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Background & Motivations：Nuclear physics under extreme conditions

• Halo nuclei

• Inversion of island

• Cluster

First p-wave halo nucleus

Heaviest 

halo nucleus

叶沿林, 杨晓菲, 刘洋, 韩家兴. 与HIAF装置相关的放射性核束物理研究 [J]. 中国科学: 物理学 

力学 天文学, 2020, 50 (11): 25 - 34.

large uncertainty of radius 
22C: 5.4±0.9 fm (2010) ; 

3.44±0.08 fm (2016) ; 

3.38±0.1 fm (2018) 

奇特核物理：晕核、反转岛、团簇、长寿命态核天体物理：
重元素合成 Zhang K. Y., et al., PRC 107: L041303 (2023).



Hints for halo nuclei

 sudden increase of radius:

dilute density distribution

 small separation energy:

weekly bound system

 large occupation probabilities of low angular momentum

(l = 0, 1)

large uncertainty from exp. 
22C: 5.4±0.9 fm (2010) ; 

3.44±0.08 fm (2016) ; 

3.38±0.1 fm (2018) 

eg. 11Li, 11B, 15C, 19C, ... (s-wave halo )
31Ne, 37Mg, ... (p-wave halo )

st
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 narrow momentum distribution

 large reaction CS, large one-neutron removal CS
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a
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n

observables



Model Interaction
Asymptotic 

behavior
Continuum Model space

(Self-consistent) 

Mean-filed 
approaches

effective

√ 

(r-space,
WS basis)

√
single-particle 

space

AMD effective √ √
configuration space

(valence space)

ab initio
(Gamow SM, Couple-

cluster, NCSM ...)

Chiral EFT ×/√
configuration space

(w. /w.o. core)

Few-boby methods phenomenological 

√

 (Jacobi 
coordinate)

√ 3-body space

Complex scaling 

methods

phenomenological 
/ effective

√

single-particle 

space or
configuration space

(valence space)

Halo EFT effective × × S(P) – wave

Structure models  for nuclear halos

courtesy to Xiangxiang Sun



Main factors from nuclear structure 

✓ low lying resonant states (Resonant energy and width, asymptotic behavior of wavefunction)
• Scattering phase shift (SPS)

• Analytical Continuation of Coupling Constant (ACCC)     PRC2004，PRC2015

• Green function (GF)

• Complex Scaling method (CSM)

• Complex representation method (CRM) etc. Xu & Zhang SS, NST2023

✓pairing correlations 
• BCS approx.   simple & effective   → PBCS, FBCS

• HFB 

✓ deformation…
• shell evolution: island inversion, new magic number

• expansion basis: HO, spherical WS 

- Potentials
➢ Phenomenological: e.g. Woods-Saxon potential

➢ Microscopic: e.g. mean field theory
• Skyrme force (HO basis, r-space)

• CDFT (r-space or spherical WS basis): RMF+ACCC+BCS, DRHBc, D-RHFB



Reaction measurements 

One neutron halo structure in Neon isotopes

31Ne  : 

above the closed N = 20 at 30Ne

 large Coulomb breakup cross section C  (first indication)

 soft E1 excitation

“Heaviest halo nucleus and perhaps a first case of a p-wave 1n halo”

L. Gaudefroy et al., PRL. 109, 202503 (2012).

L. Gaudefroy et al., PRL. 109, 202503 (2012).

T. Nakamura et al., PRL. 103, 262501 (2009).

 One-neutron separation energy Sn : − 0.06 ±0.41 MeV  small

 small radius: 3.27 fm (~  3.3 fm from r0A
1/3 )  ?



Antisymmetrized Molecular Dynamics (AMD) &
+ double-folding model (DFM)

The tail problem is solved 

by the resonating group method (RGM).
T. Sumi, et al., PRC 85, 064613 (2012).

T. Sumi, et al., PRC 85, 064613 (2012).

Skyrme-Hartree-Fock (SHF)

+ Glauber Model

W. Horiuchi, et al.,PRC 86, 024614 (2012).

W. Horiuchi, et al., 

PRC 86, 024614 (2012).



Main approaches 

 Antisymmetrized Molecular Dynamics (AMD) + Double-Folding Model (DFM) + RGM

 Energy Density Functional Theory +  Glauber Model

• Nonrelativistic: Skyrme-Hartree-Fock (SHF)   

• Relativistic: Covariant Density Functional Theory (CDFT)

• RMF+ACCC+BCS (RAB)    

• Deformed Relativistic Hartree-Bogoliubov theory in continuum (DRHBc)

• Deformed Relativistic Hartree-Fock-Bogoliubov (D-RHFB)

ANe

Models

Structure effects Reaction observables

Halo

resonant

states

pairing 

correlation

deformation Tensor 

force

Reaction

cross section

Momentum

distribution

CDFT + 

Glauber

RAB √ √ √ √ √

DRHBc √ √ √ √ √

DRHFB √ √ √ √ √ √

AMD + RGM + DFM √ √ √ √

SHF + Glauber √ Ⅹ Ⅹ

Minomo K, et al. PRL 108 (2012) 052503.

Horiuchi W, et al. PRC 86 (2012) 024614.

Glauber R J, In lecture on Theoretical Physics New York (1959).

Zhang S S, et al. PRC 70 (2004) 034308.

Zhou S G, et al. PRC 82 (2010) 011301(R).

Geng J, Long W H, et al. PRC 105 (2022) 034329.



RMF+ACCC+BCS approach

and its applications to 31Ne



 bound orbitals: RMF

 resonant orbitals: RMF-ACCC

 pairing correlations: BCS approx.

A fully self-consistent microscopic method!

Successfully describe the properties for
120Sn, 58-98Ni, 122-138Zr, 131,133Sn,17Ne, 27-31Ne

S. S. Zhang, J. Meng, S. G. Zhou and G. C. Hillhouse, PRC 70, 034308 (2004).

S. S. Zhang, J. Meng, S. G. Zhou, Eur. Phys. J. A 32, 43(2007).

S. S. Zhang, IJMPE 82, 2031 (2009).

MPLA

(2004)

IJMPE

(2009)

EPJA

(2012)

PRC

(2012)

EPJA

(2013)

1. Narrow and broad 
2. l = 0 and l > 0
3. bound-type method

PLB

(2014)

Covariant Density Functional Theory

—— RMF+ACCC+BCS approach 



Walecka model

Nucleons are coupled by exchange of mesons 
through an effective Lagrangian (EFT)

(J,T)=(0+,0) (J,T)=(1-,0) (J,T)=(1-,1)

Sigma-meson:
attractive scalar field  

Omega-meson: 
short-range repulsive 

Rho-meson:
isovector field

)()( rr gS = )()()()( rrrr eAggV ++=  



Covariant density functional theory (CDFT)



➢ Lagrangian density
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Relativistic Mean Field Theory (RMF)

B.D. Serot and J.D.Walecka, Adv.in Nucl. Phys.,16 (1986) 1

P.G. Reinhard, Rep. Prog. Phys, 52 (1989) 439

P. Ring, Prog. Part. Nucl. Phys, 37 (1996) 193

➢ Equations of Motion for the nucleon spinors: 

Meson field equations can be reduced to Klein-Gordon equations:
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Physical picture of resonant state
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Low-lying resonance

• Proton emission

• Halo formation

• Giant resonance

• nucleonsynthesis
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ACCC: I  Energy

            II Wave function
V. I. Kukulin, et al. Theory of Resonances: Principles and
Applications (Kluwer Academic, Dordrecht, 1989)

Analytical Continuation of the Coupling Constant (ACCC)
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✓Gap eq.

✓Particle number eq.
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S. S. Zhang, IJMPE 82, 2031 (2009).

Resonant BCS method 



S. S. Zhang, el. al., PLB 730, 30 (2014).

Neutron density distributions (DD)

3/2-

RAB approach: RMF+ACCC+BCS

predicted spin and parity for g.s. in 31Ne 3/2-

confirmed by T. Nakamura, et al. PRL 112, 142501 (2014). 



1959
• proposed by R. J. Glauber based on Eikonal approx.

• applied to stable nuclei collision by Franco et. al. 

1975
• Karol adopted Guassian-type density to obtain analytical 

phase shift profile function

1980s • Not suitable for intermediate and low energy region

1990s
• Ogawa and Al-Khalili et. al. proposed  few-body Glauber model

• Abu-Ibrahim developed many-body scattering method

2009
• Takechi and Fukuda add Fermi motion and 

multi-scattering effect in low energy region

2017
• Hong and Bertulani used deformed Glauber 

model to describe 31Ne

R. J. Glauber, In lecture on 

Theoretical Physics New York 1959.

Takechi M, Fukuda M, Mihara M, et al. 

PRC, 2009, 79(6): 061601.

Ogawa Y, Suzuki Y, 

Yabana K. NPA, 1994, 

571(4): 784-802.

Reaction：Glauber model

Hong J, Bertulani C A, 

Kruppa A T. PRC, 2017, 

96(6): 064603.

J. L. An, et al., PLB 849: 138422 (2024).

S. Y. Zhong, et al., SCPMA 65: (6) (2022).

S. S. Zhang, et al., JPG 49: 025102 (2022).

2022

- 2024

• S. S. Zhang et al., used RAB / DRHBc theory + spherical 

Glauber model to describe 31Ne, 37Mg and 15,19C



Goals

RAB 

(spherical)

DRHBc

(deformed)

deformed

Glauber model

• Reaction cross section (CS)

• One-neutron removal CS

• Momentum distribution

spherical

Glauber model

spherical

Glauber model

DRHBc

(deformed)

Step 1 Step 2 Step 3

• Microscopic Structure model + Glauber model            deformed halo 

Observables

JPG 2022. 01 cover article SCPMA 2022.06 In confirmation

Radius, density distribution

cannot be directly detected



Formulae of Glauber model

➢ Lippmann-Schwinger equation

➢ Eikonal Approximation

➢ Scattering amplitude

nuclide-nuclide collision



Reaction method：spherical Glauber model

S.-S. Zhang, S.-Y. Zhong, et al. JPG 49 (2022) 025102.

• Multi-set Gaussian-type density

• Fourier transformation

two-body 
scattering 
phase shift

Total reaction CS

OLA(optical limit 
approximation)

One-neutron 
removal CS

Momentum 
distribution

密度差别

B. Abu-Ibrahim, et al. CPC, 2003, 151(3): 369-386.
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Modification I



 mechanism: low-lying p-wave resonant state coupling with 

the pairing correlations 

 large occupation probability of p-wave

 pairing correlation results in weekly-bound system with negative Fermi 

surface

S. S. Zhang, et al. PLB 730, 30 (2014).  

 3/2- the spin & parity are confirmed by PRL article

T. Nakamura, et al, PRL 112, 142501 (2014).

Structure: CDFT-RAB (spherical + pairing + resonance)



Momentum distribution

Results & Discussions

Step 1 :

spherical + spherical

Reaction cross sections

• Multi-set of Gaussian functions (×)

• Direct reading the density from RAB

Gaussian fit

RAB density

deviations

S.-S. Zhang, S.-Y. Zhong, B. Shao, and M. S. Smith, JPG 49 (2022) 025102

Halo 

hints

JPG cover article

Density distribution

Unified description from structure to reaction observables



DRHBc approach

and its applications to 31Ne, 37Mg and 15,19C



Deformed Relativistic Hartree-Bogoliubov theory in continuum (DRHBc) 

Meson exchange picture

Serot_Walecka1986_ANP16-1

Meng_Toki_Zhou_Zhang_Long_Geng2006_PPNP57-470

Reinhard1989_RPP52-439

Vretenar_Afanasjev_Lalazissis_Ring2005_PR409-101

Ring1996_PPNP37-193

Liang_Meng_Zhou2015_PR570-1

Meng_Zhou2015_JPG42-093101

Equation of  motion

⚫ Legendre transformation: Hamiltonian (ph channel)

⚫ Density-dependent zero-range pairing force (pp channel) 

⚫ Bogoliubov transformation for the pairing correlation

courtesy to Xiangxiang Sun



Spherical Dirac Woods-Saxon basis

⚫ Reproducing results of  r-space

⚫ Matrix diagonalization Zhou_Meng_Ring 2003_PRC68-034323

Solving the Dirac-Hartree(-Fock)-Bogoliubov equations have been achieved! 

courtesy to Xiangxiang Sun



✓ 在  DRHBc 理论中，用一组  Dirac

Woods-Saxon (DWS) 基展开求解 RHB

方程。与常用的谐振子 (HO) 基相比，

DWS 波函数在远离原子核中心处具有

更真实的渐近行为。

✓ 求解包含球形 Woods-Saxon 势的 Dirac 方程，得到基矢的能量和波函数
Zhou, Meng, and Ring, Phys. Rev. C 68, 034323 (2003)

✓ 由于完备性要求，基空间包含 Fermi sea 和 Dirac sea.

Dirac Woods-Saxon 基



S. S. Zhang, et. al., PLB 730, 30 (2014).

[N,nz,]

S. Y. Zhong, S. S. Zhang, et. al., SCPMA 65 (2022) 262011



Step 2:

deformed + spherical

1n Removal CS Momentum distribution

Improved

• Removal CS：30%

• Momentum distribution：26%

S.-Y. Zhong, S.-S. Zhang, et al. SCPMA, 65 (2022) 262011

Reaction CS

CDFT：DRHBc (deformation + pairing + continuum)



Reaction measurements for Magnesium isotopes

 One-neutron separation energy Sn : 0.22−𝟎.𝟎𝟗
+𝟎.𝟏𝟐 MeV

 Narrow momentum distribution

Kobayashi N, et al. PRL 2014, 112(24):242501.M. Takechi, et al. PRC 2014, 90(6):61305.

Reaction CS for 20-37Mg + 12CCore-fragment longitudinal momentum distribution 

 Reaction cross section increase    

J. L. An, et al., PLB 849 (2024) 138422

2024年度高被引论文
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Reaction method：spherical Glauber model Modification II



DRHBc theory + Glauber model：

observables in 1n halo 37Mg 

Reaction CS for 20-37Mg on carbon target

J. L. An, et al., PLB 849 (2024) 138422

deformation + pairing + continuum

K. Y. Zhang, et al., PLB 844 (2023) 138112

2024年度高被引论文

PC-F1




15,19C: DRHBc + Glauber

理论计算 19C 基态: 3/2+，次极小态: 1/2+ （实验值）

oblate

prolate

C 同位素密度分布

19C势能曲线 

X. X. Sun, et al., NPA 1003: 122011 (2020).

Exp. Data: 
D. Q. Fang, et al., PRC 69: 034613 (2004).

N. Kobayashi, et al., PRC 86: 054604 (2012).

Exp. Data: 
Wu C., et al., NPA 739(1-2): 3 (2004).

Y. Togano, et al., PLB 761: 412 (2016).

Observables

L. Y. Wang, et al., EPJA (2024).

15,17,19C与碳靶反应的纵向动量分布

C 同位素与碳靶的反应截面

• 15C 截面突然增大；狭窄的动量分布

• 19C 低估的纵向动量分布



D-RHFB approach

and its applications to 19C



15-20C 单/双中子分离能

• 考虑了 π 介子张量力的影响；

[1] Geng J., et al., PRC 101: 064302 (2020).

[2] Geng J., et al., PRC 105: 034329 (2022).

Exp. Data: 
N. Kobayashi, et al., PRC 86: 054604 (2012).

Exp. Data: 
Y. Togano, et al., PLB 761: 412 (2016).

A. Ozawa, et al., NPA  691: 599 (2001).


19C: D-RHFB + Glauber 

19C与碳靶反应的纵向动量分布19C 与碳靶的反应截面

• 高估的反应截面和动量分布

Deformed Relativistic Hartree-Fock-Bogoliubov model [1, 2] （D-RHFB）

相互作用：PKO3



Exp. Data: 
V. Maddalena , et al., PRC 63: 024613 (2001).

M. Chiba, et al., NPA 741: 29 (2004).

C. Rodríguez-Tajes, et al., PRC 82: 024305 (2010).

• 铍靶的原子核较碳靶含有更少核子；

• 12C               9Be 


19C: D-RHFB + Glauber 

19C与铍靶反应的纵向动量分布

19C 与铍靶的去中子截面

• 再现较低及较高能区

的去中子截面及狭窄

的纵向动量分布

• 从微观结构到反应可

观测量的自洽统一描

述单中子晕核 19C



Glauber model

• deformed

B. Abu-Ibrahim, et al. CPC, 2003, 151(3): 369-386. J. Hong, et al, PRC, 96(6) (2017) 064603.

Phase shift

Reaction CS

Momentum 

distribution

• spherical



Reaction CS

Step 3:

deformed + deformed

Exp. Data: M. Takechi, et al. NPA 2010, 834(1-4): 412c-415c

球形+球形: S.-S. Zhang, et al. JPG 49 (2022) 025102

形变+球形: S.-Y. Zhong, S.-S. Zhang, X.-X. Sun, and M. S. Smith. SCPMA 65 (2022) 262011

形变+形变: Qi Lu’s latest results for NL1 & NL3

DRHBc theory + deformed Glauber model



Reaction CS

Step 3:

deformed + deformed

Exp. Data: M. Takechi, et al. NPA 2010, 834(1-4): 412c-415c

球形+球形: S.-S. Zhang, et al. JPG 49 (2022) 025102

形变+球形: S.-Y. Zhong, S.-S. Zhang, X.-X. Sun, and M. S. Smith. SCPMA 65 (2022) 262011

形变+形变: Qi Lu’s latest results for NL1 & NL3

Momentum distribution

DRHBc theory + deformed Glauber model
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Summary 

 Spherical structure + reaction

• Reaction CS：RAB density vs. Gaussian density

• Momentum distribution: narrow

 Deformed structure + spherical reaction

• Reaction CS ：

• 1n removal CS：

• Momentum distribution: improved by 26%

 Deformed structure + deformed reaction

• Reaction CS ：

• Momentum distribution ：

高斯密度

RAB密度

Realize a unified description of halo nuclei 
from microscopic structure to reaction observables 

Close to the upper limit of Exp. data

improved by 30%

Agree well with Exp. data

NL3 improved by 30 %

Improved by 50 mb

 dilute in coordinate space



Outlook

1. Search for new halo nucleus：

• Core + 1n

• Core + 2n

2. CFT/Lattice QCD 给出的核子-核子相互作用；用不对称核物质对能

隙约束有限核对作用，提取有限核的密度-同位旋依赖的有效对相互

作用

3. 计算关键核反应的低能共振态，更新反应率，用于模拟天体演化的

核合成过程



第二届“核结构与反应少体问题研讨会”，1月13日-19日，2025 惠州

J. L. An, K. Y. Zhang, Q. Lu, S. Y. Zhong, S. S. Zhang, PLB 849 (2024) 138422

S. S. Zhang, S. Y. Zhong, et al. JPG 49 (2022) 025102 封面文章

S. Y. Zhong, S. S. Zhang, X. X. Sun, and M. S. Smith. SCPMA 65 (2022) 262011

K.Y. Zhang, S.Q. Yang, J.L. An, S. S. Zhang, et. al. PLB 844 (2023) 138112

“晕核”组成员：
J. L. An (安嘉琳), Q. Lu (卢琪)

S. Y Zhong (钟诗怡)

X. X. Sun (孙向向)

K. Y. Zhang（张开元）

“质子发射”组成员：
Q. Lu (卢琪), K. Y. Zhang（张开元）

Y. Xiao (肖杨), L. S. Geng (耿立升)

Q. Lu, K. Y. Zhang, S. S. Zhang, PLB (2024) submitted

Y. Xiao, et al. PLB 845 (2023) 138160

PLB 845 (2023) 138160 

“对关联”组合作者：
U. Lombardo, X. Meng（孟旭）

X. Meng, S. S. Zhang, et al. PRC 102 (2020) 064322

S. S. Zhang, et al. PRC 93 (2016) 044329

S. S. Zhang, et al. PRC81 (2010) 044313, SCPMA 54 (2011) 236
“核天体演化”组合作者：
M. He (贺萌), M. Kusakabe, T. Kajino

T. T. Sun（孙亭亭）, C. J. Xia（夏铖君）

M. He, S. S. Zhang, M. Kusakabe, S. Z. Xu, T. Kajino, ApJ 899:133 (2020) 1

T. T. Sun, C. J. Xia, S. S. Zhang, et. al. CPC 42 (2018) 025101



Thanks for your attention!



其他工作



Nature 604, 10 (2022)

DRHBc + WKB

• Half-live & deformation of proton emitter 149Lu



• Half-live & deformation of proton emitter 149Lu

Nature 604, 10 (2022)

TRHBc + WKB



Predict neutron capture CS for 17O 、37S、 48Ca 、132Sn on neutron

DC =    CN+    SDC+

CDFT + BCS & KD OP is 

recommended approach 

when no expt. s.p. energies

Electromagnetic radioactive CS: 

level 

density

resonant 

states

bound 

states

Nuclei close to 

magic number

< 10%

> 90%



•  Key reaction rate to decrease the uncertainty of the abundances of massive star 

Low-lying resonances 
& interference term

Abundances drop 

from 30% to 5%Low-energy region：
direct capture dominates

High-energy region：
low-lying resonance dominates

Resonance parameters confirmed by 

Japanese experimentalists!

25M⊙



• Decay width Asymptotic solution & WKB

Pl:Penetration factor

WKB approx.

AS:



• 复动量表象法预言17O 和 29, 31F 的低能共振态能量和宽度



• 从第一性原理出发，用不对称核物质对能隙约束有限核对作用
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目前最好描述！

X. Meng, S. S. Zhang*, et al. PRC 102, 064322 (2020).  S. S. Zhang, et al. PRC 81, 044313 (2010) .





Veff :  the effective interaction

The effect of renormalization

✓ reduce the higher momentum repulsive components of the interaction

✓ enhance the lower momentum attractive ones until Veff becomes singular 

Vbare : the bare interaction
a = |kF − k| : the momentum cut-off

PRC81 (2010) 044313



Landau limit

RPA
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free polarization propagator
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• 被国际著名综述期刊Physics Reports 

整段描述和引用

[ 450] Zhang S.S., et al., PRC 93 (2016) 044329

• 被多篇 PRC 、PLB文章证实

PRC 85, 064314 (2012）定量计算同我们的结果一致！

PRC 88, 061302(R) (2013)

PLB 776, 72 (2018)



Outlook

1. Search for new halo nucleus：

• Core + 1n

• Core + 2n

2. CFT/Lattice QCD 给出的核子-核子相互作用；用不对称核物质对能

隙约束有限核对作用，提取有限核的密度-同位旋依赖的有效对相互

作用

3. 计算关键核反应的低能共振态，更新反应率，用于模拟天体演化的

核合成过程
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