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Recent developments in the study of peripheral 
collisions below the Fermi energy



 Outline

• Exotic Nuclides  => toward the driplines

       Nuclear  Reactions: energy regimes

• Fermi Energy peripheral collisions

• Neutron-Rich Rare Isotope Production
• Experimental efforts at Texas A&M and  Catania
• Dynamical simulations with CoMD
• Ground States, GMR and GDR dynamics via CoMD
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The Nuclear Landscape and the location of the driplines
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Energy Regimesof Nuclear Reactions:

•  Low Energy:            < 10  MeV/u   ( υ < 0.15 c )

•  Fermi Energy:    10 - 50  MeV/u   ( υ = 0.15 - 0.3 c )

•  Medium Energy:  50 -200  MeV/u   ( υ = 0.3 - 0.6 c )

•  High Energy:          > 200  MeV/u   ( υ > 0.6 c )



Picture of a peripheral collision (DIT - nucleon-exchange)  
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Deep Inelastic Transfer Model:
 semi-classical nucleon-exchange
Model

 DIT : L. Tassan-Got, C. Stephan, Nucl. Phys. A 524, 121 (1991)
          M. Veselsky, G.A. Souliotis, Nucl. Phys. A 765, 252 (2006)



 Density Profile Overlap in a Peripheral Collision: 86Kr + 124Sn      

Calculations with the Thomas-Fermi code of  
V. Kolomietz, Phys. Rev. C 64, 024315 (2001)

Peripheral Collisions: 

may provide information on the nucleon-
nucleon interaction on a wide range of 
densities
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Microscopic Calculations:  
Constrained Molecular Dynamics 

Model (CoMD)
CoMD: Quantum Molecular Dynamics (Semi classical)

 Nucleons considered as gaussian wavepackets

 Solution of the classical Hamilton’s equations for the centroids

 Phenomenological N-N interaction (Skyrme-type)

 Symmetry potential  depending on the nuclear density

 Surface potential  (can be isospin dependent)

 Emulation of Pauli principle through appropriate restriction in phase space 

(phase space constraint)

 Recognition of cluster (fragment)  formation (RΝ-Ν = 2.4 fm)

 Simulation of a large number of events (Monte Carlo approach)

 Continue evolution for 300-500 fm/c. 

 Obtain properties of primary fragments

7M. Papa, A. Bonasera et al., Phys. Rev. C 64, 024612 (2001)



  Cyclotron Institute at Texas A&M University  
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*G. A. Souliotis et al., 
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and references  therein



 MARS Data:*
  stable nuclei

----  r-process
----- n-drip line

86Kr (15 MeV/nucleon) + 64Ni

Neutron-Rich Rare Isotopes near and above the Fe-Ni region
play a critical role in supernova nucleosynthesis (e.g., r-process)

Rare Isotope Production below the Fermi Energy

*G. A. Souliotis et al., Phys. Rev C  84, 064607 (2011) 
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  Example of nuclide production using RIBs:

 Calculations*:
CoMD/SMM

  stable 
nuclides

----  r-process
----- n-drip line

Calculated 
 nuclide 
cross sections:

92Kr (15 MeV/u) + 64Ni

92Kr

Rate estimates: 92Kr from RIB-facility at 0.5pnA (~3x109pps), 64Ni (20mg/cm2) : 
                           1mb => 600 pps                          (pps = particles per second)

Very 
important:

Neutron-
pickup
channels  !!!
along with 
proton 
stripping

Neutron-pickup
products

• P.N. Fountas, G.A. Souliotis et al, Phys. Rev. C 90, 064613 (2014)
• O. Fasoula, G.A. Souliotis et al, arXiv: 2103.10688  (nucl-ex 2021)



Experimental Data from 40Ar (15MeV/nucleon)+64Ni

40Ar + 64Ni

40Ar + 58Ni

*Α. Papageorgiou, G. Souliotis et al., J. Phys. G: Nucl. Part. Phys. 45 095105 (2018)

• The experimental data 
were obtained by the 
MARS Spectrometer at 
the Cyclotron Institute 
of Texas A&M University
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Experimental Data : Momentum Distributions

40Ar + 64Ni

40Ar + 58Ni

• The experimental 
data were 
obtained by the 
MARS 
Spectrometer at 
the Cyclotron 
Institute of Texas 
A&M University

• P/A Resolution: 
0.3%

• K. Palli, G.A. Souliotis et al, in progress



Comparison of best calculations DIT vs CoMD
Momentum Distributions

● Experimental Data

     Calculations:
- Red dashed line: DIT

- Green full line: CoMD 
(paulm=87)

• K. Palli, G.A. Souliotis et al, in progress



● Experimental Data   
obtained with MARS  at 7o

Experimental Data from 86Kr (15MeV/nucleon)+124Sn, 112Sn
Recent Efforts: Momentum Distributions

• O. Fasoula, G.A. Souliotis et al, in progress

Beam P/A



Experimental Efforts at LNS Catania:     MAGNEX spectrometer

θMAGNEX = 9o             Δθ = 4o-16o 
F. Cappuzzello et al., 
Eur. Phys. J. A 52, 167 (2016)



MAGNEX  40-160

K800 Cyclotron Beam:
 70Zn  (15 MeV/nucleon)

Experimental setup:  MAGNEX target chamber 

64Ni  target 1.0 mg/cm2         
                             

0.5 pnA (3 x 109 pps)

Standard MAGNEX setup plus TOF measurement  relative to  
cyclotron RF                                
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• S. Koulouris, G.A. Souliotis et al, in progress

Z reconstruction 
Combination of  DE,  TOF (relative to RF)
and trajectory reconstruction
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Atomic Number Z identification for 70Zn fragments 
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• S. Koulouris, G.A. Souliotis et al, in progress

Mass separation and identification of  70Zn + 64Ni fragments 



CoMD Calculations: Elastic Scattering
• Angular Distribution Ratio: (dσ/dΩ)/(dσ/dΩ)Ruth

• Effect of compressibility K = 200, 254, 308
• Possibility to connect experimental data of Elastic 

Scattering of medium-mass heavy-ions to the CoMD 
effective interaction  => EOS

Elastic Channel: Z=18, A=40
b = 0-40 fm
Yellow: K=200 
Red: K=254 
Green: K=308 

Empirical value of θ1/4  ≈ 7.2o

• K. Palli, G.A. Souliotis et al, in progress

K=200 

K=254

K=308

Coulomb Rainbow

Next Steps:  
Detailed CoMD Calculations
Optical Model Calculations

Obtain DATA from MAGNEX 
from  Zn+Ni run  and future 

runs



GDR description with the 
CoMD 

64Ni EGDR = 15.8 
MeV
Γ = 3.1 MeV

64Ni

• T. Depastas, G.A. Souliotis et al, in progress



Mass Dependence of GDR & Skin in CoMD

 GDR  Correct dependency 
upon A-1/6 + A-1/3

 Difference from empirical 
parameterization by about 2-3 
MeV

 Skin  Linearly dependent 
upon A

• T. Depastas, G.A. Souliotis et al, in progress



Giant Monopole Resonances in 
CoMD

Momentum Space Iso-Scalar Perturbation 
Fourier Transform of Radius over time  GMR Spectrum
58,64,68Ni   EGMR ~ 22 MeV (experimental 21.1 ± 1.9 MeV)
Soft monopole for 68Ni  Esoft ~ 14.5 MeV (experimental 12.9 

± 1.0 MeV)X. Sun, Phys Rev C, 103 044603 (2021)

68Ni64Ni58Ni

• T. Depastas, G.A. Souliotis et al, in progress



MOTIVATION: Explore signatures  of a-clustering 
in the  peripheral collisions  86Kr+112Sn,124Sn



Summary and Conclusions 
• Investigation of peripheral reactions at 15 MeV/nucleon: production of neutron-rich nuclides.

•  Study of the experimental mass distributions and the recently extracted momentum 
distributions with the theoretical models: phenomenological model DIT, microscopical model 
CoMD.

• Experimental work on MAGNEX data that will provide yields, angular and momentum 
distributions

• CoMD work on ground state and giant resonance dynamics

• Future Goals:

• In the CoMD framework: compressibility K, symmetry energy, in-medium  NN scattering cross 
sections.

• DWBA-type calculations with the FRESCO code (elastics, 1, 2 nucleon transfer)

•  Presence and role of cluster transfer ( a, 3He, t, heavier-clusters??) 

•  Develope a theoretical framework for  predictions of the production of neutron-rich nuclei. 
•  In parallel, use this framework to obtain information on the effective NN interaction

         Experimental:  identidy key reactions  in the Fermi energy region (10-30 MeV/nucleon) 
         Propose experiment(s)  to obtain high-resolution data in the upgraded LNS MAGNEX facility.
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End of Talk:  Additional slides here 
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