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Porqué la produccion de haces radioactivos ha marcado un
antes y un después en la Fisica Nuclear

Reacciones nucleares y lo que nos ensenan
de la estructura de los nucleos (M.J. Garcia Borge, D. Cortina).
Porqué necesitamos haces post acelerados
Porqué necesitamos alejarnos de la estabilidad
(J.L. Tain, A. Gadea, E. Nacher).
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265 stable

About 3000 out
of 6000
synthesised in
our laboratories.
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300 years of element discovery |

Tachnetium (“artificial”),
unstable, discovered in E
1934 by Segre from a
piece of cyclotron mailed
by Ernest Lawrence from
Berkely to Sicily. (used in
millions of medical
diagnosis)

1915

Count: 87 Completion: 74%

Astatine is the
rarest element existing

‘— * F .:n in our planet with a total
802 | 1783 | 1825 1803 1803 1750 | BCE [ 1500 | 1861 |Ancert| 1500 | 1900 Of 25gr. Isolated by Berta

Kerlik in the 40’s
abundant il’l nature but Very 1839 | 1803 | 1885 | 1885 1879 1901 | 1880 | 18423 | 1886 | 1878 1879 | 1878 1907

difficult to separate from
Zn (X-yay spectrometry)

(1923) Alkaline earth metals Actinides
Post-transition metals : Other non-metals Halogens

'Ru Rh Pd |[Ag|Cd| In [Sn




Search for Super Heavy elements Z>100

Super
Heavy
elements
Can only
be
produced
at
accelerato
rs facilities

“the elements 2017.
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Figure 2. Voyage to the heaviest nuclei.

Is Oganesson a nobel gas
P or 1s neither nobel nor a gas

Figure 1. Periodic table of the elements 2017.

Does period number 8 exists?



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

B* decay B~ decay

Let us see an example



What can ge do if we have an stable target : we can perform
nuclear reactions, for instance with light nuclei
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Let us use an illustrative example: *Bi

208
82Pb126

209Bi=208Pb-+p

209 .
33B1126

e

Closed shell + 1 p Closed shell for neutrons
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Reaction: 208Pb(3He,d)209Bi
li> > | | 1>

& s
208Pb target 209B41 final nucleus
Volume 26B, number 3 PHYSICS LETTERS 8 January 1968
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PROYSICS LELTIERDS
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Fig. 3.2. Single-particle energics for a simple harmonic oscillator (S.H.O.), a modified harmonic
oscillator with /2 term, and a realistic shell model potential with / 2 and spin orbit (/ ® 5) terms.

209Bi=208Pb+p
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One could go to more sophisticated excitation modes such as

An isovector dipole resonance (E1)

Quasi-elastic

A 35 resonance

ay | region
FElastic Giant
resonances
9 ¢ /2 M,
1 1 1 —~
AN 0 30 100 400 =,
\\\K\“ w(MeV)
E1 resonance Agg
g=w 0 20 300 w(MeV)

Fic. 1.1. Characteristic response (cross section ) of an atomic nucleus as a
function of the energy transfer w and momentum transfer ¢q. The lower curve
is for photon absorption, the upper one for particle scattering with ¢ = 2
fm~! # w.
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Que¢ ha sido necesario para poder
hacer estos experimentos

Definir la reaccion nuclear de interes.
Blancos estables: 208Pb y 209B1 en este caso
(Un proyectil “sin estructura’)

(Un proyectil ligero (struggling))

NG e
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Vamos a intentar aproximarnos a otro nucleo doblemente magico:

1328n (Z=50, N=82)
1328n, unstable, T,,=40s
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(5/2)
(9727)
(1/27)
13/2+

3/2~

17s : 7/2°

BT 8.1...

Bn 1.45, 1.04...
y 1127, 1279*
1380...

From ENSDF - Evaluated October 2010

13In g~ decay  1996H016,2000H032

History
Type Author Citation

Full Evaluation  Yu. Khazov and A. Rodionov, F. G. Kondev NDS 112, 855 (2011)

Parent: '3 In: E=0.0; J"=(9/2*); T} ;2=165 ms 3; Q(87)=12917 SY; %" decay=100.0
1995J0ZZ, 1996Ho16, 2000H032: '**In B~ [from 2**U(p,f), E=1 GeV]; measured Ey, Ly, yy-, ny-, By-c
(Bn)y(t). ISOLDE facility; plastic scin 8 detector, two liquid scin n detectors, two Ge y-ray detectors

1338n Levels

Efeve)l ¥

0.0 72
853.73 3/2°

im0 /2- missing

B. Rubio. Master FN, Valencia 2024



(5/27) = 2,005 keV

©9/27) 1,561 keV
(1/27) 1,363 keV

LETTERS Year 2010 R E Y1

3/2~ —————— 854 keV

" nature Vol 465|27 May 2010|doi:10.1038/nature09048

The magic nature of *2Sn explored through the
single-particle states of >3Sn 7/2 ——————0keV

~ K.LJones"? A.S. Adekola®, D. W. Bardayan®, J. C. Blackmon®, K. Y. Chae', K. A. Chipps®, J. A. Cizewski? L. Erikson®,
C. Harlin®, R. Hatarik? R. Kapler!, R. L. Kozub’, J. F. Liang*, R. Livesay®, Z. Ma’, B. H. Moazen', C. D. Nesaraja*,
F. M. Nunes®, S. D. Pain? N. P. Patterson®, D. Shapira*, J. F. Shriner Jr’, M. S, Smith?, T. P. Swan®® & J. S. Thomas®
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1328n(d,p)133 Sn

60 |- Pr°t°"o\ D (5/27) ——————— 2,005 keV
2
taraat 9/2) 1,561 keV
2 b (1/2) —————1,363 keV |
[ =\
50 132g @" —_— 3/2~ ——————854 keV
beam 133G
40 beam 7/27 ——— 0 keV

Counts




Conclusion of this part

It 1s 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 1s more feasible than a radioactive target

B. Rubio. Master FN, Valencia 2024



We need to produce a beam of radioactive nuclel

The first thing to worry about 1s how to produce radioactive nuclei:
Tool: Reaction or Fission

The second thing to worry 1s to produce them 1n a “clean” way
For that 1t 1s important to separate them from other radioactive products
Postaceleration

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

The first one 1s known since many years
(Isolde-CERN, since 1967)

B. Rubio. Master FN, Valencia 2024



The first thing to worry about 1s how to produce radioactive nuclei.
Tool: Reaction or Fission
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The reaction to produce Radioactive beams
starting with stable beam and stable target

Beam + target > products Product energy

Number of Products

GeV Z|

‘ “All nucler” 4- beam
' ‘ — ‘ fragmentation Voroduct = Vbeam up to 1000
HI RIKEN, GSI, MSU,FAIR, FRIB sy
GeV o ‘ “All nucler” “ target
o+ ‘ §> . spallation few MeV/u up to 1000
P
o ISOLDE eSS
small P “mainly neutron rich” 4 et
°+ . = fission ~1 MeV/u few 100 ‘
Reactors, ISOLDE... M Tl
“mainly proton rich rich” zy  targettbeam
fUSIOl'l- ER — mp EP few (< 20) ° d
evaporation m, +m, W ¥~ target
“SPIRAL2” N
“close to the stability™ &
Transfer :
. 5100 Meviu  Very few: ™ Target
reactions T &
Small facilities R




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

2018

Radioactive Decay

Il Mass Spectrosco py
Light Particles

M Fusion/Trans fer

B Spallation
E‘n“ @ M Projectile Fragmentation/
i Deep Inelastic
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https://people.nscl.msu.edu/~thoennes/isotopes/2018-Isotope-Movie.mp4

| you want to learn how all that
happened read this book

The Discovery
of Isotopes

A Complete Compilation
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The second thing 1s to separate them from other radioactive products:
Radioactive nuclei production techniques

Isotopic Separation On-Line (ISOL)

thick target

mas separator
gy Very low energy

10n source

In-flight fragmentation

heavy projectile thin target [NNCEEREEEIEIE high-energy nucleus
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Production techniques Rad Beams: post acceleration

» Isotopic separation on-line (ISOL)

thick target lon source mass separator

high-energy nucleus

light projectile :
post-acceleration

diffusion

B. Rubio. Master FN, Valencia 2024



132Sn +d > 133Sn +p

Radioactive beam
(40 sec):
inverse kinematics

3.

el

Abbu 10 sp ies p oduced some of
th¢m 1onised/
132 Mass s¢parated
132Sn separated
32Sn accelerated to 4.8 MeV x A
xperiment



On 16 October 1967, the first
experiments were carried out at the

Isotopic Separator On Line
y ISOLDE CERN.

.

"3 m

RN's longest serving experimental facility

Juha Aysto
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The CERN accelerator complex
Complexe des accélérateurs du CERN

CMS

- AWAKE

HiRadMat
EI

MEDICIS
2010 |
ISOLDE

AD ELENA

BOOSTER

b

Ll
ET  eeee—
R leccscsccsccccacanans 4
—
- . CLEAR
3 | e
e | 2005 (74 e} |
P H (hydrogen anions) b of b ions P RIBs (Radioactive lon Beams) P nineutrons) P p lantiprotons) P e electrons) Py imuons)

LHC - Large Hadron Collider // SPS - Super Proton Synchrotron /f PS - Proton Synchrotron // AD - Antiproton Decelerator // CLEAR - CERN Linear
Electron Accelerator for Research // AWAKE - Advanced WAKefield Experiment // ISOLDE - Isotope Separator OnlLine // REX/HIE-ISOLDE - Radioactive
EXperiment/High Intensity and Energy ISOLDE // MEDICIS // LEIR - Low Energy lon Ring // LINAC - LINear ACcelerator J/
n_TOF - Newtrons Time OF Flight # HiRadMat - High-Radiation to Materials // Neutrino Platform
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“All nuclei” fgertargel
°+ ‘ > . spallation few MeV/u up to 1000
“mainly neutron rich” & o target
.
o+ ‘ fission ~1 MeV/u few 100

N

< High intensity p beam (upto10!6 s-1) the same beam that serves LHC)
< thick target (100% energy range of p)

& long extraction and 1onization time (hundred’s ms)

&/Chemistry dependent



The Separator: 1n general, only
1sobaric separation

Isotope Se paragog

Q/A



lon sources

4 )
Laser ion source target ion source ﬂ extractor mass separation
® 2- or 3-step ionisation ( . e——
. . laser beams
® |sotope and isomer i
selection W * \, experiments
| ® Universal (almost) )
®projectiles  target material @neutrals 9 ions
auto-ionizing state
== ionization potential SEEEEBEEEEEE _ll_lﬂﬂmﬂ]
Rydberg state L oE r 5 IHHHHH]
Bl b 1al] o T |
OR0E DOOOE0E 5 [EREERE |
i L]
excited states O e
- ERERENEERRRICIRIR Lo o o
R gy DREEER
L EERESRSREERRENRTNE RREEE
- BEDAEERE )RR R MRIERC0
HEREESMERERNRERRRRE
ground State I N Y Y Y [ Y S Y

| KULEUVEN

Riccardo Raabe — KU Leuven 30 Years of RIB Physics — Pisa, 20-24/07/2015



Isotopes produced at ISOLDE

H ION SOURCE He
ACE -
o s c|n|o e
LASER

Si| P Ar
Ti V Cr Fe | Co | Ni Br | Kr
Zr |Nb|Mo| Tc |Ru | Rh Ag I | Xe
Ta/|W | Re|Os| Ir | Pt Rn

Rf Db|Sg | Bh|Hs Mt| Ds| Rg|112/113/114/115
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Many experiments have been carried out
During these 50 years with beams right a.fter
the separation -
(non accelerated beams or slow beams) = .
The activity of the IFIC gamma Group fgchss
On beta decay activities here = 'E“?L
(see talk by A. Algora, J.L. T iﬁ:and E. Ndcher)

1 |
J

B. Rubio. Master FN, Valencia 2024



View [%

ISOLDE

17 DECEMBER 1964

The On-Line CERN approves the online cility dedicated to the production of a large variety of radioactive ion

beams separator project

(o, O @00 00O O ©0—O O0—O0—00—®®

1951 2018
ISOLDE View [2

26 JUNE 1992

The On-Line Isotope Mass Separator ISOLDE is a facility ded First experiment at the ISOLDE riety of radioactive ion

beams Proton-Synchrotron Booster
(o, O 000 00O O o-®O0—0—0—00—®®
1951 2015
ISOLDE View [2
31 OCTOBER 2001
ive ion

beams goes live

1951 2015

ISOLDE

The On-Line Isotope Mass Separator ISOLDE is a facility dedicated to the production of a First radioactive isotope beam
accelerated in HIE ISOLDE

22 OCTOBER 2015

beams
O O 000 00O O O0O—O0—O0—0—00—®©O0e
1951 2015
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 REX-ISOLDE,
e )
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EBIS Ion Source and beam handling: 5-15% efficiency

AJq separator | @c&a&-xav@

In the EBIS the 1" to n" ion
conversion takes place

A/q
separator

Beams from ISOLDE with
1+ charge state

rselected
~ - q‘ions
tolinac’ e

Preparation
trap
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Post accelerator: Normal Conducting LINAC

s > £, " /
5 > « - i |
*—

, e A% %
However, energies only 0.8 to 3 MeV/u which are too low for Nuclear reactions

b4 §
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~ HIE ISOLDE (Superconducting)
H1gh Intensity and Energy ISOLDE (soon 10 MeV per nucleon)

4.3 MeV per nucleon

REX-ISOLDE

High-beta
cryomodules

First experiments in 2015
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Post accelerated beams + sophysticated
detection set-up: Miniball gamma array

MINIBALL cluster

24 six-fold segmented, tapered, encapsulated high-purity germanium crystals
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ISOLDE lei out as will appear in the NUPECC
long range plan 2024

12%219x

VITO laser-polarised beams for nuclear

WISArD
Bv(6)

physics, chemistry and biology

| MEDICIS
TAS-Lucretia total absorption spectrometer

mass

separators
it HRS GPS

HIE-ISOLDE post :
accelerator

medical isotopes
research

Scattering
Chamber

scattering and T ?
reactions

1.4-GeV protons

‘ solid-state physics area
Solenoidal

emission channeling,
‘ K{\ PAC, M0dssbauer, ...
Spectrometer

transfer reactions

Travelling setups
i
N MIRACLS MR-TOF
COLLAPS
y-ray array Coming soon decay  nuclear
RIB & antiprotons station  masses

experiments
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EURISOL 4 MW

Louvain-l§-Neuv3YFL HI-13/BRIF KoRIA NSAL Coupled
ARENAS Belling  /100skW Cyclotorﬁquaiility

/. GS¥FAIR
GeV/u 50 kW RIKEN ANL FRIB
o CARIBU
kT T— {1 (I)%Fk\ﬁ TRIUMF j 400kW

Dubna
°

Lanzhou CSR crIB ISACI and l'
OSARAF HIARFCAR'F‘ "‘ AN BNL 88

Notre Dame

Osaka RIBs
Del/v TIMW / \ TwinSol
aVECC Texas A&M FSU
_T:,'::”"_" 7 HEONAl0O O FE S R ATV Upgrade /7] RESOKUT-
Lo ’
wE
ORNL
<SP|RAL2 REX-ISOLD RIBE .
HI-ISOLDE AN
Catania RIBRAS
EXCYPT Sao Paulo

Magenta - In-flight production
Black - In-target (ISOL) production

Isol + post acceleration present

( ) Isol + post acceleration future



Future ISOL facilities

B. Rubio. Master FN, Valencia 2024



Spiral2.; Mid-term Roadmap = AN le—

Phase1 (2016-)

Increase the intensity of stable beams DESIR Phase1+ (2020-)

High intense neutron source Low energy facility

(HI<10"pps,p-Ni) AGATA
peES™® (2015-2018)

Y

o) N\ 2 :
\J—N AGAQ meV d§ AR N \

33 N“;\’_ fa5 eV

Phase1++ (2021-) Phase?

High Intensity Expand the range and
(HI< 10%pps, p-U) the intensity of exotic
nuclei
SPIRAL1 Upgrade (2017-)
New light RIBs from
—_— beam/target fragmentation
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Unfortunatelly, the SPIRAL lei1 out, as it will appear in the
Long Range plan 2024, does not include the ISOL part,
but it 1s mentioned as future plan
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SPES
Selective Production of Exotic Species
Under construction

e SPES Project

di Fisica Nucleare

s | © Exp. Hall

TANDEM
XTU

SPES

Cyclotron
Experimental Hall
Low EnergyR. |.B.

ADIGE - CB - MRMS

n
for production of
radionuclides of
medical interest.

3D scheme of SPES
facility at INFN LNL

3° Exp. Hall

Source Complex

I N F N Istituto Nazionale di Fisica Nucleare b Radiio Frequency Quadrupole
LABORATORI NAZIONALI DI LEGNARO



Radioactive nucle1 production techniques

- Isotopic separation on-line (ISOL)

target lon source mas separator

©'&'We can use thick production targets (100% of energy range)
—> and high injector beam current (upto10!° s-!)

& long extraction and 1onization time (100 ms)

& chemistry dependent

In-flight fragmentation

. heavy projectile - thin target - -SPectrometer high-energy nucleus

.

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

& chemistry independent | |

& relativistic energies



Proj ectile Fragmentation Reactions

Projectile Exc1ted
1 GeV/u
' pre -fragment
‘— ’ Final target like
fragment
target | hotspot

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 1ssue: Some physics can only be reached
with relativistic energies

300 =

E
.
200 ©
100
- 400 =
-
& £
& —
E 200 300~
=, 200
=
= 100 -
S
— 400 &
- £
- E
(= -
= 200 300 -
L] 200
=
2 100 100
<

E [MeV) E, [MeV]
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LISE-GANIL-France
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FRIB - Facility for Rare Isotope Beams

World-leading Next-generation Rare Isotope Beam Facility

= Rare isotope production via in-flight technique with primary

beams up to 400 kW, 200 MeV/u uranium
NSCL enables

» Fast, stopped, and re- pre-FRIB science
accelerated beam Q Reaccelerated Beam Area
c3 abillt _—= SloppedBeamArea

p y NS CL Gas Stopping
= Upgrade options I - é__ _“}
» 400 MeV/u for uranium h_/’?‘;.- o e
» ISOL production — ' ?ﬁ e —
multi-user capability rrmen| \ Reaccalefalor
\ l SRF High Bay

FRIB project start 6/2009 e

Civil construction started 3/2014 Producion Y ———t—

Technical construction started 10/2014 Syams

Managed to early completion 12/2020
CD-4 (projectcompletion) 6/2022

\ Beam Delivery System Folding Segment 2
Linac Segment 3.

X
Folding Segment 1 I'—'l

FRIB
project

Total projectcost $730 million

G. Bollen, ISOLDE WS 2014, Slide 3

=
| - Facility for Rare Isotope Beams
{ | U.S. Department of Energy Office of Science
J Michigan State University
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Magenta - In-flight production
Fragmentation, present  Black - In-target (ISOL) production

O Fragmentation, future



The FRS fragment separator at GSI

Bp-AE-Bp Separation Method

Target
: ‘ 69 m " - Experimental
Primary : Ia‘, e
beam g
Difterent 1ons lose
A different amount
of energy Cocktail of ions arriving

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

mass-to-charge ratio A/Q



The GSI fragmentation facility

—= 1990

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

FAIR  unverse-inthelaboy wmm
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PRODUCTION TARGET FRS Branches : \ '
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o 3 75 W Z ‘ E
: = = LAND
1
FR

>~ INJECTION
FROM UNILAO

~ Target Fragment separator
- Experimental
daread

Primary beam HI Cocktail
beam
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Existing GSI facility New facility

/o SIS100/300
3 / p-LINAC
sq’
» _)‘ .
N . UNILAC
W L .
\(\\ ~ ‘
o = / CBM
' . l’\\\‘v -
, _— Rare Isotope N
. A / :

Production Target ’4

GSI - Super-FRS
Z=1-92 >
(from p to U) Antiproton

Production Target

Up to 2 GeV/nucleon

~mma Physics

Avmrvin Dhuieine

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

FLAIR

@ cxisting facility
@ new facility
O experiments

B. Rubio. Master FN, Valencia 2024



FRS to Super-FRS

Bp-AE-Bp Separation Method

< 69 m >

Super-FRS
Degr?der 2
>3
f Degrader 1 :

Optimised to separate
very fast fragment or
H. Geissel et al. NIM B 204 (2003) 71 fission products
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mmmmmes First Science +
e Next steps
MSV completion
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* FAIR GmbH
e ST GmbH



FAR &=

(See talk by Dolores Cortina on
Reactions at Relativistic



FAIR - NUSTAR
schedule

/ NUSTAR from Phase-0 to FAIR 2030 FAI R
| 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030

Super-FRS

ion and installation
NUSTAR caves

ci n &
in

NUSTAR experiments

Early Start
FAIR 2030

© Tiempo perfecto para
un postdoc!!



ISOL and In-Flight facilities-Partners

It 1s probably true to say that if we worked at 1t virtually all experiments
could be done with both types of facility but they are complementary.

* Relativistic beams * High intensity beams with 1on
optics comparable to stable beams
e Universal in Z
« Easy to manipulate beam energies
e Down to very short T, from keV to 10s of MeV

e More exotic beams e (leaner

B. Rubio. Master FN, Valencia 2024
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