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Abstract

Neutron-induced nuclear reactions play an important role in the Big Bang Nucleosynthesis. Their excitation
functions are, from an experimental point of view, usually difficult to measure. Nevertheless, in the last decades,
big efforts have led to a better understanding of their role in the primordial nucleosynthe51s network In this work,
we apply the Trojan Horse Method to extract the cross section at astrophysical energies for the *He(n,p) H reaction
after a detailed study of the “H(*He,pt)H three-body process. Data extracted from the present measurement are
compared with other published sets. The reaction rate is also calculated, and the impact on the Big Bang

nucleosynthesis is examined in detail.

Unified Astronomy Thesaurus concepts: Big Bang nucleosynthesis (151)

1. Introduction

Hubble expansion, cosmic microwave background (CMB)
radiation (G. Steigman 2007), and the Big Bang nucleosynth-
esis (BBN) model are considered the proof of the Big Bang
models. The standard BBN is thought to have happened within
20 minutes after the Big Bang; thus, it constrains the Big Bang
model at very early times, during the so-called radiation-
dominated era.

According to the BBN model, starting from protons and
neutrons, light nuclei (2H,3’4He,7Li) are produced in predicted
observable quantities. Great uncertainties affect both the *He
abundance observation and the BBN-model estimates, as well
as the attempt to estimate its primordial value. Thus, it is not
used to validate the standard BBN model. The measured and
BBN-model-calculated abundances of the remaining elements
are consistent with the exception of "Li (G. Israelian 2012).
This leads to the so-called “cosmological lithium problem.”

The BBN model connects cosmology and nuclear physics
(B. Fields & S. Sarkar 2006; A. Coc et al. 2011; R. H. Cyburt
et al. 2016), the latter of which plays a crucial role in its
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description, and it is a well-established model that can reproduce
all the primordial abundances by fixing only one parameter,
usually the baryon-to-photon ratio 7. That ratio is estimated by
the precise analysis of the CMB (= 6.16+0.15 x 10~'? from
Planck E. Komatsu et al. 2011 is the value that is usually
adopted), and its studies help constrain the BBN-model result
when varying the rates of the reactions that played a major role
(E. Kolb 2019). There are only 12 main reactions due to the
relatively small amount of key nuclear species involved in BBN
and its unique physical properties.

The reaction rates are calculated from the available low-
energy reaction cross sections, and some of them are currently
not known with sufficient precision, even though important
achievements were reached in the last years (n_TOF
Collaboration et al. 2016; V. Mossa et al. 2020; S. Hayakawa
et al. 2021). Indeed, these reactions occurred at temperatures
below To=1, and some of them involve neutrons and
radioactive ions. In the last decades, these reactions have
been widely studied, and in particular, great efforts have been
devoted to their study by means of direct measurements at the
relevant astrophysical energies, sometimes in underground
laboratories (LUNA Collaboration et al. 1999; C. Rolfs 2001;
C. Casella et al. 2002). They are also a fundamental input
for a number of other still-unsolved astrophysical problems,
e.g., the “lithium processing” either in the Sun or in other
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Galactic stars (R. Weymann & E. Moore 1963; D. Ezer &
G. W. Cameron 1962).

The *He(n,p)*H reaction is a relevant neutron-induced process
in BBN and has a strong impact on the primordial *He and "Li
production. At the Big Bang temperatures, its reaction rate is
mainly determined by the cross section in the energy range
0< E., <04 MeV. The first experimental measurement of its
cross section was performed in the 1950s by J. H. Coon (1950)
in the 0.1 < E,, < 30 MeV using a neutron beam. Errors turned
out to be around 30%. Other investigations at lower energies
were conducted by J. H. Gibbons & R. L. Macklin (1959;
inverse measurement); D. G. Costello et al. (1970), who
measured in the range 0.3 < E., < 1.1 MeV; and R. Batchelor
et al. (2004; direct measurement, 0.1 < E., < 1 MeV). In more
recent years, theoretical predictions were also made available,
with the most recent one carried out by M. Drosg & N. Otuka
(2015), which covered a wider energy range.

Regarding the merely astrophysical purposes, reaction rates
were then calculated by C. R. Brune et al. (1999), A. Adahch-
our & P. Descouvemont (2003), and M. S. Smith et al. (1993).
They all show a similar trend at temperatures of astrophysical
interest, while the reaction rate calculated by G. R. Caughlan &
W. A. Fowler (1988) is considerably higher. However, in the
energy range of interest for the BBN, the existing data are quite
sparse. Moreover, most measurements occurred more than 50
yr ago, facing tough challenges in experiments, which still now
are considerable. This gave rise to errors as high as 30%,
depending on the energy where the measurement took place.

Alternative and complementary ways to obtain the cross
section, o, have been provided by indirect methods such as the
Trojan Horse Method (THM; see C. Spitaleri et al. 2019 for a
recent review), which is particularly suited to investigate, at
astrophysical energies, binary reactions induced by neutrons or
charged particles by using appropriate three-body reactions.
The THM allows one to avoid both Coulomb and centrifugal
barrier suppression and electron screening effects; thus, very
low energies can be reached, and extrapolations are not needed.
Moreover, it may be used with neutron-induced reactions and
radioactive isotopes, as well as to determine cross sections of
neutron-induced reactions on unstable isotopes. The THM in
particular has shown its great power for measuring reaction
rates for the BBN in the whole energy range of interest. This is
reviewed in R. G. Pizzone et al. (2014) and has been extended
to reactions induced by unstable nuclei of interest for BBN as
in L. Lamia et al. (2017, 2019) and S. Hayakawa et al. (2021).
The same methodology has been adopted for the *He(n,p)’H
reaction and will be reported in the present paper.

The first study of this reaction using the THM is described in
R. G. Pizzone et al. (2020b). In the present paper, the full data
sets taken in that experimental run were analyzed, and the
overall results in improved statistics as well as a wider energy
window where data are available. Moreover, reaction rates will
be calculated, and the astrophysical implications discussed.

2. Trojan Horse Method: Generalities

The Trojan Horse Method (THM), first suggested by G. Baur
et al. (1986) and C. Spitaleri (1991), then defined in the present
formulation as reported in A. Tumino et al. (2021), aims at
obtaining the cross section of the binary process x +A — b+ B
at astrophysical energies by studying a TH reaction, that is, a
three-particle process a +A — b + B + s, in the quasi-free (QF)
kinematic regime. Under these conditions, the TH particle a,
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Figure 1. Diagrams describing the TH direct reaction 2H(3 He,pt)H in the QF
kinematics, proceeding through the *He(n,p)*H subreaction.

which has a dominant s — x cluster structure, is propagating at
energies above the Coulomb and centrifugal barriers and after
penetration, undergoes breakup in the nuclear field of particle A.
There, particle x interacts with target A, while cluster s, also
called the spectator, flies away practically without changing its
momentum. From the measured three-body cross section, the
energy dependence of the binary subprocess x+A — b+ B is
determined. The QF reaction used to extract this cross section is
schematically depicted for the binary reaction *He(n,p)°H in
Figure 1. For the details on the theoretical formalism, please
refer to S. Typel & H. H. Wolter (2000), S. Typel & G. Baur
(2003), C. Spitaleri et al. (2003), and references therein.

This offers an intuitive explanation for the feasibility of
exploring the entire Gamow window without necessitating
extrapolation, using the THM approach. Moreover, as it is
explained in detail in C. Spitaleri et al. (2019), a whole range of
center-of-mass energies can be explored in correspondence
with a single-beam of energy. However, a drawback of the
current THM formulation is that the absolute value of the cross
section must be established by adjusting the TH data to match
available direct measurements, particularly at energies where
electron screening effects are negligible. It is important to note
that the a+A — b+ B+ s reaction can proceed through
different reaction mechanisms besides QF so that an invest-
igation of the process that is populating the b + B + s final state
is necessary before applying the THM approach. In particular,
the QF reaction process gives a dominant contribution to the
cross section in a restricted region of the three-body phase
space, where the relative momentum p, of the fragments s and
x is close to zero (QF kinematical condition) or 7i/p,, is small
compared to the bound state s —x wavenumber. Owing to
quantum mechanics, this entails the relative distance of x and s
being very large, and we can assume that s acts as a spectator to
the x — A interaction, the strong interaction being of the short
range.

The THM has proven its effectiveness in accurately
determining cross sections for reactions involving charged
particles at energies below the Coulomb barrier.

Many validity tests were also performed, like the pole
invariance test, which was positively satisfied; for details, see
R. G. Pizzone et al. (2013). The method has been used in the
last three decades to explore nucleosynthesis reactions other
than the primordial ones in different sites (e.g., L. Lamia et al.
2015; R. G. Pizzone et al. 2016; M. La Cognata et al. 2017;
R. G. Pizzone et al. 2017; G. D’Agata et al. 2018).
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In recent years, neutron-induced reactions (M. Gulino et al.
2010, 2013; G. L. Guardo et al. 2017, 2019) have been
addressed as well, using deuterons as TH nuclei to transfer
neutrons, while protons act as spectators. Following the simple
plane-wave impulse approximation, the three-body reaction
cross section of the reaction of interest can be factorized into
three terms as:

d30 (E)

d HOES
—_—— 2 ) , (1
d0.dndE,

. 2 | 2=
x KE - [6(p)] (dQ

where

(1) KF is a kinematical factor containing the final-state
phase-space factor, which is a function of the masses,
momenta, and angles of the outgoing particles;

(i) |¢(p,)|* is the modulus-squared Fourier transform of the
radial wave function x (7, ) describing the p —n inter-
cluster motion, given by the Hulthén function in terms of
the spectator momentum p,; and

wee do HOES . . .
(ii1) (d_O) is the half-off-energy-shell (HOES) differential

cross section of the reaction of interest at the center-of-
mass energy E.p,.

The theory of the TH for resonant and nonresonant binary
subreactions is presented in detail in R. E. Tribble et al. (2014).
As it is sketched in Figure 1, this work will present the
investigation of the *H(*He,pp)’H QF reaction, thus applying
the THM in order to retrieve the cross section for the
*He(n,p)’H reaction at astrophysical energies.

3. Experiment Setup

The present work is based on the analysis of the coincidence
between two of the three detectors of the experiment setup
adopted and described in R. G. Pizzone et al. (2020b). A brief
description is reported herein, but a more detailed one is
present in the above reference. During the preparatory phase,
detailed simulations were employed to identify the optimal
angular and energy ranges, with the aim of enhancing the
dominance of the QF reaction mechanism and minimizing
interference from other processes within the target. Specifi-
cally, the QF angular pairs, which refer to angular combina-
tions where the spectator momentum is close to zero, were
computed.

The *He beam, delivered at a total kinetic energy of 9 MeV,
was provided by the FN tandem accelerator at the Nuclear
Science Laboratory of the University of Notre Dame. The total
beam time lasted around 20 days including calibrations. The
detectors were strategically positioned to encompass the
specific kinematic region, as investigated in the preparatory
simulations. In particular, three silicon position-sensitive
detectors (PSDs 1-3), 1000 pm thick, were used; PSD1, which
was aimed for triton detection, was coupled with a 35 pm thin,
10 x 50 mm? silicon detector for particle identification, while
no particle identification was required for the other two
detectors, thus optimizing the energy resolution of the
apparatus. The spatial resolution of the PSD is below 1 mm,
giving rise, for the considered detector distances, to an angular
resolution around 0°15-092. The detector’s energy resolution
is around 0.8%. Two symmetrical monitor detectors were
placed on both sides of the beam at 60° to check its symmetry.
Another point-like silicon detector (point-like (PL1)) was
placed at 45° for online monitoring of the deuterated
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Table 1
Angular Position, Distance, and Covered Angular Range from the Central
Position of the PSD1, PSD2, PSD3, and AE; Detectors as Described in

the Text
1D Central Angle Distance Al
(deg) (cm) (deg)
PSD1 10.0 35 +4
PSD2 —15.0 20 +7
PSD3 -25.0 35 +4
AE, 10.0 33 +4.3

polyethylene target thickness and its deuterium content during
the experiment. A metal grid, with equally spaced slits, was
placed in front of each PSD in order to perform an accurate
angular calibration. The angular positions of the detectors are
summarized in Table 1. Various thicknesses of isotopically
enriched (up to 98%) deuterated polyethylene targets have been
employed. Such targets were manufactured at the INFN-LNS
target laboratory.

After the initial calibration runs for energy and angular
calibration (where an overall angular resolution of 01 was
achieved), coincidence data between PSD1 and PSD2 or
between PSD1 and PSD3 were taken. The present work will
deal with the analysis of one part of the overall data acquired in
the experimental run. In particular, the PSD1-PSD3 coin-
cidence will be examined here while data arising from the
PSD1-PSD?2 coincidence were discussed in R. G. Pizzone et al.
(2020b). The present kinematic conditions explore higher
energies in the E., range with respect to the PSD1-PSD2
coincidence, thus giving the opportunity of studying a
complementary and more extended range with respect to
R. G. Pizzone et al. (2020Db).

4. Data Analysis

The first step of the data analysis is the identification of the
three-body process of interest among those occurring in the
target, leading to the detection in coincidence of two particles
in two out of the three detectors. For this purpose, a particle
identification is performed for PSD1 via the AE/E technique as
reported in R. G. Pizzone et al. (2020b) by making a graphical
cut on the tritium particles in the AE-FE spectrum.

In the scatterplot in Figure 2, the kinematic locus of the ¢
particle detected in PSD1 and coincidences in PSD3 (red
points) is compared with a Monte Carlo simulation for the same
conditions. A clear agreement is evident in the whole explored
energy range and for the different angular pairs examined,
giving strong proof that the particles detected in PSD3 are
protons and the examined process is the “H(*He,pt)H reaction
of interest.

Once the angle and energy of the two detected particles
are calibrated, the energy and the angle of the third, undetec-
ted, particle is reconstructed from energy and momentum
conservation. This allows us to extract the Q-value of the
three-body reaction as shown in Figure 3. A Gaussian fit gives a
value of —1.50 £ 0.1 MeV, which should be compared with an
expected value of Q= —-146MeV, obtained with Qtool
(R. MacFarlane & P. Moller 1997). The agreement between
expected and measured values in Figures 2 and 3 validates the
energy calibration. Henceforth, only events with —1.7 < QO <
—1.4 MeV will be considered for further analysis, thus leading to
a clear identification of the “H(*He,pt)H process.
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Figure 2. Kinematic locus for tritons detected in PSD1 and protons from PSD3

for 673 < 6, < 136 and 2474 < 6, < 2576, respectively. The experimental

data for tritium events (red circles) are compared with a kinematical Monte
Carlo simulation (black dots) for the 2H(3He,pt)H reaction.
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Figure 3. Q-value spectrum for PSD1-PSD3 coincidences after tritons are
selected in PSD1. The calculated value of —1.46 MeV is in fair agreement and
is indicated by the red line corresponding to the black arrow.

4.1 Identification of the WF Breakup

The next step in the data analysis is the identification of the
QF mechanism and, consequently, its separation from other
processes, e.g., sequential decay, which may occur in the beam
target interaction. After studying the relative energy correlation
plots as in L. Lamia et al. (2009), we can exclude the presence
of any sequential mechanism leading to *He particles in the
final state. This is evident in Figure 4, where no horizontal loci
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Figure 4. Relative energy spectra. No levels connected to the coincidence
*H + p (particles 1-3) are evident as horizontal lines.

for the relative energy between particles 1 and 3, (indicated
with E}3), corresponding to states in *He, are present, giving
proof that no sequential decay is present.

Hence, to verify whether the QF process is taking place or
not, the extraction of the momentum distribution of the
spectator proton inside the TH nucleus (deuteron) has to be
extracted and carefully analyzed.

The momentum distribution is extracted following the
prescriptions of R. G. Pizzone et al. (2020a); inverting
Equation (1) in terms of the momentum distribution leads to

3 HOES
andQ7LidEa dQ

Assuming a narrow energy interval (AE.;,, =200 keV in the
present case), the binary HOES cross section is almost
constant. Therefore, by dividing the triple differential cross
section by the kinematic factor, KF, the momentum distribution
|p(p,)|? in arbitrary units can be obtained. This latter quantity is
plotted in Figure 5. A Gaussian fit is superimposed in red
(FWHM =42 +5MeV ¢ "), while the black line represents
the theoretical Hulthén function as discussed in L. Lamia et al.
(2012). It is evident that the present momentum distribution is
distorted and narrower, an effect already pointed out for
deuteron and other nuclides in R. G. Pizzone et al. (2020a). In
fact, in this case, a transferred momentum ¢, = 80 MeV ¢ lis
calculated, and the corresponding momentum-distribution
width fits pretty well with what is reported in the literature
for the deuteron acting as the Trojan horse nucleus (R. G. Piz-
zone et al. 2020a). This is coherent with the results obtained for

lo(p)P o
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Figure 5. Momentum distribution in arbitrary units for the proton inside the TH
deuteron. A Gaussian fit is depicted (red line), together with the theoretical
momentum distribution given by the Hulthén function (black solid line).
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Figure 6. Binary cross section (black circles) after including the penetration
factor and normalized to direct data from M. Drosg & N. Otuka (2015),
R. Batchelor et al. (2004), J. H. Gibbons & R. L. Macklin (1959), R. G. Pizz-
one et al. (2020b), and C. R. Brune et al. (1999) for the 3He(n,p)SH subreaction
extracted via the TH reaction 2H(3He,pt)H in QF kinematics, as discussed in
the text. Errors from statistics and normalization are shown. The red curve
represents the 1/v trend and is reported for comparison.

deuteron breakup reported in R. G. Pizzone et al. (2020b). In
the present case, both statistical and systematic errors are
considered.

For further analysis, only events with p; < 25 MeV ¢! were
taken into account, which were the bulk of the QF contribution
in the “HCHe,pt)H process.

5. Results and Astrophysical Considerations

After the selection of events related to the QF breakup,
standard THM prescriptions are followed. Using the postcolli-
sion approach for the definition of E.,, = E|,—Q>, (Where Oy,
is the two-body reaction Q-value), the triple differential cross
section is divided by the KF-|¢(p,)|> factor, according to
Equation (1). As shown in R. G. Pizzone et al. (2020a) the
distorted momentum distribution, which has been measured
experimentally in this present case, is used The result gives the
HOES binary cross section for the He(n,p) H reaction in
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Figure 7. Average binary cross section (red circles, average of present data and
R. G. Pizzone et al. 2020b) for the 3He(n,p)3H subreaction extracted via the TH
reaction 2H(3He,pt)H, as discussed in the text. Errors from statistics and
normalization are shown. Direct data from C. R. Brune et al. (1999) are
reported for comparison.

arbitrary units. The THM data must be multiplied for the
penetration factor in order to be compared and normalized to
on-shell, direct data. In this case, the same procedure adopted
in M. Gulino et al. (2010, 2013) was applied.

The results after applying this correction are shown in
Figure 6 together with direct data. The cross section was
normalized to the direct data from M. Drosg & N. Otuka (2015),
R. Batchelor et al. (2004), and J. H. Gibbons & R. L. Macklin
(1959) in the energy range 0.3 <E.,<0.6MeV, as it is
reported in Figure 6. A good agreement within the experimental
uncertainties shows up in the whole examined energy range.
Statistical errors as well as errors arising from normalization to
the direct data were fully taken into account, yielding a
maximum 10% relative error for the THM cross section. As
far as the error on the quantities contributing to E..,, we apply
the error-propagation law assuming an uncertainty on E, and E,
of 0.8% and an error on the position Af, ~ Af,~0°15.

The present data confirm the 1/v behavior at low energies
and allow the extension of the explored energy range reported
in R. G. Pizzone et al. (2020b) to higher energies. An overall
average of the two data sets was then made and the result is
given in Figure 7, and it is compared to the available direct
data. Once more, the method has proved to be important for
measuring neutron-induced reactions of astrophysical interest
at thermal energies. The present data set confirms, within the
experimental errors, a very satisfying agreement of the
measured data with direct and inverse reaction data from the
literature (J. H. Gibbons & R. L. Macklin 1959; C. R. Brune
et al. 1999; R. Batchelor et al. 2004; M. Drosg &
N. Otuka 2015) in the energy region 0.03 < E.,, < 0.6 MeV.
A slight discrepancy with the experimental trend of the data
reported by C. R. Brune et al. (1999) is present in the energy
range between 60 and 200 keV. We also underline that the
present data are the only ones, besides those from J. H. Gibb-
ons & R. L. Macklin (1959) and C. R. Brune et al. (1999),
available below 0.1 MeV.

As a last point of the data analysis, the reaction rate
(expressed in cm’ mol ! s_l) for the 3He(n,p)3H reaction was
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Table 2
Reaction Rate for the *He(n,p)*H Reaction in cm mol ! (Average, Upper
Limit, and Lower Limit) according to the Present Measurement

-3 871

T Ratejower Rate, Rateypper
0.1 7.54E+4-08 7.94E+08 8.34E+08
0.2 7.48E+4-08 7.99E+08 8.49E+08
0.3 7.17E4-08 7.70E4-08 8.23E408
0.4 6.90E+4-08 7.42E+08 7.93E+08
0.5 6.69E+4-08 7.18E4-08 7.68E+408
0.6 6.51E+08 6.99E+08 7.47E+08
0.7 6.35E+08 6.82E+08 7.28E+4-08
0.8 6.21E+08 6.67E+08 7.13E+08
0.9 6.08E4-08 6.53E408 6.99E+4-08
1 5.95E4-08 6.41E+08 6.87E+08
1.1 5.83E+08 6.29E4-08 6.76E4-08
1.2 5.71E408 6.18E+08 6.66E+08
1.3 5.59E+08 6.07E4-08 6.56E+08
1.4 5.47E408 5.97E+08 6.47E+08
1.5 5.35E4+08 5.86E408 6.38E+-08
1.6 5.23E408 5.76E+08 6.29E+08
1.7 5.12E4-08 5.66E408 6.20E+-08
1.8 5.01E408 5.56E+408 6.11E408
1.9 4.89E4-08 5.46E+08 6.02E4-08
2 4.78E4-08 5.36E+08 5.93E+08
2.1 4.68E+08 5.26E+4-08 5.84E+408
22 4.57E408 5.16E4-08 5.75E4+08
2.3 4.47E+08 5.07E4-08 5.66E4-08
24 4.37E4-08 4.97E4+08 5.57E408
2.5 4.27E+08 4.88E+08 5.48E+08
2.6 4.17E4-08 4.78E+408 5.40E+08
2.7 4.08E4-08 4.69E+-08 5.31E408
2.8 3.99E+08 4.60E+-08 5.22E408
2.9 3.90E+4-08 4.52E+08 5.13E+08
3 3.81E+08 4.43E+08 5.05E+08
3.1 3.73E+408 4.35E4+08 4.96E4-08
3.2 3.65E+08 4.26E+08 4.88E408
33 3.57E+08 4.18E+08 4.80E+08
34 3.49E+08 4.11E4+08 4.72E408
3.5 3.42E+08 4.03E+4-08 4.64E408
3.6 3.35E+08 3.95E+08 4.56E+08
3.7 3.28E+08 3.88E+08 4.48E+08
3.8 3.21E+08 3.81E+08 4.41E+08
39 3.14E+08 3.74E+08 4.33E+08
4 3.08E+08 3.67E+08 4.26E+08
4.1 3.02E4-08 3.60E+08 4.19E+-08
42 2.96E+08 3.54E+08 4.12E4+08
4.3 2.90E+4-08 3.48E+08 4.05E+08
44 2.84E+08 3.41E+08 3.98E+08
4.5 2.79E+4-08 3.35E+08 3.92E+08
4.6 2.74E408 3.30E4-08 3.85E+08
4.7 2.68E4-08 3.24E+08 3.79E+08
4.8 2.63E4-08 3.18E4-08 3.73E4-08
49 2.58E4-08 3.13E+08 3.67E408
5 2.54E4-08 3.08E+4-08 3.61E408
Note. The temperature (first column) is given in units of 7.
calculated according to the standard expression
« o0 —11.605E
M¢0v>=-i?5¢ﬁ-L£ EauDexp(———:T——)dE, 3)

with a=3.7318 x 10' and p the reduced mass in a.m.u.
(atomic mass unit) and where the center-of-mass energy E is in
units of MeV, the temperature is 7o, and the cross section is o
in barns. The result is reported in terms of its average, with the
lower and upper values in Table 2, and it is plotted in Figure 8
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Figure 8. Reaction rate for the *He(n,p)°H reaction (red curve, upper panel).
The green line (upper panel) represents the reaction rate calculated by
C. R. Brune et al. (1999). In the lower panel, the ratio of the present rate with
respect to the one calculated in C. R. Brune et al. (1999) is reported. The
shaded area takes into account the uncertainties.
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Table 3
Primordial Abundances Calculated for Different Isotopes with the Reaction
Rates Present in C. Pitrou et al. (2018)

Isotope C. Pitrou et al. (2018) This Work
“He 0.247 0.247
*He/H x 10° 1.066 0.996
(He + *H)/H x 10° 1.074 1.004
Li/H x 10" 2.889 2.876
('Li+"Be)/H x 10" 5.670 5.134

Note. In the third column, the reaction rate for the 3He(n,p)3 H reaction is taken
for the present work. For reference, the observed abundance of primordial Li is
1,58%%3 (M. Pettini et al. 2008).

as a function of the temperature. In the upper panel, the reaction
rate is reported, while the lower panel shows the ratio of the
present calculation with the rate calculated by C. R. Brune et al.
(1999). An overall agreement is present even though increases
in reaction rate up to a factor of 30% are present in the energy
window of astrophysical interest.

The present value of the reaction rate for the 3He(n,p)z‘H
reaction was then used in a primordial nucleosynthesis code
PRIMAT (C. Pitrou et al. 2018) and substituted with the one
present in the network of the code. The results of the
calculation are reported in Table 3 in terms of the calculated
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primordial abundance of the different isotopes. Although
the “Li abundance with present changes in reaction rate goes
to smaller values, the discrepancy with the observed values
(Li/H x 107'° = 1.58*%3; M. Pettini et al. 2008) is still far
from being explained. Once more, it seems that the roots of
these discrepancies should be found in other processes, i.e.,
stellar lithium processing especially for Population II stars
(A. J. Korn et al. 2006).
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