
Canada’s national laboratory 
for particle and nuclear physics 
and accelerator-based science 

GANIL Topical Meeting  
«Nuclear Structure and Reaction Theories: Building Together for the Future» 

October 9-13, 2017, GANIL, Caen, France  
 

Petr Navratil | TRIUMF 

!

!

!

!

!
!

!

GANIL&Topical&Meeting&&
&

«Nuclear!Structure!and!Reaction!Theories:!Building!Together!for!the!Future»!

&
October!9=13,!2017,!GANIL,!Caen,!France!

!

Second&circular! !

  Progress!in!microscopic!approaches!for!solving!the!nuclear!many=body!problem!for!
nuclear!structure!and!reaction!has!been!rapid!in!the!last!years!with!advances!in!computer!

software!and!hardware!for!solving!huge!dimensional!systems!to!new!theoretical!

approaches!for!solving!many=body!problems. In!keeping!with!the!spirit!of!a!series!of!
workshops,!mainly!on!theoretical!nuclear!physics,!organized!at!GANIL!over!the!past!several!

years,!we!are!organizing!a!new!workshop!to!be!held!at!GANIL,!October!9!to!13,!2017,!to!

assess!the!latest!developments!in!nuclear!structure!and!reaction!physics!and!to!discuss!and!

plan!for!the!future!advances!in!these!two!fields!of!research!in!the!near!and!longer!terms.! 

  Besides!a!series!of!relatively=short!daily!talks!centered!on!a!theme,!there!will!be!adequate!
Q&A!time!after!talks!and!during!a!daily!"wrap=up"!discussion!session.!We!would!like!to!

keep!the!format!of!the!meeting!informal!and!invite!those!participants!who!believe!they!can!

contribute!to!the!discussion!to!contact!Marek!Ploszajczak!at!ploszajczak@ganil.fr!or!Bruce!

R.!Barrett!at!bbarrett@physics.arizona.edu!.!!

!!The!meeting!is!scheduled!to!start!at!9:00!on!Monday,!October!9!and!to!finish!around!13:00!

on!Friday,!October! 13.! The! session!will! take!place! in! the! guesthouse! (maison!d’hotes)! of!

GANIL.! Upon! arrival! at! GANIL,! you! are! requested! first! to! contact! the! guardian! at! the!

entrance!of!GANIL!and!then!proceed!to!the!GANIL!guesthouse!for!the!registration.!Personal!

laptops!will!be!able!to!connect!to!the!wireless!network.!!

!

The!information!to!reach!GANIL!can!be!found!in!the!practical! information!file!attached!to!

this!email.!We!attach!also!the!preliminary!program!of!the!workshop.!!

!

The! information! about! lodging! reservation! will! be! send! by! Mme! Sabrina! Lecerf!

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

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

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

rhΦJπT
ν;r jAνjΨJπT

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

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

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

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

NCSMC NCSMC-pheno

NN þ 3Nð400Þ N2LOSAT N2LOSAT Experiment

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

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

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

πT .

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

NCSM NCSMC NCSMC-pheno Experiment

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

N2LOSAT 0.0005 0.127 0.117

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

•  Nuclear structure and reactions from first principles 
•  No-Core Shell Model with Continuum (NCSMC) approach 

•  n-4He scattering, 3H(d,n)4He fusion 

•  Structure of unbound 9He 

•  Extension to medium mass nuclei: IM-SRG/RGM 

•  12N, 11C(p,p) scattering and 11C(p,γ)12N capture 

•  11Be parity inversion in low-lying states, photo-dissociation 

•  11N and 10C(p,p) scattering 
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From QCD to nuclei 
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No-Core Shell Model 

•  Ab initio no-core shell model 
–  Short- and medium range correlations 
–  Bound-states, narrow resonances 
–  Equivalent description in relative-

coordinate and Slater determinant basis 
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From QCD to nuclei 
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Low-energy QCD 

Nuclear structure and reactions 

NN+3N interactions  
from chiral EFT 

…or	accurate	
meson-exchange	

poten2als	

Unitary/similarity 
transformations 

Iden2ty	or	SRG	
or	OLS	or	UCOM	…	

SoFens	NN,	induces	3N	

Many-Body methods H Ψ = E Ψ
NCSM,	NCSMC,		
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Chiral EFT interactions up to N4LO 
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•  Systematic from LO to N4LO 
•  High precision – χ2/datum = 1.15  

–  D. R. Entem, N. Kaiser, R. Machleidt, and Y. Nosyk, PRC 91, 014002 (2015) 
–  D. R. Entem, R. Machleidt, and Y. Nosyk, PRC 96, 024004 (2017) 

NN 

NN+3Nind 
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•  Ab initio no-core shell model 
–  Short- and medium range correlations 
–  Bound-states, narrow resonances 

1max += NN

NCSM 

•  …with resonating group method 
–  Bound & scattering states, reactions 
–  Cluster dynamics, long-range correlations 

NCSM/RGM 

•  Most efficient: ab initio no-core shell model with continuum NCSMC 

Ψ (A) = cλ
λ

∑ ,λ + dr γ v (
r )∫ Âν

ν

∑ ,ν
A− a( )

a( )

r

Unknowns 

NCSM eigenstates 
NCSM/RGM 

channel states 

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

r

Harmonic oscillator basis 

Unified approach to bound & continuum states; to nuclear structure & reactions 



Coupled NCSMC equations 

Scattering matrix (and observables) from matching solutions to known asymptotic 
with microscopic R-matrix on Lagrange mesh 14 
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… to be simultaneously determined  
by solving the coupled NCSMC equations 
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n-4He scattering within NCSMC 
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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 p, B8( )H 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

(SQ1 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
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Structure of unbound 9He 

•  Controversial experimental situation 
–  From talk by Nigel Orr at ECT* in 2013 

 
–  Most experiments see 1/2- resonance ~ 1 MeV 
–  Is there a 1/2+ resonance? 

•  a0~ -10 fm (Chen et al.)   
•  a0~ -3 fm (Al Falou, et al.) 

–  Any higher-lying resonances? 
–  Recent 8He(p,p) measurement at TRIUMF by Rogachev found no T=5/2 resonances 

(PLB 754 (2016) 323)  
16 



Structure of unbound 9He 

•  NCSMC calculations with several NN and NN+3N 
interactions 
–  9He ~ (9He)NCSM + (n-8He)NCSM/RGM 

•  8He: 0+ and 2+ NCSM eigenstates 
•  9He: ≥4 π = -1 and ≥4 π = +1 NCSM eigenstates  

–  Importance of large Nmax basis:  
•  SRG-N4LO500 NN with λ=2.4 fm-1  

–  up to Nmax=11 with 9He NCSM m-scheme basis of 350 million 
 

17 

r
+ 

G.s.	energy	[MeV]	 4He	 6He	 8He	

SRG-N4LO500	λ=2.4	 -28.36	 -28.9(2)	 -30.1(2)	

Expt	 -28.30	 -29.27	 -31.41	



Structure of unbound 9He 
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NCSMC phenomenology 

EλNCSM energies treated as adjustable parameters  
Cluster excitation energies set to experimental values 19 
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… to be simultaneously determined  
by solving the coupled NCSMC equations 
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Robust results for 1/2- (~ 1MeV) and 3/2- (~4 MeV) P-wave resonances 
(3/2- resonance in n-8He(2+) channel) 

1/2+ S-wave with vanishing scattering length: as= 0 ~ -1 fm 
No evidence for other higher lying resonances 
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NCSMC with chiral SRG-N3LO NN potential (lambda=2.02 fm-1) 
8He 0+

1 and 2+
1 included 

1/2- and 3/2- P-wave resonances found 
1/2+ S-wave with small scattering length: SRG NN as= -1 fm 
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Â ′v Âv Φνr
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•  Define SD channel states in which the eigenstates of the heaviest of 
the two clusters (target) are described by a SD wave function: 
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•  More in detail: 

•  The spurious motion of the c.m. is mixed with the intrinsic motion 

•  Translational invariance preserved (exactly!) also with SD channels 

•  Transformation is general: same for different A’s or different a’s 
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•  SD to Jacobi transformation is general and exact 
•  Can use powerful second quantization representation 

–  Matrix elements of translational invariant operators can be expressed in 
terms of matrix elements of density operators on the target eigenstates 

–  For example, for a =a’ = 1 

•  Given a, a’,	matrix	elements	are	also	general	(same	for	different	A’s) 
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Extension to medium mass nuclei: IM-SRG/RGM 

•  Basic idea: Compute SD densities using a 
method applicable to medium mass nuclei 
–  IM-SRG 
–  CCM 

•  Hypothesis: At convergence 

–  Applies also to higher-body densities 
26 
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Density calculation in IM-SRG (Klaus Vobig, TU Darmstadt) 
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Preliminary tests: NCSM/RGM vs. IM-SRG/RGM 

•  IM-SRG/RGM current status: 
–  One-body density from IM-SRG 

•  Norm kernel and direct part of NN potential kernel 
–  two-body density from NCSM 

•  Exchange part of the NN potential kernel 

•  Benchmarks (model spaces not at convergence yet) 
–  n-4He (SRG-N3LO NN, λ=2 fm-1)  
–  n-16O (SRG-N3LO NN, λ=2.66 fm-1)  
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Promising. IM-SRG two-body density calculation under way.  
Opens door to calculations of nucleon scattering on medium mass nuclei.  



•  Measurement of 11C(p,p) resonance scattering 
planned at TRIUMF 
–  TUDA facility 
–  11C beam of sufficient intensity produced 

•  NCSMC calculations of 11C(p,p) with chiral NN+3N 
under way 

•  Obtained wave functions will be used to calculate 
11C(p,γ)12N capture relevant for astrophysics 

p+11C scattering and 11C(p,γ)12N capture 

29 



•  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 

p+11C scattering and 11C(p,γ)12N capture 
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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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p-p chain 
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Study of the
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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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•  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 

 

Next: p+11C scattering and 11C(p,γ)12N capture 
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Figure 2: Top: Microscopic calculation with NCSM and NCSMC for the 12N system in relation to the ENDSF data. The spectrum
further shows the phenomenological fits of the NCSM 12N energies. The excitation energies for 11C 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 (2sL

J

) 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 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

5

preliminary 
preliminary 

NCSMC calculations to be 
validated by measured cross 

sections and applied to calculate 
the 11C(p,γ)12N capture  



Next: p+11C scattering and 11C(p,γ)12N capture 
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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].
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or J⇡=3� were possibilities. However, the J⇡=(2)+ assignment for the E
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=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
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=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
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=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
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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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•  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 

 



Neutron-rich halo nucleus 11Be 

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

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

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

•  Can we describe 11Be  
     in ab initio calculations? 

–  Continuum must be included 
–  Does the 3N interaction play  
    a role in the parity inversion?  
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10C(p,p) @ IRIS with solid H2 target  

•  Experiment at TRIUMF with the novel IRIS solid H2 target 
•  First re-accelerated 10C beam at TRIUMF 
•  10C(p,p) angular distributions measured at ECM ~ 4.15 MeV and 4.4 MeV 
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of bound 10C whose isotonic neighbors 9B, 8Be, and 11N
are unbound, is a testament of the complicated strong
interaction. Secondly, ab initio Green’s function
Monte Carlo [7] and no-core shell model [8,9] calculations
have shown the three-nucleon force to be important for
explaining the structure of mass number A ¼ 10 nuclei.
Recent advances in ab initio nuclear reaction theory now
allow us to compute the 10Cðp; pÞ scattering cross section
based on chiral forces. Thirdly, with the low-energy
reaccelerated beam available at TRIUMF, our investigation
was carried out at low center-of-mass energies of
∼4.1–4.4 MeV for pþ 10C, since here the low-level
density of the composite (unbound) nucleus 11N minimizes
the number of phase shifts influencing the diffraction
pattern, and hence facilitates the identification of nuclear
force effects more transparently than what is possible with
stable nuclei. Furthermore, no transfer reaction channels
are open at low energy for this system, thereby simplifying
the ab initio reaction calculation.
The experiment was performed in inverse kinematics at

the ISAC rare isotope beam facility at TRIUMF [10,11] by
bombarding a proton target with a 10C beam. The beam
with an average intensity of 2000 particles per second
reaccelerated using ISAC-II superconducting linear accel-
erator [10,12], impinged on a solid hydrogen target at the
IRIS reaction spectroscopy station [13]. A schematic of the
setup is shown in Fig. 1. Energy loss measured in a low-
pressure ionization chamber allowed for clean identifica-
tion of 10C from the 10B contaminant. The beam energies at
midtarget were 4.54A MeV and 4.82A MeV, correspond-
ing to pþ 10C center-of-mass energies of Ec:m: ¼ 4.15 and
4.4 MeV, respectively. These energies were chosen to be
around the location of the 5=2þ and 3=2− resonances in the
11N compound system (¼ 10Cþ p) because preliminary
calculations suggested that variation of the nuclear force
alters the D5=2 and P3=2 phase shifts and hence the cross
sections significantly. Our selected energies were chosen to
be below and above the 3=2− resonance, which is placed at
4.35(3) MeV in the evaluation in Ref. [14]. We note here,
however, that conflicting experimental data exist on this

resonance position. Reference [15] places the 3=2− reso-
nance at 4.56(1) MeV, which is higher than both the beam
energies, in which case the cross sections at the two
measured energies may be similar.
The scattered protons were identified using the correla-

tion between energy loss in an annular array of segmented
silicon detectors and the remaining energy deposited in
CsI(Tl) detectors covering angles θlab ∼ 26°–52°. The
selected proton events show a very clear locus of elastic
scattering [Fig. 2(a)]. The inelastic scattering locus is only
slightly visible around θlab ∼ 26°–28°, as most of this
channel occurs at smaller θlab and was hence outside the
detector coverage. The excitation energy spectrum of 10C
[Fig. 2(b)] was reconstructed from the measured energies
and scattering angles of the protons using the missing mass
technique. A small background, seen under the elastic peak,
estimated by a linear fit to be ∼1%–3%, was subtracted to
obtain the elastic scattering cross sections at the different
scattering angles.

Beam

Ionization Chamber

p

Si

Si

CsI(Tl)

H  target cell2

H  gas supply 
diffuser

2

H  target 2

H  target 
heat shield 

2

S3d1 S3d2

S3 ( E-E)
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How does nature hold together protons and neutrons to form the wide variety of complex nuclei in the
Universe? Describing many-nucleon systems from the fundamental theory of quantum chromodynamics
has been the greatest challenge in answering this question. The chiral effective field theory description of
the nuclear force now makes this possible but requires certain parameters that are not uniquely determined.
Defining the nuclear force needs identification of observables sensitive to the different parametrizations.
From a measurement of proton elastic scattering on 10C at TRIUMF and ab initio nuclear reaction
calculations, we show that the shape and magnitude of the measured differential cross section is strongly
sensitive to the nuclear force prescription.

DOI: 10.1103/PhysRevLett.118.262502

Understanding the strong nuclear force is of fundamental
importance to decipher nature’s way of building visible
matter in our Universe. Yet, more than a century after the
discovery of the nucleus, our knowledge of the nuclear
force is still incomplete. The formulation by Weinberg of
chiral effective field theory [1] enabled a major break-
through in arriving at a fundamental understanding of the
low-energy nuclear interactions of protons and neutrons, by
forging the missing link with quantum chromodynamics.
However, the question of how to best implement the theory
and constrain it with experimental data remains an active
topic of research, and has already led to several para-
metrizations of the nuclear force [2–6]. It is, therefore,
important to identify experimental observables that are
sensitive to different parametrizations of the chiral forces in
order to reach a definitive description of the nuclear force.
The study of many-nucleon systems enables a more
complete understanding of the nuclear force. In particular,
proton-rich and neutron-rich nuclei located at the edges of
nuclear stability (drip lines) can amplify less-constrained
features of the nuclear force, such as its dependence on the
proton-neutron asymmetry. However, there is a lack of
experimental data on the properties of these systems.

Among the properties of the drip-line nuclei, we hypoth-
esize in this work that the nucleon-nucleus scattering
differential cross section is highly sensitive to the details
of the nuclear force and, hence, can be used for con-
straining it. Indeed, it should reveal both the spectroscopic
properties of the reacting system, such as phase shifts and
their interference, as well as the effect of exotic nucleon
distributions. This confluence brings a greater selectivity in
the elastic scattering differential cross section than is
possible by independently investigating resonance ener-
gies, binding energies, or radii. The observations reported
here show that the shape and magnitude of the elastic
scattering angular distribution places stringent constraints
on the chiral interactions, while a study of resonance
energies alone could lead to incomplete and/or misleading
conclusions. The study of elastic scattering for drip-line
nuclei is, however, challenging because of the low-beam
intensities and formulation of the ab initio structure and
reaction theory.
We report the first investigation probing the nuclear force

through proton elastic scattering from 10C, located at the
proton drip line. This is an ideal system to test the effect of
the nuclear force. This is because, firstly, the very existence
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How does nature hold together protons and neutrons to form the wide variety of complex nuclei in the
Universe? Describing many-nucleon systems from the fundamental theory of quantum chromodynamics
has been the greatest challenge in answering this question. The chiral effective field theory description of
the nuclear force now makes this possible but requires certain parameters that are not uniquely determined.
Defining the nuclear force needs identification of observables sensitive to the different parametrizations.
From a measurement of proton elastic scattering on 10C at TRIUMF and ab initio nuclear reaction
calculations, we show that the shape and magnitude of the measured differential cross section is strongly
sensitive to the nuclear force prescription.
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Understanding the strong nuclear force is of fundamental
importance to decipher nature’s way of building visible
matter in our Universe. Yet, more than a century after the
discovery of the nucleus, our knowledge of the nuclear
force is still incomplete. The formulation by Weinberg of
chiral effective field theory [1] enabled a major break-
through in arriving at a fundamental understanding of the
low-energy nuclear interactions of protons and neutrons, by
forging the missing link with quantum chromodynamics.
However, the question of how to best implement the theory
and constrain it with experimental data remains an active
topic of research, and has already led to several para-
metrizations of the nuclear force [2–6]. It is, therefore,
important to identify experimental observables that are
sensitive to different parametrizations of the chiral forces in
order to reach a definitive description of the nuclear force.
The study of many-nucleon systems enables a more
complete understanding of the nuclear force. In particular,
proton-rich and neutron-rich nuclei located at the edges of
nuclear stability (drip lines) can amplify less-constrained
features of the nuclear force, such as its dependence on the
proton-neutron asymmetry. However, there is a lack of
experimental data on the properties of these systems.

Among the properties of the drip-line nuclei, we hypoth-
esize in this work that the nucleon-nucleus scattering
differential cross section is highly sensitive to the details
of the nuclear force and, hence, can be used for con-
straining it. Indeed, it should reveal both the spectroscopic
properties of the reacting system, such as phase shifts and
their interference, as well as the effect of exotic nucleon
distributions. This confluence brings a greater selectivity in
the elastic scattering differential cross section than is
possible by independently investigating resonance ener-
gies, binding energies, or radii. The observations reported
here show that the shape and magnitude of the elastic
scattering angular distribution places stringent constraints
on the chiral interactions, while a study of resonance
energies alone could lead to incomplete and/or misleading
conclusions. The study of elastic scattering for drip-line
nuclei is, however, challenging because of the low-beam
intensities and formulation of the ab initio structure and
reaction theory.
We report the first investigation probing the nuclear force

through proton elastic scattering from 10C, located at the
proton drip line. This is an ideal system to test the effect of
the nuclear force. This is because, firstly, the very existence
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How does nature hold together protons and neutrons to form the wide variety of complex nuclei in the
Universe? Describing many-nucleon systems from the fundamental theory of quantum chromodynamics
has been the greatest challenge in answering this question. The chiral effective field theory description of
the nuclear force now makes this possible but requires certain parameters that are not uniquely determined.
Defining the nuclear force needs identification of observables sensitive to the different parametrizations.
From a measurement of proton elastic scattering on 10C at TRIUMF and ab initio nuclear reaction
calculations, we show that the shape and magnitude of the measured differential cross section is strongly
sensitive to the nuclear force prescription.
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Understanding the strong nuclear force is of fundamental
importance to decipher nature’s way of building visible
matter in our Universe. Yet, more than a century after the
discovery of the nucleus, our knowledge of the nuclear
force is still incomplete. The formulation by Weinberg of
chiral effective field theory [1] enabled a major break-
through in arriving at a fundamental understanding of the
low-energy nuclear interactions of protons and neutrons, by
forging the missing link with quantum chromodynamics.
However, the question of how to best implement the theory
and constrain it with experimental data remains an active
topic of research, and has already led to several para-
metrizations of the nuclear force [2–6]. It is, therefore,
important to identify experimental observables that are
sensitive to different parametrizations of the chiral forces in
order to reach a definitive description of the nuclear force.
The study of many-nucleon systems enables a more
complete understanding of the nuclear force. In particular,
proton-rich and neutron-rich nuclei located at the edges of
nuclear stability (drip lines) can amplify less-constrained
features of the nuclear force, such as its dependence on the
proton-neutron asymmetry. However, there is a lack of
experimental data on the properties of these systems.

Among the properties of the drip-line nuclei, we hypoth-
esize in this work that the nucleon-nucleus scattering
differential cross section is highly sensitive to the details
of the nuclear force and, hence, can be used for con-
straining it. Indeed, it should reveal both the spectroscopic
properties of the reacting system, such as phase shifts and
their interference, as well as the effect of exotic nucleon
distributions. This confluence brings a greater selectivity in
the elastic scattering differential cross section than is
possible by independently investigating resonance ener-
gies, binding energies, or radii. The observations reported
here show that the shape and magnitude of the elastic
scattering angular distribution places stringent constraints
on the chiral interactions, while a study of resonance
energies alone could lead to incomplete and/or misleading
conclusions. The study of elastic scattering for drip-line
nuclei is, however, challenging because of the low-beam
intensities and formulation of the ab initio structure and
reaction theory.
We report the first investigation probing the nuclear force

through proton elastic scattering from 10C, located at the
proton drip line. This is an ideal system to test the effect of
the nuclear force. This is because, firstly, the very existence
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Nuclear Force Imprints Revealed on the Elastic Scattering of Protons with 10C
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How does nature hold together protons and neutrons to form the wide variety of complex nuclei in the
Universe? Describing many-nucleon systems from the fundamental theory of quantum chromodynamics
has been the greatest challenge in answering this question. The chiral effective field theory description of
the nuclear force now makes this possible but requires certain parameters that are not uniquely determined.
Defining the nuclear force needs identification of observables sensitive to the different parametrizations.
From a measurement of proton elastic scattering on 10C at TRIUMF and ab initio nuclear reaction
calculations, we show that the shape and magnitude of the measured differential cross section is strongly
sensitive to the nuclear force prescription.

DOI: 10.1103/PhysRevLett.118.262502

Understanding the strong nuclear force is of fundamental
importance to decipher nature’s way of building visible
matter in our Universe. Yet, more than a century after the
discovery of the nucleus, our knowledge of the nuclear
force is still incomplete. The formulation by Weinberg of
chiral effective field theory [1] enabled a major break-
through in arriving at a fundamental understanding of the
low-energy nuclear interactions of protons and neutrons, by
forging the missing link with quantum chromodynamics.
However, the question of how to best implement the theory
and constrain it with experimental data remains an active
topic of research, and has already led to several para-
metrizations of the nuclear force [2–6]. It is, therefore,
important to identify experimental observables that are
sensitive to different parametrizations of the chiral forces in
order to reach a definitive description of the nuclear force.
The study of many-nucleon systems enables a more
complete understanding of the nuclear force. In particular,
proton-rich and neutron-rich nuclei located at the edges of
nuclear stability (drip lines) can amplify less-constrained
features of the nuclear force, such as its dependence on the
proton-neutron asymmetry. However, there is a lack of
experimental data on the properties of these systems.

Among the properties of the drip-line nuclei, we hypoth-
esize in this work that the nucleon-nucleus scattering
differential cross section is highly sensitive to the details
of the nuclear force and, hence, can be used for con-
straining it. Indeed, it should reveal both the spectroscopic
properties of the reacting system, such as phase shifts and
their interference, as well as the effect of exotic nucleon
distributions. This confluence brings a greater selectivity in
the elastic scattering differential cross section than is
possible by independently investigating resonance ener-
gies, binding energies, or radii. The observations reported
here show that the shape and magnitude of the elastic
scattering angular distribution places stringent constraints
on the chiral interactions, while a study of resonance
energies alone could lead to incomplete and/or misleading
conclusions. The study of elastic scattering for drip-line
nuclei is, however, challenging because of the low-beam
intensities and formulation of the ab initio structure and
reaction theory.
We report the first investigation probing the nuclear force

through proton elastic scattering from 10C, located at the
proton drip line. This is an ideal system to test the effect of
the nuclear force. This is because, firstly, the very existence
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How does nature hold together protons and neutrons to form the wide variety of complex nuclei in the
Universe? Describing many-nucleon systems from the fundamental theory of quantum chromodynamics
has been the greatest challenge in answering this question. The chiral effective field theory description of
the nuclear force now makes this possible but requires certain parameters that are not uniquely determined.
Defining the nuclear force needs identification of observables sensitive to the different parametrizations.
From a measurement of proton elastic scattering on 10C at TRIUMF and ab initio nuclear reaction
calculations, we show that the shape and magnitude of the measured differential cross section is strongly
sensitive to the nuclear force prescription.
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Understanding the strong nuclear force is of fundamental
importance to decipher nature’s way of building visible
matter in our Universe. Yet, more than a century after the
discovery of the nucleus, our knowledge of the nuclear
force is still incomplete. The formulation by Weinberg of
chiral effective field theory [1] enabled a major break-
through in arriving at a fundamental understanding of the
low-energy nuclear interactions of protons and neutrons, by
forging the missing link with quantum chromodynamics.
However, the question of how to best implement the theory
and constrain it with experimental data remains an active
topic of research, and has already led to several para-
metrizations of the nuclear force [2–6]. It is, therefore,
important to identify experimental observables that are
sensitive to different parametrizations of the chiral forces in
order to reach a definitive description of the nuclear force.
The study of many-nucleon systems enables a more
complete understanding of the nuclear force. In particular,
proton-rich and neutron-rich nuclei located at the edges of
nuclear stability (drip lines) can amplify less-constrained
features of the nuclear force, such as its dependence on the
proton-neutron asymmetry. However, there is a lack of
experimental data on the properties of these systems.

Among the properties of the drip-line nuclei, we hypoth-
esize in this work that the nucleon-nucleus scattering
differential cross section is highly sensitive to the details
of the nuclear force and, hence, can be used for con-
straining it. Indeed, it should reveal both the spectroscopic
properties of the reacting system, such as phase shifts and
their interference, as well as the effect of exotic nucleon
distributions. This confluence brings a greater selectivity in
the elastic scattering differential cross section than is
possible by independently investigating resonance ener-
gies, binding energies, or radii. The observations reported
here show that the shape and magnitude of the elastic
scattering angular distribution places stringent constraints
on the chiral interactions, while a study of resonance
energies alone could lead to incomplete and/or misleading
conclusions. The study of elastic scattering for drip-line
nuclei is, however, challenging because of the low-beam
intensities and formulation of the ab initio structure and
reaction theory.
We report the first investigation probing the nuclear force

through proton elastic scattering from 10C, located at the
proton drip line. This is an ideal system to test the effect of
the nuclear force. This is because, firstly, the very existence
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Discrimination among chiral nuclear forces 

Nuclear Force Imprints Revealed on the Elastic Scattering of Protons with 10C

A. Kumar,1 R. Kanungo,1* A. Calci,2 P. Navrátil,2† A. Sanetullaev,1,2 M. Alcorta,2 V. Bildstein,3 G. Christian,2

B. Davids,2 J. Dohet-Eraly,2,4 J. Fallis,2 A. T. Gallant,2 G. Hackman,2 B. Hadinia,3 G. Hupin,5,6 S. Ishimoto,7

R. Krücken,2,8 A. T. Laffoley,3 J. Lighthall,2 D. Miller,2 S. Quaglioni,9 J. S. Randhawa,1 E. T. Rand,3

A. Rojas,2 R. Roth,10 A. Shotter,11 J. Tanaka,12 I. Tanihata,12,13 and C. Unsworth2
1Astronomy and Physics Department, Saint Mary’s University, Halifax, Nova Scotia B3H 3C3, Canada

2TRIUMF, Vancouver, British Columbia V6T2A3, Canada
3Department of Physics, University of Guelph, Guelph, Ontario N1G 2W1, Canada

4Istituto Nazionale di Fisica Nucleare, Sezione di Pisa, Largo B. Pontecorvo 3, I-56127 Pisa, Italy
5Institut de Physique Nucléaire, Université Paris-Sud, IN2P3/CNRS, F-91406 Orsay Cedex, France

6CEA, DAM, DIF, F-91297 Arpajon, France
7High Energy Accelerator Research Organization (KEK), Ibaraki 305-0801, Japan

8Department of Physics and Astronomy, University of British Columbia, Vancouver, British Columbia V6T 1Z1, Canada
9Lawrence Livermore National Laboratory, P.O. Box 808, L-414, Livermore, California 94551, USA

10Institut fur Kernphysik, Technische Universitat Darmstadt, 64289 Darmstadt, Germany
11School of Physics and Astronomy, University of Edinburgh, JCMB, Mayfield Road, Edinburgh EH9 3JZ, United Kingdom

12RCNP, Osaka University, Mihogaoka, Ibaraki, Osaka 567 0047, Japan
13School of Physics and Nuclear Energy Engineering and IRCNPC, Beihang University, Beijing 100191, China

(Received 8 March 2017; published 28 June 2017)

How does nature hold together protons and neutrons to form the wide variety of complex nuclei in the
Universe? Describing many-nucleon systems from the fundamental theory of quantum chromodynamics
has been the greatest challenge in answering this question. The chiral effective field theory description of
the nuclear force now makes this possible but requires certain parameters that are not uniquely determined.
Defining the nuclear force needs identification of observables sensitive to the different parametrizations.
From a measurement of proton elastic scattering on 10C at TRIUMF and ab initio nuclear reaction
calculations, we show that the shape and magnitude of the measured differential cross section is strongly
sensitive to the nuclear force prescription.

DOI: 10.1103/PhysRevLett.118.262502

Understanding the strong nuclear force is of fundamental
importance to decipher nature’s way of building visible
matter in our Universe. Yet, more than a century after the
discovery of the nucleus, our knowledge of the nuclear
force is still incomplete. The formulation by Weinberg of
chiral effective field theory [1] enabled a major break-
through in arriving at a fundamental understanding of the
low-energy nuclear interactions of protons and neutrons, by
forging the missing link with quantum chromodynamics.
However, the question of how to best implement the theory
and constrain it with experimental data remains an active
topic of research, and has already led to several para-
metrizations of the nuclear force [2–6]. It is, therefore,
important to identify experimental observables that are
sensitive to different parametrizations of the chiral forces in
order to reach a definitive description of the nuclear force.
The study of many-nucleon systems enables a more
complete understanding of the nuclear force. In particular,
proton-rich and neutron-rich nuclei located at the edges of
nuclear stability (drip lines) can amplify less-constrained
features of the nuclear force, such as its dependence on the
proton-neutron asymmetry. However, there is a lack of
experimental data on the properties of these systems.

Among the properties of the drip-line nuclei, we hypoth-
esize in this work that the nucleon-nucleus scattering
differential cross section is highly sensitive to the details
of the nuclear force and, hence, can be used for con-
straining it. Indeed, it should reveal both the spectroscopic
properties of the reacting system, such as phase shifts and
their interference, as well as the effect of exotic nucleon
distributions. This confluence brings a greater selectivity in
the elastic scattering differential cross section than is
possible by independently investigating resonance ener-
gies, binding energies, or radii. The observations reported
here show that the shape and magnitude of the elastic
scattering angular distribution places stringent constraints
on the chiral interactions, while a study of resonance
energies alone could lead to incomplete and/or misleading
conclusions. The study of elastic scattering for drip-line
nuclei is, however, challenging because of the low-beam
intensities and formulation of the ab initio structure and
reaction theory.
We report the first investigation probing the nuclear force

through proton elastic scattering from 10C, located at the
proton drip line. This is an ideal system to test the effect of
the nuclear force. This is because, firstly, the very existence
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Can Ab Initio Theory Explain the Phenomenon of Parity Inversion in 11Be?
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The weakly bound exotic 11Be nucleus, famous for its ground-state parity inversion and distinct
nþ 10Be halo structure, is investigated from first principles using chiral two- and three-nucleon forces.
An explicit treatment of continuum effects is found to be indispensable. We study the sensitivity of the 11Be
spectrum to the details of the three-nucleon force and demonstrate that only certain chiral interactions are
capable of reproducing the parity inversion. With such interactions, the extremely large E1 transition
between the bound states is reproduced. We compare our photodisintegration calculations to conflicting
experimental data and predict a distinct dip around the 3=2−1 resonance energy. Finally, we predict
low-lying 3=2þ and 9=2þ resonances that are not or not sufficiently measured in experiments.

DOI: 10.1103/PhysRevLett.117.242501

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

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

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

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

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

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

is to represent the A-nucleon wave function as the gener-
alized cluster expansion [21–23]
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information of the ab initio approach. In the following, we
use a phenomenology-inspired approach indicated by
NCSMC-pheno that has been already applied in
Refs. [36,55]. In this approach, we adjust the 10Be and
11Be excitation energies of the NCSM eigenstates entering
expansion (1) to reproduce the experimental energies of the
first low-lying states. Note that the obtained NCSMC-
pheno energies are fitted to the experiment, while the
theoretical widths, quoted in Table I, are predictions.
An intuitive interpretation of the 11Be g.s. wave function

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

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

rhΦJπT
ν;r jAνjΨJπT

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

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

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

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

NCSMC NCSMC-pheno

NN þ 3Nð400Þ N2LOSAT N2LOSAT Experiment

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

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

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

πT .

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

NCSM NCSMC NCSMC-pheno Experiment

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

N2LOSAT 0.0005 0.127 0.117

FIG. 5. Dipole strength distribution dBðE1Þ=dE of the photo-
disintegration process as a function of the photon energy. Theo-
retical dipole strength distributions for two chiral interactions with
(solid line) and without (dashed line) the phenomenological energy
adjustment are compared to the experimental measurements at GSI
[58,61] (black dots) and RIKEN [58–60] (violet dots).
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The weakly bound exotic 11Be nucleus, famous for its ground-state parity inversion and distinct
nþ 10Be halo structure, is investigated from first principles using chiral two- and three-nucleon forces.
An explicit treatment of continuum effects is found to be indispensable. We study the sensitivity of the 11Be
spectrum to the details of the three-nucleon force and demonstrate that only certain chiral interactions are
capable of reproducing the parity inversion. With such interactions, the extremely large E1 transition
between the bound states is reproduced. We compare our photodisintegration calculations to conflicting
experimental data and predict a distinct dip around the 3=2−1 resonance energy. Finally, we predict
low-lying 3=2þ and 9=2þ resonances that are not or not sufficiently measured in experiments.
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The theoretical understanding of exotic neutron-rich nuclei
constitutes a tremendous challenge. These systems often
cannot be explained bymean-field approaches and contradict
the regular shell structure. The spectrum of 11Be has some
very peculiar features. The 1=2þ ground state (g.s.) is loosely
bound by 502 keVwith respect to the nþ 10Be threshold and
is separated by only 320 keV from its parity-inverted 1=2−

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

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

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

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

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

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

•  We developed a new unified approach to nuclear bound and unbound states 
–  Merging of the NCSM and the NCSM/RGM = NCSMC  
–  Inclusion of three-nucleon interactions in reaction calculations for A>5 systems 
–  Extension to three-body clusters (6He ~ 4He+n+n) 
  

•  Ongoing projects: 
–  Transfer reactions 

•  Polarized 3H(d,n)4He fusion 

–  Applications to capture reactions important for astrophysics 
•  11C(p,γ)12N 

–  Structure of unbound 9He 
–  Extension to medium mass nuclei with IM-SRG/RGM 

•  Outlook 
–  Alpha-clustering (4He projectile)  

•  12C and Hoyle state: 8Be+4He 
•  16O: 12C+4He 

•  Ab initio calculations of nuclear structure and reactions is a dynamic field 
with significant advances  


