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Abstract. The processes d(d, p)3H and d(d, n)3He at energies of interest for energy production
and for big-bang nucleosynthesis are studied using the hyperspherical harmonic method. The
interactions include modern two- and three-nucleon interactions, derived in chiral effective field
theory. We report results for the astrophysical S-factor and the quintet suppression factor.

1. Introduction

The fusion reactions d(d, p)3H and d(d, n)3He play a crucial role in our understanding of Big-
Bang nucleosynthesis (BBN) and hold significance for new fusion reactor designs. Presently,
the uncertainties in predicting the deuteron abundance [D/H] in BBN models are largely
attributed to the lack of precise knowledge concerning the astrophysical S-factor S(E) for these
processes [1, 2]. Furthermore, there has been speculation about the possibility of reducing the
rates of d(d, p)3H and d(d, n)3He reactions by preparing initial deuterons with parallel spins,
also known as the ”quintet” spin state [3, 4, 5, 6]. This interest arises from the possible
construction of ”neutron lean reactors” with a d + 3He plasma, which could produce energy
via the d+ 3He → p+ 4He reaction while aiming to minimize the number of neutrons produced
by the d + d → n + 3He reaction. The suppression of the ~d(~d, n)3He (and ~d(~d, p)3H) rate is
expected when the capture occurs in an S-wave, as this process requires a spin-flip to produce
either a 3H or 3He nucleus, which is generally suppressed. However, this argument does not
account for the presence of the deuteron D-state or the possibility of capture in P- and D-
waves, which have been found to give significant contributions, especially at low energy [4]. The
importance of P- and D-waves can be understood by considering the large extension of deuteron
wave functions, which remain sizable even at interparticle distances of 6 fm. Consequently, the
two entrance particles interact at relatively large impact parameters.

Measurements of the total cross section (or astrophysical S-factor), unpolarized differential
cross section, as well as some vector and tensor analyzing observables, have been conducted at
deuteron beam energies Td < 100 keV (see, for example, Ref. [7]). Theoretical calculations,
such as those obtained from the solution of the Faddeev-Yakubovsky (FY) equations [8, 9] and
using the Correlated Gaussian method [10, 11], have been reported in the literature. Other
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Figure 1. (color online) The astrophysical S-factor for the processes d(d, n)3He (left panel)
and d(d, p)3H (right panel) calculated with the N3LO500/N2LO500 and N3LO600/N2LO600
interactions. The width of the bands reflects the spread of theoretical results using Λ = 500 or
600 MeV cutoff values. See the main text for more details. The experimental values are from
Refs. [30, 29, 32, 33, 34, 35].

calculations can be found in Refs. [12, 13, 14, 15]. Additionally, accurate calculations of the
3H(d, n)4He fusion have been achieved using the No-Core Shell Model method [16].

In this paper, we investigate the mentioned processes utilizing the hyperspherical harmonics
(HH) expansion method [19, 20, 7]. For our study, we consider potentials based on chiral
nucleon-nucleon (NN) interactions, specifically derived at next-to-next-to-next-to-leading order
(N3LO) by Entem and Machleidt [21, 22]. These potentials are characterized by a cutoff Λ of
500 and 600 MeV. Additionally, we incorporate a chiral three-nucleon (3N) interaction, obtained
at next-to-next-to-leading order (N2LO) according to Refs. [23, 24].

The N2LO 3N potential includes two free parameters typically referred to as cD and cE .
We adjust these parameters to reproduce the experimental values of the binding energies
for A = 3 nuclei and the Gamow-Teller matrix element (GTME) related to the tritium
β decay [25, 26, 27, 28]. We label the resulting interactions as N3LO500/N2LO500 and
N3LO600/N2LO600, respectively. The two values for the cutoff parameter can be taken as
representatives of the breakdown scale of the chiral expansion, i.e. to physics scales unresolved
by the effective theory.

2. Results

We report the calculated S-factors in Fig. 1, where they are compared with recent experimental
data [29, 32, 35]. The calculations have been performed using the N3LO500/N2LO500 and
N3LO600/N2LO600 interactions and the results are shown as bands, their width reflecting
the spread of theoretical results using Λ = 500 or 600 MeV cutoff values. As it can be seen
from the figure, the calculations correctly reproduce the energy dependence of the data. The
astrophysical S-factor for d(d, n)3He results to be larger than that of d(d, p)3H for Td > 0.2 MeV.
The calculations are well in agreement with the data of Ref. [32], whereas the data of Ref. [29]
are slightly underpredicted, especially at low energy.
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Figure 2. (color online) The QSF for the processes d(d, n)3He and d(d, p)3H shown as bands,
in analogy of Fig. 1. We also report the results obtained with other theoretical approaches:
T-matrix [41]; R-matrix [29]; RRGM [12, 13]; FY Uzu [15]; FY Deltuva [8]. The red solid [black
dashed] lines connecting the red [black] symbols denote the QSF calculated in the literature for
the d(d, p)3H [d(d, n)3He] reaction.

Next we consider the quintet suppression factor (QSF). Defined σ11 (σ) as the total cross
section for both deuterons polarized along the beam direction (the total unpolarized cross
section), then QSF=σ11/σ. We report the calculated QSF in Fig. 2, together with other
theoretical estimates obtained using various methods [41, 12, 13, 15, 29, 8]. As it can be seen,
our calculations agree fairly well with the results of the FY calculation of Ref. [8] and with those
obtained from the R-matrix analysis reported in Ref. [29]. Therefore, the trend with energy
appears to be well consolidated: the QSF is close to unity at small energies and then slowly
decreases. At Td = 1 MeV, it reaches a sort of plateau. These findings are at variance, however,
with what found by other analyses [41, 12, 13, 15]. Clearly an accurate measurement of the
QSF would be welcome, in order to clarify this issue.

3. Conclusions

In this study, we have investigated the d(d, p)3H and d(d, n)3He processes at energies relevant
for Big-Bang nucleosynthesis (BBN) and energy production in fusion reactors. The results of
our calculations are presented as bands, the width of which serves as a preliminary estimate of
the theoretical uncertainty associated with our limited understanding of nuclear dynamics. In
our calculations such bands reflect the variation between theoretical results obtained using the
two cutoff parameter values, Λ = 500 and 600 MeV, for the nuclear interaction. Taking into
account the width of the bands, we observe a good agreement between the theoretical results
and the data. Specifically, the d(d, p)3H [d(d, n)3He] astrophysical S-factor at zero energy is
estimated to be S(0) = 50.8±1.9 keV b [51.0±1.4 keV b]. Our ongoing analysis aims to explore
the implications of these values for cosmological models. Concerning the QSF, we are currently
investigating the potential impact of our study on the design of new reactors.

In future work, we plan to conduct a more precise assessment of the theoretical uncertainties,
particularly by employing the new χEFT interactions derived up to next-to-next-to-next-to-
next-to-leading order [42] and utilizing the procedures from Refs. [38, 39, 40]. Additionally, we
intend to investigate changes in fusion rates induced by the presence of strong high-frequency
electromagnetic fields. There have been suggestions that Coulomb barrier penetrability could
significantly increase in certain configurations when exposed to such fields [43, 44, 45].
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[24] P. Navrátil, Few-Body Syst. 41, 117 (2007)
[25] A. Gardestig and D.R. Phillips, Phys. Rev. Lett. 96, 232301 (2006)
[26] D. Gazit, S. Quaglioni, and P. Navrátil, Phys. Rev. Lett. 103, 102502 (2009)
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