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Background

Na decay as toroidal high spin isomer probe
Photodisintegration as cluster probe
Scattering/entanglement as two-body cluster probes
New breathing modes as cluster/bubble probe
Ultra-brilliant, ultra-fast y/e* probes

. Ultra-brilliant, ultra-fast heavy ion beam
1.

Summary



| Background

» The universality of cluster d.o.f. in nuclei
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» The complexity of cluster d.o.f. in nuclei

Different cluster type: a, *2C, °0, °Be etc.

Different cluster picture: BEC, container picture, linear chain, triangle, ...
Dependence on excitation energy and angular momentum
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» The study of cluster probes in nuclei

v" The GDR probes and dynamics study
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v Quasi-deuteron reaction and direct photon flow probes
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Relativistic heavy-ion collisions PHYSICAL REVIEW C 95, 064904 (2017)

Nuclear cluster structure effect on elliptic and triangular flows in heavy-ion collisions

S. Zhang,' Y. G. Ma,">3-" J. H. Chen,! W. B. He,* and C. Zhong!
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PHYSICAL REVIEW LETTERS 136, 082302 (2026)

Identifying a-Cluster Configurations in 2’Ne via Ultracentral Ne + Ne Collisions

Pei Li (ZE{f)®, Bo Zhou (JA#)®," and Guo-Liang Ma (B E5)0’
Key Laboratory of Nuclear Physics and lon-beam Application (MOE), Institute of Modern Physics, Fudan University,
Shanghai 200433, China
and Shanghai Research Center for Theoretical Nuclear Physics, NSFC and Fudan University, Shanghai 200438, China
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Cross between nuclear structure and reactions
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v" Neutron skin incident channel effect

1

X.Y.Sun, D. Q. Fang, Y. G. Ma et al., PLB 682, 396 (2010)
Z.T. Dai, D. Q. Fang, Y. G. Ma et al., PRC 89, 014613 (2014)
Z.T. Dai, D. Q. Fang, Y. G. Ma et al., PRC 91, 034618 (2015)
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PHYSICAL REVIEW LETTERS 136, 172301 (2026)

Clustered Nature of Hot and Dense Nuclear Matter: Signatures from Heavy-Ion Collisions

Rui Wang®, " Zhen Zhang®,*" Yu-Gang Ma®,'”%* Lie-Wen Chen®,”* Che Ming Ko,* I"and Kai-Jia Sun'>"

Although light nuclear clusters are known to form abundantly in warm and dilute nuclear matter, their
role in hot and dense nuclear matter remains unclear due to the lack of experimental indication for their
modifications by the Mott effect under such conditions. To address this issue, we resort to intermediate-
energy heavy-ion collisions, where light clusters are mainly produced in the transiently formed hot and
dense matter. A kinetic approach, which includes dynamically the formation and dissociation of light
clusters, is employed to deduce the strength of the Mott effect and the a-particle fraction in hot and dense
nuclear matter from the light-nuclei yields measured by the FOPI Collaboration in central Au + Au
collisions at energies of 0.25A to 0.6A GeV. We find an unexpectedly abundant a clustering in this
environment, which will have profound implications for modeling the nuclear equation of state and
describing supernovae and neutron star mergers.
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@ Il. No decay as toroidal high spin isomer probe

» Besides the spherical and ellipsoidal shape, nuclei far from the 8 stability line can show various exotic
shapes, such as pear-shape (?2*Ra, 1#*Ba), hollow (34Si), and chain (*4C, ¢C) etc.

» Various cluster configurations are predicted in excited light nuclei

» Wheeler suggested toroidal nuclear fluid with proper conditions in the 1950s

v Vrmad

v’ excessive charges,
v’ excessive angular
v shell effects

576 == MNuclear Models 22 May 1963

1 "Take-Home" Examinztion for Those Teking Course for Credit
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s,and(2)t litr\y ‘lhyuv..

Princeton University Graduate
Course Physics 576 Take-Home
Exam- ination Problem 2, May 22,
1963 (unpublished).

in a course taught by Wheeler

i
into the box of J. A. Wheeler by 5 p.m., Saturday,
p.i., Monday, 3 June)

J. A. Wheeler, Nucleonics
Notebook, 1950 (unpublished),
see also p. 297 in G. Gamow,
Biography of Physics, Harper &
Brothers Publishers, N.Y. 1961
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» Early work of C. Y. Wong predicted a region of toroidal ground state nuclei with 40 < A<70 and A<250
C.Y. Wong, Toroidal nuclei, Phys Lett B 41, 446 (1972) C.Y. Wong, Toroidal and Spherical Bubble Nuclei, Ann.Phys.(N.Y.) {77}, 279 (1973)

» Wong and collaborators later extended their investigations to light nuclear systems. They predicted that, given
sufficient angular momentum, toroidal configurations were also possible for high spin light nuclei.

C.Y. Wong, Phys.Rev.C17,331(1978) C. Y. Wong, Phys. Rev. Lett. 55, 1973 (1985)

> Recently, various sophisticated microscopic methods address the problem of toroidal nuclei

v" Nuclear quadrupole moment I , excitation energy ]

v’ Spin zero toroid appears above threshold excitation
energy T

v’ Potential minima can exist for higher angular momenta
due to the internal shell effect

Y (fm)
o
|

@ 1 E
) -
Z. X. Ren, PW. Zhao et al., Nucl. Phys. A 996 (2020) -10 |- .
A.S. Umar et al., Phys. Rev. Lett. 104, 212503 (2010) -
Zhang Wei et al. Chin. Phys. Lett. 27, 202103 (2010) 10 PR
T. Ichikawa et al., Phys. Rev. Lett. 107, 112501 (2011) 105 0 5 10 <105 0 510 <105 0 5 40 <105 0 5 10
T. Ichikawa et al., Phys. Rev. Lett. 109, 232503 (2012) fim)

A. Staszczak, C.Y. Wong, Phys.Lett. B738, 401 (2014)



NIMROD-ISIS, with TAMU
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» To explore the peaks in excitation energy spectra

of 7a events, several strategies are used:
v Uncorrelated spectra of data (mixing events)

v AMD-3.4+Gemini
v' AMD-New(with cluster correlation) + Gemini
v HIPSE + Gemini
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[1] X. G. Cao, E. J. Kim, K. Schmidt et al., AIP Conf. Pro. 2038, 020021 (2018)
[2] X. G. Cao, E. J. Kim, K. Schmidt et al., Phys Rev C 99, 014606 (2019)

v A. Staszczak and C. Y. Wong’s prediction

[3] X. G. Cao, E. J. Kim, K. Schmidt et al., JPS Conf. Proc. 32, 010038 (2020)
[4] K. Schmidt, X. G. Cao et al., Phys. Rev. C 95, 054618 (2017)

v CDFT calculation by J. Meng group from PKU [5] K. Schmidt, X. G. Cao et al., Acta Phys. Polon. S13, 631 (2020)

» Some excess is seen at 112.7 MeV. The peaks at 125.4 and 138.7 MeV are quite prominent

and there is a tailing toward higher energies.

» Excitation energies centroids, CS, Angular momentum



Another experiment of TAMU using different detection array FAUST, comparisons of the two data sets

> BBeJTE 17k

R. Wada, IL Nuovo Cimento 48 C (2025) 48
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> Al assisted Gaussian Mixture Model

T. Depastas, A. Bonasera et al., PRC 112, 014614 (2025)
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» Background free method, J. B. Natowitz, X. G. Cao, A. Bonasera and T. Depastas, Phys. Rev. C 113, 024325 (2026)

Table I. Identified 7o producing states in excited 28Si. All energies are in MeV.
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<> Resonance structures at very high excitation energies for 7a are first found,
which coincides with the toroidal calculations

<> More experiments with high resolution and high statics will push this study ahead
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28Gj + 2/Al @ 35MeV/u experiment at RIBLL1

Ma et al. /Huzhou Uni., Jian-Song Wang et al./SUES: Qian-Min Su et al.

First very small forward angular measurement @RIBLL1 with main beam
Difficult points
1) High risk of damaging DSSD in forward angle measurement

2) Large solid angle coverage required for 7a coincident measurement, as close to 0° as possible
3) How to avoid huge background induced by main beam incident on collimator
4) No detector can help to diagnose the beam besides the Faraday cup



» The granularity of the telescope and the accuracy of position reconstruction are crucial to
extract the 7a excitation energy
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1) R&D of Charge-current dual readout preamplifier (CCPA) for SSSD

Charge Integration of DSSD:
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Ji-Shao Xu, Xi-Guang Cao* et al., Charge and current sensitive preamplifier and pulse shape discrimination application, Accepted by Nucl. Sci. Tech,, in
press, DOI:10.12074/202502.00022



PID performance with CCPA and comparisons with large array abroad
The third one to realized the PID by PSD
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2) R&D of high granularity Csl array by SiPM

r aﬁs@s@sﬂ mfmivmi
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Z. L. Liao, X. G. Cao*, et al.,

Performance and comparison with other large array abroad
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PIP vs. Energy of *'Am+'¥Cs

4He

os|
045
oz{ 4 f

PSS TS .
°0 100 200 300 400 500 600 700 ADO

20000

30000

0
40000 Energy (keVee)

ltaly FARCOS

Pulse shape discrimination with charge and current sensitive preamplifier, to be submitted to Nucl. Instrum.



3) New data analysis method of PID
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Y. G. Cheng, Q. M. Su*, X. G. Cao* et al., The study of intelligent algorithm in particle identification of heavy-ion collisions
at low and intermediate energies Nucl. Sci. Tech. Vol 35, 33 (2024)

» Proposed a particle identification method based on the optimal solution algorithm
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G. Y. Cheng, X. G. Cao*, Q. M. Su* et al, Research on charged particle identification of telescope in heavy-ion collisions at
low and intermediate energies based on optimization algorithms, Nucl. Instrum. Methods B 554, 165453 (2024)



@ lll. Photodisintegration as cluster probe

Features of photonuclear reactions

- . | y w8
Reaction mechanism is clear and directly relates to nuclear structure ; | o :
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y+°Be>a+a+n

» Typical molecular
configuration with 2a+n
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> For most all experiments till now, only n counts is measured for y + °Be

Y. Capitani et al., arXiv:2506.05040
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» Challenge for low CS, low energy of
charged particles for Photodisintegration

v’ Self-made CCPA amplifier preamplifier

v" Silicon box detector array

v" Ultra-thin reaction target

v" Ultra-thin entrance window with special design
v" Mesytec DAQ
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Collaborated with Fudan Uni., De-Qing Fang, Ji-Shao Xu, Wan-Bing He, Yu-Gang Ma et al.



Our scheme: PFM+RGM to extract two body cluster structure

X
y Z

Detector
Scattered molecules

Jscatt
Molecular Beam
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R=0

Phase Function Method

r . 2
Sp(kyr) = “Z (;/2(/;/1) lcos(é'g(k, r))ge(kr) — sin(dg(k, 7‘))77;;(]4:7‘)]

Ref: Babikov V V. Sov. Phys. Usp., 1967, 10(3): 271
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e Encapsulation of internal degrees of freedom .
* RGM antisymmetrization .

V. Scattering as two-body cluster
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D(C;+G) = A{x(r)p(CP(G)}

{ (%T”D“’)‘Ef}“’”f a0 [ (0.0) BV, (b0 (p) =0

00 +1)

0 2 e
(™ 09(C)9(C,)}

ﬂ S )=V (1)

Construction of local potentials via phase shift functions
Implementation of Pauli blocking



= Comparison between PFM-calculated scattering phase shift and = Comparison of 8Be and 2°Ne calculations by

experimental data different models
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Fei-Long Xu, Xi-Guang Cao*, and Yu-Gang Ma*, Extracting two-body nuclear cluster structure by combining the phase function
method and the resonating group method, Phys. Rev. C 112, 064327 (2025)



V. Entanglement as cluster probe

EPR pairs preparation
L Any N-pairs as
- S ad-dimensional EPR state

mh
¥)ap = Z cisli)a ® |j)s D (C1 + C2) = dem (Rem) A{X(1)61(C1)$a(C)}
In quantum |nformat|on entanglement is quantified For nuclear system, Hr.m @ H, representation is preferred

within the tensor product space H; @ H,

Thus, it is necessary to transform the basis from Hgy., & H, to H; Q H,
Y = Gem (Rcm) Yoo Z (I)a 7“1, TZ) [Yx —m (rﬁl) ® Y;x,m (’FQ)]{Q,()()}

Fei-Long Xu, Xi-Guang Cao*, and Yu-Gang Ma*, Two-body cluster entangled structure in the H1 @ H2 Hilbert space,
Phys. Rev. C 113, 014313 (2026)
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Using a coupled-channel description where w quantifies the coupling,
Left figure demonstrates the strong entanglement of the 8Be 0* state.
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Fei-Long Xu, Xi-Guang Cao*, and Yu-Gang Ma*, Two-body cluster entangled structure in the H1 @ H2 Hilbert space,
Phys. Rev. C 113, 014313 (2026)



@ V. New Breathing modes as cluster/bubble probe

The bubble structure lacks effective experimental probes. How collectively excited for bubble nuclei ?

* Find three distinct breathing modes  _ * Bridging micro & macro physics
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G. Ren, C. W. Ma*, X. G. Cao* et al., accepted by Nucl. Sci. J. Natowitz, Extended quantum molecular dynamics model
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® VI. Ultra-brilliant, ultra-fast y/e* probes

Opportunity to study the real multi-photon nuclear absorption/reaction

SHINE (8GeV) + SEL(100 PW), multi-photon Breit-Wheeler process

» Ultra-brilliant: y: 102’ photons/(s-mm?-mrad?); e*: 1024 photons/(s-mm? mrad?)

e Ultra-fast: ~fs

* Low emittance: 0.1 mm - mrad, several orders smaller than traditional e* sources
* High energy: y: up to 8 GeV; e*: up to 7 GeV
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Wan-Qing Su, Chun-Wang Ma*, Xi-Guang Cao™*, Guo-Qiang Zhang, and Yu-Ting Wang, GeV-level
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@ VII. Ultra-brilliant, ultra-fast heavy ion beam

Opportunity to explore SHN/SHE synthesis

SEL (100 PW) laser incident on thin metal target

» Ultra-brilliant: 1023 pps, several orders higher than traditional accelerator, At~40 as
e Ultra-fast: fs-ps level

* To explore SHN/SHE under extreme plasma environment

LPL FT 100 nm LPLFT 100 nm
90° 90°

Number density (code units) t = 0.00 code units

60 Ion D (nm) L (MA) & (mm x mrad) n (%)
. Al 200 2.35 0.094 4.66 BLOLAL(fum
Ca 200 276 0.082 6.36 L
w0 Cr 100 1.50 0.062 2.40 q |-
= Fe 100 1.45 0.054 233 7o i
g 30 Ag 100 1.18 0.042 2.22 N Sl
> Ta 100 0.69 0.041 2.05 8
20 Au 100 0.52 0.059 2.08
" Pb 100 0.89 0.036 1.94
Th 100 0.80 0.036 1.96
U 100 0.60 0.037 2.04

code umts

Wan-Qing Su, Xi-Guang Cao™, Chun-Wang Ma* et al., Improved ion bunch quality of conical target irradiated by ultra-intense
and ultra-short laser, Frontiers of Physics 20, 062200 (2025)

Wan-Qing Su, Xi-Guang Cao™*, Chun-Wang Ma*, Yu-Ting Wang, Guo- Qiang Zhang, Multi-layer phenomena in petawatt
laserdriven acceleration of heavy ions, Plasma Sci. Technol. 26, 025202 (2024)



@ VIII. Summary

» Resonance structures at very high excitation energies for 7a are found
New experiment with high resolution is critical to reveal the 7a resonances

» New probes(Exp/Theory) are explored to study cluster in light nuclei region

» Ultra-brilliant, ultra-fast Hl/y/e* beam is proposed to explore new physics

Thanks for your attention!
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