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B Application of Nuclear Fission

Reactor design and operation

— reactivity calculations, fuel and reactor core management, reactor

safety (IND and CUM)

Reprocessing of spent fuel and nuclear waste management

— Fission product inventory, decay heat calculation (IND)

Safeguard

— monitor fission products for the verification (CUM)

Fundamental physics
— understanding fission physics, r-process nucleosynthesis,

antineutrino anomaly (FY), fission angular momentum ---
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B Overview of the Nuclear fission process

Nuclear forces Motion in collective space P‘ompt neutrons  Prompt gammas Beta decay
¢ ¢ C ® Nuclear fission: an atomic
¢ o 7 o
. : nucleus splits into two or
X }-‘I } Pre-fragments fragments
more fragments.
Inmal ission Independent Cumulative
Entrance Chann fiss_ion_ fragment fissioq product .
@dlsm utions distributions yields ® The process inv olves
@l complex correlation,
C— ¢
@ < fluctuation, dissipation ...
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Neutron-induced fission process

M. Bender et al., J. Phys. G 47, 113002 (2020) 10



Frontiers of fission
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II Progress in fission: Experiments & Observations

J. N. Wilson, et al., Nature 590, 566 (2021)
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II Microscopic models for fission dynamics

» Time-Dependent Density Functional Theory (TDDFT)

Time evolution of intrinsic spatial wave functions (densities)
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» Time-Dependent Generator Coordinate Method (TDGCM)

Time evolution of the
probability wave packet in

collective space.
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II Relativistic Density Functional Theory (RDFT)

> Relativistic energy density functional > Single particle Dirac equation:
m+V + S : f f
ECDF:/dI'ECDF(I') o—— o-P — & -
K o-p —(m-V -S )l g g \
_ I 1
= drvi ), (v) (—iyV +m) e (r ] ]
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Qs 583 Vs 4 dg SPs T PsPs T VsPs T 0SLPs,
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[densities]

Zhao, ZPLi, Yao & Meng, PRC 2010 16




Bl Two Center Harmonic Oscillator basis

> Potential of Two Center Harmonic Oscillator (TCHO) basis

| LMw?(z+2)% =<0, Eigen .
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Li, Chen, Zhou, Chen & ZPLi, PRC109, 064310 (2024)



Bl Multi-dimensional constraints for PES

~

(Erprr) + > Col((Q1) — ar)” HON((Qn) — an)?

k:2,3 "Ej.o-

Q2,3 — Quadrupole, octupole moment operator

QN — ewp[—(z — ZN)2/UJ?V] ZN is the neck, ay = 1fm




| Advantages of RDFT-TCHO

> p constraint for post-scission

<1724
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| Advantages of RDFT-TCHO

=1S8e » Mass tensor calculated in cranking
= aasol approximation:
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B Fission dynamics

> Time Dependent Generator Coordinate Method (TDGCM+GOA)

d h° d d
lh_ ’ 5t — | — = _B N __I_V N ’ _5t
(P2, Bs.1) { . ; 3g; B (PrBs) 5 + V(B ﬁz)} g(B2.B3.1)
> Probability current |
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Result

mmetric fission of 18%Hg



II New type asymmetric fission of 18%Hg

“double magic”
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> Lower asymmetric fission valley is predicted

> Scission is defined as the saddle in the B,-q, plane

F -1392

- -1396
~ -1400

— -1404

[ -1408
-1412

24



II Scission, TKE, and Yield distributions
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II Mechanics for asymmetric fission
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» Heavy fragment ~1%Ru: octupole deformed

» N=56 octupole shell of heavy fragment play

Neutron Single-particle Energies (MeV)

crucial role
Li, Chen, Chen & ZPLi, PRC 106, 024307 (2022) B, 26



Result 2

Fission Fragment Angular Momenta



II TD-Multiple Rotations and Vibrations model

> Collective Hamiltonian:

Vibration 5 h’ 0 =il d
—H=E RN

32 D
= z+ X2Q7'2- % (Z,]ZL, H, A)
Rotation / Z 21, Z

oY/ i 3 i
QQM — Dioqz — Dio ' EAiR(z)Bz

Vibration

FRotaton 3 Wave function of the system:

Zan(BZaBZS:t)‘SLSH(SLH)SA;JM) n = (SL,SH,SA)

Scheme of TD-MRV model " 28



II Evolution of Fragment Angular Momenta (FAM)

20.0 240Pu

W op P

€ 020 072 12 1 2.0 ' Scission ~5.2
% Saddle ~1.7

0.08 0.82

5

» From saddle to scission: Rapid generation and chaotic evolution of FAM
> After scission: Vary slightly till to a stable pattern when the fragments are

well separated. 29



II Distributions of FAM

J. N. Wilson, et al., Nature 590, 566 (2021)
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0.6 AR R R R » With the increase of A, the P(S5,)
' 1 34.'|.e 140y o 150 Ce
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_m__ EI . » The mass dependence of average FAM
0.2 .
[ L ¢ [ T | presents a clear sawtooth-like pattern.
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Bl Correlations of FAM

a 06 ————

P (é1)

&
\ . /
N 12h . ’

- = 4

16h. ! -7

-~ -
halC A B

0.0 0.5 1.0 Dominated by Wriggling mode
@, ;1 180°

» Opening angle displays strong correlations at ~30°, 90°, and 160°.
> Differ from those of AMP (blue) and statistical model (magenta),

which did not consider quantum shape fluctuations. 3



I Measurement of correlations of FAM

/

Than

We have carried out the experimental measurements for correlations of y
related to FAM from 252Cf source in IMP, Lanzhou, China.




Result 3

Multi-dimensional collective space



B Limitation of 2D space
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2 e
30 40 50 60 70 30 40 50 6.0 30 35 40 45
0

B.=1.44 $.=2.40

30 35 40 45

Bz Bz Bz

30 35 40 45 3.0 3.5 4.0

> qn<6, PES is very flat: large fluctuations
> Coexistence of fission modes

Zhou, Li, Chen, Chen & ZPLi, Chin. Phys. C (2023)

190 | 1 = | | | | |
- Iy g 376
~180 = . e ]
% i - '\.\'f.‘»:. ‘;:_3_,- -._. _ 2.88
S 170 F - XK. -
o[ . e 192
160 | W i
3 150 TH LR ' 0.96
B — CXP.| 7
140 | L | L | 1 | L | L | L | 0.00
90 100 110 120 130 140 150
Afrag(u)

> Few to ~10 MeV fluctuation in TKE
> Few to ~10 nucleons fluctuation in A¢

gy cannot be defined globally!!
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II Nuclear Shapes in Fourier Expansion

by » Expansion convergency
ZSh . X 10 —-—— SH expansion til B4
| === Fourier expansion til as
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I | I 5
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0' 1 1 1

K. Pomorski et al. Acta Phys. Pol. B Supl. 13, 361(2020) 0 5 Exgansion o?der ° 10 36



PES in Fourier deformations

4R, 2n—-—1)n(z — zg)
a,, = mcos 27, Prprr(T, Z)rdrdz
4Ry, . (nn(z — zgy,)
Azni1 = | 342,50 P~ — )lprpFr(r, 2)rdrdz

> Deformation operator

05 00 05 10 15 20 25 3.0

0 o))
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] Convergency for expansion orders

1720

Fourier] |

> Similar PECs before g, = 2.5

—
~
N
N

> More reasonable

configurations for larger

Ecprr (MeV)

deformations

-1726 L
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Bl Comparison of scission configurations
B

4720 e B » Symmetric and asymmetric fission

72 valleys are consistent

-1724

> Nearly linear relation between Z;
(A;) and q3, but not 3;: Jumps and
plateaus

-1726
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[ ——SH » Not so reasonable in large (B, Bs).
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| Fission fragment charge distribution

K.-H. Schmidt, et al. Nucl. Phys. A665, 221 (2001)
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» More fluctuations in fragment charge distribution.

» The peak height and position that still need to be

50 &5 60 65 40

35 40 45
Fragment Charge Number

30

in further 3D calculation.

improved



II PESs in g, and B,

PES in (g2, q4) plane with g3 = 0 PES in (B,, B4) plane with B3 =0
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\\\\
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> PES in (g3, q4) plane is smooth; Scission configurations are easy to obtain

> While for (B,, 84) plane, g, has strong correlation with g,.
Li, Su, Chen & ZPLi, to be submitted
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Bl Summary and outlook

& Relativistic DFT based on TCHO basis

> Better accuracy and efficiency; possibility for post-scission

& Based on RDFT-TCHO & TDGCM+GOA

» Asymmetric fission of 18%Hg: N=56 octupole shell gap
» Sawtooth-like distribution of FAM; Strong correlation at ¢, ,,~30°

» Fourier shapes: fast convergence; better scission configurations ...

» Outlook: TDGCM based on 3D Fourier shapes; Y(A, Z) & P(S., S,,)

Finite temperature; dissipation ...
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Thanks for your attention!

Y. 9. Chen, Y. Su, Z.%Y. Li CIAE
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