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重离子碰撞中核结构效应
Nuclear structure meets relativistic heavy-ion collisions

马余刚
复旦大学 核科学技术系/现代物理研究所
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提纲

• 奇特核结构现象

• 重离子碰撞中的核结构效应: 中子皮、形变、𝛼-团簇

• 总结
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奇特核结构现象



中子数

质
子

数
⚫ 壳层结构的改变  

⚫ 幻数的消失与新幻

数的出现

⚫ 晕结构

⚫ 原子核存在的极限

⚫ 集团结构

⚫ 奇异放射性

⚫ 核反应的新机制与

集体现象

⚫ ……

稳定核：～300；理论预言：～8000；已发现：～3400+

弱束缚核中出现的新现象与前沿物理问题

奇异结构

奇异放射性

形变 集团结构



远离稳定线原子核的奇异结构

11Li

208Pb

稳定核(N  Z )

R  1.2A1/3
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Collective shape of nuclei

Prolate: a=b<c à β2, γ=0

Oblate: a<b=c  à β2, γ=π/3

Triaxial: a<b<c à β2, γ=π/6

Quadrupole:

Octupole:

Hexadecapole:

四极形变

八极形变

16极形变

原子核的形变与奇异形状





团簇现象

8

星系团簇五夸克团簇 多原子团簇

3𝛼 Bose-Einstein 凝聚态

12 
fm

11Li 的晕核结构

团簇(cluster)在物质各个
层次都起着极为重要的作
用。理解和描述团簇结构
是当代重要的科学问题。

天
体
核
合
成

理论上精确描述这类原子核团簇结构, 对于天体核合成反应
和核结构理论有重要意义。

原
子
核
激
发

@LHCb

原子核激发过程中会发生“相变”, 形成原子核团簇态。

12C (02
+)

质子 中子



Alpha-Clustering
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Ikeda Diagram 

sequence of reaction channels 
http://www.nndc.bnl.gov/qcalc/  



Fully microscopic description based on the 

framework of energy-density functionals (EDFs).



values ofthe sym m etry entropy SN SEsym forgiven param eters
of tem perature and density w ithin the N SE m odel are
show n in Table I,colum n 5.They are calculated w ith the
equivalentexpression ofEq.(1)as the difference betw een
the entropies of pure proton or neutron and sym m etric
nuclear m atter. In contrast w ith the m ixing entropy that
leadsto a largerentropy foruncorrelated sym m etric m atter
in com parison w ith pure neutron m atter,the form ation of
correlations,in particular,clusters,w illreduce the entropy
in sym m etric m atter; see also Fig. 9 of R ef. [9]. For
param eter values for w hich the yields offree nucleons in
sym m etric m atter are sm all, the sym m etry entropy m ay
becom e positive,as seen in Table I for low tem peratures.
The fraction of nucleons bound in clusters can decrease,
e.g., due to increasing tem perature or the dissolution of
bound states at high densities due to the Pauli blocking.
Then,the sym m etric m atter recovers its largerentropy so
that the sym m etry entropy becom es negative,as seen in
Table Ialso in the Q S and self-consistent(SC ,see below )
calculations.

The results obtained in thisw ay forthe internalsym m e-
try energy E sym ¼ F sym þ TSN SEsym are show n in Table I,
colum n 6.W e note thatin R ef.[21]the sym m etry entropy
w as estim ated using results of the virial expansion of
R ef. [8] leading to different internal sym m etry energies.
H ow ever,this approxim ation is unreliable atthe densities
considered here.

In Table I,w e also give results ofthe Q S m odel[9]for
the free and internalsym m etry energies (colum ns 7 and 8)
atgiven T and n.In Fig.1(a)the experim entally obtained
free sym m etry energy is com pared to the results of the
R M F calculation w ithoutclusters and the Q S m odelw ith
clusters [9]. There are large discrepancies betw een the
m easured values and the results of calculations in the
m ean-field approxim ation w hen cluster form ation is ne-
glected. O n the other hand, the Q S m odel results corre-
spond nicely to the experim ental data. In Fig. 1(b) w e
com pare the internal sym m etry energy derived from the
experim entaldata w ith the R M F and Q S results.A gain,it

is clearly seen thatthe quasiparticle m ean-field approach
(R M F w ithoutclusters)disagrees strongly w ith the experi-
m entally deduced sym m etry energy w hile the Q S approach
gives a rathergood agreem entw ith the experim entaldata.

In Fig.2 w e presentresults for differentapproaches of
extracting the internalsym m etry energy and com pare w ith
the experim ental values.In Fig.2(a) w e show theoretical
resultsforT atorclose to zero.A w idely used m om entum -
dependentparam etrization ofthe sym m etry energy (M D I)
attem perature T ¼ 0 M eV w asgiven in R efs.[5,24]and is
show n fordifferentassum ed valuesofthe stiffnessparam e-
ter x. For these param etrizations the sym m etry energy
vanishes in the low -density lim it.W e com pare this to the
Q S resultatT ¼ 1 M eV (atlow erT crystallization orB ose
condensation m ay occur as discussed above).In this ap-
proach the sym m etry energy is finite atlow density.The
T ¼ 1 M eV curve w ill also approach zero at extrem ely
low densities ofthe order of 10 5 fm 3 because the tem -
perature is finite. The R M F, T ¼ 0 curve is discussed
below .A lso note thatthe underlying R M F m odelfor the
quasiparticle description w ith n0 ¼ 0:149 fm 3,
E sym ðn0Þ¼ 32:73 M eV gives a reasonable behavior at
high density sim ilar to the M D I, x ¼ 0 param etrization.
W e thus see that our approach successfully interpolates
betw een the clustering phenom ena at low density and a
realistic description around norm aldensity.
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FIG .2 (coloronline). C om parisons ofthe scaled internalsym -
m etry energy E sym ðnÞ=E sym ðn0Þas a function ofthe scaled total

density n=n0 for different approaches and the experim ent.
(a)The sym m etry energiesforthe com m only used M D Iparam e-
trization of C hen et al.[24] for T ¼ 0 and different asy stiff-
nesses, controlled by the param eter x [dotted,dot-dashed, and
dashed (black) lines],for the Q S m odelincluding lightclusters
for tem perature T ¼ 1 M eV [solid (green) line], and for the
R M F m odel at T ¼ 0 including heavy clusters [long-dashed
(orange) line]. (b) The internal scaled sym m etry energy in an
expanded low -density region.Show n are again the M D I curves
and the Q S results forT ¼ 1,4,and 8 M eV com pared w ith the
experim ental data w ith the N SE entropy (solid circles) and the
results of the self-consistent calculation (open circles) from
Table I.
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FIG .1 (color online). Free (a) and internal (b) sym m etry
energy asa function ofthe surface velocity.Experim entalresults
are com pared w ith results of theoreticalcalculations neglecting
cluster form ation (R M F) and including cluster form ation (Q S).

PR L 104,202501 (2010) P H Y S IC A L R E V IE W L E T T E R S
w eek ending
21 M AY 2010

202501-3

• 基于平均场方法的传统对称能理论计算无法给
出正确的低温、低密度极限。

• 量子统计方法将团簇的形成考虑在内，预测出
的对称能与实验数据非常吻合。该方法给出了
对称能的一致描述，将正确的低密度极限与饱
和密度附近有效的准粒子方法结合起来。



• 通过使用准自由alpha簇敲除反应，获得
了在丰中子锡同位素表面形成alpha簇的
直接实验证据。

• 观察到反应截面随着质量数的增加而单
调下降，这与理论预测吻合，意味着
alpha簇的形成与中子表皮之间存在紧密
的相互作用。这一结果反过来要求修正
中子皮厚度与对称能密度依赖性之间的
相关性，这对于理解中子星至关重要。



Determine the neutron skin type by STAR data
8

HJX, et.al., PLB819, 136453 (2021)
Neutron-skin nuclei and neutron-halo nuclei  for Zr

The shapes of the Ru+Ru/Zr+Zr ratios of the  multiplicity and eccentricity in mid-central collisions can further 

distinguish between skin-type and halo-type neutron densities.

中子皮的效应





核形变的效应
See Jia JY, Zhang CJ et al.  talks

19

How quadrupole deformation influence HI initial state

x

y

x

y

x

y

ε2~0.95β2 ε2~0.48β2 ε2~0

Body-Body Tip-Tip

Shape depends on Euler angle Ω=φθψ

contains γ

38

Compare with isobar data

Use these ratios to probe shape and radial structure of nuclei.

Large β3,Zr

Large β2,Ru

Nuclear deformation 

+ Radial structures

H. Xu et al., arXiv:1808.06711,1910.06170 

2103.05595, 2111.14812

Q. Shou et al., arXiv:1409.8375

STAR, arXiv:2109.00131

C. Zhang et al., arXiv:2109.01631

G. Giacalone et al., 2105.01638

From张春健 DNP STAR talk



• Alpha团簇效应



➢ Friction cooling ：

Add damping 
term  

Equations of 
motion

Equations of cooling

16O initial state before cooling 
16O cooling to ground state 19C cooling to halo structure

EQMD模型
For transport model, one has to prepare energy-minimum states as initial ground nuclei. They are 

obtained by starting from a random configuration and by solving the damped equations of motion.



Giant Resonance 

Microscopic 

description

Macroscopic 

description

Giant resonances are typical collective excitations in nuclei

GMR GDR GQR

Our QMD simulations



Eγ Eγ

Valence neutron <=> Core

Proton <=> Neutron

Three main excitation modes studied widely: GDR, PDR, GMR



GDR of 16O with different α configurations 
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16O ground state with tetrahedron 

structure

16O ground state w/o alpha 

clusters

EQMD calculation supports 16O ground state 

with tetrahedron 

The data is from J. Ahrens, H. Borchert, K. H. Czock et al., Nucl. Phys. A251, 479 (1975).

The first principle calculation is from S. Bacca et al., Phys. Rev. Lett. 111, 122502 (2013).



12C GDR without (left panel) and with (right panel) cluster configuration with data.

◆ EQMD calculation indicates the ground of 12C is a 

 multiconfiguration mixing of shell-model-like and cluster-like configurations, 

    which is consistent with the prediction of AMD 

[Y. Kanada-En’yo, Phys. Rev. Lett 81, 5291 (1998)] and

FMD [M. Chernykh et al., Phys. Rev. Lett. 98, 032501 (2007)]  

The data is from J. Ahrens, H. Borchert, K. H. Czock et al., Nucl. Phys. A251, 479 (1975).



Correspondence between 

GDR and α cluster 

configurations 



非alpha共轭核的GDR

alpha
deuteron 

6Li 比分组合的结果：
1. : 1.17 : 0.9 : 1. 

a+d / a+n+p/ a/d

9Be 比分组合的结
果：
1. : 0.9 : 1.1 : 0.75

2 peaks of chain+2 

peaks of Borromean 



• Alpha-clustering effect on 

nucleon correlation by 

Photonuclear reaction



(a) chain
 

(b)triangle (c)spherical

If photons hit alpha cluster, what happens? 

Quasi-deuteron:

 ~70-140MeV

We consider:



Effects on momentum correlation function via photonuclear reactions

质子-质子关联

• pp的动量关联函数的强度与alpha-
clustering构型依赖敏感

• 可以定量提取发射源的半径

• 从关联函数提取出发射源的尺
寸，其排序与构型的大小自洽



非全同粒子的发射次序

中子-质子关联

• The α-clustering nuclei：the neutron

is on average emitted later than the 

proton

• Non-clustering spherical structure: 

neither the proton nor neutron has 

priority in the average emission time 

sequence.

R(Vn>Vp)  <  R(Vn<Vp) 

R. Lednicky et al., How to measure which sort of 

particles was emitted earlier and which later, 

PLB 373, 30 (1996)



Alpha-clustering effect on flows in 
12C+197Au@ 10GeV & 200A GeV



alpha集团效应对集体流的影响@低能: C+C, O+O

C.C. Guo, Y. G. Ma et al., Phys. Rev. C 99, 044607 (2019)



AMPT model {Melting version of AMPT}

A Multi-Phase Transport model, Ko & Lin et al.

Hadron rescattering

EQMD distri. → AMPT distri.
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Elliptic flow@12C+Au

Elliptic flow (v2) is significant for linear 3-alpha 12C structure
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Triangular flow @ 12C+Au

Triangular flow (v3) is significant for triangle 3-alpha 12C structure
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A sensitive probe to structure: e3/e2  & v3/v2

V3/v2 increases with the multiplicity → triangle 3-alpha 12C
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α-clustering effect on eccentricity

34

✓Sensitive to fluctuation

✓Also to intrinsic geometry (α-cluster structure)
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α-clustering effect on collective flow

35

✓ Smoothly changing with increasing size of collision system (most central, Woods-Saxon distribution)

✓ Deviation from Woods-Saxon case for α-clustered initial system
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12
C +197 Au系统中集体流的涨落(I)

36
具有𝛼-cluster构型的情形，涨落的中心度依赖性明显不同于在WS情形
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Alpha-cluster核碰撞的流、多重性关联

✓ 非对称系统扫描， Τ𝑣3 𝑣2两种构型具有明显的差别，WS构型非常平坦

✓
16
O +197 Au中心度依赖，高多重数下 Τ𝑣3 𝑣2的比，两种构型具有明显的差别

✓ 对称系统扫描，明显看到四面体构型的
16
O +16 O系统的 Τ𝑣3 𝑣2偏离系统学

✓ 对称系统扫描，明显看到四面体构型的
16
O +16 O系统的C(Nf,Nb)偏离排序



System scan of two-particle azimuthal correlation and α-cluster effect

Ratio of 

Kurtosis to 

RMS on 

away-side, 

potential 

observable to 

distinguish -

cluster 

structure 

from normal 

nuclear 

structures
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Alpha cluster与热光子



2019/8/30

•Initial state models (MCG or TRENTO) show similar difference in initial 
 eccentricities between clustered and unclustered case. 
•The photon v3 for the clustered case is found to be twice as large as the same 
obtained for the unclustered case. The v2 does not show much difference for the 
two cases. 
•The ratio v2/v3 for the unclustered case is found to be about twice large as the 
clustered case. 



NSFC重大基金总结汇报

41

小系统碰撞集体流：QGP的形状测量

小系统碰撞中QGP的形状是跟大系统核-核碰撞中的一样由核子位置信息主导，还是由核子中的亚核子结
构信息来确定？

首次在实验上直接证实小碰撞系统中QGP的形状由亚核子结构主导。

STAR Collaboration, Physical Review Letters 130, 242301 (2023) 

PNENIX, Nat. Phys.15 (2019) 214



Alpha-clustering effect on HBT 

radii in head-on 12C+197Au@ 

200A GeV
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Formulation of HBT correlation

H BT :H istory and Basic picture

1956 H anbury B row n and T w iss

1960 G oldhaber-G oldhaber-Lee-Pais e↵ect

STA R:PhysRevC.71.044906

U  p (SIN A P ) Z Î f M T © 2021t 11 24Â 13 / 39
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Azimuthal dependent HBT radii (1) 

Pion-pion 

correlation

Hadron rescattering time (AFTER hadronization)

pion-pion 

correlation 

for  the 

Chain 

structure 

shows a 

stronger 

azimuthal 

dependence
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Azimuthal dependent HBT radii (2) 
Hadron rescattering time

R0^2 of Pi-pi 

correlation for  

the chain 

structure 

shows a 

stronger 

azimuthal 

dependence!



Alpha-clustering effect on EM fields 

in 12C+197Au@ 200A GeV

Rotation 
of many 
charged 
particles

Magnetic 
field

Orbital 
angular 

momentum

Hydro-
dynamics, 

Kinetic 
Theory

Qun Wang (USTC), An Introduction to Chiral Magnetic Effect
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• High energy HIC

• Electric field in cms frame 

of nucleus,

• Boost to Lab frame (vz= 0.99995 c for 200GeV), Scale of strong 

interaction

Kharzeev, McLerran, Warringa (2008), Skokov (2009); Deng & Huang (2012),; Bloczynski,Huang, Zhang, Liao (2012);  ……

Magnetic fields in heavy ion collision

Qun Wang (USTC), An Introduction to Chiral Magnetic Effect
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Projectile-side   Target (Au)-side

Chain structure shows a little stronger magnetic field

The larger (the more asy. N/Z) the 

projectile, the stronger the <-By>

M
a
g
n
e
ti
c
 f
ile

d

Lienard-Wiechert potential to calculate the electromagnetic 

fields for A + 197Au@200GeV, AMPT model
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Electric field
Chain structure shows weaker electric field

The larger (more asym. N/Z) the projectile, the weaker the <Ex>

Projectile-side     Target (Au)-side

✓ <Ex>: the asymmetric projectile 

and target nuclear collisions 

produce stronger electric field 

than symmetrical collision system

✓ -<By>: the magnetic field will be in 

the reverse trend

✓ α-cluster effect at semi-central 

collisions for chain structure
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Alpha-cluster初态与机器学习

N euralN etwork

N euron m odel:

z = ~w ·~x + b

A ctivation function: a = g(z)

ReLU :a = m ax(0,z)

Loss function:

Regression: l= 1
2(ŷ

(i) − y(i))2

Classification: l= −
P q

j= 1 yj ln ŷj

B atch N orm alization:

B N (x) = γ
x− µ̂ B
σ̂ B

+ β

U  p (SIN A P ) Z Î f M T © 2021t 11 24Â 22 / 39
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• A Bayesian inference with employing the Monte Carlo Glauber model as 

an estimator of the mapping from nuclear structure to the final state 

observables and to provide the mock data for reconstruction. 

• By varying combination of observables included in the mock data, we find 

it plausible to infer Woods-Saxon parameters from the observables. 

• We also observe that the single-system multiplicity distribution for the 

isobar system, rather than its ratio, is crucial to simultaneously determine 

the nuclear structure for the isobar system. 
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《中国科学》专辑考虑

相对论重离子碰撞
中核结构效应

Nuclear structure meets relativistic 
heavy-ion collisions

欢迎大家的建议和赐稿！
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Conclusion
• Heavy ion collisions provide a wide range to learn nucleon dynamics to 

partonic dynamics.

• Many common observables and features emerge in nucleonic degree 

of freedom as well as in partonic degree of freedom.

• In this talk, I show some examples for collective flows and  alpha-

clustering effects. In fact, much more can be explored. eg. viscosity, 

phase transition, fluctuations…

• Heavy ion collisions provide a rich mine for understanding initial-state 

nuclear structure, nucleonic matter, quark matter, even for 

astrophysics process and neutron star etc.  
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奇特放射性

Two-proton radioactivity
nucleus → two protons 

+ nucleus – 2p

V. Goldanskii, Nucl. Phys. 19 (1960) 482 

经典放射性
Natural radioactivity (H. Becquerel, 1896)

,  decay(P. Curie, M. Curie, 

E. Rutherford, 1899)

 decay(P. Villard, 1900)

Fission(O. Hahn, F. Strassmann, 1938)

1p：many candidates since 1970,
51Lu, 147Tm, 53Com(Isomer) etc.
2p：only few nuclei found

45Fe, 48Ni, 54Zn(ground st.)，
14O, 17,18Ne, 22Mg, 94Ag(exc. St.)

1960年理论预言基态双质子发射现象，直
到2000年初才实验发现。对研究核力、核
子结构及核子关联具有重要意义。

原子核的放射性



四质子、四中子发射？

Y. Jin et al., PRL 127, 262502 (2021)

Spectrum of 18Mg

8He6He

许甫荣团
队2019年
的理论预
言与实验
数据符号
最好！



Recent mini-review

11Vol. 33, No. 2, 2023, Nuclear Physics News

feature article

Exploring the Edge of Nuclear Stability on the  

Proton-Rich Side

De-Qing Fang1,2 , Hui Hua3 , Yu-Gang Ma1,2  and Si-Min Wang1,2 
1Key Laboratory of Nuclear Physics and Ion-beam Application (MOE), Institute of Modern Physics, Fudan University, 

Shanghai 200433, China
2Shanghai Research Center for Theoretical Nuclear Physics, NSFC and Fudan University, Shanghai 200438, China 
3School of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, 

China

Introduction

To understand the nature of cohesion in any system, one 

has to push the system until it breaks. In the case of atomic 

nuclei, it indicates the regions beyond the nuclear drip-line [1]. 

The nuclides therein are of extreme proton-to-neutron asym-

metries and are strongly impacted by the scattering continuum, 

which is often accompanied by exotic structures and decays. 

For the neutron-rich side, the drip-line has been extended up to 

flu

o

r ine and neon isotopes [2]. Those unbound nuclei beyond 

the neutron drip-line are likely to shed their excess neutrons 

through one- or multiple neutron emissions. Those emitted 

nucleons carry valuable information, which offer s a special 

way to investigate the property inside the nucleus. So far, the 

weakly neutron-unbound 16Be and 26O are arguably the best 

current candidates for the phenomenon of ground-state 

two-neutron (2n) radioactivity [3, 4]. When goes even further, 
28O is predicted to be a four-neutron (4n) emitter [5]. More-

over, it has been found recently that the four neutrons can exist 

transiently without any other matter [6]. Although it is under 

debate whether the observed peak is a resonance [7], it shows 

some correlations in the presence of the nuclear medium.

On the other side of the nuclear landscape, the presence 

of Coulomb interaction makes the systems even more un-

stable. Consequently, the nuclear boundary on the proton-

rich side is easier to reach, and it offer s more experimental 

data with relatively high statistics to constrain strong inter-

action, fine - tune nuclear theory, and to gain insight into the 

nature of open quantum systems. Compared to the 2n  de-

cay, several 2p emitters, including the ones decaying from 

ground and excited states, have been discovered [1], and 

the interest in this exotic phenomenon has been invigorated 

by measurements of nucleon–nucleon correlations [8] that 

demonstrate the unique three-body features of the process.

Particularly in magnesium isotopes (see Figure 1), 22Mg 

was one of the firs t  discovered 2p decays from the excited 

state (the T = 2 isobaric-analog state of 22Al [9]), and the 

drip-line nucleus 19Mg is a ground-state 2p emitter [10]. 

Moreover, when going further beyond the drip-line, 4p de-

cay (2p + 2p) was found recently in 18Mg [11]. This offer s 

a good opportunity to study the shell evolution and inner 

structure around the edge of nuclear stability. Meanwhile, 

magnesium sits in between the light and mid-heavy 2p 

emitters. The former usually reveals a “democratic” decay 

mode [1, 12], while the latter demonstrates a more pro-

nounced diproton structure in the energy correlation [8], 

although it should be noted that the asymptotic correla-

tion is distorted by the Coulomb and nuclear interactions, 

and is not totally equivalent to the inner structure [13]. In 

this sense, magnesium could provide valuable insight into 

the transition between these two kinds of three-body de-

Figure 1. Schematic figu r es for (a) exotic decay, (b) nuclear 

chart, and (c) single-particle levels of magnesium isotopes.
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摘要 放射性是不稳定核的一个重要特性, 比较常见的模式有α、 β、 γ衰变及裂变. 双质子发射是质子滴线区原子

核的一种奇异放射性, 对研究极端丰质子核的结构、 质量、 质子对关联等有重要意义, 是近年来放射性核束物理

的重要前沿方向之一. 本文简要评述了双质子发射实验研究进展, 介绍了几种常用的实验探测方法及鉴别双质子

发射机制的研究方法. 奇异放射性研究的困难在于滴线区不稳定核的产生. 中国在建的HIAF装置有强流的优势,

结合先进的探测技术与研究方法, 将来有望在滴线区原子核的奇异放射性实验研究方向开展最前沿的工作.

关键词 丰质子核, 双质子发射, 在束衰变方法, 注入衰变方法, 光学读出时间投影室成像方法

原子核是物质微观结构的一个重要层次, 除自然

界存在的约300个稳定核外, 理论预言可能有约7000个

不稳定核
[1]

. 放射性是原子核的一个重要特性, 它是指

不稳定核自发地放出射线或粒子而衰变形成稳定核的

现象. 人们对原子核放射性的研究始于100多年前,

1896年法国物理学家Becquerel
[2]
首先发现了铀原子核

的天然放射性. 该发现意义深远, 它使人们对物质微观

结构有了全新认识, 并由此打开了原子核物理学的大

门. 随后, 人们发现不稳定原子核常见的衰变方式有

α、 β、 γ衰变及裂变. 在原子核物理学科发展的前半个

世纪, 人们通过系统研究不稳定核的这些常见衰变模

式对了解原子核的结构及核力的性质起到了十分重要

的作用.

20世纪60年代初, Goldansky等人
[3~5]

提出在远离稳

定线的丰质子核中可能存在质子或双质子发射的奇异

放射性模式. 理论预言之后, 实验上最早发现的是激发

态单质子发射. 1963年, 实验发现了
25

Si的β延迟质子发

射
[6]

, 实际上是
25

Al激发态的质子发射. 1970年, 实验发

现了
53

Co的同核异能素(isomer)的质子发射
[7]

. 1982年,

实验发现了
151

Lu的基态单质子发射现象
[8]

. 从此之后,

单质子发射实验成为研究近质子滴线原子核结构的重

要手段, 发现的基态单质子发射核已有20多个.

双质子发射只在质子滴线附近的原子核中存在. 早

期理论给出的候选核主要有39
Ti、

42
Cr、

45
Fe、

48,49
Ni

[9~11]
,

但产生这些核很困难, 实验上一直没有被发现. 1980年,

Goldansky
[12]
又预言可能存在β延迟的激发态双质子发

射, 并通过分析得出在Z=10~20的丰质子β衰变核中可

能存在候选核. 1983年, 在美国劳伦斯伯克利国家实验

室(Lawrence Berkeley National Laboratory, LBL)开展的

实验研究首次观测到
22

Al的β延迟双质子发射(β2p)
[13]

,

该发射来自
22

A l发生β衰变后布居
22

M g的激发能为

14.044 MeV的同位旋相似态(isobaric analog state, IAS).

此后, 人们发现并研究了更多的β2p发射核, 如
23

Si、
26

P、
27

S、
31

Ar、
35

Ca、
39

Ti、
43

Cr及
50

Ni等
[14~21]

. 除通

过β衰变布居激发态, 人们也通过核反应, 如碎裂、 转

移或拾取反应来布居, 发现了多个激发态双质子发射

引用格式: 方德清, 马余刚. 双质子发射实验研究进展. 科学通报, 2020, 65: 4018–4026

Fang D Q, Ma Y G. Progress of experimental studies on two-proton emission (in Chinese). Chin Sci Bull, 2020, 65: 4018–4026, doi: 10.1360/TB-2020-0423
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Triple-alpha process occuring in Red Giants => Origin of carbon !

+  →
8Be – 0.092 MeV;  8Be is unstable with t1/2 ~ 10-16 s 

and decays quickly into two -particles ! 

Carbon production is possible only via a resonance 

reaction

 +  +  →
12C*→ 12C + 2 + 7.37 MeV

Jp=0+, Ex=7.654 MeV predicted by Fred Hoyle in 1953

Most important 

nuclear reaction 

during Helium 

burning !



发现原子核极高激发能共振实验证据

约翰·惠勒在20世纪五六十年代预言在一定的条件下原子核可能呈现准一维的环形结构

• J. A. Wheeler, Nucleonics Notebook, 1950 

(unpublished), see also p. 297 in G. Gamow, Biography 

of Physics, Harper & Brothers Publishers, N.Y. 1961 

• C. Y. Wong’s predictions, Phys Lett B 41, 446 (1972)，
Phys Lett B 738, 401 (2014)

实验探测器布局

✓ 首次测量到28Si高激发态的7α发射道

✓ 观测到3个共振峰(置信度大于5个σ)，与理论预言的7α结构定量符合

✓ 7α发射来自低密度状态，核相图低密度区的α波色-爱因斯坦凝聚？

X. G. Cao et al., Phys Rev C 99, 014606 (2019) 

7α激发函数

28Si
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初始内秉几何结构对集体流的效应

67

PNENIX, Nat. Phys.15 (2019) 214; J. L. Nagle, et al., Phys. Rev. Lett. 113, 112301 (2014) 
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• Figure 3 shows that both models fail to give a simulta- neous description of v2
and v3 vs pt, indicating that further studies are required to identify model 
parameters that regulate the influence of the subnucleonic fluctuations on 
ε2,3, and a possible influence from longitudinal flow decorrelation 

• he v2 vs pt values depend on the colliding systems, the v3 vs pt values are 
system independent within the uncertainties, suggesting an influence on 
eccentricity from subnucleonic fluctuations in these small- sized systems. 

• These results also provide stringent constraints for the hydrodynamic modeling 
of these systems. 
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