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h..l 1. Model

1-1. Estimation of cross sections
1-2. Dynamical Equation



Estimation of cross sections

Capture Cross Section

1
Jcap(E):/ d(cos 0)oeap (£ 0),

0

Oeap(E;0) = % 2(26 +1)1,(E;0), Coupled-channel method
(=0

Fusion Cross Section

—
1
Otus(F) = / d(cos@)ows(E;0), |
0
Trus(E; 0) = T Z(% + DTy E; 0)Pen(E, ¢, 0)» Dynamical calculation
K (=0 Langevin eq.

Axial symmetric configuration
< deformation effect by assuming the angle dependent touching distance




Nuclear shape

two-center parametrization (z, 0, 0()

(Maruhn and Greiner,
Z. Phys. 251(1972) 431)

q(z,90,a)
0
" BR
posto
3-20
R : Radius of the spherical compound nucleus
5_3a=b)
vy (01=02)
o = Al B Az
Acy Trajectory which enters

into the spherical region
= fusion trajectory




Potential Energy

V(G AT) =V @+ Ly )
21(q)

VDM (q) = Es (CI) + Ec (Q)
VSH (q’T) = Esohell (Q)CD(T)

T : nuclear temperature
E'=aT® a: level density parameter
Toke and Swiatecki

Es : Generalized surface energy (finite range effect)
Ec: Coulomb repulsion for diffused surface
E%.1 : Shell correction energy at T=0

| : Moment of inertia for rigid body

aT?
@(T) : Temperature dependent factor (D(T)zexp{— = }

d

E, =20 MeV



Multi-dimensional Langevin Equation

44 _ (m‘l)ij P, Friction Random force | Newton equation
ddt v 14 dissipation fluctuation

dF::I = aq _Ea—(m—l)jk p Py — 7/”( )jk Py + glj J(t)

(Ri(1)) =0, (R(t)R;(t,)) = 25,5(t —t,) : white noise (Markovian process)

;gikgjk :T7/ij

q;: deformation coordinate (nuclear shape)

two-center parametrization (z,0,a) (Maruhn and Greiner, Z. Phys. 251(1972) 431)
p;: momentum
m;; - Hydrodynamical mass (inertia mass)
y;+ Wall and Window (one-body) dissipation (friction )

Eint =E _%(m_l)ij PiP; -V (Q)

E. :intrinsic energy, E™:excitation energy



h..l 2. Results

2-1. Capture and Fusion Cross sections
2-2. Mass distribution of Fission Fragments

365+238) and 30Si+2381

Touching probability < CC method

Perform a trajectory calculation
starting from the touching distance between target and projectile
to the end each process.



Fusion box and Sample trajectory 36S+238U

l DQF (Deep Quasi-fission process)
e within Ag/2 20

u Bl . Trajectory does not enter

the fusion box

Y. Aritomo and M. Ohta, Nucl. Phys. A 744, 3 (2004)




Results 36S+238 MDFF and Cross sections
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Results 39Si+238J MDFF and Cross sections
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3. Mechanism of Dynamical process

MDFF at Low incident energy

30Si+238U 36G4-238(

E. =154.0 MeV, E'=39.5 MeV
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Clarification of the mechanism of Fusion-fission process



(a) 1-dim Potential energy on scission line

QF process  z=15,5=0.22, :=1.0

_104 77235.50.22, :=0.35 FF process

o =0

Nuclear shape at scission point
QF -process

FF-process




(b) Trajectory Analysis on Potential Energy Surface

30Gj 4238
Extr_act the trajectories F¥ =
with A ~ 175 35.5 MeV
which correspond L=0. 6=0
to the peak of MDFF !
36G4-238|
A ~ 200 F¥ =
39.5 MeV

L=0, 6=0




Whole Dynamical Process < using ALL trajectories

The whole coordinate space is divided into boxes

0.84
/"/
0.72
/ ‘7
0.60
0.48
0.8 1.0 1.2 1.4 1.6

LY

4

Az =0.10
Ad =0.06
Ao =0.06

~40,000
points



(c) Trajectory Analysis = " Probability Distribution”

30Gj+238 36G 4238

E* = E* =
35.5 MeV 39.5 MeV
L=0, 6=0 L=0, 6=0
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t<5.0x 107 sec
%05 +2%8y, E*=35.5 MeV

z-A plane

50x 102" <t<10.0 x 10" sec
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Time evolution of probability distribution
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Time evolution of probability distribution
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E =129Q |E._=1540 MeV, E'=395 MeV
) 90u £
5 &
250
FF and DQF FF and DQF
t > 50 x 1021 sec t < 30 x 1021 sec
-0.2 < 0 < 0.2 (peak 0) 0 <0 <0.4 (peak 0.2)
QF via mono-nucleus QF
t < 30 x 102! sec t <10 x 102! sec
0.2 < 0 < 0.5 (peak 0.4) 0 <0 < 0.2 (peak 0)




4. Summary

1. In order to analyze the fusion-fission process in superheavy mass region, we apply
the Couple channels method + Langevin calculation.

2. Incident energy dependence of mass distribution of fission fragments (MDFF) is
reproduced in reaction 36S+238U and 30Sj+238U.

3. The shape of the MDFF is analyzed using
(a) 1-dim potential energy surface on the scission line
(b) sample trajectory on the potential energy surface
(c) probability distribution

4. The relation between the touching point and the ridge line is very important
to decide the process - fusion hindrance

5. Understanding the dynamics of QF and FF processes will be established more
realistic model which can predict the opportunity to form wider range of SHE
isotope.



Model: Outlook of calculation methods

Time-evolution of nuclear shape
in fusion-fission process

1. Potential energy surface

2. Trajectory - described by
equations




Time dependent adiabatic fusion-fission potential
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Two Center Shell Model

2,2 2 2
w2+ W, p°, 1<

w4 z° (1+ .z + dlz'zj + @’ (1+ glz'zj p?, Neck parameter is the ratio of smoothed potential
height to the original one where two harmonic

2,<2<0 oscillator potential cross each other

1 , , , ,
V(p.2) =2y 7,22 (146,27 +,2°% |+ @), 1+ 9,27 | o7,

O<z<z, (@) (b) (©)
2,2 2 2 i
W1 +0,p°, 1>1, \ v / \ V-/ \ V\ /
Vv, ‘
e=1.0 \
- |Fo
. [z-z z<0 =
Z = \ z
z-2, 7>0
p pt p
2,=2,=0
| 2z, 2 | 3 allal 2z | 38
bl bl
— J\\“—-_a
|Z:anaX| \/\Zrznin

J. Maruhn and W. Greiner, Z. Phys, 1972 r=0.75:ROEl+8)2/3 T ,



Results 34S+238J MDFF and Cross sections

E..= 1700 MeV, E'=58.2 MeV

E;

Cross-section (mb)

T T T T T T T T T
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Fragment Mass (u)




What we can obtain under the conditions

Phenomenalism
Dynamical Model based on Fluctuation-dissipation theory
(Langevin eq, Fokker-Plank eq, etc) < Classical trajectory analysis

We can obtain.... Fission, Synthesis of SHE
Mass and TKE distribution of fission fragments Aqy - 200~300

Neutron multiplicity

Charge distribution

Cross section (capture, mass symmetric fission, fusion)
Angle of ejected particle, Kinetic energy loss (< two body)

Conditions
Nuclear shape parameter
Potential energy surface (LDM,
Transport coefficients (friction, inertia mass)
Dynamical equation (memory effect, Einstein relation)




Evaporation residue cross section
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K.Nishio et al., Phys.Rev.C, 82, 024611
(2010).



Estimation of cross sections under Bass barrier region

.= 1700 MeV, E'=58.2 MeV

Ecm=170
E* =58.2
_ T Ecm=164
£ E* =52.2
Taking into § e ieq
account ESTA_,G A
the =46.
contributions
of all
configurations e Ecm=152
E.. (MeV) E* =40.2
langsysy8h/test3h7.f
’ Touching probability e
’ < CC method E* =36 2
+ . .
3 After touching Aritomo,

: : Hagino and Nishio
< Langevin calculation $




2 DDIER: (ii) BB R e — 0
e; = I(I 4+ 1)R?/2T

<

J — oo

160
1
orus(E) = | d(cos 0)ars(E; 0)

Coupled-channels:

( S ACY) 0 )diagonalize (Al(r) 0 0 )

fr) 2550 Sf(r) 0 A(r) O
0 Sf(r) BWIRf(r) 0 0 As(n)

—> P(E)= Z’wz‘P(E; Vo(r) 4+ Ai(r))

Slow 1ntrinsic motion
=== Barrier Distribution




1 M.A.Nagarajan, A.B. Balantekin, N. Takigawa,
= . PRC 34, 894 (1986

Coupled-channels:

0 f(r) 0 diagonalize

0o Sf(r) 2550

-~ ' 1/2
Py(cosO)fo(0) =M f(6) , 3 L2+ ”{f +D] ™ (101020028, =18, .
II‘

I

max

fa(0)= 2, Bar Y10(6,8) , fa(6) Meigenstate of the operator P,(cos6)
I=0
Ao 1s the corresponding eigenvalue

/2
o = [ D’ $in6 O gysion(0)d 6

where the abscissas, cosf,, and weight factors, w,, corre-
= ¥ WqOfusion(@) » spond to Gaussian integration.



Trajectory Analysis on Potential Energy Surface 36S+238U

E* =
39.5 MeV
L=0, e:o
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Probability distribution 39Si+238U on the z-A plane
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Probability distribution 36S+238U on the z-A plane
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Cross section
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s +78Y, E*=35.5 MeV
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Diabatic and Adiabatic Potential Energy
Vi RB1B2ct) = VIR (Z( Ny ZaNyiR, By.Boe..) + M(A,) + M(A,) - M(Proj) - M(Targ)

250 —

Diabatic way 243Cm + 43{:a

= -

2 200 Vadiab # Vdiab Vadiab = Vdiab

=

2

Q

=

Q

8 150

o Adiabatic way

‘g’_ V. Zagrebaev, A. Karpov,

. Y. Aritomo, M. Naumenko
and W. Greiner,
Phys. Part. Nucl. 38 (2007) 469
ro0L R (fm) ys. Pa uc ( )
10 Rcontact 20

V. diabat (R B1.B2,0t,-.) = Mycgy (R,B4,B2,0--) - M(Proj) - M(Targ)

Time -dependent driving potential has to be used

V() =Viiab ©) Pl ") + Vaggap (&1 [1-exp(- )]
-21

T relax ~ 10 Time-dependent weight function

the same degrees of freedom !

G. F. Bertsch, 1978; W. Cassing, W. Norenberg, 1983. A. Diaz-Torres, 2004; A. Diaz-Torres and W. Scheid, 2005.
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The problem of mass exchange

((dR_ pe
dt M,
. _ U - No problems with dp 0 ..
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Figure 9. The radial nuclear friction for *Ca+2**Cm collision at zero deformations and fixed
mass asymmetry o = 0.675. Dotled, dashed and solid curves show the phenomenological friction
]/},ﬂ’ in the entrance channel at yﬂ =40 x 1072> MeV s fm >, py = 2 fm and ay = 0.6 fm,

the two-body friction ™ for mono-nucleus at 1o = 3 x 1072 MeV s fm ™3 and the resulting

R
friction, respectively. The contact point is indicated by the arrow.

“we use here for separated
nuclei the phenomenological nuclear friction forces with the Woods—Saxon radial form factor
Fiey=il+e*y e =5 — o) fap. The shift pp ~ 2 fim serves to approach the position of
the friction shape function to the strong absorption distance which is normally larger than the
contact distance Reopaa [37]. Thus ¥8 = pRF(& — pr). ]’1;;.? = " F(E — pg)and vp. 1", pr
and ap ~ 0.6 fm are the model parameters.

V.I. Zagrebaev and W. Greiner, J. Phys. G. 31 (2005) 825
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Langevin type equation

Before touching nucleon transfer

dq- Qﬂ_l) d 4 . 9
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vij: Wall and Window (one-body) dissipation



Time dependent adiabatic fusion-fission potential
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Oeap(E) = /o d(cos0)ocap(E;0),

o0

N0+ D)TUE: ).

(=0

V(r,0) = Vy(r,0) + Vo(r,0),

— Vo
Wwirt)=—m—m—m—m—m———o———————————
w(r.f) 1+ exp[(r — R — RpBaYa0(0) — RpaYao(0))/al’

ZpZT€
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Transport coefficients (inertia mass and friction)

Inertia Mass (Hydrodynamical mass)

Total kinetic energy of system

1 1 .
T :EmeVstr :Ezmij (q)qlqj P @a)

Werner-Wheeler approximation \_/\/ -7

V-V=0 Incompressible fluid

V=pE +17€, Axially symmetric shape

7= Z;0)4, Zax 1 ,
2 A m, = 7p, PZ(AA +ZPPAN )dz
p':gZBi(Z;C])qi ™
1 O ([ Zm 2
— . A. : — P r; d ’
P=P(z;q) @0= 5 aq, [Pz q)dz
For an incompressible fluid A(7:0) = — 1 p2
the total (convective) time ~ | ' (2:0) P?(z;q) oq, -[ (23 q)dz
derivative of any fluid volume 1 GA
must vanish B.(z;0) = 5P

K.T.R. Davies, A.J. Sierk, R. Nix, PRC 13 (1976) 2385



Transport coefficients (inertia mass and friction)

Friction (Two body friction) Incompressible fluid

Rayleigh dissipation function Total kinetic energy of system
1 1 . . 1 1 .
F = Eﬂjq)(r)dgr = EZUU (q)Qiqj — T = Epmjvzdgr = Ezmij (q)qiqj

DO(r)=VV + 0’ —2V(V x @)

D=VxV
u Constant two-body viscosity coefficient Two body friction
max 2 ' 1 N
—ywj P (SAA + =P AA sz
Euler-Lagrange equation )
d oL oL _oF AZ0) =570 aq,f P2(2'a)dz
dtog, og,  oq o
A= j P?(z';q)dz’
ay__LpdA
Bi(z;q) = 5" o

K.T.R. Davies, A.J. Sierk, R. Nix, PRC 13 (1976) 2385



Transport coefficients (inertia mass and friction)

Friction (One body friction)

Incompressible fluid

Rayleigh dissipation function constant two-body viscosity coefficient
1dE 1 . 1 ;. 1 . .
F :EE:_Zyij(q)qiqj - FZE'U.[(D(r)d I’ZEZUiJ—(CI)Cquj
Loss of energy to particles inside the mean filed at the rate

Euler-Lagrange equation
d oL oL oF

dt og, &g, oq,

Ps = ps(Q,2) mass density of nucleus

dE 2
= pSVJ- n°dS y  average nucleon speed

dt

y n relative normal velocity of the wall

/\/\Wall formula
_ 212

N g 1 _ 7PV o g, Ops Ops | 2 1(0ps

V\_/ %|:1+(%j2j| 2 Yij 2 me ﬁq, aqj Ps 4\ o7

ro] — A
0z

V-A=
ot

-

o~ e o, ( 5ij 2 | One body friction (Wall formula)
= i Gi Os oq Ps oz

A.J. Sierk, R. Nix, PRC 21 (1980) 982



(b) Trajectory Analysis on Potential Energy Surface z-A plane

30Gj+238y £*=35.5MeV 36G+238(J E*=39.5 MeV
L=0, 6=0 L=0, 6=0

adia 6=O-22, E=1.0




(a) 1-dim Potential energy on scission line
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