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What a title !      A bit of everything … 
 

Start with some reminders of “classical” nuclear physics 
 

What’s new over the last 30 years ? 
From the perspective of an observer of the field since 1989 … 
(pure experimentalist, γ-ray spectroscopist interested in A>70 nuclei)  
 
 
 
Radioactive ion beams are an important part, but not the whole story ! 
 

Small selection of examples – only limited time … 
 

I will simplify (hopefully without getting things wrong), omit, not always show latest etc. 
 

Try to avoid topics which others may already have shown 

Single particle versus collectivity, 
shapes of exotic nuclei 



The shell structure of atomic nuclei 

? 

Remember: 
Two independent parameters 
in atomic nuclei, Z and N ! 

“Shell evolution”: 
Next part of my talk … 

1949 
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Nobel Prize in Physics 1963 



The birth of the collective models in 1952 

Nov. 1952 March 1953 



First observation of rotational bands 

Isomeric decay 

Fine structure in α decay 

first Coulex experiment 

Bohr Nobel Lecture 

Three examples from 1953: 

E(4+)/E(2+) ~ 3.3 

Nobel Prize in Physics 1975 



„Nuclei are like egg shells which are filled 
with a mixture of a normal and a super- 

conducting liquid !“ 

Super conductivity due to pairing forces 
in analogy to the Cooper pairs (electrons) 

in superconductors. 

The problem of the “wrong” moment of inertia 

„whirl free“ 
liquid 

rigid rotation of an ellipsoid 
of constant density 

Exp. 

1955 



The vibrational degree of freedom 

Giant Dipole Resonance 

(γ,n) cross section – Nd (Z=60) 

N=82 

N=90 



Deformed nuclei in the Nilsson model 

2j+1-fold degeneration is removed, 
states with +m and –m still degenerate ! 

new asymptotic 
quantum numbers 

oblate prolate spherical 

deformation 

20 

8 

2 

1p3/2 

1p1/2 

1d3/2 

2s1/2 

1d5/2 

1955 



Single-particle motion in a deformed field 

A. Jungclaus et al., Phys. Rev. C67, 034302 (2003) 

Three rotational band heads within 75 keV ! 

66 
161Dy95 66 

odd neutron 

deformation 



Single-particle motion in a rotating deformed field 

parity 
signature 

Single-particle energies depend on deformation and rotational frequency ! 

Rotation removes the last degeneracy ! 

spherical 



neutrons 

pr
ot

on
s 

Study of global properties and low-lying excited 
states of nuclei in or close to the valley of stability 

•  β-decay 
•  α-induced reactions 
•  neutron capture 
•  transfer reactions (p,d,t induced) 
•  Coulex (p, α …)   
•  γ-induced neutron emission 
 
•  scattering experiments (e, p …) 

Over the next twenty years ... 

132Sn 4/8 

Radii and density distributions ! 



magic 
numbers 

Calculated deformation (Möller-Nix) 

Single-particle excitations 
→ nuclear shell model 
vibrations → collective models 

spherical nucleus 

oblate nucleus 

prolate nucleus 

rotations and vibrations 
→ collective models 

„Classical“ nuclear physics 

deformed 
nuclei 

spherical 
nuclei 



E(2+) and E(4+)/E(2+) 
as global indicators 
in even-even nuclei 

Rotations 

Quadrupole vibrations 

regular pattern in 
heavier nuclei 

regular pattern in 
heavier nuclei 

E(21
+) (MeV) 

E(41
+)/E(21

+) 

E(41
+)/E(21

+) 
=(4*5)/(2*3) 
=20/6=3.3 

E(41
+)/E(21

+) 
=2hω/hω=2 



magic 
numbers 

Calculated deformation (Möller-Nix) 

Single-particle excitations 
→ nuclear shell model 
vibrations → collective models 

spherical nucleus 

oblate nucleus 

prolate nucleus 

rotations and vibrations 
→ collective models 

„Classical“ nuclear physics 

deformed 
nuclei 

spherical 
nuclei 

Is that already 
the full story ? 

No !!!!!!!!!!!!!!!! 



neutrons 

pr
ot

on
s 

Let‘s play with all degrees of freedom 

temperature 
excitation energy 

angular 
momentum 

isospin, N/Z 

Heat 
it up ! 

Let 
it spin ! 

Leave valley 
of stability ! 

Let’s start with the 
light nuclei ! 
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Nuclear radii – halos and neutron skins 

R = r0·A1/3          r0 = 1.1-1.2 fm 

The thickness t of the nuclear 
surface is constant.  
Protons and neutrons are 
uniformly mixed. 

Remember: No ! 



The Pygmy resonance in neutron-rich Sn isotopes 

photo-neutron cross section 

P. Adrich et al. 
Phys. Rev. Lett. 95 (2005) 132501  

Giant Dipole Resonance 124Sn 

130Sn 

132Sn 

last 
stable 

in
cr

ea
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 n

eu
tro

n 
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m
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r 74 

80 

82 

10.1 MeV 

9.8 MeV 

N 

Pygmy Resonance 

GSI 

A new collective mode at large isospin ! 
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Nuclear radii – halos and neutron skins 

Nuclear clusters 
and mulecules ! 

E. Epelbaum et al., PRL 109, 252501 (2012) 

Hoyle state in 12C 

Light nuclei are indeed a rich playground ! 



“Shell evolution” on the neutron-rich side 

? 



N=20 

H 
He 

Li 
Be 
B 
C 

N 
O 

F 
Ne 

Na 
Mg 
Al 
Si 

P 
S 

Cl 
Ar 

K 
Ca 

N=28 

N=8 

Neutron halos and the N=8 shell closure 

1n Halo 
Borromean (2n) 
´core´+4n 
1p Halo 

Halo nuclei 

d5/2 s1/2 p3/2 p1/2 s1/2 d3/2 

11Li 



Knockout reactions at relativistic energies 

Pfrag = -Pn   

knockout reaction 

extended wavefunction narrow momentum distribution 

density distribution momentum distribution 

Heisenberg’s uncertainty principle 

angular momentum l of the removed nucleon 



11Li momentum distr. 

strong s-wave admixture 

p1/2 

s1/2 

H. Simon et al., Phys. Rev. Lett. 83, 496 (1999) 

GSI 

8 

2 
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28 
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1p1/2 

1d5/2 
2s1/2 
1d3/2 

1f7/2 

2p3/2 1f5/2 
2p1/2 

N=20 
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1n Halo 
Borromean (2n) 
´core´+4n 
1p Halo 

Halo nuclei 

d5/2 s1/2 p3/2 p1/2 s1/2 d3/2 

11Li 

Neutron halos and the N=8 shell closure 

No N=8 gap for Li ! 



N=20 

H 
He 

Li 
Be 
B 
C 

N 
O 

F 
Ne 

Na 
Mg 
Al 
Si 

P 
S 

Cl 
Ar 

K 
Ca 

N=28 

N=8 

What about the N=20 shell closure ? 

1n Halo 
Borromean (2n) 
´core´+4n 
1p Halo 

Halo nuclei 

d5/2 s1/2 p3/2 p1/2 s1/2 d3/2 

? 

2n separation energy 

1975 

C. Thibault et al., PRC 12, 644 

31,32Na “more tightly 
bound than expected” ! 

C. Détraz et al., PRC 19, 164 

1979 
2+ excitation energy 

Low 2+ energy in 32Mg ! 

Since then a wealth of information in this region 



N=20 
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Li 
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d5/2 s1/2 p3/2 p1/2 s1/2 d3/2 

s1/2 

p3/2 

p1/2 

d5/2 

s1/2 

d3/2 

T. Otsuka et al., Phys. Rev. Lett. 87, 082502 (2001); Phys. Rev. Lett. 95, 232502 (2005) 

monopole effects of the 
tensor force 

l+1/2 l’-1/2 

p dripline 

n dripline 

20 

d5/2 

s1/2 

d3/2 

8 

20 

d5/2 

s1/2 

d3/2 

8 

strong attractive 
πd5/2 – νd3/2 interaction 

34Si 

34Si 

20 

d5/2 

s1/2 

d3/2 

8 

16 

d5/2 

s1/2 

d3/2 

8 28O 

ga
p 

N=16 

no attractive 
πd5/2 – νd3/2 interaction 

Explanation within the shell model picture 
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monopole effects of the 
tensor force 

l+1/2 l’-1/2 

p dripline 

n dripline 

Deformed intruder 
configuration g.s. in 32Mg ! 

N=16 

N=20 y la “isla de inversión” 
40Ca 

N=20 

38Ar 

36S 

34Si 

32Mg 

30Ne 

28O 

f7/2 d3/2 

d5/2 
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Normal configuration 

16 
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Deformed intruder configuration 

Figura consistente gracias a la amplia 
información experimental ! 

línea de goteo 
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Deformed intruder configuration 

Figura consistente gracias a la amplia 
información experimental ! 

línea de goteo 

24O doubly magic ? 
deformation β	

d3/2 

s1/2 

f7/2 

First example of shape coexistence today ! 



Momentum distributions in 23,24O 

Last neutron occupies s1/2 orbital, no d3/2 component ! 

Spherical magic number at N=16, 
24O doubly magic ! 

R. Kanungo et al., PRL 102, 152501 (2009) 

24O 

s1/2 and d3/2 close in energy, 
mixing to be expected 
No mixing → N=16 gap ! 

s1/2 

GSI 

d3/2 

11Li momentum distr. 

s1/2 

GSI 

p1/2 

8 
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N=16 

ground state 
deformation 

p dripline 

n dripline 

dripline anomaly 
new doubly-magic 

nucleus 24O 

New magic number and the island of inversion 
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Neutron dripline anomaly around flourine 

Fragmentation of 40Ar @ 94.1 MeV/u 

N=2Z+2 

N=2Z+4 32Ne 
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Fragmentation of 48Ca @ 64 MeV/u 

both experiments performed 
at RIKEN (Japan) 

H. Sakurai et al., Physics Letters B448 (1999) 180 
M. Notani et al., Physics Letters B542 (2002) 49 
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H. Sakurai et al., Physics Letters B448 (1999) 180 
M. Notani et al., Physics Letters B542 (2002) 49 

Additional binding due to deformation !!! 
The mere existence of a nucleus already tells us something … 

H. Sakurai et al., PLB 448 (1999) 180 
M. Notani et al., PLB 542 (2002) 49 

RIKEN 

In F (Z=9) six more neutrones are bound 
as compared to O (Z=8) ! 

The neutron dripline up to Na 



N=20 

H 
He 

Li 
Be 
B 
C 

N 
O 

F 
Ne 

Na 
Mg 
Al 
Si 

P 
S 

Cl 
Ar 

K 
Ca 

N=28 

N=8 

d5/2 s1/2 p3/2 p1/2 s1/2 d3/2 

s1/2 

p3/2 

p1/2 

d5/2 

s1/2 

d3/2 

N=16 

p dripline 

n dripline 

What about N=28 ? 

New magic number and the island of inversion 



N=20 

N=28 

A second “island of inversion” at N=28 ? 

42Si is the key nucleus 

2007 

MSU 

Shell model suggests a “Peninsula” ! 

Mg 

Si 

2+ energies 



What about the N=28 shell closure ?  

2005 

2007 

2007 

2012 

More complete experimental 
information needed ! 
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F 
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O 

C 

p3/2 

monopole effects of the 
tensor force 

l+1/2 l’-1/2 

N=40 

Is N=34 a new magic number far-off stability ? 

N=16 

24O 

When we empty the πd5/2 the νd3/2 goes up – N=16 ! 

54Ca 

Doubly magic ??? 

N=34 

When we empty the πf7/2 the νf5/2 goes up – N=34 ??? 



2013 



2013 

2+ energy 

28	 28	 28	 28	 28	

32	

An inflation of “shell gaps” and “magic numbers” ! 

34 

2013 

32 



The γ-ray spectrometer DALI2 at RIKEN 

186 NaI (Tl) 
scintillators 



neutrons 

pr
ot

on
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Single-particle energies (and consequently 
shell gaps) change with isospin - as they 
do with deformation (and rotation) ! 

N=50, 82 and 126 (spin-orbit) shell closures 
unfortunately cannot be studied close to the 
dripline - neither now nor in the future. 

132Sn region crucial for 
nuclear astrophysics ! 

The heavier neutron-rich region 



rp process 
(rapid proton capture) 

r process 
(rapid neutron capture) 

s process 
(slow neutron capture) 

Nucleosynthesis of the heaviest elements 

•  He burning stage of stellar evolution 
•  thousands of years 
•  low neutron densities 

•  explosive events 
•  some seconds 
•  high neutron densities 

•  binary systems 
•  ~100 seconds 
•  high temperatures and 
  proton densities 

n-capture cross sections of stable nuclei 

shell structure, masses, 
β-decay halflives 
far-off stability 



Realistic r process calculations (G. Martínez Pinedo) 

Most nuclear input data are theoretical estimates ! 



waiting 
points 

The importance of the N=82,126 shell closures 

Figure shown in nearly all glossy brochures for future facilities … 



Supernovae remnant Crab nebula 

Merging neutron stars 

Site of r-process still 
an open question ! 



133Cd	

132Sn 

r process nucleus 

J. Hakala et al., Phys. Rev. Lett. 109 (2012) 032501 

masses 

Experimental status of the 132Sn region 

T1/2 

Need many more experimental 
half-lives and masses ! 



133Cd	

The EURICA project at RIKEN – since 2012 

BigRIPS 

EURICA 

ID plot from BigRIPS 

238U @ 345 MeV/u Be target 
(3mm) 

136Sn 

T. Kubo et al.,  PTEP 2012, 03C003 

Z 

A/q 

Y. Shimizu 



WAS3ABi 
Stack of segmented 

Si detectors 
 

ion implantation 
β decay	

EURICA 
12 EUROBALL Cluster 

detectors, i.e. 84 Ge crystals 
 

γ decay of isomeric states 
or after β decay 

The EURICA project at RIKEN – since 2012 

Half-lives ! 
Nuclear structure ! 



New isotopes ! 

A/q 

Z 

N=82 

Sn 

BigRIPS ID plot: Sum of two settings 



110 half-lives measured, 40 for the first time ! 

Systematic half-life measurement in the 132Sn region 

N=82 



Production cross sections for 238U+Be @ 345 MeV 

One order of magnitude in beam intensity means 1-2 neutrons further out ! 



G. Lorusso et al., Phys. Rev. Lett. 114, 192501 (2015) 

Systematic measurements crucial to test theoretical model predictions for 
unaccessible regions of the nuclear chart ! 

Systematic half-life measurement in the 132Sn region 



The r-process solar system abundance pattern 

without new half-lives 

with new half-lives 

alleviate the underproduction just below 
the A~130 peak and 
greatly improve the description of the rare 
earth element abundances. 

No need for fancy explications ! G. Lorusso et al., Phys. Rev. Lett. 114, 192501 (2015) 

The more nuclear physics input is 
experimentally available, the better 
the astrophysical parameters can 
be confined !  

Site of the r-process 

New experimental half-lives 


