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Energy scales in the subatomic world £
Degrees of Freedom Energy (MeV)
Depending on scale/energy, O “.° ¢

quarks, gluons

e 940
neutron mass

constituent quarks

0@ .
plon mass

De Broglie equation (spatial baryons, mesons
resolution) :

systems are described by different
degrees of freedom and are
associated to different (quasi-)particles

Physics of Hadrons

S 8
g proton separation
= energy in lead
— e,
A=ZIp 5
g protons, neutrons
2
E. . (MeV) A (fm) o 1.2
vibrational
state in tin
1 8
nucleonic densities
and currents
10 1.5 ‘ _ —_
rotational
state in uranium
100 0.5

collective coordinales

1 MeV = 1 méga-électronvolts = 10°eV = 1,6.10%3)
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Energy scales in the subatomic world @C

Degrees of Freedom Energy (MeV)

Depending on scale/energy,

O 0
. e @ %°C
systems are described by 5 quarks, ghions
. o :
different degrees of freedom T % 940
. O neutron mass
and are associated to 8
. 7 constituent quarks
different phenomena %
00 .
plon mass
Nuclear physics at low E = SRR R
nuclear degrees of freedom 5 -
5_';3 proton SE|3ﬂrE|ti0|‘l
= energy in lead
M,
- nUCLeUS 2 protons, neutrons
. 9 '
- collective phenomena 9
£
- excited states * L
. state in tin
- bulk and surface properties
. o nucleonic densities
In continuum states and currens
‘ 0.043
. rotational
Nuclear reactions state in uranium
Einc —_ 5 — 100 MeV/nUCleon collective coordinales

1 MeV = 1 méga-électronvolts = 10°eV = 1,6.101% )
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Strong .vs. Nuclear interaction @C
d=1-2 fm
U (135-140 MeV)

hadrons

mesons
(bosons)
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Strong .vs. Nuclear interaction @C
d=1-2 fm QED

T (135-140 MeV)

Hadrons

mesons

p?
Angular mom. J=L+S

Isospin I =(p, + p)/p

QCD (bosons)
€+ BN ety i
Quarks T 180 channel
Nuclear interaction 2"";‘ | | Relevant D.o.F.
= long range strong int. E [ repulsive ]
(non perturbative regime) 51007 i o Density p = p_ + p

Hard core : r<1 fm

L Bonn
Smallrange:r= 1 fm ol "
Tensor and isovector: n,p [

rfm] -

AT ST TR T AT S T T S N T TN TN S NN R T S
0 0.5 1 15 2 25
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Nucleus at T=0 : quantum realm
[168] Shell model

6ho—
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Harmonic Square With 6Q Q
Oscillator Well with Spin-Orbit
Rounded Coupling AT=0 AT=1 AT=0 AT=1
Edges AS=10 AS=10 AS=] AS=]

Quantum numbers for nucleon orbitals n,l,j : 1s,,
Nuclear structure and limits of stability (driplines)
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Des noyaux a la carte

Nombres magiques : 2,8,20,28,50,82, 126, ...
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\pc

Nuclear structure (I} =

Thank to the advent of radioactive ion beam facilities, new phenomena have been
investigated during the last two decades

- new magic numbers (harmonic shells for exotic nuclei)
- haloes nuclei (borromean)

- granular or molecular systems (clusters in nuclei)
- nuclear structure for superheavy elements (transfermium Z>100)

- new radioactivities 2p, 2n, clusters (coupling to continuum)

Impact on theories

3-body and many-body forces
Isospin (N/Z) dependence
Loosely bound nuclei / coupling to continuum
Correlations : pairing, superfluidity, short range
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Nuclear structure (ll) (e

Light Nuclei : Clusters and molecular structure !

“C molecular bands Clustars on nuclear chart
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‘r:; / _,-’: __-": M B [ | Stable or unstable nuclei

Y. Ye, X. Yang, H. Sakurai, and B. Hu, Nature Rev. Physics 7, 21 (2024)
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Nuclear structure (lll) (e

Exotic nuclei : toward neutron/proton imbalance

1. n-rich heavier mass;
ol r-process/symmetry
Stable nuclei

82 ==

o

p| n

Unstable nuclei S-process

i

Proton number

Island of

Dripline nuclei
———— stability

2. n-dripline;
neutron matter

=azszzaasss Pl \
' @ Halo

nuclei

Clustering "

I\ Dripline nuclei
Light dripline nuclei

Neutron number
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Nuclear structure (V)

loc

—

Exotic Nuclei : Deformed nuclei and shape coexistence

i,

pl n
Stable nuclei

p| n

Unstable nuclei

SR SIS R e R = = =[]

Proton number

rp-process

st enj ey e

Light dripline nuclei

1. n-rich heavier mass;
r-process/symmetry
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2. n-dripline;
neutron matter

Halo
nuclei

(a) Spherical

(b) Prolate (c) Oblate

Island of
stability

Clustering

pln

Dripline nuclei

Neutron number
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Microscopic description of nuclei : Ses
Mean-Field and beyond

Studying the limits of existence (A,l) of nuclei

What holds together nucleons and to what extend ?
nucleus

Free nucleons

o O
200 mm)
o 09
%o
Self-consistent
Mean-Field
Bare NN interaction Effective interaction (medium)
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Microscopic description of nuclei : @C
Mean-Field and beyond

Studying the limits of existence (A,l) of nuclei

What holds together nucleons and to what extend ?
nucleus

Free nucleons

o O
200 mm)
o 09
%o
Self-consistent
Mean-Field
Bare NN interaction Effective interaction (medium)

Density (p)

Temperature (T)
Study of extreme states éTotal Spin (J)

Isospin (N/Z)
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Macroscopic descrition of nuclei : liquid drop

Bethe & Weisacker formula :

volume surface coulomb asymmetry n/p (isospin)

B=aA-aA?-a_Z?/AY3-a__ (A-2Z)%/A ...
+ shell effects (magic numbers)
+ pairing (nn, pp, np)

sym

B-stability valley, B maximum: 0B/0A=0

Zstable ~ A/z [1+ac/(4asym)A2/3]_1
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Des noyaux a la carte G

Nombres magiques : 2,8,20,28,50,82, 126, ...
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From nuclei to compact stars

Under pressure ! Supernova / neutron star
P = 10" g/cm=3 = 108 T/cm?3 |

nucleus

Nucleosynthesis above iron element

Core Collapse of Supernova : x 10,000,000,000 Sun luminosity ...
NS is ruled by the nuclear Equation of State E(p,T, )
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How a star becomes a neutron star ?

EVOLUTION OF STARS

Planetary Nebula
0-8 solar masses

small Star Red Giant m

L o
. ‘ @ : ;- e .

H . A
>,

Planetary Nebula

8-20 solar masses Supernova

Supernova

Red Supergiant
Large Star

.
Stellar Cloud

with
Protostars

>20 solar masses

IMAGES NOT TO SCALE
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White dwarf

White Dwarf

Neutron star

-~
\H-/'

7

Neutron Star

Black hole

Black Hole
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How a star becomes a neutron star ?

EVOLUTION OF STARS

Planetary Nebula

0-8 solar masses - White dwarf

Small Star Red Giant )
. White Dwarf

Planetary Nebula Neutron star

8-20 solar masses Supernova

Supernova

Red Supergiant ' /
Large Star . > A

. =3 o . Ak Black hole
Stellar Cloud . v b S

with

Protostars : . A \ —‘

Neutron Star

IMAGES NOT TO SCALE Black Hole
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Neutron star : a dream for nuclear physicists ...

Crab nebula

Pulsar at center !

"~ Combined image from James Webb Space Telescope

Credits NASA, ESA, CSA, STScl, T. Temim (Princeton University)
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Mass — radius of a neutron star

Mass expressed as solar mass fraction

Ri14 from EoS
9 10 11 12 13 14 15

3.5

3.0

[
w
T

Mass (Mg)
(]
o
I

1.5F _
1.0F =
0.5 =
é 1IU 1I2 1I4 1I6 1I8
Radius (km)
Different EOSs feature many various profiles !
Goal : try to find the best one... Size of a big city ~ 10 km!!

Olivier LOPEZ, LPC Caen (lopezo@in2p3.fr) Profs au GANIL



Size of a neutron star (lpe

Compared to Vancouver ...

MNeutron Star

kindaroomy corm
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Covered domain in the plane (o, T) @é

Temperatures and densities reached during a CCSN simulation within 1s post-bounce

0.1 0.2 0.3 0.4
B | D Y
E NSE ' 1 Nuclear reactions
1MeV=11GK | (Nuclear S:mma{l ::ql]il_hrnlIH} d E | @ GANIL ...
fiA.Z) = & Hp T | ¢ ) Hin
= 10 | ./
al L yr"" I N
= i
& o0
IE ' =10“ g.cm?
. r—osmey__+ 3§ Pt
,f"'ﬁ non-NSE i
B (time-dependent nuclear processes) 1
ﬂ 1 B 1apus III|IIII| 1 II|IIII: 1 I|III| 1 Illllll IIIIIIIII L LAl | IIIIIIII :
; 6 7 & & 10 11 12 13 14 15
10 10 10 10 10 10 10 10 10 10

p [g cm™]

M. QOertel et al., Rev. Mod. Phys. 89, Vol. 1 (2017)
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Caen

. pc
Neutron star : a dream for nuclear physicists ... @

Thin atmosphere:
HHe C.. Il Outer crust: ions, electrons NS — NS merger

Inner crust: ion lattice, soaked
in superfluid neutrons (SFn)

Outer core liquid: e, -, S,
perconductlng protons
Inner core: unknown

~10% g cm™

~2X nuclear density

2x10"gcm
~nuclear density

4x10" g cm
“neutron drip”

NE2052

Ligo/Virgo

5 sﬁmdmmpﬁm&o »
W - - _. T e
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Nuclear EOS in Astrophysics

-r-—ft.-'i-*-ﬁlc.-ﬁ.-m.-

Neutron Stars (NS) are unique systems
for investigating dense nuclear matter !

Birth of a Neutron Star

E
o
<o
>
s
>
©
%]
i
4]
=
=
=2

T = B.3VE+08 K
X, = 8.20E-01

Red Gaint Neutron Star

Core l Supernova l Supernova
Implosion Explosion Remnant

B.P. Abbott et al. (LIGO/VIRGO),
. _ PRL 116, 061102 (2016)
Detection of GW and multi-messenger observables ( GW170817) PRL 119, 161101 (2017)

considerably reinforces terrestrial EOS studies

Core Collapses Sne
Lhir? aEmosphere: Outer crust: ions, electrons NS- NS merger (Kilonova)

,He, C....

Inner crust: ion lattice, soaked
in superfluid neutrons (SFn)

- EoS (isoscalar/isovector) : shock waves
- Esym : r-process and nucleosynthesis

- Cooling : d-URCA and Neutrinosphere
(low density nuclear matter)

Outer core liquid: e, u-, SFn,
superconducting protons

Inner core: unknown

~10"% g cm=

NS structure :

~2x nuclear density
2x10%gem™
~nudear density

4x10" g em?
“neutron drip”

- Crust : pasta phases (frustation/clusters)
- Crust/Core transition: L,K sy

sym

- Core : hyperons (strange matter, QCD) N. Yunes, M. Coleman Miller, and K. Yagi,
Nature Review Physics 4, 237 (2022)
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NSNS_ESA.mp4

Key questions in Nuclear Physics @C

How can we build the atomic nucleus starting from QCD first principles
and the strong interaction ?

Effective interactions and ab-initio models

Nucleus as a many-body quantum system : how can we explain
and predict the observed regularities : magic numbers, collective
excitations, pairing, drip lines, ... ?

Shell model(s) and approaches beyond the Mean-Field

How can we describe nuclear matter at very different scales as
in nuclei (microscopic) and in compact stars and neutron star
mergers (macroscopic) ?

Equation of State of nuclear matter / phase transitions
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Nucleosynthesis (s
Where the matter comes from ? Abundance

of elements
in the Universe

i I I | | [ | | | |
10 J‘ &
He
= -
8 — -l
§ B v Ne ]
o Si Fe
= 5 -
.S Ar
-8 = =3l
°
&
& 4 = =y
(8]
" = | -
E F 5
= 2= =
ol Li
o ]
gL v i
Lo =2 Be No n‘nbla =
nuclides
- Th i
.
2| v ]
l | | | | | l | [
0 10 20 30 40 50 60 70 80 20 100

Atomic Number
Figure 2.4 Plot of the abundances of the elements in the solar system versus their atomic number. The
aburidances are expressed as the logarithm of the number of atoms of each element relative to 10° at-
oms of silicon. (Data are listed in Table 2.2 after Anders and Ebihara, 1982,)
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Nucleosynthesis : different origins

Abundance
Stellar synthesis of elements
Primordial Hydrogen (Big Bang)

26 ~in the Universe
Z=1 -

|
Extra-stellar
g processes
8 B V Ne
g - r/s/p-processes
T 8 .
é B IN supernovae
E n N and NS-NS
E — mergers
f' 2| H H H 'H
§ u V BQ/T/\V o Te " Z>26
=t RN o : ) Sn e o | P N
Sl |, i N Mw‘ : N Nostable |
*He *He nuclides
= Sy Bi Th =
e i " v _
el Y Wi | | [ | [
0 30 40 50 80 70 80 90 100

Atomic Number
Figure 2.4 Plot of the abundances of the elements in the solar system versus their atomic number. The
aburidances are expressed as the logarithm of the number of atoms of each element relative to 10° at-
oms of silicon. (Data are listed in Table 2.2 after Anders and Ebihara, 1982.)
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Terrestrial experiments

At GANIL (Caen, Normandy, France), many teams study heavy ions induced
nuclear reactions to investigate stable and exotic nuclei properties

SPIRAL2 GANIL/SPIRAL1

New SC-LINAC: CSS1/CSS2/CIME -

Intense p,d and HI beams Stable beams (He-U) E, =5 - 100 MeV/hucl.
Radioactive beams E_ =5 — 15 MeV/hucl.

Olivier LOPEZ, LPC Caen (lopezo@in2p3.fr) PI'OfS au GANIL

E__=5-20 MeV/ucl.
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L'ACCELERATEUR LINEAIRE
SUPRACONDUCTEUR

déllvra des falsceawx da particules
de trés grande intensite : le nombre
de collisions entre les particules
accaléraes et les noyaux de la cible
da matiéra ast ainsl plus important.

LES SOURCES D'IONS
DE SPIRALZ

permettent de produire un
large eventail de particules,
dont de trés lagéres comme las
deutons ou les protons,

Olivier LOPEZ, LPC Caen (lopezo@in2p3.fr)

LES SALLES D'EXPERIENCES
renferment des systames de datection
et de mesure tras sophistiquas,
permettant d'etudier les proprigtés de
noyaux trés exotiguas.

GANIL

L'ENSEMBLE
ACCELERATEUR,

composé de cing cyclotrons,
sccelere des falsceaux d'lons
gllant du carbone-12 &
l'uranium-238 & differentes
énergies adaptees aux types
d'expériences réalisess,

Les lons de carbone-12 peuvent
par exemple atteindre 120 000
kilométres par seconde, soit plus
du tlers de la vitesse de la lumiére.

GANIL
LES SOURCES

permettent de produlre
les ions stables ou
radioactifs qul seront
ensuite mis en falsceaux
et acceleres.

Profs au GANIL
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End part |
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Part Il

Some basic concepts of
nuclear reactions

Profs au GANIL



Nuclear reactions : playing darts ... (e

Differential cross section
do/db = 2rtb

Semi-peripheral
collisions

@

Central
collisions

Impact parameter (b)
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Cross section in Classical Physics

Integrating over b, we get : o (b) = ntb?

Unit is the barn (b), 1b = 10®m? = 10%*cm?
For a typical nuclear reaction between HI, we have bg
then o =3,142b=3142mb

=~ 10 fm,

razing
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TR
i : . . loc
Cross section in Quantum Mechanics : partial waves C_p/

Total nuclear cross-section Classical ansatz:
O =Tb 2 =T (¢ +1)h*/uv 12| = VI(I+1) A = uvb

nuc

Direct/transfer reactions

scatteing

Partial wave [

Emax

Z(Qg o 1)(1 o ,%2) n, is the inelasticity coefficient for partial wave {

Op = —
ke n, = 0 for elastic and 0<n,<1 for absorption

=0
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N\

. loc
Cross section and event rate £

Event rate Er (s) for a specific reaction cross section o :

Er =% paeoc/A

where :

- 7 is the incident flux of particles per unit of time (s
- pis the density of the target material (g.cm3)

- e Is the target thickness (cm)

- A is the molar mass of the target material (g.mol™)

- 4 =6.022.102%% is the Avogadro number

- o is the reaction cross section (cm?)
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. loc
Cross section and event rate Cp/

Event rate E (s™) for a specific reaction cross section o :

Thin target

Ereac - '7-/0 ,7(9 O;/A e=300 um, Au

Reaction f: 10° pps Cross section Event rate
Coulomb scattering 100 b 1000 st
Deep Inelastic/ 1b 10 st
Multi-nucleon Transfer
Central collision 50 mb 1 mnt
(b<1 fm)
Transfer/direct 10 mb 10 hrt
reaction
Fusion reaction 1 mb 1 week?
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Nuclear reactions

Producing exotic nuclei
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Physics cases for nuclear reactions : driplines (e

_/

Superheavy nuclei

=

118 known elements | SN 53
~ 3000 known isotopes A N .
~ 4000 still unknown isotopes —e ;

Ne

New decay modes
Proton emission

Astrophysical
nucleosynthesis
Exotic nuclear structure

Halo nuclei
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. Loc
Also Haloes nuclei... s

» les noyaur legers a (N, Z) extremes :

Courtesy Miguel Marques (LPC Caen)
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Production of exotic nuclei with HI beams 2=

1) Fragmentation reactions (100 — 1000 MeV/u)

0.~ 2~

projectile  target

2) Fission reactions (10 — 100 MeV/u)
. s
3) Fusion reactions (~ 5 MeV/u)

-0 = Q- @
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Known nuclei before WW?2

10 20 30 40 B0

BT 0 M SR E SEEEELET EELELEL SLRCEER] FEREE

Lottt i

o 1) | e B e e B et P e P ey
: U’J.

IR Rt
qan;

A S 0 L

......................................

..........................

S e e e e

Hombre de

loc

—

170

100 110 120 130 140 150 1e&d

................................................................

............................................

......................................

................

......

Noyaux stables

AMMEE de DECOUVERTE
""" | a2 = 1940

~ 500 Nuclei (stable)

Hucléides Affiches @ 492
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Known Nuclei now : astrophysical processes @C

“Terra Incognita”

0 20 =0 40 B3 &0 SO =0 90 1IIIIII 11III 12EI 13III 1‘rIII 15EI 160 1?‘!3[—
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.................

..................................................

IR . = ANNEE de DECOUUERTE
L Rl y ot e u B
: : ! ; e 0 1941 = a = 1342
il B B 1949 = a = 1958
ool O 1959 = & = 1962
; O 1989 = a = 1978
o i O 1979 = a = 1988
------- 5 - He E iggg E a = 1994

- n - - = =]
e B LD r process O Hon encore observé
T Rapid capture of neutrons

~ 3200 Nuclei

Nombre de Nucldides Affiche= : 3139 —~ 4000 nuclei ?
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Nuclear reactions

Reaction Mechanisms
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Nuclear reactions

Low incident energy

5 - 15 MeV/nucleon
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Low energy reaction S e
. Compound Nucleus Residue
mechanisms
B<E. <15 MeV/nucl.

Composite system

S @@

Fission

Entrance channel fragments
uasi-fission (QF
b bgrazing e>e Q (Q ) t=10%s
@ QF fragments
t=10%%s

=10%s
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Nuclear reactions

Fermi incident energy

15 - 50 MeV/nucleon
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. . : loc
Fermi energy reaction mechanisms —

15<E._ <50 MeV/nucl.

Transfer or direct reactions b = b

grazing

Stripping/pick up of nucleon(s)

Entrance channel Examples :

bzbgrazing
(d,p) :+1ntransfer (r-process)
(t,p) : +2n transfer (r-process)
(p,t) . -2n transfer (rp-process)

(*He,d) : +1p transfer (rp-process)
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Transfer reactions at low incident energy

E__ <50 MeV/nucl.

Projectile X(N) on a deuteron target with the pickup of one neutron to obtain
Y=X(N+1) -»more neutron-rich nucleus

Peripheral collision
with b = bgrazmg ‘

Sizeable cross section (b)

Complete kinematical
reconstruction of the
reaction / decay

Master the decay process

Notation : X(d,p)Y

Limited to few nucleons

transfer/plckap ' Limited angular momentum
Small excursion toward selectivity (few A) .
drip lines

Few discrete states accessible

Olivier LOPEZ, LPC Caen (lopezo@in2p3.fr) Prots au G/\N i l_
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\_B:aen
Fermi energy reaction et ey EvaAROraton
mechanisms Resiceg ‘
15<E,_ <50 MeV/nucl. “C

Composite system

4—‘ 0 E*>3 MeVInucI
Fission

Entrance channel é’
b<b
grazing e ‘ Ga fragments
n,p,o,y ..
Deep Inelastic scattering /.

Multifragmentation
IMF + LCP @ CM
o ""o\
=10%s

E*<3 MeV/nucl.

"0’

Neck emission
QP+QT+IMF @ mid-rapidity
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Deep Inelastic collisions ... toward the limits @é

« semi-peripheral » collision (b=6 fm)

projectile

ik
D
-

cible

phase d'approche transfert de nucleons formation d'un "col" rupture du "col"

Extreme rotation More diluted More n-rich
102 rpm! P<<pPy (N<<Z, N>>Z)
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Simulation Xe+Sn at 39 MeV/nucleon
b=4 fm

Nuclear Collision Simulation Nuclear Collision Simulation

(£=54,A=129) on (Z=50,A=119) @ E/A= 50MeV, b=4.0fm (Z=54,A=129) on (Z=50,A=119) @ E/A= 50MeV, b=4.0fm

HIPSE model - Phys. Rev. C69, 054604 (2004) HIPSE model - Phys. Rev. C69, 054604 (2004)
D. Lacroix (GANIL) and D. Durand (LPC Caen) D. Lacroix (GANIL) and D. Durand (LPC Caen)

Simulation done by O. Lopez (lopezo@in2p3.fr) Simulation done by O. Lopez (lopezo@in2p3.fr)
Details at http://www.lpc-caen.in2p3.fr Details at http://www.lpc-caen.in2p3.1r
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129Xe_119Sn_E50_b400_size7_type3_r_551.avi
129Xe_119Sn_E50_b400_size7_type3_r_940.avi

Deep Inelastic Scattering @C

232Th(40Ar, K
15<E_ <50 MeV/nucl. > ot -8
= 250 |
Projectile is damped and rotate around [ﬂﬁ
the target 5 200
8
Kinetic energy is associated to the § |
energy dissipation via 5
multi-nucleon transfer (MNT) § 100 -
(- ———— 100
Angle is associated to the timescale of ' ! - - '
10 20 30 40 50 60
the process Scattering angle in c.m. system, °
Cross section A
. ] contour N
Energy is used to estimate R }
excitation energy \3 ,Q i ‘f
\
i \
Angle is used as a clock for nuclear £ /}%
timescales AN | 4
b s
100 fm/c = 102t s (1 zs) U

Olivier LOPEZ, LPC Caen (lopezo@in2p3.fr) Prots au G/\N i l_
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Nuclear reactions

Intermediate incident energy

50 - 100 MeV/nucleon
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Intermediate energy reaction mechanisms G
50<E, <100 MeV/nucl.

‘b‘ e Multifragmentation
o

IMF + LCP @ CM
® o NN collisions

Entrance channel
b<b

grazing

Olivier LOPEZ, LPC Caen (lopezo@in2p3.fr) Prots au G/\N i l_




Central collisions ... Little Big Bang ! loc

Central collision (b=0)

t=0

collision centrale

projectile

cible

phase d'approche compression
More dense Hotter Fragmented
p/p,>2-3 T>5 MeV and diluted

1 MeV =10%K!! N>10-100

Olivier LOPEZ, LPC Caen (lopezo@in2p3.fr) Prots au G/\N i l_
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x0)
0.

Multifragmentation as Liquid-gas PT

?\ T I (s
T e 2 Ell -2.64 E
: f_ii/ it 'O?g \ Power law for mass 3
g R o -\ with a critical exponent
. [ \—Phase transition -
%IUGE 3
0°E .
Breakup reactions with
more than 2 fragments... o* .

'3’104 s Ar+Au 60 MeV/u {Louvel et al)
+ &
‘E - 2 ﬁ:t:: 3550“: uﬁg%’f.‘;'&%ﬂiﬁf&' 80'5: ® Kr+Au 43 MeV/u ( )
- u C r+Au eV/u (Nautilus
= L ﬁ Ay gg Mo u 'ﬁ%ur:ﬁ'to‘: g?ul) P 0,40 Ar+Au 60 MeV/u (Nautilus)
3] %  Kr+Au B0 MeV/u (Louvel et al) L
ol = B AR 23 Uev/b {Shemet ) g
et E 3 Ge C
c * A K St e (B et 0.3 Threshold around
‘G - —ir— B
a — 4 - E* =3 MeV/nucl.
E. 2| | 0.2} ——
o = - — >
£ Slmultaneous bﬁa&up t o1 E e
s —o =
g-, <1 OO fm/C C e
v o2 T o= ' '
L 3 4 5 6
Excﬁatmn energy (Mev/u) Excitation energy (MeV,/u)

Olivier LOPEZ, LPC Caen (lopezo@in2p3.fr) Prots au G/\N i l_




Multifragmentation

Olivier LOPEZ, LPC Caen (lopezo@in2p3.fr) PI’D:I:S au G)\N i l_


centrales.mpg

@e

Simulation Xe+Sn at 39 MeV/nucleon
b=0 fm

Nuclear Collision Simulation Nuclear Collision Simulation

(Z=54,A=129) on (Z=50,A=119) @ E/A= 39MeV, b=0.0fm (Z=54,A=129) on (Z=50,A=119) @ E/A= 39MeV, b=0.0fm

HIPSE model - Phys. Rev. C69, 054604 (2004) HIPSE model - Phys. Rev. C69, 054604 (2004)

D. Lacroix (GANIL) and D. Durand (LPC Caen) D. Lacroix (GANIL) and D. Durand (LPC Caen)

Simulation done by O. Lopez (lopezo@in2p3.fr) Simulation done by O. Lopez (lopezo@in2p3.fr)
Details at http://www.Ipc-caen.in2p3.{r Details at http://www.lpc-caen.in2p3.fr

More videos avaialble on this YouTube channel :

https://www.youtube.com/watch?v=azCjJx6REKg
Profs au GANIL
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129Xe_119Sn_E50_b400_size7_type3_r_551.avi
129Xe_119Sn_E50_b400_size7_type3_r_940.avi

. . . od
Intermediate energy reaction mechanisms G
50<E, <100 MeV/nucl.

‘b ‘ e Multifragmentation
o

IMF + LCP @ CM
NN collisions

Participant-spectator
Fireball LCP+IMF
Spectator : ablation

Entrance channel
b<b

grazing

Vaporisation (Z<3)

Q\.'/:i/.\:@%yj/' NN coll. +

%@\, Elliptic flow

Olivier LOPEZ, LPC Caen (lopezo@in2p3.fr) Prots au G/\N i l_



Hot nuclear matter (nuclei) ; @c
from liquid to gas phase

Vaporization

| I I E*/A (MeV)

p << po
T>10 MeV
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Multifragmentation : Mean-Field density instabilities

Temperature Liquid-gas
(MeV) Overcritical regime phase transition
(hadron gas)
Critical point
Gas (2nd order)

Coexistence zone
(liquid-gas) Phase transition
(1st order)

16 .

Liquid

Spinodal zone Saturation point
(mechanically unstable) /
0 &
0 ol To Density

Olivier LOPEZ, LPC Caen (lopezo@in2p3.fr) Prots au G/\N i l_



Phase diagram of Nuclear Matter @‘5

Big Bang Connection to HE physics : QGP
. CERN/LHC QGP 200 AGeV
2 2
3 @B
o i
5
= o = Critical
1st order
PT
=
Liquid-Gas |
coexistence
Spinodal
region (0

5 = (N-Z)IA

510  Density p/p,

Isospin (N/Z) degree of Freedom
GANIL/SPIRAL1-2
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End part |l
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Part Il

Nuclei at extremes
Nuclear Equation of state
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Novae & Supernovae

Nova Monocerotis V838, Licorne
May - December 2002

Hubble Telescope (NASA) S;begﬁ-beliiég/lple) (_N%A(?Aél)

E=10%®J),Lx1000!
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Nuclear EOS in Astrophysics

-r-—ft.-'i-*-ﬁlc.-ﬁ.-m.-

Neutron Stars (NS) are unique systems
for investigating dense nuclear matter !

Birth of a Neutron Star

E
o
<o
>
s
>
©
%]
i
4]
=
=
=2

T = B.3VE+08 K
X, = 8.20E-01

Red Gaint Neutron Star

Core l Supernova l Supernova
Implosion Explosion Remnant

B.P. Abbott et al. (LIGO/VIRGO),
. _ PRL 116, 061102 (2016)
Detection of GW and multi-messenger observables ( GW170817) PRL 119, 161101 (2017)

considerably reinforces terrestrial EOS studies

Core Collapses Sne
Lhir? aEmosphere: Outer crust: ions, electrons NS- NS merger (Kilonova)

,He, C....

Inner crust: ion lattice, soaked
in superfluid neutrons (SFn)

- EoS (isoscalar/isovector) : shock waves
- Esym : r-process and nucleosynthesis

- Cooling : d-URCA and Neutrinosphere
(low density nuclear matter)

Outer core liquid: e, u-, SFn,
superconducting protons

Inner core: unknown

~10"% g cm=

NS structure :

~2x nuclear density
2x10%gem™
~nudear density

4x10" g em?
“neutron drip”

- Crust : pasta phases (frustation/clusters)
- Crust/Core transition: L,K sy

sym

- Core : hyperons (strange matter, QCD) N. Yunes, M. Coleman Miller, and K. Yagi,
Nature Review Physics 4, 237 (2022)

Olivier LOPEZ, LPC Caen (lopezo@in2p3.r) S au G/\N i l_


../LISA2022/supernova.ppt
NSNS_ESA.mp4

Equation of State of nuclear matter @C

E (or P) =1( ,O )

Thermodynamical relation between state variables

owl.5

W T | T |

<™
a Isotherms T
4‘ |

Isobars P | Skyrme HF
LG coexistence| atfinite T

T/T

125 H

_ LG coexiste 0P/0p<0 B. Borderie,
6P/6.p<0 1 H Ly , 1 J. Phys. G:
2 | - ; N Nucl. Part.
075 1/ ':,__ R 7 Phys. 28 (2002)
; v R217

0.5 B ‘ : .\ —

Compressibilityﬂ

025 A\ -
: : L

oP/op

Pressure : P(p) = /¢ (aElap)p P.T, r_: critical point of the liquid-gas phase
transition with T_=16-18 MeV, p.=0.3-0.50_,

Olivier LOPEZ, LPC Caen (lopezo@in2p3.fr) Prots au G)\N i l_



Spinodal decomposition : Mean-Field instabilities

Isotherms Metastable regime Liquid-gas PT
Temperature - Nucle?tlon (drop/bubble)
(Me¥) T<T, Overcritical regime T e |
. (hadron gas) '
Critical point

\

(2nd order)

| l Coexistence zone T

16 ./,"‘ .................... s \‘\\ . . "
\ @ ./ (liquid-gas) Phase transition

(15t order)

Liquid

Spinodal zone

Saturation point

(mechanically unstable) /
0 =
0 Ko/ 2 To Density
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Equation of State in nuclei @C

5= (N-2)/A
Astrophysical context (NS) Terrestrial Labs
Nuclear matter : Nuclei :
Bulk properties Finite-size effects
Extensive systems Non-extensive systems
(volume,size) (surface, Coulomb)
Pure neutron matter (6=1) Asymetric NM
(161~0-0.4, E_ )

Phase Diagram and Phase Transitions in finite systems

Olivier LOPEZ, LPC Caen (lopezo@in2p3.fr) Prots au G)\N i l_



EoS in Nuclear Physics (lpe

Energy-density functionals modelization is probably the best possible
framework to understand the structure of medium and heavy nuclei.

Energy-Density Functionals
(Hohenberg-Kohn theorem) : Heff = E[p]

Muclear Landscapa

80 I I I ' T T T j' [ T
— DBHF
60— | var AV]B+BU+3-BF
‘= NL3 .
- DD-TW '
— - ChPT .
> 40
2
< 20+
A
OQ:_‘
20 Nuclear matter _
0 1 2 plp,

Direct link to EOS and Symmetry Energy (isovector term)
E. (aka S) = E(p,0=1) - E(p,6=0)

Olivier LOPEZ, LPC Caen (lopezo@in2p3.fr) Prots au G)\N i l_




EOS density and isospin dependence

Energy per nucleon in the parabolic (2" order) approximation

Is the sum of isoscalar (p) and isovector (0) terms: 1S0SpIn ratio : 5=(N-Z)/A
o, = 0.17 fm?

E(p,8) =Ey(p) + S(p).6* +0O(d%)

Each term (isoscalar and isovector) can be decomposed in Taylor
expansion (up to the fourth order) in x=(p-p,)I3p, :

E(p)=E_/(p) + 12K, x*+ 13! Q, x>+ 14! Z x*+ O(X)
S(P)=J+Ly +1U2K_ 2 +131Q  x*+141Z '+ O(x)

E_ . is the saturation energy at p = p,

K, is the compressibility (curvature) around o,

Q,and Z, are the cubic and quartic terms needed for p far from p,

J isthe symmetry energy at p = p,
Lsym is the slope (conn. to P) of the symmetry energy around p,

I<Sym Is the curvature of the symmetry energy

stm and Z,, are the cubic and quartic terms needed for p far from p,

Olivier LOPEZ, LPC Caen (lopezo@in2p3.fr) Prots au G/\N i l_



Symmetry Energy and Density Dependence lpc

Poorly constrained ...

s ~ Need experimental data !
_ 2.
EIA (p’ﬁ) E/A (p,O) +0 S(p) M.B. Tsang, Prog. Part.Nucl.Phys. 66, 400 (2011)
Brown, Phys. Rev. Lett. 85, 5296 (2001)
L 0= (P pp) (Pt ) = (N-Z)/A ——
[ e ” )
. 1 y=1
» Constraints for Astrophysics (NS) 40;_ Ll ‘
and for laboratory experiments = | y=0.9]
é 30j [e)
> Needed for transport models and 2wl /A \
nuclear matter studies (Thermodyn.) 2 f
10} /4 Super \
> Link to the NN interaction (isovector) | Salt
in the nuclear medium T T
Density depend f SE =
ensity dependence o _
y aep S(p) = Si(P/Po)*® + Si(P/Po)"
Kinetic (FG) Potential (int.)
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Symmetry Energy around p,(l)

Evaluations for E_ , slope L, curvature K_ ', ... g A |iand X Han, Phys. Lett. B727 (2018) 276

Analyses of Terrestrial Experiments Analyses of Astrophysical Observations
MStar crust oscillation NStar gravitational
(Gearheart etal 2011)  binding energy
xf.\'uwtun&l_:. 2009)
40 -
Optical Pot.
i DM-+n-skin {zrt‘!ll:; . NStar r-mode
e et T d instahility “star M- analysis |
> | i n-siin 02 IAS+n-skin Isospin (2009) TF+Nucl. a-gecay Mas-defh {Vidana, 2012} (Steines, Lastimer &
@ e 2013) s, Diff. Diffusion PDR (2007) Mass energy M defTerence o 20101
g o (ImGMD, (TRUILI0, (1996) :
[ ] 2010) 2005 ﬁ ® o
= bea-9- N0 _ g -9+ - -0-2 e O [ . 9_9
n-skin " NStar MR
—E 304 anilysis (2012) i Isoscaling ® PR 2010y | ‘3 fi-decay analysis?
o= of masses so. Diff. & (2007) | Trans, energy (Stainar &
ao (2012) double n/p Nul, Mazs | Flow Diipole Gangall 2012)
{ImQMD, 2010y | 2010) polarizability
2009) Nugl, Mass \
(2012 |
) . .
Sy Fiducial value =31.6 MeV s
With no or incomplete error information EE‘:rn:r:A:; :::tlr?;‘:‘or
r-made instability il
superliuidity
on (Wen etal,, 2012) (Sotani et al., 2012)

Analyses of Terrestrial Ex peri ments Analyses of Astrophysical Observations
Iso. Duff, &

PR MEStar crust oscillation
double nip A
120 — ImOnD considering neutron
Atomic masses 20409} superfluidity

and n-skin of {Sotani et al_, 2012)

1 snisatopes Mucl. Mass NSt e ’;f;;;i":;“
(201 1} (2012} Nuel. PDR a-decay instability (Steiner,
- e T Mass energy (Widans, 20121 [ attimer & o
LAS+n-skin — (2010) (2010) N Brown 2010) NSilar gravitationss
i 80 / (2013) Isoscaling Trans. Flow p-decay Dipole ' N :-":‘r:;'::;w?vmnm
g (2007) PDR (2010 energy polarizability : \ ®
= (2007) : \ :
\\—/Q- & - - T .| _I'.n'.pin - - o - - B - - Ty .- -7 =T~ - _— - — - - -i_ - -
— FRUM n-skin |s§30ifr Diffusion ® ﬁ L J @ :
40 analysis (2012) (Im‘QMLﬁ {IBULOA, [ ] TF+Nuel : t
?;0”;‘2?525 2010) I 2008) Mass Mass-defference
DM-+n-skin Outical Pot (1996) and n-skin NStar M-R e msabitiy |
(2009) P ot ) analysis2 (Wea o al, 2012) ‘.
- (2010 {Steiner & MEtar crust oscillation
o Gandolfi 2012} (Gearheart et al, 2011)
7 With no or incomplete error information - - -
SHF+n-s5kin —_—
P, Fiducial value of 1.=58.9 MeV

~1% _—10% ~30% - 227

P o E.‘:H E.i_\'m ‘f }H L.i_\-m K’TEH K sym Q.‘n'fi.* Q.‘J‘_‘rm Z.m! Z.ﬁ'_‘-'ﬂ‘i‘
MeV MeV fm—3 MeV MeV MeV MeV MeV MeV MeV
(Py) | -15.8 32 0.155 60 230) -100 300 0 -500 -500
op, +0.3 +2 +0.005 +15 +20 +100 4400  £400  +£1000  +1000

J. margueron et al., PRC 97, 025805 (2020)
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Symmetry Energy around p,

Experimental constraints

120 peree e a S T

Excluded

100 =

- "’f . b :
il f.r" XEFT'_ / :-

L [MeV]

: -
- - -
'10 -

2[‘] E=r ‘-_#__.-;f..- “.\ =

UG an
I L’x .

L [MeV]

i
24

|. Tews et al., Astroph. J. 848 (2017/) 105
C. Drischler et al., PRL 125 (2020) 202702

Model predictions

120 T , — T
Excluded
100 o
- C NLpd
TMA A
L Uy = l,n"' 2
O NL
80 R |
I LS220 A KVOR
FSUgold O opBHF
T\ TKHS
60— = o il
DD, D¥C, DD —-F
| SFHo
40 N
20 = |
Allowed
0 S | R |
24 34 36 38 10

So [MeV]

Profs au GANIL
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Symmetry Energy around p, : newcomer in 2021 @é

Tension between PREX-2 and other experimental / theoretical evaluations

Experimental constraints Model predictions
120 . . . . ] 120 — . . . . . .
| [ I I [ | ™ [ I I I I [ [ N].Liﬂ
STOS, TM1 &
Excluded Excluded
100 — 100 —
TMA A
B0k 80
[ g : L8220 A
— I A o i . I FSUgold~/ ] 1-‘-‘%*;{1
— 3 ’,,.—’". T / g e 2 .. I “\ B
;—*i’ 0= o XEFT/ 4 7 e = 60— s pp2f =
5 w > ¢ - e : ! KVRo / J7 A4 DD,J'C, DD - F -
' i _ [UFSU
10 ) 40 - -
:-'.':i e = 4f 4 -
Y (5", L)
-vi’fh - F, ) I b —nl
07 =4 B M o
oo i Allowed
o I ) | Y G R T N T CR Y T
24 20 24 a( 3 3 36 3¢ 40 24 26 28 30 42 34 51§ 48 A0
Sy [MeV] So[MeV] |
PREX-2,B. T. Reed et al., PRL 126 (2021) 172503
|. Tews et al., Astroph. J. 848 (2017) 105
ph. ). 848 (2017) So =38.1%4.7MeV

C. Drischl tal., PRL 125 (2020) 202702
rischler et a (2020) L = 106 + 37 MeV
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Constraints on Neutron Stars : link with nuclear EOS

60 | | ' 2.5
= 00 | i
> 30 <L :
= 20 T T
Dz: 10 05 F
0 . . 0
100 10 11 12 18 14 15 18
Py Radius (km)
E oo i From E(p), the-pressure is P(p) = 0E(p)/0p
-~ 60 z
3 -1
- 40 Z .C.i_P‘z_sznz 1+ip}- 1+4W?P [1_26?1}
E 20 a dr r ’_'JCH mc- rc
o
o O i d_m:4m2p Tollman-Openheimer-Volkov Eqgs.
=20 : ' : dr General Relativity
0 0.15 0.3 0.45 0.6 JD 1 dp p -
ny (fm?) — = l+— ) M(R)
dr pc” dr Jole
Margueron PRC 97 (2018) 025805
Margueron PRC 97 (2018) 025806 P=P(p)
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Part IV

Some experimental tools
and
instrumentation
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Caen

Coupling FAZIA demonstrator with INDRA@GANIL @é
58/64Nj + 58/64Nj @ 32 and 52 MeV/nucl : E789 performed in 2019

INDRA in D5 FAZIA geom. acceptance 82% (90%)
* - 240 detection modules (rings 1,2/3,4/5 removed) Granularity x2 as compared to INDRA
* -96 Si-Csl from 16 to 45 deg.

e -144 Csl from 45 to 176 deg.

Beam Tests in June-July 2018

Correlated multiplicities
of charged particles

o

N, (FAZIA)
o w

—

S 4 6 8 10 12 14
N, (INDRA)

Experiment E/89 performed at GANIL
in April-May 2019 :

FAZIA demonstrator: 12 blocks of 16 telescopes
192 High-Quality Si-Si-Csl telescopes
from 2 to 14 deg. + dedicated Full Digital Electronics 58/64Nj+58/64Nj @ 32,52 MeV/nucleon
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FAZIA : (£E-E identification -

Some results at the end of phase 1: AE(Si1) - E (Si2)

N 4000 ! |
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= ]
= = ) *
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w (] 500(- | Fig
& e A ' '“:-‘-' " ;:20
w I 650 ﬁ ; ?4511 " 800 850
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I 1
0 1000 2000
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S.Carboni et al., NIMA 664 (2012) 251 Energy = max of shaped signal (trapezoidal filter)

Olivier LOPEZ, LPC Caen (lopezo@in2p3.fr) Protrs au G)\N i l_



@e

FAZIA improvements for (ZE-E identification

Improving standard E-/(ZE identification method up to Z=25-30!
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FAZIA : Pulse Shape Analysis

Some results at the end of phase 1:
Pulse Shape Analysis from E — Charge Rise Time
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S.Carboni et al., NIMA 664 (2012) 251
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FAZIA : Pulse Shape Analysis

Some results at the end of phase 1:
Particle Identification from Pulse Shape Analysis

S S Energy vs. charge rise time Energy vs. maximum of current signal
- Wﬂ w Nﬂ -
400[- ﬁ' il ﬂ =54 4005 r ' \ il M e
=i @@MWWMWUW i “Wﬂw WW@;L gl J\wﬁw«rﬂﬁﬁﬁﬁu uw‘u ) | N

» Z identification can be achieved in the first Silicon detector

S.Carboni et al., NIMA 664 (2012) 251
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FAZIA : Pulse Shape Anaysis

Some results at the end of phase 1: Mass resolution
from Pulse Shape Analysis Energy vs. charge rise time

Energy vs risetime (det.G-E) - random configuration ‘
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L.Bardelli et al., NIMA 654 (2011) 272 > |sotopic identification for Z=3-8
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FAZIA : ID thresholds (Z)
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» Pulse Shape Analysis lowers significantly the Z (and A) thresholds
> Rear-side injection (low Electric Field entrance) is preferred
> « dead » range in Silicon is between 30 and 150 um for Z=30

N. Le Neindre et al.,, NIM A 701(2013) 145-152

Olivier LOPEZ, LPC Caen (lopezo@in2p3.fr) Prots au G/\N i l_



. \
Conclusions @C
Large diversity of nuclear reactions between 5 — 100 MeV/nucleon

Produce many different nuclear systems :

- in terms of density p, excitation energy E*, temperature T, spin J, isospin ¢
- variety of conditions for the EOS characterization

Allow the production and study of exotic nuclei :

- direct/transfer reactions: effective interactions in nuclei, quantum shells, continuum
- multi-nucleon transfer and deep inelastic scattering : toward large N/Z exotic nuclei

- multifragmentation : phase transitions, order, latent heat and criticality (universality)
- complete/incomplete fusion : toward superheavy nuclei

Mimick violent phenomena in Astrophysics of compact objects :

- Core Collapse of Supernovae: CCSNe
- Neutron stars mergers + multi-messenger astrophysics (GW+EM): NS-NS, X-ray bursts
- Stellar and extra-stellar nucleosynthesis: r-, p-,s-processes

Investigate EOS at low density and phase transitions in strongly corr. systems :

- EOS at low densities
- Density and Isospin Instabilities: LG coexistence regions, spinodal decomposition
- finite (nuclei) vs infinite (NS): finite-size effects
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More infos and also scientific outreach contents :

https://www.lpc-caen.in2p3.fr/en/lpc-caen/
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Rutherford scattering with marble balls : Billotron

https://www.lpc-caen.in2p3.fr/grand-public-rencontrer/le-billotron/
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https://youtu.be/_KcK-jS2QQQ

A. Chapon, J. Gibelin, O. Lopez, D. Cussol, D. Dominique Durand, Ph. Desrues, H. Franck

De Préaumont, Y. Lemiere, J. Perronnel, and J.C. Steckmeyer. The Billotron: a way to experi-
mentally apprehend the subatomic world. Physics Education, 50(4):453, 2015. doi: 10.1088/0031-
9120/50/4/453. URL http://hal.in2p3.fr/in2p3-01177619.
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Symmetry Energy around o (ll) @é
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