
NUCLEAR REACTIONS
Direct nuclear reactions with RIB (parts 1-2)

Andrea Denikin, PhD

JINR, Dubna University



NUCLEAR REACTIONS
Problems and study subjects:

1. Nuclear properties

2. Exotic nuclear states (high excitations, super-

deformations, high spin states, etc.)

3. Synthesis and study of new nuclei

4. Nuclear reaction mechanisms (few body)

5. Applied nuclear physics (nuclear plants, 

nuclear medicine, new materials, etc.)

6. Etc.
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NUCLEAR MASSES
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Reaction: a+A Ҧ b+B

M(A,Z)c2 = Zm pc
2 + Nm nc

2 ðEbnd(Z,A)

Mac
2 + M Ac2 + Ekin,a =

= M bc
2 + M Bc

2 + Ekin,b + Ekin,B

Q = Ebnd,b + Ebnd,B ðEbnd,a ðEbnd,A

Q Җ0: elastic&inelastic scattering

Q<>0: transfer reactions (rearrangement) 

T
h

e
 2

n
d

 R
IS

P
 I
n

te
n

s
iv

e
 P

ro
g

ra
m

 o
n

 «
R

a
re

 I
so

to
p

e
 P

h
ys

ic
s»

, 
2

0
1

7



EMPIRICAL NUCLEAR MASS

experiment

empirical 
formula shell effect
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Example: 197Au
A=197, Z=79, N=118

 MeV( , ) 8.068
bnd

E Z A A

 MeV( , ) 7.916exp
bnd

E Z A AT
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Weizsäcker formula:

Problem: Compare charge radii of two mirror nuclei 23Na 
and 23Mg if Ebnd(23Na) = 186.564 MeV and Ebnd(23Mg) = 
181.726 MeV neglecting symmetry and parring terms. 



NUCLEAR REACTIONS: CLASSIFICATIONS

1. Low energies (from 0 to 150 MeV/A)

2. Intermediate energies (ʦʪ 150 MeV/A ʜʦ 1 GeV/A)

3. High energies (NICA, LHC, SLAC, é)(ʦʪ 1 GeV/A ʜʦ 10 TeV/A)

Over the collision energy:

1. Elastic scattering

2. Quasi-elastic scattering and few-nucleon transfer

3. Deep-inelastic scattering

4. Fusion

5. Fragmentation

6. Nuclear fission

Low energies: over the reaction channels (mechanisms)

2H + 3H Ÿ 4He + n + 14 MeV

n + 235U Ÿ 132Sn + 102Mo + 2n + 190 MeV

Exothermic and endothermic reactions:

2H + 208Pb Ÿ p + n + 208Pb ï2.2 MeV
48Ca + 248Cm Ÿ 293116 + 3n ï160 MeV

T
h

e
 2

n
d

 R
IS

P
 I
n

te
n

s
iv

e
 P

ro
g

ra
m

 o
n

 «
R

a
re

 I
so

to
p

e
 P

h
ys

ic
s»

, 
2

0
1

7



NUCLEAR EXPERIMENTS
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n0 ðincident flux (particles/sec/cm 2)
DN ðdetected particles (particles/sec)
DW=DS/d2 ðsolid angle

0

( )
( )

d N

d

1

2 h = rÖlÖSðall nuclei in the target available for collisions, 
S = stotÖhðvisible (active) square of all these nuclei,
P = S/S ðprobability of reaction for one incident particle,
N = nÖP = nÖstotÖrÖl ðnumber of reaction events per second
DN(q) = nÖDs(q)ÖrÖl ðN detected at scattering angel q

rðmatter concentration in target 
(particles/cm 3)
n = n0ÖS ðparticles per second

( )
( )

N

l



SYSTEMATICS OF NUCLEAR REACTIONS
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NUCLEAR KINEMATICS
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A1 + A 2 Ҧ A3 + x
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2-BODY EXIT CHANNEL
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3-BODY EXIT CHANNEL
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LABORATORY ҭ CENTER OF MASS
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cos

( ) ( ),
cos

lab lab lab
lab cm

lab cm cm cm cm

d d dd d

d d d d d

Transformation of the scattering cross section from lab. system to c.m. system

ðJacobian of transformation

    3

2 2
2

cos
cos ; ; 1

2 cos

cm
lab

cmcm

A Q

A E
In most general case:

2

3/2
2 2

( cos )

2 cos

cm

cm

Thus Jacobian of transformation reads:

Problem 1: proof equivalence of the expressions for qlab on this (for cosine function) and 
previous (for tangential function) slides in the case of elastic scattering.
Problem 2: translate the elastic scattering cross section from c.m. to lab. system (use data 
provided by lector).



CLASSICAL SCATTERING PROBLEM
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Classical Hamiltonian:

In the case of central interaction potential :

Classical equations of motion allow to write:

Deflection function defines the scattering angle 
qcm with impact parameter b

Classical scattering trajectory may be defined as follow:



EXAMPLE: n(10 MeV) + 64Ni
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Interaction potential:

Classical trajectories

Classical deflection function



CLASSICAL CROSS SECTION
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0

( ) ( )
( ) 2 2 ( )

N db
b b b

d

( ) 1
( )

sin

d b

d d db

Consider an uniform beam scattered by arbitrary 
potential. Suppose one may define the relation 
between impact parameter b and scattering angle q

Number of particles in the belt 1 

equals to the number pf particles in the belt 2, and 
corresponds to the particles scattered at angles qҕDq.

The cross section reads

0
2N b b

as well as the differential cross section

Derivative of the 
deflection function



ELASTIC SCATTERING
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Let us suppose that all the collisions with 
impact parameters less than grazing one leave 
the elastic channel (i.e. part of incoming flux is 
òabsorbedó in the interaction area)

Shadow region

Black disk model



ELASTIC SCATTERING
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Black disk diffraction

2 1 0 2
0

0 2

(2 sin )
( )

2 sin

J k R
f k R

k R

Approximation for Scattering 
amplitude:

Zeros of Bessel function:

1
0

2
0

2 sin 3.8317
2

2 sin 7.0156
2

k R

k R

A.Oehrn et al., Phys. Rev. C77 (2008) 024605

   89 891 2
( ) 5.76 ; ( ) 5.98

Y Y
R fm R fm

89

1/31.3 5.8
YY

R A fm

Comparison with experimental data shows:
1. Radii are in very good agreement;
2. Experimental distribution is more smooth;
3. Amplitude of experimental data decreases faster



NUCLEAR SIZE
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NUCLEAR SIZE
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ELASTIC SCATTERING
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0 3 34
3

0.16
A nucleon

R fm

Nucleus is òrather emptyóinside é

2 3 0
0

1

( ) ( ) ( ) ( )

1 exp

A

NA iN i A
i

V
V r V d u r

r R

a

r r r r

3

0
( ) ( )

iN
V ux x

Mean field model (for nucleon -nucleus nuclear interaction):

Spin-orbit interaction in addition: ( )( )
SO

V r l s

Each nucleon state is characterized by set of quantum numbers:

      , , , , , , 1, , 1,
j

n l j j l s j j j j

1 2
1

( , , , ) ( )
i i i i

A

A A n l j i
i

r r r rA

i.e. nucleus is semi -transparent and
black-disk model is quite rough.

We need realistic NA potential!

The potential represents spatial 
properties of nucleus but it doesnõt 
reveal absorptive effects é



COULOMB POTENTIAL:

Z1e

Z2e
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Ç Point charge interaction:

Ç Folding interaction:

Ç Point-sphere interaction (empirical):
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Surface energy (liquid -drop model)

NUCLEAR INTERACTION
ÇWoods-Saxon potential

Ç Akyuz-Winther potential

Ç Bass potential
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NUCLEAR INTERACTION: PROXIMITY

1 1 1 2 2 2

1 1 2 2

( , ) ( , )4
(r)

( , , , )prox

r R Rb
V

P b

g= 0.951 MeV fm -2 ðsurface tension
b = 1 fm ðnuclear surface layer
P ðlocal surface curvature
Fðuniversal proximity function

Proximity potential [ J. Blocki et al., Ann. Phys. 105 (1977) 427]
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NUCLEAR 
INTERACTIONS
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NUCLEAR INTERACTION: FOLDING

Ç Folding interaction

Nuclear matter densities

Effective nucleon-nucleon interaction, e.g. DDM3Y -Reid potential
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