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Nuclear Equation of State

Analogy between the nuclear interaction and Phase diagrams :

. e . t
van der Waals interaction in fluids “;'“ Here Isotherms
HF Skyrme
300 | § D. Vautherin and D. M. Brink

ElEEEn I [ oh e g T R SR T S ¢ Phys. Rev. C 5 (1972)
- 180 channel -
i N. Ishii, S. Aoki and T. Hatsuda
i Phys. Rev. Lett. 99, 022201 (2007)]
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- Liquid, gas and supercritical phases exist
— LG Coexistence (1st order), critical température (2nd order)
— Zone for Mechanical Instabilities (density fluctuations) : spinodal zone

Olivier LOPEZ ( ), LPC Caen SFP-BTN, June 21-22, 2016
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Microscopic Description of Nuclel

Self-consistent Mean-Field calculations are probably the only possible framework
to understand the structure of medium and heavy nuclei.

Nuclear Landscape E e <LIJ | H | LIJ>
H= <@ | Hert| ¢ >
H = E[p]
Energy-Density Functionals
B0
— DBHF 4y
60 |o—c var AV, +dv+3-BF S ,’
+=+ NL3 R
.. DD-TW N
S g 22O |
i I
< 20~
m|
Oq
Direct link to EOS and Symmetry Energy 200, nuclear matter
0 1 2

p/p,

SFP-BTN, June 21-22, 2016
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Symmetry Energy (at low density) 2=

~ )
_ 2.
EIA (p’a) 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= (Pam pp) (put pp) = (N-Z)/A ]
» Constraints for Astrophysics (NS) 40;—
and for laboratory experiments S |
% 30:
» Needed for transport models and 2 201_
nuclear matter studies (Thermodyn.) n |
> Link to the NN interaction (isovector) soft NN
in the nuclear medium P TR T
p/Po
Density dependence for SE S(p) = S(p/pg)?° + Si(p/Po)

Olivier LOPEZ (

), LPC Caen SFP-BTN, June 21-22, 2016
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EOS : connection with nuclel

Astrophysical context (NS) Terrestrian Labs (HIC)
Nuclear matter : Nuclei :
Bulk properties Finite-size effects

Extensive systems

Non-extensive systems
(volume)

(surface, Coulomb)

Symmetric NM

or pure neutron matter Asymetric NM
(5=0,1) (18]~0-0.5, E_, )

Phase Diagram and Phase Transitions for strongly correlated finite-sized
systems : (non)-extensivity and quantality

Olivier LOPEZ ( ), LPC Caen SFP-BTN, June 21-22, 2016
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Thermodynamics :

Phase transitions
IN huclel

Olivier LOPEZ ( SFP-BTN, June 21-22, 2016
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Phases and Transitions

Phase diagram

50 Preéssure (MeV/fm3)
= | _ _
= 45 - Bimodality S S
o Isobars . Abnormal energy fluctuatior
= 40 - Scaling laws : Fisher, Delta® Susss = S
E_J :
3
£ 35 .......................................
supercritical

30

25 Critical point

20 Coexistence region

15 p .. :

10 o

f“- Transition line
5 ...................................
% : : : : 12 14 16 1.8 2 O
Density ( p!pﬂ}
Dynamical origin of multifragmentation as a spinodal decomposition...
Olivier LOPEZ ( ), LPC Caen SFP-BTN, June 21-22, 2016
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Charge correlation : spinodal decomposition ?

. Xe + Sn 32A MeV
Intra-event correlation :

=4.5 4
1 S35 -
\ b | 3
AZ=—¥MZi- < 7>) S los
ﬂf &2-5 2
QO1.5 7?
- - . 1 fta,
Correlation Function : " o5
0 ol o
R(AZ) Y(AZ)
- Y'(AZ) i = “E)
:g 5 83
] 1 73
s ¢ | 63
. 55
Q | 43
O 2 b
|33
1 | 13
0 0
Lenglpl-h
ﬁ?ﬁ;ﬂgfgﬁfﬁgﬁ;fﬁ‘iﬁi:ﬂﬁfﬁgmm B. Borderie, et al. (INDRA coll.)
Phys. Rev. Lett. 86, R217 (2001)
- Signal is weak (fossile) — more statistics is needed !
- Mass and N/Z dependence ?
Olivier LOPEZ ( ), LPC Caen SFP-BTN, June 21-22, 2016
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Dynamics :

Diffusion and
Transport properties

Olivier LOPEZ ( SFP-BTN, June 21-22, 2016
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Theoretical background on transport properties

> Mean-Field effects : 1-body dissipation — viscosity/friction
Collective properties : nuclear degrees of freedom (Mean-Field)

> NN collisions : 2-body dissipation — A

NN’
Individual properties : nucleonic degrees of freedom (collisions)

> Transition in incident energy should be observed where
MF weakens and NN collisions become more and more likely — E = E

Fermi

> In-medium effects for NN _collisions :

= Renormalization of ¢,, as compared to vacuum: quenching factor

= Due to Pauli blocking (2-body) but also to higher-order correlations (density effects
via many-body correlations).

Mean free path (rather) constrained both theoretically and experimentally
above E. /A>100 MeV : A,, = 4-5 fm but not below...

Experimental probe is the stopping : transparencyl/translucency

Olivier LOPEZ ( ), LPC Caen SFP-BTN, June 21-22, 2016
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Nucleon mean free path in nuclear medium Ay =g

- For the first time : experimental systematics in the Fermi energy domain

g 1 4 j ............................................................................................................................................ G Lehauteta/(INDRACO”)’PRL104(2011)
2 O. Lopez et al. (INDRA coll.) , PRC 90, 064602 (2014)
2 L

1 2 OO SO e et et et e e e

10

Rios and Soma, PRL 108, 012501 (2012)

2 ~Renberg et al.;, Nucl. Phys. A 183 (1972)
Nadasen et al., Phys. Rev. C 23 (1981)

0 L | | | | |

1 40 50 60 70 80 90 100

Incident Energy (A.MeV)

- A, 2 R : complete stopping and thermalization not achieved...
J. Su and F.S. Zhang, PRC 87, 017602 (2013) [AMD]

> Contradictory findings with SMF by E. Bonnet, et al., PRC 89, 034608 (2014)

Olivier LOPEZ ( ), LPC Caen SFP-BTN, June 21-22, 2016
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Mean free path in microscopic theories \

100
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S
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Olivier LOPEZ (

), LPC Caen

QFT-SCGF + CD-Bonn int.
A. Rios and V. Soma, PRL 108, 012501 (2012)

« Calculations at p=p_
for different temperatures

T=4-8 MeV

e Calculations at T=5 MeV for
different densities

p=08-12p,

Enhanced sensitivity for EXE__

mi

SFP-BTN, June 21-22, 2016
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Mean free path and thermalization process A\ A

INDRA data / ELIE model (micro/macro) for the isotropy ratio : *’Ni+°°Ni @ 40A MeV

Q 1.4F —
m - n
wr o - « INDRA
i . - =15fm
1.2 ©
i ~ o1l - % = 1000 fm
i o -A=1fm
0.8-
0.61- 0.05|-
0.4:—
0.2} / H
i i. I. L
n -:-'.. |||||||||||| D = TR AT = —-—
5 10 15 20 25 30 0 02 04 06 08 1 1.2 1.4
CEN
Y Eisn

A . mean free path for NN collisions in the participant zone

— E__Is compatible with A=10-15 fm (=Rproj+Rtarg) at E__,

mi

This suggests that complete thermalization is not achieved since the number of collisions
per participant is less than 1... —What about Isospin diffusion ?

Olivier LOPEZ ( ), LPC Caen SFP-BTN, June 21-22, 2016
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In-medium effects : renormalization (quenching) factor in nuclear «
medium

- e @

In-medium reduction factor for pf’p0=1 .2

Coupland et al., PRC 84, 054603 (2011) I
------------ Ropke et al., PRC 57, 806 (1998)
Xiangzhou et al., PRC 58, 572 (1998)
------------ Klakow et al., PRC 48 (1993)
DILICIEIEIET Li and Machleidt, PRC 48 ({1893)

medium

Tnp(EBiap, p) = [31.5 + 0.092abs(20.2 — EP:2%)%9]
y 1.0 + 0.0034EL P p*

1.0 + 21.55p1-34 °
| | | | | | ‘

70 80 90 100
Incident Energy (A.MeV)

Danielewicz (phenomenologic !): F = o, tanh(o,_/c,), with 6,(mb)=8.5/p??

Olivier LOPEZ ( ), LPC Caen SFP-BTN, June 21-22, 2016
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Clustering in Nuclel

Olivier LOPEZ ( ), LPC Caen SFP-BTN, June 21-22, 2016
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Clustering in o-conjugate nuclei

CHIMERA : [§€iA

“Ca +C @ 25A MeV @il

Excited *°0, *°Ne, **Mg for projectile N
fragmentation of “Ca

B. Borderie et al. / Physics Letters B 755 (2016) 475-480

AR RARES ALY ALY RARRS ALY RARAN RARES LAREE IR LA L AN RARAS RARAS LAY LAALS RARES LARLY RALL
- <E*> = 3.4 MeV/nucleon Nalphs=t - 160* Nalpha=4 - 160*
= p - 0 7p 10°F . 157 sequential . 103} simultaneous
‘ 0 Density -— 1 % ] — p
a) (fr) i =
Iﬂu g \ g
0.06 L B w
3 3
004 z :, z
' T 102k A\é 4 D10t =
™ - ?% i ]
ey e e el e e Aiferor L Ll Lol B Lo B ol B il T
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
E (MeV E (MeV
b) qu ( ) ( )
s : SRS RS R R U A UL R R R
[ Nalpha=6 - 2Mg* Nalpha=6 - 2Mg*
] i 107} sequential E 10% ¢ simultaneous
Constrained = 1 © F
© - o -
RHB s g
FIG. 3: (Color online) Self-consistent intrinsic nucleon density % 10 E_ _E % 10 3
of '°0 for a radius constrained to 3.32 fm (a) and 3.34 fm (b). E - 5 E -
o i %* o
J.-P. Ebran, E. Khan et al., - : - P ]
1 - 1E
PRC 89 031303(R) 2014 ; H . : :
TR AP NG AT TR T P 1 AT PO IO T B DR IO (Ui i
. - = = 0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 4
- Data agrees with a simultaneous emission E (MeV) E (MeV)

- Competition between DD (Na)) and SD ((Be) B. Borderie, AD.R. Raduta, G. Ademard, M.F. Rivet et al..
PLB 755 (2016
SEP-BTN, June 21-22, 2016

Olivier LOPEZ ( ), LPC Caen
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INDRA - VAMOS

coupling@ GANIL - 3 targets : *°Ni, ®’Ni, *Ni

Q vs A/Q - System 36Ar-58Ni

28

26

24

III‘|I‘I|]‘I

lIIIlIIlII]lll|lIllllllrlilrl;jler

S
AlQ

(Preliminary)

Slope of Energy Spectrum

extrapolation according to :

——— "H:T=4.1 MeV
—— 2H:T=5.7 MeV

°H:T=7.2 MeV

°He : T=7.7 MeV

*He : T=5.7 MeV

R.J. Charity Phys. Rev. C67-044611(2003) 10%L,

S.l. Al-Quraishi Phys. Rev. C63-065803(2001)

Olivier LOPEZ ( ), LPC Caen

50

- 3 beams : *Ar, *Ar, “Ar @ 12.7-13.5 MeV/nucleon 5=

- Complete Fusion (9 isotopes) : **Pd - *Pd

N/Z dependence for a in
p-rich nuclei :

*=aT”

SFP-BTN, June 21-22, 2016
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A stringent Benchmark for Statistical Models

Preliminary Results : Evaporation-channels for 1} Se @
(3°Ar 4% Ni)
BAr+>2Ni — 7'Se + ... (Brho=0.638, Angle = 0 °)

16 Preliminary Results
Thése Lou Augey (LPCC 2016)

Probability (%)

e Determination of all evaporation channel (= 1 charge,£ 1 mass)
— Impose strong constraints for statistical models
— Possibility to observe angular correlation between particles

Lou AUGEY, LPC Caen IWM-EC 2016

SFP-BTN, June 21-22, 2016
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A stringent Benchmark for Statistical Models

Preliminary Results : Evaporation-channels for 1} Se (@
(3°Ar 4% Ni)
®Ar+%8Ni — 7'Se + ... (Brho=0.638, Angle = 0 °)

Preliminary Results
Thése Lou Augey (LPCC 2016)

Also in 2016/2017 (accepted expt @ LNS Catania) :

FAZIACOR by G. Verde et al. : S /*S + **C @ 25-55 MeV/nucleon
Exploring in-medium structure with particle-particle correlations
in heavy-ion collisions

—

7
. 3 L7 eQ 4Q ' 2q . M1y
eq Q.' ’SQ He,eq "73

Qr3 7deq

e Determination of all evaporation channel (= 1 charge,£ 1 mass)
— Impose strong constraints for statistical models
— Possibility to observe angular correlation between particles

Lou AUGEY, LPC Caen IWM-EC 2016 10 / 15

Olivier LOPEZ (

), LPC Caen SFP-BTN, June 21-22, 2016
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Experimental program

Mid-term : 10 years

Olivier LOPEZ ( SFP-BTN, June 21-22, 2016
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Coupling INDRA and FAZIA FAZIA (d )

émonstrator
Lol GANIL 2014 192 Si-Si-Csl + digital.
Stable beams CSS2 INDRA

Isospin dep. of multifragmentation,
radial flow and isospin diffusion/migratiof

124.136X e+4%%Ca 30A-50A MeV 240 A \ ity L

Vaporization @ low density
Isoscaling A

“%Ca + “**Ca 35A-80A MeV

Staggering (pairing) QP, clustering

085Kt + 1045Ca 35A MeV

Olivier LOPEZ ( ), LPC Caen SFP-BTN, June 21-22, 2016
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5577’272 - ',;if:.tf-‘.‘i':n‘"":’;"

INDRA-FAZIA : 2020+ @SPIRAL2

Lol SP2 : a large “panoplie” of n-rich and p-rich beams is necessary with bombarding energies
above the Coulomb barrier and up to the maximum SPIRAL2 possibilities.

> Limiting temperatures in hot N/Z asymmetric nuclear systems
N/Z dependence of nuclear level densities in warm nuclei
Clustering studies and validity of statistical theories

Studies with dissipative peripheral collisions and probes of the symmetry energy

vV V V VvV

Accessing the nuclear symmetry energy from fragment isotopic distributions

1. Medium mass systems (A _, =140) )
8Zn+%Ni, #Kr +°°Ti, %°Sr + *8Ca, 2Kr + *°Ti

2. Heavy mass systems (A . = 190)

. } E/A=5 — 10/15 MeV
114-145K @ +4048Cq 122C(d + 58Nj, K + %0Zr

3. Same mass, but #Z
72,78Kr + 28Si and 74,SOZn + 26Mg

y

Day 1 experiment (coupling FAZIA with a spectrometer)
> Isospin dependence on reaction mechanisms : formation/decay of excited nuclei

80-94Kr +4048Ca/1213C, E= 5A to 10A MeV (competition between fusion and DIC)

Olivier LOPEZ ( ), LPC Caen SFP-BTN, June 21-22, 2016
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Experimental program :

Long-term : >10 years ...

Olivier LOPEZ ( SFP-BTN, June 21-22, 2016
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Phases and Transitions

Phase diagram

50 Pregssure (MeV/fm3)
©
E Y R
o Isobars 5 5 |
% 40 ....................... .......... . 60
D :
3
£ 35 NS 50
supercritical
3.0 B
” : 40
25 Critical point
20 Coexistence region 30
15 .. :
) 20
10 : .......................
: Transition line 10
5 ......................................
0Dk 3l I | L 1 | 0
U 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

- Density(p!pﬂ}
N/Z dependence ...

Olivier LOPEZ ( ), LPC Caen SFP-BTN, June 21-22, 2016
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EURISOL R Pc

DISTRIBUTED FACILITY

Concepts for Fundamental Physics

DFT approach to nuclear physics: towards an universal functional

Study the energy functional for asymmetric nuclear matter
Constrain the isovector part of the energy (symmetry energy)

Produce sub- and super-saturation density matter through HI-induced reactions

Nuclear matter phase diagram and finite nuclei phase transitions

. Scan the low-temperature region of the nuclear matter phase diagram
. Characterize the phase transition (location, order, critical points, ...)
Evidence thermodynamical anomalies in finite systems

. Complementary to the ALICE Physics Program at high energy (QGP)

From finite nuclei to compact star matter

. Constrain MF models for Astrophysics studies

. Study the structures and phase properties of neutrons stars crusts

Olivier LOPEZ ( ), LPC Caen SFP-BTN, June 21-22, 2016
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Toward the Future ... I

i
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2 2 —— ,
- Effectives Masses and splitting p-n e : iR
1.6 | 1 e
el n
] ] _ 1.4 F {1 514
- Isospin Exploration of the phase diagram i / Tl
. __j.-’ ]
) K] ] C
SME No spinodal... 1 5580200 ot
T e | [ e p: (MeV/c) t=8B0fm/c
| LG Coex. ] T T 2
. **Ca 1.8 | R
' 51,6 | 1 516 f
2 s i B
| 14 F 8 ] D14
0 12 F \E-j 1.2
loienn oo Lo
pe (MeV/c)

- Spinodal decomposition and N/Z

Temperature T (MeV)

- Cluster emissions / clustering @ low
density (Mott-like...)

0.00 7 0.5 0.10 0.00 0.05 0.10 . 0.00 0.05 0.10 .0.15 Stochastic approaches beyond MF :
Density p(fm™2) Pairing, Clustering, ...
Statistical Models : N/Z, continuum, ...

M. Colonna, Ph. Chomaz and S. Ayik, PRL 88 (2002) 122701

Olivier LOPEZ ( ), LPC Caen SFP-BTN, June 21-22, 2016
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To be continued ...

Olivier LOPEZ ( ), LPC Caen SFP-BTN, June 21-22, 2016
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DISTRIBUTED FACILITY

Key Experiments : what is needed (facility side)

96N - 74N, 1065n -1325n, E/A = 15 — 50 MeV

96N - 74Nj, 1065n - 1325n | E/A=50-100 MeV
SNij - 74N, 106Sn -1328n, E/A =30-100 MeV

*°Nj - 74Ni, 106Sn -1328n, E/A=30-100 MeV

Key Points are :
« large panoply of beams (light, medium, large A) over the maximal N/Z extension

« Beam energy range around and above the Fermi domain (15-100AMeV)
- Beam intensity around 108-108pps, small emittance, good timing (<1ns)

SFP-BTN, June 21-22, 2016

Olivier LOPEZ ( ), LPC Caen
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Stopping power in central HIC R r=rd

42 (quasi)-symmetric systems,

Only protons for <R _>... L

i Rp(a) =
Nuclear Stopping L+ 5(aPret/ Prermi)?
Lu —
o 14 | INDRA data for High M, __ gate, Z=1 (total)
__g "7 | | Fermi Spheres Calculation [ Gd/U+U, A_=404-476
4]
m — o=1: Entrl Channel O TaflAu+Au, Alot=378-394
> — _ ® Xe+Sn, A =248
8- 1.2 o=0 : Full Stopping - NisNi A =116
- H . P ot
*§ B Adiabatic A Ar+Ni, A_=04
- - Full stopping A AHKCLA =72

*ﬁfﬁ}i'%

A AN AN\

Ciri1alAl
Suddaen approx.
e Full transparency

| . | . | . | | | | |
50 60 70 80 90 100
Incident Energy (A.MeV)

Olivier LOPEZ ( ), LPC Caen SFP-BTN, June 21-22, 2016
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Physics Motivations

» Dynamics of heavy ion collisions

- Reaction mechanisms and transport properties
- Deep Inelastic, neck emission, multifragmentation
- Isospin diffusion, nuclear stopping, particle flows
- In-medium properties : NN mean free path and cross section

- Link to the EOS
- Compressibility (radial/elliptic flows)
- Symmetry energy for asymetric NM

» Thermodynamics of (hot) nuclear matter

- Nuclear matter in proto-neutron stars
- bulk properties vs finite size effects (surface, coulomb, nuclei)

- Phase transitions for strongly correlated systems
- Phase diagram : Liquid-Gas phase transitions, first/second order
- Temperature/Density/lsospin dependence
- Spinodal decomposition

Olivier LOPEZ ( ), LPC Caen SFP-BTN, June 21-22, 2016
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About the scale...

E/A=1 GeV

Deconfinement
QGP

Nucleonic excitation
Hadronic regime

Physics of Hadrons

Degrees of Freedom

0O <%°C

quarks, gluons

constituent quarks

e

dpc

Energy (MeV)

940

neutran mass

140

pion mass




From EOS to Phase diagrams N

EOS for ZIA=0.50 and different temperatures (T=0-20 MeV) EOS for ZIA=0.50 and different temperatures (T=0-20 MeV)
20 Symmetrlc NM Z/IA=0.5 1 Symmetric NM Z/A=0.5
z F : AN A Ay S G 5 ;
s [ £
= ! s
g 25 s
&
- 8
20_— o
15[~
10
518 :
gSaturai:tion pqint
N = 0.2
5 0.4
-10:— 0.6
st = os I Symmetr.l.c ........
L spmodal zone! (dP.fdp{U] v\’\ i spin .dal zone (d :p-=lJ) mattef -
;. Saturati int B : : :
_20III|III|III|III|III|I|I|IIIﬁIIIIIIIII _1III III|III|III|III|III||II|I
0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 038 1 1.2 1.4
Density (p!po) Density (p!pﬁ)
E,P (extensive) dependence as a function of density and temperature (intensive)
Olivier LOPEZ ( ), LPC Caen SFP-BTN, June 21-22, 2016



mailto:lopezo@in2p3.fr

Motivations

> Connection between transport properties and the Equation of State

Energy dissipation [ thermalization ] and isospin diffusion [ Esym(p) ]

> Transport properties are mandatory for :
* Description of supernova collapse and formation of neutron stars

* Determination of the nuclear EOS via the underlying properties of the
nuclear interaction

* Microscopic descriptions as one of the fundamental ingredient
for the dissipative features: EOS and collision term

Olivier LOPEZ ( ), LPC Caen SFP-BTN, June 21-22, 2016
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