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Fig. 6.6. Levels of the systems A = 236 and A = 239 involved in the fission of
236U and ?*U. The addition of a motionless (or thermal) neutron to 23U can lead
to the fission of **U. On the other hand, fission of U requires the addition of a
neutron of kinetic energy 7,, = 6.0 — 4.8 = 1.2 MeV.
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@) EEIUR: FRE, T v 3 IVEa
BEH 7ZEFE W Dynamical Theory W Static Theory
TRk Random Walk Fong, Wilkins

Langevin equation Brosa
TDGCM HF-BCS

5-dim. Cassini shape RMF-BCS
Fission valley

(2R3

i

e Finite-range liquid-drop model (FRLDM) + Strutinsky;%
(Hartree-Fock-Bogoliubov calc., Bernar, Girod, Gogny)
GEA REE /\ A
S BEDmDEMR
J (Fong Dkt E T /L. Wilkins » M Scission-point model.
Brosa model)

HERE 29%: GCM+GOA, TDHF, ATDHF
RETERLE

BNFEBMEFRE - v

CCONE, GEF, CGMF, CoH/BeOH, Freya, Fifrelin, HF3D

Hauser-Feshbach, QRPA, Wesskopf-Ewing, Shell Model 36
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What we can obtain under the conditions

Phenomenalism
Dynamical Model based on Fluctuation-dissipation theory

(Langevin eq, Fokker-Plank eq, etc) <

We can obtain.... Fission, Synthesis of SHE
Mass and TKE distribution of fission fragments
Neutron multiplicity

Charge distribution

Cross section (capture, mass symmetric fission, fusion)

Angle of ejected particle, Kinetic energy loss (< two bod

Conditions
Nuclear shape parameter
Potential energy surface (LDM, shell correction energy, LS force)
Transport coefficients (friction, inertia mass) < Liner Response Theory

Dynamical equation (memory effect, Einstein relation)
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D 3BEFE 220y, E* < 20 MeV

Dynamical calculation

Time-evolution of nuclear shape
in fission process

40
Iwo Items

1. Potential energy surface

@ @ . Trajectory & described by
05 " Equation of Motion

O 0.5
@ S0 <
4 0.0 <
2 o (“6\
6‘6 )
% >
% N\ . .
20 Trajectory on potential

energy surface
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Nuclear shape

B Two-center parametrization

two-center parametrization g{z, §, a} / \(N
1
J. Maruhn and W. Greiner, Z. Phys. 251, 431-457 (1972). b2
32 E CZ C1 i a1
| |
Zy ' !
Z ]
|

" BR |
g — 34+6 2
- 3-26
R:Radius of the spherical compound nucleus
3(a—b)
= Zaxp =%
Ay — A
a =
Acn

z: Center of Mass Distance
0: Deformation
a: Mass Asymmetry
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Two Center Shell Model

AK
H=-— +V(p,z) + Vis(r,p,s) + V2(1, 1)
Zmo
( 1ma)zz'2+1mw2pzz<z
2 oWz1 2 0 pl ) 1
fo 1 \
—mow;2?(1+ ¢12" + dyz'?) + smow) (1 + g12'*)p?,2, <z <0
Vo) =1 ¢ :
%mowgzz’z (1 + ¢z’ +dyz'?) + Emowﬁl(l + g,2%)p%,0<z< z,
1moa)z z'% + 1moa)z p,z>z,
\ 2 z2 2 p2 )
2 - 4€/f0
c=——-—"—,
I zZ — Zl,Z < 0 ZO - hZ
2= zZ—25,2>0 d=1_3€/f0

%o e=1.0

E 0  The neck parameter is the ratio of smoothed potential height to the
€ = ? original one where two harmonic oscillator potentials cross each other. 0.35

1 1 1
E' = Emowzzg = Emowglzlz = Emowgzzzz 0.0

J. Maruhn and W. Greiner, Z. Phys. 251, 431-457 (1972). 44



Potential Energy

(a) (b) (c)
V(L T) =Vip(@) +Vsu(q, T) A e
Viom(q) = Es(q) + Ec(q) E,
_ 0 g
Vs (g, T) = Egpen(q)®(T) 2
aT? . i
®(T) = exp — g p—
d ai | @ Az, 22| 3| ajlzl| z | a
E; =20 MeV b, b,
AN S NI S s NI
T : nuclear temperature _ o~ |~
E*=aT? a: level density parameter j 127" 23"
. . 2/3 r
Toke and Swiatecki r=0.75R; (1+5) r
E: Generalized surface energy (finite range effect)
E.: Coulomb repulsion for diffused surface AL R OB + By HH IE
E?,.; - Shell correction energy at 7=0 _——— Compound Nygleus

I : Moment of inertia for rigid body

@(T) : Temperature-dependent factor
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Brownian motion J 37U 1EE)

LLAEYMPOHRGE LY EEYRICHERLT Y
FN—fRICHEET S &, TNDFERENF
[FRUCE > THHLMNITENGZ N &

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

7K E (K5 F0.3nm)IZH LT, FEHH(30-50um)h S Fi
L 7= KL F(0.3um) DEH)

MR ES) (kD TF)
T xILF—
HEE) HEER | oz
ERNEE (FEMmh it L7k F)
BELOIEMEDOY A XDEL

B oY ANy HRER T7A 2 RZA VBRI

dv
m_- = —yv + R(t) D = 4kT/y
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Kramers (1940)

EFES {q) SEE L EE
& PR 2 T 0 &)
B2 IETAHE o @&

BE 6 .
coupling

Brownian motion Heat bath

Shape fluctuation
(thermal fluctuation)

0 EE) (S v&LNH)

$ Time scale

nucleonic motion ~1023 sec

collective motion ~1022 sec @
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=

AR

26;;6(t, — t;) : white noise (Markovian process)

: Einstein relation

R;(t)

i(t1)

R:

(R;(t)) =0,

Deformation coordinate (nuclear shape)

two-center parametrization

Momentum

: Hydrodynamical mass (inertia mass)
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Transport coefficients (inertia mass and friction)

Inertia Mass (Hydrodynamical mass)

Total kinetic energy of system
I .
T—E,Omjv d r_azmij(q)ql'qj

Werner-Wheeler approximation

Jo,
[}

P P(z;q)

= g
N

V-v=0 Incompressible fluid
V=pe, +ze, Axially symmetric shape
Z: A Z; .l' Zmax 1
24540 m, =mp, [ P? (Al.Aj +§P2Ai’A}jdz
p=12 B (=a),
O [Zme , ,
P=P(zq) A0 = grs o[ P s
For an incompressible fluid A(zq)=— 1 0 - P (2" a\dz'
the total (convective) time = g (Z:9) P? (z;q) Oq, jzmin (23q)dz
derivative of any fluid volume 1 o4
must vanish B.(z;q)=——P—
2 0Oz

K.T.R. Davies, A.J. Sierk, R. Nix, PRC 13 (1976) 2385
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Transport coefficients (inertia mass and friction)

Friction (Two body friction)  Incompressible fluid

Rayleigh dissipation function Total kinetic energy of system
1 3 | . | 5 43 1 .
F==u[®r)dr ==Y n,(@id;, «— T==p,[Vdr==3" m(q)4q,
2 2 2 2
O(r)=VV' +@° -2V(V x D)
»=VXx v

M Constant two-body viscosity coefficient Two body friction

1; = 7 j " P (3A’A’ + ;

P2Arr ”jdz

Euler-Lagrange equation |

d OL B oL 3 OF Ai(Z;Q)_ P(zq) 0q f " P*(z;q)dZ’
dt 0g;, 0Oq; g, 2oa) = 1 200 Vi
B,(z q)——5 f,f

K.T.R. Davies, A.J. Sierk, R. Nix, PRC 13 (1976) 2385 50



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:55=5271y(6]>%% — F=5ﬂf®(r)d3"=52%(q)%%

Loss of energy to particles inside the mean filed at the rate
Euler-Lagrange equation

= ,Z) mass density of nucleus
dE _ ofoage TP (42) d 6L oL OF
= PV In v average nucleon speed S =
dt dt 8g, &g, g,
y n relative normal velocity of the wall

Wall formula

\/\/\ z | OV (zs , Ope 0P 1( op: 2k
V\_/ l: ( ]2:|2 yU:—J‘Z dZ > : IO§+Z( SJ
. 1+ min

2 dq; 0q, 0z

) ops Y |2 One body friction (Wall formula)
Ps (IOS —j

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

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

80 100 120 . - 140 160

calculation Y. Aritomo and S. Chiba, PRC 88, 044614(2013)
Exp. Phys.Rev. 141(1966)1146
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180 232Th
. — ‘ 160
O
233Th . Fission Fr: nt 2
n 234TH* /‘ o
¢ - Compound nuclei Fission Fragment |
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B SEE DB ) IV AE-E
, N 0T 160 ’
AF# =R
160
180 237Np 7
e @ = ‘ = ‘ -}

239N
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MRE=

] 238u(180, 170)239U*

® 238Y(n,f) — — — |
- &M?@ﬁ&ﬁ%%bthﬁ%wﬁi
- BETCHEoNT-BEoEFEE2HD—EL,

W_I (239U ) M/\fu)
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N FEXIR DR STzl PR+ O &
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4 Tnitial compound nucleus

23877 (35 MeV) n

1st chance fission
_________ a ()/0 _L
- S— 237

0>) 15,1 + E}, 2nd chance fission |

2 20F w_ _ ____ b % .
— 236
* feci U
S8 3rd chance fission

¢ % ‘

3 4th chance fission {235

f d % _

evaporation residue

1 1 1 ’ 50 100 150 200
Fragment Mass (u)

233 234 235 236 237 238 239
A (Z=92)
. ZNENDF v v AHDBOHER & HzHEa & B\ T HET 2.,
2. ZNFNDF ¥ v AHEU BT B EENTH 5B HPHEE % BV TIHET 2.,

ﬂf v ABPHDOBENTHQ)ICHEXR (N)TEAZNTTRELEHLES Z & T, R
ﬁ é: HZ%C—_[ léfck |:|-|_ %‘i% 75\ l;) 7f’L %) K.-H. Schmidt, B. Jurado, C. Amouroux and

C. Schmitt Nuclear Data Sheets 131 (2016).
E,, = 1.9 MeV (Calculated by PACE2 code) A. Gavron, Phys. Rev. C 21, 230 (1980).

Mass table: P. Moller, A.J. Sierk, T. Ichikawa, H.Sagawac Atomic Data and Nuclear Data Tables 109-110 (2016) 1-204 69

Observation result
28] (E* = 35 MeV)
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25 0.69 25 0.57 25 045

35 1.22 35 1.04 35 0.90

45 172 45 1.51 45 135

55 220 55 1.96 55 1.81

235(143) 12.14 595" 15 0.29 237(144) 1230 5.70' 15 0.14 239(145) 12.65 6.08' 15 0.17
25  0.87 25  0.65 25  0.61

35 147 35 1.19 35 1.10

45  2.00 45  1.69 45  1.60

55 252 55 220 55 2.08

236(144) 11.84 5.76' 15 0.26 238(145) 12.11 6.19' 15 0.29 240(146) 12.18 5.70' 15 0.12
25 092 25 0.83 25  0.61

35  1.61 35 142 35 1.19

45 221 45 197 45 1.74

55 275 55 248 55 2.26

237(145) 11.67 6.06> 15 041 239(146) 11.70 5.68' 15 0.14 241(147) 11.77 597" 15 0.22
25 1.14 25 0.78 25 0.75

35 1.85 35  1.51 35 137

45 249 45  2.10 45 1.96

55 3.06 55 2.66 55 251

238(146) 11.28 5.71> 15 0.26 240(147) 1138 597" 15 0.25 242(148) 11.55 5.61' 15 0.14
25 0.99 25 094 25 073

35 197 35 1.62 35 143

45 2.6l 45 230 45 2.06

55 3.25 55 290 55  2.65

239(147) 1096 5.94* 15 0.35 241(148) 11.19 5.63' 15 0.22 243(149) 1134 5.89' 15 024
25 1.29 25 0.88 25 092

35 197 35 1.71 35 157

45  2.80 45 237 45 224

55 348 55 3.03 55 2.87

240(148) 10.73 5.59° 15 0.25 242(149) 1094 598" 15 035 244(150) 11.05 5.49' 15 0.14
25 0.79 25 1.27 25  0.80

35 195 35 1.80 35  1.61

45  2.69 45 253 45 227

55 3.53 55 3.23 55 294

75




sTEfaRmDIED

Calculated FFMDs of the Th, Pa, U, Np, and Pu isotopes and their dependence of excitation
energy in the range of E* = 15 — 55 MeV. - Experimental data

Calculation result
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The calculation taking into account the MCF (red curves) shows good agreement with the experimental
data for mass asymmetry and peak-to-valley (P/V) ratio.
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All experimental data are observed in tandem accelerator facility at Japan Atomic Energy Agency [5,6].
[5] R. Leguillon et al., Physics Letters B 761 125-130 (2016). [6] K. Hirose, K. Nishio, S. Tanaka, et al., Phys. Rev. Lett. 119, 222501 (2017). 76
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FFMDs is affected by MCF and this shape 1s drastically changed.

(a) Conventional calculation result

without neutron emission
240U

O Exp. data
Without MCF

jf R

(resolution broadened)

E* = 45 MeV

150

100
Fragment Mass (u)

This figure shows FFMD of
I st-chance fission which 1s

originated from true event of
240U at E*=45 MeV.

Compound

(b) This study calculation result
including Multi-chance Fission
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V(CI; l, T) = VLD (Q) + VSH (q! T)

+ Ec(q)

Vs (@, T) = Egney (@)@ (T)

Ignatyuk type function

d(T) = exp (_aE_'I;>

Shell damping energy: E; = 20 MeV
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Role of Multichance Fission in the Description of Fission-Fragment Mass Distributions at High
Energies
K. Hirose, K. Nishio, S. Tanak et al., Phys. Rev. Lett. 119, 222501 (2017).

Effects of multichance fission on isotope dependence of fission fragment mass distributions
at high energies

S. Tanaka, Y. Aritomo, Y. Miyamoto et al., Phys. Rev. C 100, 064605 (2019).
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Angular momentum transfer in multinucleon transfer channels of '80+23"Np

S. Tanaka, K. Hirose, K. Nishio et al., Phys. Rev. C 105, L021602 (2022).
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Origin of the dramatic change of fission mode in fermium isotopes investigated using Langevin
equations

Y. Miyamoto, Y. Aritomo, S. Tanaka, K. Hirose, and K. Nishio, Phys. Rev. C 99, 051601(R) (2019).

79



r JOCR(CHIT DD HOEE

o2 ir 7O XR0OKIHRE RO, O T A 7 ILICL > THEREOES T (BEH100
M 5150 ) D"ERAGTEERAEES S5 Z . ZORREMLIFO ./ T 7 DFERNR
D—DOTHHIEE,. TRERICTEEL®EZRT-T,

EULVAHA s

B RE% ‘

FRER (BEAIR) - I
BENTEINTVIETHGS | B B X

-‘1- \ ZN\ IJ
Eﬁﬁsﬁﬁg#“]‘ﬂ’\g” ‘ ‘ ‘ /\511-3—
' IEER

G IAYS-T) . | PREOEER
‘ .  — J

®

(Em oM BENTE

o SSRHAD r70+4 X
? i 4295

woele
%@@%%%Wﬂ

.gl i a;gé
60 PEF R @O

BRI IR HET B AP EE LB D, ©



Fm73 & E— R LD

1] R =
B 5429Fm|(C BT B DA EE5 7% (Fission fragment mass distribution)
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Fig. Potential energy on the z-6 plane for (a) 2*Fm and (b) 2°Fm, obtained at a fixed mass asymmetry o = 0.
A sample shape trajectory is shown for each nucleus. The trajectories are also shown on the z-a plane for (c¢) *Fm
and (d) 2°%Fm as well as the potential energy at a fixed & value, 0.16 for >*Fm and —0.08 for 238Fm, respectively.

Y. Miyamoto, Y. Aritomo, S. Tanaka, K. Hirose, and K. Nishio, Phys. Rev. C 99, 051601(R) (2019). 34
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TABLE 1. Elements of the friction tensor in the (z, §) space and their eigenvalues for the >**Fm and 2**Fm cases. The region of the
deformation space where the friction tensors analyzed are indicated in the first column; g.s., first, and second saddles. They imply the region
around the ground state, the first saddle, and the second saddle point, respectively. As the friction tensor is symmetric, one of the off-diagonal
elements is listed. The large differences between the two eigenvalues A; and X, are observed as noted in the text. The rotation angles 6 derived
from the transformation matrix [by Eqs. (27) and (28)] and the slope angles of the directional oscillation of the trajectories in Fig. 2, Oneasures
are presented in the last two columns. The consistency can be observed in these two angles.

Vzz Vss Vzs H 91/1&1.&'141‘0
position [/h] [/n] [/h] Al A2 A2/ [deg] [deg]
2M6pm
a.s. 0.172 x 103 0.686 x 103 0.327 x 103 0.128 x 102 0.845 x 103 0.657 x 102 —25.93 —23.0
First 0.242 x10° 0.120 x 10* 0.512 x10° 0.194 x 102 0.142 x 10* 0.732 x 102 —23.46 -21.0
Second 0.123 x10° 0.474 x10° 0.231 x 103 0.863 x10 0.588 x10° 0.682 x 102 —26.38 —24.0
264

Fm
g.s. 0.189 x 103 0.754 x10° 0.360 x10° 0.141 x10? 0.930 x10° 0.657 x 102 —25.94 —24.0
First 0.352 x 103 0.165 x 10* 0.707 x 103 0.424 x 102 0.196 x 10* 0.463 x 102 —23.69 —22.0
Second 0.276 x 103 0.103 x 10* 0.503 x 10° 0.238 x 102 0.128 x 10* 0.537 x 102 —26.65 —=27.0

Y. Aritomo, A. Iwamoto, K. Nishio, and M. Ohta, Phys. Rev. C 105, 034604 (2022).
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We determined charge distributions with UCD (Unchanged Charge Distribution) assumption

and Gaussian fitting.

Y UCD assumption a simple assumption
. Which the charge asymmetry equals the mass asymmetry
mass asymmetry a4 A — A,
from Langevin calculation %4 = Acn a7 = ap (UCD)

. - - - "  Exp.(JENDL-4.0)
®Results : Z distributions i Gt E—15MeV)
BT T LI | JQ e A RS SR iy | S N S . S N N O L N
24| encs e | | e e | L 1 235@2“;’“2 o T 2367y [ e one] 12377y |2 pomiettr o] 1 2381y [ 2 0 imierf o) |
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Atomic number, Z Atomic number, Z Atomic number, Z Atomic number, Z Proton number, Z Atomic number, Z Atomic number, Z

Fig. The calculation results of Z distributions for 2>?U to 233U with the excitation energy of E¥*=15 MeV. The present
work (red line) is compared with the data from JENDL-4.0 [K. Shibata, O. Iwamoto, et al.: "JENDL-4.0: A New
Library for Nuclear Science and Engineering," J. Nucl. Sci. Technol. 48(1), 1-30 (2011)].
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(a) Calculation result (b) Experimental data
N-Z distribution of 23U N-Z distribution of 236U
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Fig. (a) The calculation result of fission fragment distribution on the N-Z plane for U-236 (E*=10

MeV) is plotted. The calculation result is compared with the experimental data of U-235 neutron-
induced fission (Ek=500 KeV) from JENDL-4.0.
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The calculation results of fission fragment distribution on the N-Z plane for uranium isotopes

(E*=7 MeV) are plotted.
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By combining Langevin calculations with a statistical model implemented in the CCONE
[0. Iwamoto, N. Iwamoto, S. Kunieda, F. Minato, K. Shibata, Nuclear Data Sheets, Volume 131, pp. 159-288 (2016) |, we calculated

independent yields and prompt neutron emissions.
Excitation energy partitions for two fragments are determined by the anisothermal model.

TXE(ZZ'Al»Zh:Ah) = Einc + Bn + [Mn(ZCN: ACN) — Mn(Zl;Al) R.. — ﬂ _ Ul ah(Uh)
~Mn(Zen, A1 €2 = TKE(Z, AL Zn A)  Th | Un au(U)

T. Kawano, P. Talou, 1. Stetcu, M. B. Chadwick, Nucl. Phys. A 913, 51 (2013) 91
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The prompt neutron emission multiplicity was calculated using the CCONE code with the
results of the Langevin calculation as input data. The result reasonably reproduces the
sawtooth structure of experiment data. The calculated average number of the prompt
neutron was 2.517, which is in good agreement with the experimental value of 2.43

[K. Nishio, Y. Nakagome, H. Yamamoto, I. Kimura, Nucl. Phys. A 632, 540 (1998)] .
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Fig. Comparison of the calculated independent yield Y(Z, A) with the experimental data.
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Evaluation method of angular momentum
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Previous study
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Experiment Setup

Target : 2"Np, Projectile : 130, Incident Energy : 162 MeV.
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Analysis result of a fission fragment angular distribution
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Transition State Method Calculation

Fission-fragment angular distribution for a transition state

( K2

0 +1 2 T5.,2
21 + D|dL; . (0)]| e 2Ko
W () OCZF(I) z )¢ |1k @) >
I1=0 K=—-1I

+1 2K?
\ k=-1€¢ "°°

2 2n! (sinB)*' [ sind
L@ =T ora—mn 2 (

2K
1+ COSH) J.R.Huizenga et al., Phys. Rev. 177 (1969).

F (I) : Gaussian-like shape with the average value I, and the standard deviation o = \/I_O :

The variance of K distribution,

K(% — IeffT/hZ Fission Direction
E*=Ecm +Q — By — Erot — Ey

AE-E silicon
detector

gll=
| &R y = beam axis

T=+E*/a, a=A./10

I¢5: effective momentum of inertia BBttty -
B;: the spin dependent fission barrier :

E_ : ground-state rotational energy

erecoil

= Fission Direction

Io¢r and By are evaluated using the model [A. J. Sierk, Phys. Rev. C 33, 2039 (1986)]. %9



Evaluation of transferred angular momentum

B AR HDOERAFER

%E?@jilo—o I, = 10 I, = 20
1.2 — T T 12— 1 1 71T T 17 T 12— 71T 1 7T T 17 T
L I O _— L I=10 — L =20 —
1 1 -
& 08 1 & 0.8 /\
] S
S S
2 06 . 2 06k E
© ©
Z 04 = 04
0.2 0.2
0 1 1 | 1 1 | 1 1 0 1 | 1 1 1 1 | 1 0 1 1 | 1 1 | 1 1
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
O¢ (deg) Of (deg) O¢ (deg)

237ND (180 170) 238Np* (E* —15 MeV)

30

BRI, AT S U BRED LS :
hA ZBREETV, REEERDE, 7

N . A\ 2 s
_ 12 (Yex(l) — Ycal(l)> 10 ¢
N = Oex (1) 5t

. RERE. o, EERRE
Year : BRI 11.0 h
100



Transferred Angular Momentum

z
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The results of the fit with this equation by changing the angular momentum distribution are

shown by blue solid curve. The results represent the data reasonably well.
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Summary of analysis results
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It is implied that angular momentum of the compound nucleus increases linearly with the number of
transferred nucleons from the projectile to the target nucleus.
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Summary of analysis results

Average angular momenta obtained from the fission-fragment angular distribution are shown.

130+23’Np (E =162 MeV) / E*'=10-20 MeV
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The average angular momentum increases with the number of transferred nucleons,

but it tends to saturate at 15h. 103



In-plane Fragment Angular Distribution : W (¢s)
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P. Dyer et al., Phys. Rev. Lett. 39, 392 (1977).

This indicates that rotational axis is not fully polarized to the z-axis.
In this case, the angular momentum can have a larger value than this work.
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