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Intermediate energy dynamics

Pre-equilibrium, Fragments, clusters,
Central Xe+Sn /‘ compression, expansion unbound states
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Collective properties Resonance decays
EoS, Symmetry Energy In the medium invariant mass
= Clusters at low densities spectroscopy: branching ratios, ...
—> Neutrinosphere physics - in-medium structure and clusters

(See talks by P. Danielewicz and Z. Chajecki)



Dynamics and structure

* Nuclear structure properties in low
density matter:

-Study the properties of the “medium”:
density, temperature, EoS = Femtoscopy

-Resonance decays: in-medium vs out-of-
medium



Proton-proton femtoscopy
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Proton-proton femtoscopy
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Proton-proton femtoscopy

‘ %:-» go/'  Radii, A values, etc.
‘ — oy Directional studies,

shapes, elongations,

Intensity interferometry / Femtoscopy
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Source radii and A Vs. py
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Femtoscopy with different particles

Xe+Au E/A=50 MeV b, 4<0.3 LASSA Data @ MSU

Deuteron-Alpha

Proton-Proton

Radii, A values,
etc.

Directional
studies, shapes,
elongations, ...



Fragment emission time-scales

IME-IMF Correlation Functions

IME: Z>2
Yeoi (vred)
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Fragment emission time-scales

IME-IMF Correlation Functions

IME: 2>2 T, prAu 80,8292,102 GeV/e
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In-medium alpha-alpha
correlations

INDRA 4p multi-detector

angular coverage = 90% (4m)
336 independent cells

telecopes C;Fg gas chamber —
Si (300 mm) — Csl (5-14cm)

Ar+%Ni  E/A=32, 40, 52, 63, 74, 84, 95 MeV
\

a conjugate Role of projectile structure on

dynamics = in-medium clustering



“In-medium jet” fragmentation:

time-scales
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“In-medium jet” fragmentation:
time-scales
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“In-medium jet” fragmentation:
time-scales
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“In-medium jet” fragmentation:
time-scales
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“In-medium jet” fragmentation:
time-scales

BLOB (P. Napolitani, M. Colonna)
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“In-medium jet” fragmentation:
time-scales
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“In-medium jet” fragmentation:
“tomography”
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* Projectile region: fast emission (explosive) + homogeneous fragmentation
« Target region: long time-scales (evaporative)+ inhomogeneous fragmentation

No globally equilibrated system produced



Dynamics and structure

* Nuclear structure properties in low
density matter:

-Study the properties of the medium:
density, temperature, EoS = Femtoscopy

—-Resonance decays: in-medium vs out-of-
medium



Be resonance decays: thermal model
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Be resonance decays: thermal model

Ar+Ni, E/A=32-95 MeV - central — 8Be 2 a+an
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Be resonance decays: thermal model

Ar+Ni, E/A=32-95 MeV - central — %Be 2 a + «
INDRA @ GANIL
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Be resonance decays: thermal model

Ar+Ni, E/A=32-95 MeV - central — %Be 2 a + «
INDRA @ GANIL
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Be resonance decays: thermal model

Ar+Ni, E/A=32-95 MeV - central — %Be 2 a + «

INDRA @ GANIL
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Which temperature T is
consistent with a measured
relative population of state?

None
overpopulation of excited states

Thermal mechanism cannot describe
unbound state population for a’s



Parent decay and resonance
generation by Final State Interactions
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Parent decay and resonance
generation by Final State Interactions

Primary parent decay

(thermal)
10° =
- Typical T at
S 6 105k intermediate
té: ST energies
~

.:-

FSI \@ S

(dynamical) \‘
Ly o i PRI IR S S

0 1 > 3 4

Generation of g.s. suppressed with
respect to state at 3.04 MeV



Parent decay and resonance
generation by Final State Interactions

3Be Primary parent decay

(’ @@ (thermal)

Dynamical FSI approach
necessary: thermal model does not
work

FSI \@ - look forward to alpha
(dynamical) \‘ femtoscopy




Three-alpha correlations: decay of
2C Hoyle state

12C+2Mg E/A=53 and 95 MeV
INDRA data

2C2>3a 12C E*=7.65 MeV (Hoyle state)
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1000 |}

O
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counts

Astrophysics relevance: Which stars do host the
Hoyle process?

Esym = Xi-1Eicu (MeV)



Direct reaction measurements

OSCAR data @ LNS UN(d,x)12C*

] /%SBQ
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D. Dell’Aquila, I. Lombardo, G. Verde et al.,
Physical Review Letters 119, 132501 (2017)
deuteron

SQ@, Journals ¥ Physics PhysicsCentral APS News
physics

- N
Ph)/STCS ABOUT BROWSE PRESS COLLECTIONS

Direct decay < 0.043% (95% C.L.)

Viewpoint: Watching the Hoyle State Fall
Apart

Oliver Kirsebom, Department of Physics and Astronomy, Aarhus University, Ny Munkegade 120, Aarhus C Denmark,
8000

September 25,2017 « Physics 10,103

Two experiments provide the most precise picture to date of how an excited state of carbon decays into three
helium nuclei.



Direct reaction measurements

OSCAR data @ LNS UN(d,x)12C*

] /gse
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D. Dell’Aquila, I. Lombardo, G. Verde et al.,
Physical Review Letters 119, 132501 (2017)
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2C+2Mg E/A=53 and 95 MeV

In-medium heavy-ion collision

INDRA data
2C>3a
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experiments

2C (Chimera and INDRA data)
2C(Hoyle) = 8Be+ta=> (a +a)+a
12C (Hoyle) =2 a+a+a

A. Raduta et al., Phys. Lett. B 705, 65 (2011)
F. Grenier et al., Nucl. Phys. A811, 233 (2008)

Strong contributions from

3a direct decay mode?
....17% in Phys. Lett. B 705, 65 (2011)!



Dedicated in-medium studies

FAZIACOR @ LNS
G. Verde, D. Gruyer, FAZIA Collaboration

325 +12C E/A=25, 50 MeV
365 +12C E/A=25,50 MeV ... 2 ?'Ne+2C




Preliminary data on the Hoyle state

D. Gruyer

10 o 10

19 MeVIA

26MeVIA_|  integral

E/A of 12C =

12 MeVIA
A

weaq UoaN

Slow 12C Fast 12C
-~ Only direct decay - direct decay: Effects of medium
- Negligible background on nuclear structure? Links to

- Agreement with out-of-medium results alpha density estimates... BES?



Some preliminary Na-X correlations

20Ne 2> a + 100

D. Gruyer,
LPC Cean

HC> a +7Be

He
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FAZIA-INDRA @ GANIL (2019-2020)

FAZIA

Y Z ~ sz
beam INDRA: fragments and
particles at 0 > 14°

* 12 Blocks (192 telescopes)
« full Z & A identification of 1<7<25 at 6 < 14°

Ca+Ca
Ni+Ni E/A=30-90 MeV ...energy, mass and
Xe+5n N/Z scan!



In-medium investigations

« HIC: warm and dilute medium with plenty of unbound
states

— Femtoscopic probes to characterize medium

- Study structure properties: spins, branching ratios (sequential
vs direct), etc.... in-medium structure

— Complimentary to structure studies with exotic beams

* Modification of structure properties in resonance
decays?
— Future perspectives: INDRA-FAZIA campaigns at GANIL

Welcome to collaborate (experiment, analysis techniques, theory)

Thank you for the organization of this WPCF: second time in
the beautiful Krakow!
...how about having a second-time WPCF in Catania?
for example 2020 or 2021? Eventually joint organization?



Backup slides



Intermediate energy dynamics

Pre-equilibrium, Fragments, clusters,
compression, expansion unbound states
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Intermediate energy dynamics

Pre-equilibrium, Fragments, clusters,
compression, expansion unbound states
Central Xe+Sn / P P
E/A=56 MeV, b=0 fm e /
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Observables at intermediate Energies:

See talks by P. Danielewicz and Z. Chajecki




Interplays dynamics <> structure

Pre-equilibrium, Fragments, clusters,
compression, expansion unbound states
Central Xe+5n
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density p/p, J. Natowitz et al., Phys. Rev. Lett. 104, 202501 (2010)



Imaging sources at different emission
stages

Xe+Au E/A=50 MeV (Central)

Early Late
dynamical long-lived
emissions sources
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T. Minniti, F. Miano, GV, B. Barker, P. Danielewicz



Imaging sources at different emission

stages

Experimental data (LASSA @ MSU)
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Imaging sources at different emission

stages

Xe+Au E/A=50 MeV (Central)
Early Late
dynamical long-lived
emissions sources
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Densities “as seen” by bosons and fermions

Proj @

Target
% oo '\NDRA -VAMOS experiment

0Ca+49Ca @ E/A =35 MeV

_ H ) e i Decay of excited quasi-projectile
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Excitation energy per nucleon (MeV)



Fragment emission time-scales

IME-IMF Correlation Functions

IME: Z>2
Yeoi (vred)
1 + R(v ) _ coinc
T red Yevt mixing (vred)
2R
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Fragment emission time-scales

IME-IMF Correlation Functions
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Source radius and emission times:
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Two-particle correlations: resonances in
dilute nuclear medium
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Resonance decays in dilute and warm
nuclear medium
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Thermal model of in-medium
resonance decays

States of *B - p+'Be
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Thermal model of in-medium
resonance decays

States of *B = p+'Be
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In-medium structure: spin

p-’Be correlation function
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W.P. Tan et al. Phys. Rev. C69, 061304 (2004)
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Counts

In-medium structure: branching ratios
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In-medium vs out-of-medium?

12C+2Mg E/A=53 and 95 MeV
INDRA data
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In-medium resonance decays in HIC

FAZIA (Four-pi A- and Z-Identification Array)

Struttura del telescopio
AE1 AE2

Pd G. Verde, D. Gruyer, FAZIA Coll.
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