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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 (M.J. García Borge, D. Cortina).

Porqué necesitamos haces post acelerados
Porqué necesitamos alejarnos de la estabilidad

(J.L. Taín, A. Gadea, E. Nácher).



265 stable 
About 3000 out 
of 6000 
synthesised in 
our laboratories.



Similarly to the chemical elemets, the nuclei
are better known and understood if the lie closse to the stability

Let us see an example
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What can we do if we have an stable target : we can perform 
nuclear reactions, for instance with light nuclei



Let us use an illustrative example: 209Bi

83Bi126
209

Closed shell for neutronsClosed shell + 1 p

209Bi=208Pb+p
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82Pb126
208



208Pb(3He,d)209BiReaction:

208Pb target 209Bi final nucleus

|i> à                                        |f>
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209Bi=208Pb+p

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

3-h9/2

3-208Pl

3- x h9/2



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 de núcleos 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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132Sn, unstable, T1/2=40s
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13/2+

82

½- missing
(and the 13/2+ too)



132Sn(d,p)133Sn

13/2+

Year 2010

Radioactive beam of 132Sn
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Curiosity, for complition: the 13/2+ level 
has just have been identified few months ago
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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. But for most of 
the cases, a radioactive beam is more feasible than a radioactive target
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We need to produce a beam of radioactive nuclei

Step 2: produce the beam at a certain energy

Step1: The first thing to worry about is how to produce 
radioactive nuclei

Methodology: to separate them from other radioactive products, 
Isol method or in-flight separation.

Condition of step 1: to produce the radioactive nuclei them 
in a “clean” way
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How to produce radioactive nuclei.
Tool: Reaction or Fission 

Step1



Beam  + target à 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/FAIR, FRIB

ISOLDE

Reactors, ISOLDE…

“SPIRAL2”

“Small facilities”



Historical view to the discovery of new isotopes
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https://people.nscl.msu.edu/~thoennes/isotopes/2018-Isotope-Movie.mp4

https://people.nscl.msu.edu/~thoennes/isotopes/2018-Isotope-Movie.mp4
https://people.nscl.msu.edu/~thoennes/isotopes/2018-Isotope-Movie.mp4
https://people.nscl.msu.edu/~thoennes/isotopes/2018-Isotope-Movie.mp4
https://people.nscl.msu.edu/~thoennes/isotopes/2018-Isotope-Movie.mp4
https://people.nscl.msu.edu/~thoennes/isotopes/2018-Isotope-Movie.mp4


I you want to learn how all that 
happened, read this book
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Isotopic Separation On-Line (ISOL)    

Light projectile 
thick target

difussion

ion source mas separator

high-energy nucleus

In-flight fragmentation    
heavy projectile thin target spectrometer

The condition is to separate them from other radioactive products:
Radioactive nuclei production techniques
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Very low energy

Needs post acceleration to reach step 2

This method produce nuclei at high
velocity (energy) step 2 reached
In the production method



Production techniques Rad Beams: post acceleration

Ø Isotopic separation on-line (ISOL)    

light projectile

thick target

diffusion

ion source

post-acceleration

mass separator
high-energy nucleus
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Needs post acceleration to reach step 2



132Sn + d à 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: 

Radioactive beam
(40 sec): 
inverse kinematics

132Sn + d à 133Sn + p 
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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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This part to accelerate protons at 1.4 GeV
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“All nuclei”

“mainly neutron rich”

😃 High intensity p beam (upto1016 s-1) the same beam that serves LHC
😀 thick target (100% energy range of p)  
🙁 long extraction and ionization time (hundred’s ms)
🙁 Not clean
😐 Chemistry dependent
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The Separator: in general, only 
isobaric separation
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Many methods have been developed along the years
to help ionisation and cleanliness:
Example: Laser ion source
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High Resolution Separator

General Purpose Separator

P beam

Many experiments have been carried out
During these 59 years with beams right after 
the separation. ISOLDE is the oldest experiment still running at CERN
Until 2006 with non accelerated beams or slow beams. From 2026 until now, 
both slow beams and post accelerated beams (HIE-ISOLDE) are posible.
The activity of the IFIC gamma group focus
On beta decay activities here
(see talk by A. Algora, J.L. Tain and E. Nacher)
IEM and Comp. Madrid also very active at ISOLDE
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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

HIE-ISOLDE has been upgraded along the years, today it can reach 5.5 MeV/u, just the
right energy for nuclear reactions(in general)

HIE-ISOLDE
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24 six-fold segmented, tapered, encapsulated high-purity germanium crystals

Post accelerated beams + sophysticated
detection set-up: Miniball gamma array
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HRS

GPS

laser spectroscopy 
experiments

COLLAPS
ISOLTRAPIDS

MIRACLS MR-TOF

Protons

nuclear 
masses

decay
station

CRIS

TAS-Lucretia

VITO
WISArD

total absorption spectrometer

laser-polarised beams for nuclear 
physics, chemistry and biology

βν(θ)

Travelling setups

HRS   GPS

1.4-GeV protons

PUMA
Coming soon 

RIB & antiprotons 

solid-state physics area
emission channeling, 
PAC, Mössbauer, ….

.

MEDICIS
medical isotopes 
researchmass 

separators

HIE-ISOLDE post 
accelerator

MINIBALL
γ-ray array

Solenoidal
Spectrometer

transfer reactions

Scattering
Chamber

scattering and 
reactions

ISOLDE lei out as it appears in the NUPECC 
long range plan 2024



Isol + post acceleration future

Isol + post acceleration present
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Future ISOL facilities
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?
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Unfortunatelly, the SPIRAL lei out, as it will appear in the
Long Range plan 2024, does not include the ISOL part, 
but it is mentioned as future plan
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SPES
Selective Production of Exotic Species

Under construction



Radioactive nuclei production techniques
Isotopic separation on-line (ISOL)    

J😃We can use thick production targets (100% of energy range) => and high 
injector beam current (upto1016 s-1) 
JPost accelerated beams of high quality
😕 long extraction and ionization time (100 ms)
😐 chemistry dependent

Light 
target

difussion

ion source mas separator

😕 thinner targets (10% of range) =>lower beam currents (upto 1012 s-1)
😀 short separation+identification time (100 ns) 
😀 chemistry independent
😀 relativistic energies (but poor energy definition)

high-energy nucleus

In-flight fragmentation    
heavy projectile thin target spectrometer



Projectile Fragmentation Reactions

hotspot

Excited 
pre-fragment

Final target like
fragment

Projectile
1 GeV/u

target

1 GeV/u 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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The energy issue: Some physics can only be reached 
with relativistic energies
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LISE-GANIL-France FRS GSI Germany

Actual Fragment Separators

RIKEN Nichina 
Center, Japan FRIB MSU USA



Fragmentation, present

Fragmentation, future



49
A. Gade, EuNPC2025, Caen, September 2025

Identification and beam transport

400 kW, 200 MeV/u 
Uranium

Operative since 2022

Stopped 
Beams

S1

S1: FDSi S2: Sweeper Magnet 
MoNA/LISA

S3: S800

RTGCACGS BMI
S

LEBI
T

BECOL
A/RiSE

ReA3 ReA6

SOLARIS

SECAR



FRS

Super-FRS Degrader

Degrader 1

Degrader 2

Degrader, DE
Different ions lose 
A different amount 
of energy

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

Primary
beam

Cocktail of ions arriving 
to the focal plane

Bρ

Experimental
Area

Thin target

The FRS  fragment separator at GSI
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Hans Geissel
1950-2024



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

1975

1990
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SIS FRS ESR

ALADIN

LAND

INJECTION 
FROM UNILAC

PRODUCTION  TARGET

1
2

3
 FRS Branches

Primary beam HI Cocktail 
beam

Target Fragment separator

Experimental 
area



FAIR – Facility for Antiproton and Ion ResearchVery near Future
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Existing GSI facility New facility

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
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FRS

Super-FRS Degrader

Degrader 1

Degrader 2

FRS to Super-FRS

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

Optimised to separate
very fast fragment or
fission products
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SUPERconducting FRagment 
Separator 

Transmission

132Sn 
separation
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FAIR in 
construction

as it was in 2022 

B. Rubio. Master FN, Valencia 2024
B. Rubio. 

Master FN, 
Valencia 2026
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Recommendation, to visualise the contruction, have a look at this video:
https://www.youtube.com/watch?v=wTCkZdeqI8I

2024
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The high Energy 
Cave
2023 

(See talk by Dolores Cortina on 
Reactions at Relativistic Energies)



FAIR - NUSTAR 
schedule
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ISOL and In-Flight facilities-Partners

In-Flight ISOL

• 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

Depending on the physics you want to achieve, 
you will choose on or the other: they are complementary. 
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New oportunities are just coming up!!!
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FIN
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