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

Reacciones nucleares y 1o que nos ensenan
de la estructura de los nucleos.
Porqué necesitamos haces postacelerados
Porqué necesitamos alejarnos de la estabilidad.
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Close to the stability Direct Reactions with Light Projectiles,p, d, o,
e-, ¥, etc.. give us detailed information on the structure of the target
nucleus
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Let us use an illustrative example

209Bi=208Pb+p

209 ...
5381126

y

Closed shell + 1 p Closed shell for neutrons
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208Pb target 209Bi final nucleus

Reaction:
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This 1s the gs of 209B1
0+ /

h9/2

209Bi=208Pb+p The first excited state

— In 208Pb 1s an octupole excitation, 3-, at
2415 keV

One expects at the same energy in 209B1
A septuplet:

hy/,

Octupole

[3-(?8Pb) x 119/2]3/2...15/2+

The appropriate reaction is inelasctic scattering, for instance (d,d”
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Octupole

209Bi=208Pb+p

VIBRATIONAL SPECTRA
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One could go to more sophisticated excitation modes such as

An isovector dipole resonance (E1)

; : A ;o Tesonance
Quasi-elastic 33

ay region
Elastic  Giant
resonances
‘ ¢ /2M,
2 1 ] 1 1 ~
- 0 30 100 400
« $ w(MeV)
o 1 resonance Asgq
g=w 0 20 300 w(MeV)

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

Definir la reaccion nuclear de interés.
Blanco estable: 208Pb y 209B1 en este caso
Un proyectil “sin estructura”

Un proyectil ligero (struggling)

B. Rubio. Master FN, Valencia 2018



Vamos a intentar aproximarnos a otro nucleo doblemente magico:
132Sn
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Vamos a intentar aproximarnos a otro nucleo doblemente magico:

1325n

Vidas medias, T1/2

207 ms !
180/165 ms !

(5/27)

(9727)

(1727)

3/2°

Sb 135 }
17 7/2

B~ 8.1...
Bn 1.45, 1.04...
v 1127, 1279
1380... |

From ENSDF - Evaluated October 2010

13In 8~ decay  1996H016,2000H032

History
Type Author Citation

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

Parent: '33In: E=0.0; J™=(9/2*); T|;2=165 ms 3; Q(87)=12917 SY; %~ decay=100.0
1995J0ZZ, 1996H016, 2000Ho32: '*3In g~ [from Z*¥U(p,f), E=1 GeV]; measured Ey, Iy, 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

Elevel)t E

85373  32°
156095 (9/27)
2004.6 10 (5/27)
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Counts
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Conclusion of this part

It 1s important to go as far as possible from the stability because
The primary information on the structure of a nucleus normally
comes from the study of its decay.

It 1s important to have the possibility to perform reactions where
either the target or the projectile are radioactive.

B. Rubio. Master FN, Valencia 2018



Haz radioactivo o target
Radioactivo?

132Sn+d =2 133Sn +p

To produce a beam of 132Sn is possible (not easy),
To produce a target of 132Sn (T1/2=40 s) 1s impossible

B. Rubio. Master FN, Valencia 2018



We need to produce a beam of radioactive nucleil

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

The second thing to worry 1s to produce them 1n a “clean” way

For that it 1s important to separate them from other radioactive products

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

The first one 1s known since many years ago

B. Rubio. Master FN, Valencia 2018



The reaction to produce Radioactive beams

Beam + target > products Product energy Number of Products
GeV v @ “All nuclei” 2l garbeam
‘ + . :: . fragmentation Voroduct = Vbeam up to 1000 :
HI Tt
GeV @ “All nucler” 2l gataet
o+ ' —l . spallation few MeV/u up to 1000
— > N
small “mainly neutron rich”  # . taot
‘ fission ~1 MeV/u few 100 ‘
p/n ’
N -
5MeV/u “mainly proton rich rich” zy  targetsbeam
fusion- Mp o
—y E = E .
. evaporaton  © mg+m, few (< 20) ¥~ target
20 MeV/b “close to the stability™ | @
Transfer Very few:
reactions >-100 MeV/u 2-5 larget
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Historical view to the discovery of new isotopes

Radioactive Decay

B Mass Spectrosco py

Light Particles

B Spallation

M Projectile Fragmentation

Bn @
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The second thing is to separate them from other radioactive products

Radioactive nuclei production techniques

Isotopic separation on-line (ISOL)

thick target arator

Very low energy

In-tlight fragmentation

heavy projectile thin target [EGESEENEIEET high-energy nucleus

—_—

_/
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Production techniques Rad Beams: post acceleration

» Isotopic separation on-line (ISOL)

thick target ion source mass separator

nucleus

light projectile _
post-acceleration

diffusion

B. Rubio. Master FN, Valencia 2018
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Phys. Scr. T152 (2013) 014023 Y Blumenfeld ef al
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Figure 1. A schematic drawing of the ISOL and in-flight based production methods for RIBs.

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



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

ISOLDE CERN.




ORGANISATION EU

CERN EUROPE

phons L O

o i 1967 First experiment
P of 600 MeV from the PSC

1992 moved to PS booster (today)
(last year 50 years celebration)
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CERN accelerators
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@ “All nuclei” 2 targe
o+ ‘ <: ‘ spallation few MeV/u up to 1000
©

mainly neutron rich & target

°+ ' /'. fission ~1 MeV/u few 100
\ '

© High intensity p beam
© thick target (100% of range) => high beam current (upto10!¢ s-!)
= long extraction and ionization time (ms)
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lon sources A place were the newly produced atom is 1sonised

7

Hot surface ion source
e The ioniser is a hot tube

"

60kV

e Material with a higher work function i
than the element of interest %

e Heated up to 2400 degrees

Electrode —

Hot Target
T=2300K

Plasma ion source

e Hot or cool transfer line

e Plasma: gas mixture (Ar and Xe)
ionised by accelerated electrons

Riccardo Raabe — KU Leuven

30 Years of RIB Physics — Pisa, 20-24/07



The Separator
Isotope Separation

=" ) ION SOURCE

Q/A
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lon sources

p
Laser ion source

® 2- or 3-step ionisation

® |sotope and isomer
selection

_® Universal (almost)

auto-ionizing state

target

®projectiles

ion source

‘ extractor

) target material

laser beams

\__ experiments

-t

@ ions

@neutrals

== ionization potential

Rydberg state

excited states

ground State

O

I [
‘ lllllﬂ

Riccardo Raabe — KU Leuven

30 Years of RIB Physics — Pisa, 20-24/07/2015
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Isotopes produced at ISOLDE

D. RUDIO. IVIdSLICTI I'IN, vdICIICld ZU10
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| Si S |Cl|Ar
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Many experiments have been carried out
During these 50 years with beams right aftgr
the separation «
(non accelerated beams or slow beams) L
The activity of the IFIC gamma Group focuss
On beta decay activities here

(see talk by A_ Algora)

:1‘1'/ ‘
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ISOLDE View [%
17 DECEMBER 1964

The On-Line ility dedicated to the production of a large variety of radioactive ion

CERN approves the online

beams separator project

O O Q0—O O—O0—0-0—®O-®

1951 N8

ISOLDE

View [%

26 JUNE 1992
First experiment at the ISOLDE

The On-Line Isotope Mass Separator ISOLDE s a facility ded riety of radioactive ion

| beams Proton-Synchrotron Booster
O —O0—000 00O O Oo-®-O0—O0—C0—10 00—
1951
- ISOLDE

31 OCTOBER 2001

¥

o beams goes live

1951

ISOLDE

22 OCTOBER 2015

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

beams accelerated in HIE ISOLDE

O O—000 00O O OO—O0—0—0—00—®0®
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-\ REX-ISOLDE
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EBIS Ion Source and beam handling: 5-15% efficiency

A/q separator | CD\EQAQ?JS.-‘/&Q@

In the EBIS the 1+ to n* ion
conversion takes place

A/q
separator

Beams from ISOLDE with
1+ charge state

. selected
~ q'ions
tolinac’ =

Preparation
trap
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Post accelerator: Normal Conducting LINAC

@,

3 : { . : Q ‘ F *— Z ;
However, energies only 0.8 to 3 MeV/u which too low for Nuclear reactions
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QAQE.‘S.-X’-.\S\C - Miniball gamma array

MINIBALL cluster

24 six-fold segmented, tapered, encapsulated high-purity germanium crystals
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HIE ISOLDE
High Intensity and Energy ISOLDE (up to 10 MeV per nucleon)

4.3 MeV per nucleon

R "'

(

a3
\

Dbty ; : ’ ‘_ B

REX-ISOLDE

ligh-beta
cryomodules

First experiments in 2015
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EURISOL 4 MW

Louvain-la-NeuviYFL HI-13/BRIF KoRIA NSCL Coupl
3 e d
ARENAS Beijing 100skW Cyclotor;)quaii“ty

1 GSFFAIR T
GegléluBgo kKW RIKEN CI)SI\ILQIBU FRIB
kT (R'BF TRIUMF 490K

ELL S 100 kV/

@
Lanzhou CSR CRIB ISAC | and |'
¢ SARAF HlARFCAR”:‘ o0 W '-BNL 88 g Notre Dame
A 1MW Osaka RIBs / \ TwinSol
CalcuttaVECC Texas A&M FSU
P e | A ST N Upgrade” /" 'RESORUT.
/LISE. "
ORNL
i HI-ISOLDE Y
Catania RIBRAS
EXCYPT S3o Paulo

Q Isol + post acceleration futureMagenta - in-flight production
Black - In-target (ISOL) production
Isol + post acceleration present
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Future ISOL facilities
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Spirai2. 2% Mid-term Roadmap Al

Phase1 (2016-)

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

High intense neutron source Low energy facility

(HI< 10%5 pps, p-Ni) AGATA
pESI® , (2015-2018)

. oNVE s

Phase1++ (2021-)

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

B. Rubio. Master FN, Valencia 2018



Near Future : SPIRAL2 Phase 1 = AN~

LINAC: Neutrons (+)
33MeV p, 40 MeV d For Science DESIR Facility
14.5 AMeV HI Low energy RIB

S3 separator-

( ++) spectrometer .

A/g=7 HI source
Up to 1mA; p-U

g,,, Wi

A/g=2 source
p, d, 34He 5mA

A/g=3 HI source
Up to TmA; p-Ni

LINAC : Average beam intensity equivalent to
that of ESS or EURISOL driver




ISOL Rare Isotope Beams at SPIRAL 2

Unfortunatelly the neutron rich side of Z

The Spiral 2 Facility is not financed at
The moment

Converter

d(40 MeV) + Be > n + ¥
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50 TR
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Fortunatelly and startegically a new project for neuron
rich (fission), has been aproved in Legnaro (Italy),
and 1s already under construction

SPES
Selective Production of Exotic Species
/j a
UvFg:fa"::L‘::::: SPES Pro ject

boratori Nazionali di Legnaro

The SPES radioactive ion beam facility: status |

and perspectives SPES building

50x60 m?

- L — -3 to +11 m height
T appicat ons 8 24.000 m? of concrete

“ 1.150 tons iron

. Cyelotron f’-‘ v =

45 rasaLuanker T & o - LAY 3-4 m shielding wall thick
) soubuniers oVl ] :

> HRMS g7 Th e |

o ! : — s Z =
> The SPES facility at the LNL
o (Inauguration of the driver in few weeks)

The AGATA campaign: Sp%gzlédgfggmg,d, and Triaxia
a

tates in
% INFN Laboratori Nazionali di Legnaro
) for The SPES collaboration



Far 1n the Future ISOL facility
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Furthenng torget oncl accelerator technology

_ A 4-year Design Study began in 2005
. in order to work on the technologically

challenging aspects of the project, the
instrumentation and the radiation safety

' issue. Synergy with other projects is
. being examined, including a feasibility
- study for the new ‘beta-beam’ neutrino
- proposal, forming an integral part of the

» = Design Study. After this, possible sites

TO LOW-ENERGY |
EXPERIMENTAL |
AREAS |

R ¥
Y Y

r
Y -EURISOL

- ror HIGH-ENERGY TO MEDIUM-ENERQOY TO LOW-ENERGY
~ EXPERIMENTAL AREAS EXPERIMENTAL AREAS

- will be evaluated, and the community

will be ready for a full Engineering
Design, to be followed by construction
of the facility.

Researchers and engineers of several
European laboratories are collaborating
in twelve tasks to further the EURISOL

" design.

The EURISOL layout consists of a superconducting linear accelerator providing protons of energy 1 GeV and an
impressive power of 5 MW, but also capable of accelerating deuterons, *He and ions up to mass 40. The beams
will impinge simultaneously on two types of targets, either directly or after conversion of the protons into neutrons
through a loop containing 1 ton of mercury surrounded by kilograms of fissile material. The unstable nuclei produced
diffuse out of the target, are ionized and selected, and can be used directly at low energy or reaccelerated by another
linear accelerator to energies up to 150 MeV per nucleon in order to induce nuclear reactions.



Physics with ISOL RIB | Precision nuclear structure physics & applications

Intensity & Energy
domains HIE-ISOLDE,
SPES, SPIRAL2, EURISOL
ISOL@MYRRHA
EURISOL-DF
MR R | IIlIfTITlTI\ URARLL IRLLL L
E_ Fusion-Fission, ,,, E
[£ Reaction Cross Sections = = 4
i Coulex g Seenats = i
T 10? 10? 10“ 10° 10 107 10® 10 10" 10“ 10
INTENSITY {particles / sec)
-> EURISOL-DF (Distributed Facility) Initiative from 2014 as an
intermediate step towards EURISOL E U I So L DF




EURISOL — Distributed Facilitz SDFZ
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Radioactive nuclei production techniques

Isotopic separation on-line (ISOL)

arator

& We can use thick production targets (100% of energy range)

=> and high injector beam current (upto10!° s-!)

2 long extraction and ionization time (ms)

ey chemistry dependent (disadvanages and some advantages)
In-flight fragmentation

heavy projectile thin target [EGESEENEIEET high-energy nucleus

—_—
-

—/

© short separation-+identification time (100 ns)

2 thinner targets (10% of range) =>lower beam currents (upto 102 s°1)

© chemistry independent
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Projectile Fragmentation Reactions

Projectile

E .
1 GeV/u xetted

pre—-fra gment
‘ ’ 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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Optimised to separate
Bp-AE-Bp Separation Method very fast fr agment or
fission products

FRS — <

degrader

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

B. Rubio. Master FN, Valencia 2018



The GSlfragmentation facility

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

o

Fragmentation of the
primary ion beam:
“cocktail” of ions
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Experimental Setup
BigRIPs In-Flight Separator
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Estudios de nucleos exoticos en RIKEN (Japon)

A. Algoraet al.

B. Blank et al.

B. Rubio et al.

Descubrimiento de nuevos 1s0topos

Estudio de los nucleos de Ge, Se, y Kr mas exoticos

N\
e ____ 2015 RIKEN experiment

Alcanzado el limite de
Existencia de los
nucleos
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At a fragmentation Facility, normally, many nuclei arrive
AT THE SAME TIME at the experimental set up area
(implantation detector, secondary target....),.

But in an event by event data taking mode, they can be
separated (characterised) a posteriory.

PID Plot at F11 Focal Plane

N 40
= = Integral 29.189.362
£ a o 65e 7.135
2 % 60Ge 13.275
5 i 665e 879.516
2 30 [—s
a B 1.282.523
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: . { -1 | k2l Fa
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A/Q Ratio

B. Rubio. Master FN, Valencia 2018
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Existing GSI facility New facility

y o SIS100/300
{ ' 4 p-LINAC
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- . |
o - UNILAC
s )‘ . e, CBM
v /‘“‘",’/ _— Rare Isotope N
' ' ' // Production Target "4
GSI Super-FRS
Z=1-92
(fromp to U) Antiproton

Production Target

Up to 2 GeV/nucleon

~mema Physics

Avaremin Dhuicine

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 B. Rubio. Master FN, Valencia 2018

,,full beam cooling* '
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FRS to Super-FRS

Bp-AE-Bp Separation Method
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FAIR Project Progress — Civil Construction

.; = SIS 18 in direction of pLinac:
# Preparation of western transf
, channeI(WTK)

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

70 Status: 30.10.2017
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Scenario for NUSTAR: Day one

Super-FRS

NUSTAR caves

NUSTAR experi




ISOL and In-Flight facilities-Partners

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

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

 Easily injected into storage rings ® Cleaner

e More exotic beams

B. Rubio. Master FN, Valencia 2018





