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What is the essential mechanism of charge equilibration ?What is the essential mechanism of charge equilibration ?

= How can we understand this rapid process taking ~ 10-22 sec

Standing problem more than 25 years … Standing problem more than 25 years … 

We would like to clarify (bombarding) energy-dependence of charge 
equilibration ?

Does charge equilibration take place equivalently in reaction Does charge equilibration take place equivalently in reaction 
involving heavy nuclei ?involving heavy nuclei ?

Charge equilibration

French contribution is large (P. Bonche, C Simenel ...)



  

3-dimensional TDHF calculations3-dimensional TDHF calculations

Systematic 3-dimensional TDHF calculations with respect to “bombarding 
energy” and “impact parameter” is performed for the following reactions:

208Pb + 238U
208Pb + 132Xe
208Pb + 132Sn
208Pb + 40Ca
208Pb + 24Mg
208Pb + 24O
208Pb + 4He
-------------
132Xe + 132Sn, 24O + 24Mg 

TDHF calculations with SLy4 interaction

Reaction Plane (2D)

Each 2.5fmEach 1MeV/A

This is a large-scale calculation using
  ~  30 CPU with 50GB memory (Cluster-Machine+others)

 As a result, 1 ~ 3 months calculation time is necessary for 
each collision.

Ideal to be studied 
by time-dependent 
calculations
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208208Pb +  Pb +  238238UU
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6 MeV/A 7 MeV/A
Broad 

Statistics is obtained 
by summing up 
different impact 
parameters.



  

“Presence” and 
“absence” of charge 
equilibration 
(dependence of energy)

N

Z



  

 Reactions Upper energy-limit [Mev/A]
208Pb +  238U                6.0 < E

CE
< 7.0

208Pb +  132Xe                6.0 < E
CE

< 7.0
208Pb +  132Sn                    6.0 < E

CE
< 7.0

208Pb +   24Mg                    2.0 < E
CE

< 3.0
208Pb +   24O                2.0 < E

CE
< 3.0

208Pb +   16O                    1.0 < E
CE

< 2.0
208Pb +    4He                   E

CE
< 1.0

Mass-dependence can be found in this table.
How can we understand it ?

Table 1. Summary of TDHF calculations

● Reaction Upper energy-limit [Mev/A]
208Pb +  238U                6.0 < E

CE
< 7.0

208Pb +  132Xe                6.0 < E
CE

< 7.0
208Pb +  132Sn                    6.0 < E

CE
< 7.0

208Pb +  40Ca                3.0 < E
CE

< 4.0
208Pb +   24Mg                    2.0 < E

CE
< 3.0

208Pb +   24O                2.0 < E
CE

< 3.0
208Pb +   16O                    1.0 < E

CE
< 2.0

208Pb +    4He                     E
CE

< 1.0
24Mg +    24O                6.0 < E

CE
< 7.0



  

“Charge Equilibration” upper energy-limit Formula

By comparing the Fermi velocity with the relative velocity ...
If the touching time is large enough for a single nucleon with Fermi velocity to propagate 
throughout the two colliding nuclei, the charge equilibration can take place.

By solving |v
r 
| =| v

F 
|,  we obtain the upper energy-limit  (1).

Based on the Fermi-gas with the droplet model, we propose

(1)
The derivation and the meaning of this formula should be referred to AIP conference proceedings 1098 (2009) 308



  

“Charge Equilibration” upper energy-limit Formula

Graphical Graphical 
representationrepresentation 

Coulomb and symmetry energies 
are taken into account



  

Agreement with Experiments

For any case, we have an nice agreement with TDHF and 
Experimental results with respect C. E. Upper Limit.



  

The Fermi energy is essential for determining the upper-energy the upper-energy 
limit(presence or absence)limit(presence or absence), although the symmetry is a secondary 
factor for this limit.
  > we notice that the symmetry energy still be (only one) driving 
force for the charge equilibration

The charge equilibration is a rapid process ~ 10-22 sec >propagating 
with almost the Fermi velocity (Charge eq. is achieved by the 
nucleons with the Fermi velocity)

The charge equilibration similarly occurs in the collisions involving 
very heavy nuclei, although there exists a large Coulomb repulsion 
leading to the localization of charges. The mass distribution is 
totally different between heavy and light reactions (as is 
discussed in the followings).

Summary of charge equilibration

Mechanism ...Mechanism ...



  

Application of Charge Eq. formula (exotic production)Application of Charge Eq. formula (exotic production)

Charge Eq. true

Charge Eq. false

b

208208Pb +  Pb +  238238UU

Z/N ratio at the contact time

(relatively) proton-rich208Pb: 1.54
238U: 1.59

p-rich

n-rich



  

Summary for Exotic Nuclear ProductionSummary for Exotic Nuclear Production

More exotic nuclei (both neutron and proton rich nuclei) 
are drastically produced above the upper energy limit.

208Pb: 1.54
238U: 1.59

p-rich

n-rich

Charge equilibrium is not achieved in the higher energies

The mass of final fragments inevitably become small.
It is necessary to understand the relation between 
mass and charge distributions.



  

Mass and charge distributionsMass and charge distributions
  

Lighter case

Heavier case

Statistics is obtained by 
summing up different impact 
parameters.

208Pb +   16O

208Pb +   238U



  

Mass and charge distributionsMass and charge distributions
  

To see the detail of mass distribution,  

●We have verified the discrepancy of “fusion” and “charge 
equilibration” based on three-dimensional TDHF.

Fusion             Charge eq.Fusion             Charge eq.

Light nuclear reaction Heavy nuclear reaction

Charge equilibration 
(without fusion)

FusionBorder of Fusion and Charge Eq.

mass

We point out the importance of the formation of the merged 
system at the intermediate stage

Bifurcation structure



  

Reactions, which play outstanding role in giving the 
discrepancy ( ~ Deep inelastic collisions)

132Sn + 208Pb132Sn + 208Pb --- Coulomb barrier: 1.3 MeV/A
                           Upper energy-limit of charge equilibration: 6.4 MeV/A

132Sn + 208Pb: 132Sn + 208Pb: 

5.0 MeV/A and 2.5 fm5.0 MeV/A and 2.5 fm



  

Fusion             Charge eq.Fusion             Charge eq.

Light nuclear reaction Heavy nuclear reaction

Charge equilibration 
(without fusion)

Bifurcation structure

The condition for the discrepancy between “Fusion” and “Charge The condition for the discrepancy between “Fusion” and “Charge 
Equilibration” Equilibration” is proposed and it is verified by TDHF3d and experiments 
(Iw et. al. EPJA)

Fusion

Charge equilibration 
(equiv. fusion)



  from Iw et. al. EPJAfrom Iw et. al. EPJA

For a reaction:

A1 + A2 →



  

Condition for the Discrepancy between Fusion and Charge Equilibration (Detail is omitted)

Three simple conditions about bombarding and binding 
energies, and charge equilibration upper-limit..
It also agrees well with experiments.



  

The condition is satisfiedsatisfied

The condition is not satisfiedis not satisfied

Proposed condition also means 
that ... 

We have shown charge 
equilibration is empowered 
by the mean-field effect, 
while it is sometimes 
independent of the iv-GDR .

208Pb +   238U

208Pb +   40Ca

208Pb +   4He

from Iw et. al. EPJAfrom Iw et. al. EPJA



  

S ummaryS ummary
 (verified by TDHF3d  and Experiments)

1) Charge equilibration upper energy-limit formula 

2) Discrepancy between fusion and charge equilibration

  >>> Fermi energyFermi energy is the first essential factor. It corresponds nicely 
to the rapid process taking only 10-22 sec (mechanism). It can be the 
basis for exotic nuclear synthesisexotic nuclear synthesis. 

  >>> The condition is proposed. The most important factor 
is the formation of the merged composite nucleithe formation of the merged composite nuclei at the 
early stage of heavy-ion collisions. The condition for that 
boundary is proposed.
  >>> Charge equilibration  Independ. iv-GDR

Border of Fusion- 
charge equilibration Charge equilibration 

(without fusion)

Fusion

Light HeavyBifurcation structure



  

FUTURE STANDING PROBLEM AROUND

Theoretical understanding of mass distribution is only at 
the beginning stage.
Indeed, we have shown only the discrepancy between 
fusion and charge equilibration, that is to say, the number 
of final fragment is one or not.

 >>> It means the difficulty of understanding the mass 
distribution (mass equilibration, mass transport) . 

 _ Parameter Independent res ult (S Ly4, S km*) 

 _ Orientation independent w ith res pec t to the upper energ y lim it 
(We have made c ollis ion deformed nuc lei and c ompared them)
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