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P> Background

O Heavy-ion collisions: three steps of SHE and competing reaction mechanisms

» cold fusion: using 2%8Pb (?°°Bi) as target, the heaviest SHE is up to Z=113 so far
> hot fusion: using 48Ca as projectile, the heaviest is up to Z=118 so far
O Quasifission and fusion-fission are the primary mechanism in preventing SHE formation

O Fusion probability is several orders of magnitude difference among the different phenomenological models

. SHN Q/\D 1 01 T v T v T T T T T T T
Emission of Survival 10°

neutron(s) I\ 107" -~ - -~ Cold Fusion
T . / Wsur 10-2 = o~ E \‘.
* ~— = ~ ""‘--."‘
Formation of a . 107 ~ e
Compound A ~ "~ T
St - 10 - ~ >~
Nucleus P 7 ) s ~ \. N~
¢ ‘N o 10° - ST~
10°° Adamian et al. 2000 [~ N_
— —Feng et al. -~ T .
Capture s - 107 § - - Veselsky — X
— -8 H — - Swiatecki et al. ~
v G ol 10 Loveland
Target. cap . 10°° f - - - Siwek-Wilczynska et al.
Q{/{;)S/ \, . - A ‘ 1 0'10 1 M 1 i [ L 1 3 L M (1 "
@ "7\%,% = 102 104 106 108 110 112 114
Projectile
] , ZcN

Shan-Gui Zhou, Nucl. Phys. Rev 34, 318 (2017) R. S. Naik et al, Phys. Rev. C76, 054604 (2007)



P)) time-dependent Hartree-Fock
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3D Lattice: no spatial symmetry restrictions

Advantages:
» Nuclear structure and reactions in a unified framework (same EDF);

» Dynamical and quantum effects are automatically incorporated;

» No adjustable parameters for the dynamics

Limitations:

Lu Guo, J. A. Maruhn, and P. G. Reinhard, Phys. Rev. C 76, 014601 (2007)
Lu Guo, J. A. Maruhn, and P. G. Reinhard, Phys. Rev. C 77, 041301(R) (2008)
P. G. Reinhard, Lu Guo, and J. A. Maruhn, Eur. Phys. J. A 32, 19 (2007)

» Quantum tunneling is missing;



P)) time-dependent Hartree-Fock
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3D Lattice: no spatial symmetry restrictions

O TDHF is based on mean-field approximation
TDHF gives the average number of nucleons for all reaction channels

How to obtain the nucleon number for each reaction channel?

O particle number projection method (PNP)

particle number projection operator: probability for each channel:
n 27 L ~
B = [T age! e P, =(¥|5,| %)
272 90

C. Simenel, Phys. Rev. Lett. 105, 192701 (2010)



D)) Theoretical framework for fusion evaporation reactions
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1 |
Fusion evaporation reactions 4, (E. ... x) = f d cos(6p) f d cos(0r)
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O Capture process: Schrodinger equation for penetration probability
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O Capture process: Schrodinger equation for penetration probability
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O Fusion Process: fusion-by-diffusion (FbD) model for fusion probability
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D)) Theoretical framework for fusion evaporation reactions

1 |
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O Survival Process: statistical model for survival probability
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D)) Fusion dynamics involving halo nuclei

PHYSICAL REVIEW C 107, LO11601 (2023)
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Microscopic study of fusion reactions with a weakly bound nucleus: Effects of deformed halo

Xiang-Xiang Sun (#h[[][A])© and Lu Guo (F54#)”
School of Nuclear Science and Technology, University of Chinese Academty of Sciences, Beijing 100049, China
and CAS Key Laboratory of Theoretical Physics, Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100190, China

Frocts the reaction dynamice?
)IS|CS ABOUT BROWSE PRESS COLLECTIONS . .
affects the reaction dynamics?

15C Phy§T€§ SYNOPSIS

one-neutron halo

14,15C 4+232Th

Targeting a Nuclear Halo

SYNOPSIS

- New modeling explains the relatively high fusion reaction probabilities of

Targeting a Nuclear Halo —c L . i
halo nuclei, which are composed of a dense core surrounded by a

January 4, 2023 .

New modeling explains the relatively high fusion reaction probabilities of halo nuclei, “satellite” of one or two nucleons.

which are composed of a dense core surrounded by a “satellite” of one or two nucleons By Michael Schirber

Read More »

X. X. Sun and Lu Guo, Phys. Rev. C 101, L011601 (2023); Schirber, Physics 16, s2 (2023)



D)) Fusion dynamics involving halo nuclei

14,150 4232 .
C+Th 3, deformation
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[36] H. Sagawa, X. R. Zhou, X. Z. Zhang, and T. Suzuki, Phys. Rev.
C70,054316 (2004).

[37] X.-X. Sun, J. Zhao, and S.-G. Zhou, Nucl. Phys. A 1003,
122011 (2020).

» Spherical neutron magic'*C, deformed one-neutron halo '°C + 232Th (49+14 orientations);



D)) Fusion dynamics involving halo nuclei
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> Spherical neutron magic’*C, deformed one-neutron halo °C + 232Th (49+14 orientations);
» Parameter-free microscopic calculations well reproduce the enhancement of cross sections at sub-barrier;

The underlying mechanism of this enhancement



D)) Fusion dynamics involving halo nuclei
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> Spherical neutron magic’*C, deformed one-neutron halo °C + 232Th (49+14 orientations);

» Parameter-free microscopic calculations well reproduce the enhancement of cross sections at sub-barrier;
The underlying mechanism of this enhancement is driven by the halo structure of °C;

> One-neutron transfer channel is dominant which are more sensitive to the orientations of °C than 232Th;

» Notable effect of halo structure on reaction dynamics.



I))) Cold fusion dynamics

Compound-nucleus formation in cold-fusion reactions 48Ca, %°Ti, 34Cr+208Pp
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O Above the capture barrier, our calculations reproduce the measured fusion probability reasonably well.
O The restrictions from TDHF improve the predictive power of coupled-channels and diffusion calculations

X. X. Sun and Lu Guo, Phys. Rev. C 105, 054610 (2022)



B»)) Hot fusion dynamics
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PHYSICAL REVIEW C 107, 064609 (2023)

Editors' Suggestion

HREEHETS

Microscopic study of the hot-fusion reaction “Ca +*U with the constraints

from time-dependent Hartree-Fock theory

Xiang-Xiang Sun (#}7][71)© and Lu Guo (¥B5H)

School of Nuclear Science and Technology, University of Chinese Academy of Sciences, Beijing 100049, China
and CAS Key Laboratory of Theoretical Physics, Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100190, China

O The orientation effects of U are self-consistently included in the capture and fusion processes;

O The calculated capture cross sections agree well with the experimental data;

O The tip-orientation collision is favorable for capture;

O The capture cross sections are strongly dependent on the orientations with several orders of magnitude.

X. X. Sun and Lu Guo, Phys. Rev. C 107, 064609 (2023) Editors’ Suggestions




B»)) Hot fusion dynamics
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O The fusion probabilities are strongly dependent on the orientations;
O The tip-orientation collision is favorable for the formation of compound nucleus;
O The microscopic reproduce the experimental evaporation-residue cross sections.

X. X. Sun and Lu Guo, Phys. Rev. C 107, 064609 (2023)



) Outline

Part |l: quasifission



.)) Quasifission dynamics

Quasifission is the main reaction channel hindering the compound nucleus formation

Key question: what is the most dominant driving mechanism in determining mass and charge of QF fragments?

4048Ca+238 PRL113,182502 (2014) 48Ti+238 PRL119,222502 (2017)
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FIG. 5. Atomic number distribution for the quasifission frag-
Mg ments with 210 < A < 214 (see the text for details).

> Initially the experimental mass-yield measurements indicate driving factor of shell effects;
» To unambiguously confirm shell effects, proton and neutron numbers distributions have to be measured;

» Atomic number distribution in the fragments have been measured, confirming the role of Z=82 magic shell;



.)) Quasifission dynamics

First evidence for the impact of tensor force on the dynamical shell effects

b z
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Stys 48Ti4+238 o) X / bdb f dgsin(B3)P,"(3) ,
Exp. —@— 2 blllil] 0
800 | ( A\z=sz
= 600 F O parameter-free microscopic TDHF study;
=
S O charge distribution shows much better agreement with
400 |
experiments for SLy5t (tensor force included)
200 | O peak position shifts and the width becomes narrower;
oL O prominent effects of tensor force on QF dynamics
FIG. 9. Charge distribution for the quasifission reactions of L. Li, Lu Guo, K. Godbey, A. S. Umar, Phys. Lett. B 833,137349 (2022)

18T+ 2%¥U using the SLy5 and SLy5t forces. The experimen-

tal data is from [26]. Z.J. Wu, Lu Guo, Zhong Liu, GX Peng, Phys. Lett. B 825, 136886 (2022)

L. Li, Lu Guo, K. Godbey, A. S. Umar, Phys. Rev. C 110, 064607 (2024)
Z.J. Wu and Lu Guo, , Phys. Rev. C 113, 024618 (2026)



D)) Quasifission dynamics

First evidence for the impact of tensor force on the dynamical shell effects
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O The inclusion of tensor force causes the shift
from deformed to spherical shells in 298Pb
(122---126, 78---82);

O What is the driving mechanisms and what is
the role of tensor force in the delicate balance
between spherical and deformed shells?

L. Li, Lu Guo, K. Godbey, A. S. Umar, Phys. Lett. B 833,137349 (2022)
Z.J. Wu, Lu Guo, Zhong Liu, GX Peng, Phys. Lett. B 825, 136886 (2022)
L. Li, Lu Guo, K. Godbey, A. S. Umar, Phys. Rev. C 110, 064607 (2024)
Z.J. Wu and Lu Guo, , Phys. Rev. C 113, 024618 (2026)



.)) Quasifission dynamics

First evidence for the impact of tensor force on the dynamical shell effects
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L. Li, Lu Guo, K. Godbey, A. S. Umar, Phys. Lett. B 833,137349 (2022)
L. Li, Lu Guo, K. Godbey, A. S. Umar, Phys. Rev. C 110, 064607 (2024)




D)) Quasifission dynamics

Systematic studies of quasifission in hot fusion systems for synthesizing SHE with Z=112-120;

All the reactions producing 119 and 120 in the world; the reactions using 48Ca, %°Ti, 5*Cr projectiles;
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.)) Quasifission dynamics

O Charge and neutron number of QF fragments;

O Importance of spherical quantum shells in 2°Pb (Z=82, N=126));
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Part lll: fission



) Theoretical model for fission

O Nuclear fission is a complex nonequilibrium process due to the transitions between the motion of mother nucleus...
O The theoretical description of induced fission is divided into two phases:
» The ground state transits to a configuration beyond the fission barrier: adiabatic process, e.g. HFB, HF+BCS

» Fast evolution of neck rupture: nonadiabatic process, e.g. TDDFT

adiabatic nonadiabatic ——

Inner
barrier

Fission dynamics with TDDFT:

Outer N
barrier

O Quantum shell effect for the formation of fission fragments
O Odd-even effect in the charge distribution of fission fragments
--------------- O A way to give the proper mass and charge distributions

Fission Scission _ _
Isomer point O Effect of tensor force in dynamics

Potential Energy

Ground state

Deformation



P> Fission dynamics

HF+BCS in 3D lattice on Q20, Q30, Q22

O The tensor force in SLy5t is perturbatively added based on SLy5

301 24%Pu, SLys Izo O Beyond Bo, fission valley is apparently enlarged by the tensor force.

1 16— Such a broad fission valley may be favored for dynamical evolution.

Qso [b¥?]
3] (5]
; e <
oo
Energy [

20 40 60 80 100 120

Q30 [b372]

60 80 100 120
Q20 [b]

Y. Huang, X. X. Sun, and Lu Guo, Phys. Rev. C 110, 064318 (2024), Eur. Phys. J. A60, 100 (2024);



P> Fission dynamics

HF+BCS in 3D lattice on Q20, Q30, Q22
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Y. Huang, X. X. Sun, and Lu Guo, Phys. Rev. C 110, 064318 (2024), Eur. Phys. J. A60, 100 (2024);
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O The tensor force in SLy5t is perturbatively added based on SLy5

Such a broad fission valley may be favored for dynamical evolution.

O Static fission path, ground state, inner barrier, isomeric state, and outer barrier

for deformation, GS unchanged, the three Bi, Bis, Bo becomes smaller with tensor

O For barrier height, higher inner barrier and lower outer barrier with tensor force

O Triaxial def. occurs at Bi, Bo; this observation that... is consistent with...
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P> Fission dynamics

TDDFT nonadiabatic dynamics of fission

80 T O Beyond B., the 15 states with equal distance along the static fission path
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Y. Huang, X. X. Sun, and Lu Guo, Phys. Rev. C 110, 064318 (2024), Eur. Phys. J. A60, 100 (2024);
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TDDFT nonadiabatic dynamics of fission
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O Beyond B., the 15 states with equal distance along the static fission path
with excitation energy 2.1 MeV and variance of 3 MeV
O Q30 of dynamical fission trajectories increases with the elongation
O Mass and charge of heavy fragments, two kinds of dynamical path
An ~ 135 and Zx ~52 in yellow, A ~ 142 and Zx ~56 in green
Sl and SllI channels in Brosa model
O Mean value of AH ZH in two channels are very close, while their A are quite differen
For Sl channel in SLy5t smaller A, in Sll channel larger, indicating heavy fragments

near 135 become concentrated and around 142 are more dispersed with tensor

SI channel SII channel

Force AH AAH ZH AZH 14_[_] AAH ZH AZH

SLyS 13522 090 523 045 1424 094 551 0.36
SLy5t 1355 043 524 0.19 1423 240 55.1 0.93

Y. Huang, X. X. Sun, and Lu Guo, Phys. Rev. C 110, 064318 (2024), Eur. Phys. J. A60, 100 (2024);



P> Fission dynamics
Localization Function along static fission path
Q0=80b Q20=88b Q20=97b Q20=106b Qx0=114b
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O Tensor effect on the internal structure of initial states, NLF is shown

O The shell structure is enhanced in initial configuration with the tensor

Y. Huang, X. X. Sun, and Lu Guo, Phys. Rev. C 110, 064318 (2024), Eur. Phys. J. A60, 100 (2024);



P> Fission dynamics
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Y. Huang, X. X. Sun, and Lu Guo, Phys. Rev. C 110, 064318 (2024), Eur. Phys. J. A60, 100 (2024);
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TDHF with FOA + double PNP

O 1st PNP: consider particle number fluctuations in the fragments

0.30 7 ) A A 1 2 P
0.25 ,". ;"| -o- ;E;;?li»;{‘(tr97l)_ P{?(N) = <P\1;'(N)> - 2_ f d’? <\IJ| el(NV_N)n|qj>,
i L) o mras _ . 7T Jo _ .
020 5‘: 5;1 i Including pairing correlations, the overlap has a sign ambiguity problem
1 g‘ 11 [ ﬁ [ . .
%015k Qﬁpgg; fggﬁd‘% - due to the square root of a complex matrix. We adopt the Pfaffian method.
e o O n R
0.10 |- ,:g‘fa' I: H ‘-?"‘: - O 2nd PNP: restore the total number of particles
I+ . : i A A
0.05 |- o& g‘,";_, :_.:P "-gg i pr- Double () (W] Py (N)PT (Niot) | V)
o8 £ § o, v T (WP (N |W)
0.00 o tetsstfaaa oot el For supertluid fissioning mother nucleus
Charge Number (Z)
0.20 O For the charge distributions, the width is consistent with the data, and the
el A é o Ny position of the peak only slightly shifts towards the symmetric side.
:_3' :-1‘ A Nishio (1995)
IIE 11
0.12 - !, 1 il i
2 l]. ' ‘ } |_
= ] H 11
0.08 - R i -
HENAY 3
l' ]'}““”t“l‘:: : ¥
0.04 |- i " Al -
- o i o A
000,650 120 130 160 170

Mass Number (A)

Y. Huang, X. X. Sun, and Lu Guo, Phys. Rev. C 110, 064318 (2024), Eur. Phys. J. A60, 100 (2024);
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TDHF with FOA + double PNP

030 O 1st PNP: consider particle number fluctuations in the fragments
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0.10 O 2nd PNP: restore the total number of particles
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0.00, For supertluid fissioning mother nucleus
0.20 O For the charge distributions, the width is consistent with the data, and the
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Mass Number (A) An=135 is consistent with the peak given by the experiments.

Y. Huang, X. X. Sun, and Lu Guo, Phys. Rev. C 110, 064318 (2024), Eur. Phys. J. A60, 100 (2024);



P> Fission dynamics

TDHF with FOA + double PNP +GKE
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O the corresponding yield well reproduces both the positions of
asymmetric peaks and the widths of experiments.

Y. Huang, X. X. Sun, and Lu Guo, Phys. Rev. C 110, 064318 (2024), Eur. Phys. J. A60, 100 (2024);



D)) Summary and Perspectives

Summary

Develop the microrscopic theoretical methods to study SHE production

The fusion mechanism involving the exotic nuclei

Quasifission mechanism and shell effects

>
>
» Cold fusion reactions and hot fusion reactions for the production of superheavy
>
» Multinucleon transfer reactions producing the neutron-rich nuclei

>

Fission dynamics

Perspectives
» basis space, especially with pairing (TDHFB, TDHF+BCS)
» beyond the independent-particle approximation (TDRPA)

» the role of two-body collisions and fluctuation effects
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