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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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The behavior of the cross sections in the resonance
region does not lend itself to a description by a simple
one-particle potential (1.2) because of the rapid fluctu-
ations with energy. However, the averages of the cross
sections taken over an interval /, which includes many
resonances, will be shown to be the cross sections
belonging to a new scattering problem with slowly
varying phases, which we will call the “gross-structure”
problem. In this problem it is possible to define cross
sections for the formation of a compound nucleus

hich also_incl the compound elastic scatteri
It is this gross-structure problem and nof the actual
rapidly varying cross sections which we intend to describe
Z by means of a one-particle problem with the potential (1.2).

<§>

Scattering matrix element

gD =mR22l4+1)|1—n,/?

— 2
G’r“)=1ri2(25+1) (1_ {"‘?1[2); <6€> = O-e * Gﬂ; O-ﬂ = O-C€ = k_ﬂ; ‘775‘2 - ‘<775 >‘

averaging over fluctuations <O'r> =0, — (o
. 1f=+”2 (0,)=0,=0,+0,+(0,)=0,+0
fi(e) =- ni(€)dé, ——
e—I[2

— _ Ocy =0, | decribe these by one-
<O-> < o()=0 particle complex potential




In the region of many resonances, non-overlapping I'/D<<1
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Note:
Shape-elastic geometrical,

Compound cross section depends on
resonances

Now calculate quantities for simple
square well complex potential

V=—=Vo(14if), r<R,

V=0, r> R,
= 0,,0,
o more complicated, needs model for
ce resonances—~>Hauser-Feshbach;

but contribution not large, estimate
maximum



Comparision with experiment as function of A neutron angular distributions
and x=(kR)?for maximum compound-elastic
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gross structure resonances:

total neutron cross section .
position and ang. momentum
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s.p. strength function
as fct of A compared to
opt. potential model
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Fic. 7. Ratio I'y'/D of neutron width to level distance for
low energies as a function of A. Here T'y®=T,(e"/e)t is the
“reduced” width, and £ i3 taken to be 1 ev. The curves represent
the calculated values for {=0.03 and 0.05. The points represent
the observed values and the limits of error.

More modern compilation and more general

OMP
10 F g _
&I ’ g deformed OMP
T ° T ) ) spherical OMP
‘T A 't Y. ‘black disc
. / '! 7 H R .
;:’( 2 I oN \‘! /I ‘ ‘
e 15 lm "y ﬁ :
E \\ 7 o
73 10 — v“ﬂ- S INZ i #} * . |
€ 08 l
i<t
e | b |
g - |
i
73

02
015k '
]
1 1 1 /] 1 '! i 1 )] 1 1 1
0 20 40 60 80 100 120 140 160 180 200 220 240
A —»
Abb. 10.27

s-Wellen-Stirkefunktion aus experimentellen Neutronenresonanzbreiten im Vergleich
mit theoretischen Vorhersagen: Strich-Punkt-Linie — Modell des ,,schwarzen Kerns*‘;
gestrichelte Linie — deformiertes optisches Potential; ausgezogene Linie — sphérisches
optisches Potential ’



The Compound Nuclear
Reactions

Bohr picture
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Residual nuclei

Compound
nucleus

4. Energy diagram illustrating the excitation of intermediate compound-

nucleus, T\rs in a nuclear reaction.
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Loss of memory of incident channel

(except for conserved quantities (angular
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Bohr independence hypothesis:

Formation and decay of CN independent

Single-particle states

stationary —>
levels

Filled
bound
levels

Many-particle states

Strongly fluctuating cross sections

Differential cross-section (arbitrary units)
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Fie. 11.8. Excitation functions for the reactions 2°Mg(p, po) and 26Mg(p, p2),
showing the decrease in the amplitude of the fluctuations as the energy increases.
This is due to the increasing contribution of direct processes to the reactions.
(O. Hausser, P. von Brentano, and T. Mayer-Kuckuk, Phys. Leit. 12, 226,

1964.)




Independence Hypothesis (Bohr 1936)

a+A—>C —b+B

Independent: memory loss
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General behaviour of
cross section

(e.g. neutron)

isolated resonances:

Superposition of BW
resonaces with potential
scattering background

- already di§cussed
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Figlire 10.16 Total cross section for neutrons of low energy hitting
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Very low energy: total absorption
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Overlapping
resonances:

Hauser-Feshbach
theory




Hauser-Feshbach Theory

independence hypothesis

detailed balance k2
a
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This was without spins. with spins
coupling scheme
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Angular distributions in the Hauser-Feshbach Theory

a+A—->C*—>b+B
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Fig. 3.11 Differential cross-section for the elastic scattering of 2.35 MeV neutrons
by #9Y compared with optical model and Hauser-Feshbach calculations (Towle
1969).
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Fig. 3.13 Differential cross-sections for the inelastic scattering of 2.35 MeV neutrons
by 8°Y, compared with Hauser—Feshbach calculations (Towle 1969).
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Similarly decay of CN with
spin J into direction (6,¢)

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

averaging over initial, summing over final ang. mom.

QI+ 1)

2 '
Uaﬂ(g) - R/fa Jp%;-'p (21 + 1)(21 + 1) J’(.}l J [ 9)(Taij Uy /Z Tal_;)'

alj

QU+ 1)Q2J + 1)?

A,(GLj'T; 0) = i
T

Z C560C 00 W (JJIL; LjyW (JJI''; Lj")P,(cos 9){

CLll Clebsch-Gordan, leading to L even;

Symmetry around 90°; signature of conserved
angular momentum



Weisskopf-Ewing formula: transition to cont
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Transitions to states in elastic channel o in enerdy interval

(E*,E*+dE"):

multiply transmission coeff. for final states with level
density of states with excitation energy U=E-E‘-BE and
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Fig. 3.3 Excitation function for the **Cu(n,p) reaction compared with Weisskopf-

Ewing calculations with the level density parameters of Gilbert and Cameron (1965)
{CEEEEE ) and of Brancazio and Cameron (1969) ( ) (Ait-Tahar 1986).




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
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Figure 10.2 Empirical values of the level density parameter a versus the mass number A
according to Dilg ef al. (1973). Crosses: even-even-; circles: odd-odd-; triangles: odd-mass
nuclei. The solid curve results from an analysis of Faccini er al. (1968). The straight line
a = A/8 reproduces the average trend of the empirical values of a.
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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 (Weidenmiiller);

-> Wigner distribution

In contrast to simply having a random distribution of

levels

- Poisson distribution

Tt T B

Number of levels in
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Fra. 11.19. Distribution of spacing between adjacent energy levels for 23977,
(M. A. Preston, Physics of the nucleus. Addison-Wesley, 1962.)



Level width distribution

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

theory of errors - Gaussian distribution of widths

P(x)dx=(2mx)""?e™"?dx; x=T/(T)

(Porter-Thomas distribution)

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

freedom):
n
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Fluctuations (Ericson)
41 26Mg(p.po)
many overlapping resonances, I'/D>>1 3k Uubgzp,?;c
A7 CHE1S
i g
Jag = Z —. = af
J E - EJ + %I rj ‘E 0
r s 1or 26Mg(p.p,)
e | 8F _ '.
CHENSME)y = SENE) ==, 38
4 -
I" average width 2r
8 9 lb Ill 112 - 1|3 1I4
energy correlation function Energy (MeV)
E 2
EEEE S ‘ :
(o(E)><o(E + €)) { — 1o/
Cle) I I 1.03
=2, 2 » Cyle) = — : N
CO) T?+e NI? 4 &2 oal
T | \} 27 A1(d 01)* Mg
i 06+ N
N channels ) \
S oak
(can also be analysed for angle correlations) g:c N
021 x ."*--.,__b
0.0 * X T ﬂ—-.-_‘:.-"‘"z-l‘—ﬂ-—g—;——q; -
- used to extract an average width T X x x % I x } 5
~02F -
1 1 i 1 1 | I
0 40 80 120 160 200 240

End of Lecture 4!
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A. Structure List of possible subjects (Lect.1)

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 correctic
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 interactir
effective interactions, T-, G-matrix, V.

4. Many-body methods

SM with residual interactions, no-core SM, Monte-Carlc¢
Hartree-Fock, HF-Bogoliubov, Brueckner-HF
field theoretical approach, Quantumhadrodynamics (Q
Rel. Mean field (RMF)

5. Decay modes

el.magn. decay, multipole-moments and -operators, tra
rates
o-decay
p-decay, weak interaction, parity, Fermi-, Gamow-Tellel
fission
6. Collective motion: Rotations
dynamic and static deformations, rotations, vibrations,
(microscopic) HF, HFB, constrained HBF
cranking model, moment of inertia,
high spin, back bending
7. Collective motion: vibrations
harmonic vibrations, classification of modes, giant res

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

B. Reactions
1. Reaction theory

scattering states, wave packet schattering,
cross sections classical and gm,
Born approx. (BA), partial waves, scattering amplitt
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 relati
parametrizations, folding,

4. Direct reactions

DWBA, angular distributions, polarization

inelastic scattering, collective strength functions
charge exchange, p-strength functions

transfer, (1 and many nucleon), spectroscopic factc
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



Preliminary plan (Lect.2)

0. Introduction: nucleus as a many-body system
1. Reaction theory
2. Compound nucleus
and compound nuclear reactions
. Pre-equilibrium reactions
. Single particle models
. Many body methods (brief)
. Collectice motion (mainly vibrations)
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Continuation in the fall of 2008 (Sept. or Oct.) !

(please let me know your preferences: hermann.wolter@Imu.de)

Thank you very much!




