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Heavy-ion collisions of spherical nuclei

Only v and r  are two degrees of freedom to
identify collisions of spherical nuclei.
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Reaction Plane (2D)

:defined by v_andr_



3-dimensional TDHF calculations

Systematic 3-dimensional TDHF calculations with respect to “bombarding

eneri i” and “impact parameter” is performed for the following reactions:

TDHF calculations with SLy4 interaction

208Pb + 238U

208Pb + 132)(e
As a result, we have been calculated during 1 ~ 3 months
208 132 3
Pb + °°Sn for each caollision.

208Pb + 24|\/|g
208Pb + 240

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

’ “\“\\\\“ ‘\““\\“\‘
208pp + 28y Reaction Plane (2D)



The concept: Charge equilibration

Charge equilibration is the homogenization of N/Z ratio during heavy-ion collisions.

Let us consider heavy-ion collisions of two different
nuclei (more precisely, two nuclei with dif ferent

N/Z ratio).

In some cases, N/Z ratio reaches the equilibrium
during the collision, while it does not necessarily
occurs. It depends on some conditions e.g. the
bombarding energy, the impact parameter, and the
sort of initial nuclei.

The equilibrium of N/Z ratio is called “"charge
equilibrium”, and the process of reaching it during
the collision is called “charge equilibration”.
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1) Charge equilibration upper energy-limit

Question 1
Is there the upper energy-limit of charge equilibration ?

Let us verify it ...

Then, what is the decisive factor for the upper energy-limit ?

In this presentation, we discuss the

decisive factor of the charge equilibration

based on the 3-dimensional TDHF Ve

calculations. . e
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Example of *°Ph + ***U
Systematic TDHF calculations

Bombarding energy(c.m.):

Sp|

I E [MeV/A]

Impact parameter: / [fm]
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Sly4
no contact
contact without any nucleon transfer

= DO

fragmentation ino two pisces
fragmeniation ino three peces

F = J|

fragmentabion nto more than three pieces

TDHF Calculations have been performed

for b in steps of 2.5fm and Ec.m. in steps
of 1 MeV/A.

Each box in the left figure corresponds
to a single TDHF calculation, and
color/markings distinguish the number of
fragments,

Az is shown in the figure, we have

performed almost 50 different TDHF
calculations systematically.



Example (deep inelastic collision)

Sly4
Bombarding energy(c.m.): [J no contact
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Example (deep inelastic collision)

Sly4
Bombarding energy(c.m.): [ no contact
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Example (deep inelastic collision)

Sly4
Bombarding energy(c.m.): [0 no contact
E I_.1"-r']l|31"|.--.- !-,h] ”“Fh + IJHU & conlact without any nucleon transfer
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Example (deep inelastic collision)

Sly4
Bombarding energy(c.m.): [0 no contact
£ I-:'uﬂll:,ﬁp'll _,n,h] mgph & IJHU @ contact without any nucleon transfer
; | fragmeniztion into two pisces
|l ‘ & A fragmeniation iro three pleces
" & fragmentabion mbo more than tiree pieces
A L l[ef |
. :I - ' | 012 —
2 " A ! A _ A|® .08 —
a [| [q o
.14
| ||le i
ni
0/
£ 008
0104
T,
& 0
.‘. ‘- ‘l ‘ --HII-ElII-‘II-1IIIEIIEI‘E!IIEIII-'I[i
() i) | () i3

Impact parameter: / [fin]



Example (deep inelastic collision)

Bombarding energy(c.m.):
WEP 4 238
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The TOHF results shown in figures 5-1 and
5-2 are the summed up in terms of the
impact parameters.

From Fig.5-1, TDHF calculations show that
52% of the final products are equilibrated at

&MeV/A, but 23% at TMeV/A. The shur)e, of
the N/Z distribution changes drastically.

From Fig.5-2, TODHF calculations show that
the masses of final fragments are located

around 110 and 230 for 6MeV/A, but 25,
100 and 230 for 7MeV/A. In the former
case, the reaction is dominated by
fragmentation into two or three pieces. In
the latter case, fragmentation into four
pieces appears, which produces lighter-mass

fragments,
Pb:1.54 U:L59




Table 1. Summary of TDHF calculations

Reactions Upper energy-limit [Mev/A]

208pp 4 238 6.0<E_<7.0
208pp 4+ 132x@ 6.0<E_<7.0
208ppy + 132g0 6.0<E_<7.0
208pp 4+ 2\g 20<E_<3.0
208pp 4+ 240) 20<E_<3.0
208pp + 160 1.0<E_<20
28Ph +  “He Ee<10

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




“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.

Based on the Fermi-gas with the droplet model, we propose
2/3
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By solving |v | =| v_|, we obtain the upper enrgy-limit (1).



“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.

Based on the Fermi-gas with the droplet model, we propose
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“Charge Equilibration” upper energy-limit Formula

We proposed ...

Based on the Fermi-gas with the droplet model, we propose
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FIG. 1: N/Z d=pendence of the charge squilibraticn upper energy limit in the center-of mass frame based on Eq. (1), assuming
that My /2y = Na/Zz (compare [brata-FUSIONDS]). The total N and £ values are used without any medification for the l=ft,
and the modifisd vahwes by the droplet model are taken for the rght in which the lines with different total masses 100, 200,
300, 400, and 500 are plotted (from lowes to upper). A4y deootes the meximum of A; /43 and AzfA4;.



Question 1
Is there the upper energy-limit of charge equilibration ?

- yes !

Then, what is the decisive factor for the upper energy-limit ?

The Fermi energy is essential for determining the upper-energy
limit(presence or absence), while the symmetry and the Coulomb
energies are the valid secondary factor for this limit.

Consistence ﬂ

The charge equilibration is a rapid process ~ 10 sec propagating
with Fermi velocity (quantum waves in the fermionic system)

* 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.



Application of C. E. formula (exotic production)
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Ecom = 8.0 Ma\TA

Table 2. N/Z ragip@® parts (), (b) and (c) in Fig, 8 are shown, where we taNG
vilue for the pfft (a) of Eom = 80 MeV/A.

a)
R e e * *
Fon = B0 MeV

Ll | ) 142 147 T

18 au v s wontour is set to be 0.12, while thick contours to 0224, These two Ggures prel is=ly
corre ond to the cases shown in Fie, 8.

G




2) Charge and mass distribution

Question 2

How can we understand the mass distribution in the early stage
of heavy-ion collision ?

In particular, can we find the relation with charge equilibration ?

Motivation:
Is mass equilibration (fragmentation into similar

masses in the case of “deep inelastic collisions”)
similar to the charge equilibration.

To clarify the similarity and difference between two things
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Question 2

How can we understand the mass distribution in the early stage
of heavy-ion collision ?

In particular, can we find the relation with charge equilibration ?

Results at Present:

The mass equilibration is similarly occurs to the charge
equilibration in the lighter nuclear reactions, while_it is
not in the heavier nuclear reactions.

We point out the importance of the formation of merged
system to understand the mass distribution.



3) Orientation effect (preliminary)

egrees of freedom to
identify collisi rical nuclel.

Orientation
dependence



The purpose of studying orientation effect ?

The importance of orientation effect has been already discussed.

PHYSICAL REVIEW C 77, 064607 (2008)

Effects of nuclear orientation on the mass distribution of fission fragments
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There exists another degree of freedom (orientation) to fix the initial condition
compared to the spherical cases.

The relation between charge equilibration and the orientation effect should be
Interesting.

(Private reason) First time comparison of charge equilibration obtaaeﬁ“ )
TDHF3d to experimental results. & .
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Orientation Effect
238 U + 30 Si

We have made a calculations of two types

Case 1 Case 2

Spherical

©
|

Deformed

(perpendicular) Now under calculation

O @

Deformed
(horizontal) _

As the 1st stage of our research,

Although there should be many interesting Physics included in the orientation
effect, we keep our eyes on the charge equilibration upper energy-limit.

How can it be different owing to the orientation ?



Orientation Effect
238 U + 30 Si

We have made a calculations of two types

Case 2

¢-¢

Spherical

Case 1

Deformed
(perpendicular)

The charge equilibraiion upper energy-limit.

TDHF3d: 2.0 — 3.0 MeV/A TDHF3d: 2.0 — 3.0 MeV/A

L

There is no differergce between them

2.61 MeV/A (c.m.) according to the upper-limt formula
700MeV (c.m.)



The purpose of studying orientation effect ?

QOur results:

*The upper energy-limit of charge equilibration is not so different
owing t to the orientation.

— Because it is so high energy compared with the experimental
border energy for the single-twin mass-peak transition (most
energetically orientation-affected energy).




Summary
1) Charge equilibration upper energy-limit formula

>>> Fermi energy is the first essential factor, symmetry
and Coulomb energies are secondary factor.

2) Charge and mass equilibration

>>> Mass distribution (mass equilibration) has large
discrepancy to the charge equilibration in heavy nuclear
reactions. Indeed, the wide mass distribution in the charge
equilibrium exists, where we pointed out that the
formation of merged system.

3) Orientation effect (still studying)

>>> \e have a possibility that the upper-limit of charge
equilibration is not so affected by the orientation.
It will be because the upper-limit energy is not so low as affected
by the orientation.
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