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ABSTRACT

A. Theoretical Description

An introduction to the Optical Model is presented. Starting with
the purpose and nature of the physical problems to be analyzed, a general
formulation and the various phenomenological methodB of solution are dis-
cussed. This includes the calculation of observables based on assumed
potentials such as local and non—local and their foncs>e«g» Woods-Saxon,
folded model etc.

Also discussed are the various calculational methods and model codes
employed to describe nuclear reactions in the spherical and deformed
regions (e.g. coupled-channel analysis).

An examination of the numerical solutions and minimization techniques
associated with the various codes, is briefly touched upon.

B. Workshop (Problem Session)

Several computer programs are described for carrying out the calcula-
tions. The preparation of input, (formats and options), determination of
model parameters and analysis of output are described.

The class is given a series of problems to carry out using the
available computer.

Interpretation and evaluation of the samples includes the effect of
varying parameters, and comparison of calculations with the experimental
data. Also included is an intercomparison of the results from the various
nodel codes, along with their advantages and limitations.

A. Introduction

1.0 Purpose and Nature of Physical Problems

The strong fluctuations of neutron cross sections with energy are commonly

referred to as resonances. The widths of these resonances increase with

energy. For nuclei of intermediate mass these widths approach or become

larger than the level spacings above a few MeV. At these higher energies,

therefore, the cross sections are rather smooth functions of energy. The

lower energy interval is generally called the "resonance region," the upper

the "continuum region."

The behavior of cross sections in the resonance region does not Immediately

lend itBelf to a description by a simple model with few parameters because of

the rapid fluctuations with energy, which, moreover, depend upon the nature of

the particular compound nuclear state at each resonance. The averages of the

cross sections over an interval which includes many resonances, (as

shown by Feshbach, Porcer, and Weisskopf (FPW) ) are those corresponding to a

new scattering problem with slowly varying amplitudes, called the "gross-

structure" problem. Making the assumption that one can average over the

fluctuations, FPW defined an average reflection factorOf^which is a function

of the energy of the incident particle given by

-k-Ji 1.1

The width of the energy interval fl contains many resonances but is small

enough to be a smooth function of energy.

The model proposed by FPW replaced the many-body problem with a one-body

potential which acts upon the incident nucleon.

The potential is complex of the form

V- Vo1"i W 1.2

where the real part represents the average potential, causing scattering, and

the imaginary part the absorption, which describes the formation of the com-

pound nucleus.

The quantity Y)x in Equation 1.1 is related to the phase shift ^ by /f -

e J, where $^ is derived from the solution of the radial part of the

Schrodinger equation using the potential given in 1.2.

1.1 General Formulation

The scattering and reaction processes that result from nucleon-nucleus

interactions have generated an enormous amount of experimental data. The

variety of nuclear reactions that occur is large and attempts to explain them

concisely have not been completely successful due to the properties inherent

in the nuclear many-body system. However, quantum mechanics has provided a

means whereby a formalism for describing nuclear reactions exists through 149
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parameters which have a fundamental relationship with the properties o£ the

many-body system.

The foundation for this approach is manifested in the so-called Optical

Model of the nucleus where It is assumed that the nucleons are scattered by

nuclei in much the same way as light Is scattered by a semi-transparent optical

medium. The essence of the model conforms to the notion that the scattering of

nucleons by complex nuclei may be described as a solution to the problem of

diffraction of the nucleon wave by a particular type potential. Thus, the

scattering problem is analyzed not as a many-body problem, but as one of the

motion of a nucleon in a certain time-independent field produced by the target

nucleus.

The nucleon's motion in this potential or, correspondingly, its wave

function <f(r) Is determined by the radial Schro'dinger equation

J

1.3

where, the various terms In Eq. (1.3), which depend only on the distance r

between the incident and the target particles, represent, respectively, the

Coulomb, central real, central Imaginary, spin-orbit real, and spin-orbit

Imaginary potentials.

The wave function^ (r) is the radial wave function for -the angular momentum

quantum number j,which is composed of orbital angular momentum ./and Intrinsic

spin s of che Incident particle (neutrons 3-h):

The wave number in Eq. 1.3 is defined by

111 1.4

where u. and E are reduced mass and relative energy between an incident particle

and a target nucleus, respectively. They are given as follows:

1.5
2 _
DtlH

where m and M are masses of incident particle and target nucleus, and E the

energy in the laboratory system.

The radial wave function 4* (r) must satisfy certain boundary conditions,

namely (a) it must vanish at the origin and (b) the asymptotic form In the

region where the nucleus potential becomes small should be matched to a plane

wave plus an outgoing wave. This asymptotic form Is written as

The wave functions Ojfff) and V^ '(e) represent the incoming and outgoing

waves, respectively, and are written as r

G>xLf) * i te
(f) 1.8

Ebr neutrons, the wave functions Gg(p) and F,(p) are the spherical Neumann function

and the spherical Bessel function multiplied by their argument (p (>kr), re-

spectively.

The coefficient of the outgoing wave.fq , Is related to the scattering

phase shift

The values of

by

1.9

are determined by integrating Eg. (1.3) from the origin

to a point where the nuclear potential becomes negligibly small and then match-

ing the logarithmic derivative of fix

1.10

at the matching radius <-„•

For neutrons (8-S5) the shape elastic scattering cross section is written in

terms of ^ ^ ' as

1.11

and and the differential cross section is given by

150 m+M
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where

(s-> \

This sljnple potential reproduced the overall features of the tDtal cross

sections for a wide range of nuclei, however it resulted in too little

absorption and excessive scattering cross sections at large angles.

and

1.14

Legendre function P, (cosQ) and its associated function P. (cos6) are used. The

cross section for compound nucleus formation is given by

1.15

Further investigations based on the observed properties of nuclear matter

and the nucleon-nucleon interaction showed that a diffuse potential is prefer-

able.

The shape of this diffuseness has taken many forms as seen in Refs. 6&7,

however, the most extensively used central complex potential is written as

V r > • VCR(r)+ 1WCI(r>
2.1

and the total cross section by

1.16

(J)where the quantity Tt l s called transmission coefficient and is related to

the quantitytf^J •

(>)\ 1.17

For protons or charged particles (̂ H, ^He etc.) the potential must

include the Coulomb interaction, and the various quantities used in describing

the cross section oust take the phase shift of Coulomb scattering into

consideration.

2.0 FhenomenoloKical Method of Solution

One of the earliest quantum-mechanical calculations of the elastic scatter-

ing cross section using a complex central potential was carried out by Le Levier

and Saxon »

Subsequent experiments by Barschall ' were analyzed by Feshbach et al.

who assumed a complex square well potential

Vo + iW

where VCR(r) is the real part and^CI(r) the Imaginary part. The real

potential VcR(r) is assumed to have Woods-Saxon form factor and ls represented

as follows:

where /CR(r) ±s Che Woods-Saxon form factor and is written as

2.2

2.3

and V is the potential strength (or sotential well depth) parameter, which is
" i/3

negative for an attractive potential, and S ~ r^ A .

The imaginary potentialVci(r) consists of nuclear surface part and nuclear

interior part, and is expressed as

2.4

The form factor of the surface part, / c s W > l s assumed to be Gaussian type or

derivative Woods-Saxon type. On the other hand, the form factor of the in-

terior part, rci(r), is assumed to be Hoods-Saxon form. These three types of

the form factor are given by the following expressions: 151
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Surface absorption;

(1) Gaussian absorption:

W (r) * W

(ii) Derivative absorption:

wCI(D - 4 ̂W^-i-C"-7777-^.-^5)] 2.6
,1/3

where W and W are negative for an absorptive potential and Rj. " rx A

Both forms of surface absorption have also been combined with a volume absorp-

tion.

Volume absorption (Woods-Saxon form factor);

V CI
< r ) • W v / [ l + <**((-*lY«T )J 2.7

The spin-orbit potential is usually assigned a Thomas form factor such as

The Coulomb potential V , (r) is usually taken to correspond to a constant
'coul

charge density within the nucleus extending to a distance rc - R£ A'
1/3

Thus

2.10

Dynamic parameters:

V • real potential depth

V • volume absorption potential depth

V • surface absorption potential depth

V - real spin-orbit potential depth

W s o« imaginary spin-orbit potential depth.

The large amount of experimental data accumulated in recent years has

demonstrated that many Important properties of nuclei in regions 90? N f 112

and 88^ Z and Z%13 may be correlated by the strong-coupling unified model

which assumed that various nuclei and their related average potential fields

possess large equilibrium deformations. These large deformations have been

shown to exert strong Influence on the scattering and absorption of neutrons

when analyzed by an optical model. Thus any attempt to describe differential

elastic scattering cross sections, penetrabilities, and all other subsequent

scattering and reaction characteristics must consider the deformation.

The theory of explaining the scattering mechanism vhen the collective

levels are directly excited by Inelastic scattering without formation of a

compound nucleus, and the effect of level excitation by formation and decay

of a compound nucleus was first pointed out by Bohr and Mottelson. The
g.

earliest application of this coupled-channel analysis was by Hargolis, et al.,

and Chase, et al., who applied the idea to the calculation of low-energy

neutron strength functions. Yoshida, also around the same time, described

elastic and inelastic scattering of higher-energy neutrons with the same concept.

The Hamiltonian for the Interaction of a deformed, target nucleus with
12

an incident particle is given as

2O1

152

Thus the parameters of the model are as follows:

Geometrical parameters:

R • Coulomb radluB parameter

R > real potential radius parameter

Rj. » imaginary potential radius parameter

q - real potential surface parameter

ISJ - imaginary potential surface parameter

b - Gaussian absorption width

The optical potential V(r,0,4) used is assumed to be, in general, non-

spherical and is defined in Ref. (12) as

When R and R are assumed to be independent of angle, Eq. (2.12) becomes the

usual optical model potential. When R and 5 are made to be dependent on 9

_J



and f according to the collective nature of the target nucleus, then the

following relationships hold.

If the target nucleus is spherically symmetric but is capable of vibration

about that shape, then the vibrational deformity is described by

2.13

However, if the nucleus is characterized by a permanently deformed surface of

cylindrical symmetry (axial symmetric), then the rotational deformity is

defined as

2.14

where (J is the usual nuclear deformation parameter.

formation; ft 4 0 for oblate deformation).

for prolate da-

An alternative method of analyzing nuclear scattering from deformed nuclei

is the distorted wave Born approximation (DHBA), and has been used very ex-

tensively 0 especially in those areas where the deformation is small (As: 0.1).

For values of ft? 0.2 the shape for the differential inelastic scattering Is

adequately described, but Its magnitude is greatly overemphasized.

The differential elastic cross section is even more difficult to describe

for large deformation, and it is more feasible to use the conventional coupled-

channels approach than ]
12-15

Other methods for handling inelastic scattering based on the shell model

have also been Investigated as a means of microscopic descriptions of collec-

tive motion in nuclei, however, they have not been used as often as an eval-

uation tool, so their significance cannot be commented on at this time.

J. Raynal has reported the development of a "sequential iteration method

for coupled equations" called ECIS, which Is an approximation between CUBA

and coupled channel computations.

Using the phenomenological potential V(r) the computational methods for

solving the radial wave equations must be carried out numerically with the aid

of computers. Many automatic techniques have been developed in the form of

computer programs, for calculating the differential elastic scattering cross

sections f(&) , the total reaction cross section 6"- and the polarization B^d) ,

for particles of spin 0, 1/2 and 1.

These calculations involve the numerical integration of the radial

Schrodinger equations for the effective partial waves, where as previously

mentioned the scattering complex phase shifts are obtained by matching the

logarithmic derivatives of the numerically obtained wave functions to those

of the Coulomb or spherical Bessel functions.

There are several possible numerical procedures used for finding the radial

Schrodinger function.

The most often used are the Runge-Kutta method, (sometimes referred to as

the Fox-Goodman method), the Cowell and the Noumerov method (a modification of

the Cowell method).

The numerical integration is determined primarily by three parameters:

a) Matching radius B.

b) The step length A

c) Number of partial waves Cf,™,)

In general most computer programs have certain parameter criteria built in,

however, if more accuracy is desired then the option to vary them is necessary.

A very detailed treatment of numerical methods used in the optical model

analysis may be found In Ref. (17).

3,0 Determination of Model Parameters

The preceding sections have outlined the optical model formalism and have

set the stage for determining its role in the evaluation of nuclear data

necessary for fission and fusion applications.

1S3
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There now exists a vase body of experimental data for elastic scattering of

nucleons and other reactions. Yet, in spite of this abundance, there are many

gaps which must be filled by model calculations.

Extensive studies have provided adequate confidence that the optical model

can be employed to give precision fits, in the non-fluctuating region, to

elastic scattering differential cross sections, reaction cross sections,

total cross sections,and polarizations provided the phenomenological parameters

are optimized for each nucleus at every energy.

In general it is not possible to determine the best potential for a par-

ticular set of data by direct calculation. The usual procedure is to assume

a starting potential and then vary the parameters systematically, until an

optimum fit to the data is achieved. When realistic potentials are used the

calculations require rather complicated computer programs.

These potentials have several disadvantages in that they usually axe over-

parametrized such that many different potentials exist that give equally good

fits to the data. This potential ambiguity raises the questions regarding

the physics of the situation. The following section discusses these ambig-

uities along with ways that have been used to either overcome then or at least

dnimize them.

3.1 Non-local Potential

A method for acquiring a somewhat consistent set of parameters over a wide

range of nuclides and energies hai been introduced, in which the local potential

is replaced by a non-local potential. This method for computing the various

cross sections from an optical model code was first Introduced by Perey and

Buck. Whereas the optical model potential given sarlier is both energy de-

pendent and local, I.e.,

V(r', r) « V(r)5"(r' - f), 3.1

the optical potential of Percy and Buck Is energy independent and non-local.

The Interpretation is that the potential acting on a particle centered at

position r does not only depend on r, but also on the value of the wave func-

tion over all space and thus takes Into account the finite slie of the incident

particle and the di&persive properties of the nucleus. The non-locality enters

through the application of a potential term which leads to an integro-differ-

ential Schr'ddlnger equation

3.2

where V(r, r1) is the non-local potential. This potential may ie represented

phenomenologlcally by

3.3

where £• is the range of the non-locality.

As @ approaches zero the non-local potential tends toward a local potential.

The forms of the shape factors are analogous to those of the local potential.

Perey and Buck found that the scattering cross sections given by the non-

local potential could also be adequately fitted by a local potential, and vice

versa, which led to a single non-local potential that produced satisfactory

agreement over an energy range of 1 to 25 HeV. The relation between the equiv-

alent local and non-local potentials may be expressed as

3.4

19 1.8

Wllmore and Hodgson, following the work of Perey and Buck, produced an

analytical set of equivalent local potentials based on energy and mass number

which yielded very good cross section results from 1 to 15 HeV for medium and

heavy nuclei. This method of using an equivalent non-local potential has also

been used by Lane, et al., and Engelbrecht and Fiedeldey.

3.2 Folding Model

The use of the equivalent-local potential,while yielding good fits to a

wide range of nuclei, still does not quite overcome the ambiguities derived

from the Inter-relationship between various potential parameters.

One method for overcoming this difficulty was offered by Feshbach who

suggested using a volume Integral of the potential

3.5
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which is a better measure of the potential strength. This is due to the in-

clusion of the contributions from the well depths along with the geometry.
22 23

Such an approach was made by Greenlees, et al. ' who analyzed the real

part of the optical model potential in terms of an overlap integral of the

nuclear density distribution with an assumed nucleon-nucleon interaction.

22 23
This folding procedure manifested it.jelf in what Greenlees et al. *

called the Reformulated Optical Model (ROM).

Greenlees and his collaborators expressed the optical model potential in

the following form

3.6

where V (r) is the potential due to a uniformly charged sphere of radius

R « r A , f(r.r.,a.) is a Woods-Saxon form factor, and f (r) is related to
C C J . J . ID

the matter distribution,

3.7

The Woods-Paxon form factor is given by

The folded potential I(r) is represented as

3.8

where p , o , and p are the proton, neutron, and matter distributions

of the target nucleus.

o (v)-9 (r)-p W ^ s the neutron excess distribution and ^ = +1

for protons, -1 for neutrons.

A Yukawa form was chosen to describe the central potential

U dCr) - exp <-ur)/ur 3.9

As a first approximation, it was assumed that the protons and neutrons had

the same density distribution, such that

3.10

and being a constant)

Thus, the real central potential given by Eq.(3.6) may now be expressed as

3.11

where £ - (N - Z)/A.

In order to overcome the various ambiguities inherent in a multiparameter

search procedure, Greenlees, et al. following Feshbach derived a volume in-

tegral for this real part of the potential. The volume integral of U,g is

designated by J_c and is related to J., the volume Integral of the two-body

interaction by

A

3.12

3.13

The strength V R g of the central potential U R S was treated as a parameter

and the radial parameters for the epin-orbit potential were taken to be the

same as the central potential. This reduced the number of parameters from

the conventional ten to eight.

The model was applied to proton elastic scattering data at 14.5, 30.3, and
22 23

40.0 MeV and neutron scattering at 14.5 HeV and yields results comparable

to the conventional phenomenological analyses, although the number of adjustable

parameters have been decreased by two.

Further investigation, using a Gaussian effective interaction

ud(r) » exp(-kr ) in Eq. (3.6) reduced the number of adjustable parameters to

six (V, Wv, HD, and 155

d/dV,

d/dRj

d/d̂ u

TABU
at 1
the

J

while not fully tested The number of variable parameters given on page (8) can be reduced by



The reasonable success of the folding model concept, while not fully tested

at lower energies, e.g., E < 10 MeV, does provide a means for relating some of

the nuclear structure characteristics such as the range of the two-body forces

and the geometrical properties of the nucleus to the scattering data by means

of the optical model. Thus, the folding integral given by Eq. (3.12) con-

stitutes a rather meaningful approach to parametrizing the optical model.

Further details concerning this approach not only for neutrons and protons,

but also In the analysis of the scattering of composite projectiles, may be
27 28

found in Jackson and Hodgson.

4.0 Minimization Technique

In order to determine an optimum set of parameters for the calculation of

cross sections, the usual procedure is to carry out a least squares fit and to

minimize the quantity X given by

4.1

.,+W,+2 TT',1,+2 1

wheref T>tf~el. <Tj are. the total, elastic and inelastic cross sections, and

the corresponding differential scattering cross sections, no is the

+W...2J-

error and Wi the weighting factors. Most analyses consider only the differ-

ential scattering cross sections. When polarization data exists, this is also

taken into account by

•pel ?(&)*** r 4.2
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The search is made on any number of the parameters given in Eq. 4.1.

Often when one ia attempting to define a "global" set of parameters the

data for one type of target nucleus at various energies will produce a set of

parameters which exhibit wide fluctuations. This is also true for different

target nuclei at a single energy. The usual procedure is to hold one set

constant or limit the range and then calculate optimum values for those

remaining.

The number of variable parameters given on page (8 ) can be reduced by

n constant where n Xs 2 will produce equivalent fits for

R D ^ - constant where

m * 0 . 8 ) .

different values of V and rR (the same holds true for

Thus, by holding r_ and a_ constant only V_, a_, W_, r_ need be varied,

where it is assumed that r_»r *r_ and a_"a *a_. In the cast of a coupled-
1} SO K U SO A

channel calculation, the deformation A may also be varied.

2
It should be mentioned that the X method is merely a selection procedure

with no absolute significance and comparing values of x with different ex-

periments has no real meaning. This non-uniqueness manifests itself usually

in attempts to calculate the inelastic cross section. While a set of para-

meters from a X test might produce excellent agreement with the elastic

cross section, it might fall totally in reproducing an acceptable value for

the inelastic.

A typical example of the X fitting procedure was carried out fcr both
29

neutrons and protons by Becchetti and Greenlees to determine an optimum se*"

of nucleon-micleus OH parameters for A > 40 and for energies less than 50 MeV.

The criterion function F of the theoretical fit was taken to be

where

X /NA-/fti " the A per point value of the differential cross sections

iff*) for the nth data set

2 2
X /"p/a\ " theX per point value of the polarization data P(<S) for

the nth data set;

and

~K f^ " theX value of the reaction (protons) or total (neutrons)

cross section for the nth data set.

A quantity "K2/ff is defined by

4.4

where g O M(d), g o b s(e), and 4g o b s (0) are the OM prediction,



the experimental value and the error tn g(P), where gC*) was taken to be

(differential elastic scattering),<TR (reaction cross section), <J*T (total cross

section) and P(«) (polarization).

Further details of the fits may be found in Reference (29).

Many other systematic studies have also been made to produce a "best set"

of optical model parameters. The most complete compilation of these sets has
30

been tabulated by Perey and Perey.

In addition, Aver'yanov and Purtseladze have analyzed experimental data

on neutrons and protons having energies ranging from 2.5 to 96 MeV, and have

described a set of parameters for nuclei ranging from C to Fb.

21
Englebrecht and Fiedeidey have also proposed a set of OM parameters for

energies between 1 and 100 MeV.

In another attempt to avoid the ambiguity of the real and imaginary potentials,

the mean values for the volume integrals of U and W were determined, using the

least squares procedure for a range of nuclei of mass 20 to 210| by Holmqvist and
32

Uiedling. these generalized OM potentials provided fits that were almost as

good as those from a five parameter best fit set.
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B. Workshop (Problem Session)

Code Description

In order to gain experience and obtain a real fueling for carrying out
optical model calculations, a series of optical model computer programs will
be examined.

The sample codes that have been chosen are:

1. ABACUS-2 E.H. Auerbach, M L 6592 (1964)

2. CERBERC-2 G. Reffo et al., RT/Pl(77) 6

3. CRAPOSE Fabbri et al., Hl/FI(77) 3

4. RAROMP O.J. Pyle (unpublished), Uni. of Minnesota

5. JUPITOR T. Tamura, OHHL 4152 (1967)

1. ABACUS-2

NAME OP PROGRAM: ABACUS-2 (revised)

AUTHOR: E.H. Auerbach

INSTITUTION: Brookhaven National Laboratory

DOCUMENTATION: BNL-6562 (unpublished), 1964

MATURE OP PHYSICAL PROBLEM: ABACUS is one of the oldest optical model programs
still in use. ABACUS-2 is a combination of the Optical Model and the
Hauser-Feshbach .formalism. It is designed to carry out four classes of
calculations, each one based or. generating an optical potential and the
integration of the radial Schro'dinger equation.

Class 1 - Scattering by an optical potential: gives 0T, og_, and o_ only.

Class 2 - Computes the bound state radial wave function for a specific
A. and j.

Class 3 - Uses method and information from Class 1 to generate transmission
coefficients for use in Hauser—Feshbach calculations. Computes
Oip, 033, °CZ* a n^ °nn* (see my lecture on Statistical Theory
Applications and Associated Computer Codes).

Class 4 — Calculates radial integrals from partial waves generated by
Classes 1 and 2.

A multidimensional search procedure is included for obtaining best
optical model parameters.

PROSRAM LANGUAGE: Fortran IV

SIZE: 32 K

STATUS: Converted f o r PDP-1O, CDC 6600, IBM-360

Introduction

Class 1: Scattering and Reaction Cross Sections

A potential well is generated and the Schrodlnger equation solved by

partial waves. Phase shifts (more precisely, *?.. - e -fj), transmission
2

coefficients, T«. (T,. - 1 - \ri At, anil partial reaction cross sections, 6~oy

are calculated for each j(,J up to an^> which Is either given as input or

determined by an Internal criterion. The reaction cross section,(Tr, is

calculated; for neutral Incident particles, tf"totaj ami <J^nape elastic
 a r e a^s°

given. Where an angular distribution Is desired, d*7dJ>- and the polarization

P(S), are calculated; results are given in both the lab and center of mass

system. For charged particle interactions, the ratio d<!7d5"ruthetford
 i 9 a* 8 0

given. The Incident particle may have either a spin of 0 or a spin of *s.

There are several well forms available in the program and cover the range

of those currently of Interest. In addition, provision Is made for addition,

by special subroutine, of new forms; the wells may also be given point-by-point

for each point of the integration mesh. In ABACUS the real and Imaginary wells

are given as:

Vc(r) - -Vof(r)

so so'

o<f(r) - (1 -°Og(r> ;

df(r)\2 1 df(

J 7 ~o7

1.0

1.1

f(r)

1 + e
(r-Rs)/a

gCr) - e

* Rc Re

1.3

ZZ'e2

r
rill.

The central potential is an imaginary part of both the same and different

functional form as the real part, and it 1B assumed, as is customary, that the

spin-orbit potential is that of the Thomas form, and V , Vg, V 8 o, and W are
so
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imagiaary spln-orblt potentials. The mixing parameter,*, defines the relative

amount of volume and surface imaginary components ( <* £0). All of the potential

well Btrengths are taken to tie positive. The ranges are defined as follows: Rg,

Saxon radius; R , Gaussian radius; a, Is the dlffuaeness parameter; b, Gaussian

width; R,,, Coulomb Potential radius.

2. CEHBERO-II

Name of Code: CERBERO-II: Improved Version of the CERBERO Code for Calculating

Nuclear Reaction Cross Sections,CHEN Rpt. RT/FI(77)6

Authors: F. Fabbrif G* Fratamico, G. Reffo

Establishment: CNEN, Bologna, Italy

Nature of Problem Solved: Using an optical model to generate the transmission

coefficients, reaction cross sections for discrete and continuous states may be

calculated.

Program Language: Fortran IV (IBM 370/165)

Program Size: Less than 240k bytes using an overlay structure.

Introduction

This code is an extension of CERBERO, (RT/FI(74)36) which uses the optical

and statistical sicdels in a theoretical calculation of cross sections.

Optical Potential Forms

The optical potential has the conventional form

- -V fy(r) -i ej 2.0

where V and W are the depths of the real and imaginary parts of the central

nuclear potential, Vo- the spin orbit strength and f(r), g(r), h(r) their

corresponding nuclear form factors, while Vc<r) is the Coulomb potential.

Real Potential

The real part of the potential is given In energy-dependent (non-local

characteristic) form and with a symmetry term as
2 z z, (N-Z) (N'-Z1)

V " V O + V1 E + V 2 E "V3-j73 + V4 ATA: 2-1

A 1 "

VQ, V^, V2, V,, V^ being Input parameters. The corresponding form factor fv(r)

is Woods-Saxon.

Imaginary Potential

The imaginary term in 2.1 is assumed to consist of a volume and

surface form given as:

WI0 2 - 2

WI0» WI1» WI2' MS0» HS1» WS2' WS3 'beinS i nP u t parameters.

The form factor of the volume term is assumed to be Woods-Saxon's

fjCr) = [1 + erp(r-flI)/air
1

2.4

while the form factor for the surface part may be of either Gaussian

or derivative Woods-Saxon type

es(r) = 2.5

4 exp

[1 + exp(r-Rs)/as]
2

the radial parametorB R_ and Rs are defined as

Rj = Tj. A1'3 + Kj

the constants K. and Kg, tho nuclcon radii r̂ ., rg and the diffu-

senesses a^, as are input parameters.

2.6

2.7
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Spin orbit potential

The spin orbit potential general form is assumed to be of the Thomas
Fermi type, characterized by a Hoods-Saxon derivative form factor

( v 5 •

(r-S

aS0
2.8

and Kso provided aso • rso • Kso
are input paraaeters.

The strength of the spin orbit potential Vgo is assumed to be a real
and energy—independent quantity to be given in lnpu'ta

Coulomb potential

The strength of the Coulomb repulsion is that of a uniform charge
distribution

-\ O — D y) in the interior region r < Rn
C C

2ZZ'
2.9

in the external region r >

e being the electron charge, Rg = rc A ' the charge distribution radius
and r~ an input parameter.

Compound Nucleus Reactions

CERBERO II utilizes the transmission coefficients generated from the
optical potential to calculate both discrete and continuum level excitation
as well as capture*

The formalism is based on the Hauser-Peshbach treatment (Phys. Rev. 37,
366 (1952)) as modified by Moldauer (Rev. Hod. Phys. 36, 1079 (1964), Phys.
Rev. 135B, 642 (1964), and Phys. Rev. Oil, 426 (1975)7?

The compound nucleus is formed by an incident particle of Energy E,
leaving the residual nucleus a.t an excitation Ef and proceeding through
channels G, C with the same total angular momentum J and parity TI.

The 1 ctlon Is represented as:

|(K)

3. CKAPOHB

Name of Program - CRAPONE: A Fortran IV Code for the Automatic Search for

Local and Non-Local Optical Potential Parameters for Neutrons. CHEN Rpt.

RT/FI (77) 3 . The fitting procedure is described in detail in this report.

Authors: F. Fabbri, G. Fratamico, G. Reffo

Establishment: CHEN, Bologna, Italy

Nature of Problem Solved: CRAPONE is an automatic search program designed to

produce neutron optical model parameters. The fitting procedure may be applied

to various sets of experimental data using either local or non-local potentials.

Program Language: Fortran IV (IBM 360/175)

Program Size: Not specified

Introduction

CRAPONE employs the same optical model potentials as described in CERBERO-II

(RT/FI (77) 6).

All experimental data forms that can be analyzed by CERBERO-II may be used.

In addition S & P wave strength functions and scattering radii may be considered.

4. RAROMP

Name of Code: RAROMP (Regular and Reformulated Optical Model Program)

Author: G.J. Pyle

Establishment: University of Minnesota, Minneapolis, Minnesota

Present Address - Phys. Dept., Univ. of Birmingham, England.

Nature of Problem Solved: RAROMP is a general purpose search code, which

performs optical model calculations using the reformulated optical

model of Greenlees et al.

Program Language: FORTRAN II (CDC-6600)

Size: 32 K



Introduction

RAROMP (Regular tod Reformulated Optical Hodel program) Is a general

purpose search code vhich performs optical model calculations using the

reformulated optical model of Greenlees, Pyle and Tang (Phys. Rev. 171, 1115

(1968} and also the standard form of the optical model. A brief discussion of

the formalism was presented in section ( 3 ) of the main paper.

When the neutron and matter distributions are parameterized in terms of

Hoods-Saxon distributions and a Yukawa shape is used to describe the two-body

potentials, the integrals are of the form:

potential only 3 parameters of the spin-orbit potential are treated as search

parameters. These are Vg, R^ and a^if the matter distribution is parameterized,

and Vg, Rn and anJif the neutron distribution is parameterized.

The folding integrals for the real central potential Eq. (4.0) and the spin-

orbit folding integral Eq. (4.2) involve numerical evaluation of integrals of the

form,

r- 4.5

vhsre n assumes the values 1, 2 and jf can take positive or negative values.

Where the subscript j refers to the neutron (n), proton (p) or matter (m)

distribution.

The spin-orbit potential is given by:

M r ) - -V. I (r),

where

IB(r) -2-ITj G 6 V

The quantity G(r,j<) is given by

where

4.1

4.2

The speed and accuracy of the numerical evaluation of Eq. (4.5) can be

greatly Increased by expanding | 1 -t cKpC^rr)] for parts of the range of

integration, using

4.6

a - r + 4.4

Potential Options

RAROMP will carry out searches using the Regular Optical Model or the

Reformulated Hodel.

The Optical Hodel Potential is given as usual as the sum of the various

interacting potentials:

In Eq. (4.1) the strength Vs is left as an adjustable parameter to

compensate for minor effects Ignored in the model. As with the real central

Uop ( r ) " °c(r) + UR ( r ) 4.7
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Coulomb Potential

Two forms of the Coulomb potential are available:

(a) The Coulomb potential Is that due to a uniformly charged sphere of

radius R .

2 R c
4.8

it due

form fl + exp r"Rc 1L "=rJ
(b) The Coulomb potential may also be taken as that due to a Woods-Saxon

charge distribution of the form fl + exp r~Rc "| ' 4.9

Imaginary Potential

The Imaginary potential has the usual mixture of volume and surface parts

given by

with

- V v f (r.Rj.qj) + 4 ^ Wfl d_ f (r.Rj,
dr

4.10

4.11

Regular Optical Model

(a) Real Potential

For the regular optical model calculations the real potential is

written In the conventional form

- I
4.12
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with a radius parameter r defined as R^ A ' .

(b) Spin-orbit potential

This is given by the usual Thomas form

with
f (r,R8, *„> - 1 + exp ^% 1

qa J

- I

4.13

4.14

radius parameter

Reformulated Optical Model

(a) Real potential

For Incident protons or neutrons the real potential can be written In

the form

Vr) m~\ —

where I (r,R ,a ) is given by

Kr)

with,

r- r'l)

V*>

4.15

4.16

4.17

4.18

and T has the eigen value +1 for incident protons and -1 for Incident neutrons.



f P« " I ?«<*>•

p m(r) - matter density.

The code will also evaluate the real potential using the alternate form

UH(r) - -
 VR V r ' V V 4.19

4.20

Sptn-orblt potential

Two forms of the spin orbit potential are possible.

For Incident neutrons or protons the spin orbit potential can be of the

form (eq. 2.1)

U8(r) I8(r.Rn,an) 4.21

with I (r,R ,a_) given by equation 4.2. Note that this form of the spin-orbit

potential can only be used for incident protons or neutrons and the real potential

must be of the form given by 4.15. Again there are four search parameters V_, W_,

rn* an fey*013 v s» "Si R H > a n d m ) ^ t h e parameters r^,Bp and < r > g (symbol

KSQS) are also required to evaluate 4.2.

For Incident protons, neutrons or complex particles requiring a spin-orbit

potential an alternate form can be used given by

- (VS ¥ 7

with

v-vv Pm<r>
f m ^

4.22

4.23

5. JUPITOR

Name of Program: JUPITOR

Author: T. Tamura

EstabllsbT"*Mif T Oak Ridge National Laboratory, USA

Documentation: ORNL 4152 (1967)

Nature of Physical Problem: A coupled-channel code that may be used for incident

particles of spin 0, 1/2, or 1, interacting with vibrational or rotational nuclei.

Both non-adiabatic or adiabatic approximations may be performed. Up to six states

can be coupled at one time. Calculates shape-elastic, total, and reaction cross

sections and polarizations. (Also spin-spin Interactions.)

Program Language: Fortran IV

Program Size: Approx. 72K

Status: Converted for FDP-10 (overlay version), CDC 6600, IBM 360.

Introduction:

The formalism and equations necessary to describe the contents of JUPITOR

are explained in detail in T. Tamura, Rev. Hod, Phys. 37f 679 (1965).

The interaction to which the incident particle Is subjected is described

by generalized optical model potential V(r,@, jf). The potential includes spin~

orbit and Coulomb Interactions and has a Saxon-Woods radial dependence:

V(r,6 ,f) - -(V + iW) (1 + e ) " 1 -4i WD I (1 + S ) "
2

-\oa.l) <*2/ar)e (1 + e)"2 + V ^

with e - exp [ (r-R)/a] , e - exp [(r-R)/ a j 5.1
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If R and R are taken as independent of angle, equ. 5.1 becomes the

usual spherical optical model potential. R and R are, however, chosen as

functions of the polar angles & and 0 and provide a phenomenological description

of the collective nature of the target nucleus.

If the target Is spherical, but able to undergo vibrations about its

spherical shape, R and R is coma

(i) Spin s of the projectile can be either 0, —, or 1 (s = 0 or —

5.2

where the °Sj*s are operators of rank Xand the X,(0,ff) are spherical harmonics.

The Boson creation and annihilation operators, b. and t , can be introduced
i ^ A*-

and d(. may be written

If, however, the target is permanently deformed (with axial symmetry), R

and R may be expressed as

)- ft)*
where 6' refers to the body-fixed coordinate system and the Q ' s become

parameters. R and E areo o

: \ f v 1 ,1/3

5.4

5.5
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where r and r are parameters and A is the mass of the target.

The various possibilities afforded by JUPITOR are many and a brief

description is given below. (Abbreviations used - see T. Tamura, ORNL 4152,

1967,and T. Tamura, Rev. Hod. Phys. 3J, 679 (1965)).

CC - coupled-channel calculations

ACC - adiabatic coupled-channel calculations

tttCC » non-adiabatic coupled-channel calculations

RFF * real form factor

CFF = complex form factor.

for ACC).

(ii) Targets can be anything, though those with some collectivity

are of primary interest. They can be either vibrational (spherical)

or rotational (permanently deformed), ana of either even or odd A.

(iii) When the target is deformed, either NACC or ACC can be made.

(iv) When the target is deformed, excitation of states belonging to higher

(vibrational) bands can be considered, (of course, NACC is to be

used in this case.)

(v) Coulomb excitation can be included.

(vi) The form factor can be either real (BFF) or complex (CFF).

(vii) Up to six stares can be coupled at one tims.

(viii) Up to thirty partial waves can be coupled at one time. (Up to

twenty-five partial waves, if the projectile energy becomes negative

in some excited channels.)

(ix)

(x)

though it is not difficult to modify the program so as to make I

larger.

Can compute the differential cross sections for up to 100 angles for

any number of states (Up to 35 angles if a polarized beam or target

is considered.). Total and reaction cross sections and s- and p-wave

strength functions can also be computed (Only differential and

total cross sections for A C C ) .

(xi) If the projectile is a neutron, its energy in some excited channels

can be negative.

(xli) Automatic plot of the theoretical and experimental differential

cross sections and polarizations can be made, (tip to six states

for cross sections and up to two states for polarizations.)

_ J


