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Porqué la producción de haces radioactivos ha marcado un 
antes y un después en la Física Nuclear

Reacciones nucleares y lo que nos enseñan 
de la estructura de los núcleos.

Porqué necesitamos haces postacelerados
Porqué necesitamos alejarnos de la estabilidad.
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265 stable 

About 3000 out 
of 6000 
synthesised in 
our laboratories.Proton Drip Line

Neutron Drip Line

Fission



Close to the stability Direct Reactions with Light Projectiles, p, d, , 
e-, γ, etc.. give us detailed information on the structure of the target 

nucleus
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Let us use an illustrative example

83Bi126

209

Closed shell for neutronsClosed shell + 1 p

209Bi=208Pb+p
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208Pb(3He,d)209Bi
E(3He)=20 MeV

Reaction:

208Pb target

Z

209Bi final nucleus



209Bi=208Pb+p

208Pb(3He,d)209Bi
E(3He)=20 MeV
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209Bi=208Pb+p The first excited state
In 208Pb is an octupole excitation, 3-, at 
2415 keV3-

0+h9/2

h9/2

One expects at the same energy in 209Bi
A septuplet:

The appropriate reaction is inelasctic scattering, for instance (d,d´)

This is the gs of 209Bi
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[3-(208Pb) x h9/2]3/2…15/2
+



209Bi=208Pb+p

3-h9/2

3-



Isovector
ΔT=0 1

One could go to more sophisticated excitation modes such as
An isovector dipole resonance (E1)

E1
IVGDR



Qué ha sido necesario para poder 
hacer estos experimentos

1. Definir la reacción nuclear de interés. 
2. Blancos estables: 208Pb y 209Bi en este caso
2. Un proyectil “sin estructura”
3. Un proyectil ligero (struggling)
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Vamos a intentar aproximarnos a otro núcleo doblemente mágico:
132Sn (Z=50, N=82)
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Hasta qué punto es 133Sn=132Sn(core)+n?
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Vidas medias, T1/2
207 ms !
180/165 ms !

13/2+

0+

82



132Sn(d,p)133Sn

13/2+

Año 2010!!



End of the story (so far):
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Q=13.4 MeV

90% 90%

The location of the i13/2 single particle neutron state is still elusive, 
one possibility is that it is unbound state.
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Conclusion of this part 

It is important to have the possibility to perform reactions where
 either the target or the projectile are radioactive. 

What is easier????
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132Sn + d  133Sn + p 

Haz radioactivo o target 
Radioactivo?

To produce a beam of 132Sn is possible (not easy),
To produce a target of 132Sn (T1/2=40 s) is impossible
To produce a beam of 132Sn is possible (not easy),
To produce a target of 132Sn (T1/2=40 s) is impossible
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We need to produce a beam of radioactive nuclei

The third thing is to produce them at the right energy

The first thing to worry about is how to produce radioactive nuclei:
Tool: Reaction or Fission 

There are two main ways: the Isol method and the fragmentation method 

For that it is important to separate them from other radioactive products

The second thing to worry is to produce them in a “clean” way
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The first thing to worry about is how to produce radioactive nuclei.
Tool: Reaction or Fission 



Beam  +  target  products

HI

p

HI

p/n

The reaction to produce Radioactive beams 
starting with stable beam and stable target

+ Transfer 
reactions

Very few:
2-5

5-100 MeV/u Target

Product energy Number of Products

“All nuclei”

“All nuclei”

“mainly neutron rich”

“mainly proton rich rich”

“close to the stability”

GeV

GeV

small

5MeV/u

20 MeV/u

RIKEN, GSI, MSU,FAIR, FRIB

ISOLDE

Reactors, ISOLDE…

SPIRAL2

“Small facilities”
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Historical view to the discovery of new isotopes
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https://people.nscl.msu.edu/~thoennes/isotopes/yearchart-2015.mp4



Radioactive nuclei production techniques 

 Isotopic Separation On-Line (ISOL)    

Light 
 thick target

difussion

ion source mas separator

high-energy nucleus   

In-flight fragmentation    
heavy projectile thin target spectrometer

The second thing is to separate them from other radioactive products
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Very low energy  

 Fragmentation method 

 Isol method 



Production techniques Rad Beams: post acceleration 

 Isotopic separation on-line (ISOL)    

light projectile

thick target

diffusion

ion source

post-acceleration

mass separator
high-energy nucleus
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 Isol method 



132Sn + d  133Sn + p 

1. Protons accelerated in the cyclotron
2. Uranium Carbide power target 
3. About 100 species produced, some of 

them ionised
4. 132 Mass separated
5. 132Sn separated
6. 132Sn accelerated to 4.8 MeV x A
7. Experiment
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On 16 October 1967, the first 
experiments were carried out at the
Isotopic Separator On Line  
ISOLDE CERN.

CERN's longest serving experimental facility
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1967 First experiment
P of 600 MeV from the PSC

1992 moved to PS booster (today)
(in 2017, 50 years celebration)
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“All nuclei”

“mainly neutron rich”

 😃 High intensity p beam
 😀 thick target (100% of range) => high beam current (upto1016 s-1) 

🙁 long extraction and ionization time (ms)
😐Chemistry dependent



The Separator: in general, only 
isobaric separation
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A place were the newly produced atom is isonised
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High Resolution Separator

General Purpose Separator

P beam

Many experiments have been carried out
During these 50 years with beams right after 
the separation
(non accelerated beams or slow beams)
The activity of the IFIC gamma Group focuss
On beta decay activities here
(see talk by A. Algora)
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In the EBIS the 1+ to n+ ion 
conversion takes place 

A/q separator

Beams from ISOLDE with 
1+ charge state

Preparation
trap 

EBIS Ion Source and beam handling: 5-15% efficiency
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Post accelerator: Normal Conducting LINAC

However, energies only 0.8 to 3 MeV/u which are too low for Nuclear reactions
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24 six-fold segmented, tapered, encapsulated high-purity germanium crystals

Miniball gamma array
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HIE ISOLDE
High Intensity and Energy ISOLDE (up to 10 MeV per nucleon)

4.3 MeV per nucleon

First experiments in 2015
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Isol + post acceleration future

Isol + post acceleration present
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Future ISOL facilities
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?
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UCx
2H

Converter

IS
1+

UCx IS
1+

Target
HI

IS
1+

n

p, d

Fission fragments

Fission fragments

e.g. 14,15O, 11C, 102-106Sn  

2H Converter

Target IS
1+n

e.g. 9Be(n,) 6He  1013pps

ISOL Rare Isotope Beams at SPIRAL 2ISOL Rare Isotope Beams at SPIRAL 2

J. Benlliure

Unfortunatelly the neutron rich side of
The Spiral 2 Facility is not financed at 
The moment
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SPES
Selective Production of Exotic Species

Fortunatelly and startegically a new project for neuron 
rich (fission), has been aproved in Legnaro (Italy), 
and is already under construction
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Far in the Future ISOL facility
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Radioactive nuclei production techniques 

 Isotopic separation on-line (ISOL)    

😃 We can use thick production targets (100% of energy 
range) => and high injector beam current (upto1016 s-1) 

 😕 long extraction and ionization time (ms)
😐chemistry dependent (disadvanages and some advantages)

Light 
 target

difussion

ion source mas separator

 😀 short separation+identification time (100 ns) 
 😕 thinner targets (10% of range) =>lower beam currents (upto 1012 s-1)

😀  chemistry independent

high-energy nucleus   

In-flight fragmentation    
heavy projectile thin target spectrometer



The energy issue: Some physics can only be reached 
with relativistic energies



Projectile Fragmentation Reactions

hotspot

Excited 
pre-fragment

Final target like
fragment

Projectile
1 GeV/u

target

Energy (velocity) of beam > Fermi velocity inside nucleus ~30 MeV/u
Can ‘shear off’ different combinations of protons and neutrons.
Large variety of exotic nuclear species created, all at forward angles
with ~beam velocity. 
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LISE-GANIL

FRS GSI

NSCL/MSU

Present Fragment Separators
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F R S

S u p e r - F R S D e g r a d e r

D e g r a d e r  1

D e g r a d e r  2

Optimised to separate
very fast fragment or
fission products

degrader

Ions are selected according 
to the momentum to charge ratio
Mv/q=Mv/Z=Bρ. Primary beam is rejected.
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The  GSI fragmentation facility

It is possible to accelerate stable 
Nuclei  from H (Z=1) to U (Z=92), in 
the UNILAC + Synchrotron.

Fragmentation of the 
primary ion beam: 
“cocktail” of ions

2019

1975

1990
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S I S F R S E S R

A L A D I N

L A N D

I N J E C T I O N  
F R O M  U N I L A C

P R O D U C T I O N   T A R G E T

1
2

3
 F R S  B r a n c h e s

Primary beam HI Cocktail 
beam

TargetFragment separator

Experimental 
area
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The highest intensity today we find at RIKEN, Nishina Center,
this is partially due to the implementation of the 
superconducting technology

1937, first cyclotron in Jpan and second in the World)

Yoshio Nishina
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Estudios de núcleos exóticos en  RIKEN (Japón)
A. Algora et al.
B. Blank et al.
B. Rubio et al.
Descubrimiento de nuevos isótopos
Estudio de los núcleos de Ge, Se, y Kr más exóticos
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Alcanzado el límite de 
Existencia de los 
núcleos



FAIR – Facility for Antiproton and Ion ResearchFuture (in Europe)
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Existing GSI facility New facility

GSI
Z = 1 – 92
(from p to U)
Up to 2 GeV/nucleon

GSI
Z = 1 – 92
(from p to U)
Up to 2 GeV/nucleon

Beams at  FAIR (future):
Intensity: factor 100 (prim. beams)
10 000 fold (second. beams) 
  Z = -1 – 92
(anti-protons to uranium) 
Up to 35 - 45 GeV/u
„full beam cooling“ 

Beams at  FAIR (future):
Intensity: factor 100 (prim. beams)
10 000 fold (second. beams) 
  Z = -1 – 92
(anti-protons to uranium) 
Up to 35 - 45 GeV/u
„full beam cooling“ 
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F R S

S u p e r - F R S D e g r a d e r

D e g r a d e r  1

D e g r a d e r  2

FRS to Super-FRS

H. Geissel et al. NIM B 204 (2003) 71

Optimised to separate
very fast fragment or
fission products



FAIR Project Progress – Civil Construction

SIS 18 in direction of pLinac : 
Preparation of western transfer 
channel (WTK)

Status: 30.10.201769

SIS 100:
trench sheeting
(first 8 meters 
sheet piling) 





2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Super-FRS

NUSTAR caves

NUSTAR experiments

71

operation at FAIR

construction and operation „outside“ FAIR

installation

construction and installation
commissioning

operation

civil construction

commissioning

Scenario for NUSTAR: Day one



ISOL and In-Flight facilities-Partners

In-FlightISOL

• Relativistic beams

• Universal in Z

• Down to very short T1/2

•More exotic beams

• High intensity beams with ion 
   optics comparable to stable beams

• Easy to manipulate beam energies
   from keV to 10s of MeV

•Cleaner

It is probably true to say that both types of facility but they are 
complementary. 
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FIN



difficulties
• extremely low production cross sections
• overwhelming production of unwanted species in the 

same nuclear reaction,
• very short half lives of the nuclei of interest.

chalenges
• As much intensity as possible (good driver, targets to 

stand the intensity)
• Good separation
• Bring the species to a “clean environment” . Make the 

process as fast as possible
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SUPERconducting FRagment 
Separator 

Transmission

132Sn 
separation



http://iopscience.iop.org/article/10.1088/0031-8949/2013/T152/014023/pdf

A good (although a bit outdated) article 
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