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2Outline

§ Ab initio nuclear theory

§ No-core shell model (NCSM) and NCSM with continuum (NCSMC)

§ Input chiral NN+3N interactions

§ Applications to weakly-bound states and near threshold resonances

§ DT fusion

§ S-wave resonance close to the 6He+p threshold in 7Li

§ Parity inversion in 11Be ground state

§ β-delayed proton emission in 11Be

§ Two-neutron Borromean halo nucleus 6He 
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Chiral Effective 
Field Theory

(parameters fitted 
to NN data)

First principles or ab initio nuclear theory – what we do at present

Quantum Chromodynamics
(QCD)

Current ab initio 
nuclear theory

HΨ(A) = EΨ(A)

Lawrence Livermore National Laboratory 4 LLNL#PRES#XXXXXX 

To develop such an ab initio nuclear theory we: 
 1) Start with accurate nuclear forces (and currents) 

+ ... + ... + ... 

NN force NNN force NNNN force 

Q0 

LO 

Q2 

NLO 

Q3 

N2LO 

Q4 

N3LO 

Worked out by Van Kolck, Keiser, 
Meissner, Epelbaum, Machleidt, ... 

"  Two- plus three-nucleon (NN+3N) 
forces from chiral effective field 
theory (EFT) 

 



5Ab initio No-Core Shell Model (NCSM)

§ Basis expansion method
§ Harmonic oscillator (HO) basis truncated in a particular way (Nmax)
§ Why HO basis? 

§ Lowest filled HO shells match magic numbers of light nuclei 
(2, 8, 20 – 4He, 16O, 40Ca)

§ Equivalent description in relative(Jacobi)-coordinate and 
Slater determinant (SD) basis

§ Short- and medium range correlations
§ Bound-states, narrow resonances
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a b s t r a c t

Motivated by limitations of the Bloch–Horowitz–Brandow perturbative approach to
nuclear structure we have developed the non-perturbative ab initio no core shell model
(NCSM) capable of solving the properties of nuclei exactly for arbitrary nucleon–nucleon
(NN) and NN + three-nucleon (NNN) interactions with exact preservation of all
symmetries. We present the complete ab initio NCSM formalism and review highlights
obtained with it since its inception. These highlights include the first ab initio nuclear-
structure calculations utilizing chiralNNN interactions, which predict the correct low-lying
spectrum for 10B and explain the anomalous long 14C �-decay lifetime. We also obtain the
small quadrupole moment of 6Li. In addition to explaining long-standing nuclear structure
anomalies, the ab initio NCSM provides a predictive framework for observables that are
not yet measured or are not directly measurable. For example, reactions between short-
lived systems and reaction rates near zero energy are relevant to fusion research but may
not be known from experiment with sufficient precision. We, therefore, discuss, in detail,
the extension of the ab initio NCSM to nuclear reactions and sketch a number of promising
future directions for research emerging from theNCSM foundation, including amicroscopic
non-perturbative framework for the theorywith a core. Having a parameter-free approach,
we can construct systems with a core, which will provide an ab initio pathway to heavier
nuclei.
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small quadrupole moment of 6Li. In addition to explaining long-standing nuclear structure
anomalies, the ab initio NCSM provides a predictive framework for observables that are
not yet measured or are not directly measurable. For example, reactions between short-
lived systems and reaction rates near zero energy are relevant to fusion research but may
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future directions for research emerging from theNCSM foundation, including amicroscopic
non-perturbative framework for the theorywith a core. Having a parameter-free approach,
we can construct systems with a core, which will provide an ab initio pathway to heavier
nuclei.

© 2012 Elsevier B.V. All rights reserved.

Contents

1. Introduction............................................................................................................................................................................................. 132
2. Historical development of the NCSM..................................................................................................................................................... 133
3. Ab initio NCSM formalism....................................................................................................................................................................... 135

3.1. Hamiltonian ................................................................................................................................................................................ 136
3.2. Basis ............................................................................................................................................................................................. 136

3.2.1. Antisymmetrization of Jacobi-coordinate HO basis .................................................................................................. 136
3.2.2. Slater determinant basis ............................................................................................................................................. 137

3.3. Effective interaction.................................................................................................................................................................... 138
3.3.1. Okubo–Lee–Suzuki (OLS) similarity transformation method................................................................................... 138
3.3.2. Two-body OLS effective interaction ........................................................................................................................... 139
3.3.3. Three-body OLS effective interaction ......................................................................................................................... 140

3.4. SRG effective interaction ............................................................................................................................................................ 141

⇤ Corresponding author.
E-mail address: jvary@iastate.edu (J.P. Vary).

0146-6410/$ – see front matter© 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.ppnp.2012.10.003

1max += NN
<latexit sha1_base64="nFBDs0FU5EzUfdHPvWKEssg3kK4=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF29GMCawu4TZyWwyZB7LzKwQQj7DiwdFvPo13vwbJ8keNLGgoajqprsryTgz1ve/vdLK6tr6RnmzsrW9s7tX3T94NCrXhLaI4kp3EmwoZ5K2LLOcdjJNsUg4bSfDm6nffqLaMCUf7CijscB9yVJGsHVSGA0SrKM7Qfu4W635dX8GtEyCgtSgQLNb/Yp6iuSCSks4NiYM/MzGY6wtI5xOKlFuaIbJEPdp6KjEgpp4PDt5gk6c0kOp0q6kRTP198QYC2NGInGdAtuBWfSm4n9emNv0Kh4zmeWWSjJflOYcWYWm/6Me05RYPnIEE83crYgMsMbEupQqLoRg8eVl8nhWDy7q/v15rXFdxFGGIziGUwjgEhpwC01oAQEFz/AKb571Xrx372PeWvKKmUP4A+/zBybUkSs=</latexit>

~⌦
<latexit sha1_base64="lnzHP5PL/8Sva3op6NjbN05tD5o=">AAACCnicbVDLSgNBEJz1GeMr6tHLaBA8hV0R9SKID/CkEYwJZJeld9JJBmd2l5lZMSw5e/FXvHhQxKtf4M2/cRJz8FXQUFR1090VpYJr47ofztj4xOTUdGGmODs3v7BYWlq+0kmmGNZYIhLViECj4DHWDDcCG6lCkJHAenR9NPDrN6g0T+JL00sxkNCJeZszMFYKS2v+MQoD9ITu07Mw95WkEm77fjcC5Z9L7EBYKrsVdwj6l3gjUiYjVMPSu99KWCYxNkyA1k3PTU2QgzKcCewX/UxjCuwaOti0NAaJOsiHr/TphlVatJ0oW7GhQ/X7RA5S656MbKcE09W/vYH4n9fMTHsvyHmcZgZj9rWonQlqEjrIhba4QmZEzxJgittbKeuCAmZsekUbgvf75b/kaqvi7VTci+3yweEojgJZJetkk3hklxyQU1IlNcLIHXkgT+TZuXcenRfn9at1zBnNrJAfcN4+Aa7umaY=</latexit>

�E = Nmax~⌦

<latexit sha1_base64="ejC8vLV7AiUb4fY7goF/Z7pVFWg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OJJKpi20Iay2U7bpZtN2N0IJfQ3ePGgiFd/kDf/jds2B219MPB4b4aZeWEiuDau++0UVlbX1jeKm6Wt7Z3dvfL+QUPHqWLos1jEqhVSjYJL9A03AluJQhqFApvh6HbqN59QaR7LRzNOMIjoQPI+Z9RYyb8n18Ttlitu1Z2BLBMvJxXIUe+Wvzq9mKURSsME1brtuYkJMqoMZwInpU6qMaFsRAfYtlTSCHWQzY6dkBOr9Eg/VrakITP190RGI63HUWg7I2qGetGbiv957dT0r4KMyyQ1KNl8UT8VxMRk+jnpcYXMiLEllClubyVsSBVlxuZTsiF4iy8vk8ZZ1buoug/nldpNHkcRjuAYTsGDS6jBHdTBBwYcnuEV3hzpvDjvzse8teDkM4fwB87nD0RXjaw=</latexit>

N = 0

<latexit sha1_base64="fZaIhGYWFt7LI0vmM7f8nnWf1H0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OJJKpi20Iay2U7bpZtN2N0IJfQ3ePGgiFd/kDf/jds2B219MPB4b4aZeWEiuDau++0UVlbX1jeKm6Wt7Z3dvfL+QUPHqWLos1jEqhVSjYJL9A03AluJQhqFApvh6HbqN59QaR7LRzNOMIjoQPI+Z9RYyb8n18Trlitu1Z2BLBMvJxXIUe+Wvzq9mKURSsME1brtuYkJMqoMZwInpU6qMaFsRAfYtlTSCHWQzY6dkBOr9Eg/VrakITP190RGI63HUWg7I2qGetGbiv957dT0r4KMyyQ1KNl8UT8VxMRk+jnpcYXMiLEllClubyVsSBVlxuZTsiF4iy8vk8ZZ1buoug/nldpNHkcRjuAYTsGDS6jBHdTBBwYcnuEV3hzpvDjvzse8teDkM4fwB87nD0Xbja0=</latexit>

N = 1



7Ab Initio Calculations of Structure, Scattering, Reactions 
Unified approach to bound & continuum states

No-Core Shell Model with Continuum (NCSMC)

A− a( )
a( )

r

S. Baroni, P. Navratil, and S. Quaglioni, 
PRL 110, 022505 (2013); PRC 87, 034326 (2013).

Ψ (A) = cλ
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ν

∑ ,ν(A)

1max += NN
<latexit sha1_base64="nFBDs0FU5EzUfdHPvWKEssg3kK4=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF29GMCawu4TZyWwyZB7LzKwQQj7DiwdFvPo13vwbJ8keNLGgoajqprsryTgz1ve/vdLK6tr6RnmzsrW9s7tX3T94NCrXhLaI4kp3EmwoZ5K2LLOcdjJNsUg4bSfDm6nffqLaMCUf7CijscB9yVJGsHVSGA0SrKM7Qfu4W635dX8GtEyCgtSgQLNb/Yp6iuSCSks4NiYM/MzGY6wtI5xOKlFuaIbJEPdp6KjEgpp4PDt5gk6c0kOp0q6kRTP198QYC2NGInGdAtuBWfSm4n9emNv0Kh4zmeWWSjJflOYcWYWm/6Me05RYPnIEE83crYgMsMbEupQqLoRg8eVl8nhWDy7q/v15rXFdxFGGIziGUwjgEhpwC01oAQEFz/AKb571Xrx372PeWvKKmUP4A+/zBybUkSs=</latexit>

~⌦
<latexit sha1_base64="lnzHP5PL/8Sva3op6NjbN05tD5o=">AAACCnicbVDLSgNBEJz1GeMr6tHLaBA8hV0R9SKID/CkEYwJZJeld9JJBmd2l5lZMSw5e/FXvHhQxKtf4M2/cRJz8FXQUFR1090VpYJr47ofztj4xOTUdGGmODs3v7BYWlq+0kmmGNZYIhLViECj4DHWDDcCG6lCkJHAenR9NPDrN6g0T+JL00sxkNCJeZszMFYKS2v+MQoD9ITu07Mw95WkEm77fjcC5Z9L7EBYKrsVdwj6l3gjUiYjVMPSu99KWCYxNkyA1k3PTU2QgzKcCewX/UxjCuwaOti0NAaJOsiHr/TphlVatJ0oW7GhQ/X7RA5S656MbKcE09W/vYH4n9fMTHsvyHmcZgZj9rWonQlqEjrIhba4QmZEzxJgittbKeuCAmZsekUbgvf75b/kaqvi7VTci+3yweEojgJZJetkk3hklxyQU1IlNcLIHXkgT+TZuXcenRfn9at1zBnNrJAfcN4+Aa7umaY=</latexit>

�E = Nmax~⌦

<latexit sha1_base64="ejC8vLV7AiUb4fY7goF/Z7pVFWg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OJJKpi20Iay2U7bpZtN2N0IJfQ3ePGgiFd/kDf/jds2B219MPB4b4aZeWEiuDau++0UVlbX1jeKm6Wt7Z3dvfL+QUPHqWLos1jEqhVSjYJL9A03AluJQhqFApvh6HbqN59QaR7LRzNOMIjoQPI+Z9RYyb8n18Ttlitu1Z2BLBMvJxXIUe+Wvzq9mKURSsME1brtuYkJMqoMZwInpU6qMaFsRAfYtlTSCHWQzY6dkBOr9Eg/VrakITP190RGI63HUWg7I2qGetGbiv957dT0r4KMyyQ1KNl8UT8VxMRk+jnpcYXMiLEllClubyVsSBVlxuZTsiF4iy8vk8ZZ1buoug/nldpNHkcRjuAYTsGDS6jBHdTBBwYcnuEV3hzpvDjvzse8teDkM4fwB87nD0RXjaw=</latexit>

N = 0

<latexit sha1_base64="fZaIhGYWFt7LI0vmM7f8nnWf1H0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OJJKpi20Iay2U7bpZtN2N0IJfQ3ePGgiFd/kDf/jds2B219MPB4b4aZeWEiuDau++0UVlbX1jeKm6Wt7Z3dvfL+QUPHqWLos1jEqhVSjYJL9A03AluJQhqFApvh6HbqN59QaR7LRzNOMIjoQPI+Z9RYyb8n18Trlitu1Z2BLBMvJxXIUe+Wvzq9mKURSsME1brtuYkJMqoMZwInpU6qMaFsRAfYtlTSCHWQzY6dkBOr9Eg/VrakITP190RGI63HUWg7I2qGetGbiv957dT0r4KMyyQ1KNl8UT8VxMRk+jnpcYXMiLEllClubyVsSBVlxuZTsiF4iy8vk8ZZ1buoug/nldpNHkcRjuAYTsGDS6jBHdTBBwYcnuEV3hzpvDjvzse8teDkM4fwB87nD0Xbja0=</latexit>

N = 1

Static solutions for aggregate system,
describe all nucleons close together
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N = 1

Static solutions for aggregate system,
describe all nucleons close together

Continuous microscopic cluster states,
describe long-range projectile-target
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No-Core Shell Model with Continuum (NCSMC)

A− a( )
a( )

r

S. Baroni, P. Navratil, and S. Quaglioni, 
PRL 110, 022505 (2013); PRC 87, 034326 (2013).

Ψ (A) = cλ
λ

∑ ,λ + dr γ v (
r )∫ Âν
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Static solutions for aggregate system,
describe all nucleons close together

Continuous microscopic cluster states,
describe long-range projectile-target
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Coupled NCSMC equations
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… to be simultaneously determined  
by solving the coupled NCSMC equations 
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Abstract
The description of nuclei starting from the constituent nucleons and the realistic interactions
among them has been a long-standing goal in nuclear physics. In addition to the complex nature
of the nuclear forces, with two-, three- and possibly higher many-nucleon components, one faces
the quantum-mechanical many-nucleon problem governed by an interplay between bound and
continuum states. In recent years, significant progress has been made in ab initio nuclear
structure and reaction calculations based on input from QCD-employing Hamiltonians
constructed within chiral effective field theory. After a brief overview of the field, we focus on
ab initio many-body approaches—built upon the no-core shell model—that are capable of
simultaneously describing both bound and scattering nuclear states, and present results for
resonances in light nuclei, reactions important for astrophysics and fusion research. In particular,
we review recent calculations of resonances in the 6He halo nucleus, of five- and six-nucleon
scattering, and an investigation of the role of chiral three-nucleon interactions in the structure of
9Be. Further, we discuss applications to the 7Be gp, B8( ) radiative capture. Finally, we highlight
our efforts to describe transfer reactions including the 3H d, n 4( ) He fusion.

Keywords: ab initio methods, many-body nuclear reaction theory, nuclear reactions involving
few-nucleon systems, three-nucleon forces, radiative capture

(Some figures may appear in colour only in the online journal)

1. Introduction

Understanding the structure and the dynamics of nuclei as
many-body systems of protons and neutrons interacting
through the strong (as well as electromagnetic and weak)
forces is one of the central goals of nuclear physics. One of
the major reasons why this goal has yet to be accomplished
lies in the complex nature of the strong nuclear force, emer-
ging form the underlying theory of quantum chromodynamics
(QCD). At the low energies relevant to the structure and
dynamics of nuclei, QCD is non-perturbative and very diffi-
cult to solve. The relevant degrees of freedom for nuclei are

nucleons, i.e., protons and neutrons, that are not fundamental
particles but rather complex objects made of quarks, anti-
quarks and gluons. Consequently, the strong interactions
among nucleons is only an ‘effective’ interaction emerging
non-perturbatively from QCD. Our knowledge of the
nucleon–nucleon (NN) interactions is limited at present to
models. The most advanced and most fundamental of these
models rely on a low-energy effective field theory (EFT) of
the QCD, chiral EFT [1]. This theory is built on the sym-
metries of QCD, most notably the approximate chiral sym-
metry. However, it is not renormalizable and has an infinite
number of terms. Chiral EFT involves unknown parameters,

| Royal Swedish Academy of Sciences Physica Scripta

Phys. Scr. 91 (2016) 053002 (38pp) doi:10.1088/0031-8949/91/5/053002

0031-8949/16/053002+38$33.00 © 2016 The Royal Swedish Academy of Sciences Printed in the UK1
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§ Quite reasonable description of binding energies across the nuclear charts becomes feasible
§ The Hamiltonian fully determined in A=2 and A=3,4 systems

§ Nucleon–nucleon scattering, deuteron properties, 3H and 4He binding energy, 3H half life
§ Light nuclei – NCSM
§ Medium mass nuclei – Self-Consistent Green’s Function method 
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FIG. 21. Ratio of expectation values of three- (V3N) and
two-body (V2N) operators in the NNLOsat and NN+3N(lnl)
Hamiltonians. For the latter, the two-body part of the
centre-of-mass kinetic energy has been subtracted. For the
NN+3N(lnl) interaction, V3N contains original (i.e. SRG-
unevolved) three-body forces while induced three-body op-
erators have been included in V2N. Calculations are per-
formed at the ADC(2) level. Results are shown for N =
Z = {2, 8, 16, 20, 24, 40} nuclei (full symbols), plus 48S and
78Ni (empty symbols).

applied only to specific cases [18, 54], but never tested
in a systematic way. In the present work its main
ground-state properties as well as some selected excita-
tion spectra have been studied extensively in light and
medium-mass nuclei. Results in light systems are very
encouraging, with NCSM calculations in overall good
agreement with experiment even for spectra that are
known to be particularly sensitive to nuclear forces. To-
tal energies are well reproduced across the whole light
sector of the nuclear chart. In medium-mass nuclei,
present calculations focused on three representative iso-
topic chains. Total binding energies are found to be in
remarkable agreement with experimental values all the
way up to nickel isotopes once ADC(3) correlations are
included, thus correcting for the overbinding generated
with NN+3N(400). ADC(2) calculations of di↵erential
quantities, where ADC(3) contributions essentially can-
cel out, are also very satisfactory and are able to cap-
ture main trends and magic gaps in two-neutron sepa-
ration energies along all three chains. As evidenced in
Fig. 20, although largely improving on NN+3N(400),
rms charge radii obtained with the NN+3N(lnl) inter-
action still underestimate experiment and do not reach
the quality of NNLOsat. On the other hand this interac-
tion yields an excellent spectroscopy, also where NNLOsat

strives to give even a qualitatively correct account of
experimental data. One-nucleon addition and removal
spectra in neutron-rich calcium are well reproduced. Im-
pressively, the evolution of the energy di↵erences between
the ground and first excited states along potassium iso-
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FIG. 22. Binding energy per particle for a set of doubly
closed-shell nuclei computed with three di↵erent NN + 3N
interactions and compared to available experimental data.
NNLOsat andNN+3N(lnl) values come from the present work
and refer to ADC(3) calculations. 1.8/2.0 (EM) results were
obtained via full-space IM-SRG(2) calculations and originally
published in Ref. [30].

topes follows closely the experimental measurements.
Further insight can be gained by gauging the impor-

tance of 3N operators in the two interactions. In Fig. 21
the ratio of 3N over 2N contributions to the total en-
ergy is displayed for a selection of nuclei as a function of
mass number A for NNLOsat and NN+3N(lnl). In the
former, 3N operators are much more relevant, reaching
almost 20% of the 2N contribution in heavier systems.
On the contrary, the ratio stays rather low, around 5%,
for NN+3N(lnl). This has first of all practical conse-
quences, as in the majority of many-body calculations
the treatment of 3N operators is usually not exact, fol-
lowing either a normal-ordered two-body approximation
(see e.g. [27]) or some generalisation of it [70]. Hence a
strong 3N component is in general not desirable. On top
of that, one might worry about the hierarchy of many-
body forces from the standpoint of EFT, and possible
need to include subleading 3N or 4N operators that could
have a sizeable e↵ect.
Finally, let us compare NN+3N(lnl) and NNLOsat to

an interaction that has been extensively employed in nu-
clear structure studies in the last few years. Usually la-
belled as 1.8/2.0 (EM) and first introduced in Ref. [32], it
has proven to yield an accurate reproduction of ground-
state energies (as well as low-energy excitation spectra)
over a wide range of nuclei [30, 54, 112, 113]. Further-
more, it leads to a satisfactory description of infinite nu-
clear matter properties [11, 32, 114]. In Fig. 22 bind-
ing energies per particle obtained within in-medium simi-
larity renormalisation group (IM-SRG) calculations with
the 1.8/2.0 (EM) interaction [30] are compared, for a
set of closed-shell systems, to the ones computed at the
ADC(3) level withNN+3N(lnl) and NNLOsat. The three
sets of calculations achieve an overall excellent reproduc-
tion of experimental data. While NNLOsat results supe-
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FIG. 3. The same as in Fig. 1 for 11B and 12,13C. Basis sizes Nmax=2�8 are displayed. The importance-truncated NCSM [52, 53]
was used in the Nmax=8 space for carbon isotopes.

p-shell nuclei were performed. In the NCSM, nuclei are
considered to be systems of A nonrelativistic point-like
nucleons interacting via realistic two- and three-body in-
teractions. Each nucleon is an active degree of freedom
and the translational invariance of observables, the an-
gular momentum, and the parity of the nucleus are con-
served. The many-body wave function is expanded over
a basis of antisymmetric A-nucleon harmonic oscillator
(HO) states. The basis contains up to Nmax HO exci-
tations above the lowest possible Pauli configuration, so
that the the motion of the center of mass is fully de-
coupled and its kinetic energy can be subtracted exactly.
The basis is characterised by an additional parameter ⌦,
the frequency of the HO well, and may depend on either
Jacobi relative [56] or single-particle coordinates [57].
The convergence of the HO expansion can be greatly ac-
celerated by applying an SRG transformation on the 2N
and 3N interactions [58–62]. Except for A=3, 4 nuclei,
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FIG. 4. Ground-state energies of s-shell and selected p-
shell nuclei calculated with theNN+3N(lnl) Hamiltonian (red
lines) compared to experiment (blue lines). The error bars
indicate uncertainties of the NCSM extrapolation. SRG evo-
lution with �=2 fm�1 and HO frequency of ~⌦=20 MeV were
used.

here and in the following of the paper an SRG evolution
is applied to the NN+3N(400) and NN+3N(lnl) inter-
actions down to a scale of �=2 fm�1. On the contrary,
calculations with NNLOsat are performed with the bare
Hamiltonian.

In Figs. 1, 2 and 3 the excitation energy spectra of se-
lected Li, Be, B, and C isotopes are displayed. A correct
ordering of low-lying levels is found for all the consid-
ered lithium and beryllium isotopes, namely 6,7,9Li and
8,9Be. The 2+0 and 1+2 0 states in 6Li as well as some
of the excited states in 7Li and 8,9Be are broad reso-
nances. Here a more realistic description of 6Li and 9Be
would require a better treatment of continuum e↵ects,
see Refs. [63] and [64], respectively, in this regard. Let
us note that all excited states of 6Li are unbound with
respect to the emission of an ↵ particle and that 7Li has
only one excited state below the ↵-separation threshold.
Similarly, 8Be is never bound and even its ground state
in unstable against decay into two ↵. The lowest states
in 10B are known to be very sensitive to the details of
nuclear forces, and the 3N interaction in particular [65].
Here a good description is achieved by NN+3N(lnl), with
only the 1+2 0 state resulting incorrectly placed. The cor-
rect level ordering is also found in 11B, with the spectrum
being overall too compressed as compared to the experi-
mental one. Finally, worth-noting is the correct ordering
of T=1 states in 12C, also known to be sensitive to the 3N
interaction. On the other hand, the alpha-cluster dom-
inated 0+0 Hoyle state in 12C cannot be reproduced in
the limited NCSM basis employed here [66]. In general,
NN+3N(lnl) yields spectra that are in good agreement
with experiment. Some underestimation of level-splitting
in 9Li, 11B, and 13C emerges, and could be associated
with a weaker spin-orbit interaction strength. This is
comparable to what has been found with earlier param-
eterisations of chiral 3N forces (see, e.g. [65]).

Ground-state energies of 3H, 3,4He, and selected p-shell
nuclei from 6He to 16O are shown in Fig. 4. The calcu-
lated values (red lines) obtained with theNN+3N(lnl) in-
teraction are compared to experiment (blue lines). Theo-

1.8/2.0 (EM) results: J. Simonis, S. R. Stroberg, K. Hebeler, 
J. D. Holt, and A. Schwenk, Phys. Rev. C 96, 014303 (2017). 
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Background: Recent advances in nuclear structure theory have led to the availability of several complementary
ab initio many-body techniques applicable to light and medium-mass nuclei as well as nuclear matter. After
successful benchmarks of different approaches, the focus is moving to the development of improved models
of nuclear Hamiltonians, currently representing the largest source of uncertainty in ab initio calculations of
nuclear systems. In particular, none of the existing two- plus three-body interactions is capable of satisfactorily
reproducing all the observables of interest in medium-mass nuclei.
Purpose: A novel parametrization of a Hamiltonian based on chiral effective field theory is introduced.
Specifically, three-nucleon operators at next-to-next-to-leading order are combined with an existing (and
successful) two-body interaction containing terms up to next-to-next-to-next-to-leading order. The resulting
potential is labeled NN+ 3N(lnl). The objective of the present work is to investigate the performance of this
new Hamiltonian across light and medium-mass nuclei.
Methods: Binding energies, nuclear radii, and excitation spectra are computed using state-of-the-art no-core
shell model and self-consistent Green’s function approaches. Calculations with NN+ 3N(lnl) are compared to
two other representative Hamiltonians currently in use, namely NNLOsat and the older NN+ 3N (400).
Results: Overall, the performance of the novel NN+ 3N(lnl) interaction is very encouraging. In light nuclei, total
energies are generally in good agreement with experimental data. Known spectra are also well reproduced with
a few notable exceptions. The good description of ground-state energies carries on to heavier nuclei, all the way
from oxygen to nickel isotopes. Except for those involving excitation processes across the N = 20 gap, which is
overestimated by the new interaction, spectra are of very good quality, in general superior to those obtained with
NNLOsat. Although largely improving on NN+ 3N (400) results, charge radii calculated with NN+ 3N(lnl) still
underestimate experimental values, as opposed to the ones computed with NNLOsat that successfully reproduce
available data on nickel.
Conclusions: The new two- plus three-nucleon Hamiltonian introduced in the present work represents a
promising alternative to existing nuclear interactions. In particular, it has the favorable features of (i) being
adjusted solely on A = 2, 3, 4 systems, thus complying with the ab initio strategy, (ii) yielding an excellent
reproduction of experimental energies all the way from light to medium-heavy nuclei, and (iii) behaving well
under similarity renormalization group transformations, with negligible four-nucleon forces being induced, thus
allowing large-scale calculations up to medium-heavy systems. The problem of the underestimation of nuclear
radii persists and will necessitate novel developments.
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I. INTRODUCTION

In the past decade, advances in many-body approaches and
internucleon interactions have enabled significant progress in
ab initio calculations of nuclear systems. At present, sev-
eral complementary methods to solve the (time-independent)
many-body Schrödinger equation are available, tailored to
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either light systems [1,2], medium-mass nuclei [3–8], or
extended nuclear matter [9–11]. New developments, which
promise to extend (most of) these methods to higher accuracy
and/or heavy nuclei, are being currently proposed [12,13].

Over the past few years, benchmark calculations have
allowed assessment of the systematic errors associated with
both the use of a necessarily finite-dimensional Hilbert space
and the truncation of the many-body expansion at play in each
of the formalisms of interest. In state-of-the-art implemen-
tations, these errors add up to at most 5%, much less than
the uncertainty attributable to the input nuclear Hamiltonian
[14–18]. As a result, ab initio calculations have also acquired
the role of diagnostic tools as the focus of the community

2469-9985/2020/101(1)/014318(19) 014318-1 ©2020 American Physical Society
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§ Quite reasonable description of binding energies across the nuclear charts becomes feasible
§ The Hamiltonian fully determined in A=2 and A=3,4 systems

§ Nucleon–nucleon scattering, deuteron properties, 3H and 4He binding energy, 3H half life
§ Light nuclei – NCSM
§ Heavy nuclei – HF-MBPT(3) 
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p-shell nuclei were performed. In the NCSM, nuclei are
considered to be systems of A nonrelativistic point-like
nucleons interacting via realistic two- and three-body in-
teractions. Each nucleon is an active degree of freedom
and the translational invariance of observables, the an-
gular momentum, and the parity of the nucleus are con-
served. The many-body wave function is expanded over
a basis of antisymmetric A-nucleon harmonic oscillator
(HO) states. The basis contains up to Nmax HO exci-
tations above the lowest possible Pauli configuration, so
that the the motion of the center of mass is fully de-
coupled and its kinetic energy can be subtracted exactly.
The basis is characterised by an additional parameter ⌦,
the frequency of the HO well, and may depend on either
Jacobi relative [56] or single-particle coordinates [57].
The convergence of the HO expansion can be greatly ac-
celerated by applying an SRG transformation on the 2N
and 3N interactions [58–62]. Except for A=3, 4 nuclei,
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here and in the following of the paper an SRG evolution
is applied to the NN+3N(400) and NN+3N(lnl) inter-
actions down to a scale of �=2 fm�1. On the contrary,
calculations with NNLOsat are performed with the bare
Hamiltonian.

In Figs. 1, 2 and 3 the excitation energy spectra of se-
lected Li, Be, B, and C isotopes are displayed. A correct
ordering of low-lying levels is found for all the consid-
ered lithium and beryllium isotopes, namely 6,7,9Li and
8,9Be. The 2+0 and 1+2 0 states in 6Li as well as some
of the excited states in 7Li and 8,9Be are broad reso-
nances. Here a more realistic description of 6Li and 9Be
would require a better treatment of continuum e↵ects,
see Refs. [63] and [64], respectively, in this regard. Let
us note that all excited states of 6Li are unbound with
respect to the emission of an ↵ particle and that 7Li has
only one excited state below the ↵-separation threshold.
Similarly, 8Be is never bound and even its ground state
in unstable against decay into two ↵. The lowest states
in 10B are known to be very sensitive to the details of
nuclear forces, and the 3N interaction in particular [65].
Here a good description is achieved by NN+3N(lnl), with
only the 1+2 0 state resulting incorrectly placed. The cor-
rect level ordering is also found in 11B, with the spectrum
being overall too compressed as compared to the experi-
mental one. Finally, worth-noting is the correct ordering
of T=1 states in 12C, also known to be sensitive to the 3N
interaction. On the other hand, the alpha-cluster dom-
inated 0+0 Hoyle state in 12C cannot be reproduced in
the limited NCSM basis employed here [66]. In general,
NN+3N(lnl) yields spectra that are in good agreement
with experiment. Some underestimation of level-splitting
in 9Li, 11B, and 13C emerges, and could be associated
with a weaker spin-orbit interaction strength. This is
comparable to what has been found with earlier param-
eterisations of chiral 3N forces (see, e.g. [65]).

Ground-state energies of 3H, 3,4He, and selected p-shell
nuclei from 6He to 16O are shown in Fig. 4. The calcu-
lated values (red lines) obtained with theNN+3N(lnl) in-
teraction are compared to experiment (blue lines). Theo-
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Background: Recent advances in nuclear structure theory have led to the availability of several complementary
ab initio many-body techniques applicable to light and medium-mass nuclei as well as nuclear matter. After
successful benchmarks of different approaches, the focus is moving to the development of improved models
of nuclear Hamiltonians, currently representing the largest source of uncertainty in ab initio calculations of
nuclear systems. In particular, none of the existing two- plus three-body interactions is capable of satisfactorily
reproducing all the observables of interest in medium-mass nuclei.
Purpose: A novel parametrization of a Hamiltonian based on chiral effective field theory is introduced.
Specifically, three-nucleon operators at next-to-next-to-leading order are combined with an existing (and
successful) two-body interaction containing terms up to next-to-next-to-next-to-leading order. The resulting
potential is labeled NN+ 3N(lnl). The objective of the present work is to investigate the performance of this
new Hamiltonian across light and medium-mass nuclei.
Methods: Binding energies, nuclear radii, and excitation spectra are computed using state-of-the-art no-core
shell model and self-consistent Green’s function approaches. Calculations with NN+ 3N(lnl) are compared to
two other representative Hamiltonians currently in use, namely NNLOsat and the older NN+ 3N (400).
Results: Overall, the performance of the novel NN+ 3N(lnl) interaction is very encouraging. In light nuclei, total
energies are generally in good agreement with experimental data. Known spectra are also well reproduced with
a few notable exceptions. The good description of ground-state energies carries on to heavier nuclei, all the way
from oxygen to nickel isotopes. Except for those involving excitation processes across the N = 20 gap, which is
overestimated by the new interaction, spectra are of very good quality, in general superior to those obtained with
NNLOsat. Although largely improving on NN+ 3N (400) results, charge radii calculated with NN+ 3N(lnl) still
underestimate experimental values, as opposed to the ones computed with NNLOsat that successfully reproduce
available data on nickel.
Conclusions: The new two- plus three-nucleon Hamiltonian introduced in the present work represents a
promising alternative to existing nuclear interactions. In particular, it has the favorable features of (i) being
adjusted solely on A = 2, 3, 4 systems, thus complying with the ab initio strategy, (ii) yielding an excellent
reproduction of experimental energies all the way from light to medium-heavy nuclei, and (iii) behaving well
under similarity renormalization group transformations, with negligible four-nucleon forces being induced, thus
allowing large-scale calculations up to medium-heavy systems. The problem of the underestimation of nuclear
radii persists and will necessitate novel developments.
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I. INTRODUCTION

In the past decade, advances in many-body approaches and
internucleon interactions have enabled significant progress in
ab initio calculations of nuclear systems. At present, sev-
eral complementary methods to solve the (time-independent)
many-body Schrödinger equation are available, tailored to
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either light systems [1,2], medium-mass nuclei [3–8], or
extended nuclear matter [9–11]. New developments, which
promise to extend (most of) these methods to higher accuracy
and/or heavy nuclei, are being currently proposed [12,13].

Over the past few years, benchmark calculations have
allowed assessment of the systematic errors associated with
both the use of a necessarily finite-dimensional Hilbert space
and the truncation of the many-body expansion at play in each
of the formalisms of interest. In state-of-the-art implemen-
tations, these errors add up to at most 5%, much less than
the uncertainty attributable to the input nuclear Hamiltonian
[14–18]. As a result, ab initio calculations have also acquired
the role of diagnostic tools as the focus of the community
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HF-MBPT(3)

Input for NCSMC calculations: Nuclear forces from chiral Effective Field Theory
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15Deuterium-Tritium fusion

§ The d+3H®n+4He reaction
§ The most promising to produce fusion energy in the near future
§ Used to achieve inertial-confinement (laser-induced) fusion at NIF, and 

magnetic-confinement fusion at ITER
§ With its mirror reaction, 3He(d,p)4He, important for Big Bang nucleosynthesis NIF

ITER
Resonance at Ecm =48 keV (Ed=105 keV) 
in the J=3/2+ channel
Cross section at the peak: 4.88 b

17.64 MeV energy released:
14.1 MeV neutron and 3.5 MeV alpha



16DT cross section would be 100x smaller, like DD, without the 3/2+ resonance

M.B. Chadwick et al., arXiv:2305.00647 

LANL



17Big bang Nucleosynthesis and DT fusion 

§ D(T,n)α, enhanced by the 3/2+ resonance, is 
responsible for 99% of primordial 4He

§ The remaining 1% of primordial 4He came from 
the D(3He,p)4He reaction, which benefits from 
the same mirror 3/2+ resonance but is 
suppressed because of the larger Coulomb 
repulsion between D and 3He 

§ This helium became a source for the subsequent 
creation of ≥25% of the carbon and other 
heavier elements and, thus, a substantial 
fraction of our human bodies  

Big Bang DT fusion 13.8 billion years ago

|   28

BBN: 99% of 4He was made from DT fusion. (25% of baryonic mass, rest ~1H)

25% of human mass (excluding 1H) subsequently made from 4He in stars

M.B. Chadwick et al., arXiv:2305.00647 



18NCSMC calculation of the DT fusion

§ 2x7 static 5He eigenstates computed with the NCSM 
§ Continuous D-T(g.s.) cluster states (entrance channel)

§ Including positive-energy eigenstates of D to account for distortion 
§ Continuous n-4He(g.s.) cluster states (exit channel) 
§ Chiral NN+3N(500) interaction

LLNL-PRES-xxxxxx
16

§ 2x7 static 5He eigenstates computed with the NCSM

§ Continuous D-T(g.s.) cluster states (entrance channel)

— Including positive-energy eigenstates of D to account for distortion  

§ Continuous n-4He(g.s.) cluster states (exit channel)

NCSM with continuum calculation of the DT fusion
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A formidable challenge for ab initio reaction theory: 
Integrated and comprehensive description of the interweaving of nuclear shell 

structure and reaction dynamics

ARTICLE

Ab initio predictions for polarized deuterium-
tritium thermonuclear fusion
Guillaume Hupin1,2,3, Sofia Quaglioni 3 & Petr Navrátil4

The fusion of deuterium (D) with tritium (T) is the most promising of the reactions that could

power thermonuclear reactors of the future. It may lead to even more efficient energy

generation if obtained in a polarized state, that is with the spin of the reactants aligned. Here,

we report first-principles predictions of the polarized DT fusion using nuclear forces from

effective field theory. By employing the ab initio no-core shell model with continuum reaction

method to solve the quantum mechanical five-nucleon problem, we accurately determine the

enhanced fusion rate and angular distribution of the emitted neutron and 4He. Our calcu-

lations demonstrate in detail the small contribution of anisotropies, placing on a firmer

footing the understanding of the rate of DT fusion in a polarized plasma. In the future,

analogous calculations could be used to obtain accurate values for other, more uncertain

thermonuclear reaction data critical to nuclear science applications.
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19n-4He scattering and 3H+d fusion within NCSMC
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The d-3H fusion takes place through a transition
 of d+3H is S-wave to n+4He in D-wave: 
Importance of the tensor and 3N force

4He+n
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Harnessing fusion energy
The Deuterium-Tritium (DT) fusion

§ The fusion of deuterium (D) 
with tritium (T) is the most 
promising of the reactions that 
could power the thermonuclear 
reactors of the future.

§ While the DT fusion rate has 
been measured extensively, a 
fundamental understanding of 
the process is still missing

§ Very little is known of how the 
polarization of the reactants’ 
spins affects the reaction
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203H(d,n)4He with chiral NN+3N(500) interaction

LLNL-PRES-xxxxxx
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Astrophysical S-factor

G. Hupin, S. Quaglioni and P. Navratil, arXiv:1803.11378

The experimental peak at the center-of-mass energy of 49.7 keV corresponds 
to the enhancement from the 3/2+ resonance of 5He 

NN+3N(500)

5 keV correction 
of 3/2+ centroid

Astrophysical S-factor: 
nuclear contribution
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method to solve the quantum mechanical five-nucleon problem, we accurately determine the

enhanced fusion rate and angular distribution of the emitted neutron and 4He. Our calcu-

lations demonstrate in detail the small contribution of anisotropies, placing on a firmer

footing the understanding of the rate of DT fusion in a polarized plasma. In the future,

analogous calculations could be used to obtain accurate values for other, more uncertain

thermonuclear reaction data critical to nuclear science applications.
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21NCSMC phenomenology

Eλ
NCSM energies treated as 
adjustable parameters 

Lawrence Livermore National Laboratory 9 LLNL#PRES#650082 
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223H(d,n)4He with chiral NN+3N(500) interaction
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§ While the DT fusion rate has been measured 
extensively, a fundamental understanding of the 
process is still missing 

§ Very little is known experimentally of how the 
polarization of the reactants’ spins affects the reaction 
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Harnessing fusion energy
The Deuterium-Tritium (DT) fusion

§ The fusion of deuterium (D) 
with tritium (T) is the most 
promising of the reactions that 
could power the thermonuclear 
reactors of the future.

§ While the DT fusion rate has 
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fundamental understanding of 
the process is still missing

§ Very little is known of how the 
polarization of the reactants’ 
spins affects the reaction
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The fusion of deuterium (D) with tritium (T) is the most promising of the reactions that could

power thermonuclear reactors of the future. It may lead to even more efficient energy

generation if obtained in a polarized state, that is with the spin of the reactants aligned. Here,

we report first-principles predictions of the polarized DT fusion using nuclear forces from

effective field theory. By employing the ab initio no-core shell model with continuum reaction

method to solve the quantum mechanical five-nucleon problem, we accurately determine the

enhanced fusion rate and angular distribution of the emitted neutron and 4He. Our calcu-

lations demonstrate in detail the small contribution of anisotropies, placing on a firmer

footing the understanding of the rate of DT fusion in a polarized plasma. In the future,

analogous calculations could be used to obtain accurate values for other, more uncertain

thermonuclear reaction data critical to nuclear science applications.
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§ NCSMC study of 7Li and 7Be nuclei using all binary mass partitions
§ Known resonances reproduced
§ Prediction of several new resonances of both parities

PHYSICAL REVIEW C 100, 024304 (2019)

7Be and 7Li nuclei within the no-core shell model with continuum

Matteo Vorabbi * and Petr Navrátil†

TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada

Sofia Quaglioni
Lawrence Livermore National Laboratory, P. O. Box 808, L-414, Livermore, California 94551, USA

Guillaume Hupin
Institut de Physique Nucléaire, CNRS/IN2P3, Université Paris-Sud, Université Paris-Saclay, F-91406, Orsay, France

(Received 20 June 2019; published 5 August 2019)

Background: The production of 7Be and 7Li nuclei plays an important role in primordial nucleosynthesis,
nuclear astrophysics, and fusion energy generation. The 3He(α, γ )7Be and 3H(α, γ )7Li radiative-capture
processes are important to determine the 7Li abundance in the early universe and to predict the correct fraction
of pp-chain branches resulting in 7Be versus 8B neutrinos. The 6Li(p, γ )7Be has been investigated recently
hinting at a possible cross section enhacement near the thershold. The 6Li(n, 3H)4He process can be utilized for
tritium breeding in machines dedicated to fusion energy generation through the deuteron-tritium reaction, and is
a neutron cross section standard used in the measurement and evaluation of fission cross sections.
Purpose: In this work we study the properties of 7Be and 7Li within the no-core shell model with continuum
(NCSMC) method, using chiral nucleon-nucleon interactions as the only input, and analyze all the binary mass
partitions involved in the formation of these systems.
Methods: The NCSMC is an ab initio method applicable to light nuclei that provides a unified description of
bound and scattering states and thus is well suited to investigate systems with many resonances and pronounced
clustering like 7Be and 7Li.
Results: Our calculations reproduce all the experimentally known states of the two systems and provide
predictions for several new resonances of both parities. Some of these new possible resonances are built on
the ground states of 6Li and 6He, and thus represent a robust prediction. We do not find any resonance in the
p + 6Li mass partition near the threshold. On the other hand, in the p + 6He mass partition of 7Li we observe
an S-wave resonance near the threshold producing a very pronounced peak in the calculated S factor of the
6He(p, γ )7Li radiative-capture reaction.
Conclusions: While we do not find a resonance near the thershold in the p + 6Li channel, in the case of 6He + p
reaction a resonant S-wave state is predicted at a very low energy above the reaction threshold, which could be
relevant for astrophysics and its implications should be investigated. We note though that this state lies above
the three-body breakup threshold not included in our method and may be influenced by three-body continuum
correlations.

DOI: 10.1103/PhysRevC.100.024304

I. INTRODUCTION

The A = 7 systems, in particular 7Be and 7Li, play an
important role in primordial nucleosynthesis, nuclear astro-
physics, and fusion energy experiments.

The 3He(α, γ )7Be and 3H(α, γ )7Li radiative-capture pro-
cesses are crucial for the determination of the primordial 7Li
abundance in the early universe [1–3] and for predicting the
correct fraction of pp-chain branches resulting in 7Be versus
8B neutrinos [4,5]. Measuring these reactions at the very low
solar energies required for astrophysics modeling is extremely
challenging due to the suppression of the reaction probabil-
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ity caused by the Coulomb repulsion between the reactants.
Consequently, despite the several experimental measurements
[6–14], a predictive theoretical description is needed to re-
liably guide the extrapolation of higher-energy experimental
data down to the desired solar values [15]. A summary of
the experimental status of production and destruction of 7Be
at the relevant energies for astrophysics can be found in
Ref. [15].

A recent experimental investigation of the 6Li(p, γ )7Be
capture reaction at Lanzhou [16] hinted at a possible reso-
nant enhancement of this cross section near the threshold. If
real, this enhancement would have consequences for nuclear
astrophysics. A new experiment [17] is also in progress at
the Laboratory of Underground Nuclear Astrophysics [18]. A
theoretical investigation of S-wave resonances in 7Be is then
called for.

2469-9985/2019/100(2)/024304(11) 024304-1 ©2019 American Physical Society
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FIG. 4. The same as in Fig. 2 for 7Li and 3H + 4He, 6Li + n, and 6He + p scattering with calculated thresholds in Table V.

experimental values are well reproduced and the difference
between the total energies is less than 1 MeV, similarly as for
3He + 4He mass partition in 7Be. The agreement is also good
in the other two cases even if the differences are a bit larger.

In Table VI we display the properties of the ground state
obtained from the study of the 3H + 4He reaction with the
NCSM and NCSMC. The theoretical results for rch, Q, and
µ are compared with the experimental values, and the theoret-
ical predictions of B(M1; 3/2−

1 → 1/2−
1 ) and B(E2; 3/2−

1 →
1/2−

1 ) are reported. As in the 7Be case, the rch, Q, and B(E2)
values increase substantially when NCSMC is applied due to
the proper physical tail of the NCSMC wave functions. We
also present the NCSMC ANCs for the ground state and the
1/2−

1 state that compare quite well with the values extracted
from experimental data. The cluster form factors for the two
states resamble closely the 7Be ones shown in Fig. 1. We
therefore do not show them.

In Fig. 4 we show the results for the phase shifts. The figure
is basically organized as Fig. 2, here the difference is that we
have three mass partitions instead of two. On the left-hand
side there are the three panels displaying the phase shifts of
the corresponding process, while on the right-hand side there
is the experimental spectrum. Again, the solid lines represent
the energy levels while the dashed lines show the reaction
thresholds. The theoretical phase shifts in three panels on
the left are adjusted to the experimental thresholds displayed
with dashed lines. As in the previous case, also for 7Li our
method is able to reproduce all the energy levels in the correct
order. Two differences must be addressed with respect the
previous case. The first difference concerns the T = 3/2 state
at 11.24 MeV, that we now discuss and demonstrate that it
is theoretically well reproduced in particular in the 6He + p
scattering. The second difference concerns the two 5/2− states
at the energies of 6.604 and 7.454 MeV, respectively. In this
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TABLE VI. Properties of the ground state of 7Li computed
with the NCSM and NCSMC approaches using the 3H + 4He mass
partition and compared with the experimental data. The reduced
transition probabilities are from the ground state 3/2−

1 to the first
excited state 1/2−

1 . The ANCs Cl j are shown for both the ground
state and the 1/2−

1 state.

3H + 4He NCSM NCSMC Expt. Refs.

rch (fm) 2.21 2.42 2.39(3) [70]
Q (e fm2) −2.67 −3.72 −4.00(3) [71]
µ (µN ) 3.00 3.02 3.256 [72]
B(E2) (e2 fm4) 3.49 7.12 8.3(5) [73]
B(M1) (µ2

N ) 2.05 2.00 –
(Cp3/2)2 (fm−1) – 12.21 12.74(110) [74]
(Cp1/2)2 (fm−1) – 9.99 9.00(90) [74]

case the threshold of the 6Li + n reaction is exactly in between
these two states and thus only the 5/2−

2 state appears in the
spectrum of this mass partition. The 5/2−

1 resonance is shown
in the spectrum of the 3H + 4He scattering, and once again we
find a situation similar to the previous one. The experimental
cross section for 3H + 4He has a peak in correspondence of
the 5/2−

1 state, while for 6Li + n the peak is found at the
energy of the 5/2−

2 state. This experimental observation is
reproduced by our calculation and the very small contribution
to the 5/2−

2 state from the 3H + 4He process can be seen in
its spectrum at the excitation energy of ∼9.5 MeV. The last
comment concerns the 8P7/2 phase shifts in 6Li + n scattering,
that is built on the 3+ state of 6Li and in the figure seems to
appear at the threshold of 6He + p. This is purely accidental
and simply due to the shift of the theoretical results to the
experimental thresholds.

In Table VII we report the energies and widths of the
resonant states of 7Li computed with the NCSMC and com-
pared to the experimental values. For 3H + 4He reaction we

TABLE VII. Energies (Er) and widths (!) in MeV of the reso-
nant states of 7Li computed with the NCSMC and compared with the
existing experimental data [62]. The resonance energies are given
with respect the threshold of the corresponding mass partition. All
the states have isospin T = 1/2 except the 3/2−

3 state in 6He + p
which has T = 3/2.

NCSMC Expt.

Jπ Er ! Er Ex !

3H + 4He
7/2−

1 2.79 0.214 2.18 4.652 0.069
5/2−

1 4.04 0.785 4.14 6.604 0.918
7/2−

2 9.33 0.435 7.10 9.57 0.437
6Li + n

5/2−
2 0.48 0.21 0.20 7.454 0.080

3/2−
2 1.83 1.70 1.50 8.75 4.712

1/2−
2 2.60 2.44 1.84 9.09 2.752

7/2−
2 2.91 0.039 2.32 9.57 0.437

6He + p
3/2−

3 1.74 0.63 1.26 11.24 0.26
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FIG. 5. The same as in Fig. 3 for 7Li from the NCSMC calcula-
tion of the 6Li + n scattering.

do not include the 5/2−
2 state. The general agreement with

the experimental values is good, and the resonant centroids
are basically reproduced by our calculations. In this case, the
energy of the 7/2−

2 state is better reproduced by the 6Li + n
calculation, even though its contribution to the width is very
small.

Also for 7Li our calculations predict new resonant states
that are shown in Fig. 5 for 6Li + n, and in Fig. 6 for 6He + p,
respectively. The resonance energies and widths of some of
these predicted resonances are summarized in Table VIII. As

TABLE VIII. Energies (Er) and widths (!) in MeV of some
of the new predicted resonant states of 7Li computed within the
NCSMC. The resonance energies are given with respect the threshold
of the 6Li + n and 6He + p mass partitions.

NCSMC
Jπ T Er !

6Li + n
5/2− 1/2 4.79 7.73
1/2− 1/2 7.71 6.13
1/2+ 1/2 3.78 1.11

6He + p
1/2+ 1/2 0.23 0.13
3/2− 1/2 1.94 0.41
1/2− 3/2 3.03 2.65
5/2− 3/2 4.43 2.10
3/2− 3/2 4.55 5.21
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Background: The production of 7Be and 7Li nuclei plays an important role in primordial nucleosynthesis,
nuclear astrophysics, and fusion energy generation. The 3He(α, γ )7Be and 3H(α, γ )7Li radiative-capture
processes are important to determine the 7Li abundance in the early universe and to predict the correct fraction
of pp-chain branches resulting in 7Be versus 8B neutrinos. The 6Li(p, γ )7Be has been investigated recently
hinting at a possible cross section enhacement near the thershold. The 6Li(n, 3H)4He process can be utilized for
tritium breeding in machines dedicated to fusion energy generation through the deuteron-tritium reaction, and is
a neutron cross section standard used in the measurement and evaluation of fission cross sections.
Purpose: In this work we study the properties of 7Be and 7Li within the no-core shell model with continuum
(NCSMC) method, using chiral nucleon-nucleon interactions as the only input, and analyze all the binary mass
partitions involved in the formation of these systems.
Methods: The NCSMC is an ab initio method applicable to light nuclei that provides a unified description of
bound and scattering states and thus is well suited to investigate systems with many resonances and pronounced
clustering like 7Be and 7Li.
Results: Our calculations reproduce all the experimentally known states of the two systems and provide
predictions for several new resonances of both parities. Some of these new possible resonances are built on
the ground states of 6Li and 6He, and thus represent a robust prediction. We do not find any resonance in the
p + 6Li mass partition near the threshold. On the other hand, in the p + 6He mass partition of 7Li we observe
an S-wave resonance near the threshold producing a very pronounced peak in the calculated S factor of the
6He(p, γ )7Li radiative-capture reaction.
Conclusions: While we do not find a resonance near the thershold in the p + 6Li channel, in the case of 6He + p
reaction a resonant S-wave state is predicted at a very low energy above the reaction threshold, which could be
relevant for astrophysics and its implications should be investigated. We note though that this state lies above
the three-body breakup threshold not included in our method and may be influenced by three-body continuum
correlations.
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I. INTRODUCTION

The A = 7 systems, in particular 7Be and 7Li, play an
important role in primordial nucleosynthesis, nuclear astro-
physics, and fusion energy experiments.

The 3He(α, γ )7Be and 3H(α, γ )7Li radiative-capture pro-
cesses are crucial for the determination of the primordial 7Li
abundance in the early universe [1–3] and for predicting the
correct fraction of pp-chain branches resulting in 7Be versus
8B neutrinos [4,5]. Measuring these reactions at the very low
solar energies required for astrophysics modeling is extremely
challenging due to the suppression of the reaction probabil-
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ity caused by the Coulomb repulsion between the reactants.
Consequently, despite the several experimental measurements
[6–14], a predictive theoretical description is needed to re-
liably guide the extrapolation of higher-energy experimental
data down to the desired solar values [15]. A summary of
the experimental status of production and destruction of 7Be
at the relevant energies for astrophysics can be found in
Ref. [15].

A recent experimental investigation of the 6Li(p, γ )7Be
capture reaction at Lanzhou [16] hinted at a possible reso-
nant enhancement of this cross section near the threshold. If
real, this enhancement would have consequences for nuclear
astrophysics. A new experiment [17] is also in progress at
the Laboratory of Underground Nuclear Astrophysics [18]. A
theoretical investigation of S-wave resonances in 7Be is then
called for.
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FIG. 4. The same as in Fig. 2 for 7Li and 3H + 4He, 6Li + n, and 6He + p scattering with calculated thresholds in Table V.

experimental values are well reproduced and the difference
between the total energies is less than 1 MeV, similarly as for
3He + 4He mass partition in 7Be. The agreement is also good
in the other two cases even if the differences are a bit larger.

In Table VI we display the properties of the ground state
obtained from the study of the 3H + 4He reaction with the
NCSM and NCSMC. The theoretical results for rch, Q, and
µ are compared with the experimental values, and the theoret-
ical predictions of B(M1; 3/2−

1 → 1/2−
1 ) and B(E2; 3/2−

1 →
1/2−

1 ) are reported. As in the 7Be case, the rch, Q, and B(E2)
values increase substantially when NCSMC is applied due to
the proper physical tail of the NCSMC wave functions. We
also present the NCSMC ANCs for the ground state and the
1/2−

1 state that compare quite well with the values extracted
from experimental data. The cluster form factors for the two
states resamble closely the 7Be ones shown in Fig. 1. We
therefore do not show them.

In Fig. 4 we show the results for the phase shifts. The figure
is basically organized as Fig. 2, here the difference is that we
have three mass partitions instead of two. On the left-hand
side there are the three panels displaying the phase shifts of
the corresponding process, while on the right-hand side there
is the experimental spectrum. Again, the solid lines represent
the energy levels while the dashed lines show the reaction
thresholds. The theoretical phase shifts in three panels on
the left are adjusted to the experimental thresholds displayed
with dashed lines. As in the previous case, also for 7Li our
method is able to reproduce all the energy levels in the correct
order. Two differences must be addressed with respect the
previous case. The first difference concerns the T = 3/2 state
at 11.24 MeV, that we now discuss and demonstrate that it
is theoretically well reproduced in particular in the 6He + p
scattering. The second difference concerns the two 5/2− states
at the energies of 6.604 and 7.454 MeV, respectively. In this
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TABLE VI. Properties of the ground state of 7Li computed
with the NCSM and NCSMC approaches using the 3H + 4He mass
partition and compared with the experimental data. The reduced
transition probabilities are from the ground state 3/2−

1 to the first
excited state 1/2−

1 . The ANCs Cl j are shown for both the ground
state and the 1/2−

1 state.

3H + 4He NCSM NCSMC Expt. Refs.

rch (fm) 2.21 2.42 2.39(3) [70]
Q (e fm2) −2.67 −3.72 −4.00(3) [71]
µ (µN ) 3.00 3.02 3.256 [72]
B(E2) (e2 fm4) 3.49 7.12 8.3(5) [73]
B(M1) (µ2

N ) 2.05 2.00 –
(Cp3/2)2 (fm−1) – 12.21 12.74(110) [74]
(Cp1/2)2 (fm−1) – 9.99 9.00(90) [74]

case the threshold of the 6Li + n reaction is exactly in between
these two states and thus only the 5/2−

2 state appears in the
spectrum of this mass partition. The 5/2−

1 resonance is shown
in the spectrum of the 3H + 4He scattering, and once again we
find a situation similar to the previous one. The experimental
cross section for 3H + 4He has a peak in correspondence of
the 5/2−

1 state, while for 6Li + n the peak is found at the
energy of the 5/2−

2 state. This experimental observation is
reproduced by our calculation and the very small contribution
to the 5/2−

2 state from the 3H + 4He process can be seen in
its spectrum at the excitation energy of ∼9.5 MeV. The last
comment concerns the 8P7/2 phase shifts in 6Li + n scattering,
that is built on the 3+ state of 6Li and in the figure seems to
appear at the threshold of 6He + p. This is purely accidental
and simply due to the shift of the theoretical results to the
experimental thresholds.

In Table VII we report the energies and widths of the
resonant states of 7Li computed with the NCSMC and com-
pared to the experimental values. For 3H + 4He reaction we

TABLE VII. Energies (Er) and widths (!) in MeV of the reso-
nant states of 7Li computed with the NCSMC and compared with the
existing experimental data [62]. The resonance energies are given
with respect the threshold of the corresponding mass partition. All
the states have isospin T = 1/2 except the 3/2−

3 state in 6He + p
which has T = 3/2.

NCSMC Expt.

Jπ Er ! Er Ex !

3H + 4He
7/2−

1 2.79 0.214 2.18 4.652 0.069
5/2−

1 4.04 0.785 4.14 6.604 0.918
7/2−

2 9.33 0.435 7.10 9.57 0.437
6Li + n

5/2−
2 0.48 0.21 0.20 7.454 0.080

3/2−
2 1.83 1.70 1.50 8.75 4.712

1/2−
2 2.60 2.44 1.84 9.09 2.752

7/2−
2 2.91 0.039 2.32 9.57 0.437

6He + p
3/2−

3 1.74 0.63 1.26 11.24 0.26
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FIG. 5. The same as in Fig. 3 for 7Li from the NCSMC calcula-
tion of the 6Li + n scattering.

do not include the 5/2−
2 state. The general agreement with

the experimental values is good, and the resonant centroids
are basically reproduced by our calculations. In this case, the
energy of the 7/2−

2 state is better reproduced by the 6Li + n
calculation, even though its contribution to the width is very
small.

Also for 7Li our calculations predict new resonant states
that are shown in Fig. 5 for 6Li + n, and in Fig. 6 for 6He + p,
respectively. The resonance energies and widths of some of
these predicted resonances are summarized in Table VIII. As

TABLE VIII. Energies (Er) and widths (!) in MeV of some
of the new predicted resonant states of 7Li computed within the
NCSMC. The resonance energies are given with respect the threshold
of the 6Li + n and 6He + p mass partitions.

NCSMC
Jπ T Er !

6Li + n
5/2− 1/2 4.79 7.73
1/2− 1/2 7.71 6.13
1/2+ 1/2 3.78 1.11

6He + p
1/2+ 1/2 0.23 0.13
3/2− 1/2 1.94 0.41
1/2− 3/2 3.03 2.65
5/2− 3/2 4.43 2.10
3/2− 3/2 4.55 5.21
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Background: The production of 7Be and 7Li nuclei plays an important role in primordial nucleosynthesis,
nuclear astrophysics, and fusion energy generation. The 3He(α, γ )7Be and 3H(α, γ )7Li radiative-capture
processes are important to determine the 7Li abundance in the early universe and to predict the correct fraction
of pp-chain branches resulting in 7Be versus 8B neutrinos. The 6Li(p, γ )7Be has been investigated recently
hinting at a possible cross section enhacement near the thershold. The 6Li(n, 3H)4He process can be utilized for
tritium breeding in machines dedicated to fusion energy generation through the deuteron-tritium reaction, and is
a neutron cross section standard used in the measurement and evaluation of fission cross sections.
Purpose: In this work we study the properties of 7Be and 7Li within the no-core shell model with continuum
(NCSMC) method, using chiral nucleon-nucleon interactions as the only input, and analyze all the binary mass
partitions involved in the formation of these systems.
Methods: The NCSMC is an ab initio method applicable to light nuclei that provides a unified description of
bound and scattering states and thus is well suited to investigate systems with many resonances and pronounced
clustering like 7Be and 7Li.
Results: Our calculations reproduce all the experimentally known states of the two systems and provide
predictions for several new resonances of both parities. Some of these new possible resonances are built on
the ground states of 6Li and 6He, and thus represent a robust prediction. We do not find any resonance in the
p + 6Li mass partition near the threshold. On the other hand, in the p + 6He mass partition of 7Li we observe
an S-wave resonance near the threshold producing a very pronounced peak in the calculated S factor of the
6He(p, γ )7Li radiative-capture reaction.
Conclusions: While we do not find a resonance near the thershold in the p + 6Li channel, in the case of 6He + p
reaction a resonant S-wave state is predicted at a very low energy above the reaction threshold, which could be
relevant for astrophysics and its implications should be investigated. We note though that this state lies above
the three-body breakup threshold not included in our method and may be influenced by three-body continuum
correlations.
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I. INTRODUCTION

The A = 7 systems, in particular 7Be and 7Li, play an
important role in primordial nucleosynthesis, nuclear astro-
physics, and fusion energy experiments.

The 3He(α, γ )7Be and 3H(α, γ )7Li radiative-capture pro-
cesses are crucial for the determination of the primordial 7Li
abundance in the early universe [1–3] and for predicting the
correct fraction of pp-chain branches resulting in 7Be versus
8B neutrinos [4,5]. Measuring these reactions at the very low
solar energies required for astrophysics modeling is extremely
challenging due to the suppression of the reaction probabil-
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ity caused by the Coulomb repulsion between the reactants.
Consequently, despite the several experimental measurements
[6–14], a predictive theoretical description is needed to re-
liably guide the extrapolation of higher-energy experimental
data down to the desired solar values [15]. A summary of
the experimental status of production and destruction of 7Be
at the relevant energies for astrophysics can be found in
Ref. [15].

A recent experimental investigation of the 6Li(p, γ )7Be
capture reaction at Lanzhou [16] hinted at a possible reso-
nant enhancement of this cross section near the threshold. If
real, this enhancement would have consequences for nuclear
astrophysics. A new experiment [17] is also in progress at
the Laboratory of Underground Nuclear Astrophysics [18]. A
theoretical investigation of S-wave resonances in 7Be is then
called for.
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FIG. 4. The same as in Fig. 2 for 7Li and 3H + 4He, 6Li + n, and 6He + p scattering with calculated thresholds in Table V.

experimental values are well reproduced and the difference
between the total energies is less than 1 MeV, similarly as for
3He + 4He mass partition in 7Be. The agreement is also good
in the other two cases even if the differences are a bit larger.

In Table VI we display the properties of the ground state
obtained from the study of the 3H + 4He reaction with the
NCSM and NCSMC. The theoretical results for rch, Q, and
µ are compared with the experimental values, and the theoret-
ical predictions of B(M1; 3/2−

1 → 1/2−
1 ) and B(E2; 3/2−

1 →
1/2−

1 ) are reported. As in the 7Be case, the rch, Q, and B(E2)
values increase substantially when NCSMC is applied due to
the proper physical tail of the NCSMC wave functions. We
also present the NCSMC ANCs for the ground state and the
1/2−

1 state that compare quite well with the values extracted
from experimental data. The cluster form factors for the two
states resamble closely the 7Be ones shown in Fig. 1. We
therefore do not show them.

In Fig. 4 we show the results for the phase shifts. The figure
is basically organized as Fig. 2, here the difference is that we
have three mass partitions instead of two. On the left-hand
side there are the three panels displaying the phase shifts of
the corresponding process, while on the right-hand side there
is the experimental spectrum. Again, the solid lines represent
the energy levels while the dashed lines show the reaction
thresholds. The theoretical phase shifts in three panels on
the left are adjusted to the experimental thresholds displayed
with dashed lines. As in the previous case, also for 7Li our
method is able to reproduce all the energy levels in the correct
order. Two differences must be addressed with respect the
previous case. The first difference concerns the T = 3/2 state
at 11.24 MeV, that we now discuss and demonstrate that it
is theoretically well reproduced in particular in the 6He + p
scattering. The second difference concerns the two 5/2− states
at the energies of 6.604 and 7.454 MeV, respectively. In this
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FIG. 6. Predictions of new negative- and positive-parity resonant
states in the spectrum of 7Li obtained from the NCSMC calcula-
tion of the 6He + p scattering. The phase shifts are displayed as
functions of kinetic energy in the center of mass. All calculations
were performed at Nmax = 11 in the HO expansion and using the
SRG-evolved NN N3LO chiral interaction [32] at the resolution scale
of λSRG = 2.15 fm−1.

for 7Be, all currently experimentally known 7Li states have
negative parity, while our NCSMC calculations predict new
resonances of both parities. Figure 5(a) shows the 4P1/2 and
6P5/2 phase shifts built on the 6Li ground state and the 3+0
excited state, respectively. We note that the first resonance in
4P1/2 partial wave corresponds to the experimentally known
state at 9.02 MeV and the phase shift is also included in Fig. 4.
The narrow resonances in the 2P1/2 partial wave built on the
6He ground state presented in Fig. 6 will mix with the much
broader 4P1/2(1+0) partial waves in a calculation that couples
different mass partitions as well as in experiment. Conse-
quently, their widths obtained in the present calculations are
unrealistically small and we do not include these resonances
in Table VIII. We note that for T = 3/2, we predict a new
1/2− resonance built on the 6He ground state as well as a
3/2− and 5/2− resonances built in the 6He 2+1 state, see
Fig. 6(b). As the latter state is unbound, our predictions for
the 3/2− and 5/2− resonances are less robust than that of
the 1/2− resonance. The S-wave phase shifts built on the
four 6Li and two 6He states included in our calculations are
plotted in Fig. 5(b) and Fig. 6(c), respectively. Contrary to
the situation in 7Be (Fig. 3), we find resonant behavior in the
6Li + n scattering in the partial waves built on the T = 0 1+

and 3+ 6Li states with the resonances appearing below the
T = 1 0+ and 2+ states thresholds. In the 6He + p scattering,

the 1/2+ resonace appears just above the threshold, also below
the 6Li 0+1 state not coupled in the present calculations.
Consequently, the prediction of the positive-parity 1/2+S-
wave resonance in 6He + p appears robust. Still, we have to
keep in mind that this state is in the three-body continuum
(4He + d + n) that is not included in our calculations and, of
course, this can affect its properties.

1. The 6He(p, γ )7Li radiative capture reaction

The sharp resonance near the threshold of the 6He + p
reaction suggests a resonant S factor for the 6He(p, γ )7Li
radiative-capture reaction. Indeed, our calculated S factor pre-
dicts a very pronounced and sharp peak just above the thresh-
old. Its possible implications for astrophysics, if any, remain
to be investigated. As pointed out in the previous subsection,
the three-body continuum not included in our calculations
could affect this resonance and the S factor. Since we do not
include the coupling between the different mass partitions, the
magnitude of our calculated S factor is unrealistically large.
Consequently, we do not present the calculated S factor until
the coupling of the 7Li mass partitions is implemented in our
formalism. Experimental investigation of the 6He(p, γ )7Li
radiative capture has been performed only at energies well
above the threshold, e.g., at E6He = 40 MeV/A [75].

IV. CONCLUSIONS

In Ref. [26] the 7Be and 7Li systems have been studied
within the NCSMC approach investigating the 3He + 4He and
the 3H + 4He reactions. In the present work we extended the
work of Ref. [26] and studied these systems in a wider energy
range considering all the binary-mass partitions. In addition
to the two previous ones, here we also studied the 6Li + p,
6Li + n, and 6He + p reactions and investigated 7Be and 7Li
bound states as well as resonances and scattering states. Our
results provide a very good description of the experimental
energy spectrum of both systems. Not only the bound state
energies but also the resonant states are nicely reproduced in
the correct order. The widths of the known resonances are
also well reproduced. Besides these known states we found
several new resonances of both parities, some of them built on
the ground state of 6Li and 6He. Finally, we also investigated
the 6Li(p, γ )7Be and the 6He(p, γ )7Li radiative-capture pro-
cesses. Contrary to the Lanzhou experiment, we did not find
any resonance in the S-wave near the 6Li + p threshold. Our
predicted 6Li(p, γ )7Be S factor is nonresonant and smooth at
low energies. On the other hand, we predict a pronounced S-
wave resonance in 7Li near the 6He + p threshold that results
in a sharp peak in our predicted S factor for the 6He(p, γ )7Li
reaction. Its possible implications for astrophysics, if any,
remain to be investigated. It also must be noted that this state
is already in three-body continuum that we did not include in
our calculations and can thus affect our results.

The presented calculations can be improved in three ways.
First, the coupling between the different mass partitions needs
to be introduced, which would then allow to study transfer
reactions such as 6Li(n, 3H)4He. Second, the chiral three-
nucleon interaction should be included. Third, the three-body
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nuclear astrophysics, and fusion energy generation. The 3He(α, γ )7Be and 3H(α, γ )7Li radiative-capture
processes are important to determine the 7Li abundance in the early universe and to predict the correct fraction
of pp-chain branches resulting in 7Be versus 8B neutrinos. The 6Li(p, γ )7Be has been investigated recently
hinting at a possible cross section enhacement near the thershold. The 6Li(n, 3H)4He process can be utilized for
tritium breeding in machines dedicated to fusion energy generation through the deuteron-tritium reaction, and is
a neutron cross section standard used in the measurement and evaluation of fission cross sections.
Purpose: In this work we study the properties of 7Be and 7Li within the no-core shell model with continuum
(NCSMC) method, using chiral nucleon-nucleon interactions as the only input, and analyze all the binary mass
partitions involved in the formation of these systems.
Methods: The NCSMC is an ab initio method applicable to light nuclei that provides a unified description of
bound and scattering states and thus is well suited to investigate systems with many resonances and pronounced
clustering like 7Be and 7Li.
Results: Our calculations reproduce all the experimentally known states of the two systems and provide
predictions for several new resonances of both parities. Some of these new possible resonances are built on
the ground states of 6Li and 6He, and thus represent a robust prediction. We do not find any resonance in the
p + 6Li mass partition near the threshold. On the other hand, in the p + 6He mass partition of 7Li we observe
an S-wave resonance near the threshold producing a very pronounced peak in the calculated S factor of the
6He(p, γ )7Li radiative-capture reaction.
Conclusions: While we do not find a resonance near the thershold in the p + 6Li channel, in the case of 6He + p
reaction a resonant S-wave state is predicted at a very low energy above the reaction threshold, which could be
relevant for astrophysics and its implications should be investigated. We note though that this state lies above
the three-body breakup threshold not included in our method and may be influenced by three-body continuum
correlations.
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I. INTRODUCTION

The A = 7 systems, in particular 7Be and 7Li, play an
important role in primordial nucleosynthesis, nuclear astro-
physics, and fusion energy experiments.

The 3He(α, γ )7Be and 3H(α, γ )7Li radiative-capture pro-
cesses are crucial for the determination of the primordial 7Li
abundance in the early universe [1–3] and for predicting the
correct fraction of pp-chain branches resulting in 7Be versus
8B neutrinos [4,5]. Measuring these reactions at the very low
solar energies required for astrophysics modeling is extremely
challenging due to the suppression of the reaction probabil-
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ity caused by the Coulomb repulsion between the reactants.
Consequently, despite the several experimental measurements
[6–14], a predictive theoretical description is needed to re-
liably guide the extrapolation of higher-energy experimental
data down to the desired solar values [15]. A summary of
the experimental status of production and destruction of 7Be
at the relevant energies for astrophysics can be found in
Ref. [15].

A recent experimental investigation of the 6Li(p, γ )7Be
capture reaction at Lanzhou [16] hinted at a possible reso-
nant enhancement of this cross section near the threshold. If
real, this enhancement would have consequences for nuclear
astrophysics. A new experiment [17] is also in progress at
the Laboratory of Underground Nuclear Astrophysics [18]. A
theoretical investigation of S-wave resonances in 7Be is then
called for.
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FIG. 4. The same as in Fig. 2 for 7Li and 3H + 4He, 6Li + n, and 6He + p scattering with calculated thresholds in Table V.

experimental values are well reproduced and the difference
between the total energies is less than 1 MeV, similarly as for
3He + 4He mass partition in 7Be. The agreement is also good
in the other two cases even if the differences are a bit larger.

In Table VI we display the properties of the ground state
obtained from the study of the 3H + 4He reaction with the
NCSM and NCSMC. The theoretical results for rch, Q, and
µ are compared with the experimental values, and the theoret-
ical predictions of B(M1; 3/2−

1 → 1/2−
1 ) and B(E2; 3/2−

1 →
1/2−

1 ) are reported. As in the 7Be case, the rch, Q, and B(E2)
values increase substantially when NCSMC is applied due to
the proper physical tail of the NCSMC wave functions. We
also present the NCSMC ANCs for the ground state and the
1/2−

1 state that compare quite well with the values extracted
from experimental data. The cluster form factors for the two
states resamble closely the 7Be ones shown in Fig. 1. We
therefore do not show them.

In Fig. 4 we show the results for the phase shifts. The figure
is basically organized as Fig. 2, here the difference is that we
have three mass partitions instead of two. On the left-hand
side there are the three panels displaying the phase shifts of
the corresponding process, while on the right-hand side there
is the experimental spectrum. Again, the solid lines represent
the energy levels while the dashed lines show the reaction
thresholds. The theoretical phase shifts in three panels on
the left are adjusted to the experimental thresholds displayed
with dashed lines. As in the previous case, also for 7Li our
method is able to reproduce all the energy levels in the correct
order. Two differences must be addressed with respect the
previous case. The first difference concerns the T = 3/2 state
at 11.24 MeV, that we now discuss and demonstrate that it
is theoretically well reproduced in particular in the 6He + p
scattering. The second difference concerns the two 5/2− states
at the energies of 6.604 and 7.454 MeV, respectively. In this
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FIG. 6. Predictions of new negative- and positive-parity resonant
states in the spectrum of 7Li obtained from the NCSMC calcula-
tion of the 6He + p scattering. The phase shifts are displayed as
functions of kinetic energy in the center of mass. All calculations
were performed at Nmax = 11 in the HO expansion and using the
SRG-evolved NN N3LO chiral interaction [32] at the resolution scale
of λSRG = 2.15 fm−1.

for 7Be, all currently experimentally known 7Li states have
negative parity, while our NCSMC calculations predict new
resonances of both parities. Figure 5(a) shows the 4P1/2 and
6P5/2 phase shifts built on the 6Li ground state and the 3+0
excited state, respectively. We note that the first resonance in
4P1/2 partial wave corresponds to the experimentally known
state at 9.02 MeV and the phase shift is also included in Fig. 4.
The narrow resonances in the 2P1/2 partial wave built on the
6He ground state presented in Fig. 6 will mix with the much
broader 4P1/2(1+0) partial waves in a calculation that couples
different mass partitions as well as in experiment. Conse-
quently, their widths obtained in the present calculations are
unrealistically small and we do not include these resonances
in Table VIII. We note that for T = 3/2, we predict a new
1/2− resonance built on the 6He ground state as well as a
3/2− and 5/2− resonances built in the 6He 2+1 state, see
Fig. 6(b). As the latter state is unbound, our predictions for
the 3/2− and 5/2− resonances are less robust than that of
the 1/2− resonance. The S-wave phase shifts built on the
four 6Li and two 6He states included in our calculations are
plotted in Fig. 5(b) and Fig. 6(c), respectively. Contrary to
the situation in 7Be (Fig. 3), we find resonant behavior in the
6Li + n scattering in the partial waves built on the T = 0 1+

and 3+ 6Li states with the resonances appearing below the
T = 1 0+ and 2+ states thresholds. In the 6He + p scattering,

the 1/2+ resonace appears just above the threshold, also below
the 6Li 0+1 state not coupled in the present calculations.
Consequently, the prediction of the positive-parity 1/2+S-
wave resonance in 6He + p appears robust. Still, we have to
keep in mind that this state is in the three-body continuum
(4He + d + n) that is not included in our calculations and, of
course, this can affect its properties.

1. The 6He(p, γ )7Li radiative capture reaction

The sharp resonance near the threshold of the 6He + p
reaction suggests a resonant S factor for the 6He(p, γ )7Li
radiative-capture reaction. Indeed, our calculated S factor pre-
dicts a very pronounced and sharp peak just above the thresh-
old. Its possible implications for astrophysics, if any, remain
to be investigated. As pointed out in the previous subsection,
the three-body continuum not included in our calculations
could affect this resonance and the S factor. Since we do not
include the coupling between the different mass partitions, the
magnitude of our calculated S factor is unrealistically large.
Consequently, we do not present the calculated S factor until
the coupling of the 7Li mass partitions is implemented in our
formalism. Experimental investigation of the 6He(p, γ )7Li
radiative capture has been performed only at energies well
above the threshold, e.g., at E6He = 40 MeV/A [75].

IV. CONCLUSIONS

In Ref. [26] the 7Be and 7Li systems have been studied
within the NCSMC approach investigating the 3He + 4He and
the 3H + 4He reactions. In the present work we extended the
work of Ref. [26] and studied these systems in a wider energy
range considering all the binary-mass partitions. In addition
to the two previous ones, here we also studied the 6Li + p,
6Li + n, and 6He + p reactions and investigated 7Be and 7Li
bound states as well as resonances and scattering states. Our
results provide a very good description of the experimental
energy spectrum of both systems. Not only the bound state
energies but also the resonant states are nicely reproduced in
the correct order. The widths of the known resonances are
also well reproduced. Besides these known states we found
several new resonances of both parities, some of them built on
the ground state of 6Li and 6He. Finally, we also investigated
the 6Li(p, γ )7Be and the 6He(p, γ )7Li radiative-capture pro-
cesses. Contrary to the Lanzhou experiment, we did not find
any resonance in the S-wave near the 6Li + p threshold. Our
predicted 6Li(p, γ )7Be S factor is nonresonant and smooth at
low energies. On the other hand, we predict a pronounced S-
wave resonance in 7Li near the 6He + p threshold that results
in a sharp peak in our predicted S factor for the 6He(p, γ )7Li
reaction. Its possible implications for astrophysics, if any,
remain to be investigated. It also must be noted that this state
is already in three-body continuum that we did not include in
our calculations and can thus affect our results.

The presented calculations can be improved in three ways.
First, the coupling between the different mass partitions needs
to be introduced, which would then allow to study transfer
reactions such as 6Li(n, 3H)4He. Second, the chiral three-
nucleon interaction should be included. Third, the three-body
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6He(d,n)7Li∗→ 6He+p
experiment at Texas A&M 
University Cyclotron Institute

Near threshold resonance not 
found

3/2- T=1/2 anti-analog 
resonance observed just above 
3/2- T=3/2 

Weakness of the calculation - mass 
partitions not coupled:
The resonance appears in both 
6Li+n and 6He+p. Might be below 
the 6He+p threshold or might decay 
by charge exchange 6He(p,n)6Li(gs)
…or might be dissolved in d+n+4He 
continuum (not included)
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§ 6Li+n and 6He+p coupled calculations
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§ 6Li+n and 6He+p coupled calculations
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347Li structure: Coupling of different mass partitions in NCSMC in progress

§ 4He+3H and 6Li+n coupled calculations

§ First results for 6Li(n,t)4He

Next to do: 4He+3H and 6Li+n and 6He+p coupled calculations 
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36Neutron-rich halo nucleus 11Be

§ Z=4, N=7
§ In the shell model picture g.s. expected to be Jπ=1/2- 

§ Z=6, N=7 13C and Z=8, N=7 15O have Jπ=1/2- g.s.
§ In reality, 11Be g.s. is Jπ=1/2+ - parity inversion
§ Very weakly bound: Eth=-0.5 MeV

§ Halo state – dominated by 10Be-n in the S-wave
§ The 1/2- state also bound – only by 180 keV

§ Can we describe 11Be in ab initio calculations?
§ Continuum must be included
§ Does the 3N interaction play a role in the parity inversion?

0s1/2

0p1/2

1s1/2

0p3/2
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Structure of 11Be from chiral NN+3N forces

37

§ NCSMC calculations including chiral 3N (NN N3LO+N2LO 3N(400), N2LOsat, NN N4LO+3Nlnl)
§  n-10Be  +  11Be

§ 10Be: 0+, 2+, 2+ NCSM eigenstates
§ 11Be: ≥6 π = -1 and ≥3 π = +1 NCSM eigenstates
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! NCSMC shows much better Nmax convergence 

! NCSM tries to capture continuum effects via large Nmax 

! drastic difference for the 1/2+ state right at threshold
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Can Ab Initio Theory Explain the Phenomenon of Parity Inversion in 11Be?

Angelo Calci,1,* Petr Navrátil,1,† Robert Roth,2 Jérémy Dohet-Eraly,1,‡ Sofia Quaglioni,3 and Guillaume Hupin4,5
1TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada

2Institut für Kernphysik, Technische Universität Darmstadt, 64289 Darmstadt, Germany
3Lawrence Livermore National Laboratory, P.O. Box 808, L-414, Livermore, California 94551, USA
4Institut de Physique Nucléaire, Université Paris-Sud, IN2P3/CNRS, F-91406 Orsay Cedex, France

5CEA, DAM, DIF, F-91297 Arpajon, France
(Received 11 August 2016; revised manuscript received 7 October 2016; published 9 December 2016)

The weakly bound exotic 11Be nucleus, famous for its ground-state parity inversion and distinct
nþ 10Be halo structure, is investigated from first principles using chiral two- and three-nucleon forces.
An explicit treatment of continuum effects is found to be indispensable. We study the sensitivity of the 11Be
spectrum to the details of the three-nucleon force and demonstrate that only certain chiral interactions are
capable of reproducing the parity inversion. With such interactions, the extremely large E1 transition
between the bound states is reproduced. We compare our photodisintegration calculations to conflicting
experimental data and predict a distinct dip around the 3=2−1 resonance energy. Finally, we predict
low-lying 3=2þ and 9=2þ resonances that are not or not sufficiently measured in experiments.

DOI: 10.1103/PhysRevLett.117.242501

The theoretical understanding of exotic neutron-rich nuclei
constitutes a tremendous challenge. These systems often
cannot be explained bymean-field approaches and contradict
the regular shell structure. The spectrum of 11Be has some
very peculiar features. The 1=2þ ground state (g.s.) is loosely
bound by 502 keVwith respect to the nþ 10Be threshold and
is separated by only 320 keV from its parity-inverted 1=2−

partner [1], which would be the expected g.s. in the standard
shell-model picture. Such parity inversion, already noticed by
Talmi and Unna [2] in the early 1960s, is one of the best
examples of the disappearance of the N ¼ 8 magic number
with an increasing neutron to proton ratio. The next
(nþ nþ 9Be) breakup threshold appears at 7.31 MeV [3],
such that the rich resonance structure at low energies is
dominated by the nþ 10Be dynamics. Peculiar also is the
electric-dipole transition strength between the two bound
states, which has attracted much attention since its first
measurement in 1971 [4] and was remeasured in 1983 [5]
and2014 [6]. It is the strongest known transitionbetween low-
lying states, attributed to the halo character of 11Be.
An accurate description of this complex spectrum is

anticipated to be sensitive to the details of the nuclear force
[7], such that a precise knowledge of the nucleon-nucleon
(NN) interaction, desirably obtained from first principles,
is crucial. Moreover, the inclusion of three-nucleon (3N)
effects has been found to be indispensable for an accurate
description of nuclear systems [8,9]. The chiral effective
field theory constitutes one of the most promising candi-
dates for deriving the nuclear interaction. Formulated by
Weinberg [10–12], it is based on the fundamental sym-
metries of QCD and uses pions and nucleons as relevant
degrees of freedom. Within this theory, NN, 3N, and
higher many-body interactions arise in a natural hierarchy

[10–16]. The details of these interactions depend on the
specific choices made during the construction. In particular,
the way the interactions are constrained to experimental
data can have a strong impact [17].
In this Letter, we tackle the question if ab initio

calculations can provide an accurate description of the
11Be spectrum and reproduce the experimental ground
state. Pioneering ab initio investigations of 11Be did not
account for the important effects of 3N forces and were
incomplete in the treatment of either long- [18] or short-
range [19,20] correlations, both of which are crucial to
arrive at an accurate description of this system.
In this Letter, we report the first complete ab initio

calculations of the 11Be nucleus using the framework of
the no-core shell model with continuum (NCSMC) [21–23],
which combines the capability to describe the extended
nþ 10Be configurations of Refs. [19,20] with a robust
treatment of many-body short-range correlations. We adopt
a family of chiral interactions in which theNN component is
constrained, in a traditional sense, to two-nucleon properties
[24] and the 3N force is fitted in three- and sometimes four-
body systems [25–28]. In addition, we also employ a newer
chiral interaction, obtained from a simultaneous fit of NN
and 3N components to nucleon-nucleon scattering data and
selected properties of nuclei as complex as 25O [29–31].
Many-body approach.—The general idea of the NCSMC

is to represent the A-nucleon wave function as the gener-
alized cluster expansion [21–23]

jΨJπT
A i ¼

X

λ

cJ
πT

λ jAλJπTiþ
X

ν

Z
drr2

γJ
πT

ν ðrÞ
r

AνjΦJπT
νr i:

ð1Þ

PRL 117, 242501 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

9 DECEMBER 2016

0031-9007=16=117(24)=242501(6) 242501-1 © 2016 American Physical Society



38

11Be within NCSMC: Discrimination among chiral nuclear forces

Feb 17 2016 Angelo Calci

11Be with NCSMC

1

exp.

n+10Be(0+)

Robert Roth - TU Darmstadt - February 2015

9Be: NCSM vs. NCSMC

! NCSMC shows much better Nmax convergence 

! NCSM tries to capture continuum effects via large Nmax 

! drastic difference for the 1/2+ state right at threshold

10

6 8 10 12 exp. 12 10 8 6

-2
-1

0
1

2

3
4

5

6

7

8

.

E
th

r.
[M

eV
]

(a)

NCSM NCSMC

7 9 11 exp. 11 9 7
Nmax Nmax

0
1
2
3
4
5
6
7
8
9

10

.

E
th

r.
[M

eV
]

(b)

NCSM NCSMC

6 8 10 12 exp. 12 10 8 6

-2
-1

0
1

2

3
4

5

6

7

8

.

E
th

r.
[M

eV
]

(a)

NCSM NCSMC

7 9 11 exp. 11 9 7
Nmax Nmax

0
1
2
3
4
5
6
7
8
9

10

.

E
th

r.
[M

eV
]

(b)

NCSM NCSMC

NCSM NCSMC NCSM NCSMC
negative parity positive parity

Nmax Nmax Nmax Nmax

NN
+3

N f
ul

l
α 

=
 0

.0
62

5 
fm

4 ,
  
ħΩ

 =
 2

0 
M

eV
, 

 E
3m

ax
 =

 1
4 

Langhammer, Navrátil, Quaglioni, Hupin, Calci, Roth; Phys. Rev. C 91, 021301(R) (2015)

E t
hr

. [M
eV

]
NN NN+3N(400)

n+10Be(2+)

n+10Be(2+)

N2LOsatexp.

exp.NN NN+3N(400) N2LOsatexp.

7

-1

0

1

2

3

4

5

6

.

E
χ

[M
eV

]

8

1/2+
1/2-

5/2+

3/2-

3/2-

5/2-

3/2+

9/2+

Can Ab Initio Theory Explain the Phenomenon of Parity Inversion in 11Be?

Angelo Calci,1,* Petr Navrátil,1,† Robert Roth,2 Jérémy Dohet-Eraly,1,‡ Sofia Quaglioni,3 and Guillaume Hupin4,5
1TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada

2Institut für Kernphysik, Technische Universität Darmstadt, 64289 Darmstadt, Germany
3Lawrence Livermore National Laboratory, P.O. Box 808, L-414, Livermore, California 94551, USA
4Institut de Physique Nucléaire, Université Paris-Sud, IN2P3/CNRS, F-91406 Orsay Cedex, France

5CEA, DAM, DIF, F-91297 Arpajon, France
(Received 11 August 2016; revised manuscript received 7 October 2016; published 9 December 2016)

The weakly bound exotic 11Be nucleus, famous for its ground-state parity inversion and distinct
nþ 10Be halo structure, is investigated from first principles using chiral two- and three-nucleon forces.
An explicit treatment of continuum effects is found to be indispensable. We study the sensitivity of the 11Be
spectrum to the details of the three-nucleon force and demonstrate that only certain chiral interactions are
capable of reproducing the parity inversion. With such interactions, the extremely large E1 transition
between the bound states is reproduced. We compare our photodisintegration calculations to conflicting
experimental data and predict a distinct dip around the 3=2−1 resonance energy. Finally, we predict
low-lying 3=2þ and 9=2þ resonances that are not or not sufficiently measured in experiments.
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The theoretical understanding of exotic neutron-rich nuclei
constitutes a tremendous challenge. These systems often
cannot be explained bymean-field approaches and contradict
the regular shell structure. The spectrum of 11Be has some
very peculiar features. The 1=2þ ground state (g.s.) is loosely
bound by 502 keVwith respect to the nþ 10Be threshold and
is separated by only 320 keV from its parity-inverted 1=2−

partner [1], which would be the expected g.s. in the standard
shell-model picture. Such parity inversion, already noticed by
Talmi and Unna [2] in the early 1960s, is one of the best
examples of the disappearance of the N ¼ 8 magic number
with an increasing neutron to proton ratio. The next
(nþ nþ 9Be) breakup threshold appears at 7.31 MeV [3],
such that the rich resonance structure at low energies is
dominated by the nþ 10Be dynamics. Peculiar also is the
electric-dipole transition strength between the two bound
states, which has attracted much attention since its first
measurement in 1971 [4] and was remeasured in 1983 [5]
and2014 [6]. It is the strongest known transitionbetween low-
lying states, attributed to the halo character of 11Be.
An accurate description of this complex spectrum is

anticipated to be sensitive to the details of the nuclear force
[7], such that a precise knowledge of the nucleon-nucleon
(NN) interaction, desirably obtained from first principles,
is crucial. Moreover, the inclusion of three-nucleon (3N)
effects has been found to be indispensable for an accurate
description of nuclear systems [8,9]. The chiral effective
field theory constitutes one of the most promising candi-
dates for deriving the nuclear interaction. Formulated by
Weinberg [10–12], it is based on the fundamental sym-
metries of QCD and uses pions and nucleons as relevant
degrees of freedom. Within this theory, NN, 3N, and
higher many-body interactions arise in a natural hierarchy

[10–16]. The details of these interactions depend on the
specific choices made during the construction. In particular,
the way the interactions are constrained to experimental
data can have a strong impact [17].
In this Letter, we tackle the question if ab initio

calculations can provide an accurate description of the
11Be spectrum and reproduce the experimental ground
state. Pioneering ab initio investigations of 11Be did not
account for the important effects of 3N forces and were
incomplete in the treatment of either long- [18] or short-
range [19,20] correlations, both of which are crucial to
arrive at an accurate description of this system.
In this Letter, we report the first complete ab initio

calculations of the 11Be nucleus using the framework of
the no-core shell model with continuum (NCSMC) [21–23],
which combines the capability to describe the extended
nþ 10Be configurations of Refs. [19,20] with a robust
treatment of many-body short-range correlations. We adopt
a family of chiral interactions in which theNN component is
constrained, in a traditional sense, to two-nucleon properties
[24] and the 3N force is fitted in three- and sometimes four-
body systems [25–28]. In addition, we also employ a newer
chiral interaction, obtained from a simultaneous fit of NN
and 3N components to nucleon-nucleon scattering data and
selected properties of nuclei as complex as 25O [29–31].
Many-body approach.—The general idea of the NCSMC

is to represent the A-nucleon wave function as the gener-
alized cluster expansion [21–23]
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The weakly bound exotic 11Be nucleus, famous for its ground-state parity inversion and distinct
nþ 10Be halo structure, is investigated from first principles using chiral two- and three-nucleon forces.
An explicit treatment of continuum effects is found to be indispensable. We study the sensitivity of the 11Be
spectrum to the details of the three-nucleon force and demonstrate that only certain chiral interactions are
capable of reproducing the parity inversion. With such interactions, the extremely large E1 transition
between the bound states is reproduced. We compare our photodisintegration calculations to conflicting
experimental data and predict a distinct dip around the 3=2−1 resonance energy. Finally, we predict
low-lying 3=2þ and 9=2þ resonances that are not or not sufficiently measured in experiments.
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The theoretical understanding of exotic neutron-rich nuclei
constitutes a tremendous challenge. These systems often
cannot be explained bymean-field approaches and contradict
the regular shell structure. The spectrum of 11Be has some
very peculiar features. The 1=2þ ground state (g.s.) is loosely
bound by 502 keVwith respect to the nþ 10Be threshold and
is separated by only 320 keV from its parity-inverted 1=2−

partner [1], which would be the expected g.s. in the standard
shell-model picture. Such parity inversion, already noticed by
Talmi and Unna [2] in the early 1960s, is one of the best
examples of the disappearance of the N ¼ 8 magic number
with an increasing neutron to proton ratio. The next
(nþ nþ 9Be) breakup threshold appears at 7.31 MeV [3],
such that the rich resonance structure at low energies is
dominated by the nþ 10Be dynamics. Peculiar also is the
electric-dipole transition strength between the two bound
states, which has attracted much attention since its first
measurement in 1971 [4] and was remeasured in 1983 [5]
and2014 [6]. It is the strongest known transitionbetween low-
lying states, attributed to the halo character of 11Be.
An accurate description of this complex spectrum is

anticipated to be sensitive to the details of the nuclear force
[7], such that a precise knowledge of the nucleon-nucleon
(NN) interaction, desirably obtained from first principles,
is crucial. Moreover, the inclusion of three-nucleon (3N)
effects has been found to be indispensable for an accurate
description of nuclear systems [8,9]. The chiral effective
field theory constitutes one of the most promising candi-
dates for deriving the nuclear interaction. Formulated by
Weinberg [10–12], it is based on the fundamental sym-
metries of QCD and uses pions and nucleons as relevant
degrees of freedom. Within this theory, NN, 3N, and
higher many-body interactions arise in a natural hierarchy

[10–16]. The details of these interactions depend on the
specific choices made during the construction. In particular,
the way the interactions are constrained to experimental
data can have a strong impact [17].
In this Letter, we tackle the question if ab initio

calculations can provide an accurate description of the
11Be spectrum and reproduce the experimental ground
state. Pioneering ab initio investigations of 11Be did not
account for the important effects of 3N forces and were
incomplete in the treatment of either long- [18] or short-
range [19,20] correlations, both of which are crucial to
arrive at an accurate description of this system.
In this Letter, we report the first complete ab initio

calculations of the 11Be nucleus using the framework of
the no-core shell model with continuum (NCSMC) [21–23],
which combines the capability to describe the extended
nþ 10Be configurations of Refs. [19,20] with a robust
treatment of many-body short-range correlations. We adopt
a family of chiral interactions in which theNN component is
constrained, in a traditional sense, to two-nucleon properties
[24] and the 3N force is fitted in three- and sometimes four-
body systems [25–28]. In addition, we also employ a newer
chiral interaction, obtained from a simultaneous fit of NN
and 3N components to nucleon-nucleon scattering data and
selected properties of nuclei as complex as 25O [29–31].
Many-body approach.—The general idea of the NCSMC

is to represent the A-nucleon wave function as the gener-
alized cluster expansion [21–23]
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The weakly bound exotic 11Be nucleus, famous for its ground-state parity inversion and distinct
nþ 10Be halo structure, is investigated from first principles using chiral two- and three-nucleon forces.
An explicit treatment of continuum effects is found to be indispensable. We study the sensitivity of the 11Be
spectrum to the details of the three-nucleon force and demonstrate that only certain chiral interactions are
capable of reproducing the parity inversion. With such interactions, the extremely large E1 transition
between the bound states is reproduced. We compare our photodisintegration calculations to conflicting
experimental data and predict a distinct dip around the 3=2−1 resonance energy. Finally, we predict
low-lying 3=2þ and 9=2þ resonances that are not or not sufficiently measured in experiments.
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The theoretical understanding of exotic neutron-rich nuclei
constitutes a tremendous challenge. These systems often
cannot be explained bymean-field approaches and contradict
the regular shell structure. The spectrum of 11Be has some
very peculiar features. The 1=2þ ground state (g.s.) is loosely
bound by 502 keVwith respect to the nþ 10Be threshold and
is separated by only 320 keV from its parity-inverted 1=2−

partner [1], which would be the expected g.s. in the standard
shell-model picture. Such parity inversion, already noticed by
Talmi and Unna [2] in the early 1960s, is one of the best
examples of the disappearance of the N ¼ 8 magic number
with an increasing neutron to proton ratio. The next
(nþ nþ 9Be) breakup threshold appears at 7.31 MeV [3],
such that the rich resonance structure at low energies is
dominated by the nþ 10Be dynamics. Peculiar also is the
electric-dipole transition strength between the two bound
states, which has attracted much attention since its first
measurement in 1971 [4] and was remeasured in 1983 [5]
and2014 [6]. It is the strongest known transitionbetween low-
lying states, attributed to the halo character of 11Be.
An accurate description of this complex spectrum is

anticipated to be sensitive to the details of the nuclear force
[7], such that a precise knowledge of the nucleon-nucleon
(NN) interaction, desirably obtained from first principles,
is crucial. Moreover, the inclusion of three-nucleon (3N)
effects has been found to be indispensable for an accurate
description of nuclear systems [8,9]. The chiral effective
field theory constitutes one of the most promising candi-
dates for deriving the nuclear interaction. Formulated by
Weinberg [10–12], it is based on the fundamental sym-
metries of QCD and uses pions and nucleons as relevant
degrees of freedom. Within this theory, NN, 3N, and
higher many-body interactions arise in a natural hierarchy

[10–16]. The details of these interactions depend on the
specific choices made during the construction. In particular,
the way the interactions are constrained to experimental
data can have a strong impact [17].
In this Letter, we tackle the question if ab initio

calculations can provide an accurate description of the
11Be spectrum and reproduce the experimental ground
state. Pioneering ab initio investigations of 11Be did not
account for the important effects of 3N forces and were
incomplete in the treatment of either long- [18] or short-
range [19,20] correlations, both of which are crucial to
arrive at an accurate description of this system.
In this Letter, we report the first complete ab initio

calculations of the 11Be nucleus using the framework of
the no-core shell model with continuum (NCSMC) [21–23],
which combines the capability to describe the extended
nþ 10Be configurations of Refs. [19,20] with a robust
treatment of many-body short-range correlations. We adopt
a family of chiral interactions in which theNN component is
constrained, in a traditional sense, to two-nucleon properties
[24] and the 3N force is fitted in three- and sometimes four-
body systems [25–28]. In addition, we also employ a newer
chiral interaction, obtained from a simultaneous fit of NN
and 3N components to nucleon-nucleon scattering data and
selected properties of nuclei as complex as 25O [29–31].
Many-body approach.—The general idea of the NCSMC

is to represent the A-nucleon wave function as the gener-
alized cluster expansion [21–23]
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The weakly bound exotic 11Be nucleus, famous for its ground-state parity inversion and distinct
nþ 10Be halo structure, is investigated from first principles using chiral two- and three-nucleon forces.
An explicit treatment of continuum effects is found to be indispensable. We study the sensitivity of the 11Be
spectrum to the details of the three-nucleon force and demonstrate that only certain chiral interactions are
capable of reproducing the parity inversion. With such interactions, the extremely large E1 transition
between the bound states is reproduced. We compare our photodisintegration calculations to conflicting
experimental data and predict a distinct dip around the 3=2−1 resonance energy. Finally, we predict
low-lying 3=2þ and 9=2þ resonances that are not or not sufficiently measured in experiments.
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The theoretical understanding of exotic neutron-rich nuclei
constitutes a tremendous challenge. These systems often
cannot be explained bymean-field approaches and contradict
the regular shell structure. The spectrum of 11Be has some
very peculiar features. The 1=2þ ground state (g.s.) is loosely
bound by 502 keVwith respect to the nþ 10Be threshold and
is separated by only 320 keV from its parity-inverted 1=2−

partner [1], which would be the expected g.s. in the standard
shell-model picture. Such parity inversion, already noticed by
Talmi and Unna [2] in the early 1960s, is one of the best
examples of the disappearance of the N ¼ 8 magic number
with an increasing neutron to proton ratio. The next
(nþ nþ 9Be) breakup threshold appears at 7.31 MeV [3],
such that the rich resonance structure at low energies is
dominated by the nþ 10Be dynamics. Peculiar also is the
electric-dipole transition strength between the two bound
states, which has attracted much attention since its first
measurement in 1971 [4] and was remeasured in 1983 [5]
and2014 [6]. It is the strongest known transitionbetween low-
lying states, attributed to the halo character of 11Be.
An accurate description of this complex spectrum is

anticipated to be sensitive to the details of the nuclear force
[7], such that a precise knowledge of the nucleon-nucleon
(NN) interaction, desirably obtained from first principles,
is crucial. Moreover, the inclusion of three-nucleon (3N)
effects has been found to be indispensable for an accurate
description of nuclear systems [8,9]. The chiral effective
field theory constitutes one of the most promising candi-
dates for deriving the nuclear interaction. Formulated by
Weinberg [10–12], it is based on the fundamental sym-
metries of QCD and uses pions and nucleons as relevant
degrees of freedom. Within this theory, NN, 3N, and
higher many-body interactions arise in a natural hierarchy

[10–16]. The details of these interactions depend on the
specific choices made during the construction. In particular,
the way the interactions are constrained to experimental
data can have a strong impact [17].
In this Letter, we tackle the question if ab initio

calculations can provide an accurate description of the
11Be spectrum and reproduce the experimental ground
state. Pioneering ab initio investigations of 11Be did not
account for the important effects of 3N forces and were
incomplete in the treatment of either long- [18] or short-
range [19,20] correlations, both of which are crucial to
arrive at an accurate description of this system.
In this Letter, we report the first complete ab initio

calculations of the 11Be nucleus using the framework of
the no-core shell model with continuum (NCSMC) [21–23],
which combines the capability to describe the extended
nþ 10Be configurations of Refs. [19,20] with a robust
treatment of many-body short-range correlations. We adopt
a family of chiral interactions in which theNN component is
constrained, in a traditional sense, to two-nucleon properties
[24] and the 3N force is fitted in three- and sometimes four-
body systems [25–28]. In addition, we also employ a newer
chiral interaction, obtained from a simultaneous fit of NN
and 3N components to nucleon-nucleon scattering data and
selected properties of nuclei as complex as 25O [29–31].
Many-body approach.—The general idea of the NCSMC

is to represent the A-nucleon wave function as the gener-
alized cluster expansion [21–23]
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The weakly bound exotic 11Be nucleus, famous for its ground-state parity inversion and distinct
nþ 10Be halo structure, is investigated from first principles using chiral two- and three-nucleon forces.
An explicit treatment of continuum effects is found to be indispensable. We study the sensitivity of the 11Be
spectrum to the details of the three-nucleon force and demonstrate that only certain chiral interactions are
capable of reproducing the parity inversion. With such interactions, the extremely large E1 transition
between the bound states is reproduced. We compare our photodisintegration calculations to conflicting
experimental data and predict a distinct dip around the 3=2−1 resonance energy. Finally, we predict
low-lying 3=2þ and 9=2þ resonances that are not or not sufficiently measured in experiments.
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The theoretical understanding of exotic neutron-rich nuclei
constitutes a tremendous challenge. These systems often
cannot be explained bymean-field approaches and contradict
the regular shell structure. The spectrum of 11Be has some
very peculiar features. The 1=2þ ground state (g.s.) is loosely
bound by 502 keVwith respect to the nþ 10Be threshold and
is separated by only 320 keV from its parity-inverted 1=2−

partner [1], which would be the expected g.s. in the standard
shell-model picture. Such parity inversion, already noticed by
Talmi and Unna [2] in the early 1960s, is one of the best
examples of the disappearance of the N ¼ 8 magic number
with an increasing neutron to proton ratio. The next
(nþ nþ 9Be) breakup threshold appears at 7.31 MeV [3],
such that the rich resonance structure at low energies is
dominated by the nþ 10Be dynamics. Peculiar also is the
electric-dipole transition strength between the two bound
states, which has attracted much attention since its first
measurement in 1971 [4] and was remeasured in 1983 [5]
and2014 [6]. It is the strongest known transitionbetween low-
lying states, attributed to the halo character of 11Be.
An accurate description of this complex spectrum is

anticipated to be sensitive to the details of the nuclear force
[7], such that a precise knowledge of the nucleon-nucleon
(NN) interaction, desirably obtained from first principles,
is crucial. Moreover, the inclusion of three-nucleon (3N)
effects has been found to be indispensable for an accurate
description of nuclear systems [8,9]. The chiral effective
field theory constitutes one of the most promising candi-
dates for deriving the nuclear interaction. Formulated by
Weinberg [10–12], it is based on the fundamental sym-
metries of QCD and uses pions and nucleons as relevant
degrees of freedom. Within this theory, NN, 3N, and
higher many-body interactions arise in a natural hierarchy

[10–16]. The details of these interactions depend on the
specific choices made during the construction. In particular,
the way the interactions are constrained to experimental
data can have a strong impact [17].
In this Letter, we tackle the question if ab initio

calculations can provide an accurate description of the
11Be spectrum and reproduce the experimental ground
state. Pioneering ab initio investigations of 11Be did not
account for the important effects of 3N forces and were
incomplete in the treatment of either long- [18] or short-
range [19,20] correlations, both of which are crucial to
arrive at an accurate description of this system.
In this Letter, we report the first complete ab initio

calculations of the 11Be nucleus using the framework of
the no-core shell model with continuum (NCSMC) [21–23],
which combines the capability to describe the extended
nþ 10Be configurations of Refs. [19,20] with a robust
treatment of many-body short-range correlations. We adopt
a family of chiral interactions in which theNN component is
constrained, in a traditional sense, to two-nucleon properties
[24] and the 3N force is fitted in three- and sometimes four-
body systems [25–28]. In addition, we also employ a newer
chiral interaction, obtained from a simultaneous fit of NN
and 3N components to nucleon-nucleon scattering data and
selected properties of nuclei as complex as 25O [29–31].
Many-body approach.—The general idea of the NCSMC

is to represent the A-nucleon wave function as the gener-
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Bound to continuum

information of the ab initio approach. In the following, we
use a phenomenology-inspired approach indicated by
NCSMC-pheno that has been already applied in
Refs. [36,55]. In this approach, we adjust the 10Be and
11Be excitation energies of the NCSM eigenstates entering
expansion (1) to reproduce the experimental energies of the
first low-lying states. Note that the obtained NCSMC-
pheno energies are fitted to the experiment, while the
theoretical widths, quoted in Table I, are predictions.
An intuitive interpretation of the 11Be g.s. wave function

is provided in Fig. 4 by the overlap of the full solution for the
g.s. jΨJπT

ν i in (1) with the cluster portion jΦJπT
ν;r i given by

rhΦJπT
ν;r jAνjΨJπT

A i. A clearly extended halo structure beyond
20 fm can be identified for the S wave of the 10Beð0þÞ þ n
relative motion. The phenomenological energy adjustment
only slightly influences the asymptotic behavior of the S
wave, as seen by comparing the solid and dashed black
curves, while other partial waves are even indistinguishable
on the plot resolution. The corresponding spectroscopic
factors for the NCSMC-pheno approach, obtained by
integrating the squared cluster form factors in Fig. 4, are
S ¼ 0.90 (S wave) and S ¼ 0.16 (D wave). The S-wave
asymptotic normalization coefficient is 0.786 fm−1=2.

The BðE1Þ transitions are summarized in Table II.
Calculations without continuum effects predict the wrong
g.s. and underestimate the E1 strength by several orders
of magnitude. For the NCSMC calculations with the
NN þ 3Nð400Þ interaction, the 1=2þ state is very weakly
bound, leading to an unrealistic E1 transition. The
N2LOSAT interaction successfully reproduces the strong
E1 transition, albeit the latest measurement [6] is slightly
overestimated, even after the phenomenological energy
adjustment. There might be small effects arising from a
formally necessary SRG evolution of the transition oper-
ator. Works along these lines for 4He suggest a slight
reduction of the dipole strength [56,57]. A similar effect
would bring the calculated E1 transition in better agree-
ment with the experiment [6].
Finally, we study the photodisintegration of the 11Be g.s.

into nþ 10Be in Fig. 5. This is proportional to dipole
strength distribution dBðE1Þ=dE. In all approaches, a peak
of nonresonant nature (see Fig. 3) is present at about
800 keV above the nþ 10Be threshold, particularly pro-
nounced in the 3=2− partial wave. The strong peak for
the NCSMC with the N2LOSAT interaction is caused by
the slightly extended S-wave tail in Fig. 4 and hence the
underestimated binding energy of the 1=2þ state. The
theoretical predictions are compared to indirect measure-
ments of the photodissociation process extracted from the
scattering experiments of 11Be on lead [58–60] and carbon

TABLE I. Excitation spectrum of 11Be with respect to the
nþ 10Be threshold. Energies and widths are in MeV. The
calculations are carried out at Nmax ¼ 9.

NCSMC NCSMC-pheno

NN þ 3Nð400Þ N2LOSAT N2LOSAT Experiment

Jπ E Γ E Γ E Γ E Γ
1=2þ −0.001 % % % −0.40 % % % −0.50 % % % −0.50 % % %
1=2− −0.27 % % % −0.35 % % % −0.18 % % % −0.18 % % %
5=2þ 3.03 0.44 1.47 0.12 1.31 0.10 1.28 0.1
3=2−1 2.34 0.35 2.14 0.21 2.15 0.19 2.15 0.21
3=2þ 3.48 % % % 2.90 0.014 2.92 0.06 2.898 0.122
5=2− 3.43 0.001 2.25 0.0001 3.30 0.0002 3.3874 <0.008
3=2−2 5.52 0.20 6.62 0.29 5.72 0.19 3.45 0.01
9=2þ 7.44 2.30 5.42 0.80 5.59 0.62 % % % % % %

FIG. 4. Comparison of the cluster form factors with the
N2LOSAT interaction at Nmax ¼ 9. Note the coupling between
the 10Be target and neutron in the cluster state jΦJπT

ν;r i ∼
½ðj10Be∶Iπ11 T1ijn∶1=2þ1=2iÞsTYlðr̂Þ'J

πT .

TABLE II. Reduced transition probability BðE1∶1=2−→1=2þ)
between 11Be bound states in e2 fm2.

NCSM NCSMC NCSMC-pheno Experiment

NN þ 3Nð400Þ 0.0005 % % % 0.146
0.102(2) [6]

N2LOSAT 0.0005 0.127 0.117

FIG. 5. Dipole strength distribution dBðE1Þ=dE of the photo-
disintegration process as a function of the photon energy. Theo-
retical dipole strength distributions for two chiral interactions with
(solid line) and without (dashed line) the phenomenological energy
adjustment are compared to the experimental measurements at GSI
[58,61] (black dots) and RIKEN [58–60] (violet dots).
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β-delayed proton emission in 11Be 
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β-delayed proton emission in 11Be 
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β-delayed proton emission in 11Be 

§ New Accelerator Mass Spectrometry experiment that supersedes the 2014 measurement
§ Branching ratio bp ~ 2.2 x 10-6

§ Upper limit, possible contamination by BeH molecular ions
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β-delayed proton emission in 11Be 
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NCSMC extended to describe exotic 11Be 𝛽p emission

11Be or 11B

n for 11Be or p for 11B

Including 0+
gs  and 2+

1 states of 10Be

Input chiral interaction

NN N4LO(500) + 3N(lnl)

Entem-Machleidt-Nosyk 2017

3N N2LO w local/non-local regulator
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Gamow-Teller and Fermi β-decay in NCSMC

§ Compute GT and Fermi matrix element in NCSMC 

§ Total isospin (or GT) operator 𝑇! = 𝑇!
" + 𝑇!

#  for partitioned system

NCSM matrix element
NCSM-Cluster matrix elements

Continuum (cluster) matrix element



5011Be and 11B nuclear structure results

§ Bound states wrt 10Be+N thresholds



5111Be and 11B nuclear structure results

§ 11B resonances above 10Be+p threshold
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NCSMC extended to describe exotic 11Be 𝛽p emission,
supports large branching ratio due to narrow ½+ resonance

11Be → (10Be+p) + 𝛽!+	𝜈̅" GT transition p+10Be Scattering Phase Shifts



53

NCSMC extended to describe exotic 11Be 𝛽p emission,
supports large branching ratio due to narrow ½+ resonance

11Be → (10Be+p) + 𝛽!+	𝜈̅" GT transition p+10Be Scattering Phase Shifts

bp = (1.3 ± 0.5) × 10−6 
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NCSMC extended to describe exotic 11Be 𝛽p emission,
supports large branching ratio due to narrow ½+ resonance

11Be → (10Be+p) + 𝛽!+	𝜈̅" GT transition p+10Be Scattering Phase Shifts

Now observed!bp = (1.3 ± 0.5) × 10−6 
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β-delayed proton emission in 11Be 

§ New FRIB experiment measuring proton emission led by Jason Surbrook reports branching 
ratio bp ~ 8(4) x 10-6
§ Lower but still consistent with Ayyad TRIUMF experiment

§ More experiments planned!

§ NCSMC calculations will be extended by including the 7Li+𝜶 mass partition
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Two-neutron Borromean 
halo nucleus 6He 
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Lawrence Livermore National Laboratory LLNL-PRES-684340 13

+

NCSMC

NCSM

Short range description

NCSM/RGM-3B

Long range description

The NCSMC can be applied to three-cluster systems, providing 

a unified description of bound and continuum states  

Two-neutron Borromean 
halo nuclei
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The Borromean 6He nucleus is an exotic system characterized by two halo neutrons orbiting around a
compact 4He (or α) core, in which the binary subsystems are unbound. The simultaneous reproduction of its
small binding energy and extendedmatter and point-proton radii has been a challenge for ab initio theoretical
calculations based on traditional bound-state methods. Using soft nucleon-nucleon interactions based on
chiral effective field theory potentials, we show that supplementing themodel spacewith 4Heþ nþ n cluster
degrees of freedom largely solves this issue. We analyze the role played by α clustering and many-body
correlations, and study the dependence of the energy spectrum on the resolution scale of the interaction.

DOI: 10.1103/PhysRevLett.117.222501

Introduction.—Achieving a comprehensive and unified
treatment of many-body correlations and clustering in
atomic nuclei constitutes a frontier for contemporary nuclear
theory. A light exotic nucleus that has been challenging our
understanding of such complex phenomena based on
nucleonic degrees of freedom and high-quality models of
their interactions (i.e., within an ab initio framework) is
helium-6 (6He). This is a prominent example of Borromean
quantum “halo,” i.e., a weakly-bound state of three particles
(αþ nþ n) otherwise unbound in pairs, characterized by a
“large probability of configurations within classically for-
bidden regions of space” [1]. In the last few years, its binding
energy [2] and charge radius [3] have been experimentally
determined with high precision. The 6He ground state (g.s.)
is also of great interest for tests of fundamental interactions
and symmetries. Precisionmeasurements of itsβ-decay half-
life have recently taken place [4] and efforts are underway to
determine the angular correlation between the emitted
electron and neutrino [5]. To date, traditional ab initio
bound-state calculations can successfully describe the
interior of the 6He wave function [6–10], but are unable
to fully account for its three-cluster asymptotic behavior.
At the same time, the only ab initio study of αþ nþ n
dynamics naturally explains the asymptotic configurations,
but underbinds the 6He g.s. owing to missing many-body
correlations [11,12]. As a result, a comprehensive descrip-
tion of the 6He g.s. properties is still missing.
In this Letter we present a study of the 6He g.s. in which

both six-body correlations and clustering are successfully
addressed by means of the no-core shell model with
continuum (NCSMC) [13]. This approach, introduced to
describe binary processes starting from two-body [14,15]
and later three-body [16–18] Hamiltonians, is here gener-
alized to the treatment of three-cluster dynamics. We
further explore the role of six-body correlations in the
description of the low-lying αþ nþ n continuum, required

to accurately evaluate the 4Heð2n; γÞ6He radiative capture
(one of the mechanisms by which stars can overcome the
instability of the five- and eight-nucleon systems and create
heavier nuclei [19]), and of the 3Hð3H; 2nÞ4He reaction
contributing to the neutron yield in inertial confinement
fusion experiments [20,21].
Approach.—In the NCSMC, the A-nucleon wave func-

tion of a system characterized by a coreþ nþ n asymp-
totic in the total angular momentum, parity, and isospin
channel JπT is written as the generalized cluster expansion

jΨJπTi ¼
X

λ

cJ
πT

λ jAλJπTi

þ
X

ν

ZZ
dxdyx2y2GJπT

ν ðx; yÞÂνjΦJπT
νxy i; ð1Þ

where cJ
πT

λ and GJπT
ν ðx; yÞ are, respectively, discrete and

continuous variational amplitudes to be determined,
jAλJπTi is the square-integrable (antisymmetric) solution
for the λth energy eigenstate of the system obtained
working within the A-body harmonic oscillator (HO) basis
of the no-core shell model (NCSM) [22],

jΦJπT
νxy i ¼ ½(jA − 2λcJ

πc
c TciðjnijniÞðsnnTnnÞ)ðSTÞ

× (Ylxðη̂nnÞYlyðη̂c;nnÞ)
ðLÞ&ðJπTÞ

×
δðx − ηnnÞ

xηnn

δðy − ηc;nnÞ
yηc;nn

ð2Þ

are continuous microscopic-cluster states [11] describing
the organization of the nucleons into an (A − 2)-nucleon
core and two neutrons jni, and the intercluster antisym-
metrizer Âν enforces the Pauli principle. The core eigen-
states are also computed in the NCSM, with the same HO
frequency ℏΩ and consistent number of quanta above the
lowest-energy configuration Nmax used for the A-nucleon
system. The states of Eq. (2) are labeled by the quantum
numbers ν¼fA−2λcJ

πc
c Tc;snnTnnSlxlyLg. Furthermore,
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FIG. 3. Dependence of the NCSM 6He J⇡ = 0+ excitation energies (Ex) on the HO model space size Nmax for the SRG-N3LO
NN potential with (a) �SRG = 1.5 fm�1 and ~⌦ = 14 MeV, and (b) �SRG = 2.0 fm�1 and ~⌦ = 20 MeV.

second, third and forth, respectively. The first column
shows the energy of the ground state of 4He within the
NCSM which provides the two-neutron separation en-
ergy threshold for all calculations. We can see that the
fastest convergence in reached within the NCSMC. Fur-
thermore, while the RGM results are also close to conver-
gence within the model spaces studied, only the NCSMC
converges to the correct result for this potential, which
is given by the extrapolated energy obtained within the
well-tested NCSM formalism. This proves that the many-
body correlations disregarded when using the cluster ba-
sis alone are indeed necessary for the correct description
of the system and are correctly taken into account when
using the more complex NCSMC.

In Ref. [33] the equivalent results were presented in
terms of the absolute HO model space size Ntot = N0 +
Nmax, where N0 is the number of quanta shared by the
nucleons in their lowest configuration. However, given
that the input for the NCSMC includes the elements of
the compound and cluster bases at the same Nmax, we
came to the conclusion that the comparison in terms of
Nmax provides a better picture of the relevance of each
basis in the full calculation. Furthermore, it is important
to point out that Table I in Ref. [33], had a mismatch of
the last three columns on the right with respect to the
model space label (being shifted in two units). Therefore,
we call the reader to consider the here presented tables
to be the accurate presentation of the results.

Convergence is not so obviously reached when using
the harder potential �SRG = 2.0fm�1, as for the NC-
SMC we have still 200KeV di↵erence between Nmax= 10
and 12. However, the fact that the value obtained for
Nmax= 12 (-29.17 MeV) is in agreement with the more
evolved NCSM extrapolation from [30] (-29.20(11)) is a
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4He
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(b) λSRG = 2.0 fm−1

6Heexp

6He(NCSMC)

∞

6He(NCSMC)

FIG. 4. Same as Fig. 2 including also the dependence of
the NCSMC 6He J⇡ = 0+ ground state energy (E) on the
HO model space size Nmax for the SRG-evolved N3LO NN
potential with (a) �SRG = 1.5 fm�1 and ~⌦ = 14 MeV, and
(b) �SRG = 2.0 fm�1 and ~⌦ = 20 MeV. The extrapolated
Nmax ! 1 NCSM 6He is shown as a band of which the width
represents the extrapolation uncertainty.

good indicator that our results are at least very close to
convergence at this model space size.
We can estimate how much of the wave function can be

described through the NCSM by calculating the percent-
age of the norm that comes directly by the discrete part
of the basis, i.e.

P
� c

2
�. These percentages are shown in

table III for the two di↵erent potentials used as well as
for di↵erent sizes of the model space. We find that, as
one would expect, the NCSM is able to describe a much
bigger part of the wave function when using the softer po-

NCSMC             vs.        NCSM
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Three-cluster dynamics within the ab initio no-core shell model with continuum:
How many-body correlations and α clustering shape 6He
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We realize the treatment of bound and continuum nuclear systems in the proximity of a three-body breakup
threshold within the ab initio framework of the no-core shell model with continuum. Many-body eigenstates
obtained from the diagonalization of the Hamiltonian within the harmonic-oscillator expansion of the no-core shell
model are coupled with continuous microscopic three-cluster states to correctly describe the nuclear wave function
both in the interior and asymptotic regions. We discuss the formalism in detail and give algebraic expressions for
the case of core + n + n systems. Using similarity-renormalization-group evolved nucleon-nucleon interactions,
we analyze the role of 4He + n + n clustering and many-body correlations in the ground and low-lying continuum
states of the Borromean 6He nucleus, and study the dependence of the energy spectrum on the resolution scale
of the interaction. We show that 6He small binding energy and extended radii compatible with experiment can
be obtained simultaneously, without resorting to extrapolations. We also find that a significant portion of the
ground-state energy and the narrow width of the first 2+ resonance stem from many-body correlations that can
be interpreted as core-excitation effects.

DOI: 10.1103/PhysRevC.97.034332

I. INTRODUCTION

Since their first applications to the elastic scattering of
nucleons on 4He and 10Be [1,2] roughly ten years ago, large-
scale computations combined with new and sophisticated
theoretical approaches [3–5] have enabled significant progress
in the description of dynamical processes involving light- and
medium-mass nuclei within the framework of ab initio theory,
i.e., by solving the many-body quantum-mechanical problem
of protons and neutrons interacting through high-quality nu-
clear force models. This resulted in high-fidelity predictions for
nucleon-nucleus [5–9] and deuterium-nucleus [10] clustering
phenomena and scattering properties, as well as predictive
calculations of binary reactions, including the 3He(α,γ )7Be
[11,12] and 7Be(p,γ )8B [13] radiative capture rates (important
for solar astrophysics), and the 3H(d,n)4He and 3He(d,p)4He
fusion processes [14]. A more recent breakthrough has enabled
ab initio calculations of α-α scattering [4], paving the way for
the description of α scattering and capture reactions during the
helium burning and later evolutionary phases of massive stars.

One of the main drivers of this progress has been the
development of the no-core shell model with continuum, or
NCSMC [15,16]. This is an ab initio framework for the

*quaglioni1@llnl.gov
†romeroredond1@llnl.gov
‡navratil@triumf.ca
§Present address: Institut de Physique Nucléaire, CNRS/IN2P3,

Université Paris-Sud, Université Paris-Saclay, F-91406, Orsay,
France.

description of the phenomena of clustering and low-energy
nuclear reactions in light nuclei, which realizes an efficient
description of both the interior and asymptotic configurations
of many-body wave functions. The approach starts from the
wave functions of each of the colliding nuclei and of the
aggregate system, obtained within the ab initio no-core shell
model (NCSM) [17] by working in a many-body harmonic-
oscillator (HO) basis. It then uses the NCSM static solutions
for the aggregate system and continuous “microscopic-cluster”
states, made of pairs of nuclei in relative motion with respect
to each other, as an overcomplete basis to describe the full
dynamical solution of the system. In this paper, we present the
details of the general NCSMC formalism for the description
of three-cluster dynamics, as well as extended results for its
recent application to study how many-body correlations and
α + n + n clustering shape the bound and continuum states of
the Borromean 6He nucleus in Ref. [18].

The 6He nucleus is a prominent example of Borromean
quantum “halo”, i.e., a weakly-bound state of three particles
(α + n + n) otherwise unbound in pairs, characterized by
“large probability of configurations within classically forbid-
den regions of space” [19]. In the past few years, its binding
energy [20] and charge radius [21] have been experimentally
determined with high precision, providing stringent tests for
ab initio theories, including the NCSMC approach for three-
cluster dynamics presented in this paper. Further, the β-decay
properties of the ground state (g.s.) of 6He are of great interest
for tests of fundamental interactions and symmetries. Precision
measurements of the half-life have recently taken place [22]
and efforts are under way to determine the angular correlation
between the emitted electron and neutrino [23].

2469-9985/2018/97(3)/034332(21) 034332-1 ©2018 American Physical Society
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The Borromean 6He nucleus is an exotic system characterized by two halo neutrons orbiting around a
compact 4He (or α) core, in which the binary subsystems are unbound. The simultaneous reproduction of its
small binding energy and extendedmatter and point-proton radii has been a challenge for ab initio theoretical
calculations based on traditional bound-state methods. Using soft nucleon-nucleon interactions based on
chiral effective field theory potentials, we show that supplementing themodel spacewith 4Heþ nþ n cluster
degrees of freedom largely solves this issue. We analyze the role played by α clustering and many-body
correlations, and study the dependence of the energy spectrum on the resolution scale of the interaction.
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Introduction.—Achieving a comprehensive and unified
treatment of many-body correlations and clustering in
atomic nuclei constitutes a frontier for contemporary nuclear
theory. A light exotic nucleus that has been challenging our
understanding of such complex phenomena based on
nucleonic degrees of freedom and high-quality models of
their interactions (i.e., within an ab initio framework) is
helium-6 (6He). This is a prominent example of Borromean
quantum “halo,” i.e., a weakly-bound state of three particles
(αþ nþ n) otherwise unbound in pairs, characterized by a
“large probability of configurations within classically for-
bidden regions of space” [1]. In the last few years, its binding
energy [2] and charge radius [3] have been experimentally
determined with high precision. The 6He ground state (g.s.)
is also of great interest for tests of fundamental interactions
and symmetries. Precisionmeasurements of itsβ-decay half-
life have recently taken place [4] and efforts are underway to
determine the angular correlation between the emitted
electron and neutrino [5]. To date, traditional ab initio
bound-state calculations can successfully describe the
interior of the 6He wave function [6–10], but are unable
to fully account for its three-cluster asymptotic behavior.
At the same time, the only ab initio study of αþ nþ n
dynamics naturally explains the asymptotic configurations,
but underbinds the 6He g.s. owing to missing many-body
correlations [11,12]. As a result, a comprehensive descrip-
tion of the 6He g.s. properties is still missing.
In this Letter we present a study of the 6He g.s. in which

both six-body correlations and clustering are successfully
addressed by means of the no-core shell model with
continuum (NCSMC) [13]. This approach, introduced to
describe binary processes starting from two-body [14,15]
and later three-body [16–18] Hamiltonians, is here gener-
alized to the treatment of three-cluster dynamics. We
further explore the role of six-body correlations in the
description of the low-lying αþ nþ n continuum, required

to accurately evaluate the 4Heð2n; γÞ6He radiative capture
(one of the mechanisms by which stars can overcome the
instability of the five- and eight-nucleon systems and create
heavier nuclei [19]), and of the 3Hð3H; 2nÞ4He reaction
contributing to the neutron yield in inertial confinement
fusion experiments [20,21].
Approach.—In the NCSMC, the A-nucleon wave func-

tion of a system characterized by a coreþ nþ n asymp-
totic in the total angular momentum, parity, and isospin
channel JπT is written as the generalized cluster expansion

jΨJπTi ¼
X

λ

cJ
πT

λ jAλJπTi

þ
X

ν

ZZ
dxdyx2y2GJπT

ν ðx; yÞÂνjΦJπT
νxy i; ð1Þ

where cJ
πT

λ and GJπT
ν ðx; yÞ are, respectively, discrete and

continuous variational amplitudes to be determined,
jAλJπTi is the square-integrable (antisymmetric) solution
for the λth energy eigenstate of the system obtained
working within the A-body harmonic oscillator (HO) basis
of the no-core shell model (NCSM) [22],

jΦJπT
νxy i ¼ ½(jA − 2λcJ

πc
c TciðjnijniÞðsnnTnnÞ)ðSTÞ

× (Ylxðη̂nnÞYlyðη̂c;nnÞ)
ðLÞ&ðJπTÞ

×
δðx − ηnnÞ

xηnn

δðy − ηc;nnÞ
yηc;nn

ð2Þ

are continuous microscopic-cluster states [11] describing
the organization of the nucleons into an (A − 2)-nucleon
core and two neutrons jni, and the intercluster antisym-
metrizer Âν enforces the Pauli principle. The core eigen-
states are also computed in the NCSM, with the same HO
frequency ℏΩ and consistent number of quanta above the
lowest-energy configuration Nmax used for the A-nucleon
system. The states of Eq. (2) are labeled by the quantum
numbers ν¼fA−2λcJ

πc
c Tc;snnTnnSlxlyLg. Furthermore,
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The probability distribution of the 6He ground state presents 
two peaks corresponding to the di-neutron and cigar configurations

3

FIG. 1. (Color online) Panel (a): Most relevant hyperradial components ũ⌫K(⇢) of the ↵+n+n relative motion [see Eq.(3)]
within the 6He g.s. after projection of the ⇤ = 2.0 fm�1 full NCSMC wave function in the largest model space (blue solid lines)
as well as of its NCSM portion (red dashed lines) into the orthogonalized microscopic-cluster basis. Panel (b) and (c): Contour
plots of the probability distribution obtained from the projection of the full NCSMC wave function of panel (a) and its NCSM
component, respectively, as a function of the relative coordinates rnn =

p
2 ⌘nn and r↵,nn =

p
3/4 ⌘↵,nn.

in small model spaces. Conversely, the square-integrable
eigenstates supply many-body correlations that are not
accounted for in a microscopic-cluster expansion includ-
ing only the g.s. of 4He, such as the one shown in the
first column of the table (note that 6He is unbound in the
analogous calculations for ⇤ = 2.0 fm�1). As shown in
Fig. 1(a), the 4He(g.s.)+n+n portion of the basis serves
also the important role of providing the correct asymp-
totic behavior and extended configurations of the hyper-
radial motion typical of a Borromean halo such as 6He.

The projection over the orthogonalized microscopic-
cluster basis of Eq. (3) captures 97% of the original
NCSMC solution, confirming the ↵+n+n picture of the
6He g.s. To visualize its spatial structure, we present in
Fig. 1(b) the contour plot of the associated probability
distribution. This displays the characteristic dominance
of the “di-neutron” configuration (two neutrons about 2
fm apart orbiting the core at a distance of about 3 fm)
over the “cigar” picture (two neutrons far from each other
with the ↵ particle in between) already seen in numerous
previous studies [8, 11, 23, 35–38]. While these structures
are already captured by the square-integrable portion of
the basis [see Fig. 1(c)], they are more spatially extended
in the full calculation.

The rms matter and point-proton radii obtained from
the computed NCSMC g.s. wave functions using the more
‘realistic’ ⇤ = 2.0 fm�1 momentum resolution are shown

TABLE II. Summary of the results presented in Fig. 2, with
⇤lowk in units of fm�1. See text for further details.

S2n (MeV) rm (fm) rpp (fm)
NCSMC (Nmax = 10) 0.94(5) 2.43(2) 1.88(2)
NCSM [8] (Nmax = 1) 0.95(10) — 1.820(4)
EIHH [7] (⇤lowk = 2.0) 0.82(4) 2.33(5) 1.804(9)
Exp. 0.975 2.32(10) 1.938(23)

together with the corresponding two-neutron separation
energy (S2n) in Fig. 2 and summarized in Table II. Also
shown as shaded bands are the accurate S2n measure-
ment of Ref. [2], the range of experimental matter radii
spanned by the the values and associated error bars of
Refs. [39–41], and the bounds for the point-proton radius
as evaluated in Ref. [7] from the charge radius reported
in Ref. [3]. All three observables exhibit a considerably
weaker dependence on the size of the HO basis compared

[7]

[8]

FIG. 2. (Color online) NCSMC (blue solid lines) and NCSM
(red dashed lines) rms matter (triangles) and point-proton
(squares) radii, and two-neutron separation energy (circles),
obtained using the SRG-N3LO NN interaction with ⇤ = 2.0
fm�1 as a function of the HO basis size. Also shown are
the infinite-basis extrapolations from Ref. [8] and the EIHH
results from Ref. [7] at the resolution scales ⇤lowk = 1.8, and
2.0 fm�1. The range of experimental values are represented
by horizontal bands (see text for more details).
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We realize the treatment of bound and continuum nuclear systems in the proximity of a three-body breakup
threshold within the ab initio framework of the no-core shell model with continuum. Many-body eigenstates
obtained from the diagonalization of the Hamiltonian within the harmonic-oscillator expansion of the no-core shell
model are coupled with continuous microscopic three-cluster states to correctly describe the nuclear wave function
both in the interior and asymptotic regions. We discuss the formalism in detail and give algebraic expressions for
the case of core + n + n systems. Using similarity-renormalization-group evolved nucleon-nucleon interactions,
we analyze the role of 4He + n + n clustering and many-body correlations in the ground and low-lying continuum
states of the Borromean 6He nucleus, and study the dependence of the energy spectrum on the resolution scale
of the interaction. We show that 6He small binding energy and extended radii compatible with experiment can
be obtained simultaneously, without resorting to extrapolations. We also find that a significant portion of the
ground-state energy and the narrow width of the first 2+ resonance stem from many-body correlations that can
be interpreted as core-excitation effects.
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I. INTRODUCTION

Since their first applications to the elastic scattering of
nucleons on 4He and 10Be [1,2] roughly ten years ago, large-
scale computations combined with new and sophisticated
theoretical approaches [3–5] have enabled significant progress
in the description of dynamical processes involving light- and
medium-mass nuclei within the framework of ab initio theory,
i.e., by solving the many-body quantum-mechanical problem
of protons and neutrons interacting through high-quality nu-
clear force models. This resulted in high-fidelity predictions for
nucleon-nucleus [5–9] and deuterium-nucleus [10] clustering
phenomena and scattering properties, as well as predictive
calculations of binary reactions, including the 3He(α,γ )7Be
[11,12] and 7Be(p,γ )8B [13] radiative capture rates (important
for solar astrophysics), and the 3H(d,n)4He and 3He(d,p)4He
fusion processes [14]. A more recent breakthrough has enabled
ab initio calculations of α-α scattering [4], paving the way for
the description of α scattering and capture reactions during the
helium burning and later evolutionary phases of massive stars.

One of the main drivers of this progress has been the
development of the no-core shell model with continuum, or
NCSMC [15,16]. This is an ab initio framework for the
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description of the phenomena of clustering and low-energy
nuclear reactions in light nuclei, which realizes an efficient
description of both the interior and asymptotic configurations
of many-body wave functions. The approach starts from the
wave functions of each of the colliding nuclei and of the
aggregate system, obtained within the ab initio no-core shell
model (NCSM) [17] by working in a many-body harmonic-
oscillator (HO) basis. It then uses the NCSM static solutions
for the aggregate system and continuous “microscopic-cluster”
states, made of pairs of nuclei in relative motion with respect
to each other, as an overcomplete basis to describe the full
dynamical solution of the system. In this paper, we present the
details of the general NCSMC formalism for the description
of three-cluster dynamics, as well as extended results for its
recent application to study how many-body correlations and
α + n + n clustering shape the bound and continuum states of
the Borromean 6He nucleus in Ref. [18].

The 6He nucleus is a prominent example of Borromean
quantum “halo”, i.e., a weakly-bound state of three particles
(α + n + n) otherwise unbound in pairs, characterized by
“large probability of configurations within classically forbid-
den regions of space” [19]. In the past few years, its binding
energy [20] and charge radius [21] have been experimentally
determined with high precision, providing stringent tests for
ab initio theories, including the NCSMC approach for three-
cluster dynamics presented in this paper. Further, the β-decay
properties of the ground state (g.s.) of 6He are of great interest
for tests of fundamental interactions and symmetries. Precision
measurements of the half-life have recently taken place [22]
and efforts are under way to determine the angular correlation
between the emitted electron and neutrino [23].

2469-9985/2018/97(3)/034332(21) 034332-1 ©2018 American Physical Society
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The Borromean 6He nucleus is an exotic system characterized by two halo neutrons orbiting around a
compact 4He (or α) core, in which the binary subsystems are unbound. The simultaneous reproduction of its
small binding energy and extendedmatter and point-proton radii has been a challenge for ab initio theoretical
calculations based on traditional bound-state methods. Using soft nucleon-nucleon interactions based on
chiral effective field theory potentials, we show that supplementing themodel spacewith 4Heþ nþ n cluster
degrees of freedom largely solves this issue. We analyze the role played by α clustering and many-body
correlations, and study the dependence of the energy spectrum on the resolution scale of the interaction.
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Introduction.—Achieving a comprehensive and unified
treatment of many-body correlations and clustering in
atomic nuclei constitutes a frontier for contemporary nuclear
theory. A light exotic nucleus that has been challenging our
understanding of such complex phenomena based on
nucleonic degrees of freedom and high-quality models of
their interactions (i.e., within an ab initio framework) is
helium-6 (6He). This is a prominent example of Borromean
quantum “halo,” i.e., a weakly-bound state of three particles
(αþ nþ n) otherwise unbound in pairs, characterized by a
“large probability of configurations within classically for-
bidden regions of space” [1]. In the last few years, its binding
energy [2] and charge radius [3] have been experimentally
determined with high precision. The 6He ground state (g.s.)
is also of great interest for tests of fundamental interactions
and symmetries. Precisionmeasurements of itsβ-decay half-
life have recently taken place [4] and efforts are underway to
determine the angular correlation between the emitted
electron and neutrino [5]. To date, traditional ab initio
bound-state calculations can successfully describe the
interior of the 6He wave function [6–10], but are unable
to fully account for its three-cluster asymptotic behavior.
At the same time, the only ab initio study of αþ nþ n
dynamics naturally explains the asymptotic configurations,
but underbinds the 6He g.s. owing to missing many-body
correlations [11,12]. As a result, a comprehensive descrip-
tion of the 6He g.s. properties is still missing.
In this Letter we present a study of the 6He g.s. in which

both six-body correlations and clustering are successfully
addressed by means of the no-core shell model with
continuum (NCSMC) [13]. This approach, introduced to
describe binary processes starting from two-body [14,15]
and later three-body [16–18] Hamiltonians, is here gener-
alized to the treatment of three-cluster dynamics. We
further explore the role of six-body correlations in the
description of the low-lying αþ nþ n continuum, required

to accurately evaluate the 4Heð2n; γÞ6He radiative capture
(one of the mechanisms by which stars can overcome the
instability of the five- and eight-nucleon systems and create
heavier nuclei [19]), and of the 3Hð3H; 2nÞ4He reaction
contributing to the neutron yield in inertial confinement
fusion experiments [20,21].
Approach.—In the NCSMC, the A-nucleon wave func-

tion of a system characterized by a coreþ nþ n asymp-
totic in the total angular momentum, parity, and isospin
channel JπT is written as the generalized cluster expansion

jΨJπTi ¼
X

λ

cJ
πT

λ jAλJπTi

þ
X

ν

ZZ
dxdyx2y2GJπT

ν ðx; yÞÂνjΦJπT
νxy i; ð1Þ

where cJ
πT

λ and GJπT
ν ðx; yÞ are, respectively, discrete and

continuous variational amplitudes to be determined,
jAλJπTi is the square-integrable (antisymmetric) solution
for the λth energy eigenstate of the system obtained
working within the A-body harmonic oscillator (HO) basis
of the no-core shell model (NCSM) [22],

jΦJπT
νxy i ¼ ½(jA − 2λcJ

πc
c TciðjnijniÞðsnnTnnÞ)ðSTÞ

× (Ylxðη̂nnÞYlyðη̂c;nnÞ)
ðLÞ&ðJπTÞ

×
δðx − ηnnÞ

xηnn

δðy − ηc;nnÞ
yηc;nn

ð2Þ

are continuous microscopic-cluster states [11] describing
the organization of the nucleons into an (A − 2)-nucleon
core and two neutrons jni, and the intercluster antisym-
metrizer Âν enforces the Pauli principle. The core eigen-
states are also computed in the NCSM, with the same HO
frequency ℏΩ and consistent number of quanta above the
lowest-energy configuration Nmax used for the A-nucleon
system. The states of Eq. (2) are labeled by the quantum
numbers ν¼fA−2λcJ

πc
c Tc;snnTnnSlxlyLg. Furthermore,
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FIG. 2: (Color online) NCSMC (blue solid lines) and NCSM (red dashed lines) rms matter (triangles) and point-proton
(squares) radii, and two-neutron separation energy (circles), obtained using the SRG-N3LO NN interaction with ⇤ = 2.0 fm�1

as a function of the HO basis size. Also shown are the infinite-basis extrapolations from Ref. [8] and the EIHH results from
Ref. [7] at the resolution scales ⇤lowk = 1.8, and 2.0 fm�1. The range of experimental values are represented by horizontal
bands (see text for more details).
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Expt.

Expt.

Expt.

6-body

6-body+3-cluster 
dynamics

∞

∞ ?

PHYSICAL REVIEW C 97, 034332 (2018)

Three-cluster dynamics within the ab initio no-core shell model with continuum:
How many-body correlations and α clustering shape 6He

Sofia Quaglioni,1,* Carolina Romero-Redondo,1,† Petr Navrátil,2,‡ and Guillaume Hupin3,§

1Lawrence Livermore National Laboratory, P.O. Box 808, L-414, Livermore, California 94551, USA
2TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia, V6T 2A3, Canada

3CEA, DAM, DIF, F-91297 Arpajon, France

(Received 23 October 2017; published 30 March 2018)

We realize the treatment of bound and continuum nuclear systems in the proximity of a three-body breakup
threshold within the ab initio framework of the no-core shell model with continuum. Many-body eigenstates
obtained from the diagonalization of the Hamiltonian within the harmonic-oscillator expansion of the no-core shell
model are coupled with continuous microscopic three-cluster states to correctly describe the nuclear wave function
both in the interior and asymptotic regions. We discuss the formalism in detail and give algebraic expressions for
the case of core + n + n systems. Using similarity-renormalization-group evolved nucleon-nucleon interactions,
we analyze the role of 4He + n + n clustering and many-body correlations in the ground and low-lying continuum
states of the Borromean 6He nucleus, and study the dependence of the energy spectrum on the resolution scale
of the interaction. We show that 6He small binding energy and extended radii compatible with experiment can
be obtained simultaneously, without resorting to extrapolations. We also find that a significant portion of the
ground-state energy and the narrow width of the first 2+ resonance stem from many-body correlations that can
be interpreted as core-excitation effects.
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I. INTRODUCTION

Since their first applications to the elastic scattering of
nucleons on 4He and 10Be [1,2] roughly ten years ago, large-
scale computations combined with new and sophisticated
theoretical approaches [3–5] have enabled significant progress
in the description of dynamical processes involving light- and
medium-mass nuclei within the framework of ab initio theory,
i.e., by solving the many-body quantum-mechanical problem
of protons and neutrons interacting through high-quality nu-
clear force models. This resulted in high-fidelity predictions for
nucleon-nucleus [5–9] and deuterium-nucleus [10] clustering
phenomena and scattering properties, as well as predictive
calculations of binary reactions, including the 3He(α,γ )7Be
[11,12] and 7Be(p,γ )8B [13] radiative capture rates (important
for solar astrophysics), and the 3H(d,n)4He and 3He(d,p)4He
fusion processes [14]. A more recent breakthrough has enabled
ab initio calculations of α-α scattering [4], paving the way for
the description of α scattering and capture reactions during the
helium burning and later evolutionary phases of massive stars.

One of the main drivers of this progress has been the
development of the no-core shell model with continuum, or
NCSMC [15,16]. This is an ab initio framework for the
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description of the phenomena of clustering and low-energy
nuclear reactions in light nuclei, which realizes an efficient
description of both the interior and asymptotic configurations
of many-body wave functions. The approach starts from the
wave functions of each of the colliding nuclei and of the
aggregate system, obtained within the ab initio no-core shell
model (NCSM) [17] by working in a many-body harmonic-
oscillator (HO) basis. It then uses the NCSM static solutions
for the aggregate system and continuous “microscopic-cluster”
states, made of pairs of nuclei in relative motion with respect
to each other, as an overcomplete basis to describe the full
dynamical solution of the system. In this paper, we present the
details of the general NCSMC formalism for the description
of three-cluster dynamics, as well as extended results for its
recent application to study how many-body correlations and
α + n + n clustering shape the bound and continuum states of
the Borromean 6He nucleus in Ref. [18].

The 6He nucleus is a prominent example of Borromean
quantum “halo”, i.e., a weakly-bound state of three particles
(α + n + n) otherwise unbound in pairs, characterized by
“large probability of configurations within classically forbid-
den regions of space” [19]. In the past few years, its binding
energy [20] and charge radius [21] have been experimentally
determined with high precision, providing stringent tests for
ab initio theories, including the NCSMC approach for three-
cluster dynamics presented in this paper. Further, the β-decay
properties of the ground state (g.s.) of 6He are of great interest
for tests of fundamental interactions and symmetries. Precision
measurements of the half-life have recently taken place [22]
and efforts are under way to determine the angular correlation
between the emitted electron and neutrino [23].
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§ Ab initio nuclear theory 
§ Makes connections between the low-energy QCD and many-nucleon systems
§ Applicable to nuclear structure, reactions including those relevant for astrophysics, electroweak 

processes, tests of fundamental symmetries
§ Very recently reach extended to heavy nuclei

§ Applications of ab initio no-core shell model with continuum to nuclear structure and reactions
§ DT fusion - near threshold 3/2+ S-wave resonance
§ 1/2+ S-wave resonance close to the 6He+p threshold in 7Li
§ Parity inversion in 11Be ground state – weakly bound halo state
§ β-delayed proton emission in 11Be - near threshold 1/2+ S-wave resonance
§ Two-neutron Borromean halo nucleus 6He - di-neutron and cigar configurations in the ground state

In synergy with experiments, ab initio nuclear theory is the right approach to understand low-energy properties of atomic nuclei
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with continuum using a renormalized chiral nucleon–nucleon interaction. The 3He(α, γ )7Be astrophysical 
S factors agree reasonably well with the experimental data while the 3H(α, γ )7Li ones are overestimated. 
The seven-nucleon bound and resonance states and the α + 3He/3H elastic scattering are also studied 
and compared with experiment. The low-lying resonance properties are rather well reproduced by our 
approach. At low energies, the s-wave phase shift, which is non-resonant, is overestimated.
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1. Introduction

The 3He(α, γ )7Be and 3H(α, γ )7Li radiative-capture processes 
hold great astrophysical significance. Their reaction rates for col-
lision energies between ∼20 and 500 keV in the center-of-mass 
(c.m.) frame are essential to calculate the primordial 7Li abundance 
in the universe [1–3]. In addition, standard solar model predic-
tions for the fraction of pp-chain branches resulting in 7Be versus 
8B neutrinos depend critically on the 3He(α, γ )7Be astrophysical S
factor at about 20 keV c.m. energy [4,5]. Because of the Coulomb 
repulsion between the fusing nuclei, these capture cross sections 
are strongly suppressed at such low energies and thus hard to 
measure directly in a laboratory.

Concerning the 3He(α, γ )7Be radiative capture, experiments 
performed by several groups in the last decade have led to quite 
accurate cross-section determinations for collision energies be-
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tween about 90 keV and 3.1 MeV in the c.m. frame [6–13]. How-
ever, theoretical models or extrapolations are still needed to pro-
vide the capture cross section at solar energies [14]. In contrast, 
experimental data are less precise and also much less extensive for 
the 3H(α, γ )7Li radiative capture. The most recent experiment was 
performed twenty years ago resulting in measurements at collision 
energies between about 50 keV and 1.2 MeV in the c.m. frame [15].

Theoretically, these radiative captures have also generated much 
interest: from the development of pure external-capture models in 
the early 60’s [16] to the microscopic approaches from the late 80’s 
up to now [17–19,3,20] (see Ref. [5] for a short review). However, 
no parameter-free approach is able to simultaneously reproduce 
the latest experimental 3He(α, γ )7Be and 3H(α, γ )7Li astrophys-
ical S factors. To possibly fill this gap, an ab initio approach, re-
lying on a realistic inter-nucleon interaction, is highly desirable. 
The ab initio no-core shell model with continuum (NCSMC) [21,
22] has been successful in the simultaneous description of bound 
and scattering states associated with realistic Hamiltonians [23,24]. 
This approach can thus be naturally applied to the description of 
radiative-capture reactions, which involve both scattering (in the 
initial channels) and bound states (in the final channels).

In this letter, we present the study of the 3He(α, γ )7Be
and 3H(α, γ )7Li radiative-capture reactions with the NCSMC ap-
proach [21,22], using a renormalized chiral nucleon–nucleon (N N) 
interaction. This is the first NCSMC study where the lightest col-

http://dx.doi.org/10.1016/j.physletb.2016.04.021
0370-2693/ 2016 The Authors and Lawrence Livermore National Laboratory. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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Fig. 5. (Color online.) Astrophysical S factors of 6Li(p,γ )7Be as function of energy.
The solid circles represent the S factors determined by the yields only from the
photo-peak of γ0, and the hollow circles represent the ones by the yields from the
integration method. The triangular data points are from previous work and the solid
points from present work. The solid lines represent previous theoretical calculation
results [31,42,21]. The total S-factor curves of Cecil et al. [10] and Prior et al. [9]
are also shown for comparison.

below. The dominant E1 transition requires the s- (s → p) or
d-wave (d → p) proton captures on 6Li, where the contribution
from the above d-wave capture can usually be neglected [41] at
energies well below the Coulomb barrier (∼1.1 MeV). Therefore,
such an s-wave dominated E1 transition in 6Li(p,γ )7Be should
show an isotropic angular distribution in the energy region stud-
ied. This isotropic assumption was also utilized in the work of Cecil
et al.

Our data are consistent with Switkowski et al.’s ones obtained
around Ec.m. ∼ 200 keV, but inconsistent, at the lower energies,
with calculations of the direct capture models [21,31] and of the
cluster microscopic models [42,43]. In addition, Switkowski et al.’s
lowest data point at 140 keV is about 1.8 times smaller than the
present value. The total S-factor curves of Cecil et al. and Prior
et al. are also shown for comparison. Although the trend of Cecil
et al.’s S factors is similar to ours, their values considerably deviate
from ours and Switkowski et al.’s. This deviation is probably caused
by their isotropic assumption of the (p,α) angular distribution. In
fact, their data will be consistent with ours by taking the actual
angular distribution.

A resonance-like structure appears in our 6Li(p,γ )7Be S-factor
data as shown in Fig. 5. As the capture process at higher energies
is dominated by the direct capture amplitude E1(s → p), the pos-
sible interference effect requires a resonance with Jπ = 1/2+ or
3/2+ . The existence of positive parity states in the range of this
work has been a question long time ago. For example, many low-
lying, positive-parity states in 7Be were predicted previously [11]
by using configurations of (1s)4(1p)22s, (1s)4(1p)21d. However,
earlier experiments on 7Be and its mirror 7Li have found no clear
evidence for a positive parity level within the energy range inves-
tigated. The R-matrix [44] calculations have been done with an
AZURE code [45] by assuming a positive-parity resonance [E R ≈
195 keV, Jπ = (1/2+,3/2+), Γp ≈ 50 keV], and the theoretical
results can roughly explain the observed structure as shown in
Fig. 6. Additionally the preliminary results from a recent poten-
tial model calculation [46] coupling with an s-wave resonance can
also explain the observed S factors. With regard to the angular
distribution of 6Li(p,α)3He, Engstler et al. [34] gave a dominant
coefficient A1 and a negligible small A2. As discussed in Refs. [15,
47], the R-matrix fit on these data would require contributions
from both positive- and negative-parity levels of 7Be, presumably

Fig. 6. (Color online.) R-matrix fits for the astrophysical S factors of 6Li(p,γ )7Be.
A low-energy resonance is assumed in the calculation. The resonance parameters
are E R ≈ 195 keV, Jπ = (1/2+,3/2+) and Γp ≈ 50 keV.

formed by s- and p-wave protons. However, one cannot obtain any
contribution to A1 from 5/2− and 1/2+ levels; a nonzero A1 re-
quires 3/2+ , 5/2+ or 7/2+ levels together with the 5/2− levels
(for 6.73 and 7.21 MeV states). This might indicate that the pos-
sible new resonance is a 3/2+ state. Actually, such 3/2+ excited
states were observed around Ex = 3.4–4.7 MeV in the neighbor
9Be, 11Be and 9B nuclei [48]. However, the existence of such a res-
onance (either in 7Be in or 7Li) is still uncertain and requires to be
clarified in the future detailed investigations. For example, a reso-
nant elastic-scattering experiment of 6Li+ p is being considered for
searching such an interesting resonance. A tentative appearance of
a ‘dip’-like resonance structure around 200 keV were observed in
the earlier 6Li(p,α)3He experiments [35,36] (as shown in Fig. 3).
A recent paper [49], which was published during the refereeing
process for this Letter, reported updated S factors for the reac-
tion by using the Trojan Horse method [50]; no such ‘dip’-like
resonance structure was observed. One lower S-factor data point
presently observed at Ec.m. = 104 keV is not sufficient to clarify
this issue, and therefore a careful study of this 6Li(p,α)3He reac-
tion is now under consideration with our setup.

In addition, the major component of the ground state of 6Li(1+)
is 4He(0+) plus D(S = 1, L = 0) in a relative s-wave between
4He and D . However, it is well known that 4–7% in probabil-
ity [51–53] of the ground state of deuteron consists of d-wave,
i.e., D(S = 1, L = 2) for the tensor interaction. This component can
make the ground state of 6Li(1+) as 4He(0+) plus D(S = 1, L = 2)
in a relative d-wave, and possibly cause a decreasing behavior of
the S factor as the energy decreases [54]. Since the low-energy
6Li(p,α)3He S factor does not exhibit such a sizable decline but
is characterized by an S factor slowly increasing with decreasing
energy [34] – as was also confirmed in the present work – the siz-
able drop in the capture reaction is most likely not an effect of the
entrance channel. The complicated coupled-channel model calcu-
lation is however beyond the scope of this Letter.

In the astrophysical aspects, the observed decline in 6Li(p,
γ )7Be cross sections at energies below 200 keV also leads to a
reduction of the reverse rate 7Be(γ , p)6Li through the detailed
balance theory. We calculated the effect of the difference in low-
energy cross section of 6Li(p,γ )7Be on the SUSY assisted BBN
model by adopting the same parameters as in Ref. [20], where
a long-lived radiatively decaying particle was assumed to exist
in the early Universe. Light element abundances could be af-
fected through non-thermal nucleosynthesis triggered by photons
which were produced in the decay with energy much larger than
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The low-energy astrophysical S factors of the 6Li(p,γ )7Be reaction have been investigated on a 320 kV
platform at the Institute of Modern Physics in Lanzhou. The experimental S factor of this reaction shows
an interesting sizable drop contrary to any existing theoretical expectations at energies below 200 keV.
Such drop has not been fully understood yet and may reflect a novel reaction mechanism. The appearance
of an interesting new positive-parity 1/2+ or 3/2+ resonance at Ec.m. ≈ 195 keV is discussed. This study
shows the danger of extrapolating experimental data over too large an energy range and demonstrates
the need for careful direct experimental studies of reaction cross sections at or near stellar energies. In
addition, our new results are discussed in the framework of a SUSY assisted Big-Bang Nucleosynthesis
(BBN) model.

 2013 Elsevier B.V. All rights reserved.

Nuclear astrophysics strives for a comprehensive picture of the
nuclear reactions responsible for synthesizing chemical elements
and for powering the stellar evolution engine. Thereinto, the mea-
surements of nuclear reaction cross sections (expressed as S fac-
tors) at stellar Gamow energies are of great importance to nuclear
astrophysics [1]. A lot of investigations have been done in the past
fifty years (e.g., see compilation [2]), even in an ultra-low back-
ground deep underground facility LUNA [3]. It reveals that the ex-
perimental S factors at low energies sometimes show quite differ-
ent behaviors comparing to simple extrapolation from the exten-
sively studied high-energy data. For instance, for the 2H(d,γ )4He
reaction involved in both primordial and stellar nucleosynthesis
[4,5], its astrophysical S factor was thought to decrease steeply
with decreasing energy based on the theoretical predictions. How-
ever, the experimental results [6,7] show a significantly higher
S factor (about 32 times) than theoretical expectation because of
the 4He D-admixture. It demonstrates clearly the danger of extrap-

* Corresponding author.
E-mail address: jianjunhe@impcas.ac.cn (J.J. He).

olating experimental data over a very large energy range towards
stellar energies.

The 6Li(p,γ )7Be reaction has been studied previously over a
wide energy range down to about center-of-mass (c.m.) energy
of Ec.m. = 140 keV ([8] and references therein). The non-resonant
data were well described by the direct capture model except one
lowest data point at 140 keV [2]. In addition, an analyzing-power
measurement [9] for this reaction indicated that the S factor had a
negative slope towards low energies, while a thick-target measure-
ment with a γ -to-α branching ratio method indicated a positive
slope [10]. However, the extrapolated S factors for both mea-
surements deviated dramatically from those experimental ones [8]
around Ec.m. = 200 keV. Furthermore, there is a well-known prob-
lem for many years that a positive parity resonance seems to be
necessary to explain the unusual angular distributions measured
for 6Li(p,α)3He, but such a resonance has not been discovered
yet [11–15]. With regard to the nuclear astrophysical aspect, cur-
rent models of stellar evolution predicted negligible quantities of
6Li in the hydrogen burning phases of stellar evolution [16]. Pri-
mordial, or standard and inhomogeneous big-bang nucleosynthesis
(BBN) [17,18] might have been more generous in its production of

0370-2693/$ – see front matter  2013 Elsevier B.V. All rights reserved.
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What resonances do we find in 7Be 
within NCSMC?
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Background: The production of 7Be and 7Li nuclei plays an important role in primordial nucleosynthesis,
nuclear astrophysics, and fusion energy generation. The 3He(α, γ )7Be and 3H(α, γ )7Li radiative-capture
processes are important to determine the 7Li abundance in the early universe and to predict the correct fraction
of pp-chain branches resulting in 7Be versus 8B neutrinos. The 6Li(p, γ )7Be has been investigated recently
hinting at a possible cross section enhacement near the thershold. The 6Li(n, 3H)4He process can be utilized for
tritium breeding in machines dedicated to fusion energy generation through the deuteron-tritium reaction, and is
a neutron cross section standard used in the measurement and evaluation of fission cross sections.
Purpose: In this work we study the properties of 7Be and 7Li within the no-core shell model with continuum
(NCSMC) method, using chiral nucleon-nucleon interactions as the only input, and analyze all the binary mass
partitions involved in the formation of these systems.
Methods: The NCSMC is an ab initio method applicable to light nuclei that provides a unified description of
bound and scattering states and thus is well suited to investigate systems with many resonances and pronounced
clustering like 7Be and 7Li.
Results: Our calculations reproduce all the experimentally known states of the two systems and provide
predictions for several new resonances of both parities. Some of these new possible resonances are built on
the ground states of 6Li and 6He, and thus represent a robust prediction. We do not find any resonance in the
p + 6Li mass partition near the threshold. On the other hand, in the p + 6He mass partition of 7Li we observe
an S-wave resonance near the threshold producing a very pronounced peak in the calculated S factor of the
6He(p, γ )7Li radiative-capture reaction.
Conclusions: While we do not find a resonance near the thershold in the p + 6Li channel, in the case of 6He + p
reaction a resonant S-wave state is predicted at a very low energy above the reaction threshold, which could be
relevant for astrophysics and its implications should be investigated. We note though that this state lies above
the three-body breakup threshold not included in our method and may be influenced by three-body continuum
correlations.

DOI: 10.1103/PhysRevC.100.024304

I. INTRODUCTION

The A = 7 systems, in particular 7Be and 7Li, play an
important role in primordial nucleosynthesis, nuclear astro-
physics, and fusion energy experiments.

The 3He(α, γ )7Be and 3H(α, γ )7Li radiative-capture pro-
cesses are crucial for the determination of the primordial 7Li
abundance in the early universe [1–3] and for predicting the
correct fraction of pp-chain branches resulting in 7Be versus
8B neutrinos [4,5]. Measuring these reactions at the very low
solar energies required for astrophysics modeling is extremely
challenging due to the suppression of the reaction probabil-

*mvorabbi@triumf.ca
†navratil@triumf.ca

ity caused by the Coulomb repulsion between the reactants.
Consequently, despite the several experimental measurements
[6–14], a predictive theoretical description is needed to re-
liably guide the extrapolation of higher-energy experimental
data down to the desired solar values [15]. A summary of
the experimental status of production and destruction of 7Be
at the relevant energies for astrophysics can be found in
Ref. [15].

A recent experimental investigation of the 6Li(p, γ )7Be
capture reaction at Lanzhou [16] hinted at a possible reso-
nant enhancement of this cross section near the threshold. If
real, this enhancement would have consequences for nuclear
astrophysics. A new experiment [17] is also in progress at
the Laboratory of Underground Nuclear Astrophysics [18]. A
theoretical investigation of S-wave resonances in 7Be is then
called for.

2469-9985/2019/100(2)/024304(11) 024304-1 ©2019 American Physical Society
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FIG. 3. Predictions of new negative- and positive-parity resonant
states in the spectrum of 7Be obtained from the NCSMC calculation
of the 6Li + p scattering. The negative-parity (positive-parity) phase
shifts are displayed in panels (a) and (b), respectively. In panel
(c) we present eigenphase shifts corresponding to the positive-parity
resonant states shown in panel (b). All shown partial waves have
isospin T = 1/2. In the phase shift partial wave labels we also
provide information on 6Li states. The results are displayed as
functions of the kinetic energy in the center of mass. Calculations
were performed at Nmax = 11 in the HO expansion and using the
SRG-evolved NN N3LO chiral interaction [32] at the resolution scale
of λSRG = 2.15 fm−1.

calculated S factor reproduce the trend of the earlier experi-
mental data with no evidence of a new structure at very low
energy. Recently, the same reaction has been also investigated
in Refs. [67,68] with similar findings. As in our calculation the
coupling between the 6Li + p and 3He + 4He mass partitions
is not included, our calculated S factor overestimates the data.

TABLE IV. Energies (Er) and widths (") in MeV of some of the
new predicted resonant states of 7Be computed with the NCSMC.
Only the resonances with T = 1/2 are considered and the resonance
energies are given with respect the threshold of the 6Li + p mass
partition.

NCSMC
Jπ Er "

6Li + p
1/2− 4.11 2.15
5/2− 6.79 4.47
1/2+ 4.22 0.96
3/2+ 7.26 1.69

TABLE V. Comparison between the NCSMC and the experi-
mental relative (EB) and total (E ) energies of the Jπ = 3/2−

1 and
1/2−

1 bound states of 7Li produced with the 3H + 4He, 6Li + n, and
6He + p reactions. Here, the EB energy represents the energy of
the state with respect the threshold of the reaction. All calculations
were performed at Nmax = 11 in the HO expansion and using the
SRG-evolved NN N3LO chiral interaction [32] at the resolution scale
of λSRG = 2.15 fm−1.

Jπ = 3/2− Jπ = 1/2−

3H + 4He ↔ 7Li
EB (MeV) −2.43 −2.15
Expt. (MeV) −2.467 −1.989
E (MeV) −38.65 −38.37
Expt. (MeV) −39.25 −38.77

6Li + n ↔ 7Li
EB (MeV) −7.38 −7.05
Expt. (MeV) −7.250 −6.772
E (MeV) −38.13 −37.79
Expt. (MeV) −39.25 −38.77

6He + p ↔ 7Li
EB (MeV) −10.39 −10.06
Expt. (MeV) −9.975 −9.498
E (MeV) −38.06 −37.73
Expt. (MeV) −39.25 −38.77

The extension of our formalism to include the coupling is
under way. It is clear that it will improve the description of
the magnitude of the S factor but it will not change its shape.

2. The 3He(α, γ )7Be radiative capture reaction

The S factor of the 3He(α, γ )7Be radiative capture calcu-
lated with the same Hamiltonian and approach as employed
in this paper was presented for kinetic energy range up to
3.8 MeV in the center of mass by black solid line in the
top panel of Fig. 5 of Ref. [26]. Recently, motivated by the
above discussed Lanzhou experiment a new 3He(α, γ )7Be
measurement has been performed in the energy range between
4 and 4.5 MeV [69], i.e., in the region just above the thresh-
old of the 6Li(p, γ )7Be capture. This first experiment above
3.1 MeV in the center of mass found a flat structureless S
factor. For example, at 4.42 MeV, the S34 = 0.55(4) keV b has
been reported [69]. Our calculated NCSMC S factor beyond
the range shown in Ref. [26] is monotonically increasing; at
4.42 MeV, we find S34 = 0.48 keV b, which is slightly below
the experiment [69].

B. The 7Li system

We present now the results for 7Li that we obtained ana-
lyzing the 3H + 4He, 6Li + n, and 6He + p reactions. In this
case there is one more reaction than in the 7Be case and also
here these are the all possible binary mass partitions involved
in the formation of the 7Li system. Also in this case, the three
processes were studied separately.

In Table V we summarize the values of the relative and
total energies of the two 3/2−

1 and 1/2−
1 bound states. Since

the 3H + 4He reaction has the lowest energy threshold, the

024304-6
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The 3He(α, γ )7Be and 3H(α, γ )7Li astrophysical S factors are calculated within the no-core shell model 
with continuum using a renormalized chiral nucleon–nucleon interaction. The 3He(α, γ )7Be astrophysical 
S factors agree reasonably well with the experimental data while the 3H(α, γ )7Li ones are overestimated. 
The seven-nucleon bound and resonance states and the α + 3He/3H elastic scattering are also studied 
and compared with experiment. The low-lying resonance properties are rather well reproduced by our 
approach. At low energies, the s-wave phase shift, which is non-resonant, is overestimated.

 2016 The Authors and Lawrence Livermore National Laboratory. Published by Elsevier B.V. This is an 
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 

SCOAP3.

1. Introduction

The 3He(α, γ )7Be and 3H(α, γ )7Li radiative-capture processes 
hold great astrophysical significance. Their reaction rates for col-
lision energies between ∼20 and 500 keV in the center-of-mass 
(c.m.) frame are essential to calculate the primordial 7Li abundance 
in the universe [1–3]. In addition, standard solar model predic-
tions for the fraction of pp-chain branches resulting in 7Be versus 
8B neutrinos depend critically on the 3He(α, γ )7Be astrophysical S
factor at about 20 keV c.m. energy [4,5]. Because of the Coulomb 
repulsion between the fusing nuclei, these capture cross sections 
are strongly suppressed at such low energies and thus hard to 
measure directly in a laboratory.

Concerning the 3He(α, γ )7Be radiative capture, experiments 
performed by several groups in the last decade have led to quite 
accurate cross-section determinations for collision energies be-
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tween about 90 keV and 3.1 MeV in the c.m. frame [6–13]. How-
ever, theoretical models or extrapolations are still needed to pro-
vide the capture cross section at solar energies [14]. In contrast, 
experimental data are less precise and also much less extensive for 
the 3H(α, γ )7Li radiative capture. The most recent experiment was 
performed twenty years ago resulting in measurements at collision 
energies between about 50 keV and 1.2 MeV in the c.m. frame [15].

Theoretically, these radiative captures have also generated much 
interest: from the development of pure external-capture models in 
the early 60’s [16] to the microscopic approaches from the late 80’s 
up to now [17–19,3,20] (see Ref. [5] for a short review). However, 
no parameter-free approach is able to simultaneously reproduce 
the latest experimental 3He(α, γ )7Be and 3H(α, γ )7Li astrophys-
ical S factors. To possibly fill this gap, an ab initio approach, re-
lying on a realistic inter-nucleon interaction, is highly desirable. 
The ab initio no-core shell model with continuum (NCSMC) [21,
22] has been successful in the simultaneous description of bound 
and scattering states associated with realistic Hamiltonians [23,24]. 
This approach can thus be naturally applied to the description of 
radiative-capture reactions, which involve both scattering (in the 
initial channels) and bound states (in the final channels).

In this letter, we present the study of the 3He(α, γ )7Be
and 3H(α, γ )7Li radiative-capture reactions with the NCSMC ap-
proach [21,22], using a renormalized chiral nucleon–nucleon (N N) 
interaction. This is the first NCSMC study where the lightest col-

http://dx.doi.org/10.1016/j.physletb.2016.04.021
0370-2693/ 2016 The Authors and Lawrence Livermore National Laboratory. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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Fig. 5. (Color online.) Astrophysical S factors of 6Li(p,γ )7Be as function of energy.
The solid circles represent the S factors determined by the yields only from the
photo-peak of γ0, and the hollow circles represent the ones by the yields from the
integration method. The triangular data points are from previous work and the solid
points from present work. The solid lines represent previous theoretical calculation
results [31,42,21]. The total S-factor curves of Cecil et al. [10] and Prior et al. [9]
are also shown for comparison.

below. The dominant E1 transition requires the s- (s → p) or
d-wave (d → p) proton captures on 6Li, where the contribution
from the above d-wave capture can usually be neglected [41] at
energies well below the Coulomb barrier (∼1.1 MeV). Therefore,
such an s-wave dominated E1 transition in 6Li(p,γ )7Be should
show an isotropic angular distribution in the energy region stud-
ied. This isotropic assumption was also utilized in the work of Cecil
et al.

Our data are consistent with Switkowski et al.’s ones obtained
around Ec.m. ∼ 200 keV, but inconsistent, at the lower energies,
with calculations of the direct capture models [21,31] and of the
cluster microscopic models [42,43]. In addition, Switkowski et al.’s
lowest data point at 140 keV is about 1.8 times smaller than the
present value. The total S-factor curves of Cecil et al. and Prior
et al. are also shown for comparison. Although the trend of Cecil
et al.’s S factors is similar to ours, their values considerably deviate
from ours and Switkowski et al.’s. This deviation is probably caused
by their isotropic assumption of the (p,α) angular distribution. In
fact, their data will be consistent with ours by taking the actual
angular distribution.

A resonance-like structure appears in our 6Li(p,γ )7Be S-factor
data as shown in Fig. 5. As the capture process at higher energies
is dominated by the direct capture amplitude E1(s → p), the pos-
sible interference effect requires a resonance with Jπ = 1/2+ or
3/2+ . The existence of positive parity states in the range of this
work has been a question long time ago. For example, many low-
lying, positive-parity states in 7Be were predicted previously [11]
by using configurations of (1s)4(1p)22s, (1s)4(1p)21d. However,
earlier experiments on 7Be and its mirror 7Li have found no clear
evidence for a positive parity level within the energy range inves-
tigated. The R-matrix [44] calculations have been done with an
AZURE code [45] by assuming a positive-parity resonance [E R ≈
195 keV, Jπ = (1/2+,3/2+), Γp ≈ 50 keV], and the theoretical
results can roughly explain the observed structure as shown in
Fig. 6. Additionally the preliminary results from a recent poten-
tial model calculation [46] coupling with an s-wave resonance can
also explain the observed S factors. With regard to the angular
distribution of 6Li(p,α)3He, Engstler et al. [34] gave a dominant
coefficient A1 and a negligible small A2. As discussed in Refs. [15,
47], the R-matrix fit on these data would require contributions
from both positive- and negative-parity levels of 7Be, presumably

Fig. 6. (Color online.) R-matrix fits for the astrophysical S factors of 6Li(p,γ )7Be.
A low-energy resonance is assumed in the calculation. The resonance parameters
are E R ≈ 195 keV, Jπ = (1/2+,3/2+) and Γp ≈ 50 keV.

formed by s- and p-wave protons. However, one cannot obtain any
contribution to A1 from 5/2− and 1/2+ levels; a nonzero A1 re-
quires 3/2+ , 5/2+ or 7/2+ levels together with the 5/2− levels
(for 6.73 and 7.21 MeV states). This might indicate that the pos-
sible new resonance is a 3/2+ state. Actually, such 3/2+ excited
states were observed around Ex = 3.4–4.7 MeV in the neighbor
9Be, 11Be and 9B nuclei [48]. However, the existence of such a res-
onance (either in 7Be in or 7Li) is still uncertain and requires to be
clarified in the future detailed investigations. For example, a reso-
nant elastic-scattering experiment of 6Li+ p is being considered for
searching such an interesting resonance. A tentative appearance of
a ‘dip’-like resonance structure around 200 keV were observed in
the earlier 6Li(p,α)3He experiments [35,36] (as shown in Fig. 3).
A recent paper [49], which was published during the refereeing
process for this Letter, reported updated S factors for the reac-
tion by using the Trojan Horse method [50]; no such ‘dip’-like
resonance structure was observed. One lower S-factor data point
presently observed at Ec.m. = 104 keV is not sufficient to clarify
this issue, and therefore a careful study of this 6Li(p,α)3He reac-
tion is now under consideration with our setup.

In addition, the major component of the ground state of 6Li(1+)
is 4He(0+) plus D(S = 1, L = 0) in a relative s-wave between
4He and D . However, it is well known that 4–7% in probabil-
ity [51–53] of the ground state of deuteron consists of d-wave,
i.e., D(S = 1, L = 2) for the tensor interaction. This component can
make the ground state of 6Li(1+) as 4He(0+) plus D(S = 1, L = 2)
in a relative d-wave, and possibly cause a decreasing behavior of
the S factor as the energy decreases [54]. Since the low-energy
6Li(p,α)3He S factor does not exhibit such a sizable decline but
is characterized by an S factor slowly increasing with decreasing
energy [34] – as was also confirmed in the present work – the siz-
able drop in the capture reaction is most likely not an effect of the
entrance channel. The complicated coupled-channel model calcu-
lation is however beyond the scope of this Letter.

In the astrophysical aspects, the observed decline in 6Li(p,
γ )7Be cross sections at energies below 200 keV also leads to a
reduction of the reverse rate 7Be(γ , p)6Li through the detailed
balance theory. We calculated the effect of the difference in low-
energy cross section of 6Li(p,γ )7Be on the SUSY assisted BBN
model by adopting the same parameters as in Ref. [20], where
a long-lived radiatively decaying particle was assumed to exist
in the early Universe. Light element abundances could be af-
fected through non-thermal nucleosynthesis triggered by photons
which were produced in the decay with energy much larger than
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The low-energy astrophysical S factors of the 6Li(p,γ )7Be reaction have been investigated on a 320 kV
platform at the Institute of Modern Physics in Lanzhou. The experimental S factor of this reaction shows
an interesting sizable drop contrary to any existing theoretical expectations at energies below 200 keV.
Such drop has not been fully understood yet and may reflect a novel reaction mechanism. The appearance
of an interesting new positive-parity 1/2+ or 3/2+ resonance at Ec.m. ≈ 195 keV is discussed. This study
shows the danger of extrapolating experimental data over too large an energy range and demonstrates
the need for careful direct experimental studies of reaction cross sections at or near stellar energies. In
addition, our new results are discussed in the framework of a SUSY assisted Big-Bang Nucleosynthesis
(BBN) model.

 2013 Elsevier B.V. All rights reserved.

Nuclear astrophysics strives for a comprehensive picture of the
nuclear reactions responsible for synthesizing chemical elements
and for powering the stellar evolution engine. Thereinto, the mea-
surements of nuclear reaction cross sections (expressed as S fac-
tors) at stellar Gamow energies are of great importance to nuclear
astrophysics [1]. A lot of investigations have been done in the past
fifty years (e.g., see compilation [2]), even in an ultra-low back-
ground deep underground facility LUNA [3]. It reveals that the ex-
perimental S factors at low energies sometimes show quite differ-
ent behaviors comparing to simple extrapolation from the exten-
sively studied high-energy data. For instance, for the 2H(d,γ )4He
reaction involved in both primordial and stellar nucleosynthesis
[4,5], its astrophysical S factor was thought to decrease steeply
with decreasing energy based on the theoretical predictions. How-
ever, the experimental results [6,7] show a significantly higher
S factor (about 32 times) than theoretical expectation because of
the 4He D-admixture. It demonstrates clearly the danger of extrap-
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olating experimental data over a very large energy range towards
stellar energies.

The 6Li(p,γ )7Be reaction has been studied previously over a
wide energy range down to about center-of-mass (c.m.) energy
of Ec.m. = 140 keV ([8] and references therein). The non-resonant
data were well described by the direct capture model except one
lowest data point at 140 keV [2]. In addition, an analyzing-power
measurement [9] for this reaction indicated that the S factor had a
negative slope towards low energies, while a thick-target measure-
ment with a γ -to-α branching ratio method indicated a positive
slope [10]. However, the extrapolated S factors for both mea-
surements deviated dramatically from those experimental ones [8]
around Ec.m. = 200 keV. Furthermore, there is a well-known prob-
lem for many years that a positive parity resonance seems to be
necessary to explain the unusual angular distributions measured
for 6Li(p,α)3He, but such a resonance has not been discovered
yet [11–15]. With regard to the nuclear astrophysical aspect, cur-
rent models of stellar evolution predicted negligible quantities of
6Li in the hydrogen burning phases of stellar evolution [16]. Pri-
mordial, or standard and inhomogeneous big-bang nucleosynthesis
(BBN) [17,18] might have been more generous in its production of

0370-2693/$ – see front matter  2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physletb.2013.07.044

PHYSICAL REVIEW C 100, 024304 (2019)

7Be and 7Li nuclei within the no-core shell model with continuum

Matteo Vorabbi * and Petr Navrátil†

TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada

Sofia Quaglioni
Lawrence Livermore National Laboratory, P. O. Box 808, L-414, Livermore, California 94551, USA

Guillaume Hupin
Institut de Physique Nucléaire, CNRS/IN2P3, Université Paris-Sud, Université Paris-Saclay, F-91406, Orsay, France

(Received 20 June 2019; published 5 August 2019)

Background: The production of 7Be and 7Li nuclei plays an important role in primordial nucleosynthesis,
nuclear astrophysics, and fusion energy generation. The 3He(α, γ )7Be and 3H(α, γ )7Li radiative-capture
processes are important to determine the 7Li abundance in the early universe and to predict the correct fraction
of pp-chain branches resulting in 7Be versus 8B neutrinos. The 6Li(p, γ )7Be has been investigated recently
hinting at a possible cross section enhacement near the thershold. The 6Li(n, 3H)4He process can be utilized for
tritium breeding in machines dedicated to fusion energy generation through the deuteron-tritium reaction, and is
a neutron cross section standard used in the measurement and evaluation of fission cross sections.
Purpose: In this work we study the properties of 7Be and 7Li within the no-core shell model with continuum
(NCSMC) method, using chiral nucleon-nucleon interactions as the only input, and analyze all the binary mass
partitions involved in the formation of these systems.
Methods: The NCSMC is an ab initio method applicable to light nuclei that provides a unified description of
bound and scattering states and thus is well suited to investigate systems with many resonances and pronounced
clustering like 7Be and 7Li.
Results: Our calculations reproduce all the experimentally known states of the two systems and provide
predictions for several new resonances of both parities. Some of these new possible resonances are built on
the ground states of 6Li and 6He, and thus represent a robust prediction. We do not find any resonance in the
p + 6Li mass partition near the threshold. On the other hand, in the p + 6He mass partition of 7Li we observe
an S-wave resonance near the threshold producing a very pronounced peak in the calculated S factor of the
6He(p, γ )7Li radiative-capture reaction.
Conclusions: While we do not find a resonance near the thershold in the p + 6Li channel, in the case of 6He + p
reaction a resonant S-wave state is predicted at a very low energy above the reaction threshold, which could be
relevant for astrophysics and its implications should be investigated. We note though that this state lies above
the three-body breakup threshold not included in our method and may be influenced by three-body continuum
correlations.

DOI: 10.1103/PhysRevC.100.024304

I. INTRODUCTION

The A = 7 systems, in particular 7Be and 7Li, play an
important role in primordial nucleosynthesis, nuclear astro-
physics, and fusion energy experiments.

The 3He(α, γ )7Be and 3H(α, γ )7Li radiative-capture pro-
cesses are crucial for the determination of the primordial 7Li
abundance in the early universe [1–3] and for predicting the
correct fraction of pp-chain branches resulting in 7Be versus
8B neutrinos [4,5]. Measuring these reactions at the very low
solar energies required for astrophysics modeling is extremely
challenging due to the suppression of the reaction probabil-
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ity caused by the Coulomb repulsion between the reactants.
Consequently, despite the several experimental measurements
[6–14], a predictive theoretical description is needed to re-
liably guide the extrapolation of higher-energy experimental
data down to the desired solar values [15]. A summary of
the experimental status of production and destruction of 7Be
at the relevant energies for astrophysics can be found in
Ref. [15].

A recent experimental investigation of the 6Li(p, γ )7Be
capture reaction at Lanzhou [16] hinted at a possible reso-
nant enhancement of this cross section near the threshold. If
real, this enhancement would have consequences for nuclear
astrophysics. A new experiment [17] is also in progress at
the Laboratory of Underground Nuclear Astrophysics [18]. A
theoretical investigation of S-wave resonances in 7Be is then
called for.
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