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2Outline

§ Ab initio nuclear theory

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

§ Input chiral NN+3N interactions

§ Charge exchange reactions in NCSMC

§ 12C(n,p)12B
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Chiral Effective 
Field Theory

(parameters fitted 
to NN data)

First principles or ab initio nuclear theory

Quantum Chromodynamics
(QCD)

Current ab initio 
nuclear theory

HΨ(A) = EΨ(A)

Lawrence Livermore National Laboratory 4 LLNL#PRES#XXXXXX 

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

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

NN force NNN force NNNN force 

Q0 

LO 

Q2 

NLO 

Q3 

N2LO 

Q4 

N3LO 

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

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

 



5Ab initio No-Core Shell Model (NCSM)

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

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

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

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

Motivated by limitations of the Bloch–Horowitz–Brandow perturbative approach to
nuclear structure we have developed the non-perturbative ab initio no core shell model
(NCSM) capable of solving the properties of nuclei exactly for arbitrary nucleon–nucleon
(NN) and NN + three-nucleon (NNN) interactions with exact preservation of all
symmetries. We present the complete ab initio NCSM formalism and review highlights
obtained with it since its inception. These highlights include the first ab initio nuclear-
structure calculations utilizing chiralNNN interactions, which predict the correct low-lying
spectrum for 10B and explain the anomalous long 14C �-decay lifetime. We also obtain the
small quadrupole moment of 6Li. In addition to explaining long-standing nuclear structure
anomalies, the ab initio NCSM provides a predictive framework for observables that are
not yet measured or are not directly measurable. For example, reactions between short-
lived systems and reaction rates near zero energy are relevant to fusion research but may
not be known from experiment with sufficient precision. We, therefore, discuss, in detail,
the extension of the ab initio NCSM to nuclear reactions and sketch a number of promising
future directions for research emerging from theNCSM foundation, including amicroscopic
non-perturbative framework for the theorywith a core. Having a parameter-free approach,
we can construct systems with a core, which will provide an ab initio pathway to heavier
nuclei.
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7Ab Initio Calculations of Structure, Scattering, Reactions 
Unified approach to bound & continuum states

No-Core Shell Model with Continuum (NCSMC)

A− a( )
a( )
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S. Baroni, P. Navratil, and S. Quaglioni, 
PRL 110, 022505 (2013); PRC 87, 034326 (2013).
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Static solutions for aggregate system,
describe all nucleons close together



9Ab Initio Calculations of Structure, Scattering, Reactions 
Unified approach to bound & continuum states

No-Core Shell Model with Continuum (NCSMC)

A− a( )
a( )

r

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

Ψ (A) = cλ
λ

∑ ,λ + dr γ v (
r )∫ Âν
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N = 1

Static solutions for aggregate system,
describe all nucleons close together

Continuous microscopic cluster states,
describe long-range projectile-target
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Unified approach to bound & continuum states
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Static solutions for aggregate system,
describe all nucleons close together

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

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

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

1. Introduction

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

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

| Royal Swedish Academy of Sciences Physica Scripta

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

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

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

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

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

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

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

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

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

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

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

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

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

DOI: 10.1103/PhysRevC.101.014318

I. INTRODUCTION

In the past decade, advances in many-body approaches and
internucleon interactions have enabled significant progress in
ab initio calculations of nuclear systems. At present, sev-
eral complementary methods to solve the (time-independent)
many-body Schrödinger equation are available, tailored to

*vittorio.soma@cea.fr
†navratil@triumf.ca
‡francesco.raimondi@cea.fr
§c.barbieri@surrey.ac.uk
∥thomas.duguet@cea.fr

either light systems [1,2], medium-mass nuclei [3–8], or
extended nuclear matter [9–11]. New developments, which
promise to extend (most of) these methods to higher accuracy
and/or heavy nuclei, are being currently proposed [12,13].

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

2469-9985/2020/101(1)/014318(19) 014318-1 ©2020 American Physical Society



13Recently developed NCSMC capability – 
charge-exchange reaction calculations

§ The first published application - 7Li+p scattering and radiative capture
§ Wave function ansatzInput states from NCSM
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Ab initio investigation of the 7Li(p, e+e�)8Be process and the X17 boson
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Observations of anomalies in the electron-positron angular correlations in high-energy decays
in 4He, 8Be, and 12C have been reported recently by the ATOMKI collaboration. These could be
explained by the creation and subsequent decay of a new boson with a mass of ⇠17 MeV. Theoretical
understanding of pair creation in the proton capture reactions used in these experiments is important
for the interpretation of the anomalies. We apply the ab initio No-Core Shell Model with Continuum
(NCSMC) to the proton capture on 7Li. The NCSMC describes both bound and unbound states in
light nuclei in a unified way with chiral two- and three-nucleon interactions as the only input. We
investigate the structure of 8Be, the p+7Li elastic scattering, the 7Li(p, �)8Be cross section and the
internal pair creation 7Li(p, e+e�)8Be. We discuss the impact of a proper treatment of the initial
scattering state on the electron-positron angular correlation spectrum and compare our results to
available ATOMKI data sets. Finally, we calculate 7Li(p, X)8Be cross sections for several proposed
models of the hypothetical X17 particle.

I. INTRODUCTION

Motivated by Weinberg’s [1] and Wilczek’s [2] predic-
tions of a new light boson particle, the axion, that could
resolve the strong CP (charge conjugation parity symme-
try) problem of quantum chromodynamics (QCD) and by
the suggestion by Donnelly et al. [3] to study the angular
correlation of the e

+
e
� pairs created in 1+

! 0+ nuclear
transitions as a signature for the decay of the axion, ex-
periments have been launched to detect the new particle.
However, no such particle was found in a ⇠ 1 MeV/c2

mass range. Later, an observation of a ⇠9 MeV particle
was claimed [4], although it has not been confirmed.

Recently, the ATOMKI collaboration measured the
angular correlation of the e

+
e
� pairs created following

the proton capture reaction on 7Li. They reported an
anomaly at ⇠140� in the transition from the second 1+

resonance above the p+7Li threshold, at the 8Be excita-
tion energy of 18.15 MeV, and interpreted it as the decay
of a new boson, called X17, of mass ⇠17 MeV/c2 [5, 6].
No such anomaly was seen in the dominantly isovector
transition from the first 1+ resonance at the 8Be exci-
tation energy of 17.64 MeV. As the transition from the
18.15 MeV state is predominantly isoscalar, it would be
in line with the predictions of Ref. [3] for an axion cre-
ation and decay, though with a significantly higher mass
than anticipated in Refs. [1–3].

The ATOMKI collaboration then performed a simi-
lar measurement for the e

+
e
� internal pair conversion in

high energy transitions to the 4He ground state follow-
ing the capture of a proton from a triton target. They
reported again an anomaly in the internal pair angular
correlations that could be explained by a decay of a bo-
son with about the same mass as that seen in the 8Be
decay [7]. However, the transitions appeared to be of the
E1 (vector) character, i.e., it could not be interpreted as

an axion decay.

A later new measurement of the proton capture on
7Li, exploring also energies between the 1+ resonances
and slightly above the 18.15 MeV resonance, reported
an e

+
e
� pair angular correlations anomaly in the o↵-

resonance transitions implying an E1 character of the
decay [8].

In their latest experiment, the ATOMKI collaboration
investigated the proton capture on 11B at energies cover-
ing the broad 17.23 MeV 1� resonance in 12C reporting
once again an anomaly in the e

+
e
� internal pair con-

version angular correlations from the transitions to the
ground state consistent with a ⇠17 MeV boson, the X17
particle, of a vector character [9].

This X17 anomaly triggered many theoretical inter-
pretations on the particle physics side, exploring, e.g.,
signatures of axion-like particles, vector or axial vector
bosons, and dark photons [10–20]. However, other pos-
sible explanations need to be excluded first, including
possible issues with the observation or the interpretation
of the data. On the observation side, several new ex-
periments have been proposed and initiated to provide
an independent verification of the anomaly, with data
collection already completed for some of them [21–25].
On the interpretation side, it is worthwhile to investigate
the pair production processes considering the complex
nuclear structure and reaction e↵ects [26–28].

The nuclear transition form factor as a possible ori-
gin of the anomaly was investigated in Ref. [26] but it
was found that the required form factor is unrealistic for
the 8Be nucleus. A detailed ab initio investigation of
the internal pair conversion and creation and decay of
various hypothetical bosons in the proton capture on 3H
has been performed using the hyperspherical harmonics
method and realistic nucleon-nucleon (NN) and three-
nucleon (3N) forces in Ref. [27]. Overall, these calcu-
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15Motivation – characterization of single crystal 
diamond detectors, measurements at n-TOF at CERN

§ High-energy neutron detection
§ Single crystal diamond detectors can be used in harsh 

environments – fusion reactor, have low gamma sensitivity
§ Neutron cross sections on carbon important in general

§ (n,p) and (n,d) reactions on carbon measured at n-TOF (neutron-
time-of-flight) facility at CERN 

§ Measurements at two angles, no information on the final 
state excitation, En up to 26 MeV (24 MeV in CM)

§ For the cross-section determination, theoretical angular 
distributions needed including for the final nucleus excited 
states

§ Apply NCSMC to 12C(n,p)12B
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13C and 12C(n,p)12B in NCSMC

§ Input - chiral NN N4LO + 3Nlnl interaction – SRG evolved
§ Basis 

§ 12C   0+ and 2+ states (T=0)
§ 12B   1+ and 2+ states (T=1)
§ 13C 

§ 24 negative-parity states – J=1/2- - 11/2-

§ Ex up to 24 MeV
§ 34 positive-parity states – J=1/2+ - 11/2+

§ Ex up to 19 MeV
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13C and 12C(n,p)12B in NCSMC

§ Input - chiral NN N4LO + 3Nlnl interaction – SRG evolved
§ Basis 

§ 12C   0+ and 2+ states (T=0)
§ 12B   1+ and 2+ states (T=1)
§ 13C 

§ 24 negative-parity states – J=1/2- - 11/2-

§ Ex up to 24 MeV
§ 34 positive-parity states – J=1/2+ - 11/2+

§ Ex up to 19 MeV
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13C and 12C(n,p)12B in NCSMC

§ Input - chiral NN N4LO + 3Nlnl interaction – SRG evolved
§ Basis 

§ 12C   0+ and 2+ states (T=0)
§ 12B   1+ and 2+ states (T=1)
§ 13C 

§ 24 negative-parity states – J=1/2- - 11/2-

§ Ex up to 24 MeV
§ 34 positive-parity states – J=1/2+ - 11/2+

§ Ex up to 19 MeV
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13C 12C+n 12B+p
(13)

Very high density of states	→ difficult to 
converge by Lanczos iterations (>800, 
dim 186 million at Nmax=7)



19
13C and 12C(n,p)12B in NCSMC

§ Input - chiral NN N4LO + 3Nlnl interaction – SRG evolved
§ Ab initio results – Nmax=7 (Nmax=5 close to Nmax=7)

§ Three bound states vs. four in experiment:
§ E(1/2-) = -4.98 MeV vs. Expt. -4.95 MeV
§ E(1/2+)= -0.77 MeV vs. Expt. -1.86 MeV
§ E(3/2-) = -1.81 MeV vs. Expt. -1.26 MeV
§ E(5/2+)= +0.33 MeV vs. Expt. -1.09 MeV

§ Resonances
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13C and 12C(n,p)12B in NCSMC

§ Input - chiral NN N4LO + 3Nlnl interaction – SRG evolved
§ Ab initio results – Nmax=7 (Nmax=5 close to Nmax=7)

§ Three bound states vs. four in experiment:
§ E(1/2-) = -4.98 MeV vs. Expt. -4.95 MeV
§ E(1/2+)= -0.77 MeV vs. Expt. -1.86 MeV
§ E(3/2-) = -1.81 MeV vs. Expt. -1.26 MeV
§ E(5/2+)= +0.33 MeV vs. Expt. -1.09 MeV

§ Resonances

Qualitatively satisfactory
Insufficient accuracy to 

describe 
experimental cross 

sections



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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13C and 12C(n,p)12B in NCSMC-pheno

§ Input - chiral NN N4LO + 3Nlnl interaction – SRG evolved
§ NCSMC-pheno results – Nmax=7

§ Three bound states vs. four in experiment:
§ E(1/2-) = -4.95 MeV vs. Expt. -4.95 MeV
§ E(1/2+)= -1.86 MeV vs. Expt. -1.86 MeV
§ E(3/2-) = -1.26 MeV vs. Expt. -1.26 MeV
§ E(5/2+)= -1.09 MeV vs. Expt. -1.09 MeV

§ Resonances

Quantitively satisfactory
accuracy to describe 
experimental cross 

sections
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Ab Initio 
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12C(n,n)12C & 12C(n,p)12B cross sections in NCSMC-pheno
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n+12C total cross section
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n+12C total cross section
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0 5 10 15 20
Ec.m. [MeV]

0

1

2

3

4

5

6

σ 
[b

]

Olsson (1989)
Haouat (1978)
Demanins (1973)
Lister (1966)
NCSMC-pheno

12C(n,n)



30n+12C inelastic cross section

0 5 10 15 20
Ec.m. [MeV]

0

0.1

0.2

0.3

0.4

0.5

0.6

σ 
[b

]

Olsson (1989)
Haouat (1978)
Haouat (1975)

12C(n,n') 12C(2+)



31
12C(n,p)12B charge-exchange cross section
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32Conclusions

§ Ab initio nuclear theory 
§ Makes connections between the low-energy QCD and many-nucleon systems
§ Applicable to nuclear structure, reactions including those relevant for astrophysics, electroweak 

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

§ Applications of ab initio no-core shell model with continuum to nuclear structure and reactions
§ 12C(n,p)12B charge-exchange reaction

§ High density of states in the compound nucleus 13C 
§ Regime where typically R-matrix analysis applied

§ Work in progress
§ Fine-tuning the resonance adjustments in the NCSMC-pheno approach
§ More 12B excited states needs to be included

In synergy with experiments, ab initio nuclear theory is the right approach to understand low-energy properties of atomic nuclei
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