
A Possible Study of Collective Flows 

    in Low-Energy Collisions of Deformed Nuclei

Keywords: 
   - High-Density Nuclear Matter
 - Neutron Star 
 - Intersection of low & high energy nuclear physics

Shunji Nishimura

RIKEN

キーワード
 変形原子核
 集団運動
 中性子

2023.01＠ Seattle ... INT23
2023.04@ Tsukuba  ... WHBM
2024.09@ RIKEN ... RIBF miniworkshop

Oct. 17, 2026

https://ribf.riken.jp/~nishimu/RiNA-Net.html


Neutron Star Merger Supernovae

上部3/4の見た目

Gravitational wave
observation

ESO/L. Calçada

ハッブル宇宙望遠鏡

Electromagnetic observation

Connections with those observations
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Credit: S. Wanajo

Nuclear Physics: Bridging Discoveries with Astrophysics

r-Process Nucleosynthesis
( rapid neutron capture process )
 - Supernovae? 
 - Neutron star merger?
 - When ? 
 - Dynamics in extreme conditions

https://ja.wikipedia.org/wiki/%E3%83%95%E3%82%A1%E3%82%A4%E3%83%AB:James_Webb_Space_Telescope_2009_top.jpg
https://ja.wikipedia.org/wiki/%E3%83%95%E3%82%A1%E3%82%A4%E3%83%AB:Hubble_01.jpg


Required Inputs from Nuclear Physics for r-Process
◎ Masses：
- Determine the r-process path, global 
structure

◎ Beta-decays: 
 Half-lives：
- Speed of producing heavy elements

 Beta-delayed neutron emissions：
- Determine the fine structure of 
r-elements
- Recapture of neutrons

◎ Nuclear reactions → Masses
- Determine the r-process path

◎Fission recycling：
- Production of heavy elements

◎Equation of State：
- Explosive conditions of NS-NS, SN
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Extreme Environments Achieved 

Several Thousands of RI to be measured..



Signatures of Quark-Hadron Phase Transition in Neutron-Star Mergers

Credit: Univ. Warwick/Mark Galick (ESO Image)

Image of Binary Neutron Star Merger

○ EOS, Compressibility 
    → Supernovae, Neutron-star merger
  
○ r-process nucleosynthesis 

W,-Z. Qiumu et al., arXiv: 2501.19305

How about 
Neutron Star – Quark Star Merger Events!? 



Heavy Neutron Star 
      （ ~  2 M⦿ ! ）
 
    Radius-Mass →  EOS of High Density 

  Neutron Matter

Soft Esym

Stiff Esym

FAIR/J-PARC-HI can provide  
  high density nuclear matter !
  ~ 7 ρ0

Neutron Star and Equation of State (EOS) 

T. Kojo, G. Baym, and T. Hatsuda, 
Astrophys. Jour 934, 46  (2022)

M vs R 
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High Density Baryonic Matter & Heavy-Ion Collisions

J-PARC-HI HIMAC RIBF / FRIB

High density neutron matter

 →
238U + 238U Collisions

- Central Collisions → Collective Flow

IMP/HIAF

neutron-proton asymmetry



238U + 238U Collisions

208Pb
197Au

２38U

112, 126, 132Sn

励起状態

Nature Vol 635, Nov. 2024
(STAR Collaboration)  



Idea of Deformed Nucleus + Nucleus Collisions
 166Er + 166Er Collisions (2.1 GeV/n)

A. Rosenhauer, J.A. Maruhn, H. Stocker, and W. Greiner
Phys. Lett. 159B, (1985)

Tip-Tip

Body-Body



A. Rosenhauer, J.A. Maruhn, H. Stocker, and W. Greiner
Phys. Lett. 159B, (1985)

Deformed Nucleus-Nucleus Collisions :  166Er + 166Er 

T. Otsuka, Y. Tsunoda et al., 
Eur. Phys. J. A (2025) 61:126
“Prevailing triaxial shapes in atomic nuclei and 
a quantum theory of rotation of composite objects"

Rugby Ball Shape Almond Shape

Before  This Work 

cross 
section

cross 
section

Circle Ellipse

Nuclear Shape of 166Er          



Equation of State of High-Density (Neutron-Rich) Matter 

Stable Nucleus + Nucleus Collisions or Unstable Nucleus + Nucleus Collisions
                              (High intensity beam is required.)

Experimental observables: Collective Flows (v1, v2) 
  → Asymmetric Collision Geometry

Centrality: Non-Central Collisions
      → “Super-Central Deformed Nucleus + Nucleus Collisions” is ideal to create 

  high density matter. ( Tip-Tip & Body-Body Collisions) 
  → Lower Energy Heavy-Ion Collisions → “Spectator Free” in v2 observable.

Search for Baryon Fluctuation

Issues & Questions:
Complex Collision Condition: (Deformation Axis)2 & Impact parameter
 →  Can we identify the collision type? → Spectator, Multiplicity information.
 → Can we proof the nuclear shape via heavy-ion collisions? 



Equation of State (EOS) 
High Density Nuclear Matter vs  Beam Energies

T. Galatyuk, Nucl. Phy. A 982 (2019) 163

１） High Density Nuclear Matter
 ➔  Neutron Star

２） Search for Rare Collisions
 Super Central Collisions (b=0)

 ✓ Spherical Shape Nuclei
 ✓ Deformed Shape Nuclei

３） Collective Flow
 ✓ Radial Flow
 ✓v1 (directed flow)
 ✓ v2 (elliptic flow)

Neutron detection

✓ Deformed Nucleus + Deformed Nucles
 Super-Central Collisions
✓ Asymuthal Asymmetric Flow



A. Sorensen et al., Prog. Part. Nucl. Phys. 134 (2024) 104080 

High Density Matter and Collective Flow

P. Danielewicz, R. Lacey and W. G. Lynch, Science, 298 (2002), 1592A. 

Andronic et al., Phys. Lett. B612 (2005) 173.

Influence of Spectators

Super-Central Body-Body Collisions



Directed and Elliptic Flow

proton, neutron, π+, d, ...



Pilot Experiment for Collective Flow at HIMAC 
H447 Collaboration (Following up Experiment of H355)

RIKEN ... T. Isobe, Y. Nakai, S. Nishimura, 

U. Tokyo ... K. Kokubun, R. Mizuno, M. Niikura, S. Yamamura, Y.Y. Tsun

U. Tsukuba ... S. Esumi, H. Tanabe

Kyoto U. ... Y. Hijikata

NIRS ... E. Takada
Soft EOSHard EOS

Theoretical calc. (LQMD)           124Sn+124Sn (400 AMeV) 
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Z.-Q. Feng, Phys. Rev. C 85, 014604 (2012)

Goal: Direct Comparison of Directed Flow V1 at Target Rapidity



Pilot Flow Experiment at HIMAC H447 
 132Xe + CsI Collisions at 400 AMeV

NiGIRI

FC

Rapidity

P
t

NiGIRI detector@Ytarget

PMTs from 
CERN-NA44 H1 Hod.



Ytarget rapidity

Direct Comparison of Directed Flow V1 at Target Rapidity 
  proton vs neutron

132Xe + CsI Collisions

Semi-Central Collisions

S. Yamamura, H. Tanabe Master Thesis (2022)
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Consistent V1 for proton → GSI Exp.

Sligly weaker V1 for neutron observed 
around Pt ~ 200 MeV/c 

A. Andronic et al, PRC 67, 
034907 (2003), FOPI



Ytarget

Ytarget rapidity

Direct Comparison of Directed Flow V1 at Target Rapidity 
  proton vs neutron

132Xe + CsI Collisions

Semi-Central Collisions
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Soft

Stiff

Lower Pt region is missing for proton..

S. Yamamura, H. Tanabe Master Thesis (2022)

How About Deformed Nucleus + Nucleus Collisions!? → 24Mg + 24Mg



T. Yamaguchi et al., PRC 82, 014609

Beam
20-22Ne, 24-26Mg 24-26Mg, 16O

Target 

+

Theoretical calculation before experiment at HIMAC..

Si beam
600 MeV/n

Azimuthal Asymmetry in Deformed Nucleus: 
Flow V1, V2, & V3 in Central Collisions



Variation of Deformation Parameter among Theory 
20Ne, 23Na, 24Mg, and 27Al

Theory
β2

NNDC FRDM CEA(p) CEA(n) AMD KTUY 
α2

16O 0.353 -0.010 0 0

20Ne 0.72 0.364 0.68 0.662 0.164

23Na 0.386 0.738 0.738 0.174

24Mg 0.613 0.393 0.747 0.729 0.42 0.147

27Al -0.392 -0.464 -0.469 0.022

Nuclear Structure & Deformation of Nuclei 
 (1) Excited States (In-beam gamma, decay)
 (2) Interaction cross-section
 (3)  : : 

S. Watanabe et al., 
PRC 89, 044610 (2014)

Experimental results suggest large deformation 
 for 20Ne and 24Mg

σI .... Integrated values

12C
20Ne, 
 24Mg
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Larger Cross-Section due to 
Nuclear Deformation ?



X-H. Fan, Z-X. Yang, P-H. Chen, SN, Z-P. Li, 
PRC 108, 034607 (2023)

24Mg + 24Mg Collision (0.5 GeV/n)

No Shadowing / Compression Effects 
by the Spectators 



Deformed Nucleus + Nucleus Collisions

+

+

+

Various types of collision pattern

Side View Beam View

Initial geometrical collisions vs Flows (V1, V2, V3, ...) 

Triangular shape of overlapping region?
    →  V3 component appears. 

HIMAC stoped delivering high energy heavy-ion beam...



Deformed Nucleus-Nucleus Collisions (238U + 238U) at 1 GeV/n
Z.X. Yang, X.H. Fan, Z.P. Li, S.Nishimura, PLB 848 (2024) L38359

Zuxing Yang

Xiao-Hua Fan

Nature Vol 635, Nov. 
2024
(STAR Collaboration)  

Event Selections: Beam Spectator Suppressed.
→ Accuracy for both tip-tip and body-body 
collisions exceeds 80%. (Demonstration)



Study on Heavy-Ion Collisions at HIAF （Simulation ＆ AI）

24Mg + 24Mg Collisions 238U + 238U Collisions

https://ribf.riken.jp/~nishimu/RiNA-Net.html


EOS & Elliptic Flow in 238U + 238U Collisions at 500 MeV/n  

Z-X. Yang, X-H. Fan, Z.P. Li, S. Nishimura
Phys. Rev. C 112, 024606 (2025)

low pt

high pt mid pt

SoftStiff

V2 for π+/-, K+/- might be more interesting..



Summary
Niida, Miyake,AAPPS Bulletin (2021) 31:12 

１） High Density Matter

 - Observation of Neutron Stars via Gravitational Wave / EM

 - Importance of Nuclear Physics, especially Heavy-Ion Collisions

２） Study of EOS via Heavy-Ion Collisions

 - Impact Parameter（b）and vector

 - Acceptance of Detectors (pt, rapidity, particles)

  → Energy Dependence vs  Systematics and Bias

  → Super High Density Matter ... Super-Central Collisions ! 

 - Sensitive Probes of Initial Conditions

  Collective Flow, Especially v1 and v2 ( and v3)

 - Event by Event Analysis

  → Multiplicity, Average Momentum, Flow, Spectator

 - Deformed Nucleus-Nucleus Collisions Provide Unique Information.

  - Spectator Free of v2 below √SNN < 6 GeV

  - Possible Feedback to Nuclear Structure.

中性子の検出
核破砕片の検出
集団運動の測定

Super-Central Body-Body Collisions



Heavy-Ion Collisions @ Bevalac at Lawrence Berkeley Lab.

H.H. Gutbrod, A.M. Poskanzer, H.G. Ritter 
Pep. Prog. Phys. 52 (1989)

Research：
High-temp. High-density matter

（QGP)

AGS, CENR-SPS, RHIC, LHC
FAIR, J-PARC-HI, NICA

I. Tanihata, H. Hamagaki et al.,
PRL 55 (1985)

Research：Unstable Nuclei

RIBF, FRIB, FAIR, HIAF, ...

Nuclear Deformation、Neutron Halo
Neutron Skin

20Ne at E = 800MeV/n

Nuclear Deformation & Skin Mixture
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