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Introduction
1. Nuclear fission is important as a base in nuclear technologies 

such as estimation of criticality, reactor kinetics, inventory of 
radioactive nuclei in spent nuclear fuel, swelling of fuel rods, 
material damage, and so on, so accurate data and understanding 
on the fission process is important.

2. It is also important for fundamental researches such as fission 
recycling in r-process nucleosynthesis, production of exotic 
neutron-rich nuclei and reactor antineutrinos.

3. However, due to its complex nature as a large-amplitude 
collective motion, nuclear fission is still a mysterious physics 
phenomena, so a deeper understanding is necessary.

4. In this study, we apply antisymmetrized molecular dynamics 
(AMD) as a new model of nuclear fission and try to elucidate 
how it can describe various aspects of the fission observables
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Antisymmetrized molecular dynamics
MF + Stochastic NN collision

Total wave function：a Slater  determinant:
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Stochastic NN collision

gives rise to branching of w.f.
→distribution of physical quantities

Akira ONO et al, Progress of Theoretical Physics, Vol. 87, No. 5 Pages 1185–1206 (1992)
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Effective NN int.：SLy4

Li-Machleidt density dependent version
PRC48, 1702(1993), PRC49, 566(1994), 

 EOM for the MF
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Neutron-induced v.s. Boost-induced fission

 
• Maximum simulation time : 10,000 fm/c
• Boost momentum : �boost～53���/�, �∗～1.3���/A

which is low enough for this kind of simulation, but the total excitation of the 
system is around 300 MeV.  We are in the statistical (or liquid-drop) regime.  
Furthermore, we do not consider pairing due to this reason.

n + 235U, AMDnth + 235U, AMD

� = 040fm

40
fm
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Boost-induced fission animation
Prescission neutron

Prompt 
neutron

236U → 121Ag + 113Rn + 2n in AMD

We try to set the observation time as long as possible,(in this case, Tmax=10,000fm/c) 
so that thermal equilibrium is attained once at elongated shapes, so the system 
forgets how it was excited (by the artificial boost), and the evolution afterward is 
driven by the physical laws, with a hope that some observables at low excitation 
energies may be explained by such simulations. This animation is showing a rare 
case which the prescission neutron and prompt neutron generated in same fission.
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Fragment mass-TKE correlation of fission 
fragments from 236U

Exp. data at thermal energy
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Ternary fission in AMD
256No(4He) 259Lr(4He)77.4°  15.9MeV 85.6°  17.8MeV296Lv(3H) 69.6°  11.8MeV

296Lv(3H) 82.8°  5.5MeV

Et=7.0MeV  Eα=16.8MeV
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Rotational angular momenta in AMD
Average orbital angular momentum

• We can take sum on i and j for the whole 
nucleons, or we can restrict this sum to 
nucleons belonging to the light and heavy 
fragments, then we identify (or just call) 
these L values as intrinsic spins S of fission 
fragments.  What it really means is the 
orbital angular momentum of each fragment.

• Instead of applying the angular-momentum 
projection, we just calculated the event-wise 
expectation of the orbital angular momenta　
of each fragment since it makes calculations 
of various correlations much easier and 
intuitive. 

• Initial <L> of the compound nuclei was set to 
0.

: Conservation law
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Average total spin

   J. N. Wilson, et al., Nature, 590(2021) 566-570

AMD, pre-neutron
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Angular momentum distribution

[1]. Bulgac, et al., Phys. Rev. Lett, 126 (2021), 142502 

Fermi-gas model fit:

The SkM* and SeaLL1 denote results obtained  
with TDSLDA by Bulgac et al [1].

Ø Calculated spin distribution resembles those 
for heavy-fragments calculated by [1]

Ø The Fermi-gas model can be nicely fitted by 
adjusting the spin cut-off parameter for 236U, 
240Pu and 252Cf cases.

�:spin cut-off parameter
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 Tilting: 
 Ɵ1= 180° or 0°、Ɵ2= 0° or 180° 、Φ= 0° 
 Twisting:
 Ɵ1= 0° 、Ɵ2= 0° 、Φ= 180° 
 Wriggling:
 Ɵ1= 90° 、Ɵ2= 90° 、Φ= 0° 
 Bending:
 Ɵ1= 90° 、Ɵ2= 90° 、Φ= 180° 

Angular correlation of fragment spins and fission axis

Each mode seems to be excited almost equally excepting for the wriggling and titling 
modes, but this must be due to poor statistics and narrow windows we set.  Indeed, 
distribution is nearly uniform and fragment rotation is not restricted to the 4 modes.

   L. J. Moretto, et al., Nuclear Physics, A364(1981) 125-143
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Conclusions
• We have employed AMD as a microscopic toy model to carry out a trial-

type investigation of average rotational angular momenta <L> of fission 
fragments generated during scission
ü We used symmetric boost to initialize the collective motion toward 

scission
ü The initial angular momenta were set to 0
ü The excitation energy was around 300 MeV, so we deal with this 

problem in the statistical, liquid-drop regime
ü The outcome of the model was compared with data on TKE of the 

fission fragments and data on ternary fission events, and reasonable 
agreements were verified even though the E* region in calculation is 
different from that of the experiments

ü <L> was identified as spins when it was applied to fragments

• Absolute values of fragment spins were obtained in range of 4 to 12 hbar 
similar to those reported by Wilson et al.

• Fragments' spin distributions were similar to those obtained for heavy 
fragments with TDSLDA by Bulgac et al., and in good accord with shapes 
given by Fermi-gas model if spin cut-off parameter was adjusted. 

• Correlations among fragment spins and fission axis were also invetigated 
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Thank you for listening 
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Friction Cooling Method and Boost Fission

Friction Cooling Method Boost Fission

This figure are showing the ground 
state of actinide elements calculated 
by AMD and in experimental data. In 
this figure, the difference between 
AMD and Exp is approximately 
0.05MeV/A.   

The given boost momentum is 50 MeV/c.
The excitation energy of the quantum 
system is 1.3 MeV/A. 
Tmax: 10000 fm/c

40fm

236U in AMD



15

　　　　　　　　　　　

Kinetic energy and angular distribution of 
ternary particles

Ø  The ternary particle are generated from the neck region.
Ø  The average emitted angle of ternary particle is coincided with the experimental 

data. 
Ø  The average energy of ternary particle (tritium and helium) are followed with the 

experimental data.

Et=7.0MeV  Eα=16.8MeV

θ
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 Tilting mode: 
 Ɵ1= 180° or 0°、Ɵ2= 0° or 180° 、Φ= 0° 
 Twisting mode:
 Ɵ1= 0° 、Ɵ2= 0° 、Φ= 180° 
 Wriggling mode:
 Ɵ1= 90° 、Ɵ2= 90° 、Φ= 0° 
 Bending mode:
 Ɵ1= 90° 、Ɵ2= 90° 、Φ= 180° 

   L. J. Moretto, et al., Nuclear Physics, A364(1981) 125-143

�2
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Tilting

Wriggling

Twisting

Bending

Rotational fragment spins and orbital angular 
momenta and their correlations


