
2019-10-04

1

D
is

co
ve

ry
,

ac
ce

le
ra

te
d

Nuclear scattering and reactions 
from ab initio no-core shell model 

with continuum

Petr Navratil
TRIUMF

Open Quantum Systems: From atomic nuclei 
to ultracold atoms and quantum optics
ECT* Trento, Italy, September 30 – October 4, 2019

Collaborators: S. Quaglioni (LLNL), G. Hupin (Orsay),          
M. Vorabbi, A. Calci (TRIUMF), P. Gysbers (UBC/TRIUMF),                        
M. Gennari (U Waterloo), K. Kravvaris (LLNL)



2Outline

§ Introduction to ab initio No-Core Shell Model with Continuum (NCSMC)

§ Polarized 3H(d,n)4He fusion

§ Structure of 7Be and 7Li from different binary-mass partitions

§ 11C(p,𝛾)12N capture

§ Structure of the halo sd-shell nucleus 15C



3First principles or ab initio nuclear theory

Genuine Ab Initio

Quantum Chromodynamics
(QCD)
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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 anitio
nuclear theory

HΨ(A) = EΨ(A)

• Ab initio
² Degrees of freedom: Nucleons  
² All nucleons are active
² Exact Pauli principle
² Realistic inter-nucleon interactions

² Accurate description of NN (and 3N) data

² Controllable approximations



5Chiral Effective Field Theory

§ Inter-nucleon forces from chiral effective field theory
§ Based on the symmetries of QCD

§ Chiral symmetry of QCD (mu»md»0), spontaneously 
broken with pion as the Goldstone boson

§ Degrees of freedom: nucleons + pions
§ Systematic low-momentum expansion to a given order 

(Q/Λχ)
§ Hierarchy
§ Consistency
§ Low energy constants (LEC)

§ Fitted to data
§ Can be calculated by lattice QCD

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) 

 

Λχ~1 GeV : 
Chiral symmetry breaking scale



6Why three-nucleon forces?

§ Leading three-nucleon force terms
§ Long-range two-pion exchange 
§ Medium-range one-pion exchange + two-nucleon contact 
§ Short range three-nucleon contact 

The question is not: Do three-body forces enter the description?   
The only question is: How large are three-body forces? 

– Fujita & Miyazawa (1957)Two-pion exchange with virtual D excitation



7Conceptually simplest ab initio method: 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-coordinate and Slater 
determinant basis

§ Short- and medium range correlations
§ Bound-states, narrow resonances

1max += NN

NCSM
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A = cSDNjΦSDNj

HO (!r 1,
!r 2 , ... ,

!r A )
j
∑

N=0

Nmax

∑ =ΨA ϕ000 (
!
RCM )

ΨA = cNiΦNi
HO ( !η 1,

!
η 2 ,...,

!
η A−1)

i
∑

N=0

Nmax

∑ Author's personal copy

Progress in Particle and Nuclear Physics 69 (2013) 131–181

Contents lists available at SciVerse ScienceDirect

Progress in Particle and Nuclear Physics

journal homepage: www.elsevier.com/locate/ppnp

Review

Ab initio no core shell model

Bruce R. Barrett a, Petr Navrátil b, James P. Vary c,⇤

a Department of Physics, University of Arizona, Tucson, AZ 85721, USA
b Theory Group, TRIUMF, Vancouver, BC V6T 2A3, Canada
c Department of Physics and Astronomy, Iowa State University, Ames, IA 50011, USA

a r t i c l e i n f o

Keywords:
Nuclei
Potentials
Theory
Predictions
Structure
Reactions

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
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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,
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8Extending no-core shell model beyond bound states

Include more many nucleon correlations…
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9Unified approach to bound & continuum states; to nuclear structure & reactions

§ No-core shell model (NCSM)
§ A-nucleon wave function expansion in the harmonic-

oscillator (HO) basis
§ short- and medium range correlations
§ Bound-states, narrow resonances

§ NCSM with Resonating Group Method (NCSM/RGM)
§ cluster expansion, clusters described by NCSM
§ proper asymptotic behavior 
§ long-range correlations

Ψ (A) = cλ
λ

∑ ,λ + dr γ v (
r )∫ Âν

ν

∑ ,ν
A− a( )

a( )

r

Unknowns

NCSM

NCSM/RGM

§ Most efficient: ab initio no-core shell model with continuum (NCSMC)
NCSMC

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

r



10Binary cluster basis

§ Working in partial waves (                                         )

§ Introduce a dummy variable    with the help of the delta function

§ Allows to bring the wave function of the relative motion in front of the antisymmetrizer

ψ JπT = Âν A− a α1I1
π1T1 a α2I2
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Coupled NCSMC equations

Lawrence Livermore National Laboratory 9 LLNL#PRES#650082 

… to be simultaneously determined  
by solving the coupled NCSMC equations 
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Solved by Microscopic R-matrix theory on a Lagrange mesh – efficient for coupled channels



12Microscopic R-matrix theory on a Lagrange mesh – Coupled channels

§ Separation into “internal” and “external” regions at the channel radius a

§ Matching achieved through the Bloch operator:

§ System of Bloch-Schrödinger equations:  
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13Microscopic R-matrix theory on a Lagrange mesh – Coupled channels

§ Separation into “internal” and “external” regions at the channel radius a

§ Matching achieved through the Bloch operator:

§ System of Bloch-Schrödinger equations:  
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§ Internal region: expansion on square-integrable basis

§ External region: asymptotic form for large r
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14To find the Scattering matrix – Coupled channels

§ After projection on the basis fn(r):

1. Solve for Acn

2. Match  internal and external solutions at channel radius, a

§ In the process introduce R-matrix, projection of the Green’s function operator on the 
channel-surface functions
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15To find the Scattering matrix – Coupled channels

3. Solve equation with respect to the scattering matrix U 

4. You can demonstrate that the solution is given by:

§ Scattering phase shifts are extracted from the scattering matrix elements

R
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Norm kernel (Pauli principle): Single-nucleon projectile
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17Deuterium-Tritium fusion

§ The d+3H®n+4He reaction
§ The most promising for the production of 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



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

| ⟩Ψ =%
&
'& ( )

5He
, . +013⃗ 4567(3⃗) :;<= ( )

T
, ?<=

r @
+013⃗ 45AB(3⃗) :;CD ( )

E
, ?CD

r F

A formidable challenge for ab initio reaction theory: 
Integrated and comprehensive description of the interweaving of nuclear shell 

structure and reaction dynamics



19n-4He scattering and 3H+d fusion within NCSMC
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n-4He and d+3H scattering phase-shifts
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4He
n

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

4He+n -> 3H+d

4S3/2

2D3/2

LLNL-PRES-xxxxxx
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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

!"#$%& = ∑) *)+,
(*./+,)(*.1+,)

!)

≈ 1
3!,*

+ 23!7*

!$%& ≈ 1.5 !"#$%&

D T 4He

n



203H(d,n)4He with chiral NN+3N(500) interaction

LLNL-PRES-xxxxxx
19

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

‘Coulomb’
Contribution
(tunneling)
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cross section

σ E( ) = S(E)
E
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2πZ1Z2e
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The unpolarized cross section
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21NCSMC phenomenology

Eλ
NCSM energies treated as 
adjustable parameters 

Lawrence Livermore National Laboratory 9 LLNL#PRES#650082 

… to be simultaneously determined  
by solving the coupled NCSMC equations 
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223H(d,n)4He with chiral NN+3N(500) interaction

LLNL-PRES-xxxxxx
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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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233H(d,n)4He with chiral NN+3N(500) interaction
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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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D T 4He

n

§ 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 
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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(*./+,)(*.1+,)

!)

≈ 1
3!,*

+ 23!7*

!$%& ≈ 1.5 !"#$%&

D T 4He

n
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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
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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.
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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



7Be structure and capture reactions 
important for astrophysics 

3He + 4He Jp = 3/2- Jp = 1/2-

Ebound -1.519 -1.256
E [MeV] -36.98 -36.71

p + 6Li Jp = 3/2- Jp = 1/2-

Ebound -5.729 -5.389
E [MeV] -36.47 -36.13

NCSMC with SRG evolved chiral NN 
Analyzed mass partitions (no coupling yet)
• 3He + 4He
• p + 6Li

Exp. Jp = 3/2-

E [MeV] -37.60



7Be – Reproducing the energy spectrum 
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7Be – New negative-parity states
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7Be – New positive-parity states 
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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 3 He(α, γ )7 Be 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 7 Li 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.
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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-
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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
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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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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
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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 –
(Cp 3/2)2 (fm−1) – 12.21 12.74(110) [74]
(Cp 1/2)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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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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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 6 He(p, γ )7 Li 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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The elusive β−pþ decay was observed in 11Be by directly measuring the emitted protons and their energy
distribution for the first time with the prototype Active Target Time Projection Chamber in an experiment
performed at ISAC-TRIUMF. The measured β−pþ branching ratio is orders of magnitude larger than any
previous theoretical model predicted. This can be explained by the presence of a narrow resonance in 11B
above the proton separation energy.

DOI: 10.1103/PhysRevLett.123.082501

It would seem, a priori, that β− decay and proton emission
are incompatible processes in a neutron-rich nucleus. The β−
decaymoves isotopes northwest in the nuclear chart, towards
the valley of stability and more bound systems, while the
proton emission takes it south, becoming a less stable system.
This process, called β−-delayed proton emission (β−pþ), is
energetically forbidden in all but some nuclei for which their
neutron separation energy is Sn < 782 keV [1]. Only a
handful of A ≤ 31 nuclei that fulfill this condition have
been observed, of which the most promising candidate
is 11Be → 10Beþ pþ þ β−.
Nuclei approaching the nuclear drip lines have large Qβ

values available and decay into nuclei with low particle
binding energy. This opens an energy window where
different β-delayed particle emission channels are allowed
[2]. 11Be, which is the last bound odd beryllium iso-
tope, has several of them energetically available: βα
[Qβα ¼ 2845.2ð2ÞkeV, bα ¼ 3.30ð10Þ% [3] ], βt [Qβt¼
285.7ð2ÞkeV, not observed], β−pþ [Qβp ¼ 280.7ð3ÞkeV,
bp ¼ 8.3ð9Þ× 10−6, indirectly observed [4] ], and βn
[Qβn ¼ 55.1ð5ÞkeV, not observed].

This low neutron binding energy allows for the counter-
intuitive β−pþ decay to happen. In nuclei like 11Be, called
halo nuclei, the last neutron is so weakly bound that it orbits
far from an inert core [5–7]. The β−pþ decay mechanism
has been modeled as a decay of the halo neutron into a
proton that is either in a high-energy resonant state above
its separation energy or directly in the continuum, free to be
emitted [8]. This is similar to the β-delayed deuterium
emission in the two-neutron halo nucleus 11Li. When one of
the neutrons decays into a proton, it binds to the other
forming a deuteron coupled to the continuum [9].
Riisager and co-workers performed experiments at

ISOLDE to indirectly observe the 11Be → 10Be decay
[4,10,11]. They implanted 11Be (T1=2 ¼ 13.8 s) in a
catcher. Using accelerated mass spectroscopy, they mea-
sured the amount of 10Be (T1=2 ¼ 1.5 × 106 yr) in the
samples, obtaining bp ¼ 8.3ð9Þ× 10−6. Theoretical pre-
dictions using the 11B nuclear structure suggest that the
β−pþ branch should have been orders of magnitude lower
than observed [1,8,10].

PHYSICAL REVIEW LETTERS 123, 082501 (2019)
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40p+11C scattering and 11C(p,γ)12N capture

§ 11C(p,γ)12N capture relevant in hot p-p chain: Link between pp chain and the CNO 
cycle - bypass of slow triple alpha capture 4He(αα,γ)12C

TRIUMF EEC New Letter of Intent Detailed Statement of Proposed Research for Experiment #: 1691

Study of the 11C+p compound system via resonant elastic scattering in inverse kinematics

The scientific motivation behind this measurement is twofold. Firstly, the 11C(p,�)12N reaction has been considered
for decades as a potentially important reaction in astrophysics, as linking reaction between the hot-pp chain and the
CNO cycles. Considerable uncertainty exists in the properties of the low energy cross section of that reaction in the
energy region of interest for astrophysics. Secondly, this system has currently become within reach of ab-initio theory
calculations, some of which are pioneered here at TRIUMF. Having precise scattering and reaction data to compare
the theoretical calculations to over as wide a variety of light systems as possible is imperative to constrain and develop
the theory, in the hope that one day a consistent ab-initio theory will be able to make accurate predictions of cross
sections over a wide range of astrophysically important reactions at energies inaccessible to experiments.

(a) Scientific value of the experiment
Astrophysical importance: The formation of very massive, low-metallicity stars occurred in early stages of
the Universe (Population III stars) when the only existing seed material consisted of hydrogen and helium.
Initially, those stars existed in a quasi-static stage in an equilibrium between thermal expansion and gravita-
tional contraction. Fuller et. al. [1] investigated the evolution of super-massive stars under consideration of the
pp-chains, the triple-↵ process, the CNO cycles and the rp-process. The question whether the early, massive
stars contributed substantial amounts of material to later generations of stars, however, is still open. Fryer et.
al. [2] suggested that massive, non-rotating stars (�260 M�) with zero metallicity would undergo direct gravi-
tational collapse into black holes without losing mass after burning their pp-chain fuel, as the triple-↵ process
would be initiated too late to prevent the collapse. But Fuller et. al. [1] found that the presence of only a small
amount (fraction of 10�8) of CNO seed nuclei prior to helium burning would slow down the collapse process
and the energy release of the hot CNO cycle could change the density of the star, thus permitting it to explode.
Therefore, the presence of CNO seed material might turn the scale to whether a very massive, low-metallicity
star will turn into a core collapse super nova or not.

Traditionally, the triple-↵ ! 12C reaction is the main link between the pp-chains and the CNO cycle. However,
there may be an alternative way. The astrophysical 11C(p,�)12N reaction could be one of the key reactions in
the hot pp-chain since the relatively long half life of 11C allows for further proton capture, and thus this capture
reaction could re-link the pp-V branch with the breakout processes [3]. Evidently, this reaction is thought to be
an important branch point as it bypasses the slow triple-↵ process by producing CNO seed nuclei in supermassive
low-metallicity stars. In particular, the following reaction sequences in the hot pp-chain [3] called rap-II and
rap-III are of relevance for the path from helium to carbon isotopes:

3He(↵, �)7Be(↵, �)11C(p, �)12N(p, �)13O(�+, ⌫)13N(p, �)14O (1)

3He(↵, �)7Be(↵, �)11C(p, �)12N(�+, ⌫)12C(p, �)13N(p, �)14O (2)

The rap-II as well as the rap-III reaction sequences include the 11C(p,�)12N reaction responsible for bypassing
the competing �-decay of 11C and the decay back to 4He (11C(�+ ⌫)11B(p,↵)8Be(4He,4He)) via proton capture
into the A�12 mass region at T9 >0.2 (compare Fig. 1). This means that the speed at which 3He is transformed
into CNO material largely depends on the 11C(p,�)12N reaction rate. The high influence of this reaction on the
evolution of metal-deficient massive stars is why substantial e↵ort, both experimentally and theoretically, has
been put into determining the energy dependence of the stellar reaction cross section for this linking reaction.
Due to the low reaction Q-value, the cross section at astrophysically relevant energies for the 11C(p,�)12N re-
action is mainly governed by direct capture into the 12N ground state as well as by resonant capture into the
low-lying excited states of 12N. In addition, interference between direct and resonant processes is present and
must be considered in any derivation of the cross section from indirectly determined nuclear structure parame-
ters. While the contribution of the narrow first excited state to the overall (p,�) capture rate may be minor, the
large width of the second excited state has significant impact on the rate. Since the 11C(p,�)12N reaction may
play an important role in the synthesis of elements with masses of A�12 and the evolution of metal-deficient
stars, the nuclear astrophysics interest in 12N around the 11C+p threshold at Sp=0.6012(14) MeV [5] is driven
by the necessity to gain detailed insight into the low-lying level structure of 12N (T1/2=11.0 ms [5]) in order to
determine the 11C(p,�)12N reaction rate.
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must be considered in any derivation of the cross section from indirectly determined nuclear structure parame-
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41p+11C scattering and 11C(p,γ)12N capture

• NCSMC calculations of 11C(p,p) with chiral NN+3N under way
§ 11C:   3/2-, 1/2-, 5/2-, 3/2- NCSM eigenstates
§ 12N:   ≥6 π = +1 and ≥4 π = -1 NCSM eigenstatesTRIUMF EEC New Letter of Intent Detailed Statement of Proposed Research for Experiment #: 1691

Figure 2: Top: Microscopic calculation with NCSM and NCSMC for the
12
N system in relation to the ENDSF data. The spectrum

further shows the phenomenological fits of the NCSM
12
N energies. The excitation energies for

11
C are taken from the ENDSF

data base [6]. Bottom: The corresponding NCSMC eigenphase shifts for positive and negative parity to illustrate the e↵ect of the

phenomenological NCSMC adjustment. Figures from Ref. [7].

incomplete and the novel NCSMC (no-core shell model with continuum) [11] method becomes mandatory. For
instance, when applying the conventional NCSM calculation, the negative parity states in 12N converge signifi-
cantly slower than the positive parity states, whereas a more realistic description is accomplished by performing
NCSMC calculations (compare Fig. 2). The phase shifts as presented in Fig. 2 give additional information about
the resonances, i.e., they show the additional channels (2sLJ) of the 11C+p system for each particular resonance.

Generally speaking the low-lying 12N spectrum is an ideal candidate for the NCSMC calculations because it is
dominated by the p+11C channel and the dense excitation spectrum in 11C (after 6.34 MeV), as well as other
break-up channels (8B+↵ at (8.007-0.601) MeV) opening up at higher energies. Nevertheless, 12N is a compli-
cated and computationally demanding system. In particular, the necessary inclusion of the first four excited
states of 11C makes the calculations very expensive, however, a new method to include the three-nucleon forces

3
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Figure 3: Elastic cross sections around the 2
�
, 1

�
resonances (energy scan around the theoretically predicted resonance position)

calculated using the NCSMC and the phenomenological calculation. Figures from Ref. [7].

and Ex=3.6 MeV (J⇡=(2)+) were assigned. The J⇡=3� assignment was consistent with a previous 12C(p,n)12N
experiment carried out by Anderson et. al. in 1996 [14] (compare Tab. 1), which concluded that either J⇡=2+

or J⇡=3� were possibilities. However, the J⇡=(2)+ assignment for the Ex=3.6 MeV level was only adopted
tentatively as the calculations performed to reproduce the experimental spectrum did not take contributions
from higher levels into account.

The second 11C+p experiment [17] was realized a few years later in form of a measurement campaign at two
di↵erent facilities, namely at the Berkeley Experiments with Accelerated Radioactive Species (BEARS) coupled
cyclotron system [18] and the Texas A&M University (TAMU) with the magnetic separator MARS [19]. This
was done in order to cover the energy range from Ex=2.2 MeV up to Ex=11.0 MeV. The use of a gaseous target
in comparison to a solid target opened up the opportunity to analyze the contribution of inelastic scattering
in the solid target. In total 16 levels in 12N were identified and the analysis of the excitation functions was
performed based on an R-matrix framework. However, the choice of input parameters relied strongly on the
properties of known levels in the mirror nucleus 12B, assuming a shift of 200 keV of the energy levels towards
lower energies and allowing 500 keV variation. Further, the resonance widths for the levels in 12B were utilized
as initial parameters for the determination of all widths in the level structure of 12N. The data for resonance
widths within the excitation energy of Ex=3.37 MeV to 5.49 MeV in 12B were based on the neutron decay to
the ground state of 11B. Thus, the widths in 12B had to be converted to 12N widths by making use of a potential
model (also employed in Ref. [20]) before the parameters were applied to describe the proton decay widths to
the 11C ground state.

The authors of Ref. [17] further state that any conclusions regarding potential resonance states above Ex=5.6 MeV
are merely speculative due to the uncertainties in the theoretical predictions resulting from the constrains of
the shell model space. In addition, the cross sections generated from the R-matrix calculations were too large

5
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• NCSM with continuum calculations of 11C(p,p) with higher-precision chiral NN+3N under way
§ 11C and 12N NCSM eigenstates calculated with NCSD code on Summit using GPU acceleration
§ 1024 nodes, 6144 MPI tasks with 1 GPU/task and 7 OpenMP threads/task 
§ Largest matrix dimensions: 131 million for 11C and 167 million for 12N (~7 hours to get 9 eigenstates)
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• NCSMC calculations of 11C(p,p) with chiral NN+3N under way
§ 11C:   3/2-, 1/2-, 5/2-, 3/2- NCSM eigenstates
§ 12N:   ≥6 π = +1 and ≥4 π = -1 NCSM eigenstates

TRIUMF EEC New Letter of Intent Detailed Statement of Proposed Research for Experiment #: 1691

Figure 3: Elastic cross sections around the 2
�
, 1

�
resonances (energy scan around the theoretically predicted resonance position)

calculated using the NCSMC and the phenomenological calculation. Figures from Ref. [7].

and Ex=3.6 MeV (J⇡=(2)+) were assigned. The J⇡=3� assignment was consistent with a previous 12C(p,n)12N
experiment carried out by Anderson et. al. in 1996 [14] (compare Tab. 1), which concluded that either J⇡=2+

or J⇡=3� were possibilities. However, the J⇡=(2)+ assignment for the Ex=3.6 MeV level was only adopted
tentatively as the calculations performed to reproduce the experimental spectrum did not take contributions
from higher levels into account.

The second 11C+p experiment [17] was realized a few years later in form of a measurement campaign at two
di↵erent facilities, namely at the Berkeley Experiments with Accelerated Radioactive Species (BEARS) coupled
cyclotron system [18] and the Texas A&M University (TAMU) with the magnetic separator MARS [19]. This
was done in order to cover the energy range from Ex=2.2 MeV up to Ex=11.0 MeV. The use of a gaseous target
in comparison to a solid target opened up the opportunity to analyze the contribution of inelastic scattering
in the solid target. In total 16 levels in 12N were identified and the analysis of the excitation functions was
performed based on an R-matrix framework. However, the choice of input parameters relied strongly on the
properties of known levels in the mirror nucleus 12B, assuming a shift of 200 keV of the energy levels towards
lower energies and allowing 500 keV variation. Further, the resonance widths for the levels in 12B were utilized
as initial parameters for the determination of all widths in the level structure of 12N. The data for resonance
widths within the excitation energy of Ex=3.37 MeV to 5.49 MeV in 12B were based on the neutron decay to
the ground state of 11B. Thus, the widths in 12B had to be converted to 12N widths by making use of a potential
model (also employed in Ref. [20]) before the parameters were applied to describe the proton decay widths to
the 11C ground state.

The authors of Ref. [17] further state that any conclusions regarding potential resonance states above Ex=5.6 MeV
are merely speculative due to the uncertainties in the theoretical predictions resulting from the constrains of
the shell model space. In addition, the cross sections generated from the R-matrix calculations were too large

5

NCSMC calculations to be validated by 
measured cross sections and applied to 

calculate the 11C(p,γ)12N capture 
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44Halo sd-shell nucleus 15C

§ Motivation:
§ Halo ½+ S-wave and 5/2+ D-wave bound states
§ 14C(n,𝛾)15C capture relevant for astrophysics

§ Calculations in progress – all results preliminary

§ NN chiral interaction – N3LO Entem & Machleidt 2003, SRG evolved with 𝜆 = 2.0 fm-1

§ 3N chiral interaction – N2LO with local/non-local regulator, SRG evolved with 𝜆 = 2.0 fm-1
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§ NCSMC
§ 14C (14O) 0+ and 2+ eigenstates
§ 15C (15F) lowest 7 positive and 3 negative parity eigenstates
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15C cluster form factors

§ 1/2+ S-wave and 5/2+ D-wave ANCs
§ C1/2+ = 1.282 fm-1/2    - compare to Moschini & Capel inferred from transfer data: 1.26(2) fm-1/2

§ C5/2+ = 0.048 fm-1/2 0.056(1) fm-1/2

§ Spectroscopic factors: 0.96 for 1/2+ and 0.90 for 5/2+ - experiments 0.95(5) and 0.69, resp.

Preliminary

Preliminary



4714C(n,𝛾)15C capture cross section

§ Comparison to Karlsruhe experiment – Phys. Rev. C 77, 015804 (2008)
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R. REIFARTH et al. PHYSICAL REVIEW C 77, 015804 (2008)

by the final bound-state spectroscopic factor. The ratio of
experimentally observed to calculated cross section is then
a measure of the spectroscopic purity of the single-particle
configuration. We note that the particular structure of the 15C
states implies that E1 capture is only possible for p-wave
neutrons. The possibility of E2 capture of s-wave neutrons to
the first-excited state was also included in these calculations,
but the contribution to the capture cross section was found to
be less than 5% at the relevant energies.

In all calculations, single-particle configurations were gen-
erated from a Woods-Saxon potential well with the geometry
of Ref. [30]. The potential depths were chosen to reproduce the
binding energies of the two bound states in 15C with respect to
the 14C + n thresholds. This procedure led to slightly different
potential depths for the l = 0 (Vl=0 = 52.81 MeV) and l > 0
(Vl>0 = 51.33 MeV) channels. Since p-wave capture is the
dominating process, the l > 0 potential was used to describe
the scattering wave of the incoming channel. The use of
l-dependent potentials is, in principle, not compatible with
the requirements of applying Siegert’s theorem. However, for
the case considered here, we found that the difference between
the initial- and final-state potentials was so small that Siegert’s
theorem was still valid.

The calculated radiative-capture cross section was convo-
luted with the neutron spectra of Fig. 3 to facilitate a direct
comparison with the data from the activation measurement.
The calculated capture to the first excited state of 15C was
normalized by the spectroscopic factor C2S1 = 0.69, extracted
from experimental neutron transfer 14C(d, p)15C∗ data [31].
Since this channel contributes less than 5% to the total capture
cross section at the relevant energies, the final result is not
very sensitive to the particular choice of this spectroscopic
factor. A fit to the experimental data, weighted by the relative
error bar of each data point, was then performed and resulted
in a best-fit spectroscopic factor of C2S0 = 0.95 ± 0.05 for
the ground state 1s1/2 single-particle configuration, which is
in good agreement with 0.88 as derived from (d, p) data [31].
The final calculated cross section, convoluted with the different
neutron spectra, is compared with the experimental data in
Table V. In addition, the energy-differential cross section,
including the 1σ error band, is shown in Fig. 7.
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FIG. 7. Theoretical 14C(n, γ )15C cross section, fitted to the
experimental data, as described in the text.
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FIG. 8. Reaction rates for 14C(n, γ )15C as a function of stellar
temparature T9 given in 109 K.

C. Recommended astrophysical reaction rates

The fitted theoretical cross section of the previous section
was used to compute reaction rates for astrophysical appli-
cations. The resulting reaction rate is plotted in Fig. 8 as a
function of stellar temperature T9 (in units of 109 K). The
applicability of the calculated capture cross section is restricted
by the experimental energy range used in the activation
measurement, i.e., from 1 keV to 1 MeV. The extracted reaction
rate is therefore presented up to a maximum temperature
of 4 × 109 K. Extrapolations beyond this temperature range
would yield results that are not restricted by the data from the
present experiment.

The reaction rates were fitted to the parametrization
suggested by Rauscher and Thielemann [32]

NA⟨σv⟩ = exp
(
a1 + a2T

− 1
9 + a3T

− 1/3
9 + a4T

1/3
9

+a5T9 + a6T
5/3

9 + a7 ln(T9)
)
.

The reaction rate is given in cm3s− 1mol− 1 with the temperature
in 109 K. The best-fit parameters, which reproduce the
numerical values to within 0.01% in the 0.01 ! T9 ! 4.0
temperature range, are

a1 = 0.850 × 101,

a2 = − 0.305 × 10− 3,

a3 = 0.580 × 10− 1,

a4 = − 0.355 × 100,

a5 = − 0.116 × 100,

a6 = 0.122 × 10− 1,

a7 = 0.109 × 101.

IV. DISCUSSION AND ASTROPHYSICAL IMPLICATIONS

Compared to the result of the previous activation with
kT = 23.3 keV [12] (1.72 ± 0.43 µb) we find agreement,
if the sample mass measured in this work and the currently
available decay properties of 15C are taken into account. The
agreement is then within 1σ .
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FIG. 9. (Color online) Comparison between the present results
and previous data.

All available differential data for the total capture cross
section of 14C are compared in Fig. 9. The data are divided by√

E to remove the energy dependence caused by the p-wave
orbital-momentum barrier. The present cross section results are
in good agreement with theoretical estimates of Wiescher et al.
[7] and with the recently published estimates of Timofeyuk
et al. [8] based on mirror symmetry considerations. Our data
fall approximately 20% below the values of Descouvemont
[33], but exhibit the same energy dependence.

The results of Horváth et al. [9], which were obtained
in a Coulomb-breakup study, show a large, constant offset
(Fig. 9). In other words, not only the cross section values are
different, but also the energy dependence. The difference can
be expressed as

σpresent = σHorvath + c ·
√

Ec.m.

with c = 0.48 µ b/keV1/2.

With respect to the importance of the 14C(n, γ )15C cross
section for validating the Coulomb-break-up approach for
deducing this cross section from the time-reversed dissociation
of 15C it is important, however, to emphasize that the present
results are in good agreement with preliminary data from two
other Coulomb break-up studies [10,11,34].

Since the paper by Beer et al. [12], a comparison of the
differential cross section at 23.3 keV is published in most
papers dealing with the 14C(n, γ ) cross section. We note that
the value published by Beer et al. was a Maxwellian averaged
cross section for kT = 23.3 keV, which is different from the
differential cross section at Ec.m. = 23.3 keV. In this tradition,
a comparison of the differential 23.3 keV cross sections is
presented in Fig. 10. The present value of 5.2 ± 0.3 µbarn
is based on the theoretical description of the cross section
provided in the previous section.

The rate suggested by [7] has been used for most of the
nucleosynthesis simulations of the scenarios summarized at
the beginning of this paper. The agreement with the present
experimental results confirms many of the previous model
predictions. While present cosmologies dismiss the likelihood
of inhomogeneous Big Bang scenarios, previous simulations
of the associated nucleosynthesis [36] based on this 14C(n, γ )
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FIG. 10. (Color online) Comparison between this measurement
(shaded band) and previous cross section results at Ec.m. = 23.3 keV.
Open squares refer to theoretical estimates while full circles refer
to experiments including Coulomb-breakup studies. The only open
circle refers to the measurement by Beer et al. before the renormaliza-
tion based on the new mass and line intensity information (see text).
The respective references from left to right are [7,8,33] (theoretical)
and [9– 12,34,35] (experimental).

reaction rate demonstrated a substantial production of 14C at
such conditions.

The role of the 14C(n, γ )15C reaction as the slowest link
in the neutron induced CNO cycles proposed by [5] is also
confirmed by the present results. Detailed simulations now
help to analyze the impact of such a cycle on the neutron
flux during core carbon burning and shell carbon burning.
These results indicate that many more branches exist due
to the presence of charged particles in stellar helium and
carbon burning environments [37]. For helium burning most
of the 13C produced by 12C(n, γ ) is depleted by the 13C(α, n)
reaction rather than by 13C(n, γ ) and the production of 14C
is negligible as shown already by [38]. This may be different
for shell carbon burning which is characterized by higher 12C
abundances and a significantly lower α flux. New simulations
on aspects of neutron production and capture reactions are
presently in preparation [39]. The study indicates that the main
production of 14C is given by the two reactions 14N(n, p)14C
and 17O(n,α)14C. Because of the here confirmed low cross
section, the 14C(n, γ ) reaction does not play a significant
role for reducing the 14C abundance. However, because of the
relatively high temperatures of T ≈ 1 GK in the carbon burning
zone, alternative depletion channels open via 14C(p, n)14N
with a negative Q-value of −626 keV and via 14C(α, γ )18O
alpha capture providing a new abundance balance.

New simulations are also underway for studying the impact
of neutron capture reactions on neutron rich Be, B, and
C isotopes on the nucleosynthesis of light elements in neutrino
driven wind supernova shock scenarios [40]. The completion
of these studies does however require a detailed analysis of
neutron capture reactions on short-lived neutron rich isotopes
to simulate the anticipated reaction flow reliably [6]. New
shell model based simulations of these rates are presently
in preparation taking also into account the rapidly growing
experimental nuclear structure information on neutron rich
nuclei in the Be to Ne range.
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§ Ab initio calculations of nuclear structure and reactions with predictive power becoming feasible beyond the lightest nuclei

§ These calculations make connections between the low-energy QCD, many-body systems, and nuclear astrophysics

§ Polarized DT fusion investigated within NCSMC
§ Sheds light on importance of l>0 partial waves

§ Structure of 7Be and 7Li from different binary mass partitions
§ Investigation of capture reactions relevant for astrophysics
§ Observation of a narrow S-wave resonance above 6He+p threshold – similarity to 10Be+p system?

§ 11C(p,𝛾)12N NCSMC calculations with validation of the 11C+p scattering by TRIUMF experiment

§ 15C NCSMC calculations in progress
§ Capture cross section, cluster form factor, ANCs
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Thank you!
Merci!


