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Chapter 3. Theoretical Evaluations
Creation of a Reference Charged Particle Cross Section Database for Medical

Radioisotope Production requires the evaluation of both experimental and modeled cross

sections for beam monitor reactions and for radionuclide (positron and gamma emitters)

production reactions. It was recognized at the first meeting of this CRP in Vienna in 1995

that modeling will play an important role in predicting cross sections where

measurements are either not available or have large discrepancies. Because of the volume

of work involving about forty-five reactions in the CRP, it was decided to use modeling

as a guide rather than for full evaluation. (Although in some cases the CRP used the

modeled cross sections as the recommended values). Thus the modeling was done using

global input parameters. In this chapter we describe the modeling by four different

groups: Livermore, Obninsk, Beijing and Islamabad. First we give a general overview of

nuclear reaction models that may be used in modeling cross sections below 100 MeV.

This will be followed by a short description of the codes and calculations actually used

by the four groups. (We note that the codes have similar basic reaction physics, but they

differ in details and in actual applications.) In the final section we give a discussion of the

modeling with its successes and failures in reproducing experimental data using global

input parameters.

3.1. Nuclear reaction models
The specific reactions involved in this CRP are given in earlier sections. The

energies for these reactions range from the threshold (several MeV) to about one hundred

MeV with protons, deuterons, 3He and alpha particles as projectiles, and targets ranging

from light (nitrogen) to heavy (bismuth) masses. The nuclear reaction theories and

models covering the target-projectile and energy ranges relevant to this CRP include

various preequilibrium models (Blann, 1975; Gadioli and Hodgson, 1992) coupled with

the Hauser-Feshbach theory (1952) or the Weisskopf-Ewing evaporation model (1940).

Intranuclear cascade models (Bertini, 1963; Chen et al., 1968; Gudima et al., 1983;

Cugnon et al., 1997) could be used in this energy regime, but have not been used for this

CRP. The quantum mechanical, multistep direct reaction theories (Feshbach et al., 1980;

Udagawa et al., 1982; Nishioka et al., 1988) have started to play a role in this energy

range, but the modeling has not yet matured to the level of a routine application to data
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evaluations. Also R-matrix calculations (Lane and Thomas, 1958), which are quite

complex but more appropriate for lighter targets, such as, 14,15N and 16,18O, are not done

here. The CRP relied on evaluation of the experimental cross sections to obtain the

recommended values for targets below A < 30.  For other targets the cross sections were

modeled using preequilibrium-evaporation formalisms, as described below and in the

following section.

The commonly used preequilibrium models are the exciton model and the hybrid

model (Gadioli and Hodgson, 1992; Blann, 1975). These semiclassical models both

originate from the pioneering paper, “Statistical Model of Intermediate Structure”, by J. J.

Griffin (1966). The nuclear state is characterized by the excitation energy of the

composite nucleus and the exciton number, which is the total number of particles above

and holes below the Fermi surface. It is assumed that all possible ways of sharing the

excitation energy between different particle-hole configurations with the same exciton

number have equal a-priori probability. The exciton number changes during the reaction

process as a result of intranuclear two-body collisions. At each stage of the reaction there

may be a non-zero probability that a particle is emitted. If this happens at an early stage,

we speak of pre-equilibrium emission. If the emission does not occur at an early stage,

the system eventually reaches the equilibrium or evaporation stage. This stage is

described by the Weisskopf-Ewing formalism (1940) (which does not treat angular

momentum and parity explicitly) or more rigorously by the Hauser-Feshbach formalism

(1952) which explicitly treats vector coupling of spins and parities between compound

and residual nuclei and ejectiles. Preequilibrium models have been widely used in

modeling nuclear cross sections below 200 MeV and have provided an adequate

description of the high-energy tails (i. e., the region between the evaporation peak and the

discrete states) of the outgoing particle spectra (Blann et al., 1994; Michel and Nagel,

1997). The details of the preequilibrium and evaporation models are given as appropriate

in the next section on “codes and calculations”. Here the essential ideas are provided with

some simple expressions.

Several formulations of PE decay are in use; these are the ‘hybrid’, the ‘geometry

dependent hybrid’ (GDH) and the ‘exciton’ model formulations. These approaches rely

on a quantity called the “partial state density,” which is the number (per MeV) of energy

partitions available for a Fermi gas where every partition of p particles and h holes is
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assumed to occur with equal a-priori probability. The first expression for this partial state

density was due to Ericson (1960) ,

ρn(E) = g(gE)n–1/(p!h!(n–1)!), (1)

where n, the exciton number, equals the number of excited particles “p” plus holes “h,” E

is the excitation energy in MeV, and g is the single particle level density at the Fermi

energy. PE decay models in use make the assumption that within each exciton hierarchy,

all configurations are populated with equal a-priori probability.

The second quantity in the Griffin (‘exciton’) model is the exciton-exciton

transition rate. This may be given by the “golden rule” of the first-order time-dependent

perturbation theory,

  
λ π ρnn nM E' '= ( )2 2

h
, (2)

where |M|2 is the square of the matrix element corresponding to a residual two-body

interaction. For most applications an energy- and mass-dependent average value for |M|2

is used.

The probability for the preequilibrium emission of a particle with energy ε is

given by

W d
U d

Ep
n c

nn

ε ε ρ ρ ε ε
ρ

( ) = ( ) ( )
( )

−∑ 1 (3)

Here the sum is over all possible exciton states, which may be reached starting with a

given initial exciton number. The residual nuclear excitation energy U is given by U = E

– (ε + B), where B is the binding energy of the emitted particle.

The Griffin model was extended by Blann (1968) and others (Williams, 1970;

Oblozinsky et al., 1974), and gives more complete expressions for the exciton–exciton

transition rates [16].
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It is worth pointing out here that one significant difference between the exciton

model and the hybrid model formulations is in the treatment of these transition rates. The

hybrid and the geometry dependent hybrid models do not use the “matrix element”

formulations (see next section).

After the preequilibrium emissions, the Hauser-Feshbach or Weisskopf-Ewing

theories treat the remainder of the reaction process. A compact formula for the cross

section for a reaction A(a,b)B may be written as:

σ
π

ab
a b

icci

T T

TJ

=
∑∑∑ (5)

(where the index i stands for the different types of outgoing particles (n,p,d,..) and the T’s

are the transmission coefficients calculated from an optical potential for particles a and b.

The index c stands for all possible final states which are either discrete excited levels of

the residual nucleus or a continuum of levels described by a level density formula. A

recent handbook (IAEA TECDOC-1034, 1998) by IAEA is an excellent resource for

information on optical potentials, various level density formulations and other aspects of

modeling reaction cross sections.

Three groups and K. Gul (Islamabad, Pakistan) are involved in modeling cross

sections for this CRP. The group at Obninsk used the Alice-IPPE code (Dityuk et al.,

1998), the group from China used the Spec code (Shen and Zhang, 1993) and the

Livermore group used HMS-Alice (Blann, 1996) for nucleon induced reactions and

Alice-91 (Blann, 1991) for deuteron, 3He and alpha induced reactions. The Alice family

of codes are based on the hybrid, the geometry-dependent hybrid (GDH) or the HMS

preequilibrium models and the Weisskopf-Ewing evaporation formalism. The Spec code

is also constructed within the framework of the Weisskopf-Ewing evaporation formalism,

but preequilibrium decay is calculated from the master equation exciton model (Blann,

1975). The HMS-Alice code uses a Monte Carlo precompound formulation with

Weisskopf-Ewing evaporation. The lack of angular momentum and parity treatments in

the Weisskopf-Ewing formalism used in these codes may be of some concern for certain

aspects of reaction yields, (e.g., isomer yield calculations). But these codes are fast and

convenient to use, i.e., when many natural isotopes are involved and many particles are

emitted in the reaction process, and have generally been found to be adequate when cross
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sections for isomeric states are not needed. Gul used codes, HFMOD (Gul, 1995) and

PREMOD (Gul, 1996), in his calculations. The HFMOD code is based on the Hauser-

Feshbach formalism and the PREMOD code is based on the concept of the geometry-

dependent hybrid preequilibrium model generalized to include discrete levels, and to

conserve angular momentum and parity. For complete formulations of the codes used in

this CRP we refer to the appropriate references, but some of the highlights are given in

the next section.

3.2. Codes and calculations
A variety of codes (Grogi, Stapre, Alice, Gnash, Spec, etc., and their

modifications) have been developed on the basis of equilibrium and preequilibrium

reaction mechanisms. These codes have similar physics with different degrees of

complexity in input preparation and require different computing times. Some of them are

used when detailed properties of nuclear reactions are needed, including population of

discrete levels. For example, the Stapre and Gnash codes are good choices if one needs to

have information on each channel participating in the reaction process, and when the

excitation energy (and the number of open channels) is not too large. On the other hand,

when the number of open channels is large and it is impossible or very time consuming to

provide all the required input data with sufficient accuracy, the advantages of these

detailed codes may be reduced. In such a case, the faster codes with less effort in input

preparation are often more practical choices. The Alice family of codes developed by

Blann and a recent modification by the Obninsk group fall in this class, and are used in

the calculations of the reaction cross sections for medical radioisotope production for the

present CRP. We refer to recent international code comparisons for further details on

many of the codes in current use (Pearlstein, 1988; Blann et al., 1994; Michel and Nagel,

1997).

Alice-91 code
This is the latest released version of the standard Alice code at Livermore (Blann,

1991), which uses hybrid or geometry dependent hybrid precompound models and

Weisskopf-Ewing evaporation for the equilibrium part of the reaction process. The basic

physics has been widely described in the literature, but most physics can be found in

(Blann, 1975; Blann and Vonach, 1983). Earlier versions of Alice did not include gamma
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ray competition with nucleon, deuteron and alpha emissions. The gamma competition is

included since 1990. The gamma emission rate is calculated by microscopic reversibility

based on the giant dipole with Lorentzian line shape (Blann et al., 1988). The Alice code

uses the Fermi gas level density and has the option of using the shell-dependent level

densities from Katatria and Ramamurthy (1980). The code includes multiple

preequilibrium nucleon emission. Some of these features are described below.

Hybrid model formulation

The hybrid model (Blann, 1971) for precompound decay may be written as

d

d

X U

E
D dR

n n

n n
n

n

c

c
n

o

σ
ε

σ ρ
ρ

λ ε
λ ε λ ε

εν=








 +










=

−

+
∑ 1( )

( )
( )

( ) ( )
 , (6)

where the terms in the first set of brackets are the Ericson partial state densities, and Xv
n

is the number of excitons of type ν (ν = neutron or proton) which are available for

emission in the energy range ε to ε + dε, and U = E – Bν – ε, where Bν is the binding

energy of particle type ν , neutron or proton. The term λc(ε) is the rate of nucleon

emission into the continuum, and λ+(ε) is the competing rate of two body collisions for

the nucleons at energy ε. The factor Dn is a depletion factor, which represents the fraction

of the population surviving decay prior to reaching the n exciton configuration.

The factor Xv
n  represents the exciton numbers for neutrons and protons for a given total

exciton state n. The default values in the Alice code for neutron induced reactions are 

X
Z N

Z N Zn
3 2 3 2

3 2 3
= +( )

+ +( )
(7.a)

and
X Xp n

3 32= −  , (7.b)

and for proton induced reactions

X
N Z

N Z Np
3 2 3 2

3 2 3
= +( )

+ +( )
(7.c)

and
X Xn p

3 32= −  . (7.d)
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These choices are guided by the fact that for nucleon induced reactions the initial exciton

state is a 2p-1h and that the n-p scattering cross section is three times that of n-n or p-p

scattering.

The corresponding values for deuteron and alpha induced reactions are 1,1 and

2,2. These initial values are assumed to increase by 0.5 in successive values of n in Eq.

(6), as the particle exciton number increases by 1.

The nucleon-nucleon scattering rate is based on either the imaginary optical

potential, where the mean free path is given by (Blann, 1973)

  
L

m W
V V W( )

/

ε ε ε= • + + +( ) +















h2

2
2 2

1 2

4
1

(8.a)

  
≅ +h

h
2

2

2
2

mW
m V/ ( )ε  , (8.b)

or on Pauli-corrected nucleon-nucleon scattering cross sections, where the mean free path

is given by (Kikuchi and Kawai, 1968)

L ε
ρσ

( ) = 1

0
 , (9)

where ρ is the density of nuclear matter and σ0 is the Pauli-corrected nucleon-nucleon

(N-N) scattering cross section, appropriately weighted for target neutron and proton

numbers. The intranuclear transition rate λ+(ε) is the quotient of nucleon velocity (in the

potential well) divided by the mean free path. A closed form expression valid for nuclear

matter of average density is given as (Blann, 1971)

λ+(ε) = 1.4 × 1021(ε + Bν) – 6 × 1018 (ε + Bν)
2/sec , (10)

where ε + Bν is the energy of nucleon ν above the Fermi energy. The continuum emission

rate, λc(ε) is given by microscopic reversibility as

λ ε π σ
c s

p dp

h

v

g
( ) = +( ) •2 1

4 2

3Ω
Ω

 , (11)

where s is the nucleon spin, Ω the laboratory volume, p the nucleon momentum in the

continuum, g the single particle level density in the nucleus, v the nucleon velocity in the

laboratory, and σ the inverse cross section. With these last two equations and the Ericson

partial state density expression, we can calculate absolute PE spectra with Eq. (6). When

we calculate N-N collision rates in the code ALICE, we have two options. One is to use
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the imaginary optical potential given by Becchetti and Greenlees (1969); the other is to

use Eq. (9) calculating σ0 based on expressions due to Kikuchi and Kawai (1968)

weighted for composite nucleus N and Z (rather than using the approximation of Eq. (10).

All the discussions above apply to a single precompound nucleon emission.

Multiple nucleon emission, such as, nn, np and pp emissions are also treated in the Alice

–91 code (Blann and Vonach, 1983).

Multiple particle emission

Multiple precompound decay processes must be considered at higher excitations

since they are important in determining the cross section surviving to the (equilibrium)

compound nucleus, and in determining yields of products which require multiple

precompound emission for population, e.g., a (p, 2p) reaction on a heavy element target.

There are two types of multiple precompound decay which might be considered. Type I

results when a nucleus emits more than one exciton from a single exciton hierarchy. It

may be seen that, e.g., in a two-particle-one-hole configuration, up to two particles could

be emitted; in a three-particle-two-hole configuration up to three particles could be

emitted, etc.

The second type of multiple precompound decay (type II) would be described by

the sequence “particle emission, one or more two body intranuclear transitions in

daughter nucleus, particle emission.” If the intervening two-body transitions are omitted

from this sequence, it becomes type I multiple emission. In the type II sequence for

nucleon induced reactions, the leading term would be two-particle-two-hole. Results

confirm the speculation that type I multiple precompound decay is far more important

than type II for most reactions at moderate excitations. Because the first particle emission

leaves a range of residual excitations and exciton numbers, a calculation of type II

emission becomes more complex and time consuming than for type I emission.

To extend Eq. (6) to higher energies and maintain its simplicity, we have made

some arbitrary assumptions to estimate type I multiple particle emission branches. We

define those assumptions which are based on simple probability arguments.

If Pn and Pp represents the total number of neutron and proton excitons emitted

from a particular exciton number configuration, we assume that
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Pnp = Pn Pp (12)

is the number of either type of particle emitted in coincidence with the other from the

same nucleus and exciton hierarchy. This definition covers Ppn since in an emission from

the same exciton number there is no distinction to be made.

We assume that the number of neutrons which are emitted in coincidence with

another neutron from a particular exciton number configuration is given by

P
P P

nn
n n= 2

2 2
 , (13)

with the fraction of the reaction cross section decaying by the emission of two coincident

neutrons being Pnn/2. The value of Pnn is restricted to be ≤ Pn – Pnp. Similar expressions

are used for proton-proton coincident emissions.

The number of neutrons (protons) emitted from the n-exciton configuration,

which is not in coincidence with another particle, is given by

Pn (n only) = Pn – Pnn – Pnp (14.a)

Pp (p only) = Pp – Ppp – Pnp (14.b)

and the fraction of the population Fn which had survived decay of the exciton number in

question is

F P n only P p only P P Pn n p pp nn np= ( ) ( )1 2 2. – – – / – / – , (15)

This fraction would multiply the fractional population which had survived to the n

exciton state, i.e., is the depletion factor multiplier.

From the calculated total precompound neutron emission spectrum dσn(ε)/dε, the

cross section which could be involved in the emission of two neutrons is calculated as

σ σ ε
ε

ε2 0

2
n

n
U

E B d

d
dn= ( )

=

−
∫

, (16)

where B2n represents the sum of first and second neutron binding energies.

Similarly the neutron cross section which could be emitted in coincidence with

protons is given by

σ σ ε
ε

εnp
n

U

E B B d

d
dn p= ( )

=

− −
∫ 0

 , (17)
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where Bn is the binding energy of the first emitted neutron and Bp is the proton binding

energy of the daughter nucleus following neutron emission. Similar integrals are made

for the proton emission cross section which could consist of two coincident protons, σpp,

and of a proton in coincidence with neutron, σpn. The cross section available for the

emission of a single nucleon σ(p) is, of course, the sum of all dσ(ε)/dε (the integrals are

replaced by sums since the code computes spectra at fixed energy intervals). For the

daughter nucleus following emission of one and only one precompound neutron, we

calculate

σ σ ε
ε σ

A Z n n

n
U

d

d

C− = ( )1, ( )
 , (18)

where U – E – Bn – ε; for the daughter nucleus following the coincident emission of two

neutrons, we calculate

σ σ ε
ε σ

A Z n nn

nn
U

d

d

C− = ( )2 2, /( )  , (19)

where U E B n n= − − −2 ε ε , and where εn  is the average kinetic energy of the second

neutron for a given energy ε of the first neutron. For the case of the daughter nucleus

produced by the coincident emission of a neutron and a proton,

σ
σ

σ ε
ε σ

σ ε
ε

A Z np

np

n np

pn

pU
C d

d

C d

d
− − = ( )





+
( )









2 1

2 2
, ( )

 , (20)

where U E B Bn p p n= − − − −ε ε ( ) as previously defined, and where ε p n( ) is the average

kinetic energy of the proton (neutron) emitted in coincidence with a neutron (proton) of

kinetic energy ε. An expression analogous to Eq. (19) is used for the case of two-proton

emission. The quantities Cn, Cp, Cnp and Cnn (Cpp) are defined as follows: Cn is the cross

section for emitting one and only one neutron summed over all exciton numbers, Cp is the

same as Cn but for protons, Cnp is for a neutron and a proton, and similarly for Cnn and Cpp.

Level densities and pairing options in Alice-91

The Fermi gas level density used in the Alice codes is described first for

completeness. The level density expression is
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ρ δ δU U a U( ) ∝ ( ) ( )[ ]– exp –– /5 4 2  , (21)

where U is the excitation energy and δ is the pairing gap. The level density parameter a is

given by, a = A/9, as a default option. The pairing in Alice has two options: the backshift

or a ‘normal’ shift with δ  given by

δ = 11/A1/2 . (22)

The backshifted option uses true thermodynamic excitations for doubly even nuclei, and

increases it by δ for odd A nuclei and 2δ for doubly odd nuclei. The normal shift option,

on the other hand, uses true thermodynamic excitations for odd A nuclei, reduces the

excitation by δ for doubly even nuclei, and increases it by δ for doubly odd nuclei. In

addition, Alice has the option of using the a and δ parameters from the Kataria and

Ramamurthy formalism, which includes shell and pairing effects.

The Alice code has been used extensively and its predictive power is shown to be

quite satisfactory up to 200 MeV (Blann et al., 1994; Michel and Nagel, 1997). The

Livermore group has done all their calculations for d, 3He, and alpha induced reactions

for this CRP using the hybrid PE formulation. (They used the Monte Carlo approach as in

HMS-Alice for nucleon induced reactions).

Geometry Dependent Hybrid Model (GDH)

The basic ideas are described here (Blann, 1972): The nucleus has a density

distribution which can affect PE decay in two ways. First, the nucleon mean free path is

expected to be longer (on average about a factor of two) in the diffuse nuclear surface.

Secondly, in a local density approximation, there is a density dependent limit to the hole

depth; this will be expected to additionally modify the Ericson state densities with respect

to use of a single, averaged potential depth. These two changes were incorporated into the

‘geometry dependent hybrid model’. We present next a description of these changes with

specific reference to the code Alice. (The Obninsk group uses the GDH formulation

option of Alice in their Alice-IPPE code with some modifications, which are described

later.)

In order to provide a first order correction for the influence of nuclear density, the

hybrid model may be reformulated as a sum of contributions, one term for each entrance

channel impact parameter with parameters evaluated for the average local density of each

impact parameter. In this way, the diffuse surface properties sampled by the higher
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impact parameters are crudely incorporated into the precompound decay formalism in the

GDH model. The differential emission spectrum is given in the GDH model as

  

d

d
T P

σ ε
ε

π εν
ν

( ) = +( ) ( )
=

∞

∑D l ll
l

2

0

2 1 ,  , (23)

where l is the entrance channel orbital angular momentum, Tl the transmission

coefficient and Pν(l,ε) is the decay probability at exit channel energy ε, as given in

Eq. (6) . When the approach is used for incident nucleons, Tl is provided by an optical

model subroutine. Whereas the intranuclear transition rates entering in the hybrid model

are evaluated for nuclear densities averaged over the entire nucleus, those appropriate for

the GDH model are averaged over the densities corresponding to the entrance channel

trajectories, at least for the contributions from the first projectile-target interaction. The

multi-particle preequilibrium emission is treated in the GDH model as it is described in

the hybrid model.

The effect of limited hole depth is less physically established than the influence of

density on mean free path; nonetheless it seems to be important in reproducing

experimental spectral shapes. The result of this local density approximation limitation is

to effectively reduce the degrees of freedom, especially for the higher incident partial

waves (for which a lower maximum hole depth is predicted), thereby hardening and

enhancing the predicted emission spectra. In our use of Alice, we use the option under

which the restriction on hole depth in the GDH model applies only to the first collision,

for which there is some knowledge of average density at the collision site, and then only

for nucleon induced reactions.

The original GDH model employed a Fermi density distribution function,

  
d R d R C fms( ) exp / .l l= −( ) +[ ]−

0 55 1
1

(24)

with
C = 1.07A1/3 fm , (25)

taken from electron scattering results (Hofstadter, 1957). The radius for the lth partial

wave was defined by

  Rl D l= +( )1 2/  . (26)



13

The charge radius C of Eq. (25) has been replaced in the present parameterization by a

value characteristic of the matter (rather than charge) radius based on the droplet model

work of Myers (1977), plus a projectile range parameter   D ,

  
C A A= − ( )





+1 18 1 1 1 181 3 1 3 2
. / ./ / D  . (27)

In the hybrid model, the average nuclear density is calculated by integration and

averaging of Eq. (27) between R = 0 and R = C +2.75 fm. The single particle level

densities are defined in the precompound routine of Alice by

g
N

g
Z

n p= =
28 28

  ,     .and (28)

HMS-Alice code
The HMS-Alice code is based on a new precompound Monte Carlo simulation

(HMS) model described in (Blann, 1996). The model does not rely upon exciton state

densities beyond three excitons, permits unlimited multiple precompound emission for

each interaction and may be used to calculate exclusive particle spectra and yields. The

evaporation part of the calculation is done with the usual Weisskopf-Ewing formalism, as

in the Alice–91 code.

The HMS precompound decay model is formulated to reduce several

inconsistencies and limitations of earlier formulations, such as in the hybrid, GDH and

exciton models. These precompound formulations have relied upon contributions from

the entire exciton populations based on a sequence of two-body collisions. It is further

assumed that all possible ways of sharing the excitation energy between different

particle-hole configurations with the same exciton number have equal a-priori

probability. It was clearly shown the equal a-priori population assumption may be valid

only for states with the first exciton number (three excitons for nucleon induced

reactions) (Blann and Vonach, 1983) and not for higher exciton states (Bisplinghoff,

1986). Additionally, existing precompound formulations were not suited for multiple PE

emissions beyond two, yet this becomes important at energies above ~ 50 MeV. To

overcome these problems, Blann developed the HMS Monte Carlo prcompound

model,which uses only the kinematically justified two and three exciton densities with

unlimited precompound particle emission. The formulation otherwise follows the
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philosophy of the hybrid model. The new approach is therefore referred to as the hybrid

Monte Carlo simulation (HMS) model. It should be valid up to the pion threshold.

In the HMS approach, incident nucleons that make only 3-exciton states are

considered. For each nucleon energy (selected at weighted random from the possible

range of energies) the nucleon will either be emitted, or will rescatter. If it is emitted, the

emission probability is calculated from equations (6), (9), and (11) of the hybrid model,

using the n=n0 term only in Eq. (6). (The remaining two quasiparticles will share the

balance of the excitation energy and will initiate their own 3-quasiparticle states and then

either decay or rescatter.) If the initial nucleon rescatters, it will make a new 3-exciton

state and the process of decy or rescatter continues. The hole energy is similarly allowed

to initiate a 2hole–1particle state, etc. In this fashion each cascade treats only the

physically justified 2 and 3 exciton states, and can treat any number of precompound

decays for each cascade.

The HMS model enjoys another advantage over closed form decay models (e.g.,

exciton, hybrid or GDH models) for calculation of particle spectra and recoil

distributions. Because it is preformed in an event mode, the velocity of the emitting

nuclide may be modified according to the angle and energy of each nucleon previously

emitted, giving proper laboratory/center of mass transformations. The two-body

assumption necessary in closed form calculations may be seen to be quite poor when

comparisons are made between the two models.

The Monte Carlo precompound formulation is available at present for neutron and

proton induced reactions, but not for deuteron, 3He or alpha particle induced reactions.

The Livermore group therefore used HMS-Alice for proton induced reactions in this

CRP, but used the Alice-91 code for all other reactions. Both codes used optical models

for incident nucleons, and for all inverse reaction cross sections. The parameter sets used

are described in (Blann and Vonach, 1983).

Livermore calculations

The calculations by the Livermore group for this CRP are based on global optical

potentials included in the code, and two level density options: Fermi gas level density or

shell dependent level densities given by the model of Kataria and Ramamurthy (1980).

For deuteron induced reactions Livermore studied the effects of the deuteron breakup in
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the entrance channel (Mustafa, 1977) using a microscopic theory developed by Udagawa

and Tamura (1981 and 1986) coupled with a modified Alice-91 code. In this approach the

Udagwa and Tamura model was used to deduce the spectra of neutrons and protons

transferred into the target nucleus (stripping to bound states and breakup-capture in the

continuum); these were then assumed to initiate three-quasiparticle cascades. The

deuteron cross section that does not undergo stripping and breakup-capture was assumed

to initiate a separate preequilibrium cascade. Detailed calculations were done for

deuteron induced reactions on 48Ti in order to empirically select the best initial exciton

number to use for deuteron induced reactions. The results were used to choose the

precompound initial exciton number parameters for the remaining deuteron induced

reactions for this CRP. The total number of initial excitons thus chosen in the calculation

is two, i. e., one proton and one neutron above the Fermi surface. The 3He induced

reactions are also known to have a sizeable breakup cross section. This problem has not

been addressed here. Therefore, the choice of the initial exciton number for 3He induced

reactions and also for alpha induced reactions is arbitrary. Four excitons, two protons and

1 neutron (and one hole) are used for 3He induced reactions, and four excitons, two

protons and two neutrons, for alpha induced reactions. Because of the global nature of

these parameters, the calculated cross sections for this CRP should be used as a guide

rather than as a fit to the experimental data. Using a single global parameter choice

allows an estimation of the predictive powers of the models; varying parameters to fit

each data set precludes this.

Alice-IPPE code
The Alice-IPPE code is the Alice-91 code version modified by the Obninsk group

(Dityuk et al., 1998) to include the generalized superfluid level density model of

Ignatyuk and colleagues (Ignatyuk, 1983; Ignatyuk et al., 1979; Blokhin et al., 1988;

Ignatyuk et al., 1993) and preequilibrium cluster emissions. For the preequilibrium

nucleon emission the geometry dependent hybrid (GDH) model is used. Calculation of

the alpha-particle spectra is performed taking into account both the pickup (Iwamoto and

Harada, 1982; Sato et al., 1983) and knockout processes (Milazzo-Colli and Braga-

Marcazzan, 1973; Ferrero et al., 1979; Oblozinsky and Ribansky, 1978). A

phenomenological approach is used to describe direct emission of the deuteron (Dityuk et

al., 1998). The triton and 3He spectra are calculated according to the coalescence pickup
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model of Sato, Iwamoto and Harada (1983). The level density formalism includes both

collective and non-collective effects, and excitation-energy-dependent shell effects.

These level density improvements over the Fermi gas model are described here. For

details on the cluster emission models and calculations we refer to (Dityuk et al., 1998)

and references therein.

Generalized superfluid model of level densities

The Fermi gas model, as used in the Alice-91 and HMS-Alice codes, has a simple

and convenient form for global applications. However, the model is inadequate when

nuclear shell and collective effects become important. (A simple approach due to Kataria

and Ramamurthy to incorporate shell structure effects in the level densities has been

mentioned earlier and offered as an option in the Alice codes.) Detailed microscopic

calculations are now possible, but they are time consuming and their success in

reproducing experimental level densities are yet to be proven. Ignatyuk and his

colleagues at Obninsk have developed a phenomenological approach to level density

calculations which includes both shell effects and collective enhancements (rotational and

vibrational) to level densities. This is referred to as the generalized superfluid model and

has been incorporated in the Alice-IPPE code.

The level density expression has now three components:

ρ ρU U K U K Uqp vib rot( ) = ( ) ( ) ( )'  ' ' (29)

where ρqρ(U') is the level density due to quasiparticle (non-collective) nuclear excitations

only, and Kvib(U') and Krot(U') are the level density enhancements due to vibrational and

rotational states, respectively, at the effective excitation energy U'.

The energy dependence of the quasiparticle level density is calculated on the basis

of the superfluid nuclear model (Ignatyuk et al., 1979). The correlation function for the

ground states of nuclei is defined as ∆0 = 12.0/A1/2 MeV. This choice of ∆0 is consistent

with the systematics of nuclear masses (Myers, 1977) and with analysis of the

experimental data on neutron resonances (Ignatyuk et al., 1979). The critical temperature

of the phase transition from superfluid to normal state, the condensation energy, the

critical energy of the phase transition and the effective excitation energy are connected

with the correlation function ∆0 by the following equations:
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tcr = 0.567 ∆0 (30.a)

Ucr = 0.472 acr  ∆0
2 – n ∆0 (30.b)

Econ = 0.152·acr  ∆0
2 – n ∆0 (30.c)

U' = U + n∆0 +  δshift , (30.d)

where n = 0,1 and 2 for even-even, odd and odd-odd nuclei, respectively, and the value

of the excitation energy shift δshift is chosen on the basis of a consistent description of the

level density of low lying collective levels and the data on neutron resonances.

The shell effects are included into consideration using the energy dependence of

nuclear level density parameter a(U,A), determined phenomenologically:

a U, Z, A a A 1 W Z, A
U' E

U' E
,   U' Ucond

cond
cr( )= ( ) + ( ) −( )

−






>˜   δ
ϕ

(31.a)

a U, Z, A U ,   U' Ucr cr( )= ( ) <a Z A, , (31.b)

where the asymptotic value of level density parameter at high excitation energy is equal

to

ã A . A A( ) = +0 073 0 115 2 3. / , (32)

and where δW(Z,A) is the shell correction to the nuclear binding energy taken from the

experimental values of nuclear masses or from the Myers-Swiatecki mass formula (1967)

when experimental masses are unknown. The function ϕ (U) = [1–exp(–γU)] is

dimensionless and defines the energy dependence of the level density parameter at low

excitation energies within the value of γ = 0.4/A1/3 chosen from the neutron resonances.

The vibration enhancement of nuclear level density is presented in the following

form

Kvib = exp[δS – (δU/t)] (33)

where δS and δU are the changes in the entropy and excitation energy, respectively,

resulting from the vibrational modes. These changes are described by the relations of the

Bose gas:

δ λS n n n ni
i

i i i i= +( ) +( ) +( ) − ( )[ ]
=

∞

∑ 2 1 1 1 1 1
1

n n (34.a)
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δ λ ωU ni
i

i i= +( )
=

∞

∑ 2 1
1

(34.b)

where ωi and λ i are the energies and the multipolarities of collective excited state, and ni

is its population at a given temperature. The attenuation of vibrational enhancement of

level density at high temperatures is taken into account with the following occupation

number dependence:

n
ti

i i

i
=

− ( )[ ]
[ ] −

exp /

exp /

γ ω
ω

2

1
, (35)

where γi is the spreading width of the vibrational excitation and is given by

γ πi iA w t= +( )0 0075 41 3.  ./ 2 2 2 (36)

The quadrupole and octupole states are considered in the calculations only. The

position of the lowest state for the all nuclei, with exception of 208Pb, was defined by

phenomenological equations which reproduced the experimental data well enough for

middle weight nuclei:

ω ω2
1 3

3
1 330 50= =− −A A/ /,           . (37)

For all spherical nuclei the coefficient of vibrational enhancement of the level

Kvibr(U')  was taken into account according to Eq. (33). For deformed nuclei the

enhancement of level density connected with the rotational mode of collective excitation

Krot(U') was taken into account according to Bohr and Mottelson (1974):

K U g U g Urot ( ) = ( ) = +( ) ( )⊥σ σ β2 2  /  1 3 , (38)

where σ2 is the spin cut-off factor, and g(U) is the empirical function taking into account

the attenuation of rotation modes at high energies as proposed by Hansen and Jensen

(1983):

g U U U dr r( ) = + −( )[ ]−
1 exp[ / ]

1
, (39)

where the parameters of the attenuation function are connected with the quadrupole

nuclear deformation β by the relations:

U A d Ar r= =− −120 1400 2 3 21/3 2β β; / . (40)

The parameter β is taken from Myers (1977).
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We have described above the important features of the level density calculations

using the generalized superfluid model of Ignatyuk and colleagues, as included in the

Alice-IPPE code. These improvements over the Fermi gas model description of the level

density are based on components of the nuclear structure theory, i.e., pairing, shell and

collective effects.

Spec Code
SPEC (Shen and Zhang, 1993) is a program for calculating the neutron or charged

particle (p, d, t, 3He, α) induced reactions on medium-heavy nuclei in the incident energy

range up to 60 MeV including up to 6 successive emission processes per nucleus. For

those reaction channels contributed only by 1~5 emission processes the incident energy

can go up to 100 MeV. This program is written in FORTRAN-77.

SPEC is constructed within the framework of the optical model, the master

equation exciton model (Blann, 1975), and the Weisskopf-Ewing evaporation model

(1940). For the first and second particle emission processes, the preequilibrium emission

and evaporation are considered, but for 3-6 particle emission processes, only evaporation

is considered. The preequilibrium and direct reaction mechanisms of γ emission

(Akkermans et al., 1985) are also included. The effect of the recoil nucleus is considered

for calculating spectra.

The master equation exciton model is given by

  

− = +( ) +( ) + −( ) −( )

− ( ) + ( ) + ( )[ ] ( )

− +

+ −

δ λ τ λ τ

λ λ τ

n n n E n E n E n E

n E n E W n E n E

, , , , ,

, , , , ,

0
2 2 2 2

l

(41)

where E is the excitation energy. The quantities γ+ and γ_ are the intranuclear transition

rates. For composite particle emission, the pick-up mechanism of cluster formation

(Iwamoto et al., 1982; Sato et al., 1983; Zhang et al., 1988; Zhang et al., 1992) is used in

the first and second particle emission processes. The cluster b is defined by the

distribution of particles above and below the Fermi surface (l,m). By means of the

detailed balance principle the emission rate of l particles above Fermi surface can be

expressed as

  
W p h E

I

h
Fb b

b
b b b b m b

l
l, , , ,ε

π
µ ε σ ε ε( ) = + ( ) ( )2 1

2 3 (42.a)
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Q p h

p h E B

p h Em
b b b
l

l
, ,

, ,

, ,
 ,( ) − − −( )

( )
ρ ε

ρ
(42.b)

where Ib is the spin of the emitted particle b, ρ is the exciton state density, σb(εb) is the

inverse cross section of the emitted particle b with outgoing energy εb, Bb is the binding

energy of particle b in the system,   Q p hm
b
l, ,( ) is a combination factor and Flm (εb) is the

pick-up factor of the emitted particle.

The emission rate for a photon with energy εγ from a nucleus in the exciton state n

is taken as (Akkermans et al., 1985):

W n
h C E

g E

g n g

gn E

gn gb
a

n

n n
γ

γ
γ

γ γ γ

γ

γ

γ
ε

ε σ ε
π ρ

ε ρ ε
ε

ρ ε
ε

,( ) =
( )

( )
−( )

−( ) +
+

−( )
+













−
2

2 3 2

2
2

2 22
 , (43)

where g  is the single particle level density. σ εγ
γa ( )  is the giant resonance cross section:

σ ε
ε σ

ε ε
γ

γ
γ

γ

γ γ
a

i i

i ii E
( ) =

( )
( ) + −( )=

∑
Γ

Γ

2

2 2 2 2
1

2

 , (44)

where Γi i iE, andσγ  are two peak giant resonance parameters.

For the first emission of particle b, the spectrum is given by

  

d

d
p h E W p h Eb

b
a b b

pn

σ
ε

σ τ ε= ( ) ( )∑∑ , , , , ,l

l

 , (45)

where σa is the absorption cross section of the incident particle. The direct γ emission

cross section is

σ σ
λγ

d
a

Y

Y
=

+ ( )+ 1
 , (46)

where

λ π
+( ) = 



1

2

3K g

A
E (47)

Y
h C g

da

E

= ( ) +∫1 1
12 3 2

2

0
π

ε σ ε
ε

εγ
γ

γ
γ

γ  , (48)

where K is the exciton model constant and A is the mass number of the composite

system.



21

The Gilbert-Cameron level density formula (1965) was used in the program

SPEC. The inverse cross sections of the emitted particles used in statistical theory are

calculated from the optical model. The partial widths for γ-ray emission are calculated

based on the giant dipole resonance model with two resonance peaks in both the

evaporation model and the exciton model.

In the optical model calculation, the Becchetti and Greenlees (1969)

phenomenological optical potentials are used. The Neumanove methods are used to solve

the radial equation of the optical model. Coulomb wave functions are calculated by the

continued fraction method (Barnett et al., 1974).

The following nuclear data can be calculated by using the program SPEC: total

emission cross sections and spectra of all emitted particles; the partial emission cross

sections and spectra of all emitted particles from the first to sixth particle emission

processes and different pick-up configurations (l,m); the various yield cross sections;

total and elastic scattering cross sections (only for neutron as projectile); total reaction

cross section; nonelastic scattering cross sections; radiative capture cross section; (x,np),

(x,nα), (x,2n), (x,3n), (x,4n), (x,5n), (x,6n) cross sections and so on. SPEC can not be

used to calculate the direct inelastic scattering and compound elastic scattering cross

sections. The applications so far show that the SPEC is a useful and convenient code for

users.

GUL Calculations
Gul used the HFMOD Code (Gul, 1995) for statistical model and PREMOD Code

(Gul, 1996) for preequilibrium model nuclear reaction calculations. The calculations from

the two codes were combined after correcting the Hauser-Feshbach calculation for flux

reduction in the preequilibrium mode.

The HFMOD Code is based on the Hauser-Feshbach formalism (1952). The

angle-integrated cross section from channel n to channel m is given by

  

σ π
nm

n n JP
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n m

q

j q
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, (49)
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where   D is the rationalized wavelength of the particle of spin in incident on the target

nucleus of spin In; l and j are the orbital angular momentum of the incoming particle and

incident channel spin, and l ' and j ' are the orbital angular momentum of the outgoing

particle and exit channel spin. J and P specify summation over all possible spin and parity

values of the compound nucleus; q" specifies summation over all possible competing

channels which include particle and gamma emission, implying integration over the

continuum states of the residual nuclei weighted by appropriate values of level densities.

  T
n
l  and   T

m
l' are the transmission coefficients of the incident and outgoing particles which

are calculated using appropriate optical model parameters. The code has options for the

calculation of level densities on the basis of the Gilbert-Cameron composite formula

(1965) or the formalism of Dilg et al. (1973). In the present calculations the energy level

densities were computed using the formalism of Dilg et al. The competition from photon

emission has also been included in the second stage while considering emission of a

particle from the residual nuclei. Angular momentum and parity are conserved in both

stages of the calculation. Transmission coefficients for photon emission are calculated on

the basis of the single-particle model of Aslam Lone (1978) and Wilkinson (1970). (An

option to use the Brink-Axel formalism for E1 emission is also available in the code.)

The single-particle energy level spacing is used as an adjustable parameter in all the

calculations. Perey potentials (1963) are used for protons and Wilmore-Hodgson

potentials (1974) are used for neutrons. Averageanu et al. potentials (1994) are used for

alpha-particles and Vernotte et al. potentials (1982) are used for helions.

PREMOD Code
The pre-equilibrium contribution to nuclear reactions is calculated using the

PREMOD Code (Gul, 1996). This code is based on the concept of the geometry-

dependent hybrid model generalized to include discrete levels, and to conserve angular

momentum and parity. The cross section per level is given by

  
σ π ρ

ρv
JP n
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J
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J T X
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where   D  is the rationalized wave length of the incident particle of spin S incident on the

target of spin I. J and P are spin and parity of the composite state; n is the exciton

number, which is equal to the sum of particle number p and hole number h.   T
J

l  and   T
J

l'

are the transmission coefficients of the incident and outgoing particles corresponding to

partial waves l and l'; Xv
n  is the number of excitons of type v (protons or neutrons) in the

n-exciton state. ρ(p,h,E) is the state density of n-exciton configurations of the composite

state characterized by excitation energy E, particle number p and hole number h (n=p+h).

ρ(p-1, h, U) is the state density of the residual nucleus. Dn
JP is a depletion factor that

takes into account the depletion of the flux due to the reaction taking place from exciton

states characterized by exciton number less than n. Sv is the spin of the outgoing particle

of type v. q specifies the sum over available channels for the emission of particle v from

the composite state to the discrete states, as well as states of constant density g in the

continuum of the residual nucleus. The spin-dependent level density is calculated as

recommended by Feshbach et al. (1980).

ρ ρn E J n E R E n J, , ,    , ,( ) = ( ) ( ), (51.a)

where

ρ n E
g E

p n n

n n

,
! ! – !

–

( ) =
( )

1

1
. (51.b)

The excitation energy E is corrected for the Pauli effect by replacing it with E', where

E' = E – P(h,p), (52.a)

and

P h p
p h p h

g
,

–( ) = + +2 2 3
4

. (52.b)

The spin-dependent factor R(E,n,J) is taken as
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where the spin-cutoff parameter σ is given by

σ τ= 





2 1 2c

n

/

, (54.a)

where τ is nuclear temperature given by

E=aτ2–τ with a g= π2

6
. (54.b)

The following values as suggested by Feshbach et al. (1980) are used.

a A MeV= 8
1– g A MeV= 





6
82

1

π
– c

A
MeV=

5 3
1

90

/
– . (54.c)

n  is the average exciton number equal to 1/2(2gE)1/2. Particle emission is considered in

competition with internal cascade transitions leading only to higher exciton number. The

transition probability λ+ from the state of exciton number n to n+2 is equal to   2 W/ h

(Kikuchi and Kawai, 1968), where W is the imaginary component of the optical model

potential. The probability of existence Xv
n  of particle v in n-exciton state can be

calculated for neutron and proton induced reactions in which a nucleon is emitted, as

described earlier for the Alice code.

For nucleon induced reactions in which an alpha-particle is emitted, the concept

of the preformed alpha-particle is assumed and the values of Xv
n are calculated as

described by Gadioli et al. (1977) and Milazzo-Colli and Braga-Marcazzn (1973).

X
K

K Ka
n a

p h

a
p h

n
p h=

+ ( )
φ

φ φ

– ,

, ,–

1

1
, (55)

where Ka
p h,  is a coefficient which represents the percentage of states containing an

excited α-particle and α-hole in the state level density corresponding to p+h excitons.

Ka
p h,  is the coefficient representing the percentage of states of nucleons and nucleon-

holes in the state level density corresponding to p+h excitons. The coefficient φ

represents the probability that a neutron or proton interacts with a preformed alpha

particle. In fact it is a normalization parameter and its values lie in the 0.5–1 range. The
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optical model parameters used for Hauser-Feshbach calculation are also used for pre-

equilibrium calculations. The initial exciton number for nucleon, alpha and helion is

taken as 3, 4, and 5, respectively.

Chapter 3.3  Discussion of the modeling results
The codes used by the four different modeling groups for this CRP are described

in the previous section. These codes are Alice–91 and HMS-Alice (Livermore), Alice-

IPPE (Obninsk), SPEC (Beijing), and HFMOD and PREMOD (Islamabad). In this

section, we report modeling results for selected reactions to highlight the successes and

failures of the modeling efforts by the four groups in reproducing the experimental data.

(Comparison of the modeled cross sections with experimental data for all the reactions in

the CRP is shown in the next section.) The calculations are based on global input

parameters for optical potentials and level densities. The calculations start with the

preequilibrium emissions followed by the evaporation. The preequilibrium models used

are hybrid or geometry dependent hybrid (GDH) by all the codes, except for the SPEC

and the HMS-Alice, which use the master equation exciton model and Monte Carlo

nucleon emissions, respectively. The evaporation is calculated according to the

Weisskopf-Ewing model, except for the HFMOD code where the Hauser-Feshbach

formalism is used. In terms of the level density descriptions, the Livermore group used

the Fermi gas model level densities and the level densities from Kataria and Ramamurthy

(1980) with shell effects. The Obninsk group used level densities from the generalized

superfluid model, which includes shell effects and collective enhancements. The Beijing

group used the Gilbert–Cameron level densities and Gul (Islamabad) used backshifted

Fermi gas model parameters of Dilg et al. Cluster preequilibrium emissions are included

in the Alice-IPPE calculations.

Because of the global nature of the input parameters, the calculated cross sections

are used mostly as a guide rather than a fit to the experimental data, although in some

cases modeled cross sections were chosen as the recommended values by this CRP. In

general the calculated cross sections show a better fit to the data for A > 30, and also

show a better fit for proton induced reactions over deuteron, 3He and alpha. The poor fit

to the lower mass targets may be attributed to the reaction mechanism used in the codes.

It is known that nuclear structure plays a critical role in the lighter masses and that the R-
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matrix theory is more appropriate in modeling cross sections for such targets. Because of

the complexity in modeling such cross sections, it was decided by the CRP not to pursue

the modeling for light targets but to use only the experimental data for the evaluation.

Another important modeling feature that was not explicitly included is the breakup of

light projectiles, such as, the deuteron and 3He, in the entrance channel of the reaction

process. However, the Livermore group made their choice of the preequilibrium model

parameters, namely the initial exciton numbers, from an investigation of the deuteron

breakup (i.e., the stripping to the bound states and breakup-capture in the continuum) for

d + 48Ti reaction. The Obninsk group reduced their calculated cross sections by a factor of

1.5 for deuteron induced reactions to account for such breakup processes.

In Fig. 1 we show the effects of the deuteron breakup in 48Ti(d,2n)48V cross

sections calculated by the Livermore group using the Udagawa and Tamura (1981 and

1983) microscopic theory. In their approach the Udagwa and Tamura theory was used to

deduce the spectra of neutrons and protons transferred into the target nucleus (stripping to

bound states and breakup-capture in the continuum); these were then assumed to initiate

three-quasiparticle preequilibrium cascade and evaporation. The deuteron cross section

that does not undergo stripping or breakup-capture was assumed to initiate a separate

preequilibrium cascade and evaporation. In the figure the “breakup” refers to the sum of

cross sections from these two processes, i.e., the breakup and also the remaining cross

sections coming from the optical model reaction cross section that did not undergo

breakup. The three other curves, identified by 6-2-2, 3-1-1 and 2-1-1, are Alice-91

calculations with no breakup. The numbers, e.g., 6-2-2, etc., are the initial exciton

numbers (total, neutron and proton excitons). These calculations were done in order to

empirically select the best initial exciton numbers to use for the deuteron induced

reactions, when breakup can not be included explicitly. The best fit to the data near the

peak cross section is found when the breakup is included. The calculation with 2-1-1 is

closer to the breakup model calculation and the data. However, note that even with these

choices of the initial exciton numbers the calculated cross sections are about a factor of

two too high near the peak cross section. Nevertheless, the Livermore group used 2-1-1

as the initial exciton numbers for the remaining calculations  of the deuteron induced

reactions for the CRP.
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Fig. 1  48Ti(d,2n)48V.
The cross sections including the deuteron breakup are
compared with Alice-91 calculations with several choices of
the initial exciton numbers (6-2-2, 3-1-1, 2-1-1) and the data
of West et al. (1993). The numbers, e.g., 6-2-2, etc., refer to
the initial exciton numbers in the hybrid preequilibrium
model, 6 is the total exciton number (particles plus holes), 2
and 2 are the number of neutron and proton excitons above
the Fermi energy.

Another important feature in modeling cross sections is the nuclear structures or

structure effects that are included in the level density calculations. We show in Fig. 2 the

cross sections for natFe(d,x)56Co reaction, where we compare the cross sections calculated

with level densities from the Fermi gas (FG) model and those from the Kataria and

Ramamurthy (KR) formalism which includes shell and pairing effects. These are the two

level density options that are available in the Alice-91 code. The data in the figure is from

Takacs et al. (1997) and Clark et al. (1969). We conclude from the results in Fig. 2 that

the calculated cross sections may differ by a factor of two depending on the level density

options used. We showed here one of the extreme cases for the reactions in this CRP.

(The comparison of the modeled cross sections with the experimental data for other

reactions is given in the next chapter.) It is worth to note that the calculations by the

Obninsk group and those by Gul of Islamabad include shell effects but in a different way.

Obninsk group also includes the collective effects in their level density calculations.
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Fig. 2  natFe(d,x)56Co.
The FG stands for the Fermi gas model level densities and
KR for the Kataria and Ramamurthy (1980) level densities
with shell effects. The calculations were done using the
Alice-91 code using the hybrid preequilibrium model and
the Weisskopf-Ewing evaporation. The optical potentials
used are described in Blann and Vonach (1983).

Fig. 3  A light target reaction showing poor fit by the preequilibrium-evaporation
approach. ( If needed more than one figure)

Fig. 4 Will show a good fit. For example an Alice –IPPE calculation

Fig 5. A figure from Spec calculations

Fig. 6. A figure from the Gul calculations

Note 1: I do not have all the figures to decide which figures to include in Figs. 3-6.
I am waiting to see all the figures from Ferenc Tarkanyi

Note 2: I will add a paragraph discussing the overall accuracy of the calculations
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