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Towards an ab initio description of light-nuclei radiative captures

Jérémy Dohet-Eraly’-2, Petr Navratil', Sofia Quaglioni?, Wataru Horiuchi®, and Guillaume Hupin?

"TRIUMEF, 4004 Wesbrook Mall, Vancouver BC V6T 2A3, Canada
2L awrence Livermore National Laboratory, PO. Box 808, L-414, Livermore, California 94551, USA
3Department of Physics, Hokkaido University, Sapporo 060-0810, Japan

Abstract. The 3He(a, y)’Be and *H(a, y)"Li astrophysical S factors are evaluated at low
collision energies (less than 2.5 MeV in the centre-of-mass frame) within the no-core
shell model with continuum using a renormalized chiral nucleon-nucleon interaction.

1 Introduction

Radiative-capture processes play an important role in stellar nucleosynthesis. Of particular interest
is the *He(e, y)"Be cross section or astrophysical S factor at collision energies about 20 keV in the
centre-of-mass (c.m.) frame, which is essential to evaluate the fraction of pp-chain terminations re-
sulting in "Be neutrinos [1, 2]. The study of the *He(a, y)’Be reaction at low energies, complemented
by the study of its mirror reaction, the ’H(a, y)7Li radiative capture, is also needed to evaluate the
primordial "Li abundance in the universe [3]. In spite of the interest in these capture reactions, mea-
surements at astrophysical energies have not been possible because at such low energies, the capture
cross sections are very small due to the Coulomb repulsion between the colliding nuclei. Theoretical
models (or extrapolations) are thus needed to provide the 3He(a, y)'Be and *H(a, y)'Li capture cross
sections at solar energies.

The 3He(a,y)'Be astrophysical S factor has been measured for collision energies between ~0.1
and 3 MeV in the last decade [4-10] with significantly increased accuracy with respect to the previous
experiments [1]. These recent experimental data provide a useful ground test to check the accuracy
of theoretical models, which are then used to predict the astrophysical S factor at lower energies. In
contrast, the H(a, y)"Li astrophysical S factor is known less accurately and has been only measured
between ~50 keV and 1.2 MeV [11, 12].

Many theoretical models have been developed to describe these radiative capture processes: from
simple external-capture models [13] to much more complicated microscopic approaches [3, 14—17].
However, no ab initio approach, i.e. a microscopic approach based on a realistic inter-nucleon inter-
action able to describe accurately bound states and continuum states in a consistent framework, has
been developed, yet. In this proceeding, we present an application of the no-core shell model with
continuum (NCSMC) approach [18], using a renormalized chiral nucleon-nucleon (NN) interaction,
to the description of the *He(a, y)’Be and *H(a, y)"Li radiative-capture processes. This work is a first
step towards a complete ab initio description of these radiative-capture reactions.
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2 No-core shell model with continuum approach

The 3He(a,y)’Be and 3H(a,y)’Li astrophysical S factors are calculated from the matrix elements
of the electromagnetic transition multipole operators between initial scattering states and final bound
states [19]. The initial and final states are obtained with the NCSMC approach [18], as solutions of a
microscopic Schrodinger equation based on a realistic nucleon-nucleon interaction. In this approach,
each partial wave function |/"T) of total angular momentum J, parity 7z, and isospin 7T is described by
a combination of @ + 3He or @ + *H cluster states and eigenstates of the compound "Be or "Li systems
obtained with the no-core shell model (NCSM) [20]. The latter eigenstates, denoted by |"BedJ*T) or
|’LidJ™T) with A the energy label, are fully antisymmetric and translational-invariant. They are built
from linear combinations of products of harmonic oscillator (HO) functions with frequency Q and
up to Np,x HO quanta above the lowest configuration. The cluster states, denoted by |<I>{,".T>, are also
translational-invariant. They are built from the NCSM states of “He and *He or *H by means of the
resonating group method (RGM) [21]. For the He(e, y)’Be study, they are given by

T _
@27 = |[1*Heda 5 To) Heand Ty Yf(m]( 1) M)
ah
where [*HeA,J5° T, ) is a NCSM state of *He with 1,J,7, Ty standing for the energy label, total angular
momentum, parity, and isospin associated with “He, |3He/thl'1rh Th) is a NCSM state of *He with similar
definitions of the quantum numbers, s is the channel spin, r,; is the relative coordinate between the
centres of mass of *He and *He, ¢ is the relative orbital angular momentum between the clusters,
and v is a collective index for all relevant quantum numbers. An operator Ay, is applied to enforce
the antisymmetrization between the nucleons belonging to “He and those belonging to *He. As an
example, for the *He(a, y)"Be study the NCSMC partial wave can be written as

x x Ty x
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The ¢/ coefficients and the ¥ ” functions are determined by inserting the ansatz (2) in a variational
form of the seven-nucleon Schrodinger equation. The proper asymptotic behaviour of a bound state
or a scattering state is imposed by using the microscopic R-matrix method (MRM) [22, 23]. From
the MRM, the asymptotic normalization coefficients for bound states and the collision matrix for
scattering states (or, equivalently, the phase shift for one-open-channel studies) are determined.

3 *He(a,y)'Be and *H(a, y)'Li astrophysical S factors

A chiral N®LO NN interaction [24] softened via the similarity-renormalization-group (SRG)
method [25-27], which reduces the influence of momenta higher than %A, is considered. The SRG
transformation induces three-body forces even if the initial interaction is limited to two-body terms.
For computational reasons, in this calculation, we restrict ourselves to the two-body part of the renor-
malized interaction. We adjust the SRG parameter (A = 2.15 fm™" is used) to approximately repro-
duce the separation energies of the "Be and "Li bound states for the considered model space, which is
essential to get the correct tail of the wave function and hence the astrophysical S factors. This adjuste-
ment is required because three-nucleon forces are neglected and because the largest accessible model
space is still too small to get converged results. Partial waves with J* = {1/2*,3/2*,5/2*%,1/27,3/27}
and isospin T = 1/2 are considered. The HO frequency is set to Q = 20 MeV /7 for both NCSM and
NCSM/RGM states. Nine "Be or "Li NCSM states are included in expansion (2): one in partial wave
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Figure 1. The o +*He and o +°H elastic phase shifts, obtained from the NCSMC and from experiments [28, 29].
See the text for model details.
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Figure 2. The 3He(«, y)’Be and *H(«, y)’Li astrophysical S factors obtained from the NCSMC and from exper-
iments [4—12]. See the text for model details.

J* =5/2% and two in the other partial waves. Positive-parity states are obtained with N, = 11 and
negative-parity states with Ny,x = 10. The NCSM/RGM states are obtained by coupling the NCSM
ground state of *He, characterized by (JT) = (0*0), with the (1/2*1/2) NCSM ground state of *He
or °H. Both are obtained with Ny = 12.

The computed o + 3He and o + *H elastic phase shifts for relative collision energies (E) up to
7 MeV are compared with experiment [28, 29] in Fig. 1. The agreement is not perfect, in particular
for the 1/2* wave. However, the accuracy of the experimental data is quite poor, making a quantitative
comparison difficult. The *He(a,y)’Be astrophysical S factors for collision energies up to 2.5 MeV
and the *H(a, y)"Li astrophysical S factors for collision energies up to 1.2 MeV are compared, in
Fig. 2, with the most recent and accurate experimental data [4—12]. For these ranges of energies, the
E1 transitions are dominant and thus, we neglect the other transitions. Qualitatively, the experimen-
tal *He(a, y)"Be astrophysical S factor is rather well reproduced by the NCSMC approach but the
3H(a, y)'Li astrophysical S factor is overestimated. A similar mismatch was obtained by Neff with a
microscopic appoach based on a NN realistic interaction [17]. A quantitative comparison requires the
inclusion of three-body forces. By including them, we expect a reproduction of the experimental "Be
and ’Li separation energies without fine-tuning the SRG parameter A, involved in the renormalization
of the interaction, and a smaller A-dependence of the results. Then, a smaller A value could be con-
sidered, which would lead to converged results with a smaller model space. Overall, the predictive
power of the approach would be improved.
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