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2Outline

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

§ Polarized 3H(d,n)4He fusion

§ 11Be parity inversion in low-lying states, photo-dissociation & unbound mirror 11N

§ Structure of the halo sd-shell nucleus 15C & unbound mirror 15F



3First principles or ab initio nuclear theory

Genuine Ab Initio

Quantum Chromodynamics
(QCD)
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Chiral Effective 
Field Theory

(parameters fitted 
to NN data)

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

Quantum Chromodynamics
(QCD)

Current ab anitio
nuclear theory

HΨ(A) = EΨ(A)

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

² Accurate description of NN (and 3N) data

² Controllable approximations



5Conceptually simplest ab initio method: No-Core Shell Model (NCSM)

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

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

§ Equivalent description in relative-coordinate and Slater 
determinant basis

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

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

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

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

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

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

Ψ (A) = cλ
λ

∑ ,λ + dr γ v (
r )∫ Âν

ν

∑ ,ν
A− a( )

a( )

r

Unknowns

NCSM

NCSM/RGM

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

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

r
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Coupled NCSMC equations

Lawrence Livermore National Laboratory 9 LLNL#PRES#650082 

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



11Deuterium-Tritium fusion

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

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

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

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



12NCSMC calculation of the DT fusion

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

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

LLNL-PRES-xxxxxx
16

§ 2x7 static 5He eigenstates computed with the NCSM

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

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

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

NCSM with continuum calculation of the DT fusion

| ⟩Ψ =%
&
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T
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r F

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

structure and reaction dynamics



13n-4He scattering and 3H+d fusion within NCSMC
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Harnessing fusion energy
The Deuterium-Tritium (DT) fusion

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

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

§ Very little is known of how the 
polarization of the reactants’ 
spins affects the reaction
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The d-3H fusion takes place through a transition
of d+3H is S-wave to n+4He in D-wave: 
Importance of the tensor and 3N force
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153H(d,n)4He with chiral NN+3N(500) interaction

LLNL-PRES-xxxxxx
19

Astrophysical S-factor

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

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

NN+3N(500)

5 keV correction 
of 3/2+ centroid

Astrophysical S-factor: 
nuclear contribution
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16NCSMC 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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been measured extensively, a 
fundamental understanding of 
the process is still missing

§ Very little is known of how the 
polarization of the reactants’ 
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§ While the DT fusion rate has been measured 
extensively, a fundamental understanding of the 
process is still missing 

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

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

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

§ Very little is known of how the 
polarization of the reactants’ 
spins affects the reaction
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Assuming the fusion proceeds only in S-wave 
with spins of D and T completely aligned: 

Polarized cross section 50% higher than unpolarized
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Polarized fusion
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NCSMC calculation demonstrates impact of partial waves with l > 0 
as well as the contribution of l = 0 J𝜋 = ½+ channel

ARTICLE

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

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

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

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

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

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

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

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

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

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

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

thermonuclear reaction data critical to nuclear science applications.

https://doi.org/10.1038/s41467-018-08052-6 OPEN
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§ The fusion of deuterium (D) 
with tritium (T) is the most 
promising of the reactions that 
could power the thermonuclear 
reactors of the future.

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

§ Very little is known of how the 
polarization of the reactants’ 
spins affects the reaction

!"#$%& = ∑) *)+,
(*./+,)(*.1+,)

!)

≈ 1
3!,*

+ 23!7*

!$%& ≈ 1.5 !"#$%&

D T 4He

n

𝜎𝜈 =
8

𝜋𝜇 𝑘6𝑇 A B
C

D
𝑆 𝐸 exp −

𝐸
𝑘6𝑇

−
𝐸K
𝐸 𝑑𝐸,

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

or the same rate at 
~45% lower temperature

ARTICLE

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

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

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

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

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

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

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

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

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

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

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

thermonuclear reaction data critical to nuclear science applications.
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21Neutron-rich halo nucleus 11Be

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

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

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

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

0s1/2

0p1/2

1s1/2

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

§ NCSMC calculations including chiral 3N (N3LO NN+N2LO 3NF400, NNLOsat)
§ n-10Be  +  11Be

§ 10Be: 0+, 2+, 2+ NCSM eigenstates
§ 11Be: ≥6 π = -1 and ≥3 π = +1 NCSM eigenstates

r
r+

A. Calci, P. Navratil, R. Roth, J. Dohet-Eraly, S. Quaglioni, G. Hupin, PRL 117, 242501 (2016)
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11Be within NCSMC: Discrimination among chiral nuclear forces

Feb 17 2016 Angelo Calci

11Be with NCSMC

1

exp.

n+10Be(0+)

Robert Roth - TU Darmstadt - February 2015

9Be: NCSM vs. NCSMC

! NCSMC shows much better Nmax convergence 

! NCSM tries to capture continuum effects via large Nmax 

! drastic difference for the 1/2+ state right at threshold
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11Be within NCSMC: Discrimination among chiral nuclear forces
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Feb 17 2016 Angelo Calci

11Be with NCSMC

1

exp.

n+10Be(0+)

Robert Roth - TU Darmstadt - February 2015

9Be: NCSM vs. NCSMC

! NCSMC shows much better Nmax convergence 

! NCSM tries to capture continuum effects via large Nmax 

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

10

6 8 10 12 exp. 12 10 8 6

-2
-1

0
1

2

3
4

5

6

7

8

.

E
th

r.
[M

eV
]

(a)

NCSM NCSMC

7 9 11 exp. 11 9 7
Nmax Nmax

0
1
2
3
4
5
6
7
8
9

10

.

E
th

r.
[M

eV
]

(b)

NCSM NCSMC

6 8 10 12 exp. 12 10 8 6

-2
-1

0
1

2

3
4

5

6

7

8

.

E
th

r.
[M

eV
]

(a)

NCSM NCSMC

7 9 11 exp. 11 9 7
Nmax Nmax

0
1
2
3
4
5
6
7
8
9

10

.

E
th

r.
[M

eV
]

(b)

NCSM NCSMC

NCSM NCSMC NCSM NCSMC
negative parity positive parity

Nmax Nmax Nmax Nmax

NN
+3

N f
ul

l
α 

=
 0

.0
62

5 
fm

4 ,
  
ħΩ

 =
 2

0 
M

eV
, 

 E
3m

ax
 =

 1
4 

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

E t
hr

. [M
eV

]
NN NN+3N(400)

n+10Be(2+)

n+10Be(2+)

N2LOsatexp.

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

7

-1

0

1

2

3

4

5

6

.

E
χ

[M
eV

]

8

1/2+
1/2-

5/2+

3/2-

3/2-

5/2-

3/2+

9/2+

A. Calci, P. Navratil, R. Roth, J. Dohet-Eraly, S. Quaglioni, G. Hupin, PRL 117, 242501 (2016)



26

11Be within NCSMC: Discrimination among chiral nuclear forces

Feb 17 2016 Angelo Calci

11Be with NCSMC

1

exp.

n+10Be(0+)

Robert Roth - TU Darmstadt - February 2015

9Be: NCSM vs. NCSMC

! NCSMC shows much better Nmax convergence 

! NCSM tries to capture continuum effects via large Nmax 

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

10

6 8 10 12 exp. 12 10 8 6

-2
-1

0
1

2

3
4

5

6

7

8

.

E
th

r.
[M

eV
]

(a)

NCSM NCSMC

7 9 11 exp. 11 9 7
Nmax Nmax

0
1
2
3
4
5
6
7
8
9

10

.

E
th

r.
[M

eV
]

(b)

NCSM NCSMC

6 8 10 12 exp. 12 10 8 6

-2
-1

0
1

2

3
4

5

6

7

8

.

E
th

r.
[M

eV
]

(a)

NCSM NCSMC

7 9 11 exp. 11 9 7
Nmax Nmax

0
1
2
3
4
5
6
7
8
9

10

.

E
th

r.
[M

eV
]

(b)

NCSM NCSMC

NCSM NCSMC NCSM NCSMC
negative parity positive parity

Nmax Nmax Nmax Nmax

NN
+3

N f
ul

l
α 

=
 0

.0
62

5 
fm

4 ,
  
ħΩ

 =
 2

0 
M

eV
, 

 E
3m

ax
 =

 1
4 

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

E t
hr

. [M
eV

]
NN NN+3N(400)

n+10Be(2+)

n+10Be(2+)

N2LOsatexp.

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

7

-1

0

1

2

3

4

5

6

.

E
χ

[M
eV

]

8

1/2+
1/2-

5/2+

3/2-

3/2-

5/2-

3/2+

9/2+

A. Calci, P. Navratil, R. Roth, J. Dohet-Eraly, S. Quaglioni, G. Hupin, PRL 117, 242501 (2016)

Parity inversion

9/2+
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Eλ
NCSM energies treated as 
adjustable parameters 

Cluster excitation energies 
set to experimental values

Lawrence Livermore National Laboratory 9 LLNL#PRES#650082 

… to be simultaneously determined  
by solving the coupled NCSMC equations 
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28Photo-disassociation of 11Be
Bound to bound NCSM NCSMC-phenom Expt.

B(E1; 1/2+è1/2-) [e2 fm2] 0.0005 0.117 0.102(2) 
Halo structure
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Can Ab Initio Theory Explain the Phenomenon of Parity Inversion in 11Be?

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

2Institut für Kernphysik, Technische Universität Darmstadt, 64289 Darmstadt, Germany
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5CEA, DAM, DIF, F-91297 Arpajon, France
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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]

jΨJπT
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Bound to continuum

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

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

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

rhΦJπT
ν;r jAνjΨJπT

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

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

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

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

NCSMC NCSMC-pheno

NN þ 3Nð400Þ N2LOSAT N2LOSAT Experiment

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

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

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

πT .

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

NCSM NCSMC NCSMC-pheno Experiment

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

N2LOSAT 0.0005 0.127 0.117

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

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

9 DECEMBER 2016

242501-4
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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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We reanalyze the experiment of Schmitt et al. on the 10Be(d,p)11Be transfer reaction [Phys. Rev. Lett. 108 ,
192701 (2012)] by exploring the beam-energy and angular ranges at which the reaction is strictly peripheral.
We consider the adiabatic distorted wave approximation (ADWA) to model the reaction and use a Halo-EFT
description of 11Be to systematically explore the sensitivity of our calculations to the short-range physics of
the 10Be-n wave function. We find that by selecting the data at low beam energy and forward scattering angle
the calculated cross sections scale nearly perfectly with the asymptotic normalization coefficient (ANC) of the
11Be bound states. Following these results, a comparison of our calculations with the experimental data gives
a value of C1s1/2 = 0.785 ± 0.03 fm−1/2 for the 1

2
+ ground-state ANC and C0p1/2 = 0.135 ± 0.005 fm−1/2 for

the 1
2

− excited state, which are in perfect agreement with the ab initio calculations of Calci et al., who obtain
Cab initio

1/2+ = 0.786 fm−1/2 and Cab initio
1/2− = 0.129 fm−1/2 [Phys. Rev. Lett. 117 , 242501 (2016)].

DOI: 10.1103/PhysRevC.98.054602

I. INTRODUCTION

Halo nuclei [1] constitute a unique class of exotic systems,
which are mainly found in the neutron-rich region of the
nuclear chart. The halo is a threshold effect observed close to
the neutron dripline, in which one or two neutrons are loosely
bound to the core of the nucleus. Because of this loose
binding, these valence neutrons can tunnel far away into the
classically forbidden region and exhibit a high probability of
presence at a large distance from the other nucleons. They
hence form a sort of diffuse halo around a compact core [2],
which significantly increases the matter radius of these nuclei.

Since their discovery in the mid-1980s, halo nuclei have
been the subject of many studies in both the nuclear-structure
and nuclear-reaction communities. In the former because of
the challenge these diffuse nuclei pose to usual nuclear-
structure models, like the shell model. In the latter because,
due to their short lifetime, they are mostly studied through
reactions.

Experimentally, the upgrade of rare isotope beam facilities
worldwide provides us with many ways to explore these halo
systems. Transfer reaction [3– 8] has been an important tool
to infer information about these systems for decades. In this
reaction, one or several nucleons are transferred between the
projectile and target. Because those nucleons populate the va-
lence states of the nucleus, transfer is useful in the analysis of
the single-particle structure of nuclei [3,4,8– 11]. It is therefore
particularly well suited to study halo nuclei [6,10– 13].

*jiecyang@ulb.ac.be
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To extract valuable nuclear-structure information from ex-
perimental data, a precise model of the reaction is required.
Deuteron-induced reactions, like the one on which this work
is focused, are usually described within a three-body model: a
proton p, a neutron n, and the nucleus upon which the transfer
takes place. Many such models have been developed [3– 7].
The Distorted Wave Born Approximation (DWBA) [14] is one
of the most used methods to analyze experimental data and
extract spectroscopic information about nuclei. However, this
method does not properly account for dynamical effects, such
as the breakup of the deuteron, therefore alternative formula-
tions have been suggested. Johnson and Soper have introduced
the adiabatic distorted wave approximation (ADWA), which,
without losing the relative simplicity of the DWBA method,
includes a zero-range adiabatic treatment of the deuteron-
breakup channel (ZR-ADWA) [15]. Johnson and Tandy have
then extended this seminal work to a finite-range version of
the ADWA method (FR-ADWA) [16]. For a more accurate
inclusion of the deuteron dynamics in the reaction model,
the solution of the continuum-discretized coupled-channel
approach (CDCC) [17] can be used. In that approach, the
projectile-target wave function is expanded upon all the states
of the deuteron, including its continuum, which leads to
the resolution of a set of coupled equations. More recently,
numerical techniques have become available to solve the
Faddeev-Alt, Grassberger, and Sandhas (FAGS) equations
[18,19], which corresponds to the most accurate framework
to describe transfer reactions induced by deuteron within a
three-body model [20].

At the Oak Ridge National Laboratory a transfer experi-
ment was performed by Schmitt et al. to study the structure
of 11Be [10,11]. This nucleus is the archetypical one-neutron
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Dissecting reaction calculations using halo effective field theory and ab initio input
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We present a description of the breakup of halo nuclei in peripheral nuclear reactions by coupling a model of
the projectile motivated by halo effective field theory with a fully dynamical treatment of the reaction using the
dynamical eikonal approximation. Our description of the halo system reproduces its long-range properties, i.e.,
binding energy and asymptotic normalization coefficients of bound states and phase shifts of continuum states.
As an application we consider the breakup of 11Be in collisions on Pb and C targets. Taking the input for our
halo-EFT-inspired description of 11Be from a recent ab initio calculation of that system yields a good description
of the Coulomb-dominated breakup on Pb at energies up to about 2 MeV, with the result essentially independent
of the short-distance part of the halo wave function. However, the nuclear dominated breakup on C is more
sensitive to short-range physics. The role of spectroscopic factors and possible extensions of our approach to
include additional short-range mechanisms are also discussed.

DOI: 10.1103/PhysRevC.98.034610

I. INTRODUCTION

The quantitative description of nuclear structure and reac-
tions on the same footing is a major challenge of contempo-
rary nuclear theory [1– 3]. Ab initio approaches to calculate
nuclear scattering observables are limited by the computa-
tional complexity of the nuclear many-body problem. This
limitation applies especially to exotic isotopes along the
neutron and proton drip lines which are weakly bound or
unbound. With new radioactive beam facilities such as FRIB
and FAIR on the horizon, the quest for improved approaches
for nuclear reactions with exotic isotopes has become a major
topic in the nuclear-theory community. The ultimate goal of
this effort is to have a robust and reliable model of nuclei
and nuclear reactions with predictive power and quantified
uncertainties [4].

In this work we focus on the structure and reactions of
halo nuclei. Halo nuclei are weakly bound objects consisting
of one or more valence nucleons and a tightly bound core
nucleus (see, e.g., Refs. [5,6]). They exemplify the emergence
of new effective degrees of freedom close to the drip lines.
Accurate models for the breakup of halo nuclei have been
shown to be sensitive mostly to the tail of the wave function
[7] for both the bound state and the continuum states [8]. This
means that the structure observables to which these calcula-
tions are sensitive are the one-neutron separation energy and
the asymptotic normalization coefficient (ANC) for the bound
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state and the phase shifts in the continuum. This suggests
that it is not really necessary to include a detailed (and
computationally expensive) microscopic description of a halo
projectile in reaction models. On the contrary, an effective
two-body description of the projectile which replicates the
experimental information and/or the results of a microscopic
nuclear-structure model for on-shell quantities, like ANCs and
phase shifts, to a given accuracy should be enough to obtain a
reaction model with good predictive power.

Here we consider the example of the one-neutron halo
nucleus 11Be. 11Be has two bound levels which can be viewed
as a neutron and a 10Be core in a relative sand p wave, respec-
tively. For 11Be the ANCs and 10Be-n scattering phase shifts
were recently obtained in an ab initio no-core shell model
with continuum (NCSMC) calculation [9]. Although it needed
to be tuned phenomenologically to correctly reproduce the
experimental binding energies, this calculation is the most
thorough extant microscopic description of 11Be.

In this paper, we take a first step towards the ultimate
goal expressed in Ref. [4] by complementing the dynamical
eikonal approximation (DEA) from Refs. [10,11] with the
expansion of the halo effective field theory (halo EFT) for
11Be, developed in Ref. [12]. Halo EFT is based on an
expansion in powers of the distance scale associated with the
10Be core, Rcore, divided by that associated with the 11Be
halo, Rhalo (see Ref. [13] for a recent review of halo EFT).
Consideration of the relative sizes of these nuclei, together
with the results of Ref. [12], suggests an expansion param-
eter of Rcore/Rhalo ∼ 0.4. Reference [12] used halo EFT to
compute the differential E1 strength of 11Be; when combined
with a simplified reaction model this reproduces data on the
Coulomb dissociation of 11Be on a 208Pb target [14].
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Abstract
Direct reaction experiments provide a powerful tool to probe the structure of neutron-rich nuclei

like Beryllium-11. We use halo e↵ective field theory to calculate the cross section of the deuteron-
induced neutron transfer reaction 10Be(d, p)11Be. The e↵ective theory contains dynamical fields for
the Beryllium-10 core, the neutron, and the proton. In contrast, the deuteron and the Beryllium-11
halo nucleus are generated dynamically from contact interactions using experimental and ab-initio
input. The reaction amplitude is constructed up to next-to-leading order in an expansion in the
ratio of the length scales characterizing the core and the halo. The Coulomb repulsion between
core and proton is treated perturbatively. Finally, we compare our results to cross section data
and other calculations.
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We analyze the breakup of the one-neutron halo nucleus 11Be measured at 520 MeV/nucleon at GSI on 
Pb and C targets within an eikonal description of the reaction including a proper treatment of special 
relativity. The Coulomb term of the projectile-target interaction is corrected at first order, while its 
nuclear part is described at the optical limit approximation. Good agreement with the data is obtained 
using a description of 11Be, which fits the breakup data of RIKEN. This solves the apparent discrepancy 
between the dB(E1)/dE estimations from GSI and RIKEN for this nucleus.

© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

Since their discovery in the mid-80s halo nuclei have been the 
subject of intense experimental and theoretical studies [1,2]. These 
nuclei, located on the edge of the valley of stability exhibit a very 
exotic structure. They are much larger than their isobars and this 
unusual size is qualitatively explained by a quantum-tunneling ef-
fect in which one or two loosely bound valence nucleons have a 
high probability of presence at a large distance from the other 
nucleons, far beyond the range of the nuclear interaction. These 
nucleons hence form a diffuse halo surrounding a compact core. 
The archetypes of halo nuclei are 11Be, with a one-neutron halo, 
and 11Li, with two neutrons in its halo.

Because of their short lifetime, these nuclei are mostly stud-
ied through reactions. The breakup reaction, during which the halo 
nucleons dissociate from the core, is of special interest, as it re-
veals the internal structure of the projectile. When the breakup 
is measured on a heavy target, like Pb, the reaction is dominated 
by the Coulomb interaction, and the dissociation is characterized 
by the E1 strength from the ground state to the core-halo con-
tinuum dB(E1)/dE [3]. In addition to its importance in the study 
of halo nuclei, this observable plays also a role in nuclear astro-
physics, as it is related to the rate of radiative captures at low 
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energy. Coulomb breakup can thus provide an indirect method to 
infer cross sections of astrophysical interest [4,5].

Many measurements have been performed to constrain this 
value experimentally for various halo nuclei [3]. The Coulomb 
breakup of 11Be has been measured at 520 MeV/nucleon at GSI [6]
and at 69 MeV/nucleon at RIKEN [7]. Surprisingly the E1 strengths 
inferred from both experiments differ significantly from one an-
other. A recent ab initio calculation of 11Be provides a dB(E1)/dE
in agreement with the RIKEN data [8]. In this Letter, we reanalyze 
the GSI data to study the reason for this discrepancy. We consider 
an eikonal description of the reaction [9,10] with a correction of 
the Coulomb interaction [11,12], which enables us to account for 
the Coulomb breakup and its interference with the contribution of 
the nuclear interaction. We also use a proper treatment of special 
relativity [13,14], which seems to play a significant role at these 
energies [15,16]. Following Ref. [17], we describe the structure of 
11Be within a Halo-EFT, which has been fitted to the output of 
the ab initio calculation of Ref. [8]. In addition to solve this long-
standing issue, the model we develop in this work will provide a 
reliable tool to analyze similar measurements performed for both 
one- and two-nucleon halo nuclei at GSI and the recent RIBF fa-
cility at RIKEN. It should therefore significantly contribute to the 
study of nuclear structure and astrophysics away from stability.

To describe the collision of a one-neutron halo nucleus on a 
target, we consider the following three-body model of reactions. 

https://doi.org/10.1016/j.physletb.2019.01.041
0370-2693/© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
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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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Abstract
We consider the possibility that a neutron may disappear inside the nucleus,
which will demonstrate the existence of baryon violating ΔB=1 interactions.
It has recently been proposed that such a process may have an effect on the
free neutron decay life time. We evaluate the widths for cln and cgln ,
with χ being a light dark matter particle emitted by a loosely bound neutron in
various light nuclei. We find that, assuming a mass mχ close to 938MeV, the
obtained width for cln in 11Be is much larger than the observed beta decay
width. This suggests a severe limit on the possible decay channel of cgln
for free neutron.

Keywords: neutron decay, neutron lifetime, halo nuclei, baryon number
violation

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

1. Introduction

The neutron is one of the building blocks of matter. Without it, complex atomic nuclei simply
would not have formed. Although the neutron was discovered over eighty years ago and has
been studied intensively thereafter, its precise lifetime is still an open question [1, 2]. There
are two qualitatively different types of direct neutron lifetime measurements: bottle and beam
experiments. In the first method one obtains [3]:

= o( ) ( ) ( )t bottle 879.6 0.6 s. 1n

In the second, the beam method, the result as given by Particle Data Group average [4, 5] is

t = o( ) ( ) ( )beam 888 2.0 s. 2n

The discrepancy between the two results is 4.0σ.
This suggests that either one of the measurement methods suffers from an uncontrolled

systematic error, or there is a physics reason of why the two methods give different results,
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31Halo sd-shell nucleus 15C and its unbound mirror 15F

§ Motivation:
§ Halo ½+ S-wave and 5/2+ D-wave bound states
§ 14C(n,𝛾)15C capture relevant for astrophysics
§ Unbound 15F mirror – very narrow unnatural parity resonances embedded in continuum predicted in 14O(p,p)14O 

§ measured at GANIL

§ Calculations in progress – all results preliminary

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

§ 3N chiral interaction – N2LO with local/non-local regulator, SRG evolved with 𝜆 = 2.0 fm-1
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Table 15.1 from (1991AJ01): Energy levels of 15C a

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

2

+; 3
2

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

0.7400 ± 1.5 5
2

+
τm = 3.76 ± 0.10 ns γ 2, 3, 4, 7, 8

g = −0.703 ± 0.012

3.103 ± 4 1
2

−

Γc.m. ≤ 40 2, 3, 9
4.220 ± 3 5

2

−

< 14 2, 3
4.657 ± 9 3

2

− 2, 3
4.78 ± 100 3

2

+
1740 ± 400 6

5.833 ± 20 (3
2

+
) 64 ± 8 2, 6

5.866 ± 8 1
2

− 2, 3
6.358 ± 6 (5

2
, 7

2

+, 9
2

+
) < 20 2, 3

6.417 ± 6 (3
2
→ 7

2
) ≈50 2, 3

6.449 ± 7 (9
2

−, 11
2

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

2
) 20 ± 10 2, 3

6.841 ± 4 a < 14 2, 3
6.881 ± 4 (9

2
) a < 20 2, 3

7.095 ± 4 (3
2
) < 15 2, 3

7.352 ± 6 (9
2
, 11

2
) 20 ± 10 2, 4

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

2
→ 13

2
) 40 ± 15 2

8.559 ± 15 (7
2
→ 13

2
) 40 ± 15 2

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

2
→ 15

2
) 20 ± 15 2

10.248 ± 20 (5
2
→ 9

2
) 20 ± 15 2

11.015 ± 25 2
11.123 ± 20 (11

2
→ 19

2
) 30 ± 20 2

(11.68 ± 30) 2
11.825 ± 20 ≥ 13

2
70 ± 30 2

1

Preliminary
Preliminary

NCSMC-pheno

§ NCSMC
§ 14C (14O) 0+ and 2+ eigenstates
§ 15C (15F) lowest 7 positive and 3 negative parity eigenstates
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15C cluster form factors

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

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

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

Preliminary

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

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

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

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

C. Recommended astrophysical reaction rates

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

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

NA⟨σv⟩ = exp
(
a1 + a2T

− 1
9 + a3T

− 1/3
9 + a4T

1/3
9

+a5T9 + a6T
5/3

9 + a7 ln(T9)
)
.

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

a1 = 0.850 × 101,

a2 = − 0.305 × 10− 3,

a3 = 0.580 × 10− 1,

a4 = − 0.355 × 100,

a5 = − 0.116 × 100,

a6 = 0.122 × 10− 1,

a7 = 0.109 × 101.

IV. DISCUSSION AND ASTROPHYSICAL IMPLICATIONS

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

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

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

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

σpresent = σHorvath + c ·
√

Ec.m.

with c = 0.48 µ b/keV1/2.

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

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

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

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

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

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

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

§ 11Be parity inversion explained with chiral NN+3N N2LOsat interaction

§ NCSMC calculations of 15C sd-shell halo nucleus in progress
§ Capture cross section, cluster form factors, ANCs

§ Study of the unbound 15F (mirror of 15C) in progress
§ Structure of resonances
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Thank you!
Merci!
Grazie!


