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H. Rousseau, Forêt Vierge ...

A journey in the world of « exotic 

nuclei »

Explore the limits of existence 

and study new phenomena
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Stable nuclei 
less than 300 !

~2000 KNOWN NUCLEI

Limits of existence
mass, charge & ratio N/Z 

spin & température

extrêmes shapes

p
ro

to
n

s

neutrons

The nucleus : a laboratory for

fundamental interactions and symmetries
Shell structure  and Isospin

Spin and shapes

82

50

28

28

50

82

20

82

2

8

20

126

Key nuclei for 

stellar processes are far  

from stability

A new landscape Far of Stability
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Roses and Jones after 500d of data taking 
with a Si Telescope discover 14C radioactivity 
of 227Ra
Thanks to M.Hussonois and SOLENO ,Orsay 
team confirm it in 5 days at the Orsay MP

Vergnes,Hourani,Hussonnois,SG….

Search for proton radioactivity in 65As, 69Br and 

77Y.

E. HOURANI, F. AZAIEZ, PH. DESSAGNE, A. 

ELAYI, S. FORTIER, S. GALES,      J.M. MAISON, 

P. MASSOLO, CH. MIEKE and A. RICHARD.

Zeit., Phys. A334 (1989) 277
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Preparing the « exotic »program  with

the Orsay MP Tandem 

Dominique!!!

A new  physicist
At orsay

18C

68Ni, 0+
2
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The start of FLEROV-GANIL Collaboration on « exotic nuclei
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x

In Flight

ISOL

MUST

n-wall

MAYA

MUST 2

TIARA

DSSSD

ISOL

In Flight

ISOL x
Heavy ion beams ,among the most intense  in the world

From Carbone  to Uranium

0 to 95 MeV/n

“Exotic” Beams  In Flight  or  SPIRAL 0-25 MeV/n

An ensemble of detectors and spectrometers  rather unique 

In the world !!
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Mapping neutron  drip-line

LISE Code

48Ca(58 AMeV,150pnA)+181Ta

S. Lukyanov et al. J. Phys. G. 28 (2002) L41

0.1 pb !

France-FLNR Collaboration
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42Si : not magic

One example

E(2+) = 765 ± 25 keV
~150 nuclei

0

1

2

3

4

1 7 1 8 1 9 2 0 2 1 2 2 2 3 2 4 2 5 2 6 2 7 2 8 2 9 3 0 3 1

n e u tro n  n u m b e r N
2

+
 e

n
e

rg
y

 (
M

e
V

)

C a

S

S i

38Si

42Si

42Si Results

E
(2

+
) 

M
eVS. Grevy et al.

France-FLNR Collaboration

Shell Structure  N=28

20 28
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1960 – Goldansky predicts 1-proton and 2-proton radioactivity

Two-proton emitters

with even Z

Sequential decay

light nuclei

-2p decay

Simultaneous emission

Three body decay

He2 decay
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John Elbfas, 1535, 
Storkyrkan, Stockholm

« Halo » Nuclei @GANIL-SPIRAL 

1p  splitting , 8He,12-14Be,20C,22O

Mainly (p,d) and (d,p)

5He

6Li 7Li 8Li

7He

6H

Z

n

8He4He3He

3H2HH

9Li

9Be7Be 8Be 12Be

11Li10Li

11Be10Be

9He10He

13Be14Be6Be

5Li

6He

5H

0

0 4

4

1

0

4H

Search for  4 “n” system via  D(8He,6Li)4N

N4
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Inverse kinematics: 
Reactions with secondary 

beams
Fr om MUST  to  MUST2

IPNO-GANIL-SPhN-DAPNIA

Lecture at Joliot-Curie School 1990
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H(11Be,10Be)2H

E = 35 A.MeV

10Be (coinc with 2H)

0.4o 
lab 1.2o

.....1220 2
102/1

0
102/1

..11
4 dBeSsBeSBe sg

(d /d )exp=S(d /d )calc

S(2+)

S(2+) + S(0+)
= 0.2

Structure of 11Be g.s. through (p,d) reaction

S. Fortier et al. PLB 461 (1999) 22

J.S. Winfield et al. NPA 683 (2001) 48

105 11Be /s
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G.S.

Sn=3.70 MeV

5.42

6.15

1.18

+

1.79

2.70 +

3.28+

3.80

46Ar(d,p)47Ar  N=28+1

France-FLNR 

Collaboration

Gaudefrois et al PRL97(2006)
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Next generation of RIB facilities should aim at intensities 1000 times 
higher than in the facilities presently running or at the commissioning stage.

Two truly complementary facilities based respectively 
on the « In flight and Isol » methods are needed to cover

the foreseen physics issues,and they should be second to none world-wide

Conclusions of the NuPECC Working group on the
“Next Generation European Radioactive Ion Beam 

Facilities in Europe“ (April 2000)

http://www.gsi.de/fair/
http://www.ganil.fr/research/developments/spiral2/
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EURISOL
1 GeV protons

ISOL
100 A.MeV

G S I
fragmentation

1000 A.MeV

SPIRAL
ISOL

25 A.MeV

Rex 
ISOLDE

ISOL
3 A.MeV

SPIRAL 2
ISOL

1 to 20 A.MeV

HIE 
ISOLDE

ISOL
>3 A.MeV

European RNB Facilities - NuPECC Road Map

2000

2005

2015

Running Projects Under Construction Design Study

2010 SPES
ISOL
5 A.MeV

FAIR
fragmentation
200 to 1000 A.MeV

EURISOL 
DS 6FP

1 GeV protons

ISOL
100 A.MeV

Dubna
DRIBs3
ISOL
20A/MeV

Dubna
DRIBs
ISOL
10A.MeV
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Brussels, 19 

October 2006

European 

Research

Infrastructures –

The ESFRI 

roadmap 

identifies 35 

large-scale 

infrastructure 

projects 

FAIR & SPIRAL 2 on the ESFRI list
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DESIR Facility 

low energy RIB

HRS+RFQ Cooler

RIB Production Cave

Up to 1014 fiss./sec.

A/q=3 HI source

Up to 1mA

A/q=2 source

p, d, 3,4He 5mA

LINAC: 

33MeV p 

40 MeV d 

14.5 AMeV HI  

SP2 Beam time: 44 weeks/y

GANIL Beam time: 35 weeks/y

ISOL RIB Beams: 28-33 weeks/y

GANIL+SP 2 Users: 700-800/y

GANIL/SPIRAL1/SPIRAL2 facility

GANIL/SPIRAL 1 

today

CIME cyclotron RIB at 1-20 AMeV 

(up to 9 AMeV for fiss. fragments)

S3 separator-

spectrometer

Neutrons For 

Science

SPIRAL2 is one of the ESFRI list projects (40 most important EU 

research infrastructure projects)

Cost: 200M€

Funded
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s« Exotic »

2014

Stables
Mid-2012
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sNeutron number, N

P
ro

to
n

 n
u

m
b

e
r,

 Z

Fission products

N=Z nuclei

rp process
Transfermiums

High Intensity Light RIB

Haloes and Cluster

SHE

Fusion reaction with 

n-rich beams

Regions of the Chart of Nuclei Accessible 

with SPIRAL 2 Beams

Deep Inelastic Reactions with RIB/stable beams

r-process

Neutrons for science

Atomic & solid state physics

Radio biology & Isotope 

production
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Physics with Radioactive Ion Beams
Reactions &Rates

1990
20142009

SPIRAL2 main goal
The high intensity frontier 
both for stable heavy ions

and secondary Radioactive Ion Beams
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21Civil construction: 2010 - 2012

Phase 1 mid 2012

Accelerator & S3, NFS

Construction in 2 Phases

Phase 2  2014

RIB production Building 

& DESIR

136 M€
2006-2012

Investment (with 10% contingencies): 136 M€

CNRS, CEA, Local Region

Total cost: 196 M€ (136+60 Manpower)

In the investment budget 26M€ are expected to come 

from EU and international partners 
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French Partners 

A large National and International Collaboration

CEN de Bordeaux-Gradignan

Centre de Spectro. Nucléaire et Spectro. de 

Masse Orsay

Institut de Physique Nucléaire Orsay

Institut de Physique Nucléaire Lyon

Institut Pluridisciplinaire Hubert Curien 

Strasbourg

Laboratoire Accélérateur Linéaire Orsay

Laboratoire de Physique Corpusculaire de Caen

Laboratoire de Physique Nucléaire et de Htes 

Energies Paris

Laboratoire de Physique Subatomatomique et de 

Cosmologie Grenoble

DSM     Irfu/SPhN

Irfu/SACM

DSM Irfu/SIS

DSM Irfu/SENAC

DSM Irfu/SEDI

DSM – Saclay Expertise

DAM DPTA DASE et DP2I

DEN Expertise

DPSN Expertise
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International Collaborations

LNL, Legnaro
RIKEN, Tokyo

GSI, Darmstadt

HRIBF, Oak Ridge

COPIGAL

FLNR, DubnaISOLDE

NIPNE, Bucharest 

SARAF

MoU signed

MoU under preparation

ANL, Argonne

BARC,TiFR 
Bombay

NSCL, MSU

IRNE, Bulgaria

TRIUMF

SPAIN

IMP, Lanzhou

EU FP7 3,9 M€ Preparatory Phase Contract

*LEA = Laboratoire Européen Associé
**LIA = Laboratoire International Associé
***MoU= Memorandum of Understanding

15 signed (LEA*, LIA**, MoU***) agreements

3 agreements under preparation

ESS 

Lund

New detailed agreements
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sLPSC Grenoble
Heavy ion injector

June 2010

Accelerator
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Accelerator

All SC cavities have been tested

IPN Orsay
SC  B
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New detectors for SPIRAL 2 
Letters of Intent: 600 physicists from 34

countries

Particle ArrayGamma Array

DESIR S3

AGATA

PARIS GASPARD

Sample

Detector(s)

SPIRAL 2 n-tof

FAZIA

EXOGAM 2
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3He – neutron counter for DESIR

FLNR- GANIL -cooperation

Total number of counters – 342

Counters: diameter-3 cm, length- 25 

cm, helium pressure- 7 atm.

Moderator – polyethylene, the 

spacing between parallel planes of 

moderate module is 5 cm.

Efficiency – 30-60% (for different 

geometry)

Life time- 15-30 µs (for different 

geometry)
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mass-
analyzer

target

ion 
source

injection
point

ECR-4M 

DECRIS-14

target

RIB

RIBcatcher

ion 
source

electron 
beam 

25MeV, 

 20 A

mass-
separator

238U-target

ion 
source

k= 400 - 540 k= 550 - 620

injection
point

U-400M U-400

MT-25
(electron accelerator)

q=1+

q=q
opt

Concept of the RIB Accelerator Complex of the FLNR (JINR)

Y
u
 O

g
a
n

e
s
s
ia

n
  
F

L
N

R
 (

J
IN

R
) 

 A
u
g

.1
9
9

8

DRIBs3

DRIBs1

DRIBs2
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The world leading laboratories meet 
and discuss the future

http://159.93.28.88/flnr/index.html
http://www.ganil.fr/research/developments/spiral2/
http://www.gsi.de/fair/
http://www.rarf.riken.go.jp/Eng/
http://exon2009.jinr.ru/exon2009.pdf
http://exon2009.jinr.ru/
http://wwwinfo.jinr.ru/exon2006/
http://wwwinfo.jinr.ru/exon2004/
http://159.93.28.88/linkc/baikal/
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Thanks to all colleagues from Dubna and France involved 

in this great adventure and specially to our friends from the 

FLNR who supported it and participated in it from the 

beginning:

Yuri Oganessian

Yuri Penionzhkevich

… next 50 years of the common research have just begun.
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END
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Sujets de discussion

 Présentez les principales idées que vous 

allez développer
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SPIRAL2 :Construction 

2006-2008 Ready

2006-2009

LINAG

Protons
5mA
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Irfu Saclay
P,D injector

Accélérateur
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LINAG Heavy-Ion Beam Intensities

0.75 AMeV < E < 14.5 AMeV

Choice of the best HI source in 

the coming two years

Development of metallic beams

Gases

• PHOENIX V2 - tested ECR source

• A-PHOENIX - new ECR source (first 

tests at Grenoble in 2007) 

• A/q=6 requires new injector (extension 

not funded today)- Argonne Coll

A-PHOENIX
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What are the limits of the heaviest 

elements?

SCIENCE Magazine- July 
2005    Top 125 Questions:
Are there stable high-atomic-
number elements?

lifetimes > 1y
S Cwiok, PH Heenen, W Nazarewicz

Nature, 433, 705 (2005)
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Heavy and Superheavy 

Elements
LoI_Day1_2

 Synthesis

Spectroscopy and Structure

LoI_Day1_5

 Ground-State Properties

Neutron-Rich Nuclei
LoI_Day1_7

 Single-Particle structure

 Quenching of Shell Gaps

Proton Dripline & N=Z nuclei

LoI_Day1_6, LoI_Day1_8, 

LoI_Day1_9 LoI_Day1_11

 Tests of Shell Model

 Single-Particle structure

 Development of Collectivity

 Shape coexistence

LoI_Day1_3 & LoI_Day1_4

 Ground-State Properties

LoI_Day1_10

 Standard Model

FISIC project
LoI_Day1_1

Day 1 experiments with S3
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Super Separator Spectrometer 

(S3)

Schematic layout

Collaboration 104 physicists, 30 institutions, 12 countries

Spokespersons:
Hervé SAVAJOLS – GANIL, France 

Antoine DROUART – Irfu/SPhN (CEA), France

Jerry A. NOLEN – Argonne National Laboratory, USA

Full cost including 10% overheads: 10M€
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July 2010 choice of the tender 

Infrastructures Phase 2
Production Building and Hall DESIR
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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 2

C

Source

UCx
2000°C

diffusion / effusiondeuterons
40 MeV

neutrons

1+ n+

C

Source

UCx
2000°C

diffusion / effusiondeuterons
40 MeV

neutrons

1+ n+

J. Benlliure

SPIRAL 2 Challenge  

Up to 1014 fissions/s
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SPIRAL 2 Schedule

2006     2007     2008     2009     2010     2011    2012    2013    2014    2015    2016    

Building

construction
Safety

authorizations

Construction

of LINAG

Reference Planning

Stable ion beams from LINAG

RIB
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sCalculated neutron direct capture cross-sections for the Sn

Isotopic chain assuming differents models for masses 

and level scheme

Neutron Capture for tin isotopes

N=82 waiting point in r- process
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 Shell Structure change far off stability

Towards a broadly applicable model of nuclei

Neutron skins (study of neutron matter)
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Test of the

Standard Model

CKM-Matrix

Parity Violation and

Time Reversal in Atoms

Superheavy 

Elements

Fundamental Symmetries

and  Interactions

rp-Process, Novae 

and   X-ray Bursts

r-Process and

Supernovae

Nuclear

Astrophysics

Structure & Dynamics

of Exotic Nuclei

Sp=0

Sn=0

Halos, Skins 

Molecules

New Shell

Structure

Physics with Exotic Nuclei

Applications

New Decay Modes

2 p and n radioactivity

Nuclear Shapes

Neutron-proton Pairing

Neutron & proton

Drip lines
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