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O Path integral method

O WKB approximation

O Hill-Wheeler formula
O New formula by Li et al.
o ..

V (MeV)
~

160

ocap (Fcm, J) =

2J+1)T (Ecm, J)

HLocm

T (Fem, J) = (l T exp [_721_2 (Ecm — Erot — VB)})_l

Hill_Wheeler1953 PR089-1102
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Coupling effects due to rotation, vibration, nucleon transfer, ...
are taken into account empirically by introducing a barrier distribution

- ——V,=188.29 MeV, 6=0"
| - - -V,=192.09 MeV, 6=30"

----- V. =200.08 MeV, 6=60°
= V,=204.28 MeV, e=9|0°
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A program for coupled-channel calculations with all order
couplings for heavy-ion fusion reactions
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Nuclear shapes

00 A
R(0,0) = Ro |1+ Boo+ > > B Yau(0, )

2*-pole deformation (2*-{RHZZT)

A=1 p=—2A
(a) Bap = (b) B20 >0
71 'll;; - 5
T TN
t’l':':':"l’l'l'"""'"""'.l \
:""""".ll"'.',."." 3
\

Courtesy of Bing-Nan Lu (= /%)



Potential Energy (MeV)

Nonaxial (3,, or y) & octupole (B5,) shapes in PES
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Axial asymmetry plays important roles around the first barrier
Reflection asymmetry plays important roles around the second barrier
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Mdler_Nix 1973
IAEA-SM-174/202

Pashkevich1969 NPA133-400

Rutz_Maruhn_Reihard_Greiner1995 NPA590-680

Robledo_Warda2008 IIMPE17-204

Kowal Jachikowicz_Sobiczewski2010 PRC82-014303
Li_Niksic_Vretenar_Ring_Meng2010 PRC81-064321
Abusara_Afanasjev_Ring2010 PRC82-044303

Staszczak Baran Nazarewicz2011 1JMPE20-552
Royer_Jaffre_ Moreau2012 PRC86-044326

Axial asymmetry plays important roles around the first barrier
Reflection asymmetry plays important roles around the second barrier



Covariant Density Functional Theory (CDFT)

£ o= G (i) — M) + %(9“08“0 _Ulo) = g, tiot

1 o1 _
— = Q" + —mZw,w" — g,

4" 2

= Dy L o 1 T 2
o ZR;WR + §mppﬂp _ gpwiﬁTwi

1 1 — T3

(@-p+BM+S(r)+ V()i = €y

(-V? +m) o = —gops — g207 = g30”

(—V2 + mi)) W = J,Pv — 63w3
(=V*+m)p = gups
~V?A = epe

Serot_Waleckal986 ANP16-1

Reinhard1989 RPP52-439

Ring1996 PPNP37-193
Vretenar_Afanasjev_Lalazissis Ring2005 PR409-101
Meng_Toki_SGZ Zhang Long_Geng2006 _PPNP57-470
Liang_Meng_SGZ2015 PR570-1

Meng_SGZ2015 JPG42-093101

Meng (ed.), Relativistic Density Functional for
Nuclear structure (World Scientific, 2016)



A hypernuclel

O The Lagrangian density: L =L+ L
La =Vp (I7"0, — MA — GorT — Jur¥"wy) Va
wAA
+ J;“;T —n0" Q
=lTUA

O The Dirac equation for A
a-pH4 B (ma+Sa) + Va +Ta]Yai = €ai

O Effective interactions ‘
Parameter ma oA SwA fonn | N-N interaction
PK1-Y1 1115.6 MeV | 0.580gs | 0.620g0» | —&wA PK1
NLSH-A | 1115.6 MeV | 0.621gs | 0.667g0 | —&wA NLSH

PK1-Y1: Song_Yao LU Meng2010 IJIMPE19-2538
Wang_Sang Wang L{R014 Commu.Theor.Phys.60-479
NLSH-A: Win_Hagino2008_ PRC78-054311



MDC-CDFT (Bag, B2z: Baos Bazs Bao ---)

ph channel

Non-linear

Density-dependent

Meson exchange

NL3, NL3*, PK1, ...

DD-ME1, DD-MEZ2, ...

Point Coupling PC-F1, PC-PK1, ... DD-PC1, ...

VDC R
pp channel BCS Bogoliubov
Constant gap v -
Constant strength v -

Delta force \ v
Separable force v v

Lu Zhao Zhao SGZ
2014 PRC89-014323

Zhao Lu Zhao SGZ
2017 _PRC95-014320




Applications of MDC-CDFTs

MultiDimensionally-
Constrained
Covariant Density
Functional Theories

O Potential energy surface, ground state & fission properties

> (B Bao ). Shape polarization effect of A

> (Bog ). Superdeformed shapes in A hypernuclei

> (B ): Third barriers in light actinides

> (Bsos Bsy  ): Octupole correlations & shape transitions

> (Boos B2 Bsg ): Octupole correlations in My D

> (Bsos Bs,): Nuclear Tetrahedral shapes

> (Boos Boos Bg )i 1-, 2-, & 3-dim PES of 2°Hs

> (B R): Clustering, bubble & toroidal structure; GMR

O Fission dynamics based on PES from MDC-CDFTs
» Spontaneous fission
» Induced fission

O Angular momentum & parity projected MDC-CDFTs
» Clustering & exotic shapes
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Potential energy curves of actinide nuclel
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Halo: One of exotic nuclear phenomena

~ 3.5 UL I. Tanihata et al.
E Phys. Rev. Lett. 55, 2676 (1985)
w
2 3.0 Interaction cross section
e measurements at Bevalac
- o (790 MeV/u)
- s ."1 ?Am
2 2.5 Li g 4
=
2 U R ¥
| |

6 10
Mass number

effective NN interaction :
strong in-medium effects

(almost) bare NN interaction
weak in-medium effects

A

> Nuclear chart: courtesy of Ning Wang (T 7)



What we have aimed at

A self-consistent description of halo in deformed nuclel ‘

v Deformation

v Continuum contribution
v' Large spatial distribution
v" Interplays among them

by developing a
relativistic Hartree-Bogoliubov model



RMF theories in a Woods-Saxon basis

Shapes | Model Schrodinger Dirac
W-S basis W-S basis
Spherical | Rela. Hartree SRH SWS SRH DWS v
SGZ_Meng_Ring2003 PRC91-262501

Axially | Rela. Hartree + BCS DRH DWS v
deformed SGZ_Meng_Ring2006_AIP Conf. Proc. 865-90

Axially | Rela. Hartree-Bogoliubov DRHB DWS v
deformed

SGZ_Meng_Ring 2007_ISPUN Proc.
SGZ_Meng_Ring_Zhao 2010_PRC82-011301R

SGZ Meng_Ring_Zhao 2011 JPConfProc312-092067
Li_Meng_Ring_Zhao SGZ 2012 PRC85-024312
Li_Meng_Ring_Zhao SGZ 2012 ChinPhysLett29-042101

Woods-Saxon basis is a reconciler between the HO basis & r space

DDDRHBc: Chen_Li_Liang _Meng2012 PRC85-067301
HFB: Schunck Egido2008 PRC77-011301R; 78-064305
RHFB: Long Ring_Giai_Meng2010 PRC81-024308
DRHFB: Geng Long2022 PRC105-034329

RBHF: Shen_Hu_Liang_Meng_Ring_Zhang2016_ChinPhysLett33-102103
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44Mg: Density distributions

SGZ_Meng_Ring_Zhao 2010 PRC82-011301R
Li_Meng_Ring_Zhao_SGZ 2012 PRC85-024312

Proton Meutron

Proton Meutron
0. 0800
o
0. 07200

(1. DE 0]
0.04800

0. 03600
0.102.400

0.01:200
a
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O Prolate deformation
O Large spatial extension in neutron density distribution




22C: Halo (?) & shape decoupling

- 10-1

107
107
10
10°
107

DRHBc, PK1, #C

» 25, ~25% = Halo

> Mixture of (2s,,, 1dz),)
— Prolate halo

PK1
S,, = 0.43 MeV
r, =3.25fm

Sun_Zhao SGZ 2018 PLB785-530
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