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Multifragment production in Xe+Sn central collisions

Studied reactions
Xe+Sn at 8, 12, 15, 18, 20, 25 MeV/A

Measured with INDRA at GANIL

Fusion-like events

Exit channel probabilities

Eb = 8 MeV/A : mainly two fragments

Eb > 12 MeV/A : three fragment exit
channel becomes significant

Mechanism of 3-frag production

Continuation of fission ?

Precursor of multifragmentation ?

Estimation of the involved timescales

A.Chbihi et al. J.Phys. : Conf.Ser. 420, 012099 (2012)

Diego Gruyer, GANIL & UCBN International Workshop on Multi facets of Eos and Clustering 06.05.2014 3 / 4



Probing the decay mechanism of hot nuclei by Coulomb chronometry

Multifragment production in Xe+Sn central collisions

Studied reactions
Xe+Sn at 8, 12, 15, 18, 20, 25 MeV/A

Measured with INDRA at GANIL

Fusion-like events

Exit channel probabilities
Eb = 8 MeV/A : mainly two fragments

Eb > 12 MeV/A : three fragment exit
channel becomes significant

Mechanism of 3-frag production

Continuation of fission ?

Precursor of multifragmentation ?

Estimation of the involved timescales

A.Chbihi et al. J.Phys. : Conf.Ser. 420, 012099 (2012)

Diego Gruyer, GANIL & UCBN International Workshop on Multi facets of Eos and Clustering 06.05.2014 3 / 4



Probing the decay mechanism of hot nuclei by Coulomb chronometry

Multifragment production in Xe+Sn central collisions

Studied reactions
Xe+Sn at 8, 12, 15, 18, 20, 25 MeV/A

Measured with INDRA at GANIL

Fusion-like events

Exit channel probabilities
Eb = 8 MeV/A : mainly two fragments

Eb > 12 MeV/A : three fragment exit
channel becomes significant

Mechanism of 3-frag production

Continuation of fission ?

Precursor of multifragmentation ?

Estimation of the involved timescales

A.Chbihi et al. J.Phys. : Conf.Ser. 420, 012099 (2012)

Diego Gruyer, GANIL & UCBN International Workshop on Multi facets of Eos and Clustering 06.05.2014 3 / 4



Probing the decay mechanism of hot nuclei by Coulomb chronometry

Multifragment production in Xe+Sn central collisions

Studied reactions
Xe+Sn at 8, 12, 15, 18, 20, 25 MeV/A

Measured with INDRA at GANIL

Fusion-like events

Exit channel probabilities
Eb = 8 MeV/A : mainly two fragments

Eb > 12 MeV/A : three fragment exit
channel becomes significant

Mechanism of 3-frag production
Continuation of fission ?

Precursor of multifragmentation ?

Estimation of the involved timescales

A.Chbihi et al. J.Phys. : Conf.Ser. 420, 012099 (2012)

Diego Gruyer, GANIL & UCBN International Workshop on Multi facets of Eos and Clustering 06.05.2014 3 / 4



Probing the decay mechanism of hot nuclei by Coulomb chronometry

Multifragment production in Xe+Sn central collisions

Studied reactions
Xe+Sn at 8, 12, 15, 18, 20, 25 MeV/A

Measured with INDRA at GANIL

Fusion-like events

Exit channel probabilities
Eb = 8 MeV/A : mainly two fragments

Eb > 12 MeV/A : three fragment exit
channel becomes significant

Mechanism of 3-frag production
Continuation of fission ?

Precursor of multifragmentation ?

Estimation of the involved timescales
A.Chbihi et al. J.Phys. : Conf.Ser. 420, 012099 (2012)

Diego Gruyer, GANIL & UCBN International Workshop on Multi facets of Eos and Clustering 06.05.2014 3 / 4



Probing the decay mechanism of hot nuclei by Coulomb chronometry

From hot sequential fission to multifragmentation
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Experimental results
Two succesive binary splittings

Strong Coulomb proximity effects

Inter-splitting time δt decreases
with increasing beam energy

Simultaneous when δt 6 100fm/c

Decay mechanism

Successive splittings occuring on
shorter and shorter time scale

Compatible with simultaneous
break-up above Eb=20 MeV/A

Onset of multifragmentation
above E∗ = 4.0 ± 0.5 MeV/A
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Coulomb chronometry to 
probe the decay mechanism 

of hot nuclei 

Reaction and decay mechanism

From sequential to simultaneous
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General context. In heavy ion collisions at bombarding energies around 10-20 MeV/A, the production 
of 1, 2, 3 or more heavy fragments is observed. By detecting all of them in coincidence and correlating 
their mass, energy and momentum we can learn a lot about the underlying reaction mechanism.

Three-fragment break-up. In Xe+Sn central collisions, the 3-fragment exit channel is observed 
above 12 MeV/A beam energy (fig.1). The decay mechanism responsible for these 3-fragment events 
is not well established : Is it the continuation of low energy fission or the precursor of high energy 
simultaneous fragmentation ?

Experimental analysis. We investigate the 3-fragment exit channel in fusion-like events produced in 
Xe+Sn central collisions at 12, 15, 18, 20, and 25 MeV/A. Data were measured with INDRA at GANIL.

P i=(v i ( jk)

exp −v i ( jk)

viola )2+ (v jk
exp−v jk

viola)2

Method. For each event we calculate P1, P2, P3 and we fill them in a 
Dalitz plot (fig.2). Pi measure the compatibility with the sequence i.

                                               
How to read it ? Sequential events are located close to the edges, 
while simultaneous break-ups would be on the center of the triangle.

Interpretation. When increasing beam energy, the three heavy 
fragments production becomes more and more simultaneous.

chronometer
Identification of the sequence. If two successive split- 
tings occure, three possible sequences have to be 
considered (123, 231, 312). To identify the sequence, we 
compare the relative velocity between each pair of 
fragments with that expected for fission (Viola systematics). 
The pair with the most Viola-like relative velocity have been 
produced during the second splitting. We can deduce that 
the remaining fragment was emitted first. Fragments are 
then sorted according to their production order (fig.3).

Inter-splitting angle. At the lowest beam energies, the 
distribution of θ is characteristic of fission of an equilibrated 
system with angular momentum (fig.4). With increasing 
beam energy, the angular distribution flattens and then 
shows a maximum at θ=90°. Such an anisotropy is 
unexpected for an isolated fissioning system and suggests 
the presence of a Coulomb final state interaction.

Three-fragment correlations. To estimate the mean 
inter-splitting time, we used the correlation between θ and 
the relative velocity of the second splitting. For long 
inter-splitting time, the relative velocity is independent of θ. 
For short inter-splitting time it is modified by the Coulomb 
field of the first emitted fragment and presents a maximum 
for θ=90°. Experimentally, this maximum is more 
pronounced as the beam energy increases (fig.5). We 
quantify this effect by the Coulomb distortion δv (fig.6).
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Calibration. To translate the Coulomb distortion δv in terms of 
inter-splitting time δt, we performed Coulomb trajectory calculations 
for punctual charges. We simulated sequential break-ups for different 
values of δt and we calculate δv (fig.6). Finally we obtained the 
evolution of δt with the beam energy and the excitation energy of the 
incomplete fusion source (fig.7).

Time scale. We observe a clear decrease of the inter-splitting time
with increasing beam (excitation) energy. It shows that the 3-fragment
exit channel is compatible with successive binary splittings occuring 
on shorter and shorter time scales.

Onset of multifragmentation. Below δt=100 fm/c, the two nuclei 
resulting from the first splitting do not have suficient time to move 
apart beyond the range of the nuclear forces. Fragment emissions can 
not be treated independently : it is no longer meaningful to speak of a 
sequential process. The time scale becomes compatible with 
simultaneous break-up above E*~4 MeV/A, which can be interpreted 
as the excitation energy required for the onset of multifragmentation.

fig.4

O
n
set  o

f  m
u
lti fra gm

en
tat io

n

fig.5

fig.2

fig.7

 δv

Scenario fig.1

fig.3

fig.6

Simulation

Experiment
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