
Giovanni Casini 
INFN Sezione di Firenze

“New aspects and properties of 
atomic nuclei using reactions  with 

radioactive beams”

A contribution to the  
Inspyre 2025 School INFN LNL, Legnaro

July 15-18  2025







An adventure in a Canyon region
Grand Canyon, USA Jebel Shams Canyon, OMAN

From an old conversation with my colleague Nanni Pollarolo 





Summary

● 1900-1980 Nuclear physics, down in the canyon (stability)
● Where/How  Nature explores the whole landscape
● 1980-now: exotic beam facilities and the journey far from 

stability
● Physics cases, fascinating nuclei













                 

90 years of predictions
Semi-empirical nuclear mass

formula 
Von Weitzäcker, 1935

Nuclear mass number A

Various contributions to EB  (or B/A, MeV scale)





Stronger bonds, larger stability: the canyon

The interplay of the various nuclear potential terms produces a narrow region in the bidimensional map 
Z vs A  (Chart of Segré), where most nuclei are located: this is the VALLEY of (nuclear)  STABILITY  (where 
about 300 nuclides are sitting)



Stronger bonds, larger stability

A’

A
Section A-A’

The interplay of the various nuclear potential terms produces a narrow region, in the bidimensional map 
Z vs A  (Chart of Segré), where most nuclei are located: this is the VALLEY of (nuclear)  STABILITY

n DRIP LINE

p DRIP LINE

Drip lines: are the tops of the canyon, at both sides, where separation energy for p and n goes to zero.



How did nuclei form or how are they now 
forming? 

● Cosmological origin: Big BANG 
● Stellar main sequence  (mainly from fusion of 4*H into 4He)
● Stars (old and/or heavy)  from He+He+He to 12C and over (16O,20Ne…)
● Stars: Neutron “candles” at a certain stellar life phase; the slow process
● Stars: Final (explosive) phases; the rapid process
● Giant explosions or collisions: Black hole mergers or other pair collapses
● And in laboratories? Can we do something similar?

How did nuclei form or how are they  
forming now? 





How did nuclei form or how are they  
forming, now ? 

Nucleosynthesis

● Cosmological origin: BIG BANG 
● Stellar main sequence  (p-p chain, basically is fusion of 4*H into 4He)
● Stars (old and/or heavy)  from He+He+He to 12C and over 

(16O,20Ne…)
● Stars: Neutron “candles” at a certain stellar life phase; the slow process
● Stars: Final (explosive) phases; the rapid process
● Giant explosions or collisions: micronovae, novae, black hole mergers 

or other pair collapses



How did nuclei form or how are they  
forming, now ? 

Nucleosynthesis  
● Cosmological origin: BIG BANG 
● Stellar main sequence  (basically, fusion of 4*H into 4He)
● Stars (old and/or heavy)  from He+He+He to 12C and over 

(16O,20Ne…)
● Stars: Neutron “candles” at a certain stellar life phase; the slow process
● Stars: Final (explosive) phases; the rapid process
● Giant explosions or collisions: micronovae, novae, Black hole mergers or 

other pair collapses
● And in laboratories? Can we do something similar on Earth?





RIB labs in the world

I-Themba Cape Town







IN-FLIGHT Technique
In ITALY

FRAISE Fragment IN-flight Separator
 @ LNS, INFN Catania

Driver: Superconducting Cyclotron (upgraded to 10kW)
Primary Ions: from C to Ar
Production Target: Be,C  (max power 2-3kW)
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IN-FLIGHT Technique

RIKEN (Japan),MSU (US)
GSI (Germany)
In progress: LNS, RAON (Korea)

This is a person!

Super Fragment Separator @ GSI

Superconducting magnet for SFS

SFS

Energies up to 1.5 GeV/nucleon

Intensities up to 1000 billions per 
second 
Elements from p – U  

A GIANT IN GERMANY

FEATURES





The italian ISOL laboratory: SPES at LNL













Which are the most intriguing 
physics subjects?

Nuclear geography: interplay of energies and potentials  (typical of all physical systems)

● Nuclear radius: a  clear cut definition?
● Atomic nuclei become nuclear atoms...
● Nuclei: not only single protons and neutrons
● Weakly bound systems and their wonderful periphery
● Strange radioactivity modes
● Shapes: not only spherical droplets
● From old Magic to new Magic
● ...and much more; if you’re curious, please follow Nuclear Physics Academic courses!

To stimulate your curiosity



What is the nuclear radius?

V=(4 /3)π R3

m=ρV ;ρ=constant (incompressible liquid drop)

Till the ‘80s there was consensus about the  “macroscopic” nucleus description in terms of a drop 
of incompressible liquid with constant density. This implies that the radius R of the nucleus 
weakly increases with its mass m.

From these formulas, it simply follows:

R=am(1 /3)=r0 A
(1 /3) Where r0 is a ‘constant’ in (fm) and A is the mass number. Typically r0=1.2fm

R50=r0 A
(1 /3)−δ

radius

density

R

But: Natura non facit saltus! Experiments using electron diffusion on nuclei revealed some 
diffuseness, i.e. some surface detail:

radius

density R50



R50=r0 A
(1 /3)−δ

Target projectile
R=r0

' A(1 /3)

Nuclear tails...

What is the nuclear radius?
Measurements of cross sections in reactions with stable nuclei  put in evidence small surface 
effects (diffuseness); however,  the main view/description of the nuclear droplets was retained.



R50=r0 A
(1 /3)−δ

Target projectile
R=r0

' A(1 /3)

What is the nuclear radius?
Measurements of cross sections in reactions with stable nuclei  put in evidence small surface 
effects (diffuseness); however,  the main view/description of the nuclear droplets was retained.

Separation coordinate







Other phenomena have been put in evidence and are currently under study using reactions with exotic beams. 
The drip lines have been reached with these investigations for the light systems because they are closer to the 
Valley. 

Examples of new nuclear phenomena

◍ Only in three guys together, we 
survive! 

◍ Neutrons as electrons in molecules

◍ Not only halos but also Neutron skins

◍ Towards the Equation of State of 
nuclei  and neutron stars

◍ The world of clusters

9Li + neutron doesn’t exist

2-neutron pair doesn’t exist

9Li+2n  does exist, it’s 11Li

Rare quantum case of a 
system bound via three-body 
correlations

Borromean nuclei
 (from araldic logo)

An unexpected variety of configurations



Several Borromean nuclei 
(e.g.  6He, 14Be, 22C)
Some single-neutron halo 
nuclei (e.g.11Be, 19C)
Some 4n correlations 
(19B)
Rare cases of proton halo 
(e.g. 17Ne)
The strange case of 24O 
and 31F limiting species

2015: n-drip line was reached up to Z=11 (Sodium)
What next? 

An unexpected variety of configurations
Other phenomena have been put in evidence and are currently under study using reactions with exotic beams. 
The drip lines have been reached with these investigations for the light systems because they are closer to the 
Valley. 



Several Borromean nuclei 
(e.g.  6He, 14Be, 22C)
Some single-neutron halo 
nuclei (e.g.11Be, 19C)
Some 4n correlations 
(19B)
Rare cases of proton halo 
(e.g. 17Ne)
The strange case of 24O 
and 31F border guys

2015: n-drip line was reached up to Z=11 (Sodium)
What next? 

An unexpected variety of configurations
Other phenomena have been put in evidence and are currently under study using reactions with exotic beams. 
The drip lines have been reached with these investigations for the light systems because they are closer to the 
Valley. 

Update 2022



An unexpected variety:clusters
Archaeologists are  careful when they suspect that 
some nice hidden  structure and configuration can 
emerge from the gross region they excavate.

Similarly, nuclear physicists for many decades were 
supposing that in some nuclei the wave function may 
have contribution from cluster configurations (i.e. 
groups of strictly correlated nucleons in the 
medium)

In particular, (due to their high binding energy) 
nucleon quartettos of alpha-particles were expected. 

As in archaelogy discovery, the underlying structure 
can manifest when the nucleus is gently excited just 
close to the separation energy (at the threshold)









 





An unexpected variety 
12Be

A proposed new IKEDA diagram

Cartoons for dimers 
and trimers 

16C X (fm)

Y (fm)

Density plots  from  a 
sophisticated quantum model 
(Antisymmetrized Molecular 

Dynamics AMD)

Matter proton neutron

12Be









Shape Coexistence
one chemistry, various shapes

Quantum system phenomenon:
The system can assume various 
shapes (rearrangements of the 
constituents) having close energetic 
levels. The constituents   can be 
arranged differently 

MOLECULES, ISOMERS

Again in analogy with chemistry



Nuclear Shape in two parameters
(for the class of quadrupole deformation)

Parameter describing
Shape type

Sherical

Parameter describing
Amount of deformation
b

g

Semiclassical nuclear Model based on the 
analogy with a deformed liquid drop system



Shape Coexistence in nuclei
the discovery in the ‘70s

Time line

At ISOLDE-CERN, the study of 
neutron deficient Hg and Pb 
isotopes, showed this new facet of 
nuclear structure

Similarly, Kr isotopes were soon 
found to present almost degenerate 
(i.e. same energy) prolate and 
oblate configurations 



The example of 66
28Ni (unstable) 

At the ground state an almost spherical shape 
energy band is found

Mostly spherical

Mixed oblate



The example of 66Ni (unstable) 

Transitions from different shape 
bands are strongly suppressed

You must climb the barrier if 
you would go from spherical to 
prolate

NO!



The example of 66Ni (unstable) 

Transitions from different shape 
bands are strongly suppressed

You must climb the barrier if 
you would go from spherical to 
prolate

NO!



A very rich information 
exploring the “canyon” slope 

Stable isotopes

Unstable isotopes

54h                      29 s                          6 s

Even-even
28Ni chain

Developping the barrier in deformed excited 0+  band

Model predictions

(MCSM = MonteCarlo Shell Model)
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Conclusions

Valley of Stability

Neutron Drip line

Unknown regions for
Young researchers

Proton drip
line

C.D. Friedrich

Light  nuclei

Heavy and SuperHeavy  
nuclei



The discovery of halo in nuclei
● 11Li 

● Dimensions

● Weakly bound systems

● Diffuse surfaces

● New collective modes

● Strange shapes  (not only spherical: pear, chain, bubble, coexistence)

● Exotic radioactivity e.g. proton decay!

● New magic numbers

● From ‘normal’ collective modes to exotic modes

● Pigmy

● Dynamical dipole



Coulomb excitation: 
electric fields to gently excite nuclei

Strong actual interest: perfect technique for ISOL 
laboratories

Collectivity in nuclei 
Shape coexistence

ISOL: low energy beams
ISOL: pure beam species (low contamination)
ISOL: suitable beam (even low) currents, CE has large cross sections
 
OPTIMUM experimental conditions to investigate more the nuclear structure far 
from the stability line (“climb the canyon cliff”)

OF COURSE:
The more you climb the more you suffer! (low statistics, large isotopic 
contaminations, less robust complementary information)

J.A. Brown 1991   
FIRST EXPERIMENT WITH a 
Radioactive beam  (USA)
8Li  from n-pickup of 7Li on a 
thick Be target

8Li+Ni at 15MeV



Example of IF facility  NSCL (USA)
Se serve vedi 
Btsang nella 
cartella talk 
nusym15
DeAngelis
vitainfn/csn3/2017
Prete
vitainfn/cns3/
lns2017



Gamma side
Coulomb excitation  
Vedi indico page  feb 2025, Firenze
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The discovery of halo in nuclei
● 11Li 

● Dimensions

● Weakly bound systems

● Diffuse surfaces

● New collective modes

● Strange shapes  (not only spherical: pear, chain, bubble, coexistence)

● Exotic radioactivity e.g. proton decay!

● New magic numbers

● From ‘normal’ collective modes to exotic modes

● Pigmy

● Dynamical dipole
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