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•  Nuclear structure and reactions far from stability 

•  Collective phenomena and symmetries 

•  Dynamics and thermodynamics of light and heavy nuclei 

•  Sub- and near-barrier reactions 

•  Fusion and Fission dynamics 

•  Ab initio calculations, cluster models and shell model 

•  Nuclear energy density functionals 

•  Nuclear astrophysics  

•  Fundamental interactions
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Nuclear structure via mass measurements

15.5.2019

Evolution of shell gaps Onset of deformation

ISOMERS

Shape coexistenceIMME, isospin symmetry Single-particle energies
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Nucleon pairing energies
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Nuclides measured with JYFLTRAP

15.5.2019

JYFLTRAP:
• Over 340 nuclides measured

~100 neutron-deficient
~220 neutron-rich
~20 stable

• More than 50 isomeric states

• Typical precisions: ~10 ppb
THIS TALK

Nuclear structure studies via 
precision mass measurements

Anu Kankainen
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Neutron-rich rare-earth isotopes

15.5.2019

• 21 rare-earth isotopes measured

• 14 masses measured for the first time

• Mainly TOF-ICR, recently also PI-ICR

• Campaign I:  M. Vilén et al., 
PRL 120, 262701 (2018)

• Campaign II: in preparation

Motivated by the rare-earth abundance peak
in the astrophysical r process

Masses & Beta-Decay Spectroscopy 
of Neutron-Rich Nuclei: Isomers & 

Sub-shell Gaps with Large 
Deformation

Nuclear Structure & Dynamics 2019, May 13-17, Venice, Italy

F.G. Kondev 
Physics Division, Argonne National Laboratory

Masses & Beta-Decay Spectroscopy 
of Neutron-Rich Nuclei: Isomers & 

Sub-shell Gaps with Large 
Deformation

Nuclear Structure & Dynamics 2019, May 13-17, Venice, Italy

F.G. Kondev 
Physics Division, Argonne National Laboratory

CARIBU & ANL
• SF fission of 252Cf (3.1%) 1.7 Ci - 6.31010 dps 
• Gas Catcher, Isobar Separator (m/Δm~10000), 

MR-TOF (m/Δm~100,000), CPT (m/Δm~1,000,000) 
• LE, high-purity & high-quality beams
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Isospin symmetry in the heavier mass region

• Precision measurements of TZ=+1 nuclei: 
82Zr, 84Nb, 86Mo, and 88Tc

• 88Tcm and 89Ru (TZ=+1/2)
measured for the first time

• 89Ru more bound than predicted in AME16

• MDE predictions for 82Mo and 86Ru also
more bound and more precise than AME16 
extrapolations

15.5.2019

M. Vilen et al., to be submitted



Overview

Isospin Symmetry of the A=46 T=1 
triplet studied with AGATA  

A Boso, S.A.Milne, M.A.Bentley, F. Recchia, S.M.Lenzi, 
M.Labiche et al.    

(on behalf of AGATA, PRESPEC and LYCCA  Collaborations)

•   Introduction 

•   T=1 triplets and Isospin symmetry 

•   AGATA S434 experiment  

•   Coulex of 46Cr and 46Ti 2+1 states 

•   Lifetimes of 46V and 46Ti 2+1 states - stretched target method 

•   Test of one of the fundamental rules of isospin

Lifetime and Coulex Measurements performed 
across the T=1 A=46 Triplet of Nuclei 

Scott Alexander Milne, sam519@york.ac.uk 
(and Alberto Boso, alberto.boso@pd.infn.it) 
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• High precision measurement of B(E2)s in T=1 triplet 
• Heaviest triplet for which this has been done (so far!) 
• No evidence for non-linear behaviour with Tz 
• A=30 and 34 may deviate from the selection rule…  
• Stretched target technique - excellent technique for FAIR & FRIB 

Lifetime and Coulex Measurements performed 
across the T=1 A=46 Triplet of Nuclei 

Scott Alexander Milne, sam519@york.ac.uk 
(and Alberto Boso, alberto.boso@pd.infn.it) 
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Isospin symmetry in the A=46 Isobaric Triplet

Lifetime and Coulex Measurements performed 
across the T=1 A=46 Triplet of Nuclei 

Scott Alexander Milne, sam519@york.ac.uk 
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E2 matrix element as a function of Tz

Current: absolute values

Absolute values

Relative values: 
46Cr/46Ti Coulex 
46V/46Ti  Stretched target 
statistical errors only

Lifetime and Coulex Measurements performed 
across the T=1 A=46 Triplet of Nuclei 

Scott Alexander Milne, sam519@york.ac.uk 
(and Alberto Boso, alberto.boso@pd.infn.it) 
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Lifetime and Coulex Measurements performed 
across the T=1 A=46 Triplet of Nuclei 

Scott Alexander Milne, sam519@york.ac.uk 
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Current: relative values
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GANIL-VAMOS Campaign: Ongoing

Collectivity along the 
N=50 neutron-magic 

92Mo, 94Ru
C. Domingo-Pardo, 

A.Gadea,
R.Perez-Vidal

Study of quadrupole
correlations in 

106,108Sn via lifetime 
measurements.

J.J.Valiente-Dobon
M.Siciliano

GANIL Intense Stable Beams
AGATA coupled to VAMOS
MNT reactions

2014-2018

Due to the optimum Q-value condition 
with stable beams mostly p-stripping 
and n-pick-up occur in MNT processes 
àpopulates n-rich nuclei.

R.Broda et al., 
PRC 49, R575 

With p-rich beam 
and target possible 
to populate p-rich 

ejectiles with 
s = few to ~1mb

in +2p pick-up 
reactions 

The Advanced GAmma Tracking Array
(AGATA): Recent Experimental results 

Andres Gadea (IFIC-CSIC, Spain)
on behalf the AGATA Collaboration

Nuclear Structure and Dynamics NSD2019
May 13th-17th 2019, Venice,  Italy

AGATA



Lifetime Measurements in 106,108Sn.

See M. Siciliano contribution on
Thursday afternoon – Sala Vivaldi

“Interplay between quadrupole and pairing 
correlations close to 100Sn from lifetime 
measurements”



D.	Ralet,	E.	Clément	et	al,	submitted to	PLB
D.	Ralet et	al.,	Phys.Scr.	92,	054004	(2017)

•Case	of	the	207Pb	:	1	neutron	hole	in	208Pb
•The	first	excited	states	of	207Pb	are	part	of	the	
np-1 1/2	× 3-multiplet with	slightly	reduced	B(E3)	
with	respect	to	208Pb	due	to	the	p1/2 blocking	effect

•The	n(i13/2)-1 state	band	structure	:	strong	coupling	
effect	of	the	i13/2	and	f7/2	:	enhanced	B(E3)	with	
respect	to	208Pb

Evidence of octupole-phonon at high spin in 207Pb : 
Study of the octupole phonon in the 208Pb region.

208Pb With sp
With Double	phonon

RDDS DDCM



CP-violation
(matter-antimatter	asymmetry	in	universe)

225Ra [Argonne]
DE	~	50	keV
Q3 known	for	224,226Ra

223Rn
[TRIUMF]

DE not	known
Q3 known	for	220Rn

atomic
EDM
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Pear-shapes	and	EDMs

ACME	2018	e-

ER	Tardiff et	al	
Hyp Int 225(2014)	197

atom

n

e-

related to Q3 P,T-violating interaction

energy splitting of parity doublet

Coulomb	Excitation	of	Pear-
shaped	Nuclei

Measure	level	schemes	in	224,226Rn
- unknown	so	far.
Relevant	to	EDM	searches

Investigate	B(E3)s	in	222,(224)Rn,	222,228Ra	
(previously	measured	220Rn,	224,226Ra)
Search	for	other	cases	of	static	octupole	deformation

Peter	Butler	

University	of	Liverpool	
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JFC	Cocks	et	al	
PRL	78	(1997)	2920

Conclusions	#2

To	follow	shortly:
E2	and	E3	matrix	elements	for	222Rn	and	228Ra

this	work

Coulomb	Excitation	of	Pear-
shaped	Nuclei

Measure	level	schemes	in	224,226Rn
- unknown	so	far.
Relevant	to	EDM	searches

Investigate	B(E3)s	in	222,(224)Rn,	222,228Ra	
(previously	measured	220Rn,	224,226Ra)
Search	for	other	cases	of	static	octupole	deformation

Peter	Butler	

University	of	Liverpool	
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Structure of 70Fe: Single-particle and collective 
degrees of freedom

Alex Gade, Nuclear Structure and Dynamics 2019

§Experiment
• 9Be(71Co,70Fe+g)X at 87 MeV/u; typical 

71Co rate: 65/second
• 70Fe unambiguously identified in the 

S800, coincident g rays event-by-event 
Doppler reconstructed from 
GRETINA’s interaction points

§Results
• Inclusive cross section for the reaction 

to happen: 11.0(8)mb
• Three g rays observed, one is new, 

two agree with previous results  
• All three are in coincidence à level 

scheme established
§A catch – Shell model predicts a 71Co 

7/2- ground state and a 1/2- isomer 

A. Gade et al., PRC 99, 011301(R) (2019)

GRETINA

Alexandra Gade
Professor of Physics

Michigan State University

Nuclear spectroscopy with fast beams of 
rare isotopes 

Reaction
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Spectroscopy of 42Si

Alex Gade, Nuclear Structure and Dynamics 2019A. Gade et al., PRL, in press (2019)

18

The experiment – One-proton knockout from 43P

Alex Gade, Nuclear Structure and Dynamics 2019

§Again, one-proton knockout 
is a direct reaction à probes 
the single-particle degree of 
freedom

§ 43P: ground state is 1/2+

§This means, knockout of sd-
shell protons cannot 
populate J ³ 4

§All g-ray transitions except 
for the 2743 keV line had 
been reported in the RIBF 
two-proton removal 
experiment

L. A. Riley et al., PRC 78, 011303(R) (2008)

§ 9Be(43P,42Si+g)X at 81 MeV/u
§Gamma rays in GRETINA 

and projectile-like reaction 
residues in the S800

A. Gade, B.A. Brown, J. A. Tostevin et al., PRL, in press



Outline

1 In-beam g-ray spectroscopy at the RIBF

2 Selected recent results

3 High-resolution spectroscopy

4 Summary

Kathrin Wimmer Nuclear Structure and Dynamics - NSD2019 2

Towards high-resolution in-beam g-ray spectroscopy
at the RIBF

Kathrin Wimmer
¶£fi¸�´»ÍÛ

The University of Tokyo

14 May 2019

Kathrin Wimmer Nuclear Structure and Dynamics - NSD2019 1

Doubly-magic 78Ni

78Ni is the only neutron-rich doubly-magic
nucleus with unknown E(2+)

within the predicted neutron drip-line
J. Erler et al., Nature 486 (2012) 509.

magicity inferred from b -decay
measurements

P. T. Hosmer et al., Phys. Rev. Lett. 94 (2005) 112501,
Z. Y. Xu et al., Phys. Rev. Lett. 113 (2014) 032501.

prediction E(2+) = 2�4 MeV

Neutron number
44 46 48 50 52
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310

Ga31
Zn30
Cu29
Ni28
Co27

Kathrin Wimmer Nuclear Structure and Dynamics - NSD2019 11
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g-ray spectra for 78Ni
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inclusive cross section s = 1.7(4) mb

highest intensity peak
! E(2+) = 2600(33) keV

583(10) keV transition:
4+ ! 2+ candidate, R4/2 = 1.22(2)
similar to other doubly magic nuclei

80Zn(p,3p)78Ni

inclusive cross section
s = 0.016(6) mb

2+
1 ! 0+

1 transition not observed

2910(43) keV transition:
candidate for a 2+

2

R. Taniuchi et al., Nature 569 (2019) 53

Kathrin Wimmer Nuclear Structure and Dynamics - NSD2019 13

Nature 569, 53–58 (2019)



NSD2019 - Venice, ItalyClément Delafosse

Shape coexistence in the vicinity of 78Ni

�2

NSD2019 - Venice, ItalyClément Delafosse 14/05/2019

In flight and β-delayed γ-spectroscopy in 
the vicinity of 78Ni with AGATA at GANIL 

and BEDO at ALTO
Clément Delafosse 

Department of Physics 
University of Jyväskylä

�1

Seminar - University of JyväskyläClément Delafosse

Conclusions

Complete β-delayed γ-spectroscopy of 83Ge

Excited states lifetime measurement of  
85Se (better precision) and 83Ge (first time)

First observation of a 2p-1h state in a N=51 
isotone far from stability : shape coexistence 
towards N=50 

X. F. Yang et al. PRL 116 182502 (2016)

A. Gottardo et al. PRL 116 182501 (2016)

17

This work



250 MeV/nuc

one-proton knockout reaction at RIKEN: 
75Cu and 77Cu

75,77Cu

3/2-
5/2-

7/2-

f7/2

f5/2

p3/2
p1/2

f5/2

p3/2

p1/2

g9/2
40

28

p n

76,78Zn

• Occupation of single particle orbits in 75,77Cu 
• Count nucleons in each proton orbit involved 
• Identification of sp states and intruder states

2

heavier Cu isotopes, 75,77Cu, the 5/2� ground state is82

known in both nuclei [26–28]. From two low-energy iso-83

meric states of 75Cu reported in Ref. [24, 25, 27, 28],84

the state at 66.2 keV energy has been recently identi-85

fied in the magnetic moment measurements as 3/2� [29].86

Furthermore, �-decay studies of 75,77Ni performed at the87

RIKEN Nishina Center (RNC) in Japan provided infor-88

mation on excited states up to 4 MeV in 75,77Cu nu-89

clei [30, 31]. The observed low-lying states were iden-90

tified by comparison with the MCSM calculations, see91

Ref. [30] for 75Cu and Ref. [31] for 77Cu. Recently, three92

excited states at 271, 901, and 2068 keV of 77Cu have93

been populated from one-proton knockout reaction on a94

thick 9Be target at RIKEN [32] and tentatively assigned95

to be the states at 293, 946, and 2068 keV, respectively,96

observed in Ref. [31].97

The experiment in the present work was performed98

at the Radioactive Isotope Beam Factory of the RNC99

as part of the SEASTAR project. Induced in-flight fis-100

sion of 238U beam with an energy of 345 MeV/A and an101

average intensity of 12 pnA was performed on a 3-mm102

thick 9Be target positioned at the focal plane F0 before103

the BigRIPS two-stage fragment separator [33]. Event-104

by-event identification of projectiles and reaction prod-105

ucts in atomic number (Z) and mass-over-charge (A/Q)106

ratio was achieved using the TOF - B⇢ - �E method.107

The isotopes of interest, 76Zn and 78Zn, were selected108

from the primary cocktail beam and impinged on the109

secondary 102(1) mm-thick liquid hydrogen (LH2) target110

placed in the MINOS cylindrical time-projection cham-111

ber (TPC) [34] at the F7 focal plane. The DALI2 ar-112

ray [35], surrounding the MINOS device, was used for113

the detection of the � rays emitted from the reaction114

products. The energies of the isotopes were 265 (260)115

and 190 (185) MeV/nucleon at the entrance and exit of116

MINOS for 76Zn (78Zn). The 75Cu (77Cu) nuclei were117

produced in a proton knockout reaction from the incom-118

ing 76Zn (78Zn) isotopes. The channels of interest were119

identified in the ZeroDegree spectrometer by employing120

the identical technique used in the BigRIPS separator.121

Protons emitted in the secondary reaction were tracked122

in the TPC. The reconstruction of the reaction vertex123

was performed with an e�ciency of 95% and a preci-124

sion of 5-mm (full width at half maximum) along the125

beam axis. The 186 NaI crystals forming the DALI2126

array, covering the angles from 7 do 117 degrees rela-127

tive to the beam axis, were calibrated with the standard128
60Co, 137Cs, and 88Y sources. Information on the re-129

action vertex allowed for precise event-by-event Doppler130

correction of the � rays detected in DALI2, as demon-131

strated in Ref. [36, 37]. Due to the extended size of the132

target, the full-energy-peak e�ciency of the array was133

determined with a detailed GEANT4 simulation [38]. It134

took into consideration the measured intrinsic resolution135

of each crystal and the lifetimes of the decaying states.136137

FIG. 1. (Color online) Doppler corrected �-ray energy spec-
trum measured with DALI2 array in coincidence with 75Cu
(top panel) and 77Cu (bottom panel) reaction residues: the
experimental data are (black), the double-exponential back-
ground (blue dashed line), the simulated response function
of each transition (purple), the sum of the simulated re-
sponse functions with the background (red).The insets show
the background subtracted �-� coincidences.

Figure 1 shows the Doppler-corrected �-ray spectra138

for 75Cu and 77Cu resulting from the 76Zn(p, 2p)75Cu139

and 78Zn(p, 2p)77Cu knockout reactions (top and bottom140

panel, respectively). The experimental background origi-141

nated mainly from the atomic processes (bremsstrahlung142

in the target) in the low energy region (E� < 500 keV)143

and from the Compton scattering. Eight transitions of144

490(10), 530(10), 880(10), 950(10), 990(10) 1410(20),145

1480(20), and 1680(30) keV energies were identified in146

the spectrum of 75Cu (Fig.1a), corresponding to the147

transitions de-populating the low-lying states reported148

in Ref. [30]. Five transitions are noticeable in Fig.1b in149

the spectrum of 77Cu, in which the one at 1740(30) keV150

was observed but not placed in the level scheme given151

in Fig.3 of Ref. [31]. Transitions at 860(20), 950(20),152

1150(20), and 2060(20) keV were previously reported in153

Ref. [31]. The experimental spectra in Fig.1 were fit-154155

ted using the least-square method (red solid lines) to ob-156

tain the �-ray intensities. The previously measured �-157

ray branching ratios from Ref. [30, 31] were used in the158

fitting procedure. The response function of DALI2 for159

each peak (purple solid lines) and a combination of two160

exponential functions for the background (blue dashed161

3

TABLE I. Partial cross sections, �exp, to all final states J⇡ observed in 75,77Cu. Energy Eex of the final state in 75,77Cu, E�

transition energies and corresponding intensities, I� , DWIA single-particle cross sections of a given final state for the proton

knockout from orbit nlj, �sp(nlj,Eex) and experimental and theoretical spectroscopic factors, C2Sexp and C2Stheo, respectively.

Nucleus nlj J⇡ Eex E� I� �exp �sp(nlj, Eex) C2Sexp C2Stheo

( Öh) (keV) (keV) (mb) (mb)
75Cu 1f5/2 5/2� 0 <6.93(146) 1.21 <5.73(120) 1.10

1f7/2 7/2� 950(10) 884(10) 7500(900) 1.26(28) 1.43 0.88(19) 0.15
950(10) 2700(320)

1f7/2 7/2� 1480(20) 490(20) 2500(325) 5.04(124) 1.41 3.58(88) 2.18
530(10) 900(640)
1414(20) 3800(420)
1480(20) 10000(1100)

1f7/2 7/2� 1680(20) 1680(20) 5000(1250) 1.19(17) 1.41 0.84(12) 0.21

77Cu 1f5/2 5/2� 0 <8.05(107) 1.16 <6.94(92) 1.25

1f7/2 7/2� 1150(10) 860(10) 970(215) 0.60(10) 1.36 0.44(7) 0.09
1150(10) 1380(210)

1f7/2 7/2� 2070(20) 2070(30) 10150(2740) 2.59(73) 1.33 1.95(55) 2.89
1f7/2 7/2� 2680(20) 1740(20) 490(190) 0.13(5) 1.32 0.21(8) 0.03

lines) were implemented in the fit as done previously in162

similar analyses [36, 37]. Simulated energy (E�) and the163

intensity values (I�) for both Cu nuclei are summarized164

in Table I. The main sources of the uncertainties in the165

transition energies come from the energy calibration (5166

keV for all energies) and from the statistical uncertain-167

ties of the fit. No information on the half-lives of levels168

was available and, therefore, all decays were considered169

prompt, feeding directly the ground state. Due to the170

presence of the long-lived 8+ state in 78Zn [39], a fraction171

of ions could reach the secondary target in the isomeric172

state instead of the ground state. The isomeric ratio was173

measured during the experiment with the EURICA array174

to be 7.7(8) %. Although the detailed level schemes are175

known from the beta-decay experiments [30, 31], the �-176

� coincidence data helped to determine the partial level177

schemes for both Cu isotopes in the present work. The178

insets in Fig.1 show examples of the coincidence spectra179

gated on the 530- and 490-keV transitions in 75Cu and180

on the 940- and 1740-keV transitions in 77Cu. Figure 2181

shows the level schemes of 75Cu and 77Cu determined in182

the present �-� coincidence analysis. The known states183

observed in the recent measurement agree with those re-184

ported in Ref. [30, 31] for both Cu isotopes.185186

The inclusive cross sections (ICS) for 76Zn(p, 2p)75Cu187

and 78Zn(p, 2p)77Cu reactions in the present work were188

found to be equal to 15.0(7) mb and 11.5(8) mb, respec-189

tively, compared to 7.9(2) mb for the 80Zn(p, 2p)79Cu re-190

action reported in Ref. [37]. A rather high ICS obtained191

in 75Cu drastically dropping in 77,79Cu, can be related to192

the one-neutron separation energy in 75Cu (6.54 MeV),193

also high compared to 77Cu (5.95 MeV) and 79Cu (5.71194

MeV) isotopes [40, 41]. A large fraction of the single-195
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1741

946

5/2 0
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9/2 992
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7/2 1680

5/2 0

3/2 293

7/2 1154

7/2 2068

9/2 946

7/2 2687

75 Cu 77Cu

Sn=6535 keV

Sn=5953 keV

FIG. 2. (Color online) Proposed partial level schemes of
75,77Cu deduced from the present one-proton knockout re-
actions.The level energies and �-ray transitions are adopted
from Ref.[30, 31]. Arrows indicate the absolute �-transition
intensities. One-neutron separation energies, Sn, are given
in dashed lines and are scaled by a factor of 0.5 in the level
schemes [40, 41].

particle strength originating from ⇡1f�17/2 is distributed196

between high-lying bound states in 75Cu while between197

bound and unbound states in the heavier Cu isotopes.198

The measured one-proton knockout cross sections from199
76Zn and 78Zn to all bound final states of 75Cu and 77Cu,200

respectively, are further discussed in detail. The exclu-201

sive reaction cross sections (ECS), feeding the individual202

states, are derived from the �-ray branching ratios and203

the de-excitation patterns given in Fig. 2. ECS are de-204

SEASTAR Level schemes

 Shell 
evolution and 

shape 
coexistence in 

the 78Ni region 
Eda Sahin 

University of Oslo Z=28 shell gap

Nuclear Structure and Dynamics,NSD2019 (13-17 May 2019), Venice

Short—lived Cu isotopes have to be 
produced, selected and unambiguously 
identified (A. Gade et al.)

Experimental 
challenge

RIBF, Radioactive Ion-Beam Facility at RIKEN, Japan

Production: 238U (345 MeV/nuc) + 9Be ➞ in-flight fission 
Selection   : Fragment separator 
Identified  : Spectrographs and Detectors

75Cu 77Cu
78Ni

N=40 N=50

Spectroscopy of Cu nuclei



Collectivity in the vicinity of 78Ni:
Coulomb excitation of neutron-rich 

Zn at HIE-ISOLDE
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On behalf of the IS557 collaboration 
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78Ga Cont.

78Zn 2+ → 0+

78Zn 4+ → 2+
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78Zn on 208Pb at 4.3 MeV/u

2+

0+

6+

4+

730 keV

890 keV

908 keV

78Zn 4+ → 2+

Analysis of the data – Exp 2016

78Zn 4+ → 2+

78Zn 2+ → 0+

78Ga Cont.

Physics motivation

Andres Illana Sison NSD Venezia - May 2019 3

T. Otsuka et al., Phys. Rev. Lett. 95 (2005) 232502
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Reduction of the proton f5/2 - f7/2
S.O. gap when filling ug9/2

Influence of (multi)particle-hole u 
excitations and higher lying orbits
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correlations
nucleon - nucleon

mass – mass 

reaction 
mechanism 

above the barrier 

below the barrier 

Heavy ion transfer reactions Heavy ion transfer reactions Heavy ion transfer reactions Heavy ion transfer reactions 

studies of pairing in nuclei

instrumental: coincident 
detection of partners 

neutron rich nuclei heavy nuclei synthesis in lab 

studies of production of 
heavy neutron-rich nuclei 

  

Recent studies of heavy ion transfer reactions Recent studies of heavy ion transfer reactions 
using large solid angle magnetic spectrometersusing large solid angle magnetic spectrometers

Suzana SzilnerSuzana Szilner
Ruđer Bošković Institute, ZagrebRuđer Bošković Institute, Zagreb
PRISMA collaboration PRISMA collaboration     

Suzana SzilnerSuzana Szilner
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6060Ni+Ni+116116Sn: neutron pair transfer far below the Coulomb barrier  Sn: neutron pair transfer far below the Coulomb barrier  
6060Ni+Ni+116116Sn: neutron pair transfer far below the Coulomb barrier  Sn: neutron pair transfer far below the Coulomb barrier  

The experimental transfer probabilities are 
well reproduced, in absolute values and in 
slope by microscopic calculations which 
incorporate nucleon-nucleon correlations: 
 a consistent description of (1n) and (2n) 
channels
 the formalism for (2n) incorporates the 
contribution from both the simultaneous and 
successive terms (only the ground-to-ground-
state transition has been calculated)
character of pairing correlations manifests 
itself equally well in simultaneous and  in 
successive transfers due to the correlation 
length 



  197197Au+Au+130130Te: coincident detection of binary partenrs Te: coincident detection of binary partenrs 
  197197Au+Au+130130Te: coincident detection of binary partenrs Te: coincident detection of binary partenrs 

Multinucleon transfer reactions are suitable tool for the 
production of the heavy neutron-rich nuclei
Te isotopes with “more” neutrons than in  130Te
Au isotopes with “more” neutrons than in  197Au

Pb

Au

N=126

  

Synthesis of heavy neutron rich nuclei in labsSynthesis of heavy neutron rich nuclei in labsSynthesis of heavy neutron rich nuclei in labsSynthesis of heavy neutron rich nuclei in labs

Fusion by using neutron-rich radioactive beams  → the intensity of the beams 
rather small (accelerators)
 
Neutron capture reaction →  the intensity of the neutron beams is small 
(reactors) 

 relativistic energies : fragmentation reactions 
energies close to the Coulomb barrier : multinucleon transfer reactions 
→ cross sections ~ μb – nb 
→ detection systems: large solid angle, large efficiency, large selectivity...

multinucleon transfer reactions: 
136Xe + 198Pt @ Elab= 8 MeV/A

fragmentation reactions: 
208Pb + 9Be @ Elab= 1 GeV/A 

Y. Watanabe et al, Phys. Rev. Lett. 115 (2015) 
172503, T. Kurtukian-Nieto et al., Phys. Rev. C 
89 (2014) 024616.  
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Nuclear production around N = 126 by MNT reaction
Macroscopic approach
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A. Winther, Nucl. Phys. A 572, 191 – 235 (1994); 
594, 203 – 245 (1995).

GRAZING calculation

J.S. Barrett et al., Phys. Rev. C 91, 064615 (2015).
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Os (Z = 76) W (Z = 74)

V. Zagrebaev and W. Greiner, Phys. Rev. Lett. 101, 122701 (2008).

p-pickup

n-stripping

4

Gas cell system
• Target (enriched 198Pt, 92%)
• MNT reaction
• Gas cell (Ar gas, neutralization)
• Laser resonance ionization

(Element selection)

Detection system
• Tape transport system
• β-ray detector
• Clover HpGe detectors for γ-rays

Extraction chamber
• HV (~ 20 kV)

KEK Isotope Separation System (KISS)
• Construction at RIKEN since 2011
• Online test since 2013
• Open for users since 2016

ISOL (Mass selection)

Y. Hirayama et al., Nucl. Instrum. and Meth. B 353, 4 (2015).
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Heavy-Ion fusion
Sub-barrier hindrance

Light systems

Stellar evolution

Nuclear Physics

Astrophysics

G. Montagnoli
Università degli studi and INFN, Padova

G.M., NSD Venezia, May 14, 2019

Threshold energies for hindrance in light systems

The system 12C + 30Si has a z parameter 
very near to the lighter systems important 
for stellar evolution. Its Q-value for 
fusion is positive (Q=+14.1 MeV)

12C + 24Mg (Q=+16.3 MeV) is even closer to 
the light systems and has been measured 
very recently

The case of 12C + 20Ne raises questions ….

N.B. (the points of C+C and O+O are 
obtained only from extrapolations)

G.M., NSD Venezia, May 14, 2019
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Fusion in massive stars:
Pushing the 12C+12C cross-section to the

limits with the STELLA experiment at IPN Orsay
David Jenkins

University of York, UK

USIAS Strasbourg, France

Fusion in massive stars:
Pushing the 12C+12C cross-section to the

limits with the STELLA experiment at IPN Orsay
David Jenkins

University of York, UK

USIAS Strasbourg, France
…measurement of the S-factor with particle-gamma coincidence.



Nuclear	physics	in	stellar	lifestyles	with	the	
Trojan	Horse	Method		

Aurora Tumino	

	

Normalization to direct data done in the Ecm window 2.50–2.63 MeV of the 20Ne + α1: all 
data sets available included, less sensitivity to flawed ones 

Agreement between THM and direct data within the experimental errors except around 2.14 
MeV, where THM data do not confirm the claim of a strong resonance;  
nearby one at 2.095 MeV about one order of magnitude less intense in the 20Ne + α1 channel and 
with similar intensity in the 23Na + p1 one 
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Methods

Gamow peak: It defines the energy window corresponding to the maximum of the reaction

rate. It is achieved with the convolution of the Maxwell velocity distribution and the tunneling

probability. Its central energy E0 and its width � depend on temperature as:

E0 = 0.1220(Z2
1Z

2
2

M1M2

M1 +M2
T 2)1/3 (MeV ) (2)

� = 0.2368(Z2
1Z

2
2

M1M2

M1 +M2
T 5)1/6 (MeV ) (3)

where Zi and Mi are the charges and masses of interacting ions and T the temperature in GK

of the astrophysical scenario of interest. More details can be found in [24].

S(E) astrophysical factor: it is introduced to remove the dominant energy depen-

dence of the cross section between charged particles at astrophysical energies due to the

Coulomb barrier penetration. The S(E) factor is defined through the relationship:

S(E) = E�(E) exp(2⇡⌘) (4)

where �(E) is the energy dependent cross section and exp(2⇡⌘) is the inverse of the Gamow

factor, with ⌘ the Sommerfeld parameter depending on the charges Z1, Z2 of the colliding

nuclei and on their relative velocity v in the entrance channel, ⌘ = Z1Z2e2/(~v). For s-wave

non resonant reactions, the S(E) factor is nearly independent of energy and is the conventional

quantity that is used to extrapolate to low energies. For the 12C+12C reaction, it is customary

to use the so called modified S(E) factor, S(E)⇤, which displays resonances more clearly. It is

defined as

S(E)⇤ = E�(E) exp(87.21E�1/2 + 0.46E) (MeV b) (5)

where the exponential term is the inverse of the Gamow factor with a correction arising from

the second term in the Coulomb barrier approximation [30]. In particular, the numerical factor
A.  Tumino et al., Nature 557, 687 (2018) 	
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Fig. 1 | Excitation functions from THM experimental yields. The 
quasi-free cross-section for the four channels 20Ne + α0 (a), 20Ne + α1 (b), 
23Na + p0 (c) and 23Na + p1 (d) is projected onto the Ecm variable (black 
dots). Error bars denote ±1σ uncertainties and account for background 

subtraction (combined in quadrature). Red lines and light-red shading 
represent the results of the modified R-matrix fits and the related 
uncertainties, respectively.
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Fig. 2 | 12C + 12C astrophysical S(E)* factors. The THM S(E)* factors for 
the four channels 20Ne + α0 (a), 20Ne + α1 (b), 23Na + p0 (c) and 23Na + p1 (d)  
are shown as black lines. The available direct data in the Ecm range 
investigated are reported as red filled circles15, purple filled squares18, 

blue filled diamonds19, blue filled stars20 and green filled triangles21. The 
upper and lower grey lines mark the range arising from ±1σ uncertainties 
on resonance parameters plus the normalization to direct data in the 
20Ne + α1 channel at Ecm = 2.50–2.63 MeV.
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An increase in the 12C + 12C fusion rate from 
resonances at astrophysical energies
A. Tumino1,2*, C. Spitaleri2,3, M. La Cognata2, S. Cherubini2,3, G. L. Guardo2,4, M. Gulino1,2, S. Hayakawa2,5, I. Indelicato2,  
L. Lamia2,3, H. Petrascu4, R. G. Pizzone2, S. M. R. Puglia2, G. G. Rapisarda2, S. Romano2,3, M. L. Sergi2, R. Spartá2 & L. Trache4

Carbon burning powers scenarios that influence the fate of stars, 
such as the late evolutionary stages of massive stars1 (exceeding 
eight solar masses) and superbursts from accreting neutron stars2,3. 
It proceeds through the 12C + 12C fusion reactions that produce an 
alpha particle and neon-20 or a proton and sodium-23—that is, 
12C(12C, α)20Ne and 12C(12C, p)23Na—at temperatures greater than 
0.4 × 109 kelvin, corresponding to astrophysical energies exceeding a 
megaelectronvolt, at which such nuclear reactions are more likely to 
occur in stars. The cross-sections4 for those carbon fusion reactions 
(probabilities that are required to calculate the rate of the reactions) 
have hitherto not been measured at the Gamow peaks4 below 2 
megaelectronvolts because of exponential suppression arising from 
the Coulomb barrier. The reference rate5 at temperatures below 
1.2 × 109 kelvin relies on extrapolations that ignore the effects of 
possible low-lying resonances. Here we report the measurement of 
the 12C(12C, α0,1)20Ne and 12C(12C, p0,1)23Na reaction rates (where 
the subscripts 0 and 1 stand for the ground and first excited states 
of 20Ne and 23Na, respectively) at centre-of-mass energies from 2.7 
to 0.8 megaelectronvolts using the Trojan Horse method6,7 and 
the deuteron in 14N. The cross-sections deduced exhibit several 
resonances that are responsible for very large increases of the 
reaction rate at relevant temperatures. In particular, around 5 × 108 
kelvin, the reaction rate is boosted to more than 25 times larger than 
the reference value5. This finding may have implications such as 
lowering the temperatures and densities8 required for the ignition 
of carbon burning in massive stars and decreasing the superburst 
ignition depth in accreting neutron stars to reconcile observations 
with theoretical models3.

We measured the 12C(14N, α20Ne)2H and 12C(14N, p23Na)2H three-
body processes in the quasi-free kinematic regime using the Trojan 
Horse Method (THM). The THM is an indirect technique with which 
to measure low-energy nuclear reactions unhindered by the Coulomb 
barrier and free of electron screening. The experimental and analysis 
procedures are detailed in Methods sections ‘THM basic features’, ‘One-
level many-channel THM formalism’, ‘Experimental setup and channel 
selection’ and ‘Deuteron momentum distribution’. The experiment was 
performed at INFN, Laboratori Nazionali del Sud, Italy. A 30-MeV 14N 
beam accelerated by the MP Tandem accelerator was delivered onto a 
carbon target. The detection setup consisted of two silicon telescopes, 
devoted to the detection of α–d and p–d coincidences. The occurrence 
and the dominance of the quasi-free mechanism5 was indicated by the 
agreement between the shapes of the experimental and the theoretical 
d momentum distributions (Extended Data Fig. 1).

The THM experimental yields projected onto the 12C–12C relative 
energy variable, the centre-of-mass energy Ecm, are shown as black dots 
in Fig. 1a (20Ne + α0), Fig. 1b (20Ne + α1), Fig. 1c (23Na + p0) and Fig. 1d 
(23Na + p1). A smooth four-body background due to 16O + α + α + d 
was subtracted from the THM yields for the 20Ne + α0,1 channels. Error 
bars display the statistical errors and account for background subtrac-
tion uncertainty, when applicable, combined in quadrature.

A modified one-level many-channel R-matrix analysis was  
carried out including the excited states of the 24Mg nucleus reported  
in Extended Data Table 19–13. The fraction of the total fusion yield 
from α and p channels14,15 other than α0,1 and p0.1 was neglected with 
estimated errors at Ecm < 2 MeV lower than 1% and 2% for the α and 
p channels, respectively (see Methods section ‘Modified R-matrix 
analysis’).

The results are shown in Fig. 1a–d as red lines and with light-red 
shading indicating the uncertainties on the resonance parameters, 
including correlations. Agreement with experimental data is fair and 
confirmed by the reduced χ2 (that is, χ!2) values of 0.73 for 20Ne + α0, 
1.06 for 20Ne + α1, 0.54 for 23Na + p0 and 1.34 for 23Na + p1. The reso-
nance structure observed in the excitation functions is consistent with 
24Mg level energies reported in the literature, with some tendency for 
the even-J states to be clustered11 at about 1.5 MeV. The THM-reduced 
widths thus entered a standard R-matrix code16 and the S(E) factors 
(see Methods section ‘Astrophysical S(E) factor’) for the four reaction 
channels were determined.

The results are shown in Fig. 2a (20Ne + α0), Fig. 2b (20Ne + α1), 
Fig. 2c (23Na + p0) and Fig. 2d (23Na + p1), in terms of the modified S(E) 
factor15,17, S(E)*, (see Methods section ‘Astrophysical S(E) factor’). The 
black line and grey shading in each panel represent the best-fit curve 
and the range defined by the total uncertainties, respectively. The grey 
shading is the result of R-matrix calculations with lower and upper 
values of the resonance parameters provided by their errors after being 
combined with the normalization one. Excursions from the midline 
range from 11% to 20%.

The resonant structures are superimposed onto a flat nonresonant 
background15 of 0.4 × 1016 MeV b. Unitarity of the S matrix is guar-
anteed within the experimental uncertainties. Normalization to direct 
data was done in the Ecm window 2.50–2.63 MeV of the 20Ne + α1 chan-
nel, where a sharp resonance corresponding to the 16.5-MeV level9 of 
24Mg appears and available data15,18–20 in this region are the most accu-
rate of those overlapping with THM data. By scaling to the resonance by 
means of a weighted normalization, the resulting normalization error is 
5%, shown as grey shading in Fig. 2a–d, combined in quadrature with 
errors on the resonance parameters.

Existing direct data below Ecm = 3 MeV are shown as red filled 
circles15, purple filled squares18, blue empty diamonds19, blue filled 
stars20 and green filled triangles21 in Fig. 2. Their low-energy limit is 
mostly fixed by the background due to hydrogen contamination in the 
targets18–21 and the higher S(E) values for the p1 channel in some of 
them19–21 were attributed to Coulomb excitation of 23Na contamina-
tion in the targets or collimators15,20. Disregarding these cases, agree-
ment between THM results and direct data are apparent within the  
experimental errors, except for the direct low-energy limit around  
2.14 MeV, where THM data do not confirm the claim of a strong  
resonance; instead, there is a nearby resonance at 2.095 MeV, about one 
order of magnitude less intense in the 20Ne + α1 channel (see Fig. 2b) 
and with similar intensity in the 23Na + p1 one (see Fig. 2d). The present 

1Facoltá di Ingegneria e Architettura, Universitá degli Studi di Enna “Kore”, Enna, Italy. 2INFN, Laboratori Nazionali del Sud, Catania, Italy. 3Dipartimento di Fisica e Astronomia, Università degli 
Studi di Catania, Catania, Italy. 4Horia Hulubei National Institute for R&D in Physics and Nuclear Engineering, Bucharest-Magurele, Romania. 5Center for Nuclear Studies, The University of Tokyo, 
Tokyo, Japan. *e-mail: tumino@lns.infn.it
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Fig. 1 | Excitation functions from THM experimental yields. The 
quasi-free cross-section for the four channels 20Ne + α0 (a), 20Ne + α1 (b), 
23Na + p0 (c) and 23Na + p1 (d) is projected onto the Ecm variable (black 
dots). Error bars denote ±1σ uncertainties and account for background 

subtraction (combined in quadrature). Red lines and light-red shading 
represent the results of the modified R-matrix fits and the related 
uncertainties, respectively.
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Fig. 2 | 12C + 12C astrophysical S(E)* factors. The THM S(E)* factors for 
the four channels 20Ne + α0 (a), 20Ne + α1 (b), 23Na + p0 (c) and 23Na + p1 (d)  
are shown as black lines. The available direct data in the Ecm range 
investigated are reported as red filled circles14, purple filled squares17, 

blue empty diamonds18, blue filled stars19 and green filled triangles20. The 
upper and lower grey lines mark the range arising from ±1σ uncertainties 
on resonance parameters plus the normalization to direct data in the 
20Ne + α1 channel at Ecm = 2.50–2.63 MeV.
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A	new	experimental tool

Nuclear reactions
Heavy-Ion induced Double	Charge Exchange	reactions (DCE)	
to	stimulate in	the	laboratory the	same nuclear transition
(g.s.	to	g.s.)	occurring in	0νββ

N

Z

76Se

76Ge

NURE

F.	Cappuzzello et	al.,	EPJ	A	(2018)	54:72

The	Goals of	the	Research Program

The	dream:	
Extraction	from	measured	cross-sections	of	“data-driven”
information	on	NME	for	all	the	systems	candidate	for	
0νββ

• Complete study	of	the	reaction	mechanism
• Constraints	to	the	existing	theories	of	NMEs	(nuclear	wave	
functions)

• Model-independent	comparative	information on	the	
sensitivity	of	half-life	experiments

Mid	term	goals:
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Halo and unbound light nuclei
from ab initio theory

Petr Navratil
TRIUMF

Nuclear Structure and Dynamics NSD 2019
Venice, Italy,  May 13-17, 2019

Collaborators: S. Quaglioni (LLNL), G. Hupin (Orsay),          
M. Vorabbi, A. Calci (TRIUMF), P. Gysbers (UBC/TRIUMF),                        
M. Gennari (Waterloo), J. Dohet-Eraly (ULB),                     
R. Roth (Darmstadt)

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
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∑ ,λ + dr γ v (
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∑ ,ν
A− a( )
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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).
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193H(d,n)4He with chiral NN+3N(500) interaction

Polarized fusion
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Harnessing fusion energy
The Deuterium-Tritium (DT) fusion

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

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

§ Very little is known of how the 
polarization of the reactants’ 
spins affects the reaction
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NCSMC calculation demonstrates impact of partial waves with l > 0 
as well as the contribution of l = 0 J; = ½+ channel

ARTICLE

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

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

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

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

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

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

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

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

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

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

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

thermonuclear reaction data critical to nuclear science applications.

https://doi.org/10.1038/s41467-018-08052-6 OPEN
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29NCSMC wave functions of 11Be used as input for other studies

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
3Lawrence Livermore National Laboratory, P.O. Box 808, L-414, Livermore, California 94551, USA
4Institut de Physique Nucléaire, Université Paris-Sud, IN2P3/CNRS, F-91406 Orsay Cedex, France

5CEA, DAM, DIF, F-91297 Arpajon, France
(Received 11 August 2016; revised manuscript received 7 October 2016; published 9 December 2016)

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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X

λ
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πT
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Systematic analysis of the peripherality of the 10Be(d, p)11Be transfer reaction and extraction
of the asymptotic normalization coefficient of 11Be bound states

J. Yang1,2,* and P. Capel1,3,†
1Physique Nucléaire et Physique Quantique (CP 229), Université libre de Bruxelles (ULB), B-1050 Brussels, Belgium

2Afdeling Kern-en Stralingsfysica, Celestijnenlaan 200d-bus 2418, B-3001 Leuven, Belgium
3Institut für Kernphysik, Johannes Gutenberg-Universität Mainz, D-55099 Mainz, Germany

(Received 5 June 2018; revised manuscript received 30 September 2018; published 2 November 2018)

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
†pcapel@uni-mainz.de

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

2469-9985/2018/98(5)/054602(10) 054602-1 ©2018 American Physical Society
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Dissecting reaction calculations using halo effective field theory and ab initio input
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3Institut für Kernphysik, Technische Universität Darmstadt, 64289 Darmstadt, Germany
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5Institute of Nuclear and Particle Physics and Department of Physics and Astronomy, Ohio University, Athens, Ohio 45701, USA

(Received 13 June 2018; revised manuscript received 15 August 2018; published 21 September 2018)

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

*pcapel@uni-mainz.de
†phillid1@ohio.edu
‡hans-werner.hammer@physik.tu-darmstadt.de

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].

2469-9985/2018/98(3)/034610(17) 034610-1 ©2018 American Physical Society

Neutron transfer reactions in halo e↵ective field theory
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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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Reliable extraction of the dB(E1)/dE for 11Be from its breakup at 
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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.

40Conclusions

§ 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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Purpose of the Conference 
The IV International Conference on Nuclear Structure and Dynamics NSD2019 will be held in Venice at Centro 
Culturale Don Orione Artigianelli on May 13-17, 2019. The conference is a follow-up of the three previous 
conferences held first in 2009 in Dubrovnik (Croatia), continued in 2012 in Opatija (Croatia) and last in 2015 in 
Portoroz (Slovenia), and belongs to a series of conferences devoted to the most recent experimental and 
theoretical advances in the field of nuclear structure and reactions. The NSD2019 Conference will maintain this 
tradition, with the aim to provide a broad discussion forum that will promote exchange of ideas and 
collaboration among researchers with experimental, theoretical and phenomenological background. We 
encourage the attendance of graduate students and postdocs.  
 
Topics 

o Nuclear structure and reactions far from stability 
o Collective phenomena and symmetries 
o Dynamics and thermodynamics of light and heavy nuclei   
o Sub- and near-barrier reactions 
o Fusion and Fission dynamics  
o Ab initio calculations, cluster models and shell model 
o Nuclear energy density functionals 
o Nuclear astrophysics 
o Fundamental interactions 

 
Venue 
NSD2019 will be held at "Centro Culturale Don Orione Artigianelli" in Venice. It is located in Sestiere 
Dorsoduro, on the wide Calle (Rio Terà Foscarini) connecting Canal Grande to the quayside Zattere. In a few 
minutes you can reach the Peggy Guggenheim Collection, the Gallerie dell’Accademia and Piazza S. Marco. You 
can visit this page for directions. 
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Nuclear structure studies based on
energy density functionals

Tamara Nikšić
University of Zagreb

Nuclear structure and dynamics 2019 (NSD2019) 
Venice, Italy, May 2019

Coexisting shapes in neutron-deficient Nd and Sm isotopes
Phys. Rev. C 98, 054308 (2018) 
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Elena Litvinova

Nuclear S!ucture and Dynamics 2019, Venice, May 12-17, 2019

Western Michigan University

Finite-temperature nuclear response in the relativistic framework  

In collaboration with H. Wibowo, C. Robin and P. Schuck

The 
RQTBA3: partly correlated 3p3h configurations 

(preliminary results)

Giant Dipole Resonance in Ca isotopes Pygmy Dipole Resonance in 68Ni

The new complex configurations 2q+2phonon 
included for the first time enforce fragmentation and 
spreading toward higher and lower energies, thus, 
modifying both giant and pygmy dipole resonances; 

Exp. Data: V.A. Erokhova et al., Bull. Rus. Acad. 
Phys. 67, 1636 (2003) O. Wieland et al., Phys. Rev. 
C 98, 064313;

RQTBA3 demonstrates an overall systematic 
improvement of the description of nuclear excited 
states heading toward spectroscopic accuracy 
without strong limitations on masses and excitation 
energies.

Δ = 200 keV

Δ = 500 keV
Δ = 20 keV



Time-Dependent Hartree-Fock Theory for Multinucleon Transfer Reactions:
Very recent results

Kazuyuki Sekizawa

Center for Interdisciplinary Research
Institute for Research Promotion, Niigata University, Japan
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Production cross sections for N=126 isotones

K. Sekizawa Tue., May. 14, 2019TDHF Theory for Multinucleon Transfer Reactions

136Xe+198Pt
144Xe+198Pt
132Sn+208Pb
134Xe+208Pb
204Hg+198Pt

N=126, primary Watanabe et al. (Ec.m.=645MeV)
PRL115(2015)172503

Barrett et al. (Ec.m.=450 MeV)
PRC91(2015)064615

Isotonic distributions for various systems

Preliminary
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A.S. Umar

Research supported by: U.S. Department of Energy, Division of Nuclear Physics

Equilibration Dynamics in Nuclear Reactions

Department of Physics & Astronomy

Topics:

I. Time-scales for low-energy heavy-ion reactions
II. Equilibration dynamics of mass, isospin, energy
III. Isospin dynamics and fusion barriers
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Quasifission – 48Ca + 249Bk – orientation and shell effects

Most comprehensive QF calculation
All b in range (0o,180o) Db=15o

Entire L range for each b
Each (b,L) run takes 1-3 days on 20 core CPU

Light Heavy

Deep inelastic
Quasielastic

LightLight
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Quantum equilibration dynamics

Isospin

Mass

Energy

Mass Fluctuations

78Kr+208Pb
58Ni+60Ni

78Kr+208Pb

40,48Ca+238U,249Bk
Cr+W and many others
Slowed by shell effects

58Ni+60Ni, Xe+Pb
SMF, TDRPA
S. Ayik, et al. arXiv:1904:09619 (2019)
Williams et al., PRL 120, 022501 (2018)

Time to equilibrium

~ 10 zs

~ 1 zs

~ 1.5 zs

~ 3 zs

QF

DIC

Need more systematics……..



Collaborators:   Shi Jin                                (University od Washington)
Piotr Magierski                  (Warsaw UT and UoW)
Kenneth J. Roche              (PNNL and UoW)
Nicolas Schunck                (LLNL)
Ionel Stetcu                        (LANL)

Fission Dynamics

Aurel Bulgac
University of Washington 
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Fission Dynamics

Aurel Bulgac
University of Washington 

Agreement	with	observations	is	pretty	good	and	without	any	fitting	parameters,	as	long
as	the	basic	nuclear	properties	(saturation,	surface	tension,	symmetry	energy,		Coulomb,	
spin-orbit,	pairing)	are	well	described	!

How	important	is	pairing?

Normal	pairing	strength
Saddle-to-scission	14,000	fm/c

Enhanced	pairing	strength
Saddle-to-scission	1,400	fm/c	!!!

Without	pairing	nuclei	will	either	need		a	long	time	to	fission	or	typically	will	fission!!!			

How	important	is	pairing?

Normal	pairing	strength
Saddle-to-scission	14,000	fm/c

Enhanced	pairing	strength
Saddle-to-scission	1,400	fm/c	!!!

Without	pairing	nuclei	will	either	need		a	long	time	to	fission	or	typically	will	fission!!!			

Summary 
• While pairing is not the engine driving the fission dynamics, pairing provides the 

essential lubricant, without which the evolution may arrive quickly to a 
screeching halt.

• TDDFT will offer insights into nuclear processes and quantities which are either 
not easy or impossible to obtain in the laboratory:  fission fragments excitation 
energies and angular momenta distributions prior to neutron and γ emission, 
element formation in astrophysical environments, and other nuclear reactions in a 
parameter free approach …

• The quality of the agreement with experimental observations is surprisingly good, 
especially taking into account the fact that we made no effort to reproduce any 
fission measured data. No fitting of parameters!

• It has been now firmly established microscopically that large amplitude collective 
motion is  strongly dissipative and overdamped and phenomenological models 
would have to be altered accordingly. 

• The fissioning nucleus behaves superficially as a very viscous system. 

• The “temperatures” of the fission fragments are not equal.



Symmetry-guided and algebraic approaches:

Systematic Search for Tetrahedral and Octahedral
Symmetries⇤) in Subatomic Physics:

Follow-up of the First-Discovery Case#) of 152Sm

Jerzy DUDEK

UdS/IN2P3/CNRS, France and UMCS, Poland

⇤)Also called: Platonic Symmetries – or – High-Rank Symmetries
or: Hidden Symmetry, in Greek: kruptosummetr–a

#)JD and collaborators, PHYS. REV. C 97, 021302(R) (2018)

Jerzy DUDEK, UdS and UMCS Evidence for Octahedral & Tetrahedral Symmetries
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Thursday, 16 May 2019 
 
9:00 - 10:40  Session XV – Chair: Krzysztof Rusek (Warsaw University, Poland) 
   
  9:00  Recent results on heavy-ion induced reactions of interest for neutrinoless  
   double beta decay at INFN-LNS 30’ 
   Manuela Cavallaro (INFN - LNS, Italy) 
  9:30  Nuclear Structure of N=Z nuclei 30’ 
   Silvia Lenzi (Padova University and INFN, Italy)      
  10:00  Single- and double-charge exchange excitations of spin-isospin mode 20’ 
   Hiroyuki Sagawa (Aizu University and RIKEN, Japan) 
  10:20  Theory of Heavy Ion Single and Double Charge Exchange Reactions as Probes  
   for Nuclear Beta Decay 20’ 
   Horst Lenske (Giessen University, Germany) 
 
10:40 - 11:10  Coffee break 
 
11:10 - 12:40  Session XVI – Chair: Horst Lenske (Giessen University, Germany) 
 
         11:10  Systematic Search for Tetrahedral and Octahedral Symmetries In Subatomic  
   Physics: Follow-up of the First-Discovery Case 30’ 
   Jerzy Dudek (CNRS, Strasbourg, France) 
         11:40  A 21st Century View of Nuclear Structure 20’ 
   Jerry Draayer (Louisiana State University, USA)      
         12:00  Pairing rotation and pairing energy density functional 20’ 
          Nobuo Hinohara (Tsukuba University, Japan)) 
  12:20  Skyrme functional with tensor terms from ab initio calculations in  
   neutron-proton drops 20’ 
   Shihang Shen (Milano University and INFN, Italy) 
         
13:15 - 14:15  Lunch 
 

15:00 - 18:30  PARALLEL SESSIONS 
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15:00 - 16:30  Session XVII – Chair: Daniele Mengoni (Padova University and INFN, Italy) 
 
  15:00  Coexistence and evolution of shapes: mean-field-based interacting  
   boson model  30’ 
   Kosuke Nomura (JAEA, Japan) 
  15:30  Shape coexistence in 94Zr studied via Coulomb Excitation 20’ 
   Naomi Marchini (Firenze University and INFN, Italy)      
  15:50  Shape evolution in exotic neutron-rich nuclei around mass 100 20’ 
   Saba Ansari (CEA Saclay, France) 
  16:10  Shape transitions between and within Zr isotopes 20’ 
   Volker Werner (TU Darmstadt, Germany) 
 
16:30 - 17:00  Coffee break 
 
17:00 - 18:10  Session XVIII – Chair: Filip Kondev (ANL, USA) 
 
  17:00  High-spin structure and isomers near closed shell nuclei using INGA 30’ 
   Rudraiyoti Palit (TIFR, Mumbai, India) 
  17:30  Neutron Skin Effects in Mirror Energy Differences: The Case of 23Mg-23Na 20’ 
   Francesco Recchia (Padova University and INFN, Italy)      
  17:50  Discovery of collective states in the heavy 208Pb nucleus by complete  
   spectroscopy 20’ 
   Andreas Heusler (MPI, Heidelberg, Germany) 
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