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Nuclear structure meets relativistic heavy-ion collisions
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Studies of pear-shaped nuclei using
accelerated radioactive beams
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How atomic nuclei cluster

J.-P. Ebran', E. Khan, T. Niksi¢* & D. Vretenar®

188

doi:10.1038/nature11246

Fully microscopic description based on the

framework of energy-density functionals (EDFs).

b
Crystal Cluster
a1 -
Quantum liquid
a>1

NUCleonS come together So, is this the complete picture of nuclear
clustering? Although the depth of the poten-
MARTIN FREER tial may emphasize the cluster symmetries, it
The transformation from the fermionic does not describe the emergence of clustering
liquid to the bosonic crystal-like cluster close to the energy threshold for a-particle

structures reveals key features of the strong
nucleon-nucleon interaction within nuclei,
and the current work is a step forward in our
understanding of this interaction. m

decay — the Ikeda picture3 . There is, there-
fore, a missing component in this explanation
of clustering. Weakly bound nuclei close to
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Symmetry Energy of Dilute Warm Nuclear Matter

J. B. Natowitz,' G. R'c')pke,2 S. Typel,3 4D. Blaschke,5 S A Bonasera,"”’ K. Hagel,1 T. Kléihn,5 3. Kowalski,! L. Qin,l
S. Shlomo,' R. Wada,' and H. H. Wolter’

MDIx= 0
MDI x =-1

RMF, T =0 MeV

——— QS,T=1MeV

------ MDI x = 1

N
DR ST

(@)-

05

04

1
) Exp (col. 6, Table 1)
o sc (col. 12, Table 1) T
QS, T=1 MeV

c—e-— QS,T=4MeV
—-—— QS,T=8MeV -

Physics Physics 3,42 (2010)

Viewpoint

Getting a better handle on nuclear matter at low density
Lee G. Sobotka

Department of Chemistry, Washington University in St. Louis, St. Louis, MO 63130

Published May 17, 2010

New calculations of the effects of asymmetry in numbers of neutrons and protons in nuclei agree well with
experiment and provide vital information in understanding nuclear matter at low density.
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NUCLEAR PHYSICS From nuclear clusters to neutron stars
FOHH atbn Of a C]USteIS ]n d]llte neutl’on_r_th m atter Measurements of « cluster formation in nuclear “skins” can improve neutron star models
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Probing the Neutron Skin with Ultrarelativistic Isobaric Collisions

Hanlin Li ‘,' Hao-jie Xu®,>" Ying Zhou,® Xiaobao Wang,” Jie Zhao,* Lie-Wen Chen,*" and Fugiang Wang”**

‘Determine the neutron skin type by STAR data

HJX, et.al., PLB819, 136453 (2021)
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Importance of Isobar Density Distributions on the Chiral Magnetic Effect Search

Hao-jie Xu,' Xiaobao Wang,l Hanlin Li,’ Jle Zhao,” Zi- Wel L1n > Caiwan Shen and Fuqgiang Wang
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See Jia JY, Zhang CJ et al. talks

Compare with isobar data
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How quadrupole deformation influence Hl initial state
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Shape depends on Euler angle Q=@06y
Use these ratios to probe shape and radial structure of nuclei.
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EQMD#5ES
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.

» Friction cooling :

. oH . dH . OH JH ) JH aH
R.= . P.=— . R.=- - . P=—- —
4 l'-."lPr' i l'-."RJf R ! :.-‘PE- PLR:.-‘RE- ! r."Rr- PLP r.-‘P{-

> ﬁ : _ II’H 3 fil (_;;; _ I'JH jﬁ }\ aH aH Sfi '; aH aH
LY ., L/ . —_— A= — N —O;=—+ — .
4 7 d o; 4 7 dN; 4 M a8, ‘u.\,},\r_ 4 TN, ”5,}5,{.

Equations of Equations of cooling

COOLING TIME= 10 fm/C BINDING ENERGY=8.0314 McV

160 initial state before cooling O cooling to ground state YC cooling to halo structure



Giant resonances are typical collective excitations in nuclei
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Our QMD simulations



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

0.20 — T 1

0.15

0.10

0.05

0.00

6 10 12 14 16 18 20
E, l

Proton <=> Neutron
Valence neutron <=> Core

0.20

0.15

0.10

0.05 -

0.00




Po GDR of %0 with different a configurations

EQMD calculation supports %O ground state
with tetrahedron
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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).



dP/dE(arb. units)

€ 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)]
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Giant Dipole Resonance as a Fingerprint of a Clustering Configurations in >C and '°0

W. B. He (fi]J71%),"* Y. G. Ma (4 M),"*" X.G. Cao (##%),"" X. Z. Cai (B2#1J}),! and G.Q. Zhang (5K E38)’

]Skangkai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201800, China
Universitiv of the Chinese Academy of Sciences, Beijing 100080, China
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Dipole excitation of °Li and °Be studied with an extended quantum molecular dynamics model

Bo-Song Huang (F#IH4)"
Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201800, China

Yu-Gang Ma (4l *
Key Laboratory of Nuclear Physics and lon-Beam Application (MOE), Institute of Modern Physics,
Fudan University, Shanghai 200433, China
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- Alpha-clustering effect on
nucleon correlation by
Photonuclear reaction
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Photonuclear reaction as a probe for a-clustering nuclei in the quasi-deuteron region

B. S. Huang (B ##4)."-2 Y. G. Ma (Zh43Hll).1-3" and W. B. He (fi] J7 F2)1-#
If photons hit alpha cluster, what happens?

We consider: ”C{qmp)‘“B
(a) chain (b)triangle (c)spherical

y(fm)
B
y(fm)

[
y(fm)

| .

0 2 2 M 2 0 2 4
x(fm) x(fm)

TABLE I: RMS radius and binding energy of different config-
urations of 12C and the ground state data.

Configuration rryms (fm)  Epina (MeV/nucleon)

T T T T T " T N
-4 2 2 4 -4 -2

X(fm)

Quasi-deuteron:

~70_14OMeV Chain 2.71 7.17
Triangle 2.35 7.12
Sphere 2.23 7.60

—
V\\/\/vv\/ww Exp. Data 2.47 7.68




Effects on momentum correlation function via photonuclear reactions
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Emission time sequence of neutrons and protons as probes

of o-clustering structure”

1,2:1) 1,2;2)

Bo-Song Huang(##h#2) Yu-Gang Ma(Z4xRI)

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

Fig. 5.
C, and C, where C, represents C,, gated with v,>v, and
C, represents C,, gated with v, <v, for 100 MeV induced
three-body photodisintegration of '2C (a) and '°0 (b). Dif-

(color online) Ratio of correlation functions between

R. Lednicky et al., How to measure which sort of
particles was emitted earlier and which later,
PLB 373, 30 (1996)

* The a-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.
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The distribution of the radial center

of the « clusters in "“C is assumed to be a Gaussian function,
_0 5 r—re
e (

o,

. here r. is the average radial center of an & cluster
and o, is the width of the distribution. And the nucleon inside
each « cluster will be given by Woods-Saxon distribution.
The parameters of r. and o;_ can be obtained from the EQMD
calculation [41-43]. For the triangle structure, r. = 1.8 fm and
o, = 0.1 fm. For the chain structure, r, = 2.5fm, o, = 0.1 fm
for two a clusters, and the other one will be at the center in 2¢c,

- Hadron rescattering



7906
initial parton freezed parton
i gg} 197 i (b)
0115:_’_CLALL@_2C10GGV 0.15F 0.15
L m TC, Chain L
L e “C, Woods-Saxon L -
_Prxu 01:_ a 120,Tr|ang|e 'PN 0.1 i.__.__-__._—-——.——-— 'PN 0.1
0.05F 0.05F . a-a| 005
Ofs. g = = = = 5 = = = )
250 300 350 400 250 300 350 400
Ntrack Ntrnck
- (e) - (f)
0'1?1EC+197AU@1DGEV 0.1 0.1_
o - o o
0.05F 0.05F =" 0.05
Of, m = = = = = V)
80 100 120 80 100 120
Ntmck Ntmck

Elliptic flow@!°C+Au

hadron w.o. rescattering

- (€)

T T T Y R N [N T TR TR T A T
300 350 400

track

250

0.05

0.1

hadron with rescattering

@ =) "
- g

250

PR T N Y N I T T TR T A T
300 350 400
N

track

- (h)

Elliptic flow (v2) is significant for linear 3-alpha *2C structure



0.04

0.02

0.03 F

0.01

= 0.02 F

Triangular flow @ 12C+Au

freezed parton

initial parton

L (a)
 2C4+"*"Au@200 GeV
[ m ‘jc, Chain

e -Saxon
o "G, Tnangle

TN NN NNNITN
250 300 350 400
N

track

L (e)

F12C419Au@10 GeV

0.04

0.02

0.03|
.~0.02

0.01F

- (b)
L _‘_—‘—-—.l—_‘_ A
N e : ._‘_
S Ll
250 300 350 400
Ntrack
- (f)
_*_
:=‘;;E‘:£E‘:3=.=r—c—:—*—
80 100 120
Ntmclvc

0.04

0.02

0.03
20,02}

0.01F

hadron w.o. rescattering

- (<)
L _‘__*
—A—
- _‘_—i—
L _‘__‘_—L—
M T
F a1 -
S =
T T I TN T T T T [N Y T N T AN
250 300 350 400
Ntrack
- (9)
]
_ —h——h—
- _‘__‘_—‘ +
s =.=—.—:‘: .
= TR I T TR TR NN TR SO TR N |
30 100 120
N .
track

IJ.IJ4

IJ.IJE

002 F

0.01

0.03 |

hadron with rescattering

@ .-

l—

DS ae

:lili

250

TN [ T N T T [ T
300 350 400

;

120

Triangular flow (v3) is significant for triangle 3-alpha 12C structure



¢, (PP}/e, (PP}

A sensitive probe to structure: e3/e2 & v3/v2

— 197

- (a )120 Au@200 GeV

- m°C, Chain

u t-!l'ﬂ(-I-LEE‘I:L{J.I]

B e 'y

B —————— a—

A

e ® @ e e e e e o o

(" ® = = "R " " " Em

= 1 | 1 PR R PR | I I | I
530 00 T30 T00 >

Ntrack

L 197

- © "o TAuopamy

- . 4

B R A A

L A

B o o e ® ® e

i u - - = = =

= L | L L | L L | L

&80 100 120
Ntrack

y 3/v )

v3/v2

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

(b) Open:0<p_|_<1 GeV/c
Solid:1 <pT<3 G%Vfc

V3/v2 increases with the multiplicity - triangle 3-alpha 12C

A A
a 2 6 ¢ ¢ ¢ ° o &
g 5 O o o o © o © ©
" =" e = ® = = =
'25|0' 3(;0 |3f;0 ' '4(_;0' '
Ntrack
E_ (d)
-
— ot
- " A - A .
Ay
n > o o o
= - = - - -
T80 100 20
Ntrack




a-clustering effect on eccentricity

@ (b) —
'2C configuration

(a) Triangle

(b) Chain

(c) Triangle with Euler-Rotate

(d) Chain with Euler-Rotate

(e) Woods-Saxon

z(fm)

(d)

(h)

z(fm)

'®0 configuration
(a) Tetrahedron
(b) Square
(c) Kite
(d) Chain

() Square w.ER
(g) Kite w.ER

(h) Chain w.ER
(i) Woods-Saxon

(i)

z(fm)

5 ; ] [ ' ] 5 ' 16.73 TeV, b=0fm
i 8 o @ i b 1 [ " © 1 e Woods-Saxon
osf | z 1 osh ® 4 osp o g 4 # :zg%ha‘“l
i & 1 f e g £ 1 - ad 1A | riangle
o - e 1 [ 8 ® 1+ [ ¢ . ] # 60 Chain
A * . ] L [ ] ° 1 I ™Y 1 &% IGO., Kite
i o - I ® - - ® 1 o "0, Square
of _ of ] o g#¢¢¢ ¢ ¥ F] e 0, Tetrahedron
s . I . L o A g : Cf of ¥
k] 2 3 2 3
10° N 10 10 N.mkm 10 N 10

v Sensitive to fluctuation
Vv Also to intrinsic geometsy (a-cluster structure)

(e) Tetrahedron w.ER



a-clustering effect on collective flow
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Signatures of a-clustering in 0 by using a multiphase transport model
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Production and anisotropic flow of thermal photons in collisions of a-clustered

carbon with heavy nuclei at relativistic energies
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*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.
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OAlpha-clustering effect on HBT
radii in head-on 1°C+¥®’Au@
200A GeV
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Formulation of HBT correlation
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Clustering structure effect on Hanbury-Brown-Twiss correlation atan2((r2 sin(2¢pan)), (r2 cos(2pu))) +

in 12C+197 Au collisions at 200 GeV Ver = 2 »

Junjie He'?, Song Zhang?>*?, Yu-Gang Ma'>"*, Jinhui Chen?, Chen Zhong?
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Fig. 3.1. The osl coordinate system takes the longitudinal (long) direction along the beam axis. In the transverse plane,
the “out” direction is chosen parallel to the transverse component of the pair momentum K, the remaining Cartesian
component denotes the “side” direction.



Azimuthal dependent HBT radii (1)
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Azimuthal dependent HBT radii (2)

Hadron rescattering time
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OAlpha-clustering effect on EM fields
in 2C+9’Au@ 200A GeV
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Qun Wang (USTC), An Introduction to Chiral Magnetic Effect



Magnetic fields In
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Abstract

Many probes are pmpmed to determine the quark-gluon plasma and explore its
properties in ult istic heavy-ion collisit Some of them are related to
initial states of the collisions, such as collective flow, Hanbury-Brown-Twiss
(HBT) correlation, chiral magnetic effects, and so on. The initial states can
come from geometry overlap of the colliding nuclei, fluctuations, or nuclear
structure with the intrinsic geometry asymmetry. The initial geometry asymmetry
can transfer to the final momentum distribution in the aspect of hydrodynamics
during the evolution of the fireball. Different from traditional methods for
nuclear structure study, the ult ivistic heavy-ion isi could provide
a potential platform to investigate nuclear structures with the help of the final-
state observables after the fireball expansion. This chapter first presents a
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Machine learning (ML) is becoming a new paradigm for scientific research in various research fields due to its exciting and pow-
erful capability of modeling tools used for big-data processing tasks. In this review, we first briefly introduce the different
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Nuclear structure meets relativistic
heavy-ion collisions
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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, | 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.






@ 1p: many candidates since 1970,
1L, "T'm, 3Co™(Isomet) etc.
®2p: only few nuclei found
45Fe, 48N, >#Zn(ground st.),
140, 17.18Ne, 2Mg, **Ag(exc. St.)
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@ Natural radioactivity (H. Becquetel, 1890)
@ ¢, fdecay(P. Curie, M. Curie,

E. Rutherford, 1899)

@ y decay(P. Villard, 1900)

@ Fission(O. Hahn, F. Strassmann, 1938)
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First Observation of the Four-Proton Unbound Nucleus **Mg

Y. Jinetal
Phys. Rev. Lett. 127, 262502 — Published 22 December 2021
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Recent mini-review

NUCL SCI TECH (2022) 33:105
https://doi.org/10.1007/s41365-022-01091-1
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Recent progress in two-proton radioactivity
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Triple-alpha process occuring in Red Giants => Origin of carbon !

' 10"°s 120*  Most important
. \ \ nuclear reaction
during Helium
burning !
“ 7 *Be 4 03(10)x10~

Schematic of the triple alpha process at T~102 K.

a+a > %Be-0.092 MeV; 8Be is unstable with 7, ~ 106 s
and decays quickly into two a-particles !
Carbon production is possible only via a resonance
reaction
a+a+a > PC*> 2C+ 2y +7.37 MeV

\
J7=0*, E,=7.654 MeV predicted by Fred Hoyle in 1953
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‘ '.) Check for updates ‘

Charge radii of exotic potassium isotopes
challenge nuclear theory and the magic
character of N=32
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PHYSICAL REVIEW LETTERS 130, 242301 (2023)

Measurements of the Elliptic and Triangular Azimuthal Anisotropies in Central
‘He + Au, d + Au and p + Au Collisions at ,/syy =200 GeV
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