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Physics of Nuclear Fission

C Shell structure and magic numbers
in highly deformed nuclei

v Many-body dynamics with strong energy
dissipation / non-Hermitian effects

v Quantum tunneling with
collective-macroscopic degrees of freedom

\ etc.

Applications of Nuclear Fission

v RI-beam production at accelerator facilities
v Nuclear energy and nuclear transmutation
v Nuclear data for astrophysics

\_ (r-process, Th/U cosmochronology)
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Deformed Shell-Structure in Fission Mcsrees o ot
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v In liquid-drop model, fission is mass symmetric . .
Shell-effects leads asymmetric fission 143

v Octupole-deformed magic Z=52 and 56

play a key role in fragment formation ®
(G. Scamps and C. Simenel, Nature, 564 382)
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Inverse Kinematics in Fission Experiment

v Inverse kinematics enables high-resolution fragment identification

(AZ,AA<1)
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Fission of Proton-Rich Nuclei

95

v Progress of experimental studies of fission in proton-rich nuclei

90

= Unexpected fission modes have been observed (e.g. *°Hg )

Number of protons, Z

v Empirical model fails to explain these exotic fission modes

= A deeper understanding of fission mechanism is required

asym. fission of %°Hg

fission of proton-rich Tl isotopes
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Fission of Neutron-Rich Nuclei r-process path
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v Fission of nheutron-rich nuclei is crucial
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in r-process nucleosynthesis
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v In neutron-induced fission of nheutron-rich nuclei:
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J.J. Cowan and F.K. Thielemann, Physics Today, 57, 10, 47 (2004).



Theoretical Approach for Nuclear Fission

TDHF calculation
To describe nuclear fission, a

Time-Dependent Hartree-Fock (TDHF) is widely used

t=15.9 zs

However:

i

« lack of quantum tunneling of fission barrier
. inconsistency with scattering boundary conditions
(= fission cross section o, cannot be obtained )

U t=20.4 zs

Requirement for a new microscopic fission
theory overcoming the above problems

G. Scamps and C. Simenel,
Nature 564 382 (2018).



Non-Equilibrium Green’s Function (NEGF) method

v NEGF method describes electron transports in nano-devices
based on the microscopic Hamiltonian

Molecule Transistor
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v Total Hamiltonian H:

H, V, 0
H=|V] H; Vg
0 VL Hg

v Introduce Green functions G(E):

G(E) = (E — Hegr) ™

v Using G(E), conductance C is derived:

C = % Tr|T[LG(E)TRGT(E)]
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nano-device simulations induced fission reactions
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Ty ris = Tr|[GTrisGT]

Transmission coef. Transmission coef.
C = (Zez/h)TL,R Unfls — (ﬂ/k )Tnfls
conductance fission cross-section

Y. Alhassid et al., Ann. Phys. 4124 (2021) 168381.



Theoretical Formulation for Nuclear Fission

First, we prepare many-body basis.
In nuclear fission, both excitation and deformation are important.

4

Superpose Hartree-Fock w.f. |HF(Q, E)) (generalization of GCM)

D) = f dQIEf(Q,E)|HF(Q, E)) (Q : deformation)

Hartree-Fock state  (E : e€xcitation energy)



v particle-hole excited states are generated from reference states
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v At each Q, we generate excited states
(up to Epayx)

V(Q)

®) = [dQAEf(Q, E)|HF(Q, E)) 7

Q : deformation




CN (Compound Nucleus) After barrier conf.

Y decay fISSIOn

‘ Barrier ’ ‘
Q

A ( is submatrix in the Hamiltonian ) H:Hamiltonian
neutron

channel |




H : Hamiltonian Matrix

0,

0,

is submatrix in the Hamiltonian : ' :
neutron (. ) H:Hamiltonian

channel:



H : Hamiltonian Matrix Green’s function

] -1
G(E) = [EN —H +%r]

(E: excitation energy)

0,

|:> Fission Cross section

1T
On, fis = ﬁTr[FnG(E)FfiSGT(E)]

n

4 N
Fission Cross Section o, 4 IS

kob’cained without approximation)




v In our previous work, 235U(n, fis) was analyzed using NEGF method

= 0, ris(En = 10keV) agrees with experimental data within one order of magnitude

(Promising result, but further improvement is also required)

0.7

—— full seniority

-4~ zero seniority 235U(n, fis)

ﬁ o, ris(En = 10keV) converges
with respect to E,, .
v Experimental data:
0y fis(En = 10keV) = 3.116 barn

v Green function theory:
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K. Uzawa and K. Hagino, PRC 112, 014326 (2025).



v As the next step, to test the applicability of the NEGF method

in the sub-barrier region, we investigate **°U(y, fis) reaction
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Application to Photo Induced Fission **°U(y, f)

- Static mean-field calculation for %3¢u

= potential energy and fission path are obtained with SkyAx code

(UNEDF1 Skyrme functional is applied)

particle-hole excited states
Q0 — Q30 POtential above the fission barrier

Energy(MeV)

—— fission barrier

20 40 60 80

80 Q20(b)




GCM Kernels 8
v Calculate GCM kernels H and N with basis |Q,E,) gﬁ'
Hij — (QJEulqul;E[,u) '-'CJZ_
Nij — (Q, ElllQ"E[u> 0. ' | | — Tission barrifer
20 40 60 80
Q20(b)

v Nj is approximated as (cf. G. F. Bertsch and K. Hagino, PRC 107, 044615)

(QE Q" E,) =(Q|Q")d, (n = ¢ means the same configuration)

v For H;;, the following residual interactions are applied

1. monopole pairing interaction: m = ~GY " alalasay.

7]
2. random interaction: Han = v ) _rijuaiaiaag, (1 is random number)

{Q= E#|Udb|Q‘r= E;.L} — E(Q: E;L} + E{st E_u)
(Q.E,|Q". Ey) 2

3. diabatic interaction: +hyIn((Q, E,|Q . E,.)).



Decay Width Matrices

v Determine decay width matrices I, and Iy,

- T,: y absorption and y radiation width H =

- Ty;s : fission width for @y configurations

0,

v T, is determined from

empirical gamma strength function f(E,) and level density p(E)

v Ty is difficult to determine, but o is insensitive to Iy

(cf. G. F. Bertsch and K. Hagino, PRC 107, 044615)



Matrix dimension of H,N and G(E) is 0(10°)

and matrix inversion is numerically expensive
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Editors’ Suggestion

Application of the shift-invert L.anczos algorithm to a nonequilibrium
Green’s function for transport problems

K. Uzawa and K. Hagino
Department of Physics, Kvoto University, Kyoto 606-8502, Japan

™ (Received 12 August 2024; accepted 11 October 2024; published 4 November 2024)

v Shift-invert Lanczos method is effective for calculating Green’s functions

in the context of nuclear fission (discussed in our previous work)
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Fission Cross Section

Transmission Coefficient

G(E)=[EN —H+i/2I]?! : Green function
T, fis(E) = Tr|l,G(E)[;;;G(E)T|  : Transmission coefficient
3(mhc)%E o . -
0y fis(E) = = Ty sis : ¥ induced fission cross section
1(}—1_% — Tyin,fis 101? _g_ z;elztjvn;l (1980) 5236U(y, flS)
: Yester et al. (1986) |
10-2 1 | 4 Soldatov et al. (1995) :
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1o UU \j\l b | fission barrier —»
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E, (MeV) E, (MeV)

K. Uzawa arXiv:2604.17790.



Fission Cross Section

G(E)=[EN—H+i/2T]1

Tyfis(E) = T[Ty G(E)T 115G (E)T]

3(thc)?E
ay,fis(E): > E3 Ty,fis

Agreement is reasonably good,

even in the sub-barrier region
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Summary

€ Induced fission reactions have been described
within the NEGF framework

€ The NEGF calculation successfully reproduces
the fission cross section, o, 75, even in the tunneling region

& Applications to the fission of neutron-rich and proton-rich
nuclei are promising future directions
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Fission of Proton-Rich Nuclei
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Al-atom contact

N Layers

Eigenchannel Decomposition

v" We can decompose wave propagation

in the fission model space into eigenchannels.

G(E)=[E —H|™?

Ty fis(E) = Tr[[, G(E)Tf;5G(E)T]

=2, Ty

1/2

(T, is eigenvalue of [}

G(E) 11sG(E)'T)/? )

J. C. Cuevas et al., Phys. Rev. Lett. 80, 1066 (1988).



v Apply eigenchannel decomposition for **°U(y, fis) reaction.

Here, resonance average is hot performed.

Fission transmission coefficient T,(E)
v 1st eigenchannels T,_, is dominant for each eigenchannels

(see the right figure)

ﬂ [ Recall the Bohr-Wheeler ] oo
transition state formula 2 channe

10721 —— 3rd channel
—— 4th channel

5th channel

Eigenchannel Bohr-Wheeler i

Decomposition transition state
formula

___________________,——-___——____‘____—____,-F"

10-2 -
— —_— .__-————"_——-—__-—_'“-—____
T, fis(E) = % i Tris = % (% | | | | |
4.9996 4.9998 5.0000 5.0002 5.0004
E(MeV)

Eigenchannels Transition states
K. U arXiv:2604.17790.



v Apply eigenchannel decomposition for 23Uy, f)

Here, resonance average is not performed. Fission

v 1st eigenchannels T,_, is dominant Transition States

(see the right figure) dE  dx
f(* ' k =ud :15l

Recall the Bohr-Wheeler dif =vep o —

. Transition) —

transition state formula - i

Eigenchannel Bohr-Wheeler
Decomposition transition state
formula

X States -

Ty fis(E) = % T Tfis = % Iy

Eigenchannels Transition states
N. Bohr and A. Wheeler, Phys. Rev. 56 426 (1939).



Note

- S-matrix dispersion formula (H. Feshbach(1952))
Sav(E) = Soy(E) — 2iv}, (B — H + ??/ZF),;} Yub
= Seop(E) — 2iv} ,G(E) .-

direct compound nucleus reaction

- Trace formula for T (transmission coefficient)

Ta,b — |Sa,b|2

- (2 Z Yapq GMle’Y,U:ﬁ) (2 Z Yaps GMBMLL,YMALE’)

32



v Fission barrier is scaled to reproduce

experimental barrier height

12 - "
~o= Voriginal

o Vscaled
—— Vsca!ed"‘ Epafr

)

=
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Potential Energy(MeV
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v Residual interactions for GCM calculation

(Skyrme interaction is not used)

« Monopole pairing interaction:

palr—_GEﬂaﬂ-ﬂj
7]

« Random interaction: (r;;; is random number)

Heyn = re‘jk!ﬂ;ﬂrﬂfﬂh
S

. Diabatic interaction: (@EfulvalQ.Ev) EQ E)+EWQ.En) 10 B0 E.)).
(Qs EH |QF1 E#"} 2




v eigenchannel decomposition with energy average
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v distribution of U is corelated to

the GCM collective function g = N/2f (Hf = ENf)

Top = Tr[T,G(E)T,GT(E)]
= Te|T}/2G(E)N,G! (B)TY/?]
— Tr :ttT]

= |tal?,
T

t = U diag(t1,t2,...) V7T,

10*

1 1 [} 1
(a) ! ! I I —— 1st channel
102 - ; i l i —— 2nd channel
10° 1 : 1 :— 3rd channel
. : : == Resonance energy
5 107
-
£ 107
e
I~ 10-
g
10-®
10—10 4
-1z 1 I, H , 1 . 1
5.9998 5.9999 6.0000 6.0001 6.0002
E, (MeV)
.
(b) .
0.25 -
L
__ 020 ”
= ”
.
£ 0.15 .,-
p pr
lis)
~— 0.10 ->
0.05 4
e Entrance channel distribution
0.00 -
0.000 0.005 0.010 0.015 0.020

\Uin=1)l



v distribution of U is corelated to

the GCM collective function g = N/2f (Hf = ENf)

Top = Tr[T,G(E)T,GT(E)]
= Te|T}/2G(E)N,G! (B)TY/?]
— Tr :ttT]

= |tal?,
T

t = U diag(t1,t2,...) V7T,
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v total gamma absorption probability is consistent with

phenomenological value

0.5 ——4— Present
--+- Empirical
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E, (MeV)



v’ Scaled fission barrier

— original
~—~- scaled

V(Q20)(MeV)

Q20(b)



v Model space

(a): seniority non-zero

F 3

excited states

Emax

v(Q)

Q : deformation

(b): seniority zero

F 3

Q : deformation




v Decay width matrices

= 1/2 1/2
(Tn)ij =Tn NkT{,iNk:,j?

= 1/2 7r1/2
(Fcap)ij — Fcap Z Nk,i Nk,j ,
ke@r=14b

= 1/2 A71/2
(Fﬁb)l_} — Fﬁs Z Nké Nki. )
keQ=84b
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