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2Outline

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

§ Polarized 3H(d,n)4He fusion

§ 3He(!,")7Be & 3H(!,")7Li capture reactions

§ 11C(p, ")12N

§ 14C(n, ")15C



3First principles or ab initio nuclear theory

Genuine Ab Initio

Quantum Chromodynamics
(QCD)



4

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



6Conceptually 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
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a b s t r a c t

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

© 2012 Elsevier B.V. All rights reserved.
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7Extending no-core shell model beyond bound states

Include more many nucleon correlations…
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8Extending no-core shell model beyond bound states

Include more many nucleon correlations…
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Include more many nucleon correlations…
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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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11Deuterium-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



12n-4He scattering and 3H+d fusion within NCSMC
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n-4He and d+3H scattering phase-shifts

FY: Faddeev-Yakubovsky method - Rimantas Lazauskas

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



133H(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)

Fusion
cross section

σ E( ) = S(E)
E

exp −
2πZ1Z2e

2

 2mE
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The unpolarized cross section
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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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§ 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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Assuming the fusion proceeds only in S-wave 
with spins of D and T completely aligned: 

Polarized cross section 50% higher than unpolarized



143H(d,n)4He with chiral NN+3N(500) interaction

Polarized fusion
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The Deuterium-Tritium (DT) fusion
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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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NCSMC calculation demonstrates impact of partial waves with l > 0 
as well as the contribution of l = 0 J; = ½+ channel

ARTICLE

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

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

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

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

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

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

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

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

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

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

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

thermonuclear reaction data critical to nuclear science applications.
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Correspondence and requests for materials should be addressed to G.H. (email: hupin@ipno.in2p3.fr)
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153H(d,n)4He with chiral NN+3N(500) interaction

Polarized fusion
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For a realistic 80% polarization, 
reaction rate increases by ~32% 

or the same rate at 
~45% lower temperature

ARTICLE

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

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

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

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

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

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

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

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

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

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

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

thermonuclear reaction data critical to nuclear science applications.

https://doi.org/10.1038/s41467-018-08052-6 OPEN

1 Institut de Physique Nucléaire, IN2P3/CNRS, Université Paris-Sud, Université Paris-Saclay, 91406 Orsay Cedex, France. 2 CEA, DAM, DIF, 91297 Arpajon,
France. 3 Lawrence Livermore National Laboratory, P.O. Box 808, L-414, Livermore, CA 94551, USA. 4 TRIUMF, Vancouver, BC V6T2A3, Canada.
Correspondence and requests for materials should be addressed to G.H. (email: hupin@ipno.in2p3.fr)

NATURE COMMUNICATIONS | ���������(2019)�10:351� | https://doi.org/10.1038/s41467-018-08052-6 | www.nature.com/naturecommunications 1

12
34

56
78

9
0
()
:,;



16Big Bang nucleosythesis

Key reactions

7Li puzzle



17Solar p-p chain

p-p chain

7

Solar neutrinos

En < 15 MeV



183He-4He and 3H-4He radiative capture

NCSMC calculations with chiral SRG-N3LO NN potential (λ=2.15 fm-1)

3He, 3H, 4He ground state, 8(π-) + 6(π+) eigenstates of 7Be and 7Li 

Preliminary: Nmax=12, hΩ=20 MeV 

Physics Letters B 757 (2016) 430–436
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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-

* Corresponding author.
E-mail addresses: jdoheter@triumf.ca (J. Dohet-Eraly), navratil@triumf.ca

(P. Navrátil), quaglioni1@llnl.gov (S. Quaglioni), whoriuchi@nucl.sci.hokudai.ac.jp
(W. Horiuchi), hupin@ipno.in2p3.fr (G. Hupin), f.raimondi@surrey.ac.uk
(F. Raimondi).

1 Present address: CEA, DAM, DIF, F-91297 Arpajon, France.
2 Present address: Department of Physics, Faculty of Engineering and Physical Sci-

ences, University of Surrey, Guildford, Surrey GU2 7XH, United Kingdom.

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-
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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 
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Figure 1: (Color online) The 7Be and 7Li spectra obtained from the NCSM
and NCSMC approaches and from experiments [40]. Only states with isospin
T = 1/2 are considered. Energies are given with respect to the ↵+3He/3H
threshold. Rectangles symbolize the widths of resonances. The question mark
indicates that the width is not experimentally determined.

relative collision energies up to ⇠10 MeV and shown in Fig. 2.
For the sake of clarity, the jump of +180� in the phase shifts at
the second 5/2� and 7/2� resonance energies are not displayed.
In both systems, the 1/2+ theoretical phase shifts overestimate
the corresponding experimental ones. However, the accuracy of
the experimental phase shifts is unclear since for most data, the
experimental error bars have not been evaluated. For negative-
parity partial waves, the discrepancy between theoretical and
experimental resonances seen in Fig. 1 is also visible in the
phase shifts. To evaluate the impact of these discrepancies on
the 3He(↵, �)7Be and 3H(↵, �)7Li astrophysical S factors, we
adopt a phenomenological model based on the NCSMC results
in the largest model space. The basic idea is to consider the en-
ergies of the square-integrable NCSM basis states E�, appear-
ing in Eq. (5), as adjustable parameters. These new degrees of
freedom are then used to reproduce the experimental 7Be and
7Li bound-state and resonance energies and reducing the gap
between theoretical and experimental 1/2+ phase shifts.

The 3He(↵, �)7Be and 3H(↵, �)7Li astrophysical S factors
obtained with the NCSMC approach and with its phenomeno-
logical version are displayed in Fig. 3 and compared with ex-
periment [6–14, 47–53]. The astrophysical S factors extrapo-
lated at zero colliding energy are given in Table 3. The electric
E1 and E2 transitions as well as the magnetic M1 transitions
have been considered. For the energy ranges which are consid-
ered, the contribution of the E1 transitions is dominant while
M1 contribution is essentially negligible and the E2 transitions
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Figure 2: (Color online) The ↵ + 3He and ↵ + 3H elastic phase shifts obtained
from the NCSMC approach and from experiments [45, 46]. Energies are given
with respect to the ↵+3He/3H threshold.

Figure 3: (Color online) Astrophysical S factor for the 3He(↵, �)7Be and
3H(↵, �)7Li radiative-capture processes obtained from the NCSMC approach
and from its phenomenological version and compared with other theoretical
approaches [3, 19] and with experiments [6–14, 47–53]. Recent data are in
color (online) and old data are in light grey.
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phase shifts. To evaluate the impact of these discrepancies on
the 3He(↵, �)7Be and 3H(↵, �)7Li astrophysical S factors, we
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in the largest model space. The basic idea is to consider the en-
ergies of the square-integrable NCSM basis states E�, appear-
ing in Eq. (5), as adjustable parameters. These new degrees of
freedom are then used to reproduce the experimental 7Be and
7Li bound-state and resonance energies and reducing the gap
between theoretical and experimental 1/2+ phase shifts.

The 3He(↵, �)7Be and 3H(↵, �)7Li astrophysical S factors
obtained with the NCSMC approach and with its phenomeno-
logical version are displayed in Fig. 3 and compared with ex-
periment [6–14, 47–53]. The astrophysical S factors extrapo-
lated at zero colliding energy are given in Table 3. The electric
E1 and E2 transitions as well as the magnetic M1 transitions
have been considered. For the energy ranges which are consid-
ered, the contribution of the E1 transitions is dominant while
M1 contribution is essentially negligible and the E2 transitions
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19p+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

11

C+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 S

p

=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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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
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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
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20p+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 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 E
x

=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 E
x

=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 E

x

=2.2 MeV up to E
x

=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 E

x

=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 E
x

=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
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2114C(n,!)15C capture cross section

§ Comparison to Karlsruhe experiment – Phys. Rev. C 77, 015804 (2008)
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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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22Conclusions

§ Ab initio calculations of nuclear structure and reactions becoming feasible beyond the lightest nuclei
§ 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

§ Analysis of 3He(!,")7Be & 3H(!,")7Li capture reactions
§ Experimental data inconsistent

§ NCSMC applied to predict for 11C(p,")12N capture
§ Support for upcoming TRIUMF 11C+p scattering experiment

§ NCSMC calculations of 15C sd-shell halo nucleus in progress
§ 14C(n,")15C capture cross section in agreement with experiment
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24Why 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



25NCSMC calculation of the DT fusion

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

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

LLNL-PRES-xxxxxx
16

§ 2x7 static 5He eigenstates computed with the NCSM

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

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

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

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

structure and reaction dynamics



263H(d,n)4He with chiral NN+3N(500) interaction
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Astrophysical S-factor

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

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

NN+3N(500)

5 keV correction 
of 3/2+ centroid

Astrophysical S-factor: 
nuclear contribution

‘Coulomb’
Contribution
(tunneling)

Fusion
cross section
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The unpolarized cross section
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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



27NCSMC 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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Polarized fusion
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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

For a realistic 80% polarization, 
outgoing neutrons and alphas emitted 

dominantly in the perpendicular
direction to the magnetic field

ARTICLE

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

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

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

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

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

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

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

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

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

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

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

thermonuclear reaction data critical to nuclear science applications.

https://doi.org/10.1038/s41467-018-08052-6 OPEN
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29Halo sd-shell nucleus 15C and its unbound mirror 15F

§ Motivation:

§ Halo ½+ S-wave and 5/2+ D-wave bound states

§ 14C(n,!)15C capture relevant for astrophysics

§ Unbound 15F mirror – very narrow unnatural parity resonances embedded in continuum predicted in 14O(p,p)14O 

§ measured at GANIL

§ Calculations in progress – all results preliminary

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

§ 3N chiral interaction – N2LO with local/non-local regulator, SRG evolved with " = 2.0 fm-1



30Halo sd-shell nucleus 15C
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§ 14C (14O) 0+ and 2+ eigenstates
§ 15C (15F) lowest 7 positive and 3 negative parity eigenstates
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Table 15.1 from (1991AJ01): Energy levels of 15C a

Ex (MeV± keV) Jπ; T τ or Γc.m. (keV) Decay Reactions
g.s. 1

2

+; 3
2

τ1/2 = 2.449 ± 0.005 s β− 1, 2, 3, 4, 6, 7, 9
|g| = 2.63 ± 0.14

0.7400 ± 1.5 5
2

+
τm = 3.76 ± 0.10 ns γ 2, 3, 4, 7, 8

g = −0.703 ± 0.012

3.103 ± 4 1
2

−

Γc.m. ≤ 40 2, 3, 9
4.220 ± 3 5

2

−

< 14 2, 3
4.657 ± 9 3

2

− 2, 3
4.78 ± 100 3

2

+
1740 ± 400 6

5.833 ± 20 (3
2

+
) 64 ± 8 2, 6

5.866 ± 8 1
2

− 2, 3
6.358 ± 6 (5

2
, 7

2

+, 9
2

+
) < 20 2, 3

6.417 ± 6 (3
2
→ 7

2
) ≈ 50 2, 3

6.449 ± 7 (9
2

−, 11
2

) < 14 2, 3
6.536 ± 4 a < 14 2, 3
6.626 ± 8 (3

2
) 20 ± 10 2, 3

6.841 ± 4 a < 14 2, 3
6.881 ± 4 (9

2
) a < 20 2, 3

7.095 ± 4 (3
2
) < 15 2, 3

7.352 ± 6 (9
2
, 11

2
) 20 ± 10 2, 4

7.414 ± 20 2
7.75 ± 30 b 2
8.01 ± 30 2
8.11 ± 10 b 2
8.47 ± 15 (9

2
→ 13

2
) 40 ± 15 2

8.559 ± 15 (7
2
→ 13

2
) 40 ± 15 2

9.00 ± 30 2
(9.73 ± 30) 2
9.789 ± 20 (9

2
→ 15

2
) 20 ± 15 2

10.248 ± 20 (5
2
→ 9

2
) 20 ± 15 2

11.015 ± 25 2
11.123 ± 20 (11

2
→ 19

2
) 30 ± 20 2

(11.68 ± 30) 2
11.825 ± 20 ≥ 13

2
70 ± 30 2

1

Preliminary
Preliminary

NCSMC-pheno

§ 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


