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 The theoretical description of nuclear reactions with
microscopic models with the full complexity of the
interactions of the individual nucleons involved is a
very challenging problem.

 Therefore, other approaches have been developed.
These involve fast and slow types of interactions,
direct, pre-compound and compound formations.

 Within the domain of CN formation, the statistical
model of nuclear reactions emerged. It profited from
concepts developed previously in the field of statistical
mechanics that have proven to be very powerful in
explaining many features of nuclear reactions.
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MSC- multi-step
compound

MSD – multi-step
direct

 Three major mechanisms conveniently
classified in terms of time scale
 Fast mechanism ~ 10-22 s. -> direct

interactions
 Slow mechanism ~ 10-16 s. -> compound

nucleus
 Pre-compound mechanism covering the time

scale between CN and DI

 The two nuclei in the entrance channel coalesce to form an
excited compound fused system that lasts for a relatively long
time (10-16 to 10-14 s)

 Compound system has no memory of the entrance channel –
cross section of exit channel is independent of the way of
formation

 CN formation predominates at low energy (around Coulomb
barrier) and for central collisions

 Low to high energy resonances in the compound nucleus can
be excited depending on the incident energy of the projectile

 De-excitation stage follows by combination of particle
evaporation and/or γ decay.

 The compound nucleus hypothesis of N. Bohr
[1936] is probably the most often used concept
for the description of nuclear reactions. Bohr
divided a nuclear reaction in two steps: the
formation of a compound nucleus, and its
subsequent decay. Apart from a few quantities,
which are subject to conservation laws (energy,
angular momenta, parity), the compound nucleus
looses memory on the way it was formed. Thus,
the two reaction steps can be considered as two
separate steps, which proceed one after the other.



Proceedings of the 9th Conference on Nuclear and Particle Physics, 19-23 Oct. 2015, Luxor-Aswan,
Egypt

-16 -

 The compound nucleus plays a central role in nuclear reactions
from the lowest excitation energies to intermediate- and even high-
energy ones.

 The formation and decay of the compound nucleus can be described
through a resonance formalism. However, this is usually limited to
low energies and the lightest of nuclear systems.

 At higher energies, with increasing number of resonances and their
overlap, more elaborate formation mechanisms are necessary. Of
interest (and usually the measurements themselves) are nuclear
cross sections averaged over the resonances. The statistical theory
of nuclear reactions deals with such average cross sections.

 Nuclear evaporation is the decay process usually employed for a hot
intermediate compound nucleus formed in a nuclear reaction. For
example, when high energy probes hit a heavy target, transferring a
sufficiently high amount of energy, a spallation reaction takes place,
involving the evaporation process. Presently great interest has been
dedicated to this type of reaction, which is used to describe the
neutron generation for the newest proposed generation of nuclear
reactors, the Accelerator Driven System (ADS).

 When a charged particle bombards a target nucleus, a rapid cascade
phase occurs with ejection of few nucleon leading to the formation
of a hot residual nucleus. At this point the evaporation of particles
begins through an evaporative decay chain.

 Compound nucleus formation
 Continuum of compound nucleus levels
 Independence hypothesis
 Continuum of final states

 Holds at sufficient high excitation in the CN that nearly all channels into
which it can decay are dominated by integrals over the level density.

 Continuous level density is supposed to take place in residual nuclei too.

where σinv is the reverse reaction cross section, ρ‘ - level density given
by

σM is the spin cutoff parameter (characterizing nucleus rigidity), Δ pairing
correction parameter and (a) mass number parameter.
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Zn-64 CN formation.   S.N. Goshal, Phys. Rev. 80 (1950) 939
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 According to the independence hypothesis

 CN formation cross section

where,
i, I, J, l. k - have their standard notations, f(l,π) ensures parity conservation:
f(l,π)=1 if π of the CN and entrance channel are conserved and zero
otherwise, stands for the transmission coefficient calculated using
optical model code for A>5, ε projectile energy, U compound nucleus
energy.

 P b is the probability that CN decays into channel b.
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 The final HF cross-section is

 T are the transmission coefficients calculated using optical model
potentials.

 The symbols α and β implicitly contain all the characteristics defining
entrance and exit channels, respectively.
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 Recent progress in nuclear reaction modeling demonstrated the ability to study
many different aspects of nuclear properties using the HF theory.

 For example, the HF model was combined with a theory of β-decay to
calculate the β-delayed neutron and γ–ray emissions . These calculations can
be performed for each β-decay precursor to estimate aggregate neutron and γ-
ray energy release at fission.

 Another example is the ability to compute HF predictions with a Monte Carlo
technique (MCHF), which gives all the correlated information amongst the γ-
ray and neutron multiplicities, emitted particle energy spectra, a particular γ-
ray line that is produced by a strong transition between two low-lying states,
and so on. These calculations with the correlated quantities better simulate
experimental observables in coincidence measurements, and give us deeper
insights into the nuclear reaction mechanisms. They are also important for
applications that include nonproliferation, for the design of detectors to search
for nuclear materials.
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 Exciton model of pre-equilibrium was first proposed by Griffin in
1966 and developed during 1966-92, and has played an important
role in the development of pre-equilibrium reactions theory.

 In all versions of this model, an excited state of a compound system
is considered in terms of single-particle shell model. Nucleus is
interpreted as system of fermions with slight two particle residual
interaction, and excited states are classified as number of quasi-
particles n=p+h, called excitons, where p-number of particle above
Fermi energy (F), h - number of holes below F. It is assumed that all
states with the same number of excitons are identical.

 Exciton models have a sufficient capability for prediction and they
are still well sufficiently describing the cross sections and angular
distributions of nonequilibrium components in reactions initiated by
nucleons.

 Preequilibrium model of nuclear reactions is best described in
terms of the exciton model. As such, it provides a simple way
to describe the continuum energy and angular distributions of
particles emitted during energy equilibration in light particle
induced reactions at incident energies of around 14 to 200
MeV. Because of its simplicity, its physical transparency, its
utility, and its adaptability, the exciton model continues to be
used in spite of the development of more microscopic and
quantum mechanical models.

 Simply speaking, approaching equilibrium in a CN is
achieved through successive particle-hole excitations each
characterized by an exciton number (n). The calculated cross
section is the summation over partial σ(n).

 Proceed in a single step - last time comparable to the time for
the projectile to traverse the target (10-22 s)

 Usually only few bodies are involved in reaction
 Excite simple degrees of freedom in nuclei
 Mostly surface dominated (peripheral collisions)
 Angular distributions peaked at forward angles with

diffraction like structure at high projectile energies
 Reaction theories can use simplifications (sudden

approximation, perturbation theory, etc…)
 Primarily used to study single-particle structure
 Important for extracting spectroscopic information

 The statistical Hauser-Feshbach (HF) model with the pre-equilibrium
particle emission plays a central role in evaluating nuclear data in modern
nuclear data libraries.

 A complete set of evaluated nuclear data requires not only the reaction
cross sections but also energy spectra of particle emission, γ-ray
production cross sections, angular distributions of emitted particles, as well
as other physical quantities that are often difficult to measure
experimentally.

 The HF nuclear reaction model codes like GNASH , EMPIRE , TALYS ,
CCONE , and so forth, mainly aim at calculating particle induced nuclear
reactions on medium to heavy nuclei from the keV region up to the pion
threshold energy.

 Although these codes are well designed and suitable for such purpose, HF
model applications are not necessarily limited to particle-induced reactions
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 Achieved through population of single particle states in residual nucleus
 Obtained angular distributions are fitted using appropriate DI formalism

where         spectroscopic factor containing nuclear structure information,
differential cross-section calculated according to any of the DWBA

theories,
calculated  as containing all mechanisms other than pure DI.
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 Modern nuclear model codes incorporate several advanced routines. These routines
account for the major nuclear reaction mechanisms, including the Optical Model (OM),
the Multi-step Compound, Exciton Model, full featured Hausser-Feshbach Model.
Modern codes include comprehensive parameter library mainly covering nuclear mass,
OM data, discrete levels and decay schemes. In some of them the Monte Carlo pre-
equilibrium approach has been particularly successful in approximating the
experimental values.

 Codes are usually used to calculate all particle emission cross sections, production cross
sections, energy-angle correlated spectra of secondary light particles as well as the
production cross sections and energy distributions of heavy recoils and γ-rays.

 Of the most famous codes are: TALYS, EMPIRE, ALICE, STAPRE, GNASH.

 The role of the nuclear model calculations has been well recognized for nuclear data
evaluation, for computations with respect to the experimental data and for model
parameterization and systematizations. They are aiming to provide reliable data
calculations, particularly in cases where there is a lake of data or there are discrepancies
between these data.

S.M. Qaim, S. Sudár , B. Scholten, A.J. Koning, H.H. Coenen

Applied Radiation and Isotopes 85(2014)101–113

Comparisons Using Nuclear
Model Codes
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Thank you
for your attention

 Nuclear interactions proceed via quite a complicated mix of
mechanisms. These include elastic, inelastic along with
nuclear reactions in the pure sense.

 Nuclear model calculations using recent advanced codes
provide a valuable tool for nuclear data evaluation, especially
where no experimental data are available, or where new
reactions of interest are to be assessed.

 However, model fitting with available excitation functions and
angular distributions shows that there may exist large
discrepancies with experimental data. This indicates that
nuclear mechanisms routines -within the model codes- still
need more elaboration and refinements.


