal barrier.

6. Astrophysical Implications

Starting from the ANC-derived cross section derived with
the R-matrix approach, it is possible to calculate the total
reaction rate by means of the standard formula (C. Iliadis

2007):
3.7318 x 10! [A; + A
NA<UV> = 3/2 1 2
T; VA4,

xL[“)Ea(E)e-“ﬁ“E/%dE (5)
0

where the energy E is expressed in units of MeV, A; is the
atomic mass in a.m.u., o is the cross section in barn, and Ty is
the temperature in GK (To =T/ 10° K). Then, the reaction rate
N (ov) is in units of cubic centimeters per moles per second,
where N, is the Avogadro number, and (ov) is the convolution

of the cross section with the Maxwell distribution in
Equation (5).

The calculation result is shown in Figure 10 with a green
solid line, while the green band highlights the region allowed
by uncertainties (statistical and normalization) of about 15%. In
Figure 10, the reaction rates obtained by K91 (black line), W02
(red line), and G. L. Guardo et al. (2017; blue band) are also
displayed. This result clearly shows that at astrophysically
relevant temperatures our calculation is in good agreement with
the one obtained by K91, while highlighting the factor 2 of
discrepancy with respect to that from WO02. The uncertainty
present in the THM reaction rate (as reported in G. L. Guardo
et al. 2017) triggered the need for a new experiment with an
improved detection setup and a wider angular coverage, whose
analysis is still ongoing (A. Oliva et al. 2019).

Considering the reaction rate of the present work, an
analytical expression assuming the same formulae employed
in the REACLIB library (F. K. Thielemann et al. 1986) can be
deduced. The fit was performed using the reaction rate
parameterizer belonging to the NUCASTRODATA toolkit'?;
and the formula used is

f=expla + azTg_' + a3T9_l/3 + a4T9'/3 + asTy
+ a6Ty"? + a7 In(To)]. (6)

This expression is valid over the whole temperature range of
astrophysical interest, 0.01<79 < 10, and reproduces the
tabulated values within an accuracy of about 1.5%. The
parameters of the fit are reported in Table 4.

In the following, we present new computations for the
s-process nucleosynthesis in low-mass (M <3 M) AGB stars
adopting both our new recommended rate and those from the
literature. AGB stars are responsible for the production of
about half of the elements heavier than iron through neutron-
capture processes (see M. Busso et al. 1999; F. Herwig 2005;
O. Straniero et al. 2006; A. 1. Karakas & J. C. Lattanzio 2014
for reviews). In these objects, some partial mixing occurs

13 http:/ /www.nucastrodata.org /index.html
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Figure 9. Comparison of the THM cross section as reported in G. L. Guardo et al. (2017; black points) with the cross section determined using the R-matrix
calculation based on I's derived by ANC method from the reaction 70, p)180 (red line).
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Figure 10. The ANC-derived reaction rate (green band), compared with the others P. E. Koehler & S. M. Graff (1991; black line), J. Wagemans et al. (2002; red line),
and G. L. Guardo et al. (2017; blue band). See text for details.
2c nuclei, forming a small region enriched in 13’C, the so-
called "*C pocket. The latter is responsible for the release of
neutrons through the activation of the 13C(a, n)'®0 reaction at

between the H-rich envelope and the underneath He- and
C-rich intershell. As a consequence, a small amount of protons
are mixed downwards, where they can be captured by abundant
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The Resonance Parameters (I') Obtained in This Work for the 8125 keV (Jr[;razlg}), 8213 keV (J™ =2%), and 8282 keV (J™ = 37) Excited Levels of the %0
Ecm P. E. Koehler & S. M. Graff (1991) J. Wagemans et al. (2002) G. L. Guardo et al. (2017) This Work
(keV)

75 36 £5eV 33+5eV
178 1280 + 1000 eV 2258 £235eV 2260 + 300 eV 2150 £ 323 eV
244 8000 + 1000 eV 14,739 £ 590 eV 14,700 £ 3800 eV 16,670 £ 2500 eV

Note. For comparison, the values available in literature are also reported.

Table 4
Table of Coefficients of the Analytical Approximation of the '"O(n, @)'C Reaction Rate Using Equation (6)

a; 0388 x 1072+ 0.80 x 107 43 —0.638 x 1072+ 0.13 x 10" 45 —0.118 x 107" +£023 x 107" 4,  —0.317 x 1072 £ 0.63 x 107
a  0113x 1077 +023x 107 a4, 0417 x 1072 +£0.83 x 107° 45 0324 x 10°°1 £0.65 x 107

T~ 0.9 x10® K. The corresponding neutron exposure lasts for 1.5 M, with low metallicity ([Fe/H]= —2.2;see D. Vescovi
about 10,000 yr with a neutron density of 10°~10% cm™> (see, et al. 2021 for further details), comparing recommended rates
e.g., O. Straniero et al. 1995; S. Cristallo et al. 2018). Later on, from K91, from W02, and from G24. All the present stellar
the radiative He-burning is halted by the occurrence of a models were computed with the FUNS code (O. Straniero et al.
thermal pulse (TP) driven by the violent ignition of the 3« 2006), in which the formation of the '>C pocket is accounted
reaction. The sudden release of energy causes the intershell to for by magnetic-buoyancy-induced mixing phenomena
be unstable against convection. At the base of the convective (D. Vescovi et al. 2020, 2021). In this scenario, a magnetic
TP, the **Ne(«, n)*>Mg reaction is marginally activated when field is assumed to be generated, in the intershell region,
the temperature exceeds T~ 2.5 x 10®K, leading to a second through dynamo processes sustained by differential rotation.
neutron burst with a neutron density up to 10'' cm® but with a 3 M, stars are expected to be faster rotators than 1.5 and 2 M,
lower neutron exposure (e.g., O. Straniero et al. 1997). counterparts (see, e.g., J. Zorec & F. Royer 2012), eventually

The efficiency of the '*C and **Ne neutron sources critically hosting the generation of stronger magnetic fields. To mimic
depends on the amount of abundant light nuclei acting as neutron this behavior, we assumed that the magnetic field (B) in the
absorbers. Among them, the most important one is "N, which 3 M, models is 3 times larger (B=1.5 x 10° G) than the one
efficiently captures neutrons through the "*N(n, p)'*C reaction. '*N considered in 2 M, models (B = 0.5 x 10° G). Concerning the
is produced, in the "*C pocket region, by proton captures on '*C. 2 M, models, little variations, of the order of a few percent, are
If partial mixing of protons from the envelope is too efficient, then found for the vast majority of the nuclei. Noticeable variations
the CN cycle closes, producing "N rather than '*C and resulting are found for ®Fe. This nucleus is among the short-lived
in no "*C pocket formation and no production of heavy elements. radioactive isotopes that were found to be present in the early
The modeling of such proton penetration is currently one of the solar system (e.g., A. M. Davis 2022). Its abundance is
most debated problems in stellar evolution. extremely sensitive to the neutron density, due to the branch at

The strength of a neutron absorber can be roughly deduced by PFe (1 /2 =44.54 days), and therefore, it is expected to be
the product oN between the relative Maxwellian-averaged enhanced in the presence of a neutron burst, like the one
neutron-capture cross section, at a certain burning energy k7, induced by convective '*C burning. In these 2 M., models, at
and its abundance. For the case of "N, the relatively high *N(z, the end of the interpulse period following the formation of the
p)'C cross section makes this isotope an important neutron 13C pocket, the'*C reservoir is not fully consumed, and some
poison for the s-process in AGB stars (P. Torres-Sanchez et al. 13C is engulfed in the following convective TP, and burned at

2023). Other important absorbers are '°O, **Ne, and *Mg high temperatures (T~ 2.6 x10°K), so resulting in high
(R. Gallino et al. 2010; S. Bisterzo et al. 2010; A. Koloczek et al. neutron densities ~10"" em™> (S. Cristallo et al. 2009). The

2016). In particular, primary '°O is largely produced during the adoption of the new recommended rate leads to an increase of
radiative "*C-burning phase and, despite its low neutron-capture ®Fe abundance of up to ~25% with respect to the K91 case
cross section, effectively captures neutrons via the '°O(n, 7)'’0 since its lower value in the energy region of interest makes
reaction, thus locally producing fresh '"O. The latter is then more free neutrons available for n-captures on this nucleus.
engulfed, along with the secondary '’O from H-burning ashes, in Less pronounced shifts in ®Fe abundance are obtained for the
the following convective TP. There, '’O is mainly destroyed by comparison with the W02 model: in that case, the higher G24
a-captures through the '’O(cv, n)**Ne and '"O(ay, 7)*'Ne reactions reaction rate depletes the ®°Fe abundance by about 20% as
(M. Forestini & C. Charbonnel 1997), but also via the neutron- compared to the W02 model. Instead, the comparison of the
capture channel '"O(n, «)"C, potentially “poisoning” the 3 M, models shows negligible variations for all heavy isotopes.
n-capture nucleosynthesis driven by the partially activated In these models, due to the larger temperature attained during
2Ne(a, n)25Mg reaction. the interpulse phase, the '*C pocket is completely burned

To assess the impact of our new rate for the 17O(n, a)14C before the onset of the following TP, and thus, no convective
reaction on AGB star nucleosynthesis, we computed a set of '3C burning takes place, while the low '’O abundance resulting
stellar models of 2 and 3 M., with solar metallicity, and of from both the action of the H-burning shell and the convective
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Figure 11. Ratios between final isotopic abundances for 1.5 M., AGB models with low metallicity, as obtained by employing different recommended '"O(n, o)'*C

reaction rates (see text for details).

He-burning in the TPs prevents an efficient neutron poisoning.
Despite the adoption of the new '"O(n, a)'*C reaction rate
affecting the °°Fe production by ~20%-25%, low-mass AGB
stars contribute relatively little to the total galactic inventory of
this isotope (e.g., R. Diehl et al. 2021). Thus, their role in
accounting for the early solar system abundance of ®°Fe is
marginal unless invoking a late single-AGB contamination of
the solar nebula (D. Vescovi et al. 2018).

The metal-poor 1.5 M, model also experiences an additional
neutron burst due to some unburned '>C being engulfed into
the convective zone generated by the TP following the
formation of the first '*C pocket. This convective '*C burning
only marginally influences the overall s-process nucleosynth-
esis, but results in an enhancement of some neutron-rich
s-process isotopes, in particular for those whose production is
sensitive to neutron density. In Figure 11, the final heavy-
isotope surface composition for the new G24 models is shown
with respect to the K91 and W02 ones. Adopting the new
70(n, a)'C reaction rate produces major variations (=10%)
for 'Ne,%°Kr,*’Rb,*’Rb,'**Ce,'®Pt, and ***Hg. At odds with
L.-Y. Zhang et al. (2022), no meaningful variations are found

10

for lighter isotopes, like '°F, despite the '"O(n, a)'*C being
larger than the 'O(n, 4)'®0 rate by orders of magnitude. Note
that in our models we used the ''O(n, 7)'®0 rate provided
by K91. We however computed an additional model using both
the new '"O(n, @)'*C and the '"O(n, 7)'®0 rate given by
L.-Y. Zhang et al. (2022). At the temperatures of interest of
AGB stars (i.e., 90-350 MK), this rate is about 2 orders of
magnitude lower than the competing '"O(n, a)'*C rate. We
find no appreciable difference in the final predicted abundances
of '°F and 18O, as the production channel 17O(n, W)ISO is
strongly inhibited. In AGB stars, the major production of '*0
occurs through the “N(a, v)BF(3*, )80 chain and the
“C(a, 1)'®0 reaction, while it is efficiently destroyed by
18O(oz, 7)22Ne, 18O(oz, n)lee, and 18O(p, a)lSN reactions
(M. Forestini & C. Charbonnel 1997). Fluorine is instead
mainly produced by the '*N(a, 7)'°F reaction, with the amount
of "N produced during the interpulse phase plus the N
freshly produced at the early development of the TP by the
18O(p, a)lSN reaction (M. Forestini et al. 1992; N. Mowlavi
et al. 1996; M. Lugaro et al. 2004; S. Cristallo et al. 2009,
2014; R. Gallino et al. 2010; D. Vescovi et al. 2021).
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7. Conclusions

The neutron partial widths of the '®0 excited states of
astrophysical importance were derived using the ANC
technique. The angular distribution of protons emitted in the
17O(d, p)180 neutron transfer reaction was measured with high
precision at E; = 16.3 MeV. A finite-range DWBA calculation
was then used to fit the experimental angular distributions of
the populated excited states.

This approach leads to the determination of the I',, values of
three excited states of the '"O(n, a))'*C reaction at astrophysically
relevant energies, providing a completely independent evaluation
of the cross section. A good agreement between the present results
and the available direct data was found for the 8213 keV
(J™=2") and 8282keV (J"=3") resonances. In addition, the
resonance parameters of the 8125keV (J™"=57) level state,
suppressed in direct measurement due to the centrifugal barrier,
were measured and compared to the one extracted using the
THM, obtaining an outstanding correspondence.

Thus, the concordance of the results obtained with the
independent experimental investigation with ANC and THM
opens the possibility of using these indirect methods in neutron-
induced reaction with RIB’s, where there is still a lack of direct
measurements. We investigated the influence of the adoption of the
new recommended 17O(n, a)”C reaction rate on the AGB star
nucleosynthesis. New models show significant changes in the
production neutron-rich heavy isotopes sensitive to neutron density,
while minor deviations are found for other heavy isotopes.

Even larger variations may also occur for the s-process
nucleosynthesis in massive stars due to the different trend
exhibited by the new rate at temperature 72 0.25 GK. In this
regard, further analyses are required to better quantify the
neutron-poisoning effect of '’O for the weak s-process in this
astrophysical scenario.
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