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Types of Nuclear Reactions 

Scattering vs Reaction 

1- Elastic Scattering (always present) , No energy change X(a,a)X 

     a+A a+A,  Q=0, 24Mg(12C,12C)24Mg 

2- Inelastic Scattering , Energy change X(a,a*)X* 

 a+A a*+A*,  Q<0, 24Mg(12C,12C*)24Mg* 

3- Inelastic Reaction, Energy and nucleon change  

 a+A b+B, 14N(4He,p)17O 

4- Radiative Capture 

 a+A B+gamma, 12C(4He,gamma)16O 

5- Photo Reaction 

 gamma+A B+b, 16O(gamma, 4He)12C 

6- Transfer Reaction 

 X(d,p) or X(p,d), 12C(6He, 4He)14C 

 



Observables 

Experiment: 

• Angular distribution: E fixed, q variable 

• Excitation function: q fixed, E variable 

Theory: 

• “Direct” problem: determine cross-section 

from the potential 

• “Inverse” problem : determine the 

potential V from cross-section  



Nuclear Reactions: 

Compound 

• Small b values (head-on) 

• Low energy 

• Two step: No relation to 

entrance channel 

 a+A  C* (creation of CN) 

 C*  b+B  (decay of CN) 

• Timescale: 10-16 -10-18 s 

• Isotropic/Symmetric X-

section (~q=900)  

 

 

Direct 

• Large b values (peripheral) 

• High energy 

• One step 

        a+A  b+B 

 

• Timescale: 10-22 s 

• Forward peaked-Oscillatory 

X-section 
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Cross-section:  
Probability of a reaction to occur 

b 

q solid angle dW 
V(r) 

a+A b+B 



Before collision After collision 

LAB 

CM 

Collision theory: elastic scattering 
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Two body problem: Schrödinger Equation with effective potential 

Two Body Problem 
 
1. Move from LAB system 

to CM. 
2. Seperate the CM 

motion 
3. Find the reduced mass 

 
 
 

4. Define the total 
Central Potential V(r) 

5. Solve the Sch. Eq. For 
this V(r). 

1 2

1 2

m m

m m
m=

+

“Reducing the interaction of projectile  

and target nuclei  to interaction of the  

reduced mass with a potential  

between them.” 

= 
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Nuclear Potentials 

Microscopic Double Folding 

 

Phenomenological 



Coulomb Barrier vs Energy  

RB ~ A1
1/3+A2

1/3 

VB = 1.44 Z1Z2/RB 

Below the barrier 

Very few ℓ values 

R matrix 

Far above the barrier 

(Too) many ℓ values 

  no partial wave expansion 

ex: Eikonal, Glauber, semi-classic 

theories, etc. 

Near the barrier 

Limited ℓ values partial wave expansion 

ex: Optical, CC, CDCC, DWBA, etc. 

Nuclear 

Astrophysics 
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Two body problem: Numerical Solution of Schrödinger Equation 

Numerical solution : discretization N points, with mesh size h 

• ul(0)=0, ul(h)=1 (or any constant) 

• ul(2h) is determined numerically from ul(0) and ul(h) (Numerov algorithm) 

• ul(3h),… ul(Nh) 

• for large r: matching to the asymptotic behaviour  phase shift 

Bound states (E<0): same idea 

Analytic solution of the Schrödinger equation is limited to few potentials: SW, HO 

In general, there is no analytic solution  numerical approach 



Born and Distorted Wave Born Approximation 
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Scattering Amplitude and Cross-section 

If we use plane wave for the )(rk
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Distorted Wave Born Approximation 
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Incoming  and outgoing waves 



Example: Gaussian Potential 
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Schrödinger equation II: Partial wave methods 

We must solve: 

For bound states 

Discrete 
Spectrum 

For scattering states 

Continuous 
Spectrum 
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General Solution: 

)()( krkrjrF ll  Bessel functions 

)()( krkrrG ll  Neumann functions 
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For large x 

Examples:  

Bessel and Neumann functions 



1.75908 -0.73517

V=0 u(r)sin(kr-l/2) 

            l=0 

l<0  V repulsive 

V≠0 u(r)sin(kr-l/2+l) 

l>0  V attractive 

Phase Shift 

V repulsive 

V attractive 
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• Feshbach’s formalism 

 

 

 
• Nuclear Potential: 

– Complex 

– Non-local 

– Energy and model space dependent 

– Resonant… 

Optical Model 

Excited States 

Continuum 

Nuclear 



• Optical Model (Elastic Scattering) 

 

 

• Coupled-Channels Model (Elastic+Inelastic) 

 

 

 

 

• Deformation (Rotationel) 

Model: General 

where 

R = R0 [1 +  1Y20(q1,1) +  2Y20(q2,2) 0  0  0 



Optical Potentials 

Real & Effective Real Potentials Imaginary & Real Potentials 

Long Range Absorption 6He+208Pb @ 18.0 MeV 



Results 





12C-12C 



12C-12C, 32-127.5 MeV Single-2+ 



Thanks 
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