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The framework
 HEAVY ION COLLISIONS

Investigation of nuclei structure and 
nuclear dynamics.

Study of the Equation Of State of 
nuclear matter.

Several ingredients: system size, 
isospin, impact parameter, incident 

energy…

 INTERMEDIATE ENERGY
Between 10 and 100 AMeV.

Onset of fragments (clusters of 
nucleons) production: 3-body 

Multifragmentaion
Interplay between mean field and n-n 

interactions..
Large devices: 4𝜋 multidetector.

 CENTRAL COLLISIONS
Violent, most dissipative collisions.

Competition of several reaction mechanisms.
Extreme conditions of temperature and density.

Exploration of the low-right region of the nuclear matter phase diagram.
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The experiment
𝟑𝟔𝑨𝒓 + 𝟓𝟖𝑵𝒊 @ 𝟑𝟐, 𝟒𝟎, 𝟓𝟐, 𝟔𝟑, 𝟕𝟒, 𝟖𝟒, 𝟗𝟓 𝑨𝑴𝒆𝑽

Wide angular coverage: ~90% of 4Pi
High granularity
High dynamic range in energy,
with small detection thresholds of ~1 MeV/A
High charge resolution, of up to Z ~ 50
Isotopic identification of light charged particles

No ionization chambers were 
installed on rings 12-17.

Therefore, only fragments 
with charge up to Z = 4 are 

identified above 90°

Grand Accelerateur National d’Ions Lourds (GANIL) - INDRA 4π detector
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The framework
 HEAVY ION COLLISIONS

Investigation of nuclei structure and 
nuclear dynamics.

Study of the Equation Of State of 
nuclear matter.

Several ingredients: system size, 
isospin, impact parameter, incident 

energy…

 INTERMEDIATE ENERGY
Between 10 and 100 AMeV.

Onset of fragments (clusters of 
nucleons) production: 3-body 

Multifragmentaion
Interplay between mean field and n-n 

interactions..
Large devices: 4𝜋 multidetector.

 CENTRAL COLLISIONS
Violent, most dissipative collisions.

Competition of several reaction mechanisms.
Extreme conditions of temperature and density.

Exploration of different regions of the nuclear matter phase diagram.



Multiplicity of charged Particles (MCP); Total Kinetic Energy (TKE);
Flow angle or similar Shape Variables; Total transverse Energy (Etr) …
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𝟑𝟔𝑨𝒓 + 𝟓𝟖𝑵𝒊 @ 𝟑𝟐, 𝟒𝟎, 𝟓𝟐, 𝟔𝟑, 𝟕𝟒, 𝟖𝟒, 𝟗𝟓 𝑨𝑴𝒆𝑽

𝟑𝟔𝑨𝒓 + 𝟓𝟖𝑵𝒊
@ 𝟑𝟐 𝑨𝑴𝒆𝑽
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Asymmetric Central 
Collisions

OVERLAP region
Projectile + Target

nucleons

Different scenarios from literature
FULL STOPPING case

Evaporation residue + Light particlesFragments + Light particlesvpar (cm/ns)
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L. Francalanza, NCC (2012)



Central events
36𝐴𝑟 + 58𝑁𝑖 @ 32, 40, 52, 63, 74, 84, 95 𝐴𝑀𝑒𝑉

Charge-velocity correlation in central
events.

 The emission of heavy fragments at mid-
velocity (𝑣𝑝𝑎𝑟 ≅ 𝑣𝐶𝑀) is gradually and
significantly reduced as beam energy
increases.

 Non-fusion contributions.
The issue of

nuclear stopping and transparency in 
central collisions:

G. Lehaut, D. Durand, O. Lopez for INDRA 
Coll. Phys. Rev. Lett. 104, 232701 (2010).

PROJECTILE
IN-MEDIUM “CRUMBLE”

(transparency-like behavior of nuclear medium)

 Projectile undergoes a multiple breakup into
fragments from Z=1 to about Z=10-15.

 Products spread along the vpar axis.

Charge distribution of the 
forward emission

@ 95 AMeV
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Reconstruction and characterization of
QT source and projectile crumble

Reconstructed
Projectile

(74 AMeV)

Reconstructed
QT

(74 AMeV)

Reconstructed
Projectile

(32 AMeV)

Reconstructed
QT

(32 AMeV)

Sum of the charges of all products with vpar lower or higher 

than the c.m. velocity:

𝒁𝑸𝑻,𝑸𝑷 =  𝒗<𝒗𝑪𝑴
𝒗≥𝒗𝑪𝑴

𝒁𝒗

Forward emission: fast dynamical
fragmentation of the projectile.

Backward emission: QT* de-excitation

The QT* is dragged along the beam
direction by the crumbling projectile’s
fragments.

QT* increasing dissipation degree:
gradual transition from an asymmetric to
a more symmetric charge splitting.

Crumble
parallel velocity

QT*
parallel velocity
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32 AMeV 52 AMeV

74AMeV 95 AMeV

MAXWELLIAN FITS for QT alpha particles at 90° in the QT c.m.
To avoid contaminations by other non-QT sources only alpha at 90° in the centre of mass
of the reconstructed target are selected.
Alpha particles are mostly evaporated from the excited target. Not a good agreement with
projectile alphas.

Alpha particles QT*
De-excitation of the QT*

TEMPERATURES extracted from maxwellian fits have values ranging from 11 to
about 22 MeV for incident energies from 32 to 95 AMeV.



𝑭𝒊𝒋 = 

𝒏

𝒑𝒊𝒑𝒋

𝟐𝒎𝒏

Flow angle: cos 𝜗𝑓𝑙𝑜𝑤 = 𝒆𝟏 ∙ 𝒛

Shape Analysis

Einc

AMeV

<ϑflow>

degrees

32 50,85

40 35,14

52 26,57

63 25,43

74 23,5

84 23,3

95 23,5

LOW 𝝑𝒇𝒍𝒐𝒘 VALUES

Fast emission along the
beam direction; out of
equilibrium process

𝜆1 + 𝜆2 + 𝜆3 = 1

𝜆1 ≥ 𝜆2 ≥ 𝜆3 ≥ 0
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CONCLUSIONS & PERSPECTIVES

CENTRALITY  complete overlap of projectile and target nuclei

Not unique source but incomplete nuclear stopping process back-to-back emission

Dissipative transparencyas the incident nucleus dissipates 
part of its initial kinetic energy into other degrees of freedom.

“IN MEDIUM CRUMBLING” of the projectile:
Fragments travel through the interaction region and, 

while escaping from it, slow down …

Excitation and dragging of the quasi-target along the beam
direction, with an increasing velocity as the violence of the
crumbling increases, from 1,8 to 2,2 cm /ns

36𝐴𝑟 + 58𝑁𝑖 @ 32, 40, 52, 63, 74, 84, 95 𝐴𝑀𝑒𝑉

Cohexistence of two different fragment emission mechanisms
“in medium crumbling” of the projectile - decay of the excited and 

forward dragged quasi-target.

What parameters may favor the projectile crumble? total mass of the system 

and its charge, isospin asymmetry ... 

Investigations on system with the same mass but different N/Z ratio, or systems 

with a different mass asymmetry are in progress.

Possible effects induced by the structure of alpha-conjugate 36Ar projectile nuclei 

may be also investigated by multi-particle correlations in the forward direction.

These further investigations may provide important insights on the role played by 

the isospin degree of freedom or by the in-medium clustering phenomena in nuclear 

dynamics at intermediate energies.



Laura Francalanza
for INDRA Collaboration
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