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0. Introduction: nucleus as a many-body system

1. Reaction theory
general scattering theory
Born approximation
reactions, reaction amplitude, S-matrix
optical potential
distorted waves BA, direct reactions
resonance scattering, 
R-Matrix approach

2. Compound nuclear reactions
2.1 Compound nucleus
2.2 Bohr independence hypothesis
2.3 Hauser-Feshbach theory (specific exit channel)
2.4 Wigner-Ewing theory (averaged exit channels)
2.5 Level statistics
2.6 Fluctuations
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In the region of many resonances, non-overlapping 1/ <<Γ D
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Now calculate quantities for simple 
square well complex potential
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Note:

Shape-elastic geometrical,

Compound cross section depends on 
resonances

averaging over interval D

more complicated, needs model for
resonances����Hauser-Feshbach;

but contribution not large, estimate
maximum



Comparision with experiment as function of A 
and x=(kR)2 for maximum compound-elastic

total neutron cross section

calculation

experiment

neutron angular distributions

gross structure resonances:

position and ang. momentum



s.p. strength function
as fct of A compared to 
opt. potential model

deformed OMP

spherical OMP

black disc

More modern compilation and more general
OMP



The Compound Nuclear
Reactions

Bohr picture

Loss of memory of incident channel
(except for conserved quantities (angular
mom.,parity, etc.)

Bohr independence hypothesis:

Formation and decay of CN independent

Strongly fluctuating cross sections



Independence Hypothesis (Bohr 1936)
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Independent: memory loss
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Demonstation of  Bohr 
hypothesis



Very low energy: total absorption
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Log. Derivative

Absorption cross 
sect. ���� 1/v law

isolated resonances:

Superposition of BW 
resonaces with potential 
scattering background

���� already discussed

Overlapping
resonances:

Hauser-Feshbach
theory

General behaviour of 
cross section

(e.g. neutron)



Hauser-Feshbach Theory
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This was without spins. with spins
coupling scheme
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independence hypothesis

transmission coeff.

detailed balance



Angular distributions in the Hauser-Feshbach Theory

'''

'''

*

IijIij

IilJlIi

BbCAa

+=+=

+→→+

probability, that CN with total Spin J is
formed from the entrance channel

Similarly decay of CN with
spin J into direction (θ,φθ,φθ,φθ,φ))))

averaging over initial, summing over final ang. mom.

Lll
C000

Clebsch-Gordan, leading to L even;

Symmetry around 90o; signature of conserved
angular momentum



Weisskopf-Ewing formula: transition to continuum of states: evaporation

Transitions to states in elastic channel αααα in energy interval
(E‘,E‘+dE‘): 

multiply transmission coeff. for final states with level
density of states with excitation energy U=E-E‘-BE and 

spin I‘  ωωωω(U,I‘):

and sum over spin quantum numbers
)2/)1'('exp()1'2()()',( '' Ia IIIUIU σωω α +−+=

aU
e

2∝ ~ 1; neglect spin cut-off

���� Wigner-Ewing formula



Level statistics: 

densities, widths, spacings

Number of levels of a nucleus with A nucleons in the energy range
(E,E+dE)

�Counting of levels

�Thermodynamical calculation in simple models (Fermi gas model, shell
model, equidistant spacing model, etc.) 

�here Fermi gas model in grand canonical ensemble

∏ −−+=
ν

µεβ νµβ )1(),(
)(

eZ

const

const

ZAE

ZA

=

=

∂

∂
−=

∂

∂
=

µ

β

µβ
β

µ

µβ
µβ

),(ln

),(ln
1

Single particle density at 

energy ε (ε (ε (ε (continuum limit))))
2/1

)2(

24
3

2/32/1

4)( εε
π

π
h

mVg =

)(
1

1
µεβν ν −+

=
e

n

...)())((ln
6

0

2

++−= ∫ β
π

µ

µεµεεβ ggdZ

6
)(;

6
)(*

2
2

2

2

0

π
ε

β

π
ε FF gaaTgEEE ===−=

1

16
;40

−≈≈ MeV
A

aMeVFε

*2)( )0()0(*)(

;*2
)'(

'
)(

0

aEES

E

E

eeE

aE
ET

dE
ES

ρρρ ==

== ∫
generalized level Fermi model level density

spin cut-offpairing energy reduction



Level spacings:

CN levels arise from complicated mixture of many
configurations, which are mixed by Matrix elements, 
whose magnitude and phase distribution is random

Problem of Random Matrix Theory (Weidenmüller);

���� Wigner distribution

In contrast to simply having a random distribution of 
levels

���� Poisson distribution

level repulsion at small
spacings

small spacings
most probable



CN levels are combinations of many complicated
configurations with random amplitudes,

theory of errors ���� Gaussian distribution of widths

(Porter-Thomas distribution)

This is for one exit channel, for n exit channels (n degrees of 
freedom):

Level width distribution
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Fluctuations (Ericson)

many overlapping resonances, ΓΓΓΓ/D>>1

Γ Γ Γ Γ average width

energy correlation function

N channels

(can also be analysed for angle correlations)

���� used to extract an average width

End of Lecture 4!
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A. Structure
1. Single particle models

bulk properties, nuclear matter, Fermi gas

indep. part. shell model (SM), 
spin-orbit, SM states, s.p. transitions
deformed SM, Nilsson model
deformation energy surfaces, Strutinsky shell corrections
pairing, quasi-particles, BCS

2. Compound nuclear model

level densities, mean free path

3. NN-interaction

2N-states, bound, scattering

realistic interactions, meson exchange, chiral interactions
effective interactions, T-, G-matrix, Vlowk

4. Many-body methods

SM with residual interactions, no-core SM, Monte-Carlo SM, GFMC

Hartree-Fock, HF-Bogoliubov, Brueckner-HF
field theoretical approach, Quantumhadrodynamics (QHD), 
Rel. Mean field (RMF)

5. Decay modes

el.magn. decay, multipole-moments and -operators, transition

rates
αααα-decay
ββββ-decay, weak interaction, parity, Fermi-, Gamow-Teller transitions
fission

6. Collective motion: Rotations

dynamic and static deformations, rotations, vibrations, coupling,

(microscopic) HF, HFB, constrained HBF
cranking model, moment of inertia,
high spin, back bending

7. Collective motion: vibrations
harmonic vibrations, classification of modes, giant resonances

(GR), exotic modes
(micr.) TDA, RPA, TDHF, GCM

B. Reactions

1. Reaction theory

scattering states, wave packet schattering, 

cross sections classical and qm,

Born approx. (BA), partial waves, scattering amplitude

scattering lengths, effective range theory

reactions, two-potential formula, DWBA

operator formalism, S-matrix

R-matrix approach

2. Compound nucleus scattering

resonances, overlapping resonances, fluctuations (

CN scattering, Hauser-Feshbach formalism

average scattering, optical model

3. Optical Model

Projektion formalism (Feshbach)

complex potential, mean free path, dispersion relations

parametrizations, folding, 

4. Direct reactions

DWBA, angular distributions, polarization

inelastic scattering, collective strength functions

charge exchange, ββββ-strength functions

transfer, (1 and many nucleon), spectroscopic factors

multistep reactions, CC, CCBA, CRC

5. Statistical reactions

pre-equilibrium reactions

exciton models

quantummech. pre-eq. theories (FKK, TUL)

6. Heavy ion collisions

semiclassical features

deep inelastic scattering, dissipation

transport approach, BUU equations

fragmentation

List of possible subjects (Lect.1)



0. Introduction: nucleus as a many-body system
1. Reaction theory
2. Compound nucleus 

and compound nuclear reactions
3. Pre-equilibrium reactions
4. Single particle models
5. Many body methods (brief)
6. Collectice motion (mainly vibrations)

Thank you very much!

Preliminary plan (Lect.2)

Continuation in the fall of 2008 (Sept. or Oct.) !
(please let me know your preferences: hermann.wolter@lmu.de)


