
  

Heavy-ion reactions at low energies

1. Introduction (experimental and theoretical aspects)

2. Deep-inelastic collisions (properties and description)

3. Nucleus-nucleus interaction (methods of calculation)

4. Pecularities of fusion reactions (adiabatic and diabatic 

    treatments)



  

1st
  nuclear reaction with p beam: 1931

p, , d beams for study of nuclear structure

50-60th years – ion sourses
heavy ion wave length < 0.1 fm (classical particles)

50th : linear accelerators in USA
60th : ciclotron in Dubna
70-80th : linear accelerator at GSI, ciclotron at GANIL and ...

beam of light nuclei:
nuclear reactions / processes: elastic, inealastic scattering, 
nuclear transfer reactions, formation and decay of compound
nucleus
beam of heavy ions:
the Coulomb fission of heavy nuclei and excitation of high-spin 
states, population of highly-deformed nuclear states, multinucleon
transfer reactions, compound nucleus formation



  

Problems of synthesis of superheavy nuclei

Production of exotic nuclei, new isotopes

Study of various decay modes including fission, emission of 
delayed proton, p and 2p radioactivity

High-spin states

Highly excited compound nuclei

Sub-barrier processes

Cluster or molecule states



  
impact parameter b=l/k



  

Reaction cross section

For large angular momenta



  



  



  

Measurments of -multiplicities show that the  -rays emitted
after a DIC carry angular momentum, which is taken out of the
relative motion of the collision partners. This shows that there is
considerable transfer of angular momentum from the relative 
motion to the internal system.

- Coulomb-like collisions. Collision partners are higly charged and
the incident energy is relatively low. The Coulomb repulsion 
dominates and the projectile is strongly reflected to large, 
backward angles.



  

- Focussing collisions. Higher energies or lighter nuclei. 
Scattering into a narrow angular region. 



  

- Orbiting collisions. The attractive nuclear force dominates over
the Coulomb force. This pulls the trajectory of the projectile 
around the target into the region of negative scattering angles.



  

End of 60th – discovery of new type of nuclear reactions – DIC

Mechanism: dynamic & statistic pecularities
                     formation of DNS – result of nucler viscosity and 
                     microscopic effects
nuclear molecule  DNS
quasistationary states       dynamics

Study of DIC
identification of the products
scattering chamber
radiochemistry
E-E detectors
time of flight
magnetic spectrometra
two-shoulder detectors
detectors for n, p, , and 



  



  



  

Characteristics of DIC

- total dissipation of kinetic energy  energy distribution has

maxima at V
b 
for the fragments, independent on E

c.m.

- angular distributions have maxima at forward angles

  decrease of anisotropy with increasing number of transfered 

  nucleon

- large variation of mass (charge) distributions (max. at A
p

  (A
t
) and Z

p
 (Z

t
))

- N/Z ratio

- sharing of excitation energy and angular momentum



  

Illustration of the formation of two
peaks in the energy spectrum

Contour diagram representing the transfer
reaction data for 232Th(40Ar,K) at 388 MeV



  



  



  



  



  



  



  



  



  

Langevin description

Two colliding nuclei with reduced mass M move in the field
of the interaction potential V(R), where R is the collective
coordinate. Lagrangian

The internal motion is described by a set of harmonic oscillators
of mass m

i
 and frequency 

i
 with internal coordinate q

i
. 

The internal Lagrangian:

The interaction between the collective motion and the internal
subsystem is assumed to be separable and linear in coordinate.
This drastic assumtion allows us to do analytic.



  

The full Lagrangian

where f
i
(R)  is the form factor of the coupling, it vanishes at R 

beyond which the reaction partners cease to interest and has
the same range as the potential V(R). The equations of motion:



  

In order to get the equation in R alone, we must eliminate the 
internal coordinates. So,

where the first term is the solution of the homogeneous part 
with f

i
=0, and has the form

q
i0
 and p

i0
 are the values of the coordinates and momentum

of the oscillators of the bath at an initial time t
0
. The second

term incorporates the effect of coupling.



  

Substituting the solution for internal coordinates, we obtain
the differential equation for R

Integrating by parts in the second term,



  

The surface term contributes only at the upper limit s=t

As a result

The renormalized conservative force

The renormalized potential



  

We have defined the friction force

and the Langevin force

The renormalization term can be taken away by writing the full
Lagrangian in Caderia and Leggett form

The equation for R derived from such a Lagrangian contains only
the original potential V(R).



  

The friction force  (non-Markovian)

Here, we introduce the friction kernel (assume, for simplicity,
m

i
=m and f

i
(R)=f(R))

where The sum over i  is a sum of many 

terms with varying signs which effectively vanishes except when
all the cosines have nearly vanishing arguments, i.e. 
the small time interval  is the memory time determining the 
retardation of the friction force, i.e. Its length of memory.Therefore,

where is a 'smeared-out -function with a range .



  

Integrating over t, we get

where the factor 2 is introduced for convenience. The friction kernel
then becomes

with the friction coefficient

The dependence of R(t) on t  is assumed to be weak, so that we can
set R(s)=R(t) for |s-t|.
Let us introduce the spectral density g() of the intrinsic excitations,
which allows us 



  

Then

where

Energy loss



  

Langevin force

For simplicity, we assume the same form factors.

where

The oscillators are assumed to represent a 'heat bath' (Brownian 
motion). Owing to the implicit interactions of the oscillators of the
bath, the coordinates q

i0
 and momenta p

i0
 are treated as random

variables whose distributions has mean value zero,



  



  

Thus, 

We assume that the heat bath is in equilibrium and can be
characterized by a temperature T.



  

Then

m
i
=m

The normalized time-dependent variable

with Gaussian distribution.



  

The average of the Langevin force is

Its correlation function is



  

Fluctuation-dissipation theorem

connects the fluctuation strength coefficient D of the Langevin 
force with the friction coefficient . It is a consequence of the fact
that the friction and Langevin forces have their origin in the 
coupling between the collective motion and the bath.

At low temperatures



  

Langevin equations, their applicability to DIC

Generalization to the multidimensional case.

The internal system equlibrates quickly, its equilibration time is
smaller than the correlation time  and also smaller than the
time scale of collective motion.



  

Fokker-Planck equation  for distribution function



  

Simple examples
1-dim., const. coefficients



  

The mean value and the variance are found from the first and 
second moments of the distribution function.



  

1-dim., variable drift coefficients

The equilibrium solution (t) has the form of Boltzmann
distribution

where T is the temperature of the system.



  

In the first approximation



  



  

General case

d(R,P;t)



  



  

Fusion

stability of the formed compound nuclei
fisility parameter

                   x

x>1 – unstable
x<1 - stable



  

The projectile moves in the field of the Coulomb-plus-nuclear
potential V(r). For a given impact parameter b the radial motion
is governed by the potential



  



  

Total fusion cross section



  

The compound nucleus becomes unstable against fission above
the certain value of angular momentum l

crit
=l

crit

f,



  



  

Sub-barrier fusion

transmission coefficient in the WKB approximation

For the parabolic barrier, Hill-Wheeler formula



  



  



  +238U



  



  



  

Nucleus-nucleus potential
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Classical desription



  



  



  



  

Models of complete fusion with 
adiabatic and diabatic potentials

Two main collective coordinates are used  for the 
description of the fusion process: 

1. Relative internuclear distance R

2. Mass asymmetry coordinate for transfer



  

Idea of Volkov (Dubna) to describe fusion 
reactions with the dinuclear system concept:

Fusion is assumed as a transfer of nucleons (or 
clusters) from the lighter nucleus to the heavier 
one in a dinuclear configuration.

This process is describable with the mass 
asymmetry coordinate =(A1-A2)/(A1+ A2).

A1 A2

If A1 or A2 get small, then ||1 and the system 
fuses. 



  

1.   Relative motion of nuclei, capture of target 
and projectile into dinuclear system,            
decay of the dinuclear system: quasifission     
                                                                  
                                                                  
                           

2. Transfer of nucleons between nuclei,     
change of mass and charge asymmetries 
leading to fusion and quasifission 

The dinuclear system model uses two  main 
degrees of freedom to describe the fusion  and 
quasifission processes:



  

Description of fusion dynamics depends strongly 
whether adiabatic or diabatic potential energy 
surfaces are assumed.

diabatic

adiabatic

touching 
configuration

V

R



  

Diabatic potentials are repulsive at smaller 
internuclear distances R<Rt.

Explanation with two-center shell model:

i i

R R
1 1

2 2

adiabatic model      diabatic model 

Velocity between nuclei leads to diabatic 
occupation of single-particle levels,        Pauli 
principle between nuclei



  

a)Models using adiabatic potentials

Minimization of potential energy, essentially 
adiabatic dynamics in the internuclear distance, 
nuclei melt together.

Large probabilities of fusion for producing nuclei 
with similar projectile and target nuclei.



  

entrance

quasifissionfusion

touching 
configuration



R



  

b) Dinuclear system (DNS) concept

Fusion by transfer of nucleons between the nuclei 
(idea of V. Volkov, also von Oertzen),     mainly 
dynamics in mass asymmetry degree   of freedom, 
use of diabatic potentials, e.g. calculated with the 
diabatic two-center shell model.





  

entrance 
quasifission

t
o
touching 
configuration

fusion




R



  

110Pd+ 110Pd

~R

double folding

TCSM



  

2R0



  

Calculation of diabatic potential:

= single particle energies

= occupation numbers

Diabatic occupation numbers depend on time:

De-excitation of diab. levels with relaxation 
time, depending on single particle width.



  

diabatic

adiabatic



  

Dynamics of fusion in the dinuclear 
system model

Evaporation residue cross section for the 
production of superheavy nuclei:



  

a) Partial capture cross section cap

Dinuclear system is formed at the initial stage 
of the reaction, kinetic energy is transferred 
into potential and excitation energy.

Bqf=barrier for 
quasifission

V(R)

touching point R



  

b) Probability for complete fusion PCN

DNS evolves in mass asymmetry coordinate by 
diffusion processes toward fusion and in the 
relative coordinate toward the decay of the 
dinuclear system which is quasifission.

B*fus=inner fusion barrier

V()


i-1 1

B*fus



  

222Th



  

Calculation of PCN and mass and charge  
distributions in  and R:

Fokker-Planck equation, master equations, 
Kramers approximation

Competition between fusion and quasifission, 
both processes are treated simultaneously.



  

Kramers formula for PCN:

Rate for fusion:  fus

Rate for quasifission: qf = R +  sym, i.e. 

decay in R and diffusion in  to more 
symmetric DNS.

Cold fusion (Pb-based reactions): 

Hot fusion (48Ca projectiles):



  

Λ



  

Calculation of PCN and mass and charge  
distributions in  and R:

Fokker-Planck equation, master equations, 
Kramers approximation.

Competition between fusion and quasifission, 
both processes are treated simultaneously.

PCN≈
1. 25exp [− Bη

fus
−Bqf /T ]

11. 25exp [− Bη
fus−Bqf /T ]

Bqf =min  Bqf
R , Bqf

η 



  



  

Rates depend on single-particle energies and 
temperature related to excitation energy.

Only one-nucleon transitions are assumed.

qf
Z,N  :   rate for quasifission

fis
Z,N  :   rate for fission of heavy nucleus 



  

The charge and mass yields for 
quasifission can be expressed

The time t0  of reaction is determined by 
solving the normalization condition

Z
BG

=8-14  in the reactions considered

Y Z , N  t0 =ΛZ , N
qf ∫

0

t0

PZ , N  t dt

∑
Z , N

Y Z , N  t0 PCN≈1

PCN= ∑
ZZ BG , N N BG

PZ , N  t0 



  

Survival probability Wsur

De-excitation of excited compound nucleus by 
neutron, alpha, proton and gamma  emissions in 
competition with fission. The survival probability 
under the evaporation of a certain sequence s of x 
particles is calculated as:

Ps  =probability of realisation of s channel The 
total width for the compound nucleus decay is 
the sum of partial widths.

W sur
s  ECN ≈P s  ECN ∏

i s=1

x Γ i s
 E i

s


Γ t  Ei
s




  

The fission barrier Bf  has a liquid drop part 

Bf 
LD and a microscopical part Bf 

M . 

Bf 
LD=1.9-3.2 MeV for Pu and Cm isotopes

B f
M
≈−ΔW gr

A

B f ECN =B f
LDB f

M exp [−ECN / ED ]

ED=0 .4A4 /3/a
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