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•  For  the plan of the talk please see the book of abstract 
•  A dedicated conference every second year: 

http://conferences.triumf.ca/DREB2016/index.html Halifax 
https://indico.gsi.de/conferenceDisplay.py?confId=2347 Darmstadt 
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DREB2018, Matsue, Japan  

Also direct reactions  and  projectile breakup in particular are important in astrophysics and for 
practical applications. The International Atomic Energy Agency recently completed a Coordinated 
Research Project (CRP) to update the Fusion Energy Nuclear Data Library (FENDL).  



2	

~300  stable nuclei, ~ 7000 “exotic” 
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Early theory: halo nuclei 
P. G. Hansen and B. Jonson,  
 Europhys. Lett., 4, 409 (1987) 



  at the beginning it was the compound 
nucleus and resonance theory 

•  N. Glendenning book 
•  N. Bohr, Breit & Wigner, Kapur & 

Peierls, Feshbach & Wisskopf 
1936-1947 

              BUT THEN 

•  Butler 1950 

•  Bethe and Butler 1952 
•  Butler, Austern, Pearson 1958 





•  Peripherality 
•  Matching conditions: selectivity 
•  Weak binding 
•  Large nuclear dimensions 



Angular distributions in high-energy 
heavy-ion reactions are generally 
rather featureless and in this paper we 
concentrate on calculating the 

 

Heavier projectiles, higher incident energies 



Puzzle of absolute cross sections solved by semiclassical 
methods with asymptotic wave functions and energy 

dependent optical potentials 
Problem 
•  S.C. Pieper et al.,Phys. Rev. 

Cl8 (1978) 180 
•  C. Olmer et al., Phys. Rev. Cl8 

(1978) 205 

NP A442 (1985) 381 

Solution 



Experimental data vs. Reaction theory vs. Structure theory 

•  Direct reactions involve few nucleons 
and few degrees of freedom but to 
“model” them requires understanding 
the whole nucleus and all other possible 
reactions. Ex: elastic scattering and 
the optical potential.(cf. M.Borge talk) 

•  It requires also the understanding of 
experimental setups and the handling 
o f d a t a t o e x t r a c t m e a n i n g f u l 
observables. 

•  It has to be simple and transparent in 
its interpretation to help disentangling 
the physical processes and allow 
experimentalists to describe their data.  

•  Reaction theorists must understand 
stucture models (cf. S. Bacca and 
Shan-Gui Zhou talks) , experiments and 
they must describe data reliably but in a 
simple way. 

HiRA array 
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Isobaric Multiplet Mass Equation 



Determine ANC and/or spectroscopic factor for s.p. states	
(can give reaction rates directly)	
Ab-initio (i.e. Nollett-Wiringa) or HF wfs	
	
	
	
	
	
	
	
Collaborators:	
F. Carstoiu, RJ Charity	
C. Bertulani, T. Motobayashi, L. Sobotka, L. Trache	
[Bucharest, St Louis, RIKEN, Texas-Commerce, Pisa]	

p-p chain	

Another motivation 
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FIGURE 2. (a) Experimental 6Be invariant-mass spectrum and (b,c) the parallel-momentum distributions [3] of the reactions:
9Be(7Be,6Be)X, 9Be(7Be,6Li)X at mid-target energy of 65.2AMeV. Here and the following figures the dashed line on the Pk spectra
indicates the momentum of the unreacted beam. The dashed lines in (a) show the gate on the 6Be ground state.
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FIGURE 3. (a) The experimental 8C invariant-mass spectrum and (b) the parallel-momentum distributions [3] of the reactions:
9Be(9C,8C)X at mid-target energy of 63.8AMeV. The gate on the ground state of 8C is indicated by the dashed lines in (a)

 [MeV]
*

E
0 2 4 6

C
o

u
n

ts

0

5000

10000

15000

Be7 p+→B
8

(a)  
+

1
+

3

 [MeV/c]P
2500 3000

0

1000

2000

+
 (b) J=1

 [MeV/c]P
2500 3000

0

5000

+
 (c) J=3

FIGURE 4. (a) The experimental 8B invariant-mass spectrum for the p+7Be channels and (b,c) the parallel-momentum distribu-
tions [3] of the reaction 9Be(9C,8B1+ )X and 9Be(9C,8B3+ )X at 64.4AMeV.

Table 2 gives the reaction parameters for knockout channels and compares the predicted and experimental total cross
sections. The s(�n,�p) cross sections are obtained from Eq.(1) setting e�P�p=1. The strong absorption radii were
obtained from the folding model. However in some cases where the predicted cross sections were too large, larger
absorption radii, given in parenthesis, were found in order to obtain predictions, also indicated in parenthesis, which
are in better agreement with experiment.

Figs.2 and 3 show the invariant-mass spectrum and parallel-momentum distribution [3] of the 9Be(7Be,6Be)X,
9Be(7Be,6Li)X reaction at mid-target energy of 65.2 AMeV and the 9Be(9C,8C)X at 63.8A MeV. Fig. 4 shows data for
proton removal from the 9C projectile at 64.4 AMeV leading to the J=1+ and 3+ excited states of 8B.

Neutron and proton knockout from 7Be are reproduced well. Both the predicted relative cross sections and the
shape of the spectra are in good agreement with the data when the larger Rs value is used for neutron channel. The
TC method contains an explicit dependence from the initial spin. In the case of the proton knockout, two components



    

.	

Some of these nuclei 
are important in the 
pp-chain, we try to 
understand their 
structure from high 
energy data 
 
RJ Charity et al., 
private comm. 



Perfect example of most  discussed reaction 
mechanisms vs. structure topics of present 

day physics with RIBs 

•  Unbound nuclei 
•  n-knockout from deeply bound states 
•  Reduced cross sections 
•  Elastic scattering 
•  Total reaction cross sections 



AB&F.Carstoiu, NPA706 (2002) 322	
AB&A.Ibraheem, NPA748 (2005) 414	

transfer and  inelastic excitations 





 



A target used very often is 9Be  	
à single folding of a n-9Be 	
phenomenological potential 	
with a microscopic  projectile density	



A.B & R. J. Charity, PRC89, 024619 (2014) 

n-9Be scattering data + calculations  

Resonances described by consistent with dispersive contribution 



                     n+9Be 
…. SF VMC density & σnp &σpp-  
parametrized according to C. A. Bertulani, and C. 
De Conti, Phys. Rev. C81  (2010)  064603. 
 AB phenomenological, DOM            
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      Advantages with respect to double folding models: 
 
•    The imaginary potential is correctly second order because of the 

phenomenological nature of the n-T potential.  

•    The projectile density can be better tested because one is free from 
the ambiguity on the target density. 

•    The ambiguity on the nucleon-nucleon interaction to be used is 
overcome.  

•   The energy dependence of the potential is correctly reproduced 
because of the underlying correctness of the n-T potential. 

•   Deformation and surface effects of the target are correctly taken into 
account and one is left with the task of modelling the same effects for 
the exotic projectile. 



8Li and 8B data from 
9C data from Fukuda, Nishimura, private communication 
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Knockout beyond the dripline 
A. Bonaccorso, R. J. Charity, R. Kumar, and G. Salvioni 

AIP Conference Proceedings  1645, 30 (2015); doi: 10.1063/1.4909557 

•      

rs=1.44àRs= 6.00fm  à   σR=15  mb 
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L. Atar, Panin, Paschalis, Aumann,  
Bertulani  et al. for the R3B collaboration 	



H. Simon et al., NPA791, 267 (2007) (Uesaka san) 



Traditional methods 
•  Renewed interest in higly 

numerical DWBA and CDCC 
calculations of various aspects of 
breakup: A. Moro & Co.,  B.V. 
Carlson et al., K.Ogata et al.       
So far mainly d-induced reactions.          

•  Resonant scattering and R-matrix: 
P. Descouvemont. G. Rogachev 

•  Various eikonal approaches: best 
recent results (p,pN): Bertulani-
Aumann for R3B collaboration. 

•  Semiclassical and few body  
(Hussein, Canto &Co), P. Capel 

•  Reaction cross sections OK with 
eikonal approach (Ogawa): 
improved folding models for the 
optical potential (Furumoto opt 
pot) 

New methods:  
•  Chiral interactions used  for: ab 

initio no-core shell model with 
continuum, and its applications to 
nucleon and deuterium scattering 
on light nuclei: P. Navratil, S. 
Quaglioni, G. Hupin, J. Dohet-
Eraly 

•  Optical potential microscopic 
calculations  from chiral 
interactions 

                                

•  Unbound nuclei via projectile 
fragmentation. SEMICLASSICAL OK, 
but numerical (DWBA-like still in 
progress) 

•  Tetraneutron 

 ECT* workshop	

 Open questions: 	



•  R=1.4-1.5 (Ap
1/3+At

1/3 )fm…….radius 

•  NN Optical potentials (imag. part) describing elastic scattering and/or reaction 
     cross sections must contain a surface term with very large diffusness 2-3fm. 

•  nN optical potentials (real part) must contain a term representing particle- 
    vibration  couplings or surface oscillations/deformations, consistent with a  
    dispersive contribution  DOM                                         “shape” 

•  Bound&continuum  

•  Energy dependence ? http://pdg.lbl.gov/2015/reviews/rpp2015-rev-cross-section-plots.pdf 



Outlook	
     Direct reactions seem to be “quantized” in time over ~30y ranges. 
 
                            What next for 2017-2050? 
 
•   Understanding at a microscopic level the energy dependence 
      of nn and NN interactions, including optical potentials. 
•   Surface effects, clustering and unbound structures  à 
     Will we study mainly unbound nuclei via resonance definition, similarly  
     to particle physics? (cf. W. Nazarewicz). 
•   Structure and reaction models will be unified via ab-initio methods 
     and full inclusion of continuum spectra (cf S. Bacca, see also 
     Dispersive Optical Model). 

•  Will improvements in numerical techniques allow to solve the  
    nuclear many body problem “exactly”? 
                                          and/or 
                 Will semiclassical-analytical methods survive. 

  



                                      Legenda and thanks to: 
 
M. Fukuda et al., and  the R3B collaboration for allowing  
me to show their results 
 
DOM Bob Charity 
FC Florin Carstoiu 
PD Pierre Descouvemont  
Y K-E Yoshiko Kanada-Enyo 
ST    Stefan Typel 
BW  Bob Wiringa  http://www.phy.anl.gov/theory/research/density/ 
 
for providing unpublished data and calculations. 
 
Some more historical collaborators: 
 
David Brink, Nicole Vinh Mau, Guillaume Blanchon, Cristina Rea 
 Ravinder Kumar, the MAGNEX group at LNS-INFN, Catania. 
	
	



Courtesy of R J  Charity : Egret at dawn in Beachmere Australia 
 

“If you have heart  
you will certainly 
 have brain…” 
(paraphrased from 
Julian Fellowes) 








