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m Introduction: An overview

¢ A very competitive huge field of research
m The nucleus a complex system

¢ Fundamental questions and connections
m Exotic Matter in the Univers

¢ Supernovae and compact stars
m The degrees of freedom

¢ [-radioactivity: A laboratory for the weak interaction
m The nuclear interaction

¢ The concept of energy density functional
m The nuclear self organization

¢ From structure to thermodynamics

EURISOL CERN 2006

CHOMAZ Philippe



addijiyd ZvINOHD

900Z N&3O T10ShkNd




1) Introduction
General ideas

m Facilities and projects
m EXxotic nuclei Physics case
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A huge research potential: . i
the nuclear chart fiiie

TELE U COENIEs

m 250 stable nuclei
m 2000 « artificial » nuclei
synthesized since Joliot-Curie
m 5000 to 7000 bound nuclei expected

Proton number Z

Neutron number N
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A very competitive field \

~World Wide Radioactive Beam Facilities~

EURISOL

RIA ->RIA Light

HIE ISOLDE

- - under construction 1 997
\__ XXX _-projects 2006 + other RIB projects ;guq )
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Yields of fission fragment after acceleration
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Physics with Radioactive lon Beams

Reactions & Rates (From 0 to 100 MeV/n)
Quest for intensity
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Physics with Exotic Nuclei

Fundamental Symmetries
and Interactions

Parity Violation and
Time Reversal in Atoms

Test of the
Standard Model
CKM-Matrix

rp-Process, Novae
and X-ray Bursts

Nuclear
Astrophysics

Neutron-proton Pairing

4
=k s r-Process and
Supernovae

NN G VT
=

O

8 —!

T =. {U_er
29 20 New Shell s
2 8 Structure
Neutron & proton :
Drip lines Halos, Skins

Molecules Courtesy of
L Hans Geissel
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EURISOL CERN 2006

Town-Meeting Program

Monday, 27 November 2006

2! | Direct reactions for EURISOL.

500 it 5

-t | Shell model approach and structure of exotic nuclei

Coffe break

)0 7| Nuclear Astrophysics

68| The study of superheavy elements at EURISOL

00 40| "User requirements for Physics at EURISOL"

Tuesday, 28 November 2006
|| | Beta-beam physics - CP violation, leptogenesis, right handed neutrinos etc.
by VAL GROSSHAN

Tuesday, 28 November 2006

5:00 77| Nuclear reactions, dynamics and phase transitions with EURISOL

78| Instrumentation for EURISOL: the FAZIA project

79| Low-energy beta-beams as a laboratory of neutrino interactions
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2) The nucleus
A Complex Quantum System

EURISOL CERN 2006
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A multi-scale Universe
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A multi-scale Universe
Super Cluster
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Fundamental
Questions:

m Degrees of freedom
=> Nucleons

m Interaction => V

m Structure => Shells
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A multi-scale Universe
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Fundamental
Questions:

m Degrees of freedom
=> Nucleons

¢ Clusters, fields ...?
m Interaction => V

¢ 3-Body, L.S, in
medium ...?

m Structure => Shells
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A multi-scale Universe
| Fundamental
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A multi-scale Universe
| Fundamental
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A multi-scale Universe
| Fundamental
o0 Super Cluster QueStlonS:
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A multi-scale Universe
1 Fundamental
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A multi-scale Universe
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3) Links with other fields
Exotic Matter in the Univers

m EXxotic Nuclei on the Nucleosynthesis Paths
m Exotic Matter in Compact Stars

EURISOL CERN 2006
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. Nucleosynthesis
. ‘Dense matter

Super-nova
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“ Task 10 proposals

Neutrph capture Cross sectlon ;
' 6"Fe and '97Pd (radioactive target)
Mass & decay on the r-process path
L to N= 80 i
44T| reactlon_ rates and SN core collapse.

-

L
]




™ g

Neutron star

Mass
~1.5 times the Sun

Solid crust
~1 mile thick

“""«. Diameter

~12 miles

Heavy liquid interior
Mostly neutrons,
with other particles

Super-nova







A NEUTRON STAR: SURFACE and INTERIOR
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4) Links with elementary physics
A laboratory of the weak interaction

m Neutrino interaction

m Test of CVC (Conserved Vector Curent

m CKM (Cabbibo-Kobayashi-Maskawa) mixing element
¢ Unitary test

m Beyond standard model
¢ Weak tensor component

EURISOL CERN 2006
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4) Links with elementary physics
A laboratory of the weak interaction

m Neutrino interaction
m Test of CVC (Conserved Vector Curent

m CKM (Cabbibo-Kobayashi-Maskawa) mixing element
¢ Unitary test

m Beyond standard model

Task 10 proposals
m Super-allowed beta decay close to 199Sn
L 4 94Ag, 98In, 90Rh, 86Tc (test nuclear corrections)
¢ T=1/2 mirror transition
m Correlations in beta decay
m Low-energy beta beams

EURISOL CERN 2006
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5) The interaction
and the Energy Density Functional (DFT)

m The isospin dependent EOS

m The Energy Density Functional
¢ Spin terms (L.S, Tensor, ...)

m  Ab initio and multi-particle forces

Task 10 proposals
= GMR measurement

m Flows and Isospin transport:
'S 56-74Fe, 106-1323n

m Structure measurements
m Optical potentials?

EURISOL CERN 2006
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Testing Neutron Rich EOS

20 I. Tanihata, Ann. Rev. Nucl. Part. Phys (1997); H. Miiller et al, NPA606 (1996) 508 & PRC52 (1995) 2072
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GMR
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m Isospin dependence
poorly known

¢ Isospin dependence

-
-

-
-]

of compressibility

14 |

Monopole energy [MeV]

¢ Density dependence

of symmetry energy

EURISOL CERN 2006
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Density functional theory

m The only information needed: the energy functional
<H >= E[p] => functional of observables: density p

Potentially exact both for E and p

EURISOL CERN 2006
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Density functional theory

m The only information needed: the energy functional
<H >= E[p] => functional of observables: density p

Potentially exact both for E and p

m Local density approximation < H >= deﬁ’{(r)
+ Energy density functional H(r)=H[{pp(r)}]

¢ Local densities Paa(r)=tr &r —f)AHB
matter Pou = Ps,c,, Kinetic 7, =Py, current Jo, =Pps, .,
EOS effective mass Spin
: OE - ~OH -
m Mean field: h.[p]= h=> BZ—(f) A
| §pji AB 8:OAB
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Density functional theory

m The only information needed: the energy functional
<H >= E[p] => functional of observables: density p

Potentially exact both for E and p

m Local density approximation < H >= deﬂ(r)
+ Energy density functional H(r)=H[{pp(r)}]

¢ Local densities Paa(r)=tr &r —F)AHB
matter Pou = Ps,c,, Kinetic 7, =Py, current Jo, =Pps, .,
EOS effective mass Spin
: OE - ~OH -
m Mean field: h.[p]= h=> BZ—(f) A
| §pji AB 8:OAB

¢ Spin Orbit, tensor, ... only a matter of functional

EURISOL CERN 2006

r In this context relativistic <=> non-relativistic
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Measuring Density Functional @ EURISOL

m Key questions

¢ Isospin dependence
of EOS and K
(density dependence
of asymetry energy)

¢ Isospin dependence
of effective mass

¢ Spin and isospin
dependence

EURISOL CERN 2006
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Measuring Density Functional @ EURISOL

m Key questions

¢ Isospin dependence
of EOS and K
(density dependence
of asymetry energy)

¢ Isospin dependence
of effective mass

¢ Spin and isospin
dependence

EURISOL CERN 2006

m Key experiments

¢ Radii

¢ Densities
=> reactions, electrons
¢ Giant monopole vibration
=> High E/A & Intensity

¢ Fragment Isoscaling

¢ Differential (p-n) Flows and
high transverse P

=> High E/A

¢ Structure and Shells

¢ Polarized optical potential
=> High Intensity

CHOMAZ Philippe



Measuring Density Functional @ EURISOL

® Symmetry energy
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Measuring Density Functional @ EURISOL
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Phys.Rep.410(2005), nucl-th/0505013 (M SU-RIA)
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Measuring Density Functional @ EURISOL

m Spin dependence
¢ EXx: Spin-orbit

Levels, shells and drip-lines r-process abundances

Toordicle E/w% [MeV]
= didrh o s ®

% 8 9 0070 8 30 (00 CGo doo 1éo 480

Neutron. Number N Mans A

EURISOL CERN 2006
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Measuring Density Functional @ EURISOL

m Spin dependence
¢ EXx: Spin-orbit

L 410 IRIRFE FIRMEI 'L I *HIrHL
L.S pot. to be measure in reverse klnematlc

Levels, shells and drip-lines r-process abundances

Tondicle E/w%[ﬂc.\’_l
SHhirbon+ o

3 o070 &0

Neutron. Number N

EURISOL CERN 2006
CHOMAZ Philippe




Beyond DFT: Ex. Ab-intio calculations

m Light nuclei & ab-initio calculations
m Properties of N-N and N-N-N interactions

60 [ T | | | | | ]

»w | . - SHe |

¢ 5| Binding 2
C'JB [ /RI i
e ol e .~ /]
= 40 - P .
-g-g [ 4 // '/.-/ E]-k '
88 0| El}/ E’Ii "Li .
o | / :
o .| _
o\o,,q_; 20 - t'/ -
S | “He 3 body
° forces needed -
|,J"‘ 0 : [

2 3 4 5 6 7 8 9
Mass number A

4 2 0 2 4 -2 0 2 4
r=(x2+Y211;‘2 [fm]
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Beyond DFT: Ex. Ab-intio calculations

m Light nuclei & ab-initio calculations
m Properties of N-N and N-N-N interactions
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6) The nuclear self-organization

m Independent fermions
¢ Shells and super-heavies
¢ Deformations and symmetry breaking
¢ Pairings
m Correlations
¢ 2p radioactivity
¢ Quartetting, clusterization and deformation
¢ Continuum effects, Beyond the drip lines
m Entropy and Thermodynamics
¢ Level density
¢ Isospin dependence of phase transition
¢ Isospin fractionation

EURISOL CERN 2006

From structure to thermodynamics
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6) The nuclear self-organization
From structure to thermodynamics

m Independent fermions
¢ Shells and super-heavies
¢ Deformations and symmetry breaking

Task 10 proposals

" | m Single particle & collective properties:
¢ 38Ne, 46Ar, neutron-rich Ni, Pb isotope chain
m  Moments and radii: 78Ni region
m Production and spectro. of heavies &superheavies
- ¢ Fusion with #4Ar, 50Ca, 92Kr, 132Sn
m 2p and B-2n radioactivity
¢ %Fe, ©Ni, %Ni ..., 30-33Na...
m Beyond drip lines: 26280
m  Multifragmentation: 56-74Ni, 106-132§, 200-228Rn

EURISOL CERN 2006
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6) The nuclear self-organization
From structure to thermodynamics

m Independent fermions
¢ Shells and super-heavies
¢ Deformations and symmetry breaking
¢ Pairings

EURISOL CERN 2006
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Independent Fermions

N Wood Saxon + L.S

Goeppert-Mayer
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Nucleons in a self-consistent
mean-field




Magic Shells

M Bender et al, PLB
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Magic Shells

m Super-heavy island of sability

M Bender et al, PLB
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Neutron rich super-heavies & heavies

3:10° 132Sn on
various targets

Proton number
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Shell-Correction
Energies

B -7 MeV
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S. Hofmann,
Nucl. Phys. News Intl
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Independent-fermion symmetry breaking

= shape coexistence

“EURISOL CERN 2006
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Quadrupole deformation of the nuclear ground states
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6) The nuclear self-organization
From structure to thermodynamics

m Correlations
¢ 2p radioactivity
¢ Quartetting, clusterization and deformation
¢ Continuum effects, Beyond the drip lines

EURISOL CERN 2006
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Shapes and correlations

@ 6 Exact calculation
Large scale £ i
shell model = 4
c 2 i
© E B
5 =7
— ~N
= -2
o -6
s ‘
4B
—2

r=(x%+Y?)"? [fm]
m Beyond one-body
¢ Deformation
¢ Clusterization, Haloes
¢ Pairing, Continuum

¢ 2p radioactivity

EURISOL CERN 2006
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Correlation & Multi-nucleon radioactivity

Sequential decay

:0 o ‘,"
Al Y
| T B-2p decay
82,?" T w g 0 ’ ’ h;
i 22Al, 26P, SAL.... " .

=0

won w m
wEle |
d
" u e ’_r,_,j 3 )
e y
H -
» mmmnl m m -
1 -
il --——

" Three body decay
T

» mass ~ 50

4SFg, 48N, 54Zn, ...

-

He2 decay

2p radioactivity
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6) The nuclear self-organization
From structure to thermodynamics

m Entropy and Thermodynamics
¢ Level density
¢ Isospin dependence of phase transition
¢ Isospin fractionation

EURISOL CERN 2006
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Nuclear excitations

m Level density
¢ from structure to thermodynamics

. . ~ S. Hilaire. Bruvéres le Chatel
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Nuclear excitations

m Level density
¢ from structure to thermodynamics
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) Dense matter EOS

200 MeV

Plasma of
Quarks and
Gluons

Temperatureo0

Liquid

n Nucleus

Density p/p, 1
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] Dense matter EOS

200 MeV

Plasma of
Quarks and
Gluons

Collisions
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B Dense matter EOS

200 MeV

Plasma of
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| Measures
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Nuclear Phase diagram & fractionation

m Isospin dependent phase diagram

Muller, Serot
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Nuclear Phase diagram & fractionation

m Isospin dependent m Isospin dependent
limiting temperature phase diagram
Bonche, Levit, Vautherin Muller, Serotr
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A Scientific Vision
From now to EURISOL

Philippe CHOMAZ

m Introduction: An overview GANIL-Caen

¢ A very competitive huge field of research
m The nucleus a complex system

¢ Degree of freedom, interaction, structure, connections
m Exotic Matter in the Univers

¢ Supernovae and compact stars
m The degrees of freedom

¢ [-radioactivity: A laboratory for the weak interaction
m The nuclear interaction

¢ The concept of energy density functional
m The nuclear self organization

¢ Shells and Superheavies

¢ Correlations and radioactivity (e.g. 2p)

¢ Two fluid liquid-gas phase transition

EURISOL CERN 2006
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EURISOL CERN 2006

Town-Meeting Program

Monday, 27 November 2006

2! | Direct reactions for EURISOL.

500 it 5

-t | Shell model approach and structure of exotic nuclei

Coffe break

)0 7| Nuclear Astrophysics

68| The study of superheavy elements at EURISOL

00 40| "User requirements for Physics at EURISOL"

Tuesday, 28 November 2006
|| | Beta-beam physics - CP violation, leptogenesis, right handed neutrinos etc.
by VAL GROSSHAN

Tuesday, 28 November 2006

5:00 77| Nuclear reactions, dynamics and phase transitions with EURISOL

78| Instrumentation for EURISOL: the FAZIA project

79| Low-energy beta-beams as a laboratory of neutrino interactions
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Link with radioactivity

/ Two-proton rad oactivity

m 2p radioactivity

45
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Some ISOL User Facilities of Today (15t

Generation)
OLDE @ CERN PS booster Protons 2001: Linac
Switzerland 1.4 GeV, 2 pA 0.8-3.1 A MeV
Jyvaskyla Cyclotron Protons - heavy ions 3
Finland K=130 <70 MeV, up to 100 pA
Louvain-la-Neuve | Cyclotron Protons 1989: Cyclotrons
Belgium K=30 30 MeV, 200 pA K =110, 44
HRIBF Protons, deuterons, a, < < 1997: Tandem
) Cyclotron
Oak Ridge, USA 85 MeV, <12 uA 25 MV
ISAC @ TRIUMF Cvelotron Protons 2000: Linac
Canada y 500 MeV, 100 pA up to 1.5 A MeV
ll SPIRAL @ GANIL 3 Heavy ions 2001: Cyclotron
g France cyclotrons up to 95 A MeV, 6 kW CIME K = 265,
5 y P ’ 12-25 AMevV B
% —
¢ EXCYT Cyclotron K Heavy ions A < 48 2005: Tandem -
o Catania, Italy =800 up to 100 A MeV, < 1ppA 0.2-8 A MeV 2
o o
> -
IT] (&)




SPIRAL 2:

SC linear accelerator
deuterons up to 40 MeV

cyclotron CIME

GANIL 2011-2012 heavy ions U to 15 A K = 265,
Caen, France y P 2-25 A MeV
MeV
MNL'::CI:] " Reactor Linac
’ ' 104 n/cm?-sec up to 7 A MeV
Germany
SPES 2008 : .
Legnaro, ltaly (Initial phase) SC proton linac ALPI linac
= ISAC-II 2007 Cyclotron Linac
2 TRIUMF p, 500 MeV, 100 pA up to 6.5 A MeV B
x a
& HIE- Linac g
4 ISOLDE 2010 ? ffé’;’\c}sze(; A up to 5 A MeV [
g CERN b, 1. 1V H (10 A MeV) €
L O




EURISOL CERN 2006

Europe:

Linac+synchrotron,

FAIR heavy ions, - In-Flight
(Germany) 2 A GeV
Europe: Linac .
EURISOL orotons, 1 GeV, ) t(<:)V¥oLomAa?\’/|ev ISOL
?? 1- 5 MW P
USA: Linac Linac ISOL &
RIA 400 MeV protons, | -, 45 815 A Mev In-Flight
Light 22 | 200 A MeV heavy ions | P 9
JAPAN: Ring-cyclotrons
RIKEN | up to 350 A MeV (light i In-Flight
RIB Factory & heavy ions)
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Coulomb Excitation of 747°Kr : Evidence for Shape Coexistence

1(4)/1(2")

EANE
14712

SPIRAL beams
6Kr 5x105 pps
74Kr 104 pps

Normalized intensity
&
IIII|IIII|IIII|IIII|IIII|IIII

4.5 MeV/u

Scattering Angle in CM for Kr

| | | | |
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r-process N=28 4°Ar(d,p) 4’Ar as (n,y)

published in PRL

P and TheV
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1960 — Goldansky predicts 1-proton and 2-proton radioactivity

|
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Sequential decay

P

T

light nuclei

= B-2p decay
P
p
22\, 26P, 1Ar ...

Simultaneous emission

He2 decay

» mass ~ 50

PFe, %4Zn, ®Ni ...
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m Condensed Fermi fluid
¢ Liquid-gas phase transition |-

Py Saturation

@ Phase diagram
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