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We would like to start this talk with a question

Fission Path on LDM potential energy 236y
Saddle pomt

Are we sure this is correct?
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Nuclear Physics Theoretical research interests

Microscopic feature

Progress
Develop

Mass-asymmetric fission

As discussed at

this worksho
until yesterday Shell structure

One of the features that appear in finite
quantum many-body systems

Quantum Mechanics
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Macroscopic feature




Nuclear Physics Theoretical research interests

Microscopic feature Macroscopic feature

neutron
multiplicity

As discussed at

this workshop Mass-asymmetric fission Fission process
until yesterday
time scale
Shell structure viscosity - friction coefficient

One of the features that appear in finite Easiness of deformation=> inertia mass
quantum many-body systems

Fusion process
Scattering angle
of grazing collision
Dissipation
of kinetic energy

Liquid Drop Model

Classical Mechanics [(a———

Quantum Mechanics

Phenomenological model
Advantage of using Macroscopic model




g-‘_ Model

Dynamical Model
Two-center shell model
Langevin equation



Fission process 23U E* <20 MeV

Dynamical calculation

Time-evolution of nuclear shape
in fission process

Two Items
1. Potential energy surface

@ @ . Trajectory & described by
& Equation of Motion

Trajectory on potential
energy surface



Nuclear Shape

two-center parametrization (Z, 0, 7)

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

q(z,0, o)

zzg—;’l2 Distance between center of mass

_ 340
= 40
3-20
R : Radius of the spherical compound nucleus
3(a—b)
2a+b

5= (01=02 ) Deformation of fragments

b AIA— 4 Mass asymmetry
CN
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Potential energy

V(q,T) =V,p(q) + Vsy(q, T)

Microscopic model part

Liquid Drop Model Liquid Drop Model
+ Shell correction energy

XX
Compound Nli‘cgec?s 0‘.
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Multi-dimensional Langevin Equation

% = (m‘l)IJ P; Friction Random force | Newton equation

dt dissipation fluctuation g differantial .
pl B av 1 6 1 4 orainary airrerential equation
dt __ﬁqi_ia—i( )]k pjpk_Vij(m )jk pk+ginj(t)

(R(t)) =0, <Ri (t)R; (t2)> = 25,6(t, —t,) : whitenoise (Markovian process)
:> Zgikgjk - T}/ij Einstein relation Fluctuation-dissipation theorem
k

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

(;: deformation coordinate (z,0,a)
two-center parametrization

p;: momentum

m;; - Hydrodynamical mass

(inertia mass)
> y;i- Wall and Window (one-body) dissipation

(friction )

B = E’ _%<ml)ij pip; -V (9)

E.  :intrinsic energy, E :excitation energy

int 10



Without fluctuation
(a) 236

0'4': //Z/;/;////i/,/ | e
o -

04 x\\\&\&\{\

-06 = /_\

00 05 10 15 20 25 30

Mass asymmetry o

(b) 236 0 =00, e=0.35

o

-
=
R S.
BR 9
. —t
B= 340 - 6'
3-25 -
R : Radius of the spherical compound nucleus ©
5_3a=b) 2_
2a+b S
A -4, O
o= = !
A(".\f 9-.
3D coordinate space 3
/ j=l
i .
a | 4 %g /| | | To perform
0071 | ]| trajectory
g ’Q/’;/ analysis
CD
Z representative point

11



Without fluctuation
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236" ( E* = 20MeV)
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Yields
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TKE (MeV)
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Mass A

evaluation value  J.Katakura, JENDL FP Decay Data File 2011
and Fission Yields

calculation Y. Aritomo and S. Chiba, PRC 88, 044614(2013)

80 100 120 140 160
Mass, A

Exp. Phys.Rev. 141(1966)1146

<TKE>_,=171.8 MeV
<TKE>,,=168.2~171.3 MeV (E*=21 MeV) 13



Langevin Calculation (Multi-chance Fission)
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Multi-chance Fission Rev. Lett. 119, 222501 (2017)
Calculated by S. Tanaka (Riken) S. Tanaka, et al.

Phys. Rev. C 100, 064605 (2019)
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j‘ Research Trigger

Good agreement with
the experimental data

We obtain calculation results, g
Based on the trajectory behavior B,



236
U Such trajectory

behavior

3 .
is not observed

LDM+shell

Potential
energy surface
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What happens with the LDM potential? *3°U
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What happens with the LDM potential? *3°U
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e l= Verification

Does the trajectory fluctuate
in @ particular direction?

Test on a flat surface
< unaffected by potential
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Vpum : Liquid Drop Model
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. T g
Transport coefficient D iactory ananais
(1) Equation
dqi -1
2 E = (m )ij P;
dp. oV 1 0 0 1
.9 d_T:_(?—q._Ea_q.(m )jk pjpk_yij(m )jk P [+ 9; R; (1)

'g 2@ Transport coefficients é
(@) Includes non-diagonal components  Without non-diagonal component
@ (normal calculation case) (test calculation)
Voo Vs Vel [, m:m] [v,0 07 [M;0 O
Yoz Yss Yool |Msz Mss Mg 0 75 O 0 mg 0
Yoz Vo5 Yoo| [Moz Mos Mo 0 0 v, [0 O maoi
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298F]
- \\/ith Nnon-diagonal

Vv & Liquid Drop Model
pm - LG P ode Without non-diagonal

without a random term
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298F]
- \\\/ith non-diagonal

Vv & Liquid Drop Model
pm - LG P ode Without non-diagonal

without a random term
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298F]
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Vv & Liquid Drop Model
pm - LG P ode Without non-diagonal

without a random term
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Vy : Liquid Drop Model ——With non-diagc_)nal
without a random term =~ Without non-diagonal
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Vy : Liquid Drop Model —With non-diagc_)nal
with a random term  ~ " Without non-diagonal
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Vy : Liquid Drop Model ——With non-diagc_)nal
with a random term  ~ " Without non-diagonal
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Random forces strongly
deflect the trajectory

This is not special case
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Important physical quantities

Transport coefficient in trajectory analysis

0.8

0.6
0.4

©w 0.2

Influence the motion %Q\)\\\
| |

2@ Transport coefficients ™

Includes non-diagonal components Without non-diagonal component

o

(normal calculation case) (test calculation)
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Fission process
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Figure 1. Stochastic Langevin trajectory in the space of the collective coordinates (c, b, ' = 0)
15 shown against the potential-energy background. The numbers at the 1solines specify the values
of the potential energy in MeV. The solid line in the right upper corner of the figure 1s the scission

line. The trajectory given in this figure represents a fission event. 3

A.V. Karpov, j
P.N. Nadtochy, M
3

D.V. Vanin, and G.D. Adeey,
PRC 63 (2001) 054610
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Fission process

2
| -7 /,.\
Ay
2 ] | .// , S —
U') }\, "‘I‘I I'I
- | 1 |~
.—6 | J -
O - I
% 1 "It'“/ 1
) \ N
= ~N
] \
N
7 AN
05 T L . . 0 T \ I
- ‘ ot 0 1 2 3
elongatlon” oo
Fig. 6. Two deterministic trajectories for the *Kr+ "°Ge colliding system, starting
with initial kinetic energy 132 and 134 MeV and plotted on the potential energy
map in (p, A)-space. The energy contours are in MeV. 1) the distance variable, p=r/(R + Ra),
2)  the neck variable, A= (L + L)Y (R + Ry),
3) the asymmetry variable, A= (R — Ra)/(R| + Ry)
. . . . . N N o
Langevin Dynamics in 4-dimensional Model of Nucleus-Nucleus Collisions N7 "\
J. Blocki, O. Mazonka, J. Wilczynski, Z. Sosin, and A. Wieloch | LA 1 "'% lz§
Acta Physica Polonica B 31 1513 (2000) ) \ R}
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Fusion-Fission process

1.0 : ,

/ (b)
0.8- V. Zagrebaev and W. Greiner
c J. Phys. G. 31, 825-844 (2005)
o 0.6+
©
=
S 0.4 . .
2 The fluctuation of the trajectory
0. does not show particular direction
|CN
0.0 H——— L

10 12 14 16 18 20 22
elongation ( fm )

the friction forces which depend generally on the coordinates x. For the moment, we ignore the
non-diagonal terms of the mass and friction parameters. The so-called *sliding friction” (which

17 31
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glq_. What is induced fission?




Induced fission occurs by thermal fluctuation of nuclei

To overcome the fission barrier, Under
Thermal fluctuation of shape is required the strong friction

B cq Area inside

. ﬁm
d€ IR by Langevin
o heutron f(_ i vation

dK ewdp Kinde ' at . .
R > PP he fission barrier
Thermal g : Eres _@‘éﬁ,ﬁ(smd:e point)
Fluctuation ;
This is 2 -r"
that we want tPHoi I
-

szKr‘ Q“”Ba n. ﬁN
0 BT % s (Scission point)
neutron R frvevnn mmrnmn vuma 58

The Mechanism of Nuclear Fission

BBBBBBBBB
University of Copenhagen, Copenhagen, Denmark, and The Institute for Advanced Study, Princeion, New Jersey

@]

energy exchange
kinetic energy intrinsic energy Princek;lxn?]:i:;::::?r:ﬂ‘zzi?l}:;Jcr.my

(Received June 28, 1939)
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Brownian motion

17




Brownian motion 15

..., the general existence of the active molecules
in inorganic as well as organic bodies, their
apparent indestructibility by heat, ...

R. Brown, Philosophical Magazine, vol.4, 1828

Motion of the tiny particles (0.3um) from
the pollen grains of flowers (30-50um) on water (0.3nm)

Microscopic degree of freedom (water molecules )

< Thermal motion Heat bath
® ° o © © - Interaction
. . :
PS Macroscopic degree of freedom (particles of pollen)
L ® ‘ Brownian motion
Py ° e Ll
e ° 1

ma = —yv + gR(t) g =T




Nuclear Fission : Employed the concept of Brownian motion
EFEDEBE2 ODH 7T Y —I=5 113

Kramers (1940)

Collective motion {q} Non-Collective motion
elongation z nucleonic degree of freedom
mass asymmetry o
deformation of fragments 6

Brownian motion coupling Heat bath

Shape fluctuation

(thermal fluctuation) D '_ _
dissipation Friction force  ®_ g
o
" o« e
fluctuation Random force
$ ®* o . ® 0.
Time scale o
nucleonic motion ~108sec ~ © ¢ o r
$ : : 29 Py [ ) &
collective motion ~104sec  {q} L




Summary

What governs nuclear fission

Nuclear structure (microscopic properties)
fission valley

Liquid Droplet properties (macroscopic properties)

Characteristics of shape (collective motion) fluctuation < Requires
inertia mass detailled analysis

friction (viscosity)

tensor < nuclear density p

Affects direction of deformation is important
,which is controlled by strength and direction of random forces
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What we want to convey at this workshop

No Induced Fission occurs without fluctuation
(thermal fluctuation)
Fluctuation has two directions, one is easy to
deform and the other is hard to deform

It is not a property of potentials

It is the nature of the fluid It's up to
the saddle

39
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t=6.582E-23 sec.
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