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% Fission
% Langevin method

% Results : p + 238U
= empirical formula
= [angevin approach

@ Collaborators
Chang-hoon Song, Chang-Hwan Lee (PNU)

Shinya Takagi, Yoshihiro Aritomo (Kindai Univ.)
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Nuclear fission

»» Nuclear fission

= Nuclear fission is a kind of reaction by
which a nucleus is divided into two (or
more) smaller nuclei.

= |n 1939, by O. Hahn and F. StarPman, the

fission of 239U was first observed.

[https://en.wikipedia.org/stsion]




Nuclear fission
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»» Nuclear fission

ZZ
B(A,Z) = ayA — agA?® —a, ET
i Bethe-Weizsicker mass formula

Average binding energy per nucleon (MeV)
=

HJ.
0 30 60 a0 120 150 180 210 240 270
Number of nucleons in nucleus

[https://en.wikipedia.org/wiki/Nuclear_binding_e

[
p BN 5ol g I K] ]

1 I '| 'L‘I-_I I_-_III-T_ Rare Isotope
Institute for Basic Science Science Project



Nuclear fission

»» Nuclear fission

ZZ
B(A,Z) = ayA — agA?/3 — a, cE T ~ E, — Es — E,

If we assume a symmetric fission, i.e. A; = A, = A/2, then

Q=2%xB(A/2,Z/2) — B(A,Z)
=EJ(1-2Y3)+E2(1-27%2/3)>0.
2

EQ _ A ag
—5>0.7 , orequivalently —>0.7Xx—
S A ac

o
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Nuclear fission

»» Nuclear fission

ZZ
B(A,Z) = ayA — agA?/® —a, cqim By — Bs —

If we assume a symmetric fission, i.e. A; = A, = A/2, then

Q =2x%xB(A/2,Z/2) —B(A,Z)
=EJ(1-2Y3)+E2(1-27%2/3)>0.

ZZ

EQ , ag
—¢ 5 0.7 , orequivalenty —>07x—=18 , A=70
.S(') A ac

This is not natural..

L]
1o EA%ere



Nuclear fission

% Nuclear fission

If we consider a change derived from the ellipsoidal deformation,

2 1
Q:B—BOZ—ESE)X§€2+E8X§EZ>O

Ee >1 , or equivalentl Z S 20s
2EQ ’ ' A7 e




Nuclear fission

«» Nuclear fission Enerey _.
- ZA=S]
If we consider a change derived /x;;f" |
v
2 P
— [0 2 — \
Es=Es |1 +§€ 18<Z/A=<51 | \‘x\
\\\\
1
— 0 2 .
Ec = E¢ (1 T _.
,.ff Deformation
0 0 2 5 0 igezia
Q =B —B" = —E; xge + E; X
EQ . Z?  2ag
—=>1 , orequivalently —>—==x051
2E¢ A ac
i 71X Dpsteipel :
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Nuclear fission

%+ Theoretical description of fission

». Charged LDM (liquid drop model)

Coulomb repulsion (disrupting)
VS.
Surface tension (stabilizing)

[https://en.wikipedia.org/stsion]




Nuclear fission

%+ Theoretical description of fission

». Charged LDM (liquid drop model)

Coulomb repulsion (disrupting)
VS.
Surface tension (stabilizing)

However, LDM can only explain the symmetric fission..

Nature, e.g. in case of actinides, prefers mass-

asymmetric splitting.

[https://en.wikipedia.org/wikiﬁJ_ﬁssion]




Nuclear fission

%+ Theoretical description of fission

». Charged LDM (liquid drop model)

Coulomb repulsion (disrupting)
VS.
Surface tension (stabilizing)

« To consider the microscopic effect

= LDM + shell correction (macroscopic-microscopic potential)

+ mass-asymmetric degree of freedom

10 Z1xHerena

Institute for Basic Scie



L.angevin method

/

< Dynamical calculation

Time-evolution of nuclear shape in fission process

» Potential energy surface

[From Y.Aritomo's talk. 161" ASRC Workshop (2014)]

10 Z1xHerena

Institute for Basic Science




L.angevin method

/

< Dynamical calculation

Time-evolution of nuclear shape in fission process

» Potential energy surface

= Trajectory described by
equation of motion

10 Z1xHerena

Institute for Basic Science




L.angevin method

/

% Dynamical calculation

Time-evolution of nuclear shape in fission process

» Potential energy surface

= Trajectory described by
equation of motion

= Dissipation effects !

10 Z1xHerena
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L.angevin method

/

% Dynamical calculation

Time-evolution of nuclear shape in fission process

» Potential energy surface

= Trajectory described by
equation of motion

= Dissipation effects !

Langevin equation

N geigs K] 1
1 7I-LLI-_I L:'l-r— Rare Isotope
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Langevin equation

= Brownian motion

: the random motion of particles
surrounded by a medium

[From S.Chiba’s domestic talk. (2019)]

[ https://en.wikipedia.org/wiki/Brownian_motion ]

]
7 x7 ﬁI'CII _9__]
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L.angevin method

/

% Langevin equation

= Brownian motion

: the random motion of particles
surrounded by a medium

10 Z1xHerena

Institute for Basic Science

[From S.Chiba’s domestic talk. (2019)]




L.angevin method

/

% Langevin equation

= Brownian motion

: the random motion of particles
surrounded by a medium

= Langevin equations describe the time evolution of the collective
variables like the evolution of Brownian particle that interacts
stochastically with a “heat bath”.

dp
E_f

1S 71 etz

Institute for Basic Science




L.angevin method

/

% Langevin equation

= Brownian motion

: the random motion of particles
surrounded by a medium

= Langevin equations describe the time evolution of the collective
variables like the evolution of Brownian particle that interacts
stochastically with a “heat bath”.

dp p

= f—y E.|_ R(t) where (R(t)) =0

1S 71 etz

Institute for Basic Science




L.angevin method

/

% Langevin equation

= Nuclear shape evolution is driven by random
kicks of nucleons in thermal equilibrium.

= The average of these impulse constitutes the
associated friction force, while the residual
fluctuations provide the diffusive properties for
shape evolution.




L.angevin method

/

% Nuclear shape and Potential energy

Two-center shell model parametrization

3(a; — b;) .
i = 24, + b, [deformation]
" led dist
Z = BR [rescaled distance]

348,

where B =,/B;B, with B; = 375
i

R : radius of compound nucleus

A — 4
T U rA,

[mass asymmetry]




L.angevin method

/

% Nuclear shape and Potential energy

Two-center shell model parametrization

Here, we assume : 61 =6,=29
_3(a—Db) def .
= Su+b [deformation]
_ 20 led dist
Z = BR [rescaled distance]
3+6
where B =
3—26
R : radius of compound nucleus
_ Ay — A, : ]
o= A, 1A, mass asymmetry




L.angevin method

/

% Nuclear shape and Potential energy V(z)

R2I(L+ 1)
21(q)

V(g,,T) = Vipu(q) + + Vs (q,T)

Viom (@) = Esyrs(q@) + Ecou(q)

1(q) : moment of inertia of rigid body

Vs (q,T) = Egnen(q) exp(—aT?/Ey)




L.angevin equation

dq; _
d_tl = (m 1)1'1 pPj
friction
dp; av 1 a(771_1)jk — ] \
Friaie 30 —3 34; PPk — Yij(m 1)jkpk\+ ginj(t)/

random force

q; . deformation coordinate {z, 4§, a}
p; . conjugate momentum
m;; : inertia mass tensor

Yij  friction tensor

Here, the transport coefficients m;; and y;; are obtained microscopically.

10 Z1xHerena

Institute for Basic Scie




L.angevin method

/

% Langevin equation

InelasFic Q Quasi-Fission 0
scattering i' E;

Projectile *

IIIIII’
‘ A few MeV ‘ Capture (*

Target Formation

P Y n

. o L Compound
fusion / fission , ‘ St el Nucleus
multi-nucleon transfer @B

super-heavy elements .. a

Evaporation o
Residue Fusion-Fission

[
o ]}r
1 7I-*-El-gl|-ﬁ:'lﬂ Rare Isotope
Institute for Basic Science Science Project
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Result : p+23%U (preliminary)

/

% Empirical formula

. . . 2250
Total fission cross section :
2000
of (Ep) = p1{1 — exp[—p2(E, —p3) ]} 0 S
o 17501 T
E T
S 15001
p, . the saturation cross section §
p, : the increasing rate of c.s. o 12501
. o
with energy S
p3 : the apparent threshold energy !
750-',ll
/ ---- Calculation result
¥ Experimental data
500 w y . T . . ;
20 30 40 50 60 70 80
[ FAKhan, et al, Phys.Rev.C94, 054605 (2016) ] Proton beam energy [MeV]

1 7I*_' g““— T—-I are |sotope
Institute for Basic Science cience Project
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Result : p+23%U (preliminary)

=
(=]

—=— Cspy
< Empirical formula 161 L
14 —% OJasymM
§12- T """ =
Mass yield distribution : 50| ]
S v I e
-
— 1 2
Y(A) = Yoy (A) + Yasyn (A) + Yisyn (4) D% 6
(A — Agpp) 4y .
= Copy €Xp |— = ne N B N A
“Osm 2 2-/—
{A - (ASM_DASYM)} 0 ‘ ‘ : : ‘ : :
+ CASYM exp | — > 20 30 40 50 60 70 80
i ZGASYM | Proton beam energy [MeV]
. 57
{A— (Aspy+Dgsym)}
+ Casym €Xp |— 52
Oasym
[ C.-H.Song, et a/, submitted
1b° J1x2eaza =l



Result : p+23%U (preliminary)

% Empirical formula

5 5 5
= Experimental data m  Experimental data = Experimental data
—— Calculation result —— Calculation result —— Calculation result
4 [ ]
L}
]
—3
°\°
= C
=
2
>2
1
o 4 4 4
60 80 100 120 140 160 180 60 80 100 120 140 160 180 60 80 100 120 140 160 180

Mass Number, A Mass Number, A Mass Number, A

35 MeV 50 MeV 60 MeV

[ C.-H.Song, et a/, submitted ]

[
o l}r
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Result : p+23%U (preliminary)

/

% Langevin equation

8

—— 20 MeV
— 30 MeV
71 —— 40 MeV
—— 50 MeV
6 - —— 60 MeV
— 70 MeV
5 B
s
o 4
[
=
3,
2 |
1 4
0 — i . . -r.,,j__:,_
60 100 120 140 180

Mass Number, A _
[ C.-H.Song, et a/, submitted

7|x st 2] 1
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Result : p+23%U (preliminary)

% Comparison

-4 Langevin eq.

60 80 100 120 140

Mass Number, A

| XSt

Institute for Basic Science

20 MeV
30 MeV
40 MeV
50 MeV
60 MeV
70 MeV
80 MeV

180

8
— 20 MeV

| mpirical formul —— 30 Mev

| empirical formula 30 Mev
—— 50 MeV

6 —— 60 MeV
— 70 MeV
— 80 MeV

5,

4_

3_

2_

1,

60 80 100 120 140 160

Mass Number, A

[ C.-H.Song, et a/, submitted



Summary and outlook

v" A dynamical model based on Langevin equations has been applied to
study the fission dynamics.

v" We are calculating the p + 238U collision for ISOL beam at the RAON
experiment and find the fission cross section with what fission fragments
are revealed.

v Further study

> To improve the model to reduce the difference between the
experiment and theoretical calculation

> To increase the number of variables: e.g. 61 # 6,
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Nuclear fission

R/

» Nuclear fission

I

v 1]
100 |- Surface
energy

3 = When the shape of nuclei is

deformed, till some point, the

w
o

/Fission barrier surface tension dominates over
Coulomb repulsion.

Potential energy

P Total energy
50} Coulomb 4 ! = So the fission occurs if there is an
energy
» : enough energy to overcome the
L G [ S fission barrier.
00 05 1.0 15 2.0
Elongation
® ® e oo

|x e 9l 1

. N . are |s e
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Nuclear fission

/

»» Nuclear fission

If we consider a change derived from the ellipsoidal deformation,

2
Es = EY <1 +§e2>

1
EC=153<1—g 2)

2 1
Q=B—-B°=-E2x-e2+E2x=-€2>0

5 5

EQ . Z?
——>1 , orequivalently
2EQ

_
A

Zas

ac

100

1

w
o

Potential energy

I

Surface
energy

7z

Coulomb
energy

L | 1

0.5 1.0 15
Elongation

® O e oo




L.angevin equation

The types of dissipations

The dissipation of collective energy into internal

The two-body dissipation The one-body dissipations
(short mean free path) (long mean free path)
(Davies et al. 1976) (Blocki et al. 1978)
originates from individual originates from collisions of
two-body collisions of independent particles with
particles, like in ordinary moving time-dependent
fluids. potential well (‘container’

with fixed volume). Two
limiting cases: compact
shapes (wall formula),
necked-in shapes (wall-and-
window formula).

It is currently accepted that one-
body mechanism dominates in
the dissipation of collective
energy. Due to Pauli blocking
principe two-body interactions
are very unprobable.

‘I‘bs7|*1-l§.._ ?J
Institute for Basic Sci



L.angevin equation

Transport coefficients (inertia mass)

Inertia Mass (Hydrodynamical mass)

Total kinetic energy of system o

1 1 )
T =PV’ =2 2 my(@did;

A
N /’\ -
Werner-Wheeler approximation \_/J

V-1i=0 Incompressible fluid
V=p€,+2€  Axially symmetric shape
z= (z: 'r_ z 1
%‘4‘ 04 my =7, [~ P?| 44, P44 |d:
P ZEZB;(E:?)*QE-
1 O [
P=P(z.q) A (z:q)=—= — | " P (" q)d
P(z:q) dg; **
For an incompressible fluid — 1 8 e
the total (convective) time A(z:q)=—— — [ P(z "g)dz’'
derivative of any fluid volume P (z:q) 0g; “=un
must vanish 1 A4
_ | _ B(sg)=—-P2
K.T.R. Davies, A.l. Sierk, R. Nix, PRC 13 (1976) 2395 2 &=

10 Z1xHerena
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L.angevin equation

Transport coefficients (friction tensor)

Friction (One body friction)

) o ) . Incompressible fluid
Rayleigh dissipation function constant two-body viscosity coefficient
1dE 1 . 1 5. 1 .
FZEE:EZ?ﬁ(qMﬂj —> F_E;thl)(r)d ?‘—Eszﬁ(q’)qﬂf
Loss of energy to particles inside the mean filed at the rate
dE , ©s = Ps(g.z) mass density of nucleus
E:ps?j” ds ¥  average nucleon speed
Y n relative normal velocity of the wall
Wall formula
w, A aFY 5 _l
— ' 2
y =P = 4, 9Ps 9P . 0p;
"2 = og aq,| " 4| &

One body friction (Wall formula)

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

1
[
71X oo 19)
1 I-I--LI-_I ‘—-_'I- = Rare Isotope
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Nuclear fission

< Theoretical description of fission WRONG???

». Charged LDM (liquid drop model)

Coulomb repulsion (disrupting)
VS.
Surface tension (stabilizing)

= statistical model

v including level density
at the ground state and the saddle point

* micro-macroscopic model using shell correction
* Kramers' theory is used to invoke energy dissipatio
J|S 71zt mechanisms In statistical model calculations

Institute for Basic Scie




3. Sys. InstallISOL system

Target ion )
T e 9] om0 [ oo, <50 2 e 5% ) cagesne
BRI - MMS e Driver bdam : proton 35<K]:7O MeV,
= T l CLs up to f0 k
T?T ‘ : . e Target : UCx, MgO, BN, CaO, BeO, SiC,
" A/q Separ. G LB ISACE etc
| i RFQ-C/B ¢ lon Source : Surface, RILIS, Plasma
- - 51 e RIB : 6< A < 250, 10<K< 80 keV, 108
e o & HRMS pps(Sn), >90% purity @Exp. ® incident
M = Beamline.2 to RFQ of Post accelerator 10 keV/u
| T‘U %mmu.m.- .| o full remote maintenance system with
Tk = mmgemd J TIS MOCHSmia S :
= i —— ISOL beam line including —
U flest éfacility sub-systems
T Y s commissioned in 2021
i 29 e
4

0 1y
[\ o e
Ty

7| =Bt
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Try to study
proton induced
2381 fission
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