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IN/r? Why exotic beams?

Istituto Nazionale
/ di Fisica Nucleare

More info needed on asymmetric nuclear matter

‘ . =
Nuclear Landscape — Isospin asymmetric nuclear matter
126 g is present in
stable nuclei ,/'4 e A nuclei, especially those far away from

o the stability line

i
™
% &
|

—___ terra incognita | A in astrophysical systems (neutron
| stars)

neutron stars | A deep understanding of the properties of

Isospin-rich nuclear matter is necessary for

both nuclear physics & astrophysics
‘Some of these properties are not well
| constrained.

In particular:

A the density & temperature dependence
of the symmetry energy is still an
important source of uncertainties.

A the Level density parameter evolution
with isospin and temperature

. A the effect of isospin on the Limiting
| Temperature

L_: Astrpp ysics d
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NEOS and Symmetry Enere
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BetheWeizsickerBindingEnergy formula.

];

B(N,Z)=a,AT a;A23i a @N-Z)2/AT a,Z(Z-1)/AL3 + a D(N,Z)/AV2

-\ Y -
volume

Symmetry

surface
‘ Energy

.'a‘-, »

1 even -even

O odd masses

o -1 odd -odd
A

In reality an Extended Liquid Drop Model is needed to consider two terms of

Symmetry Energy: a Volume and a Surface term: Csym(A)=a 6=C,+C_A"13

Esym
a(p ) =%(p, 1=0) +75"(p) x I7
symmetric matter

Many measurement performed but
better constrained if | can vary on a
larger range:
importance of RIBs

- & __ PP _ N-Z
with [ =4 = P"_ v
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MAIN GOAL: Understand the isospin dependence of in-medium nuclear
effective interactions, extract the isospin dependence of thermal, mechanical
and transport properties of asymmetric nuclear matter playing important roles in
nuclei, neutron stars and supernovae.

<: _ — 2
E(f J d_ E( J @) _}—sym(r) 0@( é)
Symmetry energy
. - L & . -
A LowdensitiesA  Low& from Atomic Nuclei to Neutron Stars
Effects on neutron skin 05 _ _

structure
A High density region A High energy

Birth of a Neutron Star and Supernova Remnant
ezt %0 scbe)

i HIC
Supernovae dynamics & @
neutron star properties
BA LI PRL102(2009) y R : Nuclear Equation
toor ] L S of State
ao i _: “:)'.I“>:"‘A'ﬂ . - R < 7.
“ : ;\‘,\”” What kind of matter exists inside
T T 30 40 ﬁl.; ' aneufron star?

B C - ()-S( )= P o(r-ro)* DK(r-1o)2 |
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The symmetry energy can be divided in a o
Kinetic contribution (due to Pauli correlations)
and a potential contribution (isovector part of
effective nuclear interactions)

52(0) = = + §F (p/ po)
Slope and curvature of E_, (p)

E, () MeV)

828 8588 3 8
T T

-

=
=
T

gand L define the asy-stiffness of the
EOS and permit the comparison between
different approximation formulas

v<1 Asysoft, y>1 Asystfl‘f

S,. L and Ksym relevant to neutron stars, neutron skins,
nuclear collective motion (GMR, GDR, PDR), ...

Neutron 'skin ' '
. - p 1=05 =1 y=is Many measurement  have been
r S_D"’E“m moaes A Pions FOPIHIBUU04 performed on systems in a range close
| | Pigmy resonances 7E- FOPULAND+UrQMD S to isospin symmetry - stability.
| E P 6E- CHIMERA (neck)+BNV e
% 2 Ag}rmﬁ & ] 5= CHIMERA(fus)+CoMD — Many more needed to be performed
B T ne DIERATEDY — with new RIBs at low, intermediate and
oF R . 3 MSUTIEUUOA high energy with up to date
o Asystiff 2 MSUHImaND performing devices
ey ] kg i '4‘0.‘7?5*0‘ R (|sotop|(? resolution (e.g. FAZIA), high
s L performing correlators (e.g. FARCOS)
' ' ] ' Difficult to give the asy-stiffness of the EOS in view of the  etC.)
presently existing data. 5/3




INFN Observables sensitive
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A Subsaturation densities (medium & Fermi energies)

A Competition between reaction mechanisms: fusion versus deep inelastic

A 1sospin diffusion

A 1sospin distillation: Isospin contents of light fragments

A Neck fragmentation (at Fermi energies)

A Neutron skin

A Pre-equilibrium emission and N/Z of fast nucleon emission

A Particle-particle correlation . _

A Cluster emission/preformation Studymg densﬂy dependence of symmetry energy :
A Nuclear structure at drip lines Multifragmentation

A

Pigmy resonancies
U neutron star formation and crust

Projectile nuclei

Fusion

100 5 1

A Supersaturation densities (high energies) i T A Q=4c,m(zl )
A N,p collective flow o % //:/ e T \A 43
e 2
i

A Meson production L - Scaling parameter
U neutron star mass-radius relation \:\&\i\ i . 5 -
U transition to a deconfined phase 1 Mo C,ym — Symmetry energy

U formation of black holes
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What info wrem Nuclear Collisions ? ©“/ =i

&
o r =
e Heavy-ion reactions with neutron rich ~ QP AN )
nuclei, from low up to relativistic ERAGT\O“ ‘ ~o— ol oL St o
| wt = .
energies, can be used to study the - X P
properties of the symmetry term of . ol ———
the nuclear interaction in a wide range of EXCITED v (N, 7)) @ C*m2+mNiT
densities A Heavy-ion collisions provide NUCLEI
the only means to compress/expand I
nuclear matter in a terrestrial laboratory. ° ITATION ‘
e Nuclear reactions are modeled by solving ®e ‘ £ . r
transport equations based on mean " :
field theories, with correlations 0 Y(N 2)- >Y(N 2) ’ ('IE\IT%:TOR
included via hard nucleon-nucleon s

elastic and inelastic collisions and
via stochastic forces

Stochasticity is essential in order to get
distributions as well as to allow for the
growth of dynamical instabilities.

Freeze out

So far these properties were studied with

stable beams.

With availabilities of radioactive beams

those studies can be extended.

Study of the nuclear matter properties under constraint,
particularly the density dependence of the symmetry term.
A Dynamical studies A microscopic properties like
viscosity, transport properties, symmetry term, in
medium n-n cross sectioné

A Thermodynamics and de-excitation of hot nuclei A
macroscopic properties like the level density parameter, the
limiting T, the E* ., the Coulomb barrieré

In both cases the simulated excited (hot) fragments must be de-
excited before comparing with experiment. reaction time 10227 1021
s; detection time 10%-107s

7/35
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/NN NEOS & Symmetry Energy

Egm(N,Z) = Com(A) "5
First determination of Csym: at

T=0and r =grfrom binding 3 Bulk term only (Bethe-Weizsacker)

energy fits using LD mass Cor (A) = Cor ~ 32 MeV
formulas sm(A) = Com
Bulk + surface terms (Myers &Swiatecki, Moller&Nix)
Csym(A) = Cl.r ‘|‘ CsA_1f3
Can we Accepted values of Cgp, : 28-32 MeV

m

access Csym

. Isoscaling of Isobaric Yield m-scaling of
at finite . fragments Ratio fragment yields
Temperature -> statistical fragment ~ -> Modified Fisher ~ -> Landau free energy
———> production, same T Model ** approach
. N-Z
It can be studied through well Y(N.Z) Y(4,I), I=—— Y(4,2)
characterized nuclear sources = g (v 7)-L®.D _ Sty formiornuciel
S. Wuenschel, é.Yennello. Phys. Rev. C 79, h(N.2) R 274 - |
061602(R) (2009) = Cexp(aN + pZ) Y(1,4)

C A
[ o~ —={nR(3,1,A)-
V' * C Skt C
P. Marini talk @ .: Com _ S S _‘J’"'=lln(§J
ASY-EOS 2010 i (g) _(g) ~InR(L-1,A)-c} Ay
Isoscaling, SMM & A)h \4)
the Symmetry energy: *M.B.Tsang et al. ** R.W. Minich et al. Phys. *** R. Tripathi et al. (2010)

Phys.Rev. Lett 86, 5023 (2001) Left. B 118, 458 (1982)

connecting the dots

7 B
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Compact representation Ratios to amplify the signal It can be studied through well

S(N) =R, texp( T ) S characterized nuclear sources
i) N 1[!1] N 5 10 Wuenschel, é.Yennello. Phys. Rev. C 79,

. . J )1602(R) (2009
S, ECMFSN isoscaling formulae peeale
& LU
I 1 Ya(N,2) The comparison between two
jﬁl{}- 120 Y?[N: ) - CE‘XP [ﬂrN-l_ JBZ] reactions IS necessary
in:?: 110 S(N) _ ::2 ﬁg exp ﬂZ I\/_Ieasurement_ of _the Production
8 1 N yield of a given isotope produced
&05 S(Z] 72 E}[p —aN in two reactions leading to a nuclear
!? 20 system  with  similar mass  but
£ different  isospin
™ . R,;=Y2(N,2)/Y1(N,Z
LLof Isoscaling AN
Hﬂl-rl i Lo i Hypothesis : yield ratio is independent
0sh if statistical reaction of secondary decay A a and bdo not
' : change if we measure secondar
0 g 05w mechanisms and close T | (o) ragments 4
Universal scaling law: isoscaling in both EYStElTIS. A drawback : THIS IS NOT
M.B. Tsang et al., PRC 64 (2001) 041603. / CONFIRMED IN ALL MODELS!
g Very model-dependent analyses
Hot fragment Csym in the formalism (grancanonical) (fragment formation)

ASecondary decays may distort sensitivity

4Coym(2)/T = o/ [(%)2 - (ﬁﬂ to Esym( 4 )

' If Csym do not depend on Z A (Z/A)q.q = (Z/A)source

AC%9 /T = o/ [(%sﬂ)z (fﬁi) ]
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Isobaric Yield Ratio

sym

L T, Extract information on E, starting from

d val b : q ¢ | cold fragments -
Good values between input and output for E<3AMeV (almost no effects of secondary decay on observables
secondary decay)

I ; d q lati The importance of these effects will vary
bileig YEILES er SXERtIEly) REMmpEt ComelEiomns according to the observables employed for

extraction of the desired information.

Isoscaling of fragments ..
P. Marini talk teao.u\\....H....\\....H.H.\\.\.
[ T o o tgso_‘|_ @ e T 1
i COUrtesy of Tt o ey prmary :or + hot H © 25: Ll 3.1 ]
| —e— T=7.0 MeV Secondary o [ H ASY-EOS C COl 3 i H
_ 06l G.Chaudury ] 2r F i
Ohaid| e F s cold SMM 1 2010 20F i
[} / . L H . L g
E e A dGEMN 1 Isoscaling, g Y i
504l //' i ¥ “ i SMM & the 15 .
T // 15F i symmetry : i :
[ o - H .
I / - i energy: i el PP |
202k / - i 10F i connecting B RN i
B /- L = 5 ® A
o ; LI - the dots : hot |
L Loagt H C g
£ N 4 C v e b Lo P b Ly 0 I
I Yy i iy T ] % 10 15 20 25 30 35 40
0'00 5 10 15 I r § Falv et ] A
20 25 ﬂ_\ Il [ L1l 11 1 L1 L1l [ L1 0
Input Symmetry Energy (Ci"!ym) N 10 15 20 25 30 40
A
Isoscaling of fragments Hot fragments ~ Isoscaling of fragments
S‘ t T T T T T ] ;- F T | T T ‘ T T T T T T T T 3 ZU:
é 307 ] g 30— -~ col (all) 18F A ex + ?
= F 4] :—;g T X Emame ] E p ' X)
iz P §5 [ ¢ Eowe ] 16F * oQ
Q - B 0 L ®  E'=5AMeV i r o¥e)
25 Vi . 25— ¥ E=TAMev 14F [ ] 8 o +
C A ] - 47 = < AMD +Gemini
C Z ] _ 12t e ge
20 20F Cold Eragments- = 10k s
C 7 ] B e ] : . ®
- 4 E C - T ] 8F e [ ] +
o A ] B T . Eoo + N AMD
C P ] 15 T S i 6F +
C z —— Hot fragments (all) ] C B T S BRI E ® LAk 4 A A é #
C Z ¥ E'=3AMeV ] C o ] a a4 LR + +¢
10 > § $ E'=4AMev 10 W 2:_ am""a®
F 7 o EsaNey ] - Cerfelation damped E*>3AMeV . E | | | | |
- f ’-x_%/ Ty ] o ] 05 15 20 25 30 35 40
| | 1 1 L1 L L1 L ‘ L L L 1 1 11 I B | 1 11 11 1 [
I'Tl 5 10 15 20 25 10 15 20 A
ch  (MeV)
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Isoscaling of fragments Isoscaling of fragments

s F T 1 s Fror N B R

i 30_— --=-- Cold [2<Z<8) < i 30:—- --------- ‘C!idmlslﬂ.ﬂ‘(‘m : . .

YR Light cold?fragments: $F [ o heavier cold fragments Correlatlon§ between input and output
2sf— 1 T 2<7<6 I S TG . Csym are still present for very light _
wof ] o . fragments but washed out for the heaviest
M-scaling
mf '-:-%ﬁ* f 10% i i Landau expansion of free energy near the critical point

., ] L R ]
s . A ] £=lm’n2 +1bm4+lmrs —Em
5 10 5 20 cinzsm' ‘5""10""15‘"'20"'(:;27“'1 r 2 4 6 T
sy (MEV) = (MEV) m (=N-Z)/A: Order parameter
H : External field
10 ) I ) 30 E_ (87, 40), E..=3 MeV/puclecn SMM (RadUta 06) - - ot yleld ratio (i o the hiah dort :
r Break— or mirror nuciei yield ratio (ignoring the nigher order terms
AMD (A.Ono 04) 25 E- No poring 09
8 | S TE s o0 L 1
O s FE N bR —In| — |=am;
s ¢ NEE: - 2 0r
st T 15 E gISe— ' ™~ Source Isospin
. g F % {aaaa ™) C 1 P
% O 1E ——=—q
r [ T 2
4 F (=
From K{N!Z} . 0 EI L1l I 1111 II L1l I 1111 I L1l I 1111 I L1l I 111l
. | Ki'lo'lg _ 0 &5 10 15 20 25 30 35 40
P A AT
k=0 -
R P, S =_2c<: >(z)
% 5 10 15 20 - DI sym
1
n Z
: ) ) M.Colonna, B.Tsang; Eur. Phys. J. A 30 (2006) 165

One reaction is enough Ad.Raduta,F.Gulminelli; PRC75 (2007) 044605

Second method: extract the symmetry energy of the primary fragments with Z and A

studying the width of the mass distribution for every isotope (under assumption of a

gaussian A distribution), which is predicted to be directly related to Csym both if
fragmentation occurs at equilibrium or out of equilibrium

secondary decay is even more important and may distort the information
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<1001 gNV B il 20 o 0 ' Zn#Ni Ma, Au:AMD
= ) : : O CarCaAMD
7 5O primary 'Sl'hr(re] m(l(—‘:terr(:rl]r(:';rltlor}roor:‘1 :Eg § ) +' o oD Generally
& 2ol ymmewy energy o B P ¢ 1 afin > aprn in stat. mod.
2 aml dynamical model o :
z 1.0 : : . ~ Sow MM fin < Qprim IN dyn. mod.
T o comparison is  highly | 5 (o] 3 we A iswm O g in = =prm
= model dependent, and | £ g8 1| D Nememese

- . . ~ L] ' . . . .
s B the assumption of a single | & U%n,g"'. 3, " cHomese Widths of excited isotopic
& vl o = 0 7 . . .
£ zop 0208 form of the symmetry o 08000 dist. smaller in Dynamical,
5 1.0W zgﬁ;?é’es u:;tionagllzerem ool 58 8,7 L while final widths are more

%% B 10 g ' 0008 1520 similar in both cases.
N

Fig. 5-5. Stochastic transport simulations of Sn+ Sn central collisions at 50AMeV .
Isoscaling behaviors: primary fragments (upper curves): after sequential decays

20.0 1

1.07IN

(lower curves).

Isoscaling in the Lattice Gas Model: Z,, ., is promising

R s 7eytersa(N)== €xp (e N) at TIT, = 0.947137

- 10

10"

¥2NDF =[2.6 10%,2.1]

0 5 10 15 20 25 30 35 40 45
N

-
o
T -
o
-

@ (primay ) 2 tousazaiveanss

a(Zmax ) qualitatively is in a better agreement
with the input symmetry energy

()

Coym €
i
TT | TTTT I TTTT | TTTT | TTTT | TTT

T,

Input model - (o> - ) A(’—Z"] source
dotted: « for Z=210 7, A(g) fragments
full: a for Zmax, A(%) fragments

TN YT ST T T [N TS TN YT [N S T T N N T T O T N
(i}
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G.

Need to detect and identify Z,,,,
New devices with large angular
coverage and good resolution
up to high ZA e.g. FAZIA or
FAZIA e HINDRA/
FAZIA ., +CHIMERA

Lehaut et al. PRL 102, 142503 (2009)
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. a-particles in
Particle emission due to unstable states R.Charity et al PRC63(2001)024611 i
need to be checked 60Ni+190Mo 11 A MeV coinciaence

- . | o, With a HR
Prediction of the contributions to the total . _
(final) spectrum due to fragments unstable H _:
for particle emission. The spectrum of -
detected a particle contains about 30% of

secondary particles.

These de-excitation of «hot» fragments produce a
«staggering» effect in the isotopic distributions

TR,

M. DO Agos tNud.PhysA8614011)47

At low energy we can study effects close to the multi-

fragmentation threshold (cold produced fragments). The N 3.5 BRERREER

experimental reconstruction of the primary fragment 3@ SHuNi i
through correlation technigues of secondary decays in 05 Lo ®gim ]

5 B ’ |

such moderately excited fragments will allow us to trace

back the primary fragmentation pattern minimizing the ér + |
model dependence of the procedure. 1.5 | : ]
Better knowledge of hot light nuclei: " LY *,,di‘-‘-l'c’? .
Astatistical decay of hot light nuclei (C -Ca): T;,,, E* oy ? 0.5 - é o )

| |

1 1 1 oo s b by b I B B A
control of the secondary decay in multifragmentation R T TIETN
<A>

(characterization of the freeze-out stage)
AStudying the decay of isobars populated at the same E*
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Experiments with narichlp@@r S
328+58Nii, #4Nii 14, 5Me

central

| e
F“‘h—@\

20

More n-rich system A more pronounced U shape
Staggering also in central events

5% of well measured central events

L L1 N1
2 4 8 8101214 =

1 Loyl vl
8 10 12 14 16 18

z

east fragme
T Gemini E*=3AMeV
10 Fl A=81 L=0-56hbar

Exp. 32S+58Ni

Gemini E*=3AMeV
A=81 Lmax=40hbar

B peripheral

- odd-even staggerings depend on the whole evaporation chain and not only
on the éviérgyZbaidnce of the last evaporation step.

R —
35 5

Smallest, second and third largest fragment distributions

D6 Ag o s tNucl.BhyeA861£011)47

Not only
sequential
decay?

More structure

info needed in
Multi-
fragmentation
models for the
decay of
primary
fragments

Energy (MeV)
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W.P. Tan et al.,Phys.Rev.C69,06130 (2004). GARFIELD @ ALPI 14.5 AMeV
' Ew (MeV)

0 2 4 6 8 10 12
(L I R L LA R

d+a
°* .

Measurement of the population of unstable states
towards particle emission through the method of
correlation functions

Coulomb background

3
Y . =
Breit-Wigner S
| 102 6Ljx 4 £
total (Breit-Wigner Coulomb s - S
- > * 3
T w et
= 20 =1 >
=
E 10 —
=z ]

Q

|
10 12

6 8
E" (MeV)

M. D6 Ag o s tNuad.BPhyseA87562012)139

ABenchmark for the level density through evaporative models
(Gemini,SMM-MS U, ABLAO7¢)

| TCHe."He) ANew evaporation code HF (PhD Thesis G.Baiocco Univ.
[ H2gy 4 Hegy Bologna- Univ. Caen)
‘E/A=5IO MeVI

B.Tsanget al ., i n ADynami c:
Thermodynamics with nuclear Degrees of
freedomo, Springer 2006

5 10 15
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NEQOS & " etry Energy
% N "
3 hall

Last decay stadium can be reconstructed through correlation functions—> need of experimental devices
with optimal angular and energy resolution (GARFIELD+RINGCo, FAZIA, FARCOS etc.)

a 1.6 - S—
s ER

1.% T 12 B

1 E

0.8 0.8 E Beas

0.6 ae E —

0.4 O.4 E

a2 0.2 E

o o

-t
O
N
-
o
N

T IIIIHI| T IIIHH‘ O

-
o
C

Yield privnary
Yield primary

P BRI TR 1

1

E*=2.2,4.3,5.6 MeV

(reM) 3

s B 6 3 4 5
Ee (MeV) Ee (MeV)

y E*=1.8-2.0 MeV

E*=2.3, 3.5 MeV

Primary fragment yields to be reconstructed after Coulomb background subtraction
Up to 23 resonances observed from Li* to O*

34

.

| The decay probability
is larger and the
excitation energy
lower for odd Z than
for even Z.

Isotopes reconstruction by the correlation function
technique in two data set (32S+%8Ni and 32S+%4Ni at
14.5 MeV/n). From the primary yields one can
calculate the average decay proabilities and the
excitation energy for every parent nucleus.




) Experimentis with n-rich/poor syst amis at loW energ
2l 25440Ca, 4Ca, 45Ti 17.7MeVIA (NIZ=1., 1.2, 1.08

Istituto Nazionale
di Fisica Nucleare "

p o S

NN
GARFIELD + RING Counter: Central collisions: we expec
multifragmentation threshold, the produced fragments will be relati
experimental reconstruction through correlation technigues of secon
such moderately excited fragments will allow us to trace '-*_-::,{_:—-
fragmentation pattern minimizing the model dependence of the pro

A,
‘——

[ “sector2 strip5 | | sector2 strip5 |

82S+40Ca 17.7MeV/A

32S+48Ca 17.7MeV/A

Sorting the events:
. A Peripheral collisions:
T=>p"p'w’(ij=13) many sources,

= A Central collision one
source

AE IC (channels)

J.Cugnon, NPA(1985)

| IR
500 4000
E Si (channels)

v‘2500|”3006“30 000 1500

E Si (channels)

=

Level densities at low excitation energy
isotopic and odd-even effects, resulting ir
isotopic observables. ¥

PCA analysis;
For events where Ztot >70% Zp.1 5
102 and B4, >60 ° (central collisions)
1. Comparison with models,
10 source characterization
(ZAe*T p)
2. TIsotope analysis for
different classes of events

=
(-]
>
T

1500

Yleld (arbltrary unl

=

fast (channels)

2000
slow (channels)
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Recently, Natowitz & co-workers have shown that
the symmetry energy at very low densities

((0.01 - 0.05)r,) can be explained by quantum |

statistical calculation that includes cluster
correlation in nuclear medium. At densities
higher than 0.2-0.3r, the many body correlation
disappears and the symmetry energy follows the
dependence predicted by the mean field
calculations.

647n on 92Mo and 197Au"§&’i§ eV

T T T T I T T T T T T ﬂ.s [ T T | T T T T |_
" ------ MDIx= | i ®  Exp(col 6, Table 1)
L5-—-= mpix=0 7 - & sclcol 12, Table 1)
- ——— MDIx=-l . -
L RMFE, T=0MeV 404+ Q5. T=1MevV
- L oS T=1Mev == Q5. T=4MeV
5‘3 i P - . Q5. T=8MeV -
E o
0.3
w’ -
= ]
5‘ 102
o | :
1ol _
B I e ()]
fl 1 1 1 I 1 1 | 1 I I(I} b”l 1 1 | I 1 1 1 | I
0.0 0.5 1.0 0.0 0.05 0.10
density n/n density n/n

20—

T I T I T I T T I T | T | T T
- [@ 1 = [ ]
;;’, | | @ experiment i ﬁ | | @ experiment i
= F | A RMF without clusters 4 = F | & RMF without clusters g
— 15| O Q8 with clusters — E 15| O QS with clusters =
2T 1w | -
=T 1 . I ]
o f LI —
5 10 - - 5 10f —
@ r 1 &= r ® 1
= f 88 . ] Z [gapeoegpl]
Z [og® & 1 E T ]
s s ® A J % sk ]
e - ﬁ 'é' - 'a - _
g [ ee 1B f N
= I ]l E i P ]

pbe L v by Ly [y 0 |'&|A|a| T I
1] 1 2 3 4 5 0 1 2 3 4 5

V’m. [cm/ns) Vs_f [em/ns]

FIG. 1 (color online). Free (a) and internal (b) symmetry
energy as a function of the surface velocity. Experimental results
are compared with results of theoretical calculations neglecting
cluster formation (RMF) and including cluster formation (QS).

New data from heavy-ion collisions can be used to extract the
free symmetry energy and the internal symmetry energy at
subsaturation densities and temperatures below 10 MeV.
Conventional theoretical calculations of the symmetry energy
based on mean-field approaches fail to give the correct low-
temperature, low-density limit that is governed by correlations,
in particular, by the appearance of bound states. A recently
developed quantum-statistical approach that takes the formation
of clusters into account predicts symmetry energies that are in
very good agreement with the experimental data.
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Transport equation for the one-body distribution function f, o ®
Stochastic Mean Field (SMF) approach Phys Rep. 410,335 G005)

Residual interaction:
Correlations, Fluctuations

The nuclear interaction. contained in the Hamiltonian /1. is represented by
effective interactions (Skyrme)

Transport models predict fluctuations of large amplitude in the density matter during the dynamic phase of
the collisions

AWe can observe these fluctuations by measuring the isotopic distributions in the mid-velocity region

A Competition between (incomplete) fusion and deepiinelastic reactions=> information on the density
behaviour of the symmetry energy, the viscosity and in medium n-n cross section.

Comparison with theory gives access to transport properties such as the dependence of the symmetry term on
density

Saturation density
B T T

Larger isospin distillation in asysoft case

T | | T
/

asysuperstiff
asystiff

;— = = asysoft
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Fig. 5-1. Density plots at different times in a reaction between neutron-rich ions
{a, b A6 gy B4 Ni) and neutron-poor ions (e, d AByr 8 Ge). (a,c): asysoft sym-

metry term; (b, d): asystif f. See text

n-rich A asysoft A less repulsion A fusion
n-poorA asysoftA more repulsion (larger Coulomb)A
deep inel.

2 SN~ TSRS TS TSl

Less repulsion at low density (neck) larger

surviving probability
Presence of the neck: observable to constraint
the symmetry energy

46Ar+64Ni

Np/Zp=1.56
N;/Z;=1.29

n-poor
46V+64Ge
—N:Z

Example of trajectories
leading either to fusion

or to break-up
(correlations  between
quadrupole and

octupole moments

BNV calculation: 4Sn+%Ni @ 10 A.MeV b=7fm

asy soft ==

asy stiff ==

Maria Colonna: stochastic BNV calculations (private communication)

| t-Boooshse
| PSR S | P
C | |
I I
I i
B <
I I I
1t ~~"I=———t~——17
oo I
el [ [ e
i L=Ihﬂlll3h;:f:

N S Y T —




INN Ccmpetition afrea 1 Nechanisms:
e fusion VG!‘S leep inelastie

Effect of isospin: amount of repulsion existing during the
interaction of the 2 surfaces;

projectile  target n-rich systems A fusion is favoured with asy-soft (proton
Q, symmetry field more actractive A interaction between incoming
i nuclei stronger

n-poor systems A fusion easier with asy-stiff: due to proton skin
(repulsion) p are promptly emitted A Coulomb decreases A fusion
enhanced

CoMDII+Gemini simulations
3 symmetry energy terms:

g= Wit5
g = Istiff2 :

- g = Istifg

Probability (%)

Comparison among 3

| = systems: compatibility with
1 asystiff parametrization:

- EgymP° linearly increasing

CER Wlth denSIty
m1 /mtot

Probability (%)

-
i

n ..
"

AMnpor = (m1 — m2)/mtor
e data two largest fragments

oo R

Incomplete fusion cross section at 25 MeV/A with 4°Ca projectile (CHIMERA - LNS data)
The more n-rich entrance channel 9°Ca+ 48Ca push the CN towards the stability valley
The two N & Bystems 4°Ca+ 4°Ca, 4°Ca+ “8Ti push CN towards the proton drip line

0.4 0.6 0.8 0.2
AM,,

0.2




/ N?l? NEOS, symmetry energy and

| o neck fragmentation

Neck fragmentation observed at 10-50 AMeV incident energies in semi-peripheral heavy ion collisions:
Emission of light products (Z<10) emitted in the interaction zone with a velocity intermediate between those
of the 2 main partners (PLF/TLF) -

3 {
Characterization: alignement of PLF, TLF and neck
fragments. Max of in-plane angular distribution at F , ,,.=0°

E. De Filippo - Chimera data

AsyAtiff: more isospin migration
to the fAneckd fragments. SMF
calculations: more statistic
needed to reach clear
conclusions

: Fjssion axis
Reaction plane

41 11F

100 -100 -

¢-PLANE

T | Pl T Isospin transport effects: neck fragments produced in a slightly
?'1%"' -'J.J'I" ;--ﬂdny':"' . ﬁ ---1 | dilute region, po/2 < p < pg, in contact with normal density
2 ' A--rea--f Framor----{ F-a-=r---1 | PLF/TLF : effects of drift coefficient.

| ] L

| I. Ie i tmt A0 D200 I teednnm )}
P r__ | B__ | S D R | N T I o r_ 1
__J@:__ A e ;c_\ |__.®_ p_and_n move now in opposite
IR SIS directions:

fipn (MeV)

p from neck to PLF/TLF

: _ _ Larger n flow with asy-stiff EOS
Typical densty plot for 124Sn+54Ni reaction at 35

_ ) =~~~ neck-IMF more n-rich than MF-IMF
MeV/n at b=6fm (semi-peripheral) AT pv—

1



1NN NEOS, symmetry ene:

- Istituto Nazionale k ( | =
(oo neck fragmentation

ﬂ.ﬂﬂ_lllllllllllllllll TT T TTT] “V<'_' i Hlan + Ym 35MeV/ 1

I N : asysoft, b=056,7 8fm asystilf, b=56,7,68fm
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b(fmm) New observables: Wilczynski-2 plot, that is

1=V, o (NIMF-PLF)/Vy5(PLF)

Impact parameter dependence of the neck r1=v, . (NIMF-TLF)/Vy, o (TLF)

emission for n-rich (empty circles) and n-poor

(blacksquare)systems 0250 grrer REARE RN g 0.880 prrrprrrr T e
. . . 0.226 - o025/ 3 —J
No evident dependence on symmetry term stiffness in 0.200 = e 4 o ozo0f B h o
fragment angular or relative velocities distributions, but — 0175~ i I LR O
i i i i 0.150 — 0.150 — P o b -
asymmetry is still small in the considered cases. 150F I e g E I
: 0.125F = 0.125 F
- o : - 0.1005' II|IIII|IIII|IIII|IIII|IIIIE 0‘10{}5‘ II|IIII|IIII|IIII|IIII|IIII_
More clear: Stiffness of the symmetry term dependence “‘5“'?51"’;1::15“ L7eR00 050078 nee +80 175 200
111 =oImm
on the | content of the Neck IMFs (NIMF): 0250 gy 0.250 prr e
| . 0.225 F— — 0.225 F— —3
- E i E E
Squares..supe_rasystlff o) % boe 3 TE i b}
R_ombs.asystn‘f — o175 et 3 oumb 1 E
- Circles: asysoft 050 t e b 3 ok ¢ =
T 0.125F 1  oassf
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T 05D0.751.001.251501.752.00  0.500.751.00 1.25 1.50 1.75 2.00

NIMF are more n-rich than IMF from semicentral
collisions. PLF and TLF lower asymmetry than NIMF
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‘ Isospin diffusic
Istituto Nazionale & s a0l
di Fisica Nucleare : R
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w1
The question of whether or not an excited
nuclear system reaches equilibrium before
decaying is of importance when trying to
determine the events that occur in hot nuclear
matter just prior to fragment emission. process (10%s)

Isospin equilibrium is one type of equilibrium In the Fermi energy domain, the time scale

that excited nuclear matter can achieve. for fragmentation decay becomes comparable
to or shorter than the time scales

N/Z  equilibration depends on the
INTERACTION TIME thus the reaction impact
parameter & beam energy play a fundamental
role. At low energy (<20 AMeV) is a fast

When two nuclei with different N/Z  nitial configuration characterizing the attainment of isospin
asymmetries come into contact, @. <_. - equilibration

diffusion of neutrons and protons & o

is initiated and continues until the - Isospin drift Isospin diffusion

system disintegrates or until the  py . hounce-back Ty ?® pipy 0

chemical potentials for neutrons and - 1 02 o

protons in both nuclei become 4—%—- 8 i ‘,;-::"’Jl’d'ﬁ“s“'" 5=E
equal. | f ? 01 N+Z
The raf[e_ c_)f dlffus_lc_)n Is influenced - v A TF Neck PIF

by the initial densities of neutrons ~ Complete equilibration =

and protons in the emitting nuclei, ° E—— The isospin diffusion proceeds along the
the neutron and proton mean free L . neck region driven by the symmetry
paths, and the mean field ! energy term strenght and it is favoured

potentials. by a soft term of the ASY-EOS A

) ) Partial transparency 5 :-::.......
At low energy deep inelastic A - enhance degree of equilibration
diffusion influenced by gradient of 4—%—* P

concentration (no big density
fluctuations)

At intermediate and high energy A
diffusion is driven by the gradient of
concentration and of density

YN P T P T Y
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PHYSICAL REVIEW C 79, 064614 (2009)

2X p— (X, +Xps)/2
XAA_XBB

R(X)=

Isospin diffusion in *Ni-induced reactions at intermediate energies. I. Experimental results

E. Galichet,">" M. . Rivet,' B. Borderie,' M. Colonna,’ R. Bougault,* A. Chbihi,” R. Dayras,® D. Durand,*
1. D. Frankland,” D. C. R. Guinet,” P. Lautesse,” N. Le Neindre,"* 0. Lopez,* L. Manduci,* M. Parlog,*
E. Rosato.” B. Tamain.* E. Vient,* C. Volant.® and J. B. Wieleczko®
(INDRA Collaboration)

Isospin Imbalance Ratio
from mixed and symmetric systems

x,=In(Y(Li)/Y("Be))
linear function of the asymmetry

( OFRA p)Gat b))

of the emitting source

—  bnv-soft+simon
= bnv.stiff+simon

ge’ ] Evident diffusion in
< Ni+Au (N/Z =1.38) as
W: compared to Ni+Ni
(N/Z2=1.07) as reference
Asystiff better overall
I agreement

098 [ ® Ni+AuS52 AMeV-dataforvard QF 098 |- Ni+Au74 AbeV
© Ni+Au52 A.MeV-data forward NN

096 -
0 0.2

MGy PRIEGL E/A=S0 MeV
bib,_ = 0.8- 1.0

— BNV used as a clock

b ™" R Eor Ni+Au at 52 A MeV
maximum measured
dissipation
corresponds to b=5fm
in BNV calculations
that is t;,,;=130fm/c+10
fm/c A equilibration

e

B /B e MV

— R
. R(X;)

i1 703 05 07 09 T
}""f}r beam

Ni+Ni 52 AMeV Ni+Ni 74 AMeV

! 096 Lo |

— | Forward NN (V,icie > Viay"/2
0.6 3 0 0.2 4 0.6 k] particle lab
n (M) By /B MoV forward QP frame (Vparticie > VrecQP)

e

R;=+/-1 no diffusion

[ ' R,;=0 equilibrium
0'6,_
i No equilibrium even for central collision
I e P at 35 MeV/A in the Sn case.
0.2:—
E Y~¥Ybeam
0.0 !
0.0 0.5
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INFEN Upper limit en
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- Istituto Nazionale -
L/ di Fisica Nucleare & Infl uence L
Yoritaka lwata et al. :arXiv:1001.0850v1 [nucl-th]
Yields [%)
75 The upper limit of the energy in the laboratory frame
for charge equilibration is expressed as the sum of the
0 [~ kinetic energy for velocity vF ., and the Coulomb energy
% \_.___ - at touching
1| O ] [ | | ' .'.Thh, 1
151617 18192021 15 161718192021 1516 1718192021 1516 17181920 ZJQ,/Z
EenlA = 5.0 MeV Een/A = 6.0 MeV Em/A=T0MeV  Eem/A=8.0MeV
Real-time dynamics of
FIG. 1: Yield distribution of final fragments as a function of their N/Z ratios for the collisions of *Pb + “28n (N/Z ratio charge distribution for 298pPb
is discretized by 0.05) based on TDHF caleulation (SLydd). Four cases with different Eop /A values are presented. Columns + 40Ca (SLy4d) is shown for
corresponding to the equilibrium value of N/Z=1.58 are colored in blue, and connected by red lines. For reference, the N/Z " a fixed impact parameter 7.5
ratios for “*Pb and "**Sn are 1.54 and 164, respectively. .-_" fm. The upper and the lower

panels show cases with
E./A= 3.0 MeV and 4.0 MeV,
respectively.

The peak energy of the yield distribution as a function of N/Z is almost
constant at the beginning, and is shifted later with the lowering of peak
height. A clear decrease of the yield of charge-equilibrated fragments
for Ecm/A 7.0 MeV is noticed. On the other hand, very neutron-rich
nuclei with N/Z 2.0 simultaneously start to be produced.

cm /A
S . e § S
J The upper energy limit is 3.66 MeV, fusion I
~ appears at Ecm/A = 3.0 MeV (upper panels), 66 Mq¢

and break-up is seen at 4.0 MeV/(lower panels).

-unstable fragments are emitted only for the
bombarding energy higher than the upper-limit;
for instance, a small fragment in the lower-right
panel is 62Mn, for which the stable isotope is
5SMn.

om /A
= 4 MeV
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INFN The level d density

(e Isospin and T 1 _ srature effects

The Level density parameter is closely connected to the
nuclear EOSt itis important both for nuclear structure and
for the dynamics and thermodynamics of hot nuclei
Many parameters influence the level density parameter:
Apairing and shell effects

Asurface effects

Adeformation and angular momentum

Atemperature

Aisospin

The level density parameter vanish at high E*, limitingT ?
(rupture of the balance between surface, coulomb and bulk

energies) and with extreme isospin composition?
A direct link to EOS

B \/; exp(2VaE*)

12 alM(E*)SM

ﬁZ
& — S
p(E*.J)=(2J+1)| 7

32 \-'I'E EX]J(Q. \."IE]

12 172

J(J+1)A2

U=E*~EoJ) 7=
o >

Does the level density
parameter depend on
iIsospin?

a=aA

_ 102, S.I. Al-Quraishi et al.- Phys.
T aF i Rev. C63 (2001) 065803 &
= 107¢g 57 10 97
o g e g Mo KL Phys. RevC67, 015803(2003)
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