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En vertu de l'article 1er de la Convention signée le 14 décembre 1960, à Paris, et entrée en
vigueur le 30 septembre 1961, l'Organisation de Coopération et de Développement Écono-
miques (OCDE) a pour objectif de promouvoir des politiques visant :

- à réaliser ta plus forie expansion de l'économie et de l'emploi et une progression du
niveau de vie dans les pays Membres, tout en maintenant la stabilité financière, et à
contribuer ainsi au développement de l'économie mondiale ;

- à contribuer â une saine expansion économique dans les pays Membres, ainsi que non
membres, en voie de développement économique ;

- à contribuer à l'expansion du commerce mondial sur une base multilatérale et non
discriminatoire conformément aux obligations internationales.

Les Pays membres originaires de l'OCDE sont : la République Fédérale d'Allemagne,
l'Autriche, la Belgique, le Canada, le Danemark, l'Espagne, les Etats-Unis, la France, la
Grèce, l'Irlande, l'Islande, l'Italie, le Luxembourg, la Norvège, les Pays-Bas, le Portugal, le
Royaume-Uni, la Suède, la Suisse et la Turquie. Les pays suivants sont ultérieurement
devenus Membres par adhésion aux dates indiquées ci-après : le Japon (28 avril 1964), la
Finlande (28 janvier 1969), l'Australie (7 juin 1971) et la Nouvelle-Zélande
(29 mai 1973).

La République socialiste federative de Yougoslavie prend part à certains travaux de
l'OCDE (accord du 28 octobre 1961).

L'Agence de l'OCDE pour l'Energie Nucléaire (AEN) a été créée en 1957 sous le nom
d'Agence Européenne pour l'Énergie Nucléaire de l'OECE. Elle a pris sa dénomination actuelle
le 20 avril 1972, lorsque le Japon est devenu son premier pays Membre de plein exercice
non-européen. L'Agence groupe aujourd'hui tous les pays Membres européens de l'OCDE, ainsi
que l'Australie, le Canada, les Etats-Unis et le Japon. La commission des Communautés
Européennes participe à ses travaux.

LAENa pour principal objectif de promouvoir la coopération entre les gouvernements de ses
pays participants pour le développement de l'énergie nucléaire en tant que source d'énergie sûre,
acceptable du point de vue de l'environnement, et économique.

Pour atteindre cet objectif, l'AEN:
- encourage l'harmonisation des politiques et pratiques réglementaires notamment en ce

qui concerne la sûreté des installations nucléaires, la protection de l'homme contre les
rayonnements ionisants et la préservation de l'environnement, la gestion des déchets
radioactifs, ainsi que la responsabilité civile et l'assurance en matière nucléaire ;

- évalue la contribution de l'électronucléaire aux approvisionnements en énergie, en
examinant régulièrement les aspects économiques et techniques de la croissance de
l'énergie nucléaire et en établissant des prévisions concernant l'offre et la demande de
services pour les différentes phases du cycle du combustible nucléaire ;

- développe les échanges d'informations scientifiques et techniques notamment par
l'intermédiaire de services commuas ;

- met sur pied des programmes internationaux de recherche et développement, et des
entreprises communes.

Pour ces activités, ainsi que pour d'autres travaux connexes, l'AEN collabore étroitement
avec l'Agence Internationale de l'Energie Atomique de Vienne, avec laquelle elle a conclu un
Accord de coopération, ainsi qu'avec d'autres organisations internationales opérant dans le
domaine nucléaire.
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Pursuant to article 1 of the Convention signed in Paris on 14th December, I960, and which
came into force on 30th September, 1961, the Organisation for Economic Co-operation and
Development (OECD) shall promote policies designed:

- to achieve the highest sustainable economic growth and employment and a rising
standard of living in Member countries, while maintaining financial stability, and thus
to contribute to the development of the world economy;

- to contribute to sound economic expansion in Member as well as non-member countries
in the process of economic development; and

- to contribute to the expansion of world trade on a multilateral, non-discriminatory basis
in accordance with international obligations.

The original Member countries of the OECD are Austria, Belgium, Canada, Denmark,
France, the Federal Republic of Germany, Greece, Iceland, Ireland, Italy, Luxembourg, the
Netherlands, Norway, Portugal, Spain, Sweden, Switzerland, Turkey, the Linked Kingdom
and the United States. The following countries became Members subsequently through
accession at the dates indicated hereafter: Japan (28th April, 1964), Finland (28th January,
1969), Australia (7th June, 1971) and New Zealand (29th May, 1973).

The Socialist Federal Republic of Yugoslavia takes part in some of the work of the OECD
(agreement of 28th October, 1961).

The OECD Nuclear Energy Agency (NEA) was established in 1957 under the name of the
OEEC European Nuclear Energy Agency. It received its present designation on
20th April, 1972, when Japan became its first non-European full Member. NE A membership
today consists of all European Member countries of OECD as well as Australia, Canada, Japan
and the United States. The commission of the European Communities takes part in the work of
the Agency.

The primary objective of NE A is to promote co-operation between the governments of its
participating countries in furthering the development of nuclear power as a safe, environmen-
tally acceptable and economic energy source.

This is achieved by:
- encouraging harmonisation of national, regulatory policies and practices, with particular

reference to the safety of nuclear installations, protection of man against ionising
radiation and preservation of the environment, radioactive waste management, and
nuclear third party liability and insurance;

- assessing the contribution of nuclear power to the overall energy supply by keeping under
review the technical and economic aspects of nuclear power growth and forecasting
demand and supply for the different phases of the nuclear fuel cycle;

- developing exchanges of scientific and technical information particularly through
participation in common services;

- setting up international research and development programmes and joint under-
takings.

In these and related tasks, NE A works in close collaboration with the International Atomic
Energy Agency in Vienna, with which it has concluded a Co-operation Agreement, as well as
with other international organisations in the nuclear field.

© OECD, 1988
Application for permission to reproduce or translate

all or part of this publication should be made to:
Head of Publications Service, OECD

2, rue André-Pascal, 75775 PARIS CEDEX 16, France.



UEQAC NOTICE

Neither the Organisation for Economic Co-
operation and Development or any of its Member
Countries, nor any person acting either on behalf
of any of them or other-wise in furtherance of the
activities of the NEA Data Bank:
1. Makes any warranty or representation, ex-
pressed or implied, with respect to the accuracy,
completeness, or usefulness of the information
contained herein, or that the use of any informa-
tion, apparatus, method, or process disclosed
herein may not infringe privately owned rights.
2. Assumes any liabilities with respect to the
use of, or for damage resulting from the use of,
any information, apparatus, method or process
disclosed herein.
At present, the Member countries participating in
the NEA Data Bank are the following: Austria,
Belgium, Denmark, Finland, France, Federal
Republic of Germany, Italy, Japan, the
Netherlands, Norway, Portugal, Spain, Sweden,
Switzerland, Turkey and the United Kingdom.

AVERTISSEMENT
L'Organisation de Coopération et de Développe-
ment Économiques, ses pays Membres, les per-
sonnes agissant en leurs noms ou pour le compte
de la Banque de Données de l'AEN :

1. Ne garantissent, expressément, ou implicite-
ment ni que les informations ci-jointes sont exac-
tes et complètes, ni que l'utilisation de ces
informations, ainsi que les appareils, méthodes
ou procédés décrits ne portent pas atteinte à des
droits acquis.

2. N'assument aucune responsabilité en ce qui
concerne l'utilisation desdites informations, appa-
reils, méthodes ou procédés ainsi que les consé-
quences pouvant en résulter.
A l'heure actuelle, les pays Membres qui partici-
pent à la Banque de Données de l'AEN sont les
suivants : République fédérale d'Allemagne,
Autriche, Belgique, Danemark, Espagne,
Finlande, France, Italie, Japon, Norvège,
Pays-Bas, Portugal, Royaume-Uni, Suède,
Suisse et Turquie.

The illegibility of certain pages is
due to the poor quality of the
originals available.

EXO. DOC/IMP. I

Le manque de lisibilité de certaines
papes »tt dû » la mauvaise qualité
des originaux disponibles.

EXD. DOC/IMP.

For information please write to:

NEA Data Bank

Pour toute information s'adressera :

Banque de Données de l'AEN

F91191 Gif-sur-Yvette Cedex
France

Tél. (1)69 08 4912 - Télécopieur (1)69 41 39 65 - Télex/Télégramme NEAOATA 604920F



TABLE OF CONTENTS

Scientific programme committee 9
Local organizing committee 9
List of participants 9
Introductory remarks
(A. B. SMITH) 11
Recollections on the development of preequilibrium decay models
(H. M. BLANN) 13

I INVITED PAPERS 17

1 Survey on existing experimental data
Chairman: S. M. GRIMES 17
1.1 Precompound reactions induced by neutrons up to 40 MeV ..

(D. SEELIGER) )0\i $&QQQ ^.2< . . . ] 7

1.2 Precompound reactions induced by nucléons and light ions with energies above 40 MeV
(H. MACHNER) X ?• V P J0X'Z)/},3 • • • 39

2 Basic theory and theoretical tools needed for the description of preequilibrium
reactions
Chairmen: S. M. GRIMES, P. E. HODGSON 53
2.1 New developments in compound nucleus theory ,

(H. L. HARNEY) X N S>% MD j) M 53
2.2 Partial level densities for states with specified particle and hole numbers, spin distri-

bution for these states
(G. REFFO, M. HERMAN) Y-ti. 1% Plli ^£. . . . 73

2.3 Microscopic optical model calculations in the energy range 10-100 MeV ,
(H. LEEB) tftJ. R taW . . . 87

2.4 Recent results in the development of a global medium-energy nucleon-nucleus optical-
model potential ,
(D. G. MADLAND) M .tï. I!U J. . . . . m

3 Phenomenological models for theoretical description of preequilibrium processes
Chairmen: P. E. HODGSON, R. C. HAIGHT, H. L. HARNEY 117
3.1 Standard exciton and hybrid model for nucléon emission, unified models ,

(J. BISPLINGHOFF) X# &l OH- /).& . . . . 117

3.2 A review of phenomenological models for angular distributions and their comparison
with generalized preequilibiium models incorporating a free scattering kernel
(M. BOZOIAN) jtVM P9P.t\ $ 129

- 5 -



3.3 Emission of complex particles in precompound reactions ., f.
(E. GADIOLI) X RllJ.O. ( 7 . 143

3.4 Preequilibrium gamma emission -...
(P. OBLOZINSKY) tf.V M?<\iÇ> J 157

3.5 Multiple preequilibrium decay piocesscs rt

(H. M. BLANK) <M WPÇJrï- 171
3.6 The preequilibrium master equation with angular-momentum conservation and its

microscopic aspects
(J. M. AKKERMANS, H. GRUPPELAAR) X.M A M Û l°.S 185

3.7 The two component exciton model, isospin conservation and other second order
effects
(C. KALBACH) / V . O t PQ J i> k 197

4 Quantum mechanical theories of preequilibrium emission and direct reactions
Chairpersons: H. L. HARNEY, C. KALBACH 209
4.1 Multistep direct reactions , ,

(A. M. MARCINKOWSKI) * # M.OV. l Ç-T. 209
4.2 Multistep compound reactions 0

(P. E. HODGSON, M. B. CHADWICK) X. <V Pfi#.°. 'P.é. 221
4.3 The contribution of direct processes to inelastic neutron scattering

(A. V. IGNATYUK, V. P. LUNEV) * N1 fi$.0.0. .'\ jK 233

5 Precompound emission of nucléons in heavy ion reactions
Chairperson: C. KALBACH 245

Precompound emission of nucléons in heavy ion reactions - * -
(D. HILSCHER) %V.% $ .°P Js9 245

6 Computer programs
Chairperson: C. KALBACH 257
6.1 Computer codes for pieequilibtium calculations available from the NE A Data Bank

(E. SARTORI) Khlj&ft. S)PJ^ 257
6.2 Results of recent code comparisons ^

(H. VONACH) XN AO.0Ô [|_o 265

II CONTRIBUTED PAPERS
Chairmen: H. L. HARNEY, H. GRUPPELAAR 279

1 Thermodynamic description of preequilibrium emission of nucléons in nucleus-nucleus
collisions ^ Q
(R. CAPLAR, M. KOROLIJA, N. CINDRO) # / \ ?P.0.o. I.I3 279

2 A simplified unified Hauser-Feshbach/preequilibrium model for calculating double dif-
ferential cross sections . , 0 (.
(C. Y. FU) )SM W.W. U . ^ 285

3 Progress on the application of preequilibrium and equilibrium statistical theory to
nuclear data evaluation
(WANG SHU NUAN) / . ^ %%. <?<? 113 293

4 Capabilities and plans for preequilibium nuclear reaction measurements at target-4
at LAMPF
(R. C. HAIGHT et al.) )(M Ù.O.QO. R M 298

- 6 -



SMD- plus SMC-calculations below 30 MeV neutron incidence energy
(H. KALKA, M.TORYMAN, D. SEELIGER) . ./UfÎPPllS. 305
An analysis of some inconsistencies in the calculation of level densities with the Fermi
gas model
(S. M. GRIMES) V ̂ AI°.°. "? 315
Inelastic scattering of 14 MeV neutrons by iron nuclei
(A. A. LYCHAGEEN, V. P. LUNEV, B. V. ZHURAV1EV. O. A. SALNIKOV,
N. N. TITARENKO) XH. It ÇQ (t.^T 327

'"A



Scientific programme committee

H. Vonach
P. E. Hodgson
J. J. Schmidt
W. Scobel
Ph. Young

IRK, Vienna (Chairman)
NPL, Univ. Oxford
IAEA, Vienna
Univ. Hamburg
Los Alamos Nat. Lab.

Local organizing committee

A. Pavlik
B. Strohmaier
II. Vonach

IRK, Vienna
IRK, Vienna
IRK, Vienna

List of participants

Czechoslovakia

Fed. Rep. Germany

R. Edelmaicr
H. Leeb
A. Pavlik
B. Strohmaier
H. Vonach
M. Wagner
G. Winklet

P. Oblozinsky

J. Bisplinghoff
H. L. Harney
D. Hilscher
H. Machner
M. Mattes
A. Mûller

IRK, Vienna
TU, Vienna
IRK, Vienna
IRK, Vienna
IRK, Vienna
IRK, Vienna
IRK, Vienna

EPRC, Slovak Acad. Sci., Bratislava

Univ. Bonn
MPI Kcrnphysik, Heidelberg
Hahn-Meitner-Institut, Berlin
Kcrnforschungsanlage Jûlicli
Univ. Stuttgart
MPI Kernphysik, Heidelberg

- 9 -



Gorman Pom. Rep.

India

Italy

Japan

Netherlands

People's Rep. China

Poland

Sweden

United Kingdom

USA

USSR

Yugoslavia

IAEA

NEA Data Bank

D. Seeliger

V. S. Ramamurthy

E. Gadioli
G. Reffb

K. Shibata

J. M. Akkermans
H. Gruppelaar

Shu Nuan Wang

A. M. Marcinkowski

E. Ramstrôm

M. B. Chadwick
P. E. Hodgson

E. D. Arthur
H. M. Blann
M. Bozoian
C. Y. Fu
S. M. Grimes
R. C. Haight
C. Kalbach
D. G. Madland
A. B. Smith

A. V. Ignatyuk
B. V. Zhuravlev

R. Caplar

J. J. Schmidt
V. A. Konshin

P. Nagel

Univ. Dresden

Bhabha ARC, Trornbay

Univ. Milan
EXE A, Bologna

JAERI, Tokai-mura

ECN, Pelten
ECN, Petten

Inst. Atomic Energy, Beijing

Inst. Nucl. Studies, Warsaw

Studsvik Neutron Lab, Univ. Uppsala

NPL, Univ. Oxford
iVPL, Univ. Oxford

Los Alamos Nat. Lab.
Livermore Nat. Lab.
Los Alamos Nat. Lab.
Oak Ridge Nat. Lab.
Ohio University
Los Alamos Nat. Lab.
Duke Univ., Durham
Los Alamos Nat. Lab.
Argonne Nat. Lab.

FEI, Obninsk
FEI, Obninsk

Inst. Rudjer Boskovic, Zagreb

Nucl. Data Section
Dir. Phys. Sciences

- 10 -



INTRODUCTORY REMARKS

A. B. SMITH, Argonne National Laboratory, Chairman of the Nuclear Data Committee

This meeting is in cooperation with the OECD-NEA and its nuclear data committee, the NEANDC.
For more than forty years, that Committee, in various reincarnations, has been an effective vehicle
for stimulating the provision of nuclear data for energy development. Specialists' meetings have been
an essential mechanism toward this end, and so it is with this meeting.

The NEA (and IAEA) is dedicated to safe and economic development of peaceful nuclear energy:
primarily fission- and fusion energy systems. Thus the primary nuclear data concerns are at energies
below ~ 16 MeV, including neutronics, energy deposition and radiation-damage effects associated
with fuels, structural components, multipliers and shielding materials. Effectively addressing these
applied concerns frequently requires a broader scope of endeavor including attention to fundamental
physical understanding, while at the same time encompassing a diversity of processes including both
neutral and charged particle emission. A unified approach is very much in order.

Basic and applied physics are observational sciences. However, in the areas of interest here, observa-
tions have been fragmentary, difficult or even impossible. Thus the provision of data in the domain
of this meeting must rely heavily upon calculational extrapolation from fragmentary experimental
results. It is fitting and proper that the program deals extensively with calculational matters. To
this point, calculations have led to widely discrepant results, particularly in the absence of observa-
tions. In my modest experience, the calculational problems are most acute in the region of primary
NEA interest (i. e., < 16 MeV, and near reaction thresholds). One can hope that this meeting
will resolve the more gross of these discrepancies, and offer some guidance to those who must use
calculational tools to meet nuclear data needs and yet are now faced with a dicotomey of widely
different calculational results.

I am not a theorist, but it is clear, even to me, that there are new and challenging questions.
For example, the old "global" optical model, underlying most of the calculations, is clearly grossly
deficient in the region of primary interest. There are sound theoretical reasons for this, and they
are now supported by detailed experimental evidence. I do not know what the impact of these
new optical model concepts on the calculation of preequilibrium emission will be. Statistical level
properties have long been a major concern, and recent measurements suggest that currently accepted
concepts are not particularly valid to energies where preequilibrium emission can be a consideration.

Experimentalists are not without sin. Observations, relevant to this meeting, are among the most
difficult. You could well reflect on the enormous effort that has been expended in attempting to
measure the "clean" fission neutron spectrum with accuracy over several intensity decades. Those
observations are simple compared to the measurements associated with statistical and preequilibrium
processes. It is not surprising that experimental results can vary by an order of magnitude in
important regions, and large improvements will not soon come.

- 11 -



Our "customer", the applied user, is little concerned with our measured or calculated data. He
relies on evaluated files expressed in rigid formats. Unfortunately, there is considerable uncertainty
associated with these evaluated structures as they apply to the preequilibrium processes. A con-
sequence, for example, is that major applied institutions simply have no capability to utilize the
angle-energy differential prccquilibrium processes that will be so much discussed here. Worse, on oc-
casion when the information has been incorporated in the integral assessments, the results have been
discouraging. The complexity, vagueness and unfortunate applied results have led to some degree of
user frustration. These problems must be successfully addressed or much of the proceedings of this
meeting simply will not be used. The essential linkage with the "customer" must be improved.

Finally, 1 am fortunate to be an elderly student these few days. I look forward to your tutorial
efforts, and hope I have the ability to absorb some of your wisdom.
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RECOLLECTIONS ON THE DEVELOPMENT OF
PREEQUILIBRIUM OECAY MODELS

Marshall Blann
E-Division, Physics Department

University of California
Lawrence Livermore National Laboratory
Livermore, California U.S.A. 94550

We are gathered in Semmering for a conference which is mainly devoted
to precompound or preequilibrium (PE) decay models. This field had its
birth 22 years ago and many of those involved in its development are pres-
ent; it is a pleasure at this time to reflect on the history of this field.

There were several early works which recognised those aspects of
nuclear reactions which one categorizes as PE decay. But I believe our his-
tory began around 1965 when H. H. Barschall presented J. J. Griffin with
some (p,n) spectra measured at the University of Wisconsin Van de Graaff
laboratory. These spectra were not amenable to interpretation by conven-
tional statistical decay models. Griffin made a breakthrough in his classic
1966 article^ by interpreting these spectra as intermediate resonances in
the continuum characterized by few quasi-partiele (or "exciton") degrees of
freedom, most importantly treated by use of a few quasi-particle partial
state density expression to characterize the continuous energy distribution
of the excitons.

Aside from papers by Griffin in 1966, 1967^.3 using this idea to
check the slopes of high energy components of spectra, few works appeared
testing Griffin's hypothesis until 1968, when Blann's group in Rochester
became interested in this field. They had been measuring many p, ^He and
a induced excitation functions at energies up to around TOO MeV, observing
high energy tails beyond the evaporation peaks. Biann made modifications to
Griffin's model in 1968, so that charged particle reactions could also be
treated in the exciton framework.4

This approach was used with good success in interpreting, for the first
time, the entire compound plus PE excitation functions. The dependence of
initial exciton number on projectile mass was also demonstrated. This '-:or'x
interested Seeliger's group in Dresden, who bega;> ^n extensive vruqraa of
d^a/dedn measurements with 14 MeV neutrons, interpreting these data
as due to PE emission.^»4 The Dresden group did r.ua*. to verify and pub-
licize this new reaction model; their contributions drc numerous and con-
tinue to the present time. Around 1970, the Liver~ore pulsed sphere program
of Wong et al./ Howerton confirmed that neutron i-.j'jced reactions had a hard
component beyond the evaporation peak, and the nuclear data evaluation com-
munity further became aware of and keenly interested in this problem.
Experimental data were important to the model development to follow.
Additional experimental work by Gri.'-es et al. ai '..ivern:ore and Bertrand ::',\\
Peelle at ORNL provided an importj:U additional .:J:J base ror these models,
extending the Dresden data to higher energies.



Blann's group explored and developed several aspects of PE models in
this period. In 1971, Blann formulated the "hybrid model" as the first
"exciton" model to permit predictive calculation of do/dc.^ This was
based on using Pauli corrected nucleon-nucleon scattering cross sections for
calculating the spreading rate (in 1973, use of the imaginary optical poten-
tial was given as an alternative)6 and detailed balance for the emission
rate. Blann's formulation was strongly influenced by papers on the Boltzmann
Master Equation as a nuclear reaction model.' The hybrid model was used
the same year (1971) by Fu at ORNL for nuclear data evaluation, which must
be some record'for basic research being used for applied research. In 1972,
Blann published the "geometry dependent hybrid model" to evaluate the impor-
tance of limited well depth and of the nuclear surface in PE decay processes
at higher (than 14 MeV) energies.8

Around 1970, C. Kalbach, a graduate student in Blann's group, undertook
the exploration of a master equation approach to the exciton model. It was
quickly recognized that the transition rate expressions implied in the 1966
Griffin paper were incorrect; what was needed were not the total final state
densities but those accessible on average in a single two-body transition.
It was also recognized along the way that the Ericson expression (which had
been replaced for the simpler form given by Griffin) suffered from failure
to obey the Pauli principle, thereby not giving the proper equilibrium
limits.^ These problems were quickly solved by a postdoctoral member of
the group, F. C. Williams, JrJO His results are, with minor improve-
ments, still being used in master equation approaches.

Williams also gave the first formulation of the angular momentum
dependence of the partial state densities,^ and in 1973 demonstrated the
importance of using shell model single particle levels to generate few
quasi-particie densities.^ Large deviations from Fermi-gas models were
predicted for near closed shell nuclei and in a related formulation by
Kalbach;1^ these were later confirmed by experimental spectra measured at
Livermore J 3

Kalbach and Blann published the results of the master equation in 1971,
and it is fair to say that they had a very substantial impact on the PE
"movement."1 ̂  This work showed the relationship between PE and equilib-
rium decay as a time dependent phenomenon, and showed that a single (uni-
fied) model really included both processes. It was also shown that the
never come back (closed form) treatment gave essentially the same result as
the more tedious master equation. The unified spin dependent exciton-Hauser
Feshbach codes later developed by Fu and others were a natural followup to
this work.

Another major effort with great impact began around 1971 in Milano.
Ths Milano group showed (1972) that the /M/2 spreading rate matrix of
Griffin's formula was indeed reasonably constant at fixed incident
energy.15 A classic paper was the 1973 article of Gadioli et al. 1 6

This work provided the formulation of the exciton model (using total state
lifetimes, rather than single particle lifetimes, as in the hybrid model)
for closed form predictive use. It included evaluation of nucléon collision
times based on nucleon-nucleon scattering results, and also calculation of
the hole transition rates. The Milano group and their collaborators used
this formulation in successfully interpreting a broad rate of excitation
functions over a wide range of incident projectile energies, verifying the
predictive power of this approach. Their many contributions are too
numerous to summarize in this brief historical review.



In 1973, Kalbach published her first evaluations of /M/2, permitting
absolute predictions of spectra calculated in the exciton model master
equation approach.17 As is well known, she continued to update and
improve these empirically determined values to include the dependence or
exciton number implied by Gadioli's calculation.16

Here I should mention that the group in Bratislava (Qblozinsky, Bëtak,
Ribansky) and Seeliger in Dresden (with some work done in collaboration with
Toneev in Dubna) began explorations of their own exciton master equation
approaches, initially to calculate relative spectral shapes, later calcu-
lating absolute spectra. These groups each made many other contributions to
improved understanding of the exciton model, which again are too numerous to
summarize adequately in this short note.

In 1975, Mantzouranis et al. 1 8 presented a simplified nucleon-nucleon
scattering approach for calculating PE angular distributions in the exciton
model. This was followed by work of the Beijing group, in which Sun et al. 1 9

used a more rigorous Fermi-gas/nucleon scattering kernel for this purpose.
Additional improvements were made in Petten^O by considering an angle-
energy correlated scattering kernel and refractive corrections. Meanwhile,
Kalbach and Mann discovered simple systematics in the data from a wide
variety of reaction types. A parameterization based on these systematics
has been widely used.2'

Another important area of PE decay is in the prediction of y-rays;
the pioneering^work of Plyuiko and Prokopets (1978) should be mentioned in
this context," as well as the later work of Bëtâk and Dobes.23 An
important area for the future will be the inclusion of partial state densi-
ties using shell model levels in our codes. Nothing much was done on this
topic from the time of the early papers11»12 until Reffo took up the
problem around 1980. Now from the work at ENEA, we are gaining an under-
standing of the angular momentum dependence of the exciton level density
based on shell model levels, which was missing in the earlier work. Much
work has also been done on cluster emission, but this still remains an open
problem.

PE models have contributed a great deal to the important area of
nuclear data evaluation, and all who have contributed to this modeling
effort should take justifiable pride in their contributions. The impact of
this field has been quite broad, providing an interpretative basis for reac-
tions to quite high energies, heavy ion induced reactions, photonuclear and
pion induced reactions, to list a few. In short, this field has very much
changed the manner in which the entire nuclear physics community views
nuclear reactions. This conference shows that PE modeling continues to be
dynamic and evolutionary, and obviously will continue as an active area of
nuclear physics research for the next decade.

Finally, I note that the field has grown too fast for me to follow
completely. For this reason, and this reason only, there are doubtless many
significant works I should have referred to but have not. I give my apolo-
gies to those authors so slighted.

These are some of the main contributions to the development of PE
nucléon emission models as I remember them, restricted in discussion to the
earliest "introductory" works. This is not meant to overlook the many
important contributions made by other groups which are numerous indeed, and
for this reason hard to include in their entirety.
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1. Introduction

First of all, some remarks concerning the terminology used in

the present paper should be explained. Frequently the term

'pre-compound' is used for nuclear reactions which take place

before the compound nucleus is reached (sometimes from this

reactions additionally the collective direct reactions are ex-

cluded!). Here instead of 'pre-compound1 the term 'pre-equili-

brium* is used, which is more general because it bases on a

well defined feature of each statistical system rather than on

a specific nuclear reaction model.

In our understanding the term 'pre-equilibrium reactions'

designates all those nuclear reactions in which particles occur

in the exit channel before the statistical equilibrium of the

composite system is reached. This definition is model-indepen-

dent and, of course, it includes also direct one-step and two-

-step processes.

Pre-equilibrium and equilibrium reactions practically ne^/er

occur in a pure manner, but both of them can be more or less

pronounced, pending on the type of incident particle and ener-

gy, reaction channel, the properties of target nucleus a.s.o.

The model-independent experimental evidence of pre-equili-

brium processes is well-known:

i) Evidence of hard components in the spectra of emitted

particles, which cannot be expected at a given excita-

tion from fully equilibrated statistical systems;

ii) correlations between the linear momenta of incoming and

outgoing particles resulting in a forward peaking of an-

gular distributions;

iii) strong enhancement of the excitation of definite (col-

lective) states in the final nucleus.

Pre-equilibrium reactions meant here are not connected with a

definite nuclear reaction model (like the exciton model), they

cover a broad range of several decades at the time scale of

nuclear processes and can be caused by quite different types

of physical interactions (such as single-particle, collective

- 18 -



vibrational or collective rotational a.s.o.).

Furthermore» it should be stressed, that the energy range be»

tween zero and 40 MeV incidence energy is a very inhomogeneous

one concerning the experimental situation and results as well as

the theories used for the interpretation of the data. It could

be subdivided further into the following three energy intervals

(of course tnese intervals depend also on the mass number):

i) up to 5 - 6 MeV:

The final nuclei are mainly in isolated states; pre-equi-

librium reactions occur through the direct collective ex-

citation of these states, mainly; HF- and C O (or DWBA-)

theories provide a satisfactory base for theoretical pre-

dictions, if potential and structural parameters are

known ;

ii) from 5 - 6 up to 15 - 20 MeV:

The final nuclei occur in isolated states (up to the

binding energy) as well as in the continua; different

types of reaction mechanisms contribute remarkably to the

pre-equilibrium emission and the influence of nuclear

structure on the reaction is still very important. There-

fore, theoretical analyses in many cases are difficult

and give erroneous or misleading results (at the other

hand, for fusionreactor applications, this is the most

important energy range),

iii) above 20 MeV:

The reactions mainly go to final states in the continua,

therefore, the application of statistical pre-equilibrium

and equilibrium models is well justified, making the

theoretical analyses again easier; while collective inter-

actions are almost energy independent, the strength of

single-particle collision rates increases with the inci-

dent energy resulting in a dominating contribution of the

later type of interaction at higher energies.

A brief review is presented here concerning neutron induced

particle spectra for incidence energies above 5 MeV.

- 19 -



2. Angular Integrated Secondary Neutron Spectra 6nM(E)

at 14 MeV

Secondary neutron emission spectra at 14 MeV incident energy

since many years are used as a valuable source of experimental

information on pre-equilibrium processes in neutron induced

reactions /I/. A status review has been presented elsewhere

/2/. Recently Pavlik and Vonach carried out an evaluation of

experimental data on neutron emission cross sections of 14 MeV

neutrons for medium and heavy nuclei taking into consideration

the full data base from 28 experiments carried out between

1957 and 1986 /3/. In this evaluation all available data sets

were critically reviewed, erroneous data were disregarded and

others were reprocessed in a definite way to get evaluated da-

ta for secondary neutron energy groups having width from

0.25 MeV up to 1 MeV and being renormalized to 14 MeV inci-

dence energy. As an example on figs» 1 and 2 both the existing

data base for niobium and the evaluation of /3/ in comparison

with other evaluations is shown. This new set of evaluation

carried out in a unique and definite way provides a good data

base for further comparisons with pre-equilibrium model calcu-

lations. Even the correlation matrix for the evaluated neutron

emission cross section is given, evaluations are carried out

for Cr, Fe, Ni, Cu, Nb, Mo. Ta, W, Pb and Bi.

However, one has to be careful when ctese evaluations are

compared with theoretical calculations at the upper end of the

spectra: The evaluations are given up to 12 MeV only and due

to angular integration and averaging procedures physical struc-

tures which might be reproduced by direct theories or SMD-cal-

culations are flattened in the evaluated spectra.

Examples for the strong influence of direct collective excita-

tions on the shape of integrated neutron emission spectra are

shown by SMD-calculations including collective excitations in

a contributed paper to this meeting /4/.

New measurements have been reported during the last year by

the groups in the Osaka University, Tohoku University, TU
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Fig. 1 Compilation of all existing experimental data 6nM(H)

for ^3Nb renormalized to 14.1 MeV incidence energy /3/

Dresden and PEI Obninsk, which are not included so far in the

evaluation.

At the Tohoku University measurements at 14.1 MeV are repor-

ted for Al, Cr, Fe and Ni with sufficient time resolution

At the TU Dresden recently new measurements on Tantalum have

been finished /6/.

Although, a clear progress was achiewed in this area during

the last years, there still remains the situation stated in

/2/ that for a quite large number of elements there are no

data available and also there are almost no data measured for

separated isotopes, though, they could be very helpful for

the development of pre-equilibrium models*

High precision nuclear data needs for fusion transport
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Fig. 2 Comparison between evaluation of experimental data

by Pavlik and Vonach III (step function) with ENDF/B-V and
ENDL-84 for

calculations stimulated very complex investigations of the

secondary neutron spectra from natural lead /7/. These in-

vestigations included measurements of microscopic differ-

ential neutron emission cross sections using TOF -spectros-

copy. integral measurements of neutron escape spectra from

a lead sphere using TOF and proton recoil spectroscopy but

also the theoretical analyses of microscopic neutron spectra

using pre-equilibrium and equilibrium theories as well as

transport calculations with different transport codes and

evaluated data libraries* Results are shown on figs* 3-5*

The experiments /I,7,8,10/ now allow the conclusion, that

differential neutron emission is about 10 % higher than pre-
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Fig. 3 Compilation of recent 6 n M(E) experiments for Pb /7/

leads to an average experimental spectrum (solid

line) which is higher than ENDF/B-IV prediction

(dashed line)

dieted in ENDF/B-IV. The measurements at Osaka University

with high resolution show clearly the strong excitation of

low-lying collective states (fig* 3), whereas measurements

with lower resolution give the averaged spectra. The neutron

emission from lead can be well described theoretically, if

single-particle statistical pre-equilibrium plus equilibrium

emission is calculated with the time-integrated master equa-

tion (code AMAPRE) and additionally the direct collective
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excitation of low-lying states is taken into account (fig. 4 ) .

The neutron leakage spectra from the lead sphere in comparison

with transport calculations (fig. 5) again leads to the conclu-

sion, that the neutron emission in this multiplier material is

somewhat higher than predicted by ENDF/B-IV. After this complex

procedure now the neutron emission spectra for lead is known

I I i i I I I I I I i I

I I I I I I I I I I I

10 E[MeV]

Fig. 4 Theoretical interpretation of the 6nM(E) spectrum for

Pb at 14 MeV incidence energy /7/; the full curve con-

tains contributions of first neutrons as calculated by

time-dependent master equation using the code AMAPRE

(dotted line), second neutrons from (n,2n) reaction and

direct collective excitations of vibrational phonons

calculated in the frame of DWBA theory



11 12 13

E,MeV
14 IS

Fig. 5 Integral neutron leakage spectrum from a lead sphere

determined experimentally (solid line) is about 10 %

higher than predicted by transport calculations using

the code MORSE and ENDF/B-IV library (dashed line) /7/

with an uncertainty less than 5 %. Future substantial improve-

ments of neutron emission spectra could follow the same

'closed-loop' line of investigations, including differential

and integral measurements as well as microscopic and macro-

scopic calculations.

3. Double-Differential Neutron Emission Cross Sections

6 a t 1 4 M e V

In most of the experiments the DDNECS 6nM(E,"y) but not the

6 M(E) are measured directly. Therefore, the main body of ex-

perimental informations analyzed in /3/ are basically DDNECS's

At the other side, for comparisons with pre-equilibrium models

the use of DDNECS has to be preferred because the physical in-
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formation about the reaction mechanism in principle is inherent

both to the spectral shape and the angular distribution of emit-

ted neutrons. There are reaction models like SMO and SMC which

are strongly different concerning the predicted angular distri-

butions in the same range of energy of emitted particles. Unfor-

tunately, the experimental situation concerning angular distri-

butions at present is much less sufficient than it was stated

for the angular integrated spectra. This is due to the follow-

ing reasons: TOF scattering experiments are very time-consum-

ing. Therefore, in many experiments only one or a few angular

points have been measured. Due to the experimental arrange-

ments, the incidence energy sometimes is angular-dependent,

resulting in a complicated angular-energy-correlation of the

data-points determined (in most cases this correlation is

neglected!). At low scattering angles (/3" < 30°) it is very

difficult to distinguish between elastically scattered neutrons

and the inelastic neutrons resulting in a overestimation of the

forward peaking. In many cases the angular distributions look

like the lead data shown on fig. 6 for incident energies

around 14 MeV and emission energy (5.5 i 0.1) MeV. In these

cases a broad variety of theoretical angular distributions

"fit" the data and definite conclusions concerning the prefer-

ence for one of the models is practically impossible. The use

of a simple parametrization of the angular distributions like

the Kalbach-Mann parametrization seems justified in these cases»

To exclude the uncertainty of angular-energy correlations in

the physical data analyses, it is recommended to compare model

calculations with DDNECS at a definite angle and incidence

energy rather than with angular distributions for 'energy bins',

as it is shown for the OKTAVIAN data and SMC-SMD-calculations

for niobium at fig. 7 /8,11/.

An evaluation of the DDNECS data base in a similar way as it

was done for integral data /3/ probably could improve the un-

satisfactory situation mentioned for angular distributions,in

the continuous part of the spectra. Using DDNECS for compari-

sons with pre-equilibrium model predictions one has carefully
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F i g . 6 Angular distribution of secondary neutrons in the energy range

5.5 - 0.1 MeV after bombarding lead with 14 MeV neutrons. The

data points are shown together with the weighted average (solid

line) and the ENDF/B-IV evaluation HI (dashed l ine).

to check the energy resolution of experiments especially in
the emission energy range 10 - 14 MeV. Otherwise erroneous
conclusion» might be drawn from the comparison between expe-
riment and theory.

- 27 -



100

= U.8MeV,0'=37°

10 12

g'MeV

Fig. 7 DDNECS for 93Nb + n at 37° and 143° /8/ compared

with a SMO/SMC-calculation including collective

phonon excitations /4,11/
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4, Secondary Neutron Spectra 6 M(E) and 6nM(E

below 14 MeV and above 15 MeV

For medium and heavy nuclei continuous emission spectra occur

above 5 ..« 6 MeV incident energy. Below this energy level

there was a lot of experimental information obtained about the

excitation of isolated levels by inelastic scattering of neu-

trons (and protons). However, between 7 and 14 MeV there is

still a gap of experimental information on DDNECS. The only ex-

ception is the nucleus Nb (and to less extent ^ Fe) for which

experimental spectra are available at several incident energies

between 5 MeV and 12 MeV /12.13/. In the contributed paper /4/

to this meeting the experimental neutron spectra for ° N b are

shown together with SMO/SMC-calculations. These spectra espe-

cially are very suitable for testing of pre-equilibrium models.

Due to the weak energy dependence of collective interactions

below 14 MeV the main contribution to pre-equilibrium processes

is caused by the direct vibrational excitation of low-lying

states.

For testing statistical single-particle theories, like the ex-

citon model, DDNECS at higher incident energies are preferable.

Those data are very scarcejnear 26 MeV incident energy measure-

ments have been carried out at the Ohio University /14/. Again

in /4/ this spectra are shown for " Nb and ^ Fe together with

SMD/SMC-calculations.

In fig. 8 differential data for 1 8 4W at 26 MeV and 11.5 MeV

incident energy are shown together with SMD calculations /15/«

In fig. 9 the Ohio data for ° Fe + n /14/ are compared with

GNASH calculations by Arthur et al. /16/.

Recently new measurements with good resolution at IB MeV for

Fe and Ni have been reported at the Tohoku University /17/

(fig. 10). Altogether, the neutron induced neutron emission

data base for testing of pre-equilibrium models at incident

energies out of the interval 14 - 15 MeV remains very scarce.

Above 26 MeV no experiments are available at all. For testing
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the energy dependence of different reaction mechanisms at pre-
sent the most suitable candidates are * Nb + n and ̂  Fe + n.

184W(n,n'J

En-26 MeV En-11.5MeV

100

30 60 90 120 150 3 0 6 0 9 0 1 2 0 1 5 0

S CM. -degree

Fig. 8 DDNECS for 1 8 4W + n at 26 MeV and 11.5 MeV incident

energy and different emission energy intervals compared

with SMD-calculations /13.15/
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Fig. 9 6nM(E) for ^
6Fe + n; experimental data /14/

are compared with GNASH calculations /16/
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Fig. 10 ODNECS at 18 MeV for Fe + n /17/ compared with

ENDF/B-IV and OENDL-3 evaluations

5. Secondary Charged Particle Spectra from (nfx) Reactions

Secondary charged particle spectra in addition to the neutron

emission spectra are very suitable for studying the pre-equili-

brium reactions: on the one side equilibrium emission of charged

particles is strongly reduced by the Coulomb barrier and on the

other hand also the collective excitation of low-lying states

is very weak in reactions of the type (n,p). Therefore, proton

spectra front (n,p) reactions on heavy nuclei are especially

suitable for testing of statistical single-particle pre-equili-

brium reactions, which are described (f.i.) by the exciton

model.

Charged particle spectra were measured successfully by means

of the magnetic quadrupole spectrometer at LLL /18/ and a

special 27T-telescope at IRK. As an example at fig. 11 proton

spectra for A Qi 60 nuclei measured at LLL by Grimes et al. /18/

are presented together with an HF- and Hybrid-Model analyses.
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Fig. 11 Neutron induced proton spectra for nuclei near mass

number A s 60 /13/ in comparison with HP- and HM-

calculations

For molybdenum isotopes and other nuclei with A a 90 the de-

scription of experimental spectra remains problematic, as

shown on fig. 12 /19/. A recent example of combined alpha and

proton spectra analyses /20/ for the LLL copper data /18/ is

shown on fig. 13. This picture demonstrates that different

reaction channels have to be taken into account for a proper de-

scription of the charged particle spectra. An example for the

consistent description of proton and neutron DOCS for ° Nb+n

in the frame of the SMD/SMC-model is also given in the contri-

buted paper /4/ to this meeting.

We can summarize that neutron induced charged particle OOCS

at present are available mainly at 14 MeV incidence energy.

There are a few data sets available at incidence energies

much higher than 40 MeV /21.22/. For further development of
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Fig. 12 Same as fig. 11 but for nuclei near A = 90 /18/

pre-equilibrium models it would be highly desirable to carry

out new measurements at a few incidence energies between

9 MeV and 40 MeV at least for ' Nb + n and ' Fe + n. The upper

end of cc-particle spectra should be measured with high pre-

cision and resolution due to the presence of strong direct ex-

citations of low-lying states in the residual nuclei /23/.
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Precompound Reactions Induced by Nucléons and Light Ions
with Energies above 40 NeV

Hartmut Machner

Institut flir Kernphysik
Kernforschungsanlage Julien GmbH

Postfach 1913
D-5170 Jlilich

ABSTRACT

The continuous part in the energy spectra of secondary emitted particles
is discussed. Besides the gross properties, nuclear structure and charge
dependent effects are considered. It is shown that a quasi-free nucleon-
nucleon scattering is the first and dominating step of the reaction. A
moving source parameterization of the spectra for bombarding energies up
to several hundreds of GeV is discussed.

- 39 -



I. introduction

If a projectile is scattered with moderate energies, its «nergy spectrum con-
sists of two parts: a smooth structureless region at low energies and sharp
structures at the high energy end. The first part can be attributed to
emission from a compound nucleus, whereas the sharp structure belongs to more
simple modes of motion excited via direct reaction processes. Both types of
reaction can be described theoretically. If the bombarding energy is increased
considerably, a continuous region shows up. In Fig. 1 proton spectra from the
Cu(oc,p) reaction at E a = 54.8 MeV are shownD. Obviously, the yields at
forward angles are larger than at backward angles. Intuitively, the spectra
seem to consist of two parts: at low energies a steep decrease with increasing
ejectile energy together with a high yield and at higher energies a flatter
decrease with smaller cross section are observed. One attributes the low ener-
gy part to an evaporation process. Looking at the angular distribution of a
bin of this region, say 8 MeV, shown in the right part of Fig. 1, we see that
the distribution is symmetric to 90°. This is a clear indication for the

to

iff

30 40
e MeV

Figure 1:
Left side: proton spectra from 54.8 MeV «-particle bombardment of Cu from
Ref.l. Measurements were carried out at the indicated angles.
Right side: Angular distributions for the three indicated proton energies.



emission from a compound nucleus. The bin at 22 MeV shows a forward peaked
component together with the evaporative part at backward angles, while at 38
MeV the angular distribution is almost exponentially decreasing. It is this
second region we are interested in. We will study this continuous part in the
spectra by varying the experimental conditions, like projectiles, ejectiles
and bombarding energy.

In this contribution we will restrict ourselves to only light ion induced re-
actions, mostly to nucléon induced reactions. Some data will be compared to
exciton model calculations. The exciton model will not be described. This can
be found in a recent review^). Furthermore we will not consider reactions with
polarized projectiles. For that purpose we refer to Refs. 3-5. Little work is
done to identify the residual nuclei via the (particle,xpynï) reactions, where
the final nucleus is identified through Y-rays between low lying states6»7).
Such data are challenging nuclear models. The third type of experiments not
being considered in the present work are particle-particle correlation measu-
rements8~lD. However, there is hope that such semi-inclusive data can help in
the future to seriously test models. In other words: the present work deals
only with inclusive data and their properties.

II. Properties of Data in the 40 MeV to 1 GeV Range

II.I. Gross Properties

It is well known that light isotopes are weakly bound particles except, per-
haps, the a-particle. If we look at proton spectra from 90 MeV 3He bombardment
of 1 9 7Au (Fig. 2) we have the same behaviour of the cross sections at back-
ward angles as those shown in Fig. 1. However, at forward angles a bump is vi-
sible around 30 MeV. This corresponds to the energy per nucléon in the projec-
tile and hence to the velocity of the beam. Such a bump is expected to be pro-
duced from projectile fragmentation. The spectra shown in Fig. 1 do not exhi-
bit such a structure indicating the stability of the «-particle. Stability,
however, is relative as has been shown in Ref. 12. Even at 100 MeV bombarding
energy the a-particle dissolves into its constituents as can be seen from
Fig. 3. Because these are angle integrated data13), the bump around 50 MeV in
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Figure 2:
Proton spectra from 90 MeV 3He
bombardment of 197Au for the indi-
cated angles.

Figure 3:
Angle integrated cross sections for
charged particles being emitted from
the indicated reaction*3'.
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Figure 4:
Comparisons of the laboratory proton spectra resulting from 62 V
b4Fe, 90 and 198 MeV protons on 58Ni at the indicated angleslO.



the deuteron spectrum is not as pronounced as it is in the forward angle spec-
tra. Furthermore, the break-up into A=3 particles is more frequent and bumps
are visible in the triton- and 3He spectra. From this figure even more featu-
res of the secondary particle energy spectra emerge. For energies above tJZ
the inelastic scattering is by far the strongest channel although the projec-
tile is composite. Deuterons are emitted more frequently than tritons and
3He. This is true only if the break-up bump of the two A=3 cases is neglected.
The proton spectrum is the softest spectrum. Looking at the yields it is the
weakest channel at high energies and the strongest at low energies. There
seems to be a tendency that the spectra become softer the more nucléons are
transferred in the reaction.

We will now look at the energy dependence of the continuous part of the spec-
tra. In Fig. 4, spectra from (p,p')-reactions on 54Fe or 58Ni are shown for
bombarding energies of 62 MeV, 90 MeV and 200 MeV 1 0 » 1 4 ) , respectively. Again
as in Fig. 1, cross sections for energies smaller than 10 MeV are dominated by
an evaporative part. This cannot be seen in the data taken at 200 MeV, be-
cause of finite ûE-detector thickness. This is also true for the two previous
figures. The cross sections for secondary protons with energies above 10 MeV
are continuous up to the bombarding energy. They are strongly forward peaked.
If we look at an exit channel energy e = Ep/2, the yields
R = a(« 20°) : a(» 135°) behave as 46, 66 and 220 for the bombarding energies
62 MeV, 90 MeV and 200 MeV, respectively. We can, however, also look for the
same ratio at an excitation energy of, say, 40 MeV. The ratios are then 14, 178
and 4000, if we extrapolate the backward angle spectrum to the highest energy.
From these comparisons we find that, if we look at the same fixed excitations
in the target nucleus, the angular distribution becomes steeper with in-
creasing bombarding energy. If we look at energy loss of the projectile we
find R/Ep s const. This relation holds also for other cases in this energy
range which we have inspected. The data taken at the lowest bombarding energy
show some structure at forward angles due to the excitations of low lying
states. This seems not to be the case for the two higher energies. However,
the absence of structure has its origin in the poor energy resolution in the
experiments. In a high resolution experiment (ÛE/E~10~ 3) and employing an ac-
tive aperture to discriminate slit scattering1^) we measured structures at
forward angles. In Fig. 5 forward angle spectra from 200 MeV proton scattering
on 27Al are shown. On top of the continuous region a huge bump shows up.



The high energy part of the bump corresponds to the
excitation of giant resonances. The low energy part,
however, varies as a cos2©. This is just the signature
of the free nucleon-nucleon scattering kinematics. We
can therefore attribute this bump to the quasi-free
scattering mechanism.

The nucleon-nucleon cross section at this bombarding
energy is at a minimum and hence the nucléon mean free
path at a maximum If the mean free path, is in the
order of nuclear dimensions, there 1s a'certain proba-
bility that after one quasi-free nucleon-nucleon inter-
action one nucléon 1s outside the nuclear volume.

Figure 5:
Proton spectra taken at foward angles. The data are
averaged over 1 MeV bins16).
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This nucléon then contributes to the
yield contained in the bump. We now in-
crease the size of the target nucleus
considerably, i.e. a factor of two in
the radius by going from 27/\i to ̂ A u ,
the probability for being outside the
nuclear volume must decrease strongly.
This, indeed, was found experimental-
ly16) and is shown in Fig. 6.

Figure 6;

150 e(MeV) Au

Comparison between two proton spectra
from 200 MeV protons on 27A1 and
197... 16)

Data, taken at the much higher energy of 800 MeV, show bumps*?), again with
the cos2« behaviour. Also if a smooth background is assumed, the quasi-free
cross section decreases with increasing mass with respect to the background.
The target mass dependent mean free paths in Ref. 17 may be due to the neglect



of the background originating from multistep processes.

11.2. Structure effects

In the studies of giant resonances excited in inelastic a-scattering we found

a larger inelastic cross section for 24Mg than for 2 7A1. This can be under-

stood, in terms of the underlying structure because the Mg-nucleus can be

thought to be built up of six a-particles while 27A1 has not this simple

structure. However, wnen we studied continuous spectra from 100 MeV

«-bombardment on nuclei in this mass range we found that o(o,c)/a(a,p)=const.

for c = any charged particle and for fixed energies16). The angle integrated

cross sections for proton emission are shown in Fig. 7. We may try to explain

the cross section in terms of DWBA:

Pf(U)dU (1)

with k denoting the momenta, V the transition matrix element and Pf(U) the

density of final states at an excitation energy U. The matrix element V con-

tains the overlap integral between the initial wave function *. = » L and the
1 a T

final state wave function *f = ^n^Ves'
 In the case of A*' obviously, the over-

lap is much larger than for the cases with only paired protons.

However, the cross section depends also

on p. For a nucleus with an unpaired

proton, 3 protons and 2 neutrons have

to be excited with respect to the core.

For paired protons a pair has to be

broken up leading to 3 protons, 2 neu-

trons and 1 proton hole with respect to

the core. In this case one more exciton

is excited and therefore the level den-

sity is considerably larger than in the

previous case. The fact that the ra-

tios for complex particle emission to
Figure 7:

Angle integrated proton spectra from
100 MeV a-particles on the indicated
target nuclei13^.



proton emission are independent of the structure indicates that emission of

preformed clusters can be excluded as main source for the origin of complex

particle emission.

The proton spectra have been analyzed in terms of the exciton model 2» 1 3). A

single particle state density

has been employed with f being a free parameter. The results obtained by

fitting the data are given in Table I.

Table I: The obtained deviations f from the average single particle state den-

sity

a) from K p ) reactions at E a = 100 MeV

composite

structure*

f

28ST

e-e
1.4

29si

e-o
1.8

30si

e-e
1.6

31P

o-e
3.2

32S

e-e
1.8

b) from (n,p) reactions at En = 60 MeV

composite

structure*

f

59Ni

e-o

0.8

"Mi

e-o

0.9

63Nl-

e-o

1.0

65 N i

e-o

0.9

* The number of protons (neutrons) is indicated as to be even or odd.

Looking only at even-even nuclei, we find a smooth increase with increasing

mass. There is a slight increase if we look at the even-odd nuclei, where

first the proton number is indicated. The odd-even case which may be most sensi-

tive for the K p ) reaction gives the largest single particle state density.



In Fig. 8 this case Is shown together with two exciton model calculations. One
Is for the average value f = 1.8 and the other for f = 3.2. Obviously, not
only the absolute values of the data are reproduced by f = 3.2 but also the
shape. It should be mentioned that this reproduction is on a linear scale.

Figure 8;
The 2 7 A l K p ) X data from Fig. 7 (dots)
are shown together with exciton model
calculations. The single particle state
multiplier f (Eq. 2) was varied in the
calculations to be 1.8 (dashed curve)
and 3.2 (solid curve).

27At (Ct.pl X
= 100MeV

A similar analysis can be made for the
Ni(n,p)X cross sections at En = 60 MeV
measured for. the even isotopes***). The

~<TDiMev) agreement between calculations and data
is less satisfactory than it is for the
s-d-shell nuclei.

The obtained f values are also given in Table I. There is a smooth increase in
the f-values except for the heaviest nucleus. In Fig. 9 this dependence on the
target mass number is shown. Also shown are the total cross section as
obtained from the experiment and the calculation. Both show the same mass
number dependence which is decreasing with increasing mass number.

This result is somewhat surprising because in the (p.p1) reaction at the same
bombarding energy an A1/3 dependence was found14) similar to that at the
higher bombarding energy of 90 MeV 1 5). Also shown in Fig. 9 is the mean value
of the experimental cross section and the one obtained from exciton model
calculations. It is indicated that this quantity follows nearly an A"^ depen-
dence. For these observations, so far, we do not have an explanation at hand.



Ni(n,p)X En=60 MeV

-1.4

-1.1

•0.8

65
0.5

Figure 9:
Upper part: the target mass number dependence of the mean cross section for
(n,p) reaction on the even Nickel isotopes. Shown are the experimental results
(full dots) and the calculations (open circles). The curves are only shown to
guide the eyes. Also shown is an A'8 dependence (stars).
Lower part: as in the upper part the figure but for the total cross section.
Also shown is the mass number dependence obtained fro the single particle

state density multiplier f.

II.3. Charge Exchange Effects

In chapter II.1. we have discussed the quasi-free nature of the first step in
the interaction. A quasi-free nucleon-nucleon interaction may manifest itself
also in cross section differences in charge exchange reactions. For 90 MeV
proton induced reactions a ratio for the (p.p1) and (p,n) reaction was
measured19^, which can be interpreted as a predominantly first step nucleon-
nucleon interaction:

q(p,p')
o(p,n)

(3)
pn



with o.. the elementary nucleon-nucleon cross section and Z and N denoting the

number of protons or neutrons in the target nucleus, respectively. We can also

compare protons and neutrons in the entrance channel:

pn
7o

(4)
PP

For A a 58 we get a value 0.6, while a comparison of the experimental spectra

yields 0.45. Furthermore, there is striking agreement in the spectral shapes

as can be seen in Fig. 10.
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Figure 10:
Angle integrated proton spectra from 54Fe + protons14) (dots) and 58Ni +

neutrons***) (solid curve). The former data are multiplied by 0.45.

III. Bombarding Energies Above 1 GeV

Due to the limited space of this contribution we can not discuss here all

aspects of the data. Instead we will now focus on one more point concerning

higher energy data. The data are scarce and are measured mostly over only a

small part of the total available momentum. Most of the data consist of

spectra over an energy range of only a few hundreds of MeV. Since the spectra

are smooth and structureless with nearly exponential drop-off it has become

very popular to fit Maxwell-Boltzmann distributions to them. If such a
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dependence is assumed in the rest frame, i.e.

(5)

the invariant cross section at e L A B = 90° is given as

(6)

with Eo denoting the energy distribution. An example of such a procedure is
given in Fig. 11. It may be seen that Eq. 6 is not the best functional depen-
dence to describe the data. A similar analysis is made in Fig. 12 for proton
spectra measured at 90° for bombarding energies ranging from 60 MeV up to 400

GeV 13,14,22-22).

10-3-

«A

V)

10-8-

27Al(p,p)X ED=200 MeV

6=90"

— ill T>21.SlttV

30 40 90 80 100

B <MeV)

120 140 180 160

Figure 11:

Invariant cross sections for the

indicated reaction at ©,AB= 90°.

Datait) a re shown as crosses, the

fit Eq. (6) as solid curve.
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Figure 12:

The dispersion E o (Eq. 6) as function

of the proton bombarding energy. The

data which are fitted by Eq. 6 are from

Refs. 13,14,20-22. The fitted values

are shown by the indicated symbols,

the predictions by Eq. (7) as solid

•;„« curve.
E (MeV)
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The resulting E0-values show a saturation-like behaviour for energies above

1.5 GeV. The data can be accounted for by the simple formula

E0(E) = 62 MeV(l-e"°-
003E), (7)

which is also shown in the figure. This might be an indication for a limiting

temperature of 62 MeV in nuclei. However, recent measurements of proton

induced reactions at 4 GeV/c which were able to measure up to 1.2 GeV show a

second, high energy component with Eo « 116 MeV (Ref. 23). It is, therefore,

at the moment unclear whether a limiting temperature exists for nuclei, and

whether this temperature has been observed so far or not.

IV. Conclusion

We have presented here different aspects of inclusive spectra of particles

emerging from nuclear reactions with incident nucléons and light ions having

energies above 45 MeV. In this energy range the smooth structureless part of

the spectra is dominating. Therefore, it is of great importance to study the

reaction mechanisms of this part. We have shown that the first step of the

projectile-target interaction can be understood as a quasi-free nucleon-

nucleon scattering. Indications are the qfs-bumps at higher energies and the

proton to neutron dependences observed either in the entrance or the axit

channel.

Open problems are the mass number dependences measured in different experi-

ments. Because of the lack of space we have omitted a more detailed discussion

of the data at bombarding energies around 600 MeV. Also different and contra-

dictory models applied to these data could not be discussed. The same is true

for the emission of complex particles. These problems may be attacked together

with others somewhere else.
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NEW DEVELOPMENTS IN COMPOUND NUCLEUS THEORY

Hanns L. Harney

Max-Planck-Insiiiut fur Kernphysik, D-6900 Heid&lberg, W. Germany

ABSTRACT

The concept of random Hamiltonians is discussed in connection with the theory of
nuclear spectra and nuclear reactions. Experimental evidence is presented that suggests
the Gaussian orthogonal ensemble as the basis of the theory. Some theoretical results
(average cross sections, the observable in detailed balance experiments) are reported
and discussed.
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1. Average and fluctuation properties of nuclei

Nuclei have many aspects that can be treated with the concepts of statistical me-
chanics. The special interest of nuclei lies in the fact that their number of degrees of
freedom is small enough so that their fluctuation properties are observable and cannot
be neglected as compared to their average properties. The distinction between average
and fluctuation properties separates quantities that can be interpreted in terms of nu-
clear models from those that seem to be universal and free from any information [1].
Let me clarify this distinction by way of an example.

Consider the spectrum on fig. la. The levels tend to lie ever more densely as the
excitation energy increases. One can define a locally averaged level density p(E) growing
monotonically. This is visualized best if one considers the cumulated sum N(E) of the
levels on fig. lb and approximates this irregular staircase by a smooth function N(E).
This function yields p(E) by differentiation. The level density p is an example of an
average quantity. It can be interpreted in terms of the Fermi gas or more sophisticated
models involving independent particle motion in a mean field. From this we distinguish
the fluctuation properties of the spectrum which can be isolated by transforming [2] the
variable E to the variable

x = N{E). (1.1)

As a function of x, the level density is constant and unity, see fig. lc. The statistical
properties of this "unfolded" spectrum are the same as those of the Gaussian orthogonal
ensemble of random matrices [3, 4] (GOE).

In the same spirit, we shall distinguish the average scattering matrix S from its
fluctuating part

S/l = S- S. (1.2)

The first one is related [5] to the fast (direct) reactions, the latter one to reactions
that proceed via a long lived intermediate system (compound nucleus). Direct reactions
yield spectroscopic information that can be used to construct nuclear models, compound
nuclear reactions have universal properties and do not yield any information beyond the
average scattering matrix. The fluctuating part of the 5-matrix can again be described
by the GOE: One simulates the compound nuclear states by a random Hamiltonian. By
this idea, the statistical theory of spectra and the statistical theory of nuclear reactions
have been put on a common basis. The statistical theory of spectra was worked out
already two decades ago [3, 4]. The statistical theory of nuclear reactions has led to an
exact, tractable and globally valid analytical treatment only in recent years [6]. So this
field of statistical theory of quantum systems - although based on N. Bohr's concept [7]
of the compound nucleus in 1936 - is only now being formulated in terms of a unique,
well-defined and tractable mathematical model.

In section 2, latest experimental evidence will be given in favour of the hypothesis
that nuclear spectra and nuclear resonance amplitudes are correctly modeled by the
GOE. A comment on the connection to classical chaotic motion is made in section 3.



The random matrix theory of nuclear reactions is commented on in section 4. A few of
its results are discussed in sections 5 and 6.

2 . Spectra and resonance decay amplitudes are modeled by the G O E

Haq, Pandey and Bohigas [8] have collected 30 sequences of resonance level energies
(each sequence containing only levels'with fixed J* ) of altogether « 1700 nuclear
states. The information comes from slow neutron and from proton resonance scattering
as well as from (n/7) reactions. They call this the "nuclear data ensemble" (NDE).
Each sequence has been transformed in the way outlined in the introduction in order to
normalize the mean level distance 3 to unity. The frequency distribution of the nearest
neighbour spacings d given on fig. 2 was subsequently generated [9] from the whole
ensemble. The probability to find degenerate levels is compatible with zero: The levels
repel each other. The curve labelled GOE is essentially the so-called Wigner-distribution
[10]

| 2 (2.1)

One obtains this if one assumes that the elements H^ of the real and symmetric
Hamiltonian with dimension A are random variables that follow a Gaussian probability
distribution with the second moments

+ 6fu,i6Vpi). (2-2)
A

Here, A is a parameter with the dimension of an energy. It determines the mean level
distance

4.
A

(2.3)

The Gaussian distribution of the elements Hy.v with the second moments propor-
tional to the Kronecker-Symbols in eq. (2.3) is a consequence [11,12] of the requirement
that the joint probability distribution of the H,tV be invariant under orthogonal transfor-
mations of H. The ensemble of random matrices H having this probability distribution
is therefore called the Gaussian orthogonal ensemble (GOE).

The distribution (2.1) beautifully reproduces the experimental nearest neighbour
spacings of the NDE, see fig. 2. This figure also illustrates that the comparison becomes
really convincing if one takes the information from many nuclei instead of one only.

The Poisson distribution exp(—d) which is also given on fig. 2, would result if the
positions of the levels were independent of each other - as is the case for a time sequence
of radioactive decay events. Hence, the levels of a GOE spectrum are not independent
at all, but strongly correlated. There is not only repulsion between a given level and
its immediate neighbour, there are also correlations between a given level and its Jfc-th
neighbour - in such a way that the spectrum tends to resemble an equidistant lattice.
A GOE-spectrum can be distinguished from a Poisson-spectrum by inspection, see fig.
3.
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The long range correlations of spectra (their "stiffness") is usually tested by a quan-
tity called A3 and defined as the mean square deviation of the staircase function N(x)
(see sect, l) from the best fitting straight line:

ct+L

A3(I) = iMin{AtB) J dx [N(x) -Ax- Bf . (2.4)
a

In fig. 4, A3(i) from the NDE is compared [8] to the GOE-prediction. The dashed
lines indicate a band of errors. The agreement between NDE and theory is excellent.
The prediction for a Poisson spectrum (increasing linearly) is also given. The slow
(logarithmic) increase is characteristic for stiff (GOE) spectra.

It seems that the fluctuation properties of complex atomic spectra are the same as
those of nuclear ones. I show, on fig. 5, the nearest neighbour spacing distribution
taken from [13] Nb, Sm, and Tb spectra. The data and the statistical tests are as yet
by far scarcer than those from nuclear physics.

Note, that we are comparing experiments to a theory that does not contain any free
parameter!

The projection (A | n) of an eigenvector | A) of a GOE matrix onto an arbitrary
but fixed vector | n) is a random number with Gaussian distribution. This has the
consequence that the decay amplitudes iex of resonances A into a given channel c have
the same property.

Usually, not the amplitudes but rather the widths

r«A = 2>r& (2.5)

are measured. Indeed a large amount of resonance decay widths has been collected
by studying (n,n), (n,7) , (p,p) and (p, p') - resonance reactions [14- 17]. Suppose
that the widths Tc\ of a set of resonances {A = 1,2,...} in a given compound nucleus -
all with the same J* - have been measured. One removes long term variations of the
penetrability [18, 19] Pc{E) and normalizes the widths to unit average by going to the
variable

{ é }~l ' {2-6)
Here, the angular brackets denote the average with respect to A. The variable z = yfz
should then have a normal distribution

y 2 z 2 / 2 ) . (2.7)
Fig. 6 shows the distribution of the 109 widths of one of the longest existing sequences of
resonances as well as the width distribution obtained [9] from the NDE. The agreement
with eq. (2.7) is good, but one sees how greatly the precision is improved if a large
number of nuclear species is considered instead of one only. This means that a convincing
realization of the GOE is not so much given by any single nucleus but rather by the
whole of them.
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Eq. (2.7) implies that the variable z follows the Porter-Thomas distribution [20]

Pl(z) = ( 2 ^ ) - 1 / 2
e - * / 2 . (2.8)

On fig. 7, pi is compared |21] to the distribution of « 1100 proton resonance decay
widths from ref. [17] which were not included in fig. 6. Again the agreement is impres-
sive. There are even more subtle investigations - and confirmations - of the Gaussian
distribution of the 7' s pertaining to their phases [22, 23].

Why does the GOE - as it seems universally - describe spectral fluctuation proper-
ties in different physical contexts? There is as yet no definite answer to this question,
but there is numerical evidence for the surmise that the GOE should have a universal
significance. We deal with this in the next section.

3. Chaotic motion and the GOE

Chaotic motion in classical systems (governed by Hamilton' s equations) can occur
when these systems are not integrable. For the present purpose, we can characterize a
completely chaotic system as follows: almost all trajectories originating in neighbouring
points of the phase space separate exponentially with time. Systems with this property
tend to fill the available phase space uniformly and irreversibly. They essentially obey
Boltzmann' s hypothesis of molecular chaos (for details see refs. [2, 24, 25]). However,
such systems need not have many degrees of freedom. Consider the following standard
example of classical chaotic motion, Sinai1 s billiard: A point mass moves in a plane and
bounces off reflecting disks forming a periodic lattice as is shown on fig. 8. By symmetry
arguments one can reduce the study of this system to the study of the motion of a particle
in a square with a circular obstacle in the centre. Intuition suggests (correctly, see ref.
[26] ) that this system is chaotic. Indeed - as illustrated on fig. 8 - a bundle of close
trajectories is drastically defocused when reflected on convex obstacles.

Now Bohigas, Giannoni and Schmit [27] have studied the quantum system corre-
sponding to Sinai' s billiard. This amounts to solving the eigenvalue problem given by

(A + k*)tl> = 0 (3.1)

with the appropriate Dirichlet boundary conditions. From a set of 740 consecutive eigen-
values, the nearest neighbour distribution p[d) and the function As(£) were generated.
They are given on fig. 9. This system has a GOE spectrum.

The quantum analogs of several other classically chaotic systems have been studied,
see ref. [2]. They all have GOE spectra.

This work and several similar numerical studies suggest the following surmise: The
stochastic properties of quantum analogs of classical chaotic systems are completely
described by Gaussian random Hamiltonians. The stochastic properties of nuclei are
due to the fact that the nucleus is the quantum analog of a classical chaotic system [28].
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4. Theory of Statistical Nuclear Reactions

A reaction going from channel a to channel b is described by the element Sab of
the unitary and symmetric scattering matrix S. Let us write it in terms of the real and
symmetric K-matrix [18]

iK)- 1 , (4.1)

where K is defined as

K = t(E - HB)-l
n

T . (4.2)

Here, *y is a rectangular matrix with the elements 7^, coupling the bound state con-
figurations I fi) to the channel wave functions | c); the matrix HB is the Hamiltonian
projected onto the space of bound (compound nuclear) states; finally E is the energy of
the system multiplied by the A-dimensional unit matrix.

If one represents the matrix HB in its eigenbasis ] A) with eigenvalues Ex, the
element Kat, of eq. (4.2) reads

""•* t*J — J*J \

A A

with 7CA qualitatively explained in sect. 2. For details see ref. [18].
From the results discussed so far, we infer that the compound nucleus should be

described by considering HB as a random matrix drawn from the GOE. This implies -
as was mentioned already - that the 7CA have a joint Gaussian probability distribution.

The task of the statistical theory is now to calculate S (called the one-point func-
tion), average compound nucleus cross sections

°% = I Sf' I2 (4-4)

(called a two-point function) and higher moments of the scattering matrix as e.g. the
variance of the cross section

a four-point function.
The one-point function is easy to obtain from the analytic properties of the S-matrix

[29]. The two-point function and higher moments have required considerable work.
One way to obtain acn starts from the expansion of the factor (l + iif)"1 of eq. (4.1)

into a geometric series. This leads to a multiple sum in eq. (4.4) which is averaged term
Y term and subsequently resummed. One thus obtains the answer in the two limiting
cases of isolated and of strongly overlapping resonances (regime of Ericson fluctuations
[30]). Extending the work of Agassi et al. [31], the above expansion has been carried
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out in réf. [32] for a statistics of the 7's that is not restricted to the Gaussian case.
In the regime of overlapping resonances, one finds the Hauser-Feshbach-Formula [33]
modified by an enhancement of compound elastic scattering

cff-£*-(l + fc(W-l)). (4.6)

Here, B is assumed diagonal and rc is the usual transmission coefficient defined as the
unitarity deficit of Sec, i.e.

Tc = 1-1 Seel2- (4.7)

The enhancement factor W for compound elastic scattering depends on the probability
distribution of if's. In the limit of a very large number N of open channels, one obtains

w = \ (TîR2 +1) • (4.8)

In this equation, we assume the ratio of statistical moments to be independent of the
channel c. For Gaussian statistics, one has

ïî/ïf = 3 (4.9)

and therefore W — 2. These results allow for testing the statistics of the resonance
decay amplitudes even in the regime of overlapping resonances.

On fig. 10, W is given as a function of the number N of open channels (for details
see ref. [34] ) for three different probability distributions of the IT'S: the rectangular,
the Gaussian and the .Ko-dis tribut ion. The last one is

Pile) = \ÏT1"KQ (l 7C I ̂ T1/2) , (4.10)

where KQ is a modified Bessel function (see sect. 9.6 of ref. [35] ); the moments of
this distribution are given by formula 11.4.22 of ref. [35]. The statistics of eq. (4.10)
which gives an especially high probability to small values of 7, has been suggested by
shell model calculations [36]. The experimental result by Kretschmer and Wangler [37]
- also given on fig. 10 - agrees with Gaussian statistics.

In order to obtain <?£" exactly and for all physical situations (for weakly overlapping
resonances, too) and in order to calculate higher moments of S, one has to use mathe-
matical methods other than the above mentioned expansion technique. Using methods
familiar from field theory and statistical physics of disordered solid state systems, and in
particular super-integration (i.e. integration over both commuting and anti-commuting
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variables), Verbaarschot, Weidenmûlle? and Zirnbauer [6] have obtained the two-point
function. I quote from the results:

6ab) TaTbFi + 6ab | Saa \2 T*Ft. (4.11a)

Here, FR(n = 1,2) is the integral

00 CO 1

with
M(Ai,A2,A) = ( 1 - A ) A | A , - A 2 | ( j

^ [(1 + AX) Al (1 + A,) A,] 1 / 1 (A + Ax)2 (A + A2)2

The quantities fn are

A2(l + A2) 2A(1-A)
76A2) "•" (1 + r0A2) (1 + r6Ai) + (1 - raX) (1 - rb\)

and
2

This result involves no more than a three-dimensional integral over ordinary commuting
variables independent of the number of open channels N. Computer programs for its
evaluation are available [38].

Equations (4.11) show that a£" is fully determined once the set of transmission
coefficients, i.e. the average S-matrix, see eq. (4.7), is known. In this sense compound
nuclear reactions have universal properties as was announced in sect. 1.

Equations (4.11) give the compound nuclear cross sections for any combination of
the values of the transmission coefficients rc, especially for any value of the "effective
number of open channels"

c

which measures the amount of overlap between the resonances.
By studying eqs. (4.11) in the limiting cases of isolated resonances [39] {Ntjj < 1)

and strongly overlapping resonances [40,41] (JV«// "> 1), one retrieves the results that
are known from the expansion technique and from numerical work [42]. They can be
roughly summarized by eq. (4.6) with

W = 3 if J V e / / < l (4.13a)

and

W = 2 if J V e / / > l . (4.136)

For details, especially in the regime of isolated resonances, see refs. [32, 34].



There are interesting observables which cannot be expressed in terms of two-point
functions, but require a variety of n-point functions with n > 2. They arise e.g. in
discussing the possibility to observe the violation of fundamental symmetries (like time-
reversal invariance [43, 44]) and in the discussion of a fundamental and widely used
assumption of Ericson theory - the supposed Gaussian distribution of S-matrix elements
[45]. Higher n-point functions that go beyond the work of ref. [6] have therefore been
[43, 44] and are still being studied [46]. I turn to some results in the following two
sections.

5. Inadequacy of Ericson theory

A widely used assumption out of Ericson's original theory of fluctuating cross sec-
tions says that - in the regime of overlapping resonances - SA has a bivariate Gaussian
distribution [45]. If this is true, then odd moments of S** can always be expressed
in terms of two-point functions. This means e.g. that the four point function can be
written as

Sc1d1
Se3da + Salb1

Sc3d3

From this follows the basic statement of Ericson theory on the variance of a fluctuating
cross section:

An analytical expression for the four-point function has been found by Davis and Boosé
[46]. Expanding it in terms of the inverse of Neff one finds the behaviour in the regime
of overlapping resonances, i.e. Nejf :» 1. The above statements turn out to be true
within the leading order N~?* of 54. The correction is O{N~h). However, it is still not
true that up to and including the order N~h the fluctuating part of the S-matrix has a
Gaussian distribution: The three-point function

(5.3)

is in general not zero, it is also of the order of N~?,. This means that the skewness

3/2

« = I s£ p s£ 11 sH |" (5.3)
behaves like N~jf , going to zero quite slowly. Terms of third order in S?1 appear -
besides fourth order terms - in expressions for the variance of a cross section, hence
typically in the procedures designed to separate direct reactions from compound nucleus
reactions [47, 48]. The three-point functions are neglected. This is not justified in
general.
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The result of the present section can be understood - without actually calculating
the three-point function - as a consequence of unitarity. It requires the identity

E o/'e/ '* o / ' _ _"c~ I <?/' 12OaeOeb .bat — — Doa I <->a6 I •
e

Since the right hand side of this equation is of the order oiN~},, the three-point functions
on the left hand side cannot all be O(N~A).

6. Time reversal symmetry breaking

Blanke et al. [49] have performed the detailed balance experiment

uMg + a^ 2SSi* *> 27Al + p (6.1)

in the domain of overlapping resonances in order to test time reversal symmetry break-
ing (TRSB). The form of the measured pieces of the excitation function is - within
experimental errors - the same in the forward and the backward reaction. See fig. 11.
This experiment amounts to a measurement of the correlation coefficient

If cro(, = CT;,a - which is the case if time reversal symmetry holds and, hence, the scattering
matrix S is symmetric - then R2 = 1. Otherwise

R2 = 1 - x (6.3)

will be smaller than unity. The experiment yields

x < 10"6 with 80% confidence . (6.4)

We want to relate this result to the TRSB matrix elements. Formally, TRSB is intro-
duced by allowing HB - see eq. (4.2) - to be hermitean instead of requiring it to be
real and symmetric. Hence, one makes the ansatz

HB = HW + HW, (6.5)

where ff(°) is taken from the GOE (normalized as in eq. (2.2)) and #(") from the GUE
having complex Gaussian elements [3] normalized according to

^ ' - (6-6)

The parameter ao controls the relative strength of the TRSB part in the Hamiltonian.
Equations (6.5) and (6.6) define the ingredients of the statistical model and one has
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to calculate the four-point functions entering into eq. (6.2). The result is to leading
(second) order in H M

r (6.7)

One should express this in terms of the mean compound nucleus decay width

r - £*,, (6-8)
and a spreading width

r ï ^ . (6.9)
d A2

The last quantity is defined in analogy with the spreading width F* that appears in
other symmetry breaking problems that have been treated statistically. For instance is
isospin breaking described by the spreading width

r SHJ.
a

Here, H^ is the average square isospin breaking Coulomb matrix element. With the
definitions (6.8) and (6.9), R2 reads

In this form, the TRSB effect is seen to be governed by the ratio of two times: the life
time of the compound nucleus versus the time it takes to rearrange the levels after the
symmetry breaking interaction is turned on (proportional to the inverse spreading width,
cf. réf. [50]). This shows why compound nucleus reactions are especially sensitive to
small symmetry breaking effects: The longer the life-time of the intermediate system,
the better the symmetry breaking effect is borne out. This statement is of course
true only if the spreading width is the "natural" measure of the symmetry breaking
effect independent of the life-time, level density and other parameters of the compound
nucleus. There are good reasons to believe that this is so. The strongest reason is
the collection of isospin breaking spreading widths [51- 53] on fig. 12: They vary
astonishingly little all over the nuclear chart.

The detailed balance experiment of ref. [49] yields

rW < 9 x 10-2 eV. (6.12)

The enhancement of symmetry breaking effects through the life-time of the interme-
diate system has also been noted in theoretical treatments of parity violating reactions.
It has been termed "resonance enhancement" by Bunakov and Gudkov [54].

It should be mentioned that the factor of \ in eq. (6.11) (and the corresponding
factor in eq. (6.7)) is somewhat uncertain because the hypothesis of Ericson theory
discussed in sect. 5 was used in refs. [43, 44]. The correct treatment of eq. (6.2) is
currently being carried out and preliminary results indicate [55] that the quantity x of
eq. (6.3) changes by a factor of order unity.
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7. Concluding remarks

The random matrix model of statistical nuclear physics has found more applica-
tions and extensions than described here. A theory of multistep compound [56] and
of multistep direct [57] reactions has been formulated and partial level densities have
been redefined and evaluated [58, 59], The concept of random matrices and the mathe-
matical techniques now relate statistical nuclear theory to other fields of physics, where
disordered systems are considered [60- 62].
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Fig. 1 Separation of average and
fluctuation properties of a
spectrum: a) The spectrum, b) the
cumulated spectrum N(E) with the
local average N(E), c) the
"unfolded" spectrum obtained by
transforming to the variable x,
see text.

Poisson 166Er a )

108 spacings

Fig. 2 Nearest neighbour spacing
distribution p(d) given by the
NDE (b) and by a single level
sequence out of the NDE (a). From
ref. [9].

n+'"Er Poisson

Fig. 3 A nuclear (presumably
GOE-) spectrum compared to a
Poisson spectrum. The arrowheads
indicate the occurrence of pairs
of levels with spacings smaller
than one quarter of the average.
Their frequency as well as the
occurrence of large gaps clearly
distinguish a Poisson-spectrum
from a GOE-spectrum. Taken from
ref. [4].
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Fig. 4 The A3-function given by
the NDE and compared to the GOE.
From ref. [8].

Fig. 5 Nearest neighbour spacing
distribution from atomic spectra.
See ref. [13].

NOE (21 sequences)
1182 widths

Vz" P,(Z>

data from proton
resonance scattering
compared with
Porter-Thomas distribution

Fig. 6 Distribution of resonance
widths given by (b) the NDE and
(a) by one sequence out of it.
The experimental histograms are
compared to the normal distri-
bution PQ. From ref. [9].

Fig. 7 Distribution of resonance
widths [21] given by the data of
ref. [17]. The experimental
histogram is compared to the
Porter-Thomas distribution p^.
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Fig. 8 Sinai's bil l iard. From
ref. [2].
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Fig. 9 Nearest neighbour spacing
distribution and A3-function
given by the quantum analog of
Sinai's billiard. From ref. [2].

Fig. 10 The enhancement factor V
for compound elastic scattering
as a function of the number N of
open channels calculated with the
theory of réf. [32J for three
different distributions p<7>. See
text. The experimental result is
from ref. [37].
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Fig. 11 Excitation functions testing detailed balance from ref. [49],
see text.
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Fig. 12 Isospin breaking spreading widths from ref. [53] , see also ref.
[51].
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PARTIAL LEVEL DENSITIES FOR STATES WITH SPECIFIED PARTICLE
AND HOLE NUMBERS, SPIN DISTRIBUTION FOR THESE STATES

G.Reffo, M.Herman
E.N.E.A.i Divisione di Calcolo,

Bologna, Italy

ABSTRACT

The method for combinatorial calculation of state and level densities
with fixed exciton numbers in the space of the shell-model orbitals is
presented. The pairing interaction is taken into account by applying the
BCS theory to each configuration. The role of the pairing interaction is
discussed. The spin and parity distributions are obtained and analyzed.
Effects of the restriction limiting configurations to only bound orbitals
are also considered.

- 73 -



INTRODUCTION

The main deficiency of the formulae commonly used to estimate exciton
level densities comes from the assumption of equidistant spacings for the
single particle levels (s.p.l.) which is supplemented with the statistical
approximations. Because only few-exciton configurations contribute signif-
icantly to preequilibrium emission and the population of low energy config-
urations is relevant as well, statistical approaches do not seem to be
adequate for preequilibrium calculations. This has motivated calculations
which provide the possibility of direct counting of the levels with a fixed
number of excitons, so that at least some of the usual assumptions
(equidistant single particle levels, saddle point approximation, no resi-
dual interactions) can be avoided. Combinatorial calculations seem to be
well suited to this end. In the following, we outline the theoretical
model and summarize most important results. We refer to Refs.1,2, and 3 for
more extensive discussion.

THE MODEL

We assume the finite set of basis vectors (single particle states) de-
rived from the shell-model with appropriately deformed nuclear potential.
The set consists of the time conjugated pairs of basis vectors. In each
pair, both vectors have the same quantum numbers but differ in a sign of a
spin projection. We further assume, that each nuclear state of a noncol-
lective nature can be described by a simple sum of N and Z basis vectors,
where N and Z stands for the number of neutrons or protons respectively.
This assumption is equivalent to neglecting all residual interactions be-
tween the nucléons. The only exception is made for the pairing interaction
which is included in terms of the BCS model with blocking according to
Wahlborn /4/. This means that for each state the set of two coupled BCS
equations (Eqs.(2) and (3) of Ref.l) is solved in the subspace of the basis
vectors. This subspace is formed after rejection of all those pairs of the
time conjugated basis vectors for which one of the vectors, and only one,
is involved in the formation of a nuclear state. In the following, we re-
fer to these rejected pairs as configurations, which can be represented by
the vectors with the components enumerating removed pairs of the basis vec-
tors. Each configuration corresponds, therefore, to a different subspace
of the basis vectors leading formally to the different solutions of the BCS
equations. The chemical potential and the correlation function have to be
found for each configuration (but not for each nuclear state) and are used
later to determine the total configuration energy (see Eq.(5) of Ref.l).
The ground state of a neutron (or proton) gas is defined as a combination
of N (or Z) basis vectors which gives the lowest possible energy. The ex-
cited configurations are classified according to the number of the excitons
equal to the dimension of the configuration vector. In order to account
for all possible states, we also allow for the configurations which corre-
spond to the excitation of both basis vectors in a time conjugated pair
(see Ref.l). The excitons are split into 'holes' and 'particles' depending
on the condition if the particular basis vector pair was, or was not in-
volved in the formation of the ground state.



All configurations with a specified number of particles and holes are
generated within the assumed set of the basis vectors. For each of them a
proper coupling of the spin projections is performed to obtain the nuclear
states. The parity of each state is determined as a product of the parities
of the configuration vector components. The state density tO(E,M,JT) is
found by counting states with the angular momentum projection M and parity
TV falling in an interval centered at the excitation energy E. The spin
cut-off parameter is derived from its definition.

The calculations were carried out in the basis of single particle or-
bitals derived from the harmonic oscillator well defined by parameters due
to Seeger and Howard /5/. For each nucleus considered, a value of the
pairing strength parameter G was determined from the mass differences.

For the purpose of identification the calculations are denoted by four
integer numbers which correspond to the number of neutron particles/ neu-
tron holes, proton particles and proton holes respectively.

PAIRING INTERACTION EFFECTS

Even systems

Let us start with the simplest configuration consisting of one parti-
cle and one hole. In this case two orbitals nearest to the Fermi energy
are blocked and made unavailable for pair scattering. The correlation func-
tion A is decreased, and if not enough orbitals around the Fermi energy
are left unblocked, superconductivity may disappear completely (A=0). The
condensation energy of the excited state E£ decreases and the total energy
of the configuration approaches the free gas value. The excitation energy
calculated with respect to the BCS ground state is therefore increased.
When the excitons are moved away from the Fermi energy, the
superconductivity reappears, and the shift in the excitation energy tends
to vanish.

In Fig.l the spectra of energy shifts caused by the pairing inter-
action are shown. An energy shift is defined as the difference between the
excitation energies of a configuration calculated with and without the
pairing interaction taken into account. In the case of the (1100) config-
urations in 58Ni a peak around 1.9 MeV is observed, which corresponds to
superconductivity breakdown due to blocking. The energy shifts between 0.1
MeV and 0.6 MeV correspond to configurations with less blocking. In the
case of the same (1100) configurations in 116Sn, a more complicated spec-
trum of shifts is obtained. This is due to the higher density of orbitals
around the Fermi energy which allows for solutions of the BCS equations
intermediate between the A =0 and ù-ùo limits. In the case of four ex -
citon configurations the spectrum of energy shifts becomes even more compli-
cated, which is easy to understand since with four excitons many more
blocking possibilities exist. At this point we would like to stress that
the destruction of pairing correlation always results in the energy shift
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equal to the condensation energy of the ground state and that this value is
an absolute limit of the pairing effect.

In spite of the complicated nature of the pairing effect we have found
that the 4,6 and 8 exciton state and level densities calculated in the
frame of the free gas model can be brought into perfect agreement with the
results obtained including the BCS if a shift of E^-st i s applied (Fig.2).
This indicates that the pairing interaction affects mainly the low energy
states, while at higher energies the number of states which are shifted up
and out from a bin is relatively small and is to some extent compensated by
the lower bin states which are shifted up and replace those which were
lost.

\

Odd aysteas

Considerations for the odd systems run along the same lines as for the
even ones but the starting point is just the opposite. A single nucléon at
Fermi energy blocks an orbital important for the pairing correlation, so
that A and Ee decrease or disappear. In the excited states of 1 exciton
structure, this nucléon is moved out from the Fermi energy. The orbitals
close to the Fermi level are made available for pair scattering and
superconductivity is recovered. Accordingly, the condensation energy for
the excited state is higher than that for the ground state and the excited
state appears at a lower excitation energy compared to the free gas model
prediction. Thus, for 1 exciton configurations in odd systems, a negative
energy shift is expected. These negative energy shifts were actually ob-
tained in our calculations and are displayed on Fig.3.

The situation becomes more complicated when several exciton configura-
tions are considered. If these excitons are placed far from the Fermi en-
ergy, their contribution to the blocking is negligible and negative energy
shifts are expected as in the one exciton case. Additional excitons can
have however a different effect if the ground state of the nucleus has a
nonvanishing condensation energy. In this case, the blocking of orbitals
close to the Fermi energy leads to a decrease of the pairing correlation
and shifts of positive value appear. Examples of this type are shown in
Fig.3.

STATE AND LEVEL DENSITIES

Shell effects and orbital degeneracy make the spectrum of the s.p.l.
in spherical nuclei highly nonuniforra and this feature is reflected in the
state and level densities calculated. In Fig.4 we show state densities
calculated for several exciton numbers for the even-even nucleus 56Fe. The
well known feature of a rapid increase of the state density with increasing
exciton number is clearly seen. Deviations from the equidistant model mani-
fest themselves in strong fluctuations of the state densities and in the
increasing threshold energy for the excitation of configurations with in-
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creasing exciton numbers. Fluctuations are pronounced mostly for low ex -
citonnumbers and tend to be smoothed out when more degrees of freedom
participate in the excitation. In general, the fluctuations are smeared
out as the density increases with excitation energy and mass number.

The nuclear deformation is expected to smooth the fluctuations making
approaches based on the statistical assumptions (e.g. formula of Williams)
more realistic. Therefore, we investigated deformation effect performing
calculations for 27A1, lOOMo, and 170Er in the space of the s.p.s. by
Seeger and Howard /5/ obtained for different values of the deformation pa-
rameter oCz . The calculated state densities, summed over M, are shown in
Fig.5 for the 1-particle 1-hole configurations of neutrons in three nuclei
under consideration. The predictions of the Williams' formula /6/ are given
for each case to provide the reference between the results for different
deformations and to compare this simple description with the microscopic
calculations. For this purpose the s.p.s. density g was set to the standard
value A/26 (note that we deal with the neutron gas only).

Using the sets of basis vectors derived from the spherical potential,
very strong fluctuations in the state densities are observed for all
nuclei.

Introduction of the small deformation to the nuclear potential ( o^=0.05)
leads to the splitting of the spin multiplets of the basis vectors which
results in a significant smoothing of the state densities. In a nucleus as
light as 27A1 it is however not enough to bring the calculated state densi-
ties into the form which could be reproduced by any closed form expression.
This conclusion remains valid also for much higher deformations <*a=0.1 and
4*2=0.2. In particular, the comparison of the microscopic results with
the predictions of the Williams' formula shows an evident nonadequacy of
the latter in the low energy region (below 10 MeV) where the preequilibrium
emission usually dominates. For the heavier nuclei even the small defor-
mation «fa=0.05 results in the qualitative changes in the calculated re-
sults. The gaps are partially filled and a remarkable structure of roughly
5 MeV width appears in the spectra. Increasing the deformation one ob-
serves that the valleys in the spectra are gradually filled on the expense
of the bumps leading to the step-like curves for oCâ=n.l and to -the rela-
tively smooth ones for oC2=0.2.

It is surprising, how well the Williams' formula describes the general
trend of the state densities for two heavier nuclei, in spite of the very
low exciton number and of the fact that no attempt has been undertaken to
adjust the s.p.s. density g. For the deformations as high as ô a,=0.2 the
Williams' formula may be considered exact, while for the less deformed
nuclei the shell structure is expected to show up.

SPIN DISTRIBUTION

The validity of the statistical law describing the spin distribution
of nuclear levels must be reviewed when applied to levels with fixed ex -
citon numbers. The formula which reads
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(2J+1)
R(J) = ----- exp(-(J+l/2)V2<s*) (1)

2<2jr)"V

is derived under the assumption of a Gaussian distribution of spin
projections M. We have analysed more than 1000 spin distributions for dif-
ferent configurations, energies and nuclei. We have found out that Eq.l
does very well for configurations containing at least 4 excitons (Fig.6).
When there are only few levels in the energy interval the agreement is ran-
dom as would be expected (Fig.7).

Let us focus our discussion on the spin cut-off parameter 6 which
contains all information concerning the spin distribution. Like the level
and state densities, the spin cut-off parameter reveals strong fluctuations
with excitation energy, which are caused by the nonuniform distribution of
the s.p.l. spin projections.

Two types of energy dependence of the spin cut-off parameter are ob-
served. The first has a 'logarithm like1 shape, while à is essentially
constant or slightly linearly increasing with energy in the second (see
Fig.8). These features are connected with the spin structure of the s.p.l.
in the vicinity of the Fermi energy.

It must be stressed that the energy variations of the spin cut-off pa-
rameter for levels with fixed exciton numbers are solely due to the se-
quence of shell model levels. These variations cannot be traced back to the
energy dependence of the spin cut-off factor of total level density (as
used in the compound model) because the latter is caused mainly by the in-
crease in the number of excitons with increasing excitation energy.

Due to the rather weak energy dependence of the spin cut-off parame-
ter, we can disregard it for the time being to investigate the influence of
the exciton and mass numbers. For this purpose, an energy average of the
spin cut-off factors was performed for each configuration type in all
nuclei considered. Averaged spin cut-off factor can be approximated by

2/3 2/3
<S(n)=cnA +0.1A +4 ;c=0.22 (2)

When the intercepts in exciton and mass number dependences are disre-
garded, formula 2 reduces to

2/3
6(n)=cnA (3)

To account for the global energy trend, a certain energy dependence can be
associated with the factor c. In view of the relatively large spread of
the points it seems justified to assume linear dependence given by the form

c=0.24+0.0038E (4)

There is a slight odd-even effect, which we have disregarded up to
now. We have observed that < ^ > for configurations of the type (1010) are
about 5 units higher than < 6*> for the (1100) and (0011) configurations,
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in spite of the equal number of excitons in each of them. This difference
reduces to 2 units if 4 exciton configurations are considered and essen-
tially disappears for 6 exciton cases. This odd-even effect is due to the
difference in the average spin of the s.p.l. below and above the Fermi
level. Since higher spin s.p.l. are found at higher energies, particle type
excitons carry in general more angular momentum than holes.

For the sake of completeness we have to devote some attention to the
yrast lines for few qussiparticle configurations. This problem has been
addressed already in Ref.7, where we have pointed out that one has to deal
with a separate yrast line for each exciton number. In Fig.9, the results
of the present calculations for some configurations types in 58Ni aro
shown. One observes that the restriction imposed by yrast lines are most
pronounced for low exciton numbers. Pauli principle causes yrast lines for
mixed configurations to be different from those containing only a single
type of nucléon. The latter appear to be shifted to lower spins by one or
two units.

PARITY DISTRIBUTION

Parity distributions were investigated in 56Fe and 136Ba. A few typi-
cal results of these calculations are presented in Figs.10 and 11. As ex-
pected, very strong fluctuations are observed in the case of 5SFe. For the
two-exciton configurations oscillations between nearly only positive and
nearly only negative parity levels are observed throughout the whole energy
range, also on the average, the amplitude of the fluctuations decreases
with increasing energy. For 8 exciton levels, the fluctuations are still
very striking, at least up to 30 MeV. In the case of 136Ba, the higher
density of s.p.l. with a more uniform parity distribution leads to a
nearly constant and equal parity distribution for the levels containing 4
or more excitons. For lower exciton numbers, the fluctuations are still
significant though much weaker than for 56Fe. In general, the results have
oscillating character around the equal probability value.

BOUND STATE DENSITIES

In this section we deal with the configurations which are subject to
the restriction that none of the particle type excitons is allowed to oc-
cupy any orbital lying above the nucléon binding energy. The particular
interest devoted to those states is connected with the multistep compound
mechanism as introduced by Feshbact^Kerman and Koonin /8/.

Two examples of the combinatorial calculations for the densities of
bound states are shown in Fig.12. One observes that at a certain energy,
the bound state densities begin to deviate from the unconditional exciton
state densities and eventually decrease with increasing energy. This effect
is more pronounced for low exciton numbers.
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In Fig.13, we compare the spin cut-off factors for bound states with
those obtained if all configurations are taken into account. Similar to the
state densities the spin cut-off factors also fall below the values calcu-
lated when no restriction had been made. To explain this result/ we have
to recall that the increase of the spin cut-off factor for levels with a
fixed exciton number is related to the high spin orbitals which become
available when the excitation energy increases. This is however not the
case if only bound states are considered. The boundary condition excludes
configurations with particles promoted to orbitals above the binding energy
and therefore highly excited states can be formed only by deep hole
excitations, that carry low spin. Neglecting the energy dependence spin
cut-off parameter for bound states may be parametrized by means of Eq.3
with c taking a value around 0.26.

CONCLUSIONS

We have investigated the densities of few quasiparticle states in the
frame of the shell-model with the pairing interaction accounted for in
terms of the BCS theory. In the method applied, the pairing is explicitly
related to the exciton configuration. The spin, parity and shell effects
are also accounted for directly instead of being smeared out by a statis-
tical treatment.

We have found that, in even systems, the pairing shifts the excited
states to higher energy and that the ground state condensation energy plays
a key role by determining the limit for this shift. For odd systems, we
have found that also negative energy shifts are possible.

Our results show that the closed formulae for state densities, as de-
rived from the equidistant model, fail to reproduce the state densities for
spherical nuclei, especially at low energies and exciton numbers, e.g. in
the region where preequilibrium emission dominates. This failure is due to
the shell structure in the s.p.l. which may lead to large gaps and fluctu-
ations in the spectra of states with a fixed number of excitons. Nuclear
deformation is found to remove these discrepancies only partially. In gen-
eral, closed formulae may be considered accurate enough only for strongly
deformed medium-heavy and heavy nuclei.

As far as the spin distribution of few exciton levels is concerned, we
have found that the assumption o£ a Gaussian distribution of spin
projections holds for exciton numbers exceeding 3. An analysis of the spin
cutt-off factor and of the parity reveals strong fluctuations, that are re-
duced with the increase of the deformation, exciton number and mass of the
nucleus. Ho dominance of either parity over a large energy range was ob-
served in contradiction with previous results /9,10/.

The condition of having all excitons bound shows up in the state den-
sity and spin cut-off paramter energy dependence causing them to fall below
the results obtained when the condition is not imposed. Configurations
with four and more excitons are less sensitive to the 'binding condition1
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which, in these cases, turns out to be important only at high excitation
energies.

This work was supported by Ente Nazionale Energie Alternative Contract
No. 12498.
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MICROSCOPIC OPTICAL MODEL CALCULATIONS
IN THE ENERGY RANGE 10-100 MeV

H. Leeb
Institut fur Kernphysik, Technische Universitât Wien

A-1040 Wien, Austria

ABSTRACT

Together with a short introduction into the basic concepts of
various theoretical formulations of the optical model, microscopic
calculations on nucleon-nucleus and light-ion nucleus optical
potentials are reviewed. Although numerically tough, the nucleon-
nucleus optical potential is quite well understood. The main
assumptions and the limits of the nuclear matter approach and the
nuclear structure approach are discussed. Particular emphasis is
given to recent developments in the nuclear matter approach, as
e.g. the improvement of the local density approximation or the
temperature dependence. The microscopic treatments of light-ion
nucleus optical potentials are presented in the second part.
Considering the example of a-nucleus scattering the problems,
successes and failures of such calculations are presented.
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1. flânerai formulât ions

The scattering of a nucléon or a light-ion on a nucleus is a
rather difficult many-body problem which can hardly be described in
its full microscopic detail. The dominant process is the elastic
scattering of the two colliding particles. Limiting to the elastic
channel the situation is very similar to the scattering of light on
an opaque sphere. In particular one observes reflection,
transmission and absorption phenomena like in optics. In the
fifties this simple physical picture has led to the introduction of
the so-called optical model [1] which describes the elastic
scattering in detail whereas all other reactions are taken into
account globally. In the last decades the optical model has become
a very important tool in nuclear physics, especially for the
evaluation of nuclear reactions.

Due to its importance the optical model has been the subject
of an immense number of investigations. In principle one has to
differentiate between theoretical considerations and works on
phenomenological optical potentials. The latter group is very
important from the practical point of view, especially for the
calculation of nuclear reactions. But the weak justification of the
phenomenological ansatz renders it difficult to draw reliable
physical conclusions. In this contribution only microscopic
calculations of optical potentials are reviewed emphasizing recent
developments. With respect to applications in preequilibrium models
of nuclear reactions the survey is limited to nucleon-nucleus and
light-ion - nucleus optical potentials.

There exist several theoretical formulations of the optical
model [1-5] with substantial differences in the intrinsic
attributes stipulated for the optical potential. The central point
of nearly all treatments of the optical model is the attempt to
separate the dynamics of the relative motion from the internal
dynamics of projectile and target states. Thus one ends up in all
formulations with an optical potential which is an effective two-
body operator. In general the optical potentials contain non-
Hermitian parts which can be ascribed to absorption processes. Only
for energies below the first inelastic threshold the optical
potential should be a Hermitian operator. In the following some
definitions of the optical potentials are briefly sketched.

A very elegant operator formulation of the optical potential
has been given by Feshbach [1] . This formulation is called
formalism independent because the optical potential operator in the
elastic channel p, Vopt(p, z), is given in terms of the corresponding
two-cluster Hamiltonian HP and the interaction V& (H=HP+vP) only,

Vopt(p,z) = VP+ VPQP [Z - QP H QP T 1 QPvP , (1)

Here, Pp and QP = 1 - pP are projection operators, where Pp projects
onto the elastic channel p. In the scattering limit z corresponds
to the energy. The operator Vopt is uniquely defined and can be
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calculated in different ways. The elastic transition operator
is given by a Lippmann-Schwinger type equation,

TPP(z) = Vopt(p,z) + VOpt(p,z) [z " H?]"
1?? T»(z>, (2)

which corresponds to a specific choice of the off-shell structure
of TPP thus satisfying Hermitian analyticity of the optical
potential [6] . From the formal expression (1) it is evident that
the optical potential of the operator formalism is nonlocal in
configuration space and energy dependent due to channel coupling.
Furthermore it becomes complex above the first threshold. The
generalisation of (1) taking into account the full
antisymmetrisation among all nucléons of the colliding nuclei is
not trivial [6,7].

Other commonly employed formulations are the Fock-space
treatments of the optical potential. Starting from the one-particle
propagator in the presence of nuclear forces Bell and Squires [2]
have shown that the nucléon self-energy M (or mass operator) can be
identified with the optical potential. Again Hermitian analyticity
is satisfied and the resulting optical potential is complex, energy
dependent and nonlocal in configuration space. Although the
physical content is the same as in the operator method the Fock-
space formulation of the optical potential represents probably
another off-shell extension. However, the associated specific off-
shell structure has never been investigated. The Fock-space
definition is best suited for nucleon-nucleus optical potentials
where the scattering problem can be considered as an extension of
the bound state problem. In these cases the mass operator can be
calculated by means of the well developed techniques of the many-
body field theory taking into account the full antisymmetrisation.
However, composite projectiles as well as center of mass effects
present serious problems in the Fock-space formulation.

Finally, the more recent formulation of an optical potential
by Kuo, Osterfeld and Lee [3] should be mentioned which is based on
the equation of motion approach [8] . In contrast to the previous
formulations they end up with an energy independent, complex and
nonlocal optical potential thus clearly demonstrating the
nonuniqueness of the optical potential. In principle, one can
consider this optical potential as a generalisation of the energy
independent effective interaction theory for bound-state problems
into the scattering regime. A numerical hint on the existence of
such energy independent optical potentials has been given by Perey
and Buck [9] many years ago. They found phenomenologically a
nonlocal complex but energy independent optical potential which was
able to reproduce the neutron elastic scattering data in the energy
range from 0.4-24 MeV.

Since the actual status of microscopic calculations of
nucleon-nucleus optical potentials is satisfactory compared to the
light-ion - nucleus case it is preferable to treat the two subjects
separately. Hence, chapter 2 is devoted to nucleon-nucleus systems,
whereas optical potentials for composite projectiles are reviewed

- 89 -



in chapter 3. Finally a remark on the connection between
phenomenological optical potentials and their microscopic
counterpart is given.

nucleon-nucleus optical potential
nucléon self-energy

nuclear matter approach

realistic NN-force
infinite nuclear medium
of density p

nucléon
self-energy

is calculated

local density
approximation

nuclear structure
approach

effective NN-force
structure of nucleus is
taken into account by RPA

Nuclear matter
quantities

Approximations
for finite nuclei

effective
interaction

is calculated

folding
procedure

Fig.l Approximations to the nucleon-nucleus optical potential

2. Nucleon-nucleus optical potentials

2.1 Introduction

The microscopic calculation of the nucleon-nucleus optical
potential belongs to the most basic and most challenging problems
in nuclear physics. Usually the Fock-space formulation [2] is
applied since the nucleon-nucleus optical model can be considered
as an extension of the nuclear shell model to scattering states. In
this formulation the optical potential is identified with the
nucléon self-energy which can be evaluated using the well developed
techniques of many body field theory as e.g. many-body Green's
functions equations or perturbative expansions in terms of the
nucleon-nucleon interaction. However, one always has to rely on
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certain approximations for the self-energy because an exact
solution would mean solving the many-body problem itself. Basically
we can distinguish between two types of approximations, the nuclear
matter and the nuclear structure approach. Fig. 1 gives a crude
overview of the approximations used.

2.2 The nuclear matter approach

In the nuclear matter approach the scattering of a nucléon on
an infinitely extended nuclear medium is considered. This situation
corresponds to a large target limit (A -» «») and simplifies the
underlying equations essentially. Since the nucleon-nucleon force
is not weak one cannot calculate the self-energy by perturbation
theory directly. The generalisation of the Bethe-Brueckner theory
to the scattering problem is the adequate tool to attack the
problem. In the Bethe-Brueckner theory [10] one sums up all graphs
of the perturbation expansion which have the same number of hole
lines. This so-called hole-line expansion should be appropriate for
low densities [11] as they are found in the interior of nuclei.
Most of the calculations are limited to the Brueckner-Hartree-Fock
approximation which takes into account one hole-line graphs
(Fig.2a) only. Higher order terms with more than one hole-line are
neglected (Fig. 2b) .

Fig. 2
a) Lowest order terms

of the Brueckner-
Hartree-Fock method

b) Typical two-hole
line graphs

In the Brueckner-Hartree-Fock approximation the nucléon self-energy
in nuclear matter is given by the simple expression

U(kF,k,E) k\p | t(co) I ic,p V(p,E) (3)

I p | <k F

where |q> (q=k,p) denotes a normalised plane wave of momentum q
and the index J? refers to antisymmetrisation of the two-nucleon
wave function. From (3) it is evident that the averaged potential U
depends on the Fermi momentum kF and thus on the nuclear density p
assuming nuclear matter to be an isotropic, symmetric and
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noninteracting Fermi gas. The central point of the nuclear matter
approach is the determination of the reaction matrix t (co) which is
the solution of the Bethe-Goldstone equation,

I(a-e(qi)-e(q2)

Here, v is a realistic free nucleon-nucleon interaction, e(q) is
the single particle energy of a state of momentum q and mis the
propagation energy which should be taken selfconsistently [11]

2

<o = E + e(p) with e(p) = |JJ + Re [u(kF,p,e) ] . (5)

The Pauli principle is taken into account by the restricted
summation which eliminates the propagation in occupied states.
Standard techniques are available to solve (4) numerically [12,13].

In order to construct the optical potential for finite nuclei
from the nuclear matter results one has to apply some type of local
density approximations. There are mainly two methods in use. Mahaux
and coworkers [14] start with the simple local density approxi-
mation (LDA) which assumes that the optical potential at a given
location r in the nucleus corresponds to the nuclear matter result
for the nuclear density p at the point r,

(?,E) = V (p(r),E) . (6)

This simple approximation reproduces the phenomenologically
determined volume integrals per nucléon quite well [14] . However,
it fails in the calculation of the root mean square radii which are
always too small as compared with the experimental data. The main
reason for this deficiency lies in the fact that the local density
approximation is valid only for zero-range effective interactions.
Therefore Joukenne et al. [15] improved the local density
approximation (ILDA) in a phenomenological way by folding with a
Gaussian function

= (t V^)" 3 JaV(I0̂
A) (r,E) = U V»; |dr' Vl£" (r',E) expj - ' " S ' | .(7)

The new parameters t (the real and imaginary part are folded
separately with different parameters t) are determined by fitting
the scattering data. Usually they are of the order t=1.2 fm and
correspond to the range of the effective interaction. Although the
root mean square radii can be calculated fairly well [14] by this
so-called improved local density approximation the potential is
probably not reliable in the tail of the nuclear surface.
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Indications of the failure are wrong dependences on mass number and
energies of Woods-Saxon parameters as compared with
phenomenological values. The Woods-Saxon approximation recently
introduced by Jaminon et al. [16] can repair this discrepancy.

Another method for the construction of the optical potential
for finite nuclei from the nuclear matter results is the folding
model approach [17-19]. Instead of evaluating the self-energy
directly, the procedure starts with the generation of a complex
effective nucleon-nucleon interaction in nuclear matter from the
reaction matrix t following a suggestion of Siemens [20] . In
principle the reaction matrix can be divided into a direct term
tD(|r1-r*2 I ,p;E) and an exchange interaction tEX( I ri-r2I ,p;E) and

depends on the relative distance Ir̂ -r̂ l of the two nucléons, the
nuclear density p and the incident energy E of the nucléon.
Adopting the idea of the local density approximation to the folding
procedure the optical potential is given by

?,E) = Jd3sP(s)

ds p(r,s) tEX(jr-s|,p{—);Ej jo(k|r-s I ), (8)

jo being the spherical Bessel function. In principle the folding
potential is nonlocal due to the exchange term. For simplicity
equation (8) gives the equivalent local potential which is obtained
in the local momentum approximation,

j-(E-U(r)) . (9)

The nuclear density p(r) as well as the single-particle mixed
densities p(r,r') can be easily calculated with single-particle
wave functions of a phenomenological shell model or Hartree-Fock
calculations. The use of experimental densities is also possible.
In this case the mixed density p(r,r') must be determined in
certain approximations [19] .

The nuclear matter approach has the advantage that it is based
on a realistic nucleon-nucleon interaction for a nearly parameter-
free calculation of the optical potential. Usually, only the
effective range parameters in the improved local density
approximation or the strength parameters of the folded potential
must be varied slightly in order to reproduce the experimental data
fairly well. A very recent analysis of neutron-elastic scattering
data [21] demonstrates the quality which can be achieved. Although
it is often argued that the local density approximation is only
justified at high energies, reasonable potentials are also obtained
for 20 MeV nucleon-nucleus scattering. Nevertheless, one must be
aware that the nuclear matter approach does not take into account
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any specific effects which are due to the finiteness of nuclei, as
e.g. collective shape oscillations, center of mass corrections etc.

2.3 The nuclear structure approach

The nuclear structure approach of Vinh Mau and Bouyssy [22]
and Van Giai [23] is in some sense complementary to the nuclear
matter calculations and corresponds to another summation of the
diagrammatic expansion of the nucléon self-energy. In particular
the summation is performed up to second order in the projectile -
target-nucléon interaction. The particle-hole interactions are
treated in all orders. This leads in contrast to the nuclear matter
approach, to an optical potential which takes explicitly into
account intermediate channels corresponding to inelastic
excitations of the finite nucleus. Since only graphs up to second
order in the particle-particle interaction are included (Fig.2a)
the calculations must be performed with weak effective nucleon-
nucleon interactions. The resulting potential consists of two
terms,

Vopt(r,r';E) =V
HF(r,r') + V<2i (r, r ';E) (10)

The first term VHF, the Hartree-Fock potential, dominates the real
part of the optical potential. It is a real but energy independent
term. The second order contributions are given by V(2) which is
generally a complex interaction and represents the leading term of
the imaginary part of the optical potential. In practice only the
imaginary part is calculated,

Im VWI(r,r*;E) = Im 2*<0lvlN>* g <r,r') <N|v|0>*' (11)

The sum is taken over all open inelastic channels which are
described by RPA wave functions |N>. The matrix elements of the
nucleon-nucleon interaction v between |N> and the target ground
state 10> are over the internal coordinates of the target only.
Furthermore, gN is the projectile propagator in the intermediate
states at an energy E-EN, EN being the excitation energy of the
target nucleus in the state |N>. For clearness, the exchange terms
have been neglected in (11). including particle identity [22,23]
leads to more complicated expressions but does not change the
structure essentially. The evaluation of the real part of V(2) is
more complicated since it does not reduce to a simple sum thus
causing numerical convergence problems. However, the contribution
is expected to be relatively small and is neglected.

The choice of the effective nucleon-nucleon interaction is
somewhat ambiguous. From the microscopic point of view the same
interaction v should be used for the Hartree-Fock problem, the
determination of the RPA wave functions and the evaluation of the
coupling term V<2) . However, such a consistency is rather hard to
achieve. Furthermore, there arises also the problem of double
counting due to the use of effective forces. Several very
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sophisticated calculations have been performed on the n-40Ca, p-40Ca
and the n-208Pb optical potentials [22-27] . The corresponding
elastic cross sections resulting from these potentials show the
gross structure of the experimental data but the reproduction is
far from being satisfactory. All investigations indicate that the
inclusion of only inelastic channels as doorways is not sufficient
to obtain the right amount of absorption.

2.4 Recent developments

Since 1985 no calculation of the nucleon-nucleus optical
potential in the framework of the nuclear structure approach has
been reported to my knowledge. However, there have been some
remarkable developments related with the nuclear matter approach
recently. The investigations are focussed on the improvement of the
local density approximation.

A very important work has been performed by Brugger et al.
[28,29]. Based on the ladder approximation they have formulated a
semiclassical expansion of the microscopic optical potential which
has as its lowest order term the local density approximation of the
nuclear matter approach. The theoretically derived second order
terms exhibit the dependence on curvature effects and represent
corrections beyond the local density approximation. A numerical
calculation in a schematic model with 208 nucléons (it is not 208Pb
since isospin effects have been ignored) indicates clearly that the
second order corrections are restricted to the surface region. They
flatten the total potential at the surface shifting the rms radii
to larger values as obtained from phenomenological analyses. The
global properties, such as e.g. the volume integral of the
potential remain unchanged. In agreement with the physical
expectation the corrections are vanishing with increasing energy.
However, between 20 and 100 MeV they are still of considerable size
and should be taken into account. Furthermore it has been shown
that the phenomenological folding in the improved local density
approximation can simulate the correction terms. Up to now the
evaluation of higher order terms is not possible and therefore the
question whether the expansion converges is still open.

Recently a density matrix expansion for the microscopic
optical potential has been formulated [30].The method is related to
the expansion of Negele and Vautherin [31] and avoids the doubtful
localization procedure for the effective nucleon-nucleon force in
the folding potential.

With respect to the description of preequilibrium processes a
recent investigation of the temperature dependence of the optical
potential should be mentioned [32] . In this study the nucléon self-
energy in nuclear matter is calculated using almost all kinds of
phenomenological Skyrme-interactions which can reproduce the
nuclear ground state and the optical potential at zero temperature
simultaneously. Since a phenomenological effective interaction is
used we must only include the lowest order contributions of the
perturbation expansion in the determination of the self-energy. In
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this approximation the optical potential is the sum of the Hartree-
FocJc potential VHP and a second order term Wt2) which represents the
lowest order contribution to the imaginary part. Both terms depend
on the occupation number na of the single particle state |a> with
energy ea. Usually the expectation numbers na at zero temperature
are taken

ea<eF
(12)

6F being the Fermi energy. From statistical mechanics the
distribution na at finite temperature T is given by

na =|l + exppijrjj , (13)

where ji is the chemical potential which is equal to EF for T=0. At
normal nuclear matter densities p ~ 0.17 fm~3 the chemical potential
is decreasing with increasing temperature. In order to construct
the optical potential for finite nuclei a simple local density
approximation is applied. Evaluations of the n-Ca and n-Pb optical
potentials in the energy range from 10 to 50 MeV show an increasing
absorption with increasing temperature (T=0-6 MeV). This behaviour
can easily be understood by the temperature dependence of the
occupation numbers. The real part becomes shallower with increasing
temperature but the dependence is rather weak. These features
should be taken into account when the scattering of a nucléon on an
excited target is considered.

3. Optical potentials for composite projectiles

3 .1 Survey and problems

Microscopic calculations of the light-ion nucleus optical
potentials are not as advanced as it is t2ae case in the nucleon-
nucleus system. The main reason is the fact that in composite
particle systems the center of mass distance between the colliding
nuclei is a collective coordinate. Therefore many-body techniques
are not applicable directly. Moreover, due to particle identity
there exist partly Pauli-forbidden states in composite particle
systems. As a consequence the relative motion wave function is not
normalised to unity and thus arises the problem of the
interpretation, especially in the overlap region. Investigations of
three-cluster systems [33,34] suggest the use of an off-shell
transformation of the relative motion wave function in order to
restore its interpretation as a probability amplitude. These
difficulties are responsible that only crude approximations to the
microscopic optical potential for composite projectiles have been
realised to date. Fig. 3 gives a synopsis of the approximations
used for the calculation of the light-ion nucleus optical
potential.
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The folding model which has often been applied in analyses of
elastic scattering data [35,36] is rather phenomenological.
Especially the effective nucleon-nucleon interaction is taken to be
of simple form. Apart from the folding model the different
approaches are discussed in more detail in the following
subsections. I report only on optical potential calculations in cc-
particle nucleus systems, but also d, t and 3He scattering have
been treated microscopically. Recently, calculations in the nuclear
matter approach for t [37,38] and 3He [39] have been published.

3.2 The RGM optical potential

The single channel resonating-group method (RGM) [40] is an
appropriate tool to study the real part of the optical potential.
The RGM is based on a weak, phenomenological effective nucleon-
nucleon interaction v and takes full account of the
antisymmetrisation between projectile and target nucléons. The RGM
potential is given by

<r|TR-!-VRGM-Er|r"> = <\|/AVB? | ( TR-E r+£ ]Tvij U|\l/A\|/B?'> , (14)

where TR is the kinetic energy of the relative motion, Er is the
scattering energy, A is the antisymmetrisation operator and VA,VB
denote the ground state wave functions of target A and projectile
B, respectively. The projectile and target ground states are
usually described by the harmonic oscillator shell model. In order
to construct an optical potential a phenomenological imaginary term
W is added.

Vopt - V*3" + VÎT i W VN" (15)

where N is the norm integral kernel.

Recently, Wada and Horiuchi [41] have performed such a
calculation in the o-160 system. They used a squared Woods-Saxon
form

W(r) - - Wo / { l + exp [ (r-Ri)/ai] } 2 (16)

with fixed values Wo-25 MeV and ai-0.65 fm for the imaginary part.
Adjusting only the radius parameter Ri they succeeded in
reproducing the scattering cross sections up to 70 MeV surprisingly
well. The radius parameter is slightly increasing with increasing
energy thus simulating the stronger absorption. To my knowledge
this is the first time that an RGM calculation gives good agreement
in such an extended energy interval.

3.3 The nuclear structure approach

It is a great challenge to calculate also the imaginary part
of the optical potential for composite projectiles. For this
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purpose it is necessary to start from the operator formulation (1)
of Feshbach [1]. The second term of (1) takes into account the
coupling to other channels and is responsible for the imaginary
part. There have been several attempts to calculate this term for
ct-40Ca scattering [42-44] treating the a-particle as an elementary
particle. Neglecting antisymmetrisation and considering second
order contributions to the optical potential with respect to the
effective projectile target-nucleon interaction only, the imaginary
part W(2) is given by

W ( 2 )(r ,r ' ;E)=Im 2* <rVAlVnBlr\/N> g N ( r , r ' ;E) <r>N|VnBIr'\|fA> (17)

where IVN> denotes the intermediate target excited states of energy
EN. VnB is the projectile target-nucleon interaction, and gN is the
intermediate projectile Green's function calculated at the energy
(E - E N ) . These calculations take explicitly into account all
energetically open inelastic channels and are therefore known as
the nuclear structure approach in analogy to the nucleon-nucleus
system.

The first order potential which dominates the real part
corresponds to the RGM potential. For simplicity, however, first
calculations [42,43] use a phenomenological potential focussing
their interest completely on the imaginary part. Only the most
recent calculation determines the first order potential by the so-
called fish-bone model [45] which contains the essential features
of the RGM potential. The complex structure of the optical
potential requires a complete nonlocal calculation of the elastic
differential cross section [46]. In the energy range from 26-36 MeV
the calculated differential elastic cross sections show the gross
structure of the experimental data. But one cannot speak of a
reproduction of the data because the inelastic channel accounts
only for about 50% of the reaction cross section. It is outlined
that the correct treatment of the Pauli principle in the
intermediate channels as well as the inclusion of transfer channels
will be essential.

3.4 The nuclear matter approach

The nuclear matter approach to the nucleon-nucleus optical
potential can be easily extended to nucleus-nucleus systems by
performing a double folding procedure [47] using similar effective
nucleon-nucleon forces,

Vopt(?) = xJd
3rA pA(rA) Jd3rB pB(rB) t (r+rB-?A,pA,pB,E) (18)

Here, 31 is a strength parameter which is adjusted to the
experimental data, and PA and pB are the projectile and target
ground state densities, respectively. Furthermore some
phenomenological corrections are often made in order to account for
antisymmetrisation effects [47].

- 99 -



Recently, Kobos et al. [48] have proposed a folding model for
the real part based on a density dependent modification of the M3Y
force [49]. It is not a complete nuclear matter approach because
the imaginary part is added phenomenologically. An application to
a-nucleus scattering [50] gives not only overall good fits but
shows a nearly constant value of X=1.30. Furthermore it has been
shown that the application of such potentials in three-nucleon
transfer reactions improves the normalisation considerably [51].

4. Summary

I have tried to give a comprehensive but nevertheless concise
review on microscopic calculations of optical potentials. The
different possible formulations show the complexity and the
ambiguous nature of the problem.

Summarising it is fair to say that the nucleon-nucleus optical
potential is conceptually quite well understood and due to the well
developed techniques of many-body field theory numerical
calculations are feasible. The nuclear matter approach allows even
quantitative calculations of the elastic and inelastic scattering
observables. Furthermore global features of empirical optical
potentials can be explained.

The situation is worse for light-ion nucleus optical
potentials. Serious conceptual problems arise from the
compositeness of the projectile. Here, microscopic calculations are
still at the beginning and crude approximations are required in
order to retain numerical calculations feasible. The nuclear
structure approach can reproduce the gross structure of the elastic
differential cross sections but suffers from a lack of absorption.
Promising results can be obtained in the nuclear matter approach
adjusting few parameters phenomenologically.

It is certainly a great challenge to calculate the optical
potential starting from first principles. But one should always
bear in mind that the optical potential is an effective operator
when one tries to determine the "physical" potential. In particular
this is valid in the comparison of microscopic and phenomenological
optical potentials. The only reliable point of connection is and
remains the elastic S-matrix.
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RECENT RESULTS EST THE DEVELOPMENT OF A GLOBAL MEDIUM-ENERGY
NUCLEON-NUCLEUS OPTICAL-MODEL POTENTIAL

D. G. Madland
Theoretical Division, Los Alamos National Laboratory
Los Alamos, New Mexico 87545 USA

ABSTRACT

Initial results are presented for the determination of a global medium-energy nucleon-nucleus
phenomenological optical-model potential using a relativistic Schrôdinger representation. The
starting point for this work is the global phenomenological optical-model potential of Schwandt et
al., which is based on measured elastic scattering cross sections and analyzing powers for
polarized protons ranging from 80 to 180 MeV. This potential is optimally modified to reproduce
experimental proton reaction cross sections as a function of energy, while allowing only minimal
deterioration in the fits to the elastic cross sections and analyzing powers. Further modifications in
the absorptive potential were found necessary to extrapolate the modified potential to higher
energies. The final potential is converted to a neutron-nucleus potential by use of standard Lane
model assumptions and by accounting approximately for the Coulomb correction. Comparisons of
measured and calculated proton reaction and neutron total cross sections are presented for 27A1,
56Fe, and 208Pb. Medium-energy optical-model potentials for complex projectiles are briefly
discussed in an appendix.

- 103 -



INTRODUCTION

Realistic calculations of specific medium-energy proton- or neutron-induced reactions that
take into account distortion effects and total flux conservation require an optical-model potential that
satisfactorily reproduces the elastic scattering and integrated scattering observables at these
energies. In particular, the observed elastic differential cross section o(0) and analyzing power
Ay(9) should be well reproduced in order that distortion effects are correctly described, and the
observed proton total reaction cross section OR or neutron total cross section o j should be well
reproduced in order that the calculated specific reactions all sum to the correct physical value. In
this work the status of a global phenomenological nucleon-nucleus optical-model potential for
medium-energy scattering that is being developed1-2 is presented. This potential primarily
reproduces the integrated scattering observables and secondarily, the elastic scattering observables.
Described here is how the potential is obtained and how its predictions compare with the measured
observables.

METHOD

The starting point of this work is the global phenomenological proton optical-model potential
of Schwandt et al? This potential is based upon experimental elastic scattering and analyzing
power angular distributions for target masses A and incident proton energies Ep in the ranges

24 «S A «S 208, and
(1)

8OMeV£Ep£18OMeV,

respectively. The data were analyzed in the framework of a relativistic Schrodinger-type wave
equation4 generated by appropriate reduction of the Dirac equation for a massive, energetic fermion
moving in a localized, central potential V(r). If the potential V(r) is chosen to be the fourth (time-
like) component of Lorentz vector potential, the reduced two-body problem with relativistic
projectile mass and non-relativistic target mass then leads to a relativistic radial wave equation for
the ft'th partial wave that is of the same form as for the conventional non-relativistic Schrôdinger
equation, namely,

£ [ ] } FL(P)=0. (2)
dp lc p

In this equation, p = kr where k is the relativistic wave number, Tc is the total center-of-mass
kinetic energy, and y is a factor by which the potential is renormalized in the relativistic calculation,

7 = 1 + ^ 0 ; + 2m) . (3)

Using this formalism, an energy-dependent complex potential of Woods-Saxon form was
assumed and best-fit parameters were obtained for each individual experimental data set by
performing least-squares adjustments. The resulting sets of parameters were then examined for
simple dependencies with respect to the incident proton energy, the target mass number, and the
target asymmetry parameter (N-Z)/A. In this way, Schwaridt et al? obtained the following global
phenomenological proton potential:

VR = 105.5(1 - 0.1625 In Ep) + 16.5 (N-Z)/A , (4)
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rR = 1.125 + Ep/103, Ep £ 130 MeV

= 1.255, Ep>130MeV

aR = 0.675+ 3.1 Ep/104 , (6)

WV = 6.6 + 2.73 (Ep - 80)/102

+ 3.87 (Ep - 80)3/106 , (7)

H= 1.65- 2.4 Ep/103 , (8)

ai = 0.32 +2.5 Ep/103 , (9)

Vso = 19.0(1 - 0.166 In Ep) - 3.75 (N-Z)/A ., (10)

Wso = 7.5(1 - 0.248 In Ep) , (11)

ryso = 0.920 +0.0305 Al/3 . (12)

avso = 0.768 - 0.0012 Ep , Ep <, 140 MeV-»

| (13)

= 0.60, Ep>140MeV

rwso = 0.877 + O.O36OAV3 t m^ ( 1 4 )

(15)

where the units are MeV and fermis. The only deviations found in Eqs. (4)-( 15) were that (a) ryso
= 0.98 and rwso = 0.96, for 24Mg and 28Si at 135 MeV, and (b) the transition point in rR, Eq.
(5), for Ca occurs at 180 MeV instead of 130 MeV.

Using this potential as a starting point, the goal is defined as a global phenomenological
nucleon-nucleus optical-model potential valid for target masses and incident nucléon energies in the
ranges

24 £ A £ 208, and
(16)

50 MeV £E p , En £400 MeV ,

respectively. Comparing Eqs. (1) and (16), one sees that there are two tasks. The first is to extend
the energy range of the proton potential downwards to 50 MeV and upwards to 400 MeV. The
second is to attempt to transform the extended proton potential to a neutron potential valid for the
same energy range.

The method used consists of the following: Only the parameters of the proton central
absorptive potential (Wy, rj, ai) are adjusted to optimally reproduce the experimental proton total
reaction cross section OR in the extended energy range. All other parameters remain at their
original values. In particular, the spin-dependent absorptive potential (W30, rwso, &wso) remains
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unchanged due to the fact that, at this stage, experimental spin-dependent observables have not yet
been included from the extended energy range in the analysis. The adjustments to the parameters
of the absorptive potential are performed allowing only small changes in the calculated elastic
scattering observables. Assuming a satisfactory proton potential is obtained with this method, the
transformation to the corresponding neutron potential is made by using a simple Lane model,
namely,

(N-ZyA -> -(N-Z)/A , (17)

wherever this factor appears [in VR, Eq. (4), and in Vso» Eq. (10)], and by using a simple
Coulomb correction5 in the real central potential, namely,

VcORR = 0.4Z/AV3 . (18)

Note that no Coulomb correction explicitly appears in the real central part of the original potential,
Eq. (4). Thus, to obtain the neutron potential, one assumes that this correction is present implicitly
in the real central part of the proton potential so that subtraction of Eq. (18) completes the
transformation.

All of the calculations reported in this work have been performed using the optical-model
code 6 SNOOPY8 with relativistic wave equation (and relativistic kinematics) given by Eq. (2). A
measure of the influence of relativistic effects is given in Figs. 1 and 2 where the calculated proton
total reaction cross section and neutron total cross section are shown, respectively, as a function of
projectile energy for three relativity options, using fixed parameter sets for protons and for
neutrons. Clearly, for energies above 50 MeV, relativistic effects cannot be ignored where high
accuracy is required. The magnitudes of the differences between the fully relativistic Schrodinger
and nonrelativistic Schrodinger representations are 2.2% at 50 MeV, 4.6% at 100 MeV, and 10.5%
at 400 MeV, for the proton reaction cross section, and are 1.3% at 50 MeV, 7.0% at 100 MeV, and
14.7% at 400 MeV, for the neutron total cross section.

Preliminary results have been obtained by considering the target nuclei 27A1, 56Fe, and
208pDj together with corresponding experimental proton total reaction cross sections and neutron
total cross sections for the energy range given by Eq. (16). It was observed that the original proton
potential of Schwandt et al? predicts a total reaction cross section OR that increases strongly with
increasing incident energy as one approaches the upper end of the range of validity for the model,
180 MeV, and in fact, diverges as the energy is increased further (beyond the range of the
potential). The source of this divergence is the strong energy dependence chosen for the strength
Wy of the central absorptive potential, namely, a third-order polynomial in the incident energy, as
given in Eq. (7).

This problem is addressed by dividing the modified potential into two regions: a lower energy
region in which no divergence occurs in OR and an upper energy region where the divergence in
OR begins and grows with increasing energy. The form of Wy is then changed in the upper region
so as to remove the divergence. An energy grid of 31 points was chosen to span the range given
by Eq. (16), and a number of survey calculations were performed to determine the dividing point
between the two regions. In this way, the value 140 MeV was determined. Thus, the two regions
of the modified potential are defined as follows:

Region I: 50 MeV <, En, En <, 140 MeV, and
(19)

Region H: 140 MeV < Ep, En <, 400 MeV.
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A study was then performed using the same energy grid, in which various forms of the
absorptive potential were tested and optimized with respect to reproduction of the experimental
proton total reaction cross section, while minimizing the deviations from the elastic differential
cross sections and analyzing powers calculated with the original potential (the approximation has
been made here that these are identical to the experimental values). This study, for protons incident
on 27A1,56Fe, and 208Pb, lead to the following adjustments in the central absorptive part of the
original potential of Schwandt et a/.3:

Region I: Wv is unchanged,

n is unchanged, and

ai = 0.27 + 2.5 E/103. (20)

Region I t Wy = 7.314 + 0.0462E, (21)

n = 1.17, and (22)

ai = 0.59 for27Al

= 0.66 for56Fe (23)
= 0.79 for208Pb .

In Eqs. (20) and (21), E is either the incident proton energy Ep or the incident neutron energy En.
The original proton potential of Schwandt et al.3, Eqs. (4)-(15), together with the adjustments given
by Eqs. (20)-(23), define the modified proton potential for the energy range given by Eq. (16).
Similarly, the modified neutron potential for the same energy range is given by the identical
equations together with the transformation given by Eqs. (17) and (18). It is noted here that
neutron scattering observables were not used to determine the adjustments, Eqs. (20)-(23). Thus,
a good test of the assumed transformation to neutron scattering, given by Eqs. (17) and (18), will
be obtained in subsequent comparisons to the neutron measurements (next section). It is also noted
here that the modified potential is discontinuous across the 140-MeV boundary, for both proton
and neutron scattering. This is a serious drawback of the modified potential and it will have to be
corrected in the final version. Nevertheless, even in its present form, the discontinuous potential
does not lead to large corresponding discontinuities in the calculated observables.

RESULTS

The results obtained using the modified potential for proton and neutron scattering by 27A1,
5^Fe, and 208pD are now discussed. First, the results for 2/A1 are shown in Figs. 3-8. In Fig. 3,
experimental proton total reaction cross sections for 27M are compared with values calculated from
the original potential of Schwandt et al?, for its energy range given by Eq. (1), and with values
calculated from the modified potential, for its energy range given by Eq. (16). Although the
experimental data are sparse, they clearly constrain the central absorptive potential of the modified
potential to an energy dependence that is well approximated by a linear assumption above 140
MeV. Overall, the agreement with experiment is good. On the other hand, the third-order

half of its energy range.

In Fig. 4, experimental neutron total cross sections for 27Al are compared with values
calculated from the original potential of Schwandt et al?, transformed to neutron scattering via
Eqs. (17) and (18), and with values calculated from the modified potential, also transformed to
neutron scattering via Eqs. (17) and (18). The energy ranges for the two potentials are, again,
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given by Eqs. (1) and (16), respectively. The experimental neutron total cross sections constrain
the central absorptive potential of the modified potential to an energy dependence that is, again,
well approximated by a linear assumption above 140 MeV. Overall, the agreement with experiment
is good, except in the region between approximately 100 and 200 MeV where the calculated values
are 6-7% high - possibly indicating deficiencies in the transformation given by Eqs. (17) and (18).
Similar to the proton results, the third-order assumption of the original absorptive potential tends to
produce unphysical values of o t in the upper third of its energy range.

In Figs. 5-8 the changes in the elastic scattering and analyzing power angular distributions
that are caused by the modifications to the original potential are examined. For comparison
purposes, it is assumed that the original potential predicts these experimental observables very well
and therefore that a comparison of the predictions of the modified potential to those of the original
potential is equivalent to comparisons with experiment. Energies that are 10 MeV below and above
the boundary point of 140 MeV have been chosen to compare the elastic scattering in Figs. 5 and 6,
and to compare the analyzing powers in Figs. 7 and 8. The elastic scattering hardly changes at all
in Region I, for the entire angular range, and changes significantly in Region II only at angles
above about 75° where it is approximately six orders of magnitude down from the forward
scattering. Thus, the changes in the elastic scattering due to the modifications of the potential are
small. The same conclusion is reached for the analyzing power, which hardly changes at all in
Region I, and changes significantly in Region II only at angles above about 95.°

Results entirely similar to those just described for 27A1 are obtained for 56Fe, shown in Figs.
9-14, and for 208Pb, shown in Figs. 15-20. Note, however, that the experimental situation for the
proton total reaction cross sections on 2 0 8Pb, Fig. 15, is somewhat ambiguous and that the
tendency toward diverging CTR values calculated from the original potential is just beginning, near
180 MeV. Also note that in the case of the neutron total cross sections, the modified potential
yields predictions that are within approximately 5% for 5^Fe, Fig. 10, and also approximately
within 5% for 208pt>, Fig. 16, except near 50 MeV where they are systematically low by as much
as 10%. Finally, note that no angular dependent neutron data have been included in the analyses
due to the sparsity of such data.

The conclusions of this section are that (1) the linear absorption of the modified potential
provides for accurate calculation of the proton total reaction cross section for the extended energy
range, (2) the transformation of the modified proton potential to the modified neutron potential via
Eqs. (17) and (18) works reasonably well, 5-10%, over the same extended energy range, and (3)
the modified potential does not overly deteriorate the predictive ability for elastic scattering and
analyzing powers.

CONCLUSIONS

The overall conclusions from this preliminary work on obtaining a global medium-energy
nucleon-nucleus phenomenological optical-model potential are that the present potential is of
sufficient accuracy that specific neutron- and proton-induced reactions can be calculated with
expectations that they sum to the correct physical values, and that simultaneously the angular-
dependent proton elastic scattering observables are reasonably well reproduced, while the angular-
dependent neutron elastic scattering observables may be reasonably well reproduced. Further
work on this potential seems justified in light of the results obtained to date.

APPENDIX: COMPLEX PROJECTILES

Approximate medium-energy optical-model potentials for deuterons, 3He, tritons, and alpha
particles (d, h, t, a ) can be obtained using a simplified Watanabe model.7 Although no claims of
high accuracy can be made with this approach, it has been found, nevertheless, to work

- 100 -



surprisingly well in producing starting parameter sets for optical-model searches on complex
projectile scattering data. It has also been used with reasonable success to obtain complex
projectile potentials where no data exists at all.

In simple form, one assumes that a proton-nucleus potential VP(Ep) and a neutron-nucleus
potential Vn(En) are given, where the geometries of the potentials are constant and the real and
imaginary strengths are energy dependent, except for the spin-orbit strength, which is assumed to
have the same constant value Vso for both protons and neutrons. Then the simple version of the
model states that the deuteron-nucleus potential is equal to the sum of the nucleon-nucleus
potentials at half the energy, namely,

Ep = Ed/2, En = Ed/2

Tensor polarization has been ignored in this approximation. Similarly, the helion-nucleus potential
is equal to the sum of the nucleon-nucleus potentials at one-third the energy, namely,

Ep = Eh/3, En = Eh/3

Vh(Eh) = VP(Ep) + VP(Ep) + Vn(En), and

By the same logic, the triton-nucleus potential is given by

Ep = Et/3,En = Et/3,

Vl(E0 = VP(Ep) + Vn(En) + Vn(En), and

Finally, the alpha-nucleus potential is equal to the sum of the nucleon-nucleus potentials at one-
fourth the energy, namely,

Of course, in all cases the Coulomb potential is calculated appropriate to the charge of the complex
projectile.

One would expect the model to perhaps work best for the deuteron, which is the least tightly
bound of the four complex projectiles considered, and to perhaps work worst for the alpha particle,
which is the most tightly bound of the four. At medium energies, however, the model performs
reasonably well for alpha particle and 3He scattering in addition to deuteron scattering. Note that
an even simpler model can be used in this approach by replacing the neutron-nucleus potential

E ) in the above equations with the proton-nucleus potential VP(Ep).
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THE STANDARD HYBRID- AND EXCITON-MODEL FOR

PREEQUILIBRIUM REACTIONS

J. Bisplinghoff

Institut fur Strahlen- und Kernphysik

Universitât Bonn, 5300 Bonn 1, W. Germany

Abstract :

The Exciton- and Hybrid model of preequilibrium emission differ in

their assumptions about the nature of particle hole states, in

their computational concepts and in their predictions of emission

cross sections. These differences are reviewed and shown to make

the models unreconcilable. Consequences for the use of the models

are discussed.

1. Introduction

Phenomenological models for preequilibrium reactions have been in

use for decades both to predict cross sections for a number of

practical purposes and to test ideas about the underlying physics.

Among them are two models which have enjoyed special popularity,

the Exciton model /1,2/ and the Hybrid model /3/. Both are par-

ticularly elegant formulations and manage to describe a rather

complex type of reaction by remarkably simple closed-form

equations. This makes them attractive and has no doubt contributed

to their popularity, as they are

easy to use and economic in computing time

practical to be employed in routine calculations

convenient as a tool to test ideas about the physics governing

preequilibrium reactions.
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Although these models lack some of the rigorousness of more

elaborate quantum-mechanical treatments /4/ that are now becoming

applicable, their basic assumptions tend to be confirmed by such

more sophisticated approaches, so that the usefulness of the

phenomenological models remains unchallenged and that they are,

perhaps, better than the term "phenomenological" would suggest. It

should also be kept in mind that, while the quantum-mechanical

approaches are parameter-free in principle, they do offer some

latitude for adjustment to experimental data, e.g. via a suitable

choice of model wave functions etc. On the other hand, their

predictive power extends further, in my opinion, than that of

either the Hybrid- or the Exciton model in that they can predict

angular distributions: The physics that governs preequilibrium

angular distributions is interference of partial waves influenced

both by nucleon-nucleon and nucleon-nucleus interaction. This is

treated explicitly in the quantum-mechanical approaches, but it

is not part of the phenomenological models, and quasi-free

nucleon-nucleon scattering dynamics, which have sometimes been

used as a substitute, do not reproduce the experimental angular

distribution data well.

Therefore, I will discuss the Exciton- and Hybrid-Model in their

basic form, i.e. as predicting angle-integrated spectra. I will

also not address such refinements as the inclusion of y-emission,

isospin-effects, geometry-dependence etc., as these topics are

mostly covered in other lectures during this meeting.

While basically only one formulation /3/ exists for the Hybrid

model, the Exciton model comes in several varieties. One of these,

Gadioli's formulation /2/, is particularly suitable for comparison

as it uses the same ingredients as the Hybrid model, including

quasi-free intranuclear nucleon-nucleon scattering cross sections

to describe thermalizing collisions. I will therefore explicitly

discuss only Gadioli's formulation of the Exciton model. Neverthe-

less, the conclusions remain valid also for Exciton model

varieties that employ an average matrix element to calculate

intranuclear transitions. They are just harder to pin down

numerically as basic differences between the models can be
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absorbed into or masked by the particular choice of that matrix

element.

The Hybrid and the Exciton model differ from one another in

several ways and there has been much discussion about which model

is "correct" and if and how they may be reconciled with each

other. Not long ago, these differences were reviewed in detail and

discussed with respect to both their conceptual and practical

importance /5/. The details need not be repeated here, but I will

restate some of the findings and discuss what progress has been

made in the meantime and what might, perhaps, be done in the

future.

2. The basic difference: Configuration mixing

The expression used in both the Hybrid- and the Exciton model to

calculate preequilibrium emission cross sections may be written as

î
J| " ®F H Di JtCE.ep.p.h) \ c(e p) T (1)

i-0

with 6p Entrance channel fusion cross section

i Index denoting groups of emission chances (dif-

ferently defined in the two models)

Dj Depletion factor, taking into account emission from

previously treated groups of emission chances

O£ Exciton distribution functions, i.e. probability of

finding an exciton at single particle energy ep

E Total excitation
ep/h Single exciton energy for particle/hole

\c Rate of emission into the continuum for a particle

exciton with channel energy 6 - e^- S, calculated

from reciprocity in both models

S Separation energy of particle to be emitted

f Lifetime, differently defined in the two models

p Number of particle excitons

h Number of hole excitons

n-p+h Total exciton number
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The difference between the models which is by far the most

important, both conceptually and practically, arises from the way

the lifetime, T , is defined:

Both the Hybrid- and the Exciton model envision the composite

system as equilibrating via a series of Markoff type nucleon-

nucleon interactions and thereby passing through a corresponding

series of increasingly complex particle hole states. These are

characterized by the number of excited nucléons (particles) and

vacant levels below the Fermi surface (holes) participating in the

excitation. It is convenient to think of these intermediate states

as of configurations . i.e. of combinations of single exciton

excitations, where each exciton occupies a well defined single

exciton level, so that the n-exciton state wave function can be

written as a product of single exciton wave functions. Then,

single exciton level occupation numbers are good quantum numbers,

and the excitons may be treated as independent from one another.

The intermediate states may, however, also be mixtures (linear

combinations) of configurations. Each state may then decay through

any of its component configurations, single exciton level

occupation numbers are no longer good quantum numbers and excitons

can no longer be considered as independent. It is far from obvious

how much configuration mixing occurs in nature.

If no configuration mixing is assumed to occur, excitons act

independent of one another. The probability for an exciton

residing at single particle energy ep to be emitted may then be

expressed by a single particle branching ratio

Ac (ep)

h c(ep) +

where X + (ep) is the rate at which an exciton undergoes a cher-

malizing collision. This is the Hybrid model picture, in which the

lifetime,T, in Eq. (1) is

(2)
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the single particle lifetime.

The exciton distribution function, Çi(E,ep,p,h), is the proba-

bility for an exciton to be excited to ep either in the formation

of the composite system or in the history of equilibration. It is

meant as an average over a large ensemble of individually

different successions of particular particle hole configurations.

The distribution functions are usually calculated in terms of

Ericson type particle hole state densities. It is easy to verify

that the number of particles assumed to undergo either emission or

a thermalizing collision within one term in the sum of Eq. (1) is

E

J Ç i (E , e p , p , h ) j \ c ( e p ) + X+(ep)j T dep - p (3 ) .
0 E

Simi la r ly , [ f i ( E , e h , p , h ) X + ( e h ) T d e h - h (4) ,

0

as *

Consequently, evaluating one term in the sum of Eq. (1) for all

possible energies ep in the Hybrid model covers the emission

possibilities that arise from all p particles until each one of

them has undergone another thermalizing collision, thereby

producing a new 2plh subsystem.

Similarly, the holes produce Ip2h subsystems, so that

" 2Pi + hi - hi+l " 2hi + Pi • ni+l - 3ni (5).

Emission chances are thus seen to be grouped according to exciton

generations in the Hybrid model. The group index i denotes the

number of thermalizing collisions which all excitons produced in

the initial target projectile fusion have already undergone.

Exciton numbers evolve according to Eq. (5) from generation to

generation, and not, as the usual model formulation suggests,

according to

Pi+1 " Pi + 1 - hi+l - h i + l , n i + 1 - n£ + 2 (6).
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A different model formulation results, if maximum rather than zero

configuration mixing is assumed in the sense that the n-exciton

states are assumed to have - on the average - equally strong

components of all n-exciton configurations possible at total

excitation E. Then, excitons are no longer independent, and the

decay of n-exciton states must be considered rather than that of

single excitons. Emission of a particle of energy ep can only

occur if the n-exciton state decays through a component configura-

tion that has a particle suitably excited. It may, however,

equally well decay through any of its other component configura-

tions (not having a particle at e p). If the average statistical

weight that configurations carry in the mixed n-exciton states is

assumed to be given by O£(E,e,p,h), a branching ratio

?i(E,ep,p,h) Ac(ep)

) Ji(E,ep,p,h) [Xc(ep) + A+(ep)J dep -!- }?i(E,eh,p,h) X + (eh)deh

0 0

results. This is the Exciton model picture, and it conforms with

Eq. (1) when the lifetime, T , is taken to be

rE ' E

T-K?i<E,ep,p,h)[Xc(ep) + *+(ep)]dep + J?i <E , eh , p , h)A+(eh) dehl , (7)
U 0 J

the average state lifetime.

It is crucial to note that in the Excitoi; model approach particle

emission with channel energy £ - ep- S competes against decay

through n-exciton state component configurations that do not have

a particle at excitation ep. This is a consequence of configura-

tion mixing and the most important difference - both conceptually

and numerically - to the Hybrid model.

Integration analogous to Eq.'s (3) and (4) yields

E E

Jçi<E,ep,p,h)[xc(ep)+X+(ep)]Tdep + J?1 (E , eh ,p , h)> + (eh) T deh - 1 (8)
0 0

in the Exciton model. This means that the transition between

successive groups of emission chances (or terms in the sum of Eq.
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(1)) is mediated by action of one and only one exciton. Emission

chances are grouped according to n-exciton states, and exciton

numbers evolve according to Eq.(6).

It was demonstrated in ref. /5/ that the most important dif-

ference between the Hybrid and Exciton model approaches is what

the models - implicitly - assume about configuration mixing. This

is because this difference affects the first and dominating term

in Eq. (1), whereas other differences affect only higher order

terms .

The Hybrid model assumes zero mixing. Excitons are assumed to be

independent, much in the spirit of the intranuclear cascade model.

Emission chances are grouped according to generations of excitons,

and exciton numbers evolve according to n-i + 1 — 3n^ from genera-

tion to generation.

The Exciton model assumes maximum configuration mixing. Excitons

are not independent of one another, similar in spirit to the

evaporation model. Emission chances are grouped according to

generations of n-exciton states, and exciton numbers evolve

according to nj +^ - n^ + 2 from generation to generation.

This difference between the models is at a rather fundamental

level and consists of two mutually exclusive assumptions.

Therefore, a unification of the models is impossible, and a claim

to the contrary /6/ is no longer maintained /I/.

3. Consequences and other differences

As a direct consequence of the differing assumptions about

configuration mixing, the cross section predictions of the Hybrid

and the Exciton model differ by a factor of two in a typical case

/5/, when no mean free path multiplier is used in the Exciton

model calculation. This is largely due to the strong hole

interaction rates used in the Exciton model. They result in the

prediction of a sizable probability for n-exciton states to decay

by hole interaction and for a correspondingly diminished particle

emission, whereas they make no difference in the Hybrid model.
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These hole interaction rates were derived from quasi-free nucléon-

nucléon scattering by Gadioli /8/ and recently reexamined in an

independent calculation of a different type /9/. These recent

calculations are in good agreement with the rates obtained by

Gadioli and basically just confirm his result. It thus seems an

unescapable fact that the differing assumptions about configura-

tion mixing lead to adverse cross section predictions. There is,

of course, a large number of tests of the predicted cross sections

against experimental data. These tests are inconclusive, however,

as differing refinements of the models and differing parameter

choices were employed (e.g. a mean free path multiplier in the

Exciton model, geometry dependence in the Hybrid model, differing

single particle state densities etc.). To decide the question of

configuration mixing, it is perhaps less suitable to look at

agreement with measured absolute preequilibrium cross sections. It

is rather quite conceivable that a better test is to see which

assumption - or which model, when used in its most basic form and

identical parameter choices - gives better agreement with the

dependence of measured preequilibrium cross sections on the total

excitation energy. At present, this remains an open question.

Additional clues may come from quantum-mechanical treatments

addressing the question of configuration mixing /10/.

Another consequence of the configuration mixing question is that

the Exciton model produces exclusive spectra and the Hybrid

approach does not. In the latter model, owing to the assumed

independence of excitons, a distinction between single and

multiple precompound emission is not readily made. This question

is addressed in a separate lecture in this meeting /ll/ and it may

suffice here to state that at present there are two solutions. One

is to introduce a few simple and plausible but not rigorously

justifiable assumptions /12/. The other is a more rigorous

treatment /13/ at the cost of losing the computational simplicity

of the "traditional" Hybrid model.

Apart from the configuration mixing problem, there are other

differences between the Exciton and the Hybrid model. One rests

with the fact that calculating exciton distribution functions as a
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simple ratio of Ericson-type n-exciton state densities is

inconsistent with quasi-free nucleon-nucleon scattering for all

terms of the sum in Eq. (1) other than the first. This is true for

both models, and the use of state density ratios must be con-

sidered an approximation in either approach. It is approximative

in a different way in each model, and particle hole numbers

according to Eq. (6) rather than (5) are used in the Hybrid model.

This problem is discussed in detail in refs. /5/ and /6/, and more

accurate - and complicated - distribution functions are given. In

most practical calculations, however, this is not important, as

the approximation affects only higher order terms which give small

cross section contributions. This was explicitly confirmed for

Hybrid calculations /1A/. For the Exciton model, the test remains

to be done but is expected to show that level density ratios are a

good approximation, just as in the Hybrid approach.

Another minor point is that the depletion factor used in the

original Hybrid model formulation /3/ is incorrect. It should be

i

Di " k-1 (Pk - ck-l) / Pk (9)

instead of i

Di ~ k-1 d " ck-l> (10)

E

with ck_i - \ok-l(E.ep.P.h) X c ( e p ) T d e p (11)

0

Again, this affects only terms other than the first in the sum of

Eq. (1) and makes only a small difference in practical calcula-

tions. More important, a correct depletion factor is given and

used with the improvements suggested in réf. /12/.

As mentioned above, the Exciton model is similar in structure to

the equilibrium evaporation theory. For this reason, it is easy to

include angular momentum conservation into Exciton model calcula-

tions. It can be done in much the same way as is customary in

evaporation theory, and it was shown /15/ that it is important to

do so when cluster emission is considered in reactions involving

relatively high angular momenta. In such reactions, cluster
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emission is apparently largely governed by angular momentum

conservation, and no special coalescence or preformation me-

chanisms have to be introduced. This straight forward (and

parameter-free) approach /15/ does not work, however, in the

domain of low angular momenta. A number of models has been

suggested /16/ to overcome this problem, and their successes will

be discussed in a separate lecture /17/. They involve assumptions

about the preformation of clusters in the composite system or

their coalescence, and they invariably contain an adjustable

parameter, which is not readily overdetermined by the experimental

data. It is a continuing challenge to formulate a simple and yet

parameter-free model for preequilibrium cluster emission. Any

ideas toward that goal are easily implemented into the Exciton

model, as it deals with n-exciton states and the excitons

contained therein coexist within the state life time. The Hybrid

model, on the other hand, is structured according to generations

of independent excitons, which may or mav not coexist at any given

time. That makes it more difficult to implement ideas about the

mechanism of their coalescence into clusters. Similar difficulties

arise, when angular momentum conservation is to be observed in the

Hybrid model. It is conceivable, but not obvious, that the

treatment of réf. /13/ offers a solution to these problems.

4. Summary and Conclusions

Table 1 is an attempt to summarize - in buzz word from - the

points I have addressed, <and parts of it reflect personal opinion

rather than proven fact. The focus is on problems rather than

merits of the models, as the merits are most certainly familiar to

an audience of experts.

Both the Exciton and the Hybrid model continue to be powerful

tools to predict preequilibrium emission cross sections. The

critical «examination presented here is by no means meant to call

into question the validity of the model concepts or their useful-

ness for practical purposes. It is rather intended to help

clarify some points which have been subject to much discussion and
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Table 1

INS

Relevant life time

Configuration mixing

Grouping emission
chances in

Spectra predicted

Exciton distribution
functions n > no

Depletion

Angular momentum
conservation

Ideas about cluster
Tiissioo mechanism

HYBRID model

single particle

none !
independent excitons
l ike, e . g . , in INC

generations of
independent excitons

3n±

not exclusive a )

approximative

incorrect b )

not so easily
implemented c )

not so easily
implemented c )

EXCITON model

average state

maximum !
l ike, e.g. in
evaporation
theory

generations of
n-exciton states

ni + 2

exclusive

approximative

correct

easily
implemented

easily
implemented e )

Remarks

undecided
what occurs
in nature

uncontroversial
and well adapted
to configuration
mixing assumption

a) can be made
exclusive /12,33/

not important
in practical
calculations

b) in original
formulation,
corrected /32/

c) = I don't know
how to do it

d) as in equilibrium
theory, see /15/

e) not parameter-
free as yet

Angular distributions no no



controversy. Both models are particularly elegant and computa-

tionally efficient formulations which have exhibited a remarkably

large predictive power. They richly deserve to have survived the

pioneering stage of preequilibrium calculations to which they have

contributed so much.
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A REVIEW OF PHENOMENOLOGICAL MODELS FOR ANGULAR DISTRIBUTIONS AND
THEIR COMPARISON WITH GENERALIZED PREEQUILIBRIUM MODELS

INCORPORATING A FREE SCATTERING KERNEL

M. Bozoian
Theoretical Division, Los Alamos National Laboratory
Los Alamos, New Mexico 87545 USA

ABSTRACT

A review of the new Kalbach systematics of continuum angular distributions extended to
higher energy for nucleon-induced and -emitted preequilibrium reactions is discussed. The basis
for the systematics is compared and contrasted with the generalized preequilibrium exciton model
incorporating a free-scattering kernel. Comparisons of angular distributed spectra obtained from
these two methods, both of which have been implemented in the GNASH preequilibrium,
statistical nuclear-model code, with measured spectra encompassing an incident energy range from
25 to 200 MeV for several targets from 12C to ̂ B i , are presented.
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1. INTRODUCTION

Implementing a free nuckon-nucleon scattering kernel in the exciton preequilibrium model is
both an aesthetic and logical extension of the master equation basis of this model.1 However, this
resulting generalized exciton model underpredicts cross-section spectra in the backward hemisphere
for reactions with incident energies of several tens of MeV.2

In contrast to this approach based on a Legendre polynomial series, which at back angles can
sum to small and sometimes even negative values, C. Kalbach has extended the Kalbach-Mann
systematics3 to higher energies by fitting angular distributed spectral data over a wide range of
incident energies and reaction types to angular-dependent hyperbolic functions and an energy-
dependent slope parameter, a.4

This paper has a two-fold purpose: first, to compare the predicted angular distributions of
both the generalized exciton model and Kalbach's new systematics with data of nucleon-induced
and -emitted reactions ranging in incident energies from 25 to 200 MeV for targets from 12C to
209Bi; and second, to determine the conditions under which the free-scattering kernel is a suitable
approximation to the data.

Section 2 outlines the basic equations of the two angular distribution approaches. Section 3
compares their predicted spectra with the data. Section 4 is a summary of results followed by the
bibliographic references in Section 5.

Z BASIC EQUATIONS

2.1 Generalized Exciton Model

Akkermans, Gruppelaar, and Reffo5 have demonstrated that incorporating free nucleon-
nucleon scattering within the exciton model is equivalent to augmenting the functional dependence
of the system mean time, x, from x(n) to x(n,Q), where n is the exciton generation number and ii
the direction of particle emission. The connection between these two is:

Q(n,Q) (1)

where
W(n-n0)

with P£ (cos©), the Legendre polynomials of order 8; n» the eigenvalues associated with the free-
scattering kernel obtained from

f 1 (8 = 0)

2/3 (8 = 1) (3)

0 (8 odd, 8*1)

(Ji even)
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and the initial condition Legendre expansion coefficient being

where no = 3 is the usual initial exciton generation number.

The preequilibrium component of double-differential cross section then becomes

][/(n)Wb(n,e) t(n,Q), (5)

where F(n) is the depletion factor, Wb(n, E) is the emission rate probability for a type b particle with
channel energy e, and OCN is the compound nucleus formation cross section.

In contrast to the following systematics that represent simply an angular dependent
multiplicative factor to the cross section, the generalized exciton model exhibits both an n and Q.
dependence to its angular destributions, as seen in Eqs. (2) and (5).

2.2 Kalbach's Higher Energy Svstematics

To help improve predictions of angular distributions at back angles and extend her previous
work to higher energies, C. Kalbach has produced a new systematics of nucléon and alpha particle
induced reactions at incident energies up to 600 MeV.4

These new systematics replace the Kalbach-Mann Legendre polynomials with hyberbolic
functions, as follows:

d q
b = 1 d g b a [cosh(acosG) + f^sinhfocosG)] ,fi.

dedQ 4JI de sinh(a) W

Here is the angle-integrated differential cross section for emitted particle b and fmsd is the
de

fraction of cross section that is multi-step direct (msd) compared to multi-step compound. The
dimensionless slope parameter, a, is found from the following equation:

a = 0.04Xj + 1.8xlO"6(X1)
3 + 6.7xlO'7 Mamb (X^4 (7)

where Xi = (Ei • eb'/ea') and Ei = minimum (ea'JBxO.Eji being the high energy transition energy
chosen as 130 MeV; likewise X3 = (E3 • eb'/ea') and E3 = minimum (ea',Ex3), E-g being the low
energy transition energy chosen as 41 MeV. For eh' = eb + Sb and ea* = Einc + Sa, the separation
energies Sa,b are calculated from the liquid drop mass formula of Myers and Swiatecki.6 EjnC is the
incident energy of projectile type a. Ma = 1 for nucléons while mb = 1 for protons, whereas mb =
1/2 for neutrons.
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3. COMPARISONS TO DATA

Both the free scattering kernel formalism and Kalbach's new systematics have been
implemented in the GNASH, preequilibrium, statistical nuclear-model code.7 Legendre
polynomials to order ft = 6 are used in the former; and all the following examples are considered as
100% MSD so that fmsd = 1 for the latter. The cases are modeled with the GNASH evaporation
version using the Ignatyuk level density and multistage preequilibrium models.8 Scattering is
isotropic after the first stage of preequilibrium. The nuclear surface model,9 based upon angle-
integrated spectra, was bypassed because of too much hardening of the angular-distributed spectra.

3.1 Angular-Distributed Spectra at Four Angles

A first examination of Figs. 1-6 for the various targets subjected to the 40- to 200-MeV
range of proton incident energies shows that both the generalized exciton model (labeled fsk in the
figures) and Kalbach new systematics (C.K. in the figures) are good approximations to the data.

Taking a closer comparative look at each of the four angles, the following observations can
be made:

(a) the new systematics better approximate the data at forward angles (IS0);

(b) both approaches are comparable at 45°;

(c) both approaches are fairly comparable at 90° and 120^, except for the intermediate to
higher emission energies of Figs. 5 and 6, where predictions of the generalized exciton
model rapidly diverge away from both the data and new systematics results.

This last observation points to a specific pathology of the generalized exciton model, viz.,
oscillatory behavior of the double differential cross section through positive and negative values at
back angles (8 S105°) for intermediate to high emission energies. In these previous examples, this
effect is most noticeable in the higher incident energy cases of Figs. 5 and 6. It will be discussed
further in Section 3.3.

3.2 Angular Distributions at Specific Exit Energies - The Slope Parameter

The slope parameter, a, can be recovered from Eq. 6 with fmsd = 1 and then serve as a
useful diagnostic tool for understanding the shapes of the double differential cross sections for both
the generalized exciton and new systematics approaches.

R(9) H 4K -^£-+ M = -rA^ eacose

dedQ de sinh(a)

Writing

differentiate R(9) with respect to cosG, and solve for a to obtain:

,2
./ a o \

a ^ 1 dR _ 1 Q ^
R(0) dcos9 d

2
CT dcos6

dedfl
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Since the present GNASH cases have been executed in angular increments of 15°, Eq. (8)
is best understood as a difference equation,

a =

where A( ) is the difference between two successive , starting from 9 = 0 ° and
vdedQy dedQ s

increasing by 15° increments to 180°; ( ) is the average between the same two successive
dedQ

d2a
and AcosQ is the difference between the two respective values of cos8.

dedQ
Although the 15° angular increment is coarse, it is expected that calculating the slope

parameter from Eq. (9) for the total angular distribution using Kalbach's new systematics will be
close to the constant value of the slope parameter calculated from Eq. (7) for a specific exit energy.
However, the slope parameter obtained from Eq. (9) for the same case of total angular distribution
using the generalized exciton model will, in general, not be a constant but rather a complicated
function of 9. Nevertheless, the slope parameter in this latter case can be used to understand the
shape of the generalized exciton's angular distribution compared with that of the new systematics.

3.3 Angular Distribution at Specific Exit Energies - Comparisons with Data

Figs. 7 through 14 present comparisons of the two calculational approaches to data for four
cases ranging from incident energies of 26 MeV to 165 MeV. Each of the cases is represented by
two figures: the first showing the double differential cross section at a specific particle emission
(exit) energy over the entire angular range; the second comparing the slope parameter obtained from
Eq. (7)(labeled "Formula" in the figures) to those obtained from the difference equation, Eq. (9),
for the Kalbach new systematics and generalized exciton approaches, respectively.

In Figs. 7, the fsk curve rapidly diverges away from the data for 0 _90°, and as mentioned at
the end of Section 3.1, the double differential cross section would oscillate through positive and
negative values if continued from 150° through to 180°. This same general behavior is also true
for Figs. 9 and 13. In all three of these cases, e > Ejnc/2.

In Figs. 8 and 10, and to a lesser extent in Figs. 12 and 14, the use of the difference
equation, Eq. (9), for the new systematics approach is seen to closely approximate the straight line
formula result of Eq.(7}.

The use of the fsk slope parameter in Fig. 8 to diagnose the shape of the fsk double
differential cross section in Fig, 7 is as follows: the larger value of the fsk slope parameter
between 0° and 100° in Fig. 8 corresponds to the fsk double differential cross section having more
concavity between these points than the new systematics's analogous curve; the near identity of the
slope parameters close to 110° corresponds to the two curve shapes being the same in Fig. 7;
finally, the rapidly increasing fsk slope parameter past 110° corresponds to the far greater
concavity of the fsk curve than the C.K. curve in Fig. 7. Similar arguments can be made in the
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remaining cases with smaller values of fsk slope parameter corresponding to flatter, or less
concave, double differential cross-section shapes than those for C.K.

Finally, Figs. 11 and 12 show that for the condition, e < Ejnc/2, using the free scattering
kernel provides a reasonable approximation to the data. This condition also holds, as a rough rule
of thumb, for the cases depicted in Figs. 1 through 6. the free scattering differential cross section
does not become negative. The similar shapes of the curves in Fig. 11 are consistent with the
approximately similar performance of the slope parameters in Fig. 12. Because the C.K. curve in
Fig. 11 increases after -120°, use of the difference equation, EqA9)(which would yield negative
slope parameters, is discontinued before 120°.

4. SUMMARY

The new Kalbach systematics have been tested for nucleon-induced and -emitted reactions up
to an incident energy of 200 MeV. They provide a very good approximation to angular distributed
data when incorporated within the GNASH preequilibrium, statistical nuclear-model code.

Use of the free scattering kernel within the generalized exciton model must be qualified: for
emission energies, e > Ejnc/2, the cross section may go negative for back angles >105°; however,
roughly for e < Ejnc/2, the generalized exciton model provides a good approximation to the data;
finally, for any emission energies, the generalized exciton model is a reasonable predictor of
angular distributed data when 9 < 90°.
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ABSTRACT

Various theoretical models that have been developed to describe
emission of complex particles in nucléon induced reactions are dis-
cussed and their predictions compared with the experimental data.



Production of complex particles {d,t,sHc,ot) represents a sizeable contribution to the total
reaction cross section of light projectiles.

As an example of the features that are characteristic of the spectra of all these different
ejectiles, the angle integrated energy distribution of a-particles emitted following the interaction
of a medium energy proton with U 8Sn is shown in Fig. 1 [l]. In this spectrum, the contributions
of different mechanisms, that, for the purpose of the present discussion, I will call one-step,
multi-step and evaporative components are apparent.

Onc-atep processes feed low energy states of the residual nucleus that, partly, are resolved.
They are dominated by structure effects and the angular distributions for transitions to dis-
crete final states greatly depend on the transferred angular and total momenta L and J. These
properties make these processes an invaluable tool for nuclear spectroscopy studies.

An example of the influence of the shell structure of the target nucleus on the energy dis-
tribution of emitted particles is offered by the comparison of the a-particle spectra from (p,a)
reactions on adjacent nuclei, one magic, with a magic neutron and/or proton shell, and one
near magic with one further nucléon outside the magic shell. In Fig. 2 [2] the angle integrated
spectra of a-particles from *08Pb(p,a)205Tl and 209Bi(p,a)206Pb reactions, at 24 MeV incident
proton energy, are compared as a function of the ejectile energy. This comparison shows that,
while transitions to the lowest energy levels of aosTl dominate the spectrum of a-particles from
208Pb, levels of ao6Pb below «3.25 MeV are populated very weakly in the 2093i(p,a)206Pb
reaction. Further, transitions to the levels of 206Pb with energy between «3.25 and 7 MeV have
an intensity similar to that of the transitions to the low lying levels of 2O5T1 (0<E<4 MeV),
and a striking correspondence exists between the structures appearing in the two spectra, in
the two different excitation energy intervals.

This excitation of homologous states in the two residual nuclei (in 20STl, proton hole and
two neutron-one proton hole states; in 306Pb, the hole states of the 2O5T1 core weakly coupled
to the lhe proton outside the magic shell) is indicative of the spectator role of the 83th proton

of« 9 Bi.
This effect, occurring also at the closure of other shells, is valuable for investigating the

structure of states at an excitation energy of some MeV in near-magic nuclei, and has a notable
influence also on the continuous part of the spectra.

This is demonstrated by the comparison (see Fig. 3) of the a spectra in the o l igoZr(p,a)88|8rY
reactions at about 25 MeV [2]. When, as in the previous case, the two spectra are superimposed
as a function of the a-particle energy one finds that, in spite of the widely different Q values, the
spectrum of a-particles from 91Zr looks like an energy average of the more structured spectrum
from 90Zr, showing that the total strength for transitions to states in a given energy interval is
nearly the same when the excitation energy of the odd-odd 88Y nucleus exceeds by about 2.16
MeV that of the odd-even C7Y, the opposite of a pairing energy effect.

As a consequence of these structure effects, an accurate reproduction of the measured spectra
in the region corresponding to the excitation of low energy levels of the residual nucleus requires
the use of microscopic or semi-microscopic models. As an example of such a calculation, in Fig.
4 are compared the experimental and the calculated angle integrated spectra of a-particles
from the 91'90Zr(n,a)"' i7Sr reactions at 18.15 MeV incident neutron energy [3]. The a-particle
spectrum, in the case of 00Zr, displays a sharp maximum around one MeV of excitation energy;
it has been reproduced, in the framework of the the semi-microscopic pick-up model [4], taking
into account all known low energy levels of *7Sr that may be populated in the (p,a) process.
In case of 91Zr, only the contribution of the transition to the to g.$. of "Sr and to the excited
states between w4 and 6.5 MeV of excitation energy that are homologous of the states of 8TSr,
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Fig. 1 - Angle integrated spectrum
of a particles from the U8Sn(p,a)
m I n reaction at Ep=44.3 MeV, as
a function of the o-particle channel
energy [1].
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Fig. 2 - Angle integrated
Q-particle spectra from the
reactions 208Pb(p,a) î05Tl,
histogram, and ÎO9Bi(p,a)
ï 0 6Pb, full line, at Ep «24
MeV [2]. The bars indicate
the excited levels of ï 0 6Pb
below «3.2 MeV that are
very weakly populated.

Fig. 3 - Angle integrated a-particle spec-
tra from the reactions 90Zr(p,a)87Y, his-
togram, and MZr(p,a)MY, full line, at Ep

«24 MeV [2].
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in the energy interval 0 • 2.5 MeV, has been calculated. In these calculations there is only
one free parameter , normalizing the calculated to the experimental spectra, that is the same
for both nuclei and different incident energies. All other input parameters are optical model
parameters obtained by best fit analyses of elastic scattering data and spectroscopic factors
that are calculated as suggested by Smits and Siemssen [4] using for the neutron spectroscopic
amplitudes the experimental values obtained in the analysis of neutron pick-up reactions [3].

Results similar to those just discussed are obtained in the analysis of the a-particle spectra
in the (n,a) reactions induced on »«.M3.U4Nd by 12-20 MeV neutrons [5].

In the multi-step part of the spectra, structure effects are washed out to a large extent.
Tamura, Udagawa and Lenske [6] have developed a multistep-direct-reaction (MSDR) theory

to describe these processes. Without entering into mathematical details, the main assumptions
that have been introduced by these authors are the following:

(i) these processes feed states of the residual nucleus that are a complicated superposition of
pure shell model states, so in principle one should expect, in measured cross sections, interference
between amplitudes for transitions to different shell model states. However, at high excitations,
the residual nucleus states are highly overlapped and interference terms cancel to a large extent.
Then, to reproduce the data, one needs only to evaluate the cross sections for transitions to
pure shell model states and sum them incoherently. Assuming that a given state can only be
excited in a particular process, also interference between one-step and multi-step amplitudes
need not to be considered and the contributions of the various steps to the total cross sections
are added incoherently.;

(ii) the cross section for the transitions to the levels within a given excitation energy interval
is proportional to a spectroscopic density that is evaluated for any given process in the hypothesis
of a dominant reaction mechanism. For instance, in the case of one-step (p,a) reactions, one
considers the pick-up of a triton. In this case, of the many possible three nucleon-hole final
states which might be excited only those corresponding to three particle wavefunctions which
have a non vanishing overlap with a triton wavefunction of the correct spin-isospin nature and
zero relative internal momentum must be considered. This overlap integral G([n<]) is a function
of the quantum numbers fTj=2n»4-l» of the transferred nucléons and may be evaluated following
a procedure suggested by Ichimura et al. [7] in the framework of the harmonic oscillator shell
model. By summing G2([n,]) over the possible triads of nucléons [n<] that may be excited in the

unit excitation energy interval one obtains the desired spectroscopic density p\ (U), where I
and U are the transferred orbital angular momentum and the excitation energy of the residual
nucleus. Then, the cross section is simply given by

p - Ea + Qa,.)*gf)(Ea,6), (1)

where <r£f\Ea>0) is the first order DWBA cross section.;
(iii) when one considers two step processes also the spectroscopic density appropriate for

the other step of the reaction has to be considered. So, in the case of a (p,a')(a\a) process the
total cross section becomes

'a){Ea,e) = £ / * £ * > ( £ . . - Ea)p?x
h\Ep - Ea. + Qg...)*£tia(Ea,Ea,,e)dEa. (2)

where p\* (Ea«-Ea) is the spectroscopic density for creating a ph pair appropriate for inelastic

scattering, and cr£*'ti(Ea,Eai,6) is the second order DWBA cross section.
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Fig. 4 - Comparison of the experimen-
tal angle integrated a-particle spectra
from the reactions MZr(n,a)87Sr, and
MZr(n,a)MSr, black points with error
bars, at E n «18 MeV, with those cal-
culated by pick-up theory [3].
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91 Zr

Fig. 5 - Comparison of (p,a) cross sec-
tions and analyzing powers calculated
with MSDR theory [6] with the exper-
imental data of Ref. [8]. Solid lines
include one step and two-step contri-
butions [(p,a')(a',a) and (p,p') (p»]-

Fig. 6 - Triton formation factor
Fj,m as a function of triton energy
e< (the triton energy Et in the Fermi
gas is also shown) [11].
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In apite of all these simplifying assumptions, at the increase of the number of steps, the
calculation becomes very time consuming so, in practice, only one and two-step terms have
been considered, in a few instanc es, and also in these cases only a few of the possible reaction
paths have been taken into account [6].

A systematic study of the possibilities offered by this approach is highly advisable; in fact,
though the various authors who employed this theory to reproduce double differential spectra
and analyzing powers all claim to have obtained a very satisfactory reproduction of the data (a
typical result is shown in Fig. 5), the many different approximations and the different choices
of basic parameters that have been made do not allow one to conclude that one can make
reliable predictions of measured quantities. Also the relative importance of one- and multistep
contributions cannot be convincingly established (see Ref. [9] for a detailed discussion of this
point).

Other, more phenomenological approaches, assume that particle emission occurs, before
evaporation, at various stages of an equilibration cascade of nucleon-nucleon interactions that
distributes the initial excitation energy among an ever increasing number of degrees of freedom.
The basic assumption is made of a statistical competition between the various decay modes of
the composite (projectile plus target) nucleus during this equilibration cascade.

Here I will discuss three different theoretical models of complex particle emission based on
this general description of the multistep mechanism.

(a) In a statistical decay, it is possible that px excited particles condense into a cluster x
which is emitted with energy ex. The probability of coalescence of p3 particles into the cluster
x is given by the square modulus f(px,fx) of the overlap between the wavefunction of the cluster
(factorised into the product of a center of mass motion wavefunction x(£z>R) times an internal
motion wavefunction Sbx) and the p^-nucleon wavefunction [10]

/(Px,ex) = Kx^.B^xltofc-tfpJI'- (3)

The Bum of f(pa,ex) over all possible combinations l,2,..,px is equal to unity since the p s nucléon
wavefunctions form a complete orthogonal set.

The cluster x may be made of 1 particles above the Fermi level and m=x-l particles below.
The probability f(l,m,cx) of forming this cluster is

t/'iV'2...V'p»>|2, (4)

where £ , m f(l,m,ex)=l.
Indeed, since the cluster x should be formed at the nuclear surface, one has to impose further

restrictions when evaluating the overlap integrals in (3) and the corresponding probability of
forming the cluster x will be F(l,m,£x)<f(l,m,€a).

The calculation of F(i,m,es) may be made in the framework of Fermi gas model, assuming
that the internal wavefunction of cluster x is the ground state of an harmonic oscillator intrinsic
Hamiltonian whose constant v=xnu/h is that corresponding to the measured rma radius of x.
When one evaluates the phase space volume that divided by h3^"1) gives the number of states
contributing to F(l,m,ex), one requires that the centre of mass of the x particles be at the surface
of the residual nucleus (|R|=Rr , ,) and that, for each particle, |r,|<RrM+AR, where A R is a
free parameter.



The decay rate for continuum emission of the cluster x made by 1 particles above and m
particles below the Fermi level, when the composite nucleus is in an n exciton configuration, is
now given by

^ î ^ ^ , (5)

where sS) px, o(ex) are, respectively, the spin, the reduced mass and the inverse cross section
of x and wn(jim)(U) and wPlk(E) the residual and composite nucleus state densities. The total
decay rate for emission of cluster x is

- (6)

The emission of the cluster x leads from a p,h configuration to a p-l,h+m configuration. However
in evaluating F(l,m,e,.) one has already taken into account the state density of the newly created
m holes and Iwamoto and Harada [10] postulate that the residual nucleus state density be

( ) )
The calculation of F(l,m,ex) shows that for ejectile energies smaller than «50 MeV the

probability that a cluster be made by coalescence of particles all above the Fermi level is very
small. In addition the residual nucleus state density wp_j,fc(U) further enhances the probability
of emission of clusters with 1 as small as possible.

Because the dominant contribution to the complex particle yield, at low energies, corresponds
to 1=1, this approach may be considered a statistical description of multi-step pick-up.

Fig. 6 shows the calculated formation factors F(l,m,ex) for tritons as a function of the triton
energy both outside and inside the nucleus [11]. A comparison between the experimental data
of Bertrand and Peelle [12] and the calculated angle-integrated spectra of complex particles
from 62 MeV proton bombardment of l s 7Au shows a large discrepancy at the highest energies,
especially evident for d and 9He (Fig. 7) [11]. This is attributed to the presence of one-step
pick-up processes (the incident nucléons picks up directly the requisite number of nucléons
without creating an intermediate composite system) that are not calculated by the model. It
is interesting to note that, according to these calculations, this contribution does not seem to
contribute noticeably to the a spectrum.

One remarkable aspect of these calculations is the fact that they reproduce quite naturally
the ratio of triton to *He yield showing that in this model the reduced helion emission is due
to the sHe being a little more loosely bound than the triton, so that the phase space volume
accessible to the condensing particles is substantially reduced.;

(b) A second approach is based on the hypothesis (found to be valid for explaining the
production of complex particles in relativistic light and heavy ion reactions [13,14] and in rel-
atively low energy heavy ion reactions [15]) that excited nucléons have an high probability of
coalescing into a cluster if their relative momentum is low, t. e. if they share the same volume
of momentum space.

The probability P of finding a nucléon within the coalescence volume centered around a
momentum p is given by [15]

)

dp

where m is the average nucléon multiplicity and == j£' represents the differential nucléon
multiplicity normalised to unity. Po is the coalescence radius usually treated as a free parameter.
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Fig. 7 - Comparison between experimental, bar graph
(I2j, and calculated, full line [11], angle integrated en-
ergy spectra for charged particles emitted in reactions
induced by 62 MeV protons on 19TAu.
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Fig. 8 - Comparison of experimental differential cross sections of 8He from (p,8HeX) reactions
at Ep=72 MeV with those predicted by relation (12) using proton differential cross sections
from Ref. [8] (from Ref. [16]).
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If the nucléons that are excited are m, the probability for n of them to be within the ccalescence
volume is

Pm,n = (™)Pn(l-P)m-n- (8)

If f(m) is the probability distribution of the excited nucléon multiplicity, the prababilty of
coalescence of n nucléons, Pn, is given by Pn=12m.>n *(m) Pm.n- Assuming for f(m) a Poisson
distribution one easily finds

_ [MP)»ezp(-mP)
__,

since the product of the average nucléon multiplicity times P is usually small. The probability
of coalescence of N neutrons and Z protons is then

_ {mNpN)N(mzP2)
z

~ J T ~ ~
where PN and Pz are the values of P for, respectively, the neutrons and the protons. If one
assumes that the protons and the neutrons have the same momentum distribution ^-rfp- except
for a numerical coefficient which simply affects its absolute value that is assumed to be unity
for the protons and equal to ^[ j ]^ f for neutrons (T=target, /^=projectile) one obtains

dNNiZ{pA} NT + NP N 1 An

~ W ~{'VT7} Nizi{T
A=N+Z is the cluster mass and ï>x= Ap. Further refinements taking into account the Coulomb
energy per unit charge Ec of the cluster created near the nuclear surface lead to the following
expression for the double differential spectrum of the cluster at large distanc es from the nucleus,
as a function of the proton distribution

dEAdn KZT + ZP
} N\ZV2km*{E-Ec)±

l K dEdQ
K '

where m is the nucléon mass and EA=AE-NEC.
The cluster double differential spectrum may thus be evaluated if the proton spectrum

•P,L/ is known.
In Fig. 8, as an example, the experimental double differential cross sections for (p, HeX)

reactions are compared with those calculated with relation (12) [16]. Results of the same quality
are obtained also in the case of (p,a) réactions [16].

Assuming that (12) holds also when one considers the polarization of particles after the
interaction process, one easily relates the analysing power of the cluster with energy Ec, emitted
in a (p,CX) reaction induced by a proton beam with polarisation p^, to that of protons of energy
E p = ^ + ^ - E c (Ne and Ac are, respectively, the number of neutrons and the mass number
of the cluster C), emitted in a (p,p'X) reaction induced by protons of the same energy and
polarisation p£ [17]. For instance, in the case of a (p,sHeX) reaction the relation is

, HeX) - - p j
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If the proton analysing power Av(p,p'X) is small Av(p,8HeX)« ^:3A y (p,p'X) [17]. To assume

that relation (13) holds means to neglect the effect of the spin dependent final state interaction
of the nucléons which coalesce in the a-particle, Kozlowski et ai [16,17] assume that this final
state interaction may alter only the absolute value of the measured analysing power of the
cluster without modifying its angular dependence. In Fig, (9) from Ref. [16] the analysing
power of sHe from (p,8He) reactions measured at 72 MeV is compared to that predicted with
previous approach using data on proton analyzing power at 65 MeV reported by Sakai et al,[8]
for the same or neighbouring nuclei.;

(c) Many calculations of a spectra and angular distributions and of excitation functions of
(n,a) and (p,zaxnyp) reactions have been based on the hypothesis of a knock-out mechanism
[18,19]. Here, I will discuss briefly the calculations described in Ref. [19] made in the framework
of the Exciton model.

It is assumed that the a-particle is already present in the nucleus and is knocked out by the
projectile or by an excited nucléon during the equilibration cascade. Thus the picture is that
of the usual exciton model with the further assumption that one of the excitons may be an a-
particle. The possible configurations at each stage are divided in two groups: that which contains
only nucleon-excitons and that which also contains a-excitons. Since the number of a-exciton
states is small compared with the total number of possible excited states, the decay rates for
exciton-exciton interactions, W"?) are assumed to be unaffected by the presence of a-excitons.
On the other hand, the decay rates for a-particle emission into the continuum strictly depend
on the number of a-exciton configurations and the energy distribution of excited a-particles
resulting from nucleon-a scattering inside the nucleus. To do the calculation one introduces
the basic hypothesis that if it is not immediately emitted an excited a-particle dissolves into
its constituents, so the a-particles excited in the Jfc-th stage of the de-excitation cascade are
produced in the decay of states of the (Jt-l)-th stage through the interaction of an excited
nucléon with a preformed a-cluster. The nucléon energy distribution in the (A-i)-th stage is
assumed to be that resulting from a statistical partition of the excitation energy so it may be
evaluated using state density functions uPih(E). Up and A are the numbers of particles and holes
in the A-th stage (p+A=n), Eis the composite nucleus excitation energy, $ a = N a / A the density
of preformed a-clusters in terms of nuclear density, the a-particle energy distribution Pn(E,ea),
is given by

where the average nucleon-a collision probability per unit time An_3(E,fa) is given by

,ea)dep (15)

and the average total nucleon-a collision probability per unit time A(n_3)T(E) by

(16)

where e j o s ia the maximum a energy. The nucléon and a energies [ep and ea) are those in
excess of respective Fermi energies. The nucleon-a collision probability per unit time X+(ep,ea)
is given by

, ea) = o{ep + e?, ca + c})vp (17)
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Fig. 9 - Comparison of (p'.'HeX) and (p\p'X) analysing
powers based on relation (13). sHe data are from Ref.
[16], proton data from Ref. [8] (from Ref. [16]),

Fig. 10 - Comparison of the measured angle integrated
a spectra in (p,aX) reactions on 118Sn (black points and
triangles) with those calculated in the hypothesis of a
knockout (histograms) [20].

Fig. 11 - Comparison of the measured excitation func-
tion for the 6°Ti(p,4p5n)42K reaction with that calcu-
lated in the hypothesis of a knockout (full line). The
dashed line is the result of a calculation made by as-
suming that the a-particles may be only emitted in the
evaporation of an equilibrated compound nucleus [22].
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where e}f and cf «re the nucléon and a Fermi energies, <r{ep+e^, «a+e") is the angle-integrated
cross section (for the free interaction of a nucléon, with energy tp+tf inside the nucleus, with
a preformed a-cluster leading to an excited a-particle with energy ea+ej) averaged over the a
momentum distribution, v is the nucléon velocity and p the nuclear density. The Pauli principle
is approximately taken into account by requiring that the nucléon and the a-particle after a
nucleon-Q interaction have an energy greater than, respectively, tf and e". In the initial 2p-lh
stage of the de-excitation cascade, the a energy distribution is given by

where Wlp(E) is the collision probability of the incident nucléon with energy E (in excess of
tf) with a nucléon of the target nucleus.

As a function of Pn(E,ca), the continuum decay rate for a emission is given by

where ('a=ea-Ba is the a-particle energy outside the nucleus, Ba and go are the binding energy
and single state density of the a-cluster, ft and a the reduced mass and the inverse cross section.

W"q~
2 and W lp are the leading terms in (14) and (18), respectively, so (19) shows that the

continuum a decay rate, and, as a consequence, the absolute yield and the spectra of emitted a-
particles depend essentially on the ratio R=$a/ga (usually a free calculation parameter) and
on the preformed a momentum distribution. This dependence has been studied in Ref. [20].

A measure of ga independent of $ a may be obtained by the analysis of the spectrum of
inelastically scattered a-partides in a-particle induced reactions as shown in Ref. [21]. The
value thus found is ja«A/10.36 MeV"1. The values of $ o that correspond to this single alpha
particle state density depend, as previously discussed, on the preformed a-particle momentum
distribution, but in all cases are unexpectedly high (to give a quantitative information, values
smaller than «0.06 have never been reported). So, even if the previous theory provides a
reasonable reproduction of a large body of data using a unique set of parameters, as shown, for
instance, in Figs. 10 and 11, a well founded theoretical justification of the values found for the
a density seems to be a necessary requisite for assuming that the mechanism described above is
the dominant physical process contributing to the hard component of the continuous a-particle
spectra.

These phenomenological models are only a few of those that have been proposed to describe
multi-step processes. Though, with an appropriate parametrization, they give a reasonable
description of a large set of data, each of them may at most, reflect one aspect of the real
process occurring. They remain only a first order approximation of more fundamental micro-
scopic theories whose application in the multi-step region presents formidable computational
difficulties.

The MSDR approach is an attempt to apply semi-microscopic theories to transitions to
highly excited states. The many approximations and the lack of a comprehensive analysis of the
existing data do not allow one to judge its ability to provide accurate quantitative predictions.

Further progress in this field might be also obtained through exclusive experiments that
allow a more accurate test of theoretical predictions.
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Previous arguments are discussed in greater detail in a review article on Nuclcon-Alpha
Reactions in Nuclei submitted to Rep. Prog. Pbys. by Peter E. Hodgson and the author. I
wish to thank Dr. Hodgson for the extensive quotations from this review article.
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ABSTRACT

Review of prsequilibrium ft ray emission is given* Thanks
to considerable recent progress the preequilibrium $ emission
emerges as a viable concept in surprisingly broad spectral ener-
gy range and variety of reactions* Two mechanisms of % emission
during preequilibrium cascade can be distinguished* Single-par-
ticle radiative transitions dominate the spectral energy range
of giant resonances* This is discussed in terms of the exclton
as well as hybrid model* Emission of to rays in excess of 30 MeV
becomes dominated by two-particle radiative processes* This is
shown via neutron-proton bremsstrahlung radiation as well as us-
ing inverse quasi-deuteron photoabsorption. The above points are
illustrated on reactions induced with 14 MeV neutrons, 27 MeV ot
particles and 140 MeV protons*
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1* Introduction

It le recognized that the statistical model underestimates
hard parts of $ ray spectra (£10 MeV) observed in a number of
nuclear reactions often by several orders of magnitude* This re-
sembles the earlier situation with high energy parts of particle
emission spectra that led to development of several models for
preequilibrium decay U13. In spite of that, ̂  emission has been
neglected as a domain for applying the ideas of preequilibrium
decay for years. Thanks to exciting recent progress» however,
the preequilibrium ^ emission is emerging as a viable concept in
eurprisingly broad spectral energy range and variety of reacti-
ons»

Until very recently* the preequilibrium ^ emission was
studied only in the frame of the exciton model via single-part-
icle radiative transitions. Two earlier formulations from 1978
and 1979 [2,33 were followed in 1965 by a paper of Akkermans and
Gruppelaar [42 giving, for the first time, a plausible solution
consistent with the equilibrium statistical limit. This was sub-
sequently extended by introducing angular momentum coupling 151 •
In meantime, several analyses of hard parts of b ray spectra
using these ideas were attempted in 14 MeV neutron induced reac-
tions C6-9] and some analyses were concerned with n-gamma co-
incident data ClO-lll . Single-particle radiative transitions
were introduced into the hybrid model by Reffo et al. in 1987
£12] followed by another suggestion [131 consistent with the
exciton model result [41*

The above mechanism should be limited to % ray energies
in the region of giant resonances, where t» ray emission as well
as absorption proceed via dipole interactions embodied in single
-particle transitions. For b ray energies in excess of 30 MsV,
a two-body mechanism becomes dominant. This understanding was
triggered by recent observation of high energy ^ rays, even abo-
ve 100 MeV, in heavy-ion reactions (ref. 14 and references there-
in }• One of the interpretations of this interesting phenomenon,
pursued by Remington et al. [15-171, suggests that these ^ rays
come from neutron-proton brsmsstrahlung radiation during the
equilibration process as described by the Boltzmann master equa-
tion. This was shown to be the case also in reactions due to
energetic protons [16,17]. A more recent approach uses a quasi-
deuteron photoabsorption cross section to describe the inverse
process of n-p collision yielding a % ray and employes the hyb-
rid model to treat preequilibrium cascade [18].

The paper is organized as follows. In sect. 2 we discuss
the physics of preequilibrium fc ray emission. This is followed
in 8sct.3 by a more detailed discussion of single-particle ra-
diative transitions in the exciton as well as the hybrid model.
In sect.4 we proceed with two-body radiative processes to ex -
plain high energy ^ rays. Conclusions are given in sect.5.
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2* Mechanisms of preaaulllbrlum ft emission

A basic element in modeling preequilibrium u emission is
emission rate* In preequilibrium models this rate should be eva-
luated from the principle of detailed balance in a way similar
to that used for nucléon and complex particle emission rates*
Two questions arise when applying this procedure, (i) What is
the cross section for an inverse process (photoabsorption in the
present case) and (ii) what is the microscopic picture of the
interaction under discussion in terms of excited particles and
holes* On the microscopic level* there is a direct link between
the photoabsorption and photoemission, therefore* the physics of
photoabsorption provides a key to understanding of preequilibri-
um <A emission*

Shown in fig.l is the photoabsorption cross section as a
function of fc ray energy calculated for 53Cr. Three V ray energy
ranges can be distingushed, low (£10 MeV), medium (̂  10-30 MeV)
and high (£ 30 MeV)* This is sufficient for the purposes of the
present paper since we do not wish to discuss the processes above
the pion threshold (à 150 MeV).

Photoabsorption in medium and low energy ranges is descri-
bed by the giant dipole resonance (Lorentzian) lineshape and
the mechanism of the photoabsorption can bs identified with a
single-particle transition* In other words* coordinates of only
one nucléon can be changed* This is because of the one-body cha-
racter of the electromagnetic transition operator (see, e.g.,
ref.19). Since low epectral energy range is dominated by equili*
brium statistical % rays emitted after multiparticle emission,
preequilibrium % rays of single-particle origin should be found
in the giant resonance range,fa ̂  10-30 MeV. This picture was
already incorporated into the exciton model in refs.2-5.

In the high energy range a & ray is increasingly absorbed
by a neutron-proton pair (a quasi-deuteron) in a nucleus. This
is because of the wavelength of the incident ^ ray is comparable
to the intranucleonic distance in the nucleus. The quasi-deute-
ron mechanism proposed by Levinger [20] le now thought to be a
dominant process for the absorption of high energy ^ rays 1213*
The incident ft ray interacts with a n-p pair rather than n-n or
p-p because they nave no dipole moment* The cross section is
proportional to the number of n-p pairs per unit volume* NZ/A*
and to the photoabsorption of a free deuteron, 6^(6^ , reduced
by a damping factor exp(-30/£^)* In the high energy range* pre-
equilibrium £ ray emission should thus have a two-body character
and can be described as the inverse quasi-deuteron photoabsorp-
tion £183 or via incoherent n-p bremsstrahlung £151*

3* Sinale-particle radiative transitions

3*1* The exciton model

The {j emission rate as proposed by Akksrmans and Gruppe-
laar £41 is most easily dsrived from the principle of detailed
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balance* Two assumptions are made* Firstly* the Brink-Axel hypo*
thesis is invoked implying that the photoabsorption cross sec-
tion for an n-exciton state can be identified with that for the
around state* Secondly» the photoabsorption microscopically means
either creation of a particle-hole pair» An»+2* or transi-
tion of one excited particle *An«O. A branching ratio for theee
possibilities is assumed to be given by the available phase
space

where £$ is the % ray energy and g is the single-particle state
density* Therefore» the absorption cross section is split
into two parts and the detailed balance applied individually to
n st n-2 and n 3* n gives

O ^ ^ C (2)
V- xHV a

whsre oj (E) is the Ericson state density and

with t̂t> £*& and *•* being the giant resonance cross section»
energy and width» respectively*

An important consequence of eqe«(l,2) is that in the
equilibrium limit they lead to the 0 emission rate of the statis-
tical model

^ ^ ^ E ^ (A

where <«>(E) is the total state density* This proves consistency
between the preequilibrium and equilibrium results*

A comparison of experimental and calculated spectra is
shown in fig.2 for 93Nb(n»v) at 14*1 MeV* The calculated primary
spectrum includes preequilibrium plus equilibrium components*
The accord with the hard part of the data is encouraging* Also
shown is the result following earlier suggestion of Betàk and
Dobeê [3] that does not fulfil, the consistency test of eq*(4),
however* It should be pointed out that the dominant contribution
to the preequilibrium part around the giant reeonance energy»
ER« 16*5 MeV» is due to the direct term n«l.

A more systematic study of (n,jf) spectra at 14 MeV was
conducted 16], It was found that the calculated (n,&) cross sec-
tions as integrated over bound final states give about 500-700
b for nuclei A-45-209. This is lees by a factor of «v 1*5-2 com-
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pared to the experimental data* The epreading width r4i ~1,9 MeV
wae ueed for the most important direct term in theee calculati-
one.

3«2* Angular «ornentum coupling

Angular momentum coupling in the preequilibrium ^ emis-
tion was studied by Obloiineky L51. It was shown that no simple
solution* like adding the angular momentum part of level densi-
ties into co,n,(E) terms of eq.(2), is possible* Rather» the an-
gular momentum coupling terms are complicated expressions* where
one has to take into account the angular momentum structure of
the electric dipole matrix elements, perform summation over avail-
able single-particle states and averaging over initial states.
The structure of eqs*(l,2) is still preserved, but in the branch-
ing ratios three coupling terms appear* For example* instead
of b£ one has

for the emiesion 3—»S (or absorption S — 0 ) , 3 and S being
spins. Here* 2.

where the notation is explained in fig«3a and R^S) stands
for the spin part of the level density* Importantly, consistency
is again achieved with the equilibrium statis tical result.

Without going into further details we show in fig*4 that
the effect of the angular momentum coupling on the 5GFs(n,^)
spectrum at 14.6 MeV is rather small* We note, however, that the
matrix element IM^oI2 appearing in the spin dependent exciton mo-
del was, after averaging over 3, adjusted to the non-spin matrix
element 1MJ2- so that

where <X,n.-3«) is the coupling term for intranuclear transitions
evaluated as 0.0208 in the reaction studied*

3,3. The hybrid model

In the hybrid model one needs the fy emission rate for a
particle with the excitation energy £. The rate can be obtained
by the procedure similar to that outlined in sect. 3*1 and ex -
plained in detail in ref.13. Considering an n-exciton etate the
absorption of a % ray with the energy £% can proceed via
(gn+g^e^Vg different single-particle excitations* The branching
ratio for one excitation is the inverse of thie number* Using
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the Brink-Axel hypothesis and the detailed balance one gete for
the ̂  emission rate» see aleo fig.3b,

This rate is consistent with the exciton model result (2) because
of

o
Another relation for the u emission rate was suggested by

Reffo at al.[12]. It reads ô

- ^ 2**. 3cHV "-CE)

where the effective charge < q W is N/A for proton excitons and
-Z/A for neutron excitons* It is clear* however* that expression
(10) is not consistent with exciton model result of Akkermans
and Gruppelaar [Jtl and it should be based on different physical
assumptions* This point needs further clarification*

„ Calculated preequilibrlum spectra are compared with the
^Nb(n.v) data at 14*1 MeV in fig.5. It is seen that eqs.(9) and
(10) lead approximately to the same results* However» they are
several times smaller than the exciton model spectrum, see fig.
2* This is because of substantial differences between the spread-
ing width r,4 in the exciton and the hybrid models* In the for-
mer one had about 1*9 MeV while in the latter the width 16 4-5
times larger* We thus see that the old discrepancy between the
two models [221 manifests itself in the hard parts of (n,&) spec-
tra with fast neutrons* Also shown in fig.5 is the contribution
due to two-body processes* see sect.4* It proves that indeed
they can be neglected in this energy region*

Another example shown in fig.6 concerne reactions ot+ stn
and He+"0Sm, both at 27 MeV* The accord with the data is nice
and eqs.(8) and (10) give close results in the hard parts of the
spectra. The two-body mechanism is again marginal*

4, Two-particle radiative processes

Two approaches were proposed to treat the two-particle
radiative processes. Remington et al* [15-173 assume that high
energy £ rays result from (incoherent) neutron-proton collisions
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in the interacting nuclei via a ri-p bremestrahlung (dipola) ra-
diation procès». The bremestrahlung cross section is taken in
the eemiclaesical for* [15,23]

where <* «1/137, €T/>»,T is the n-p elastic cross section, ft; and fy
are the proton initial and final velocities, "n is the unit vec-
tor in the direction of propagation of the ft ray and the last
factors are two quantal corrections. Pu* is related to the rela-
tivistic contraction and the meson-exchange correction X»l was
applied in [15-17]. Time dependent intranuclear nucleon-nucleon
collision process was treated by the Boltzmann master equation
(the Harp-Miller-Berne model).

The approach of ref. 18 follows closely the spirit of the
preequilibrium models, i.e., phase space considerations, prin-
ciple of detailed balance and the treatment of preequilibrium
cascade (the hybrid model). Absorption of high energy & rays by
a n-p pair (quasi-deuteron) in the nucleus means in terms of the
exciton number that an»+4, +2, 0, -2. Considering only the lead-
ing term, the available phase space is simply cu^Ce^» <?£$/£
and the branching ratio of the photoabsorption corresponding to
one excitation is gA-\<ev") • For the inverse process, the ^ emis-
sion, one has An«-4, -2, 0, +2, the leading term being <^w<£-C)
^ f / The detailed balance implies, see also fig.3c,

are given in mb and £^ in MeV, and g(£) differs from g because of
high excitations Cll. Although eq.(12) already gives reasonable
results, it should include also other &n terms as well as correc-
tions for the bottom of the potential well C183.

Comparison of experimental and calculated spectra of high
energy & rays for two reactions, p+C and p+Pb with 140 MeV pro-
tone, is shown in fig.7. It is seen that the two approaches dis-
cussed above give fairly equivalent results that agree nicely
with the experimental data*

5. Conclusions

The preequilibrium v ray emission seems to be presently
the most rapidly developing part of the theory of preequilibrium
decay. We have shown that two mechanisms are important. Single-
particle radiative transitions dominate the spectral energy range
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of giant resonances and two-body neutron-proton radiative
processes dominats ths high snsrgy spectral range (exceeding
even 100 MeV)* These ideae, incorporated into standard exciton
and hybrid models seem to be supportod by a broader eet of expe-
rimental data* While a number of questions still rsmains to be
eolved, the preequilibrium fr emission represents a viable con-
cept that apart of nucléon anti light particle induced reactions
successfully entered new domains opened up by heavy-ion reacti-
ons*
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ABSTRACT

Several treatments of multiple preequilibrium decay are reviewed with
emphasis on the exciton and hybrid models. We show the expected behavior of
this decay mode as a function of incident nucléon energy. The algorithms
used in the hybrid model treatment are reviewed, and comparisons are made
between predictions of the hybrid model and a broad range of experimental
resuTts.

This work was performed under the auspices of the U.S. Department of
Energy by the Lawrence Livermore National Laboratory under contract number
W-7405-EN6-48.

- 171 -



1. Introduction

This presentation is intended first, to compare different treatments of
precompound (PE) decay, secondly, to show the importance of multiple decay
versus energy, and finally, to compare calculated and experimental results
where multiple PE decay is an important component of the calculated yield.

In Section II, we will describe the INC approach [1-3] to the multiple
PE decay problem, and then two different exciton model [4] approaches: the
Exciton [5,6] and Hybrid models [7,8]. In Section III, we will compare pre-
dictions of the latter two approaches versus incident neutron energy, and we
will present comparisons of hybrid model calculations with a range of ex-
perimental results. Conclusions will be presented in Section IV.

2. Models for Multiple Preequiiibrium Decay

2.1 Intranuclear Cascade Model

Although we are primarily concerned with exciton model formulations for
multiple PL decay, it is worth remembering that the first treatment was the
intranuclear cascade model [1-3]. In Fig. 1, we show three cascade pro-
cesses in which one and only one, two and only two, and three and only
three, PE particles are emitted. By following the history of each reaction
separately (rather than by an average ensemble) the distribution of PE
multiplicities naturally follows. Here the treatment of multiple PE decay
is very clear; the calculation, however, is tedious, so we wish to consider
exciton model approaches.

2• 2 Ihe_ Exciton Model

The Exciton model may be expressed in the following familiar form: [5,6]

de

x Vi<
Tf
pn(E)

Mc)
(Eq. 1)

where the first set of square brackets represents the number of excitons of
type y which could be emitted with channel energy c, and the second set
represents the probability that the particle will be emitted before any n
exciton configuration either emits a particle or undergoes an intranuclear
(two body) interaction. Here the decay normalization is based on any action
of all members of the n-exciton configuration ensemble, a two-body inter-
action or particle emission. One can calculate precisely the fraction of
the ensemble which will emit a particle, and the fraction which will make a
two-body transition, and these two fractions sum to unity for the n exciton
ensemble. This mode is shown pictorially in Fig. 2. In this work we use
Exciton model with a capital "E" to refer to formulations which may be used
to predict absolute cross sections; we use the lower case to refer to any
models using exciton densities.

Under this proper and civilized normalization, the ensemble at excita-
tion E will either (in the never-come-back approximation) go to an n+2
exciton configuration, or emit an exciton at energy e leaving the residual
nucleus with a residual excitation and one particle exciton fewer. Multiple
emission is then treated in a completely straightforward fashion by follow-
ing the decay of the daughter nuclei with p-1 particles and h holes, and
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distribution of excitation energies U corresponding to the Initial excita-
tion E, reduced by the particle binding energy BY and distribution of
channel energies e. This formulation of PE decay has been elegantly for-
mulated and exploited by Gadioli and his collaborators [6,9] for single PE
decay. Akkermans and Gruppelaar have explored the importance of the multi-
ple precompound decay mode at incident energies up to 50 MeV, and their
results will be presented shortly [10,11]; first, it is instructive to
describe the much more convoluted approach to this problem which is taken in
the hybrid model.

2.3 Hybrid Model

The hybrid model is a semi-classical approach analogous to the INC,
where each particle interacts independently of all others. A consequence of
this is a different normalization than that of the Exciton model, with:

X*n-l<U>

X_(c)+X (c)
n=n "*-' c

Me)
Dn (Eq. 2)

where the second set of square brackets has a denominator consisting of the
two-body transition rate and continuum emission rate of the exciton under
consideration, rather than integrated over all excitons as in Eq. 1. The
consequence of this difference for decay normalization is great, for now,
e.g., a 2plh configuration could decay by both particles (and the hole)
making a two-body transition (which would give a 3n exciton final configura-
tion), or by one and only one exciton being emitted, or by two and only two
excitons being emitted [12,13]. With two types of excitons (neutrons and
protons) the number of exclusive possibilities increases. The choices for a
one exciton gas are illustrated in Fig. 3.

The distribution of these many inclusive channels is not clear and
exact as it is in the Exciton model formulation. Rather, the differentia-
tion is made on statistical arguments, which is a euphemistic manner of
stating that we make an educated guess, and hope that intuitive arguments
will not leave us too far from the truth. We will present a discussion of
the algorithms used which will be quoted almost completely from Ref. 12,
without explicitly indicating quotation.

Multiple precompound decay processes must be considered at higher
excitations since they are important in determining the cross section sur-
viving 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 (see Fig. 3).
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 particle density distri-
bution of these excitons, as given in the first set of brackets in Eq. 1,
may be seen to be governed by the total composite system excitation. For
illustrative purposes, we show the number of excitons expected at excita-
tions above 8 MeV (taken as an estimate of average particle binding energy)
versus composite nucleus excitation in Fig. 4. The importance of consid-
ering this "type I" multiple decay mode at excitations above 50 MeV is evi-
dent from Fig. 4.
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The second type of multiple precompound decay (type II) would be de-
scribed by the sequence "particle emission, one or more two body intra-
nuclear transitions in daughter nucleus, particle emission." If the inter-
vening two-body transitions are omitted from this sequence, it becomes
type I multiple emission.

In the type II sequence for nucléon induced reactions, the leading term
would be two-particle-two-hole. The particle density for this hierarchy for
nucléons above 8 MeV is shown as a function of residual nucleus excitation
energy in Fig. 4. It should be recognized that the relevant residual exci-
tation of this population curve should be reduced by the nucléon binding
energy and by the kinetic energy of the first emitted nucléon before com-
paring with the type I curve. Then it may be seen that at excitations below
~50 NeV for the residual nucleus following one particle emission, type II
multiple precompound decay should rapidly become small compared with type I
decay. We have investigated type II decay quantitatively in unpublished
work. 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. Nonetheless, one
version of the ALICE code has been written to compute both type I and
type II PE emission.

To extend Eq. 2 to higher energies and maintain its simplicity, we have
made some arbitrary assumptions to estimate type I multiple particle emis-
sion branches. Me define these assumptions based on simple probability
arguments.

If Pn and Pp represent the total numbers of neutron and proton ex-
citons emitted from a particular exciton number configuration, we assume that

Pnp - PnPp (Eq- 3)

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 distinc-
tion 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

Pnn - 2 ^ ^ (Eq. 4)

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 configura-
tion, which were not in coincidence with another particle, would be given by

Pn (n only) = Pn-Pnn-
pnp» (E<«- 5a>

Pp (P only) = Pp-Ppp-Pnp. (Eq. 5b)

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

Fn=l.-Pn(n only)-Pp (p only) -Ppp/2-Pnn/2-Pnp. (Efl- 6)
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This fraction would multiply the fractional population which had sur-
vived to the n exciton state, i.e., is the depletion factor multiplier.

The treatment of multiple emission is completed by storing spectra of
excited nuclei into the appropriate daughter nucleus buffers following the
emission of one neutron only, one proton only, one neutron and one proton,
two neutrons only, and two protons only. The sum of these cross sections
plus the cross section predicted to survive to the original parent compound
state, must equal the reaction cross section. This aspect of the calcula-
tion will have very little effect on the predicted emission spectra (none on
the precompound spectra) but will have major impact on the predicted excita-
tion functions for products for which one or two neutrons or protons, or one
n and one p are emitted in the precompound mode. We describe next the meth-
od used for this last step of the precompound calculation, following which
the evaporation calculation is performed within the code.

Within each exciton hierarchy, we calculate the number of neutrons
(protons) emitted in singles, in coincidence with protons, or in coincidence
with neutrons, as the product of the nucléon numbers from Eqs. 3-5 multi-
plied by the surviving population cross sections and the reaction cross sec-
tions. These cross sections ([Cn(Cp), Cnp, Cnn, etc.] are defined
in Table I.

From the calculated total precompound neutron emission spectrum
don(e)/de, the cross section which could be involved in the emission
of two neutrons is calculated as

a2n = Ju=0 ~ d T " d e ' (Eq. 7)

where Bgn represents the sum of first and second neutron binding energies.
Similarly the neutron cross section which could be emitted in coinci-

dence with protons is given by

:-VBP !!i^dc

where Bn is the first neutron out binding energy 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, opp, and of a proton in coincidence with a
neutron o p n. The cross section available for the emission of a single
nucléon <>n(p) ^s» °f course, the sum of all do(c)/dc (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 precom-
pound neutron, we store

n
where U=E-Bn-e; for the daughter nucleus following the coincident emis-
sion of two neutrons, we store

A-2 Z d o » ( e >

a ' (U) =
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where U=E-B2n-e-c"n,

where Tn is the average kinetic energy of the second neutron for a given
energy e of the first neutron. For the case of the daughter nucleus pro-
duced by the coincident emission of a neutron and a proton,

oA-2.Z-l(u) = _ ^ | _ ^ _ | +_^_ | _ ^ _ | > (Eq 1]}

np

where U=E-Bn-Bp-c-Fp(n) as previously defined, and where cp(n)
is the average kinetic energy of the proton (neutron) emitted in coincidence
with a neutron (proton) of kinetic energy c An expression analogous to
Eq. 10 is used for the case of two proton emission.

3. Comparisons of Different Approaches with Data

The algorithms presented limit multiple precompound decay to two parti-
cle emission. For nucléon induced reactions at energies below 200 MeV this does
not provide a serious shortcoming. The types of algorithms employed could
be extended beyond the two particle limit, if necessary, by someone with
greater energy.

The calculated contributions to single vs. multiple PE decay are shown
versus neutron energy for the system n+127I for neutrons up to 300 MeV
in the hybrid model approach (in the geometry dependent form) [8] and for
neutrons up to 50 MeV in the Exciton model formulation of Ref. 10 in
Fig. 5. There is a quite reasonable agreement between these two approaches
for the energy range of overlap. These comparisons are for a one Fermion
gas, and for type I multiple PE decay in the hybrid model approach; type II
decay is relatively less important. Results for a two Fermion system are
summarized in Fig. 6.

Tests of the algorithms for multiple PE decay must ultimately be made
by reference to experimental data. One set of comparisons is presented in
Fig. 7, where we have made comparisons for the reactions 2O2Hg(p,2p) and
2O2Hg(p,2pn) using the new multiple emission algorithms versus the older
single precompound particle emission decay code [14]. These excitation
functions should provide a fairly rigorous test of the multiple decay
assumptions, as proton evaporation is very highly inhibited in nuclei of
high atomic numbers. The proton emission yields should therefore result
primarily from the precompound process. The earlier GDH-evaporation calcu-
lation may be seen to give poor shapes for the excitation functions, and
more signicantly to underestimate yields of the (p,2pn) and (p,2p) products
by 3 and 5 orders of magnitude, respectively. The new algorithm gives cross
sections to the correct order of magnitude, and of quite satisfactory
shapes over nearly the entire energy range. It should be emphasized that
these cross sections are only around 0.3% of the total reaction cross sec-
tion, so that the fraction of the reaction cross section calculated to popu-
late these yields is given surprisingly well.

In Fig. 8, we present calculated (p.pxn) and (p,2pxn) yields from
62Ni targets for incident proton energies of 80 to 164 MeV [15]. The
relatively good agreement of the (p,p) and (p,2p) yields indicates that the
algorithms used are quite successful in estimating the multiple yields.
Similar comparisons are shown in Fig. 9 for the **Mi(p,xpyn) reactions
[15]; again the multiple decay algorithms work quite well.

A very interesting test of multiple PE decay is the case of reactions
following the capture of stopped negative pions. For these reactions, both
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mass yields and nucléon spectra are available. An unusual aspect of these
reactions is that the neutron spectra result primarily from the initial
exciton distribution, whereas the proton spectra result primarily from decay
of configurations following an intranuclear two-body transition. Then we
have a good test of the contribution of higher order (than n0) terms to
the PE decay; in terms of the hybrid model this also means a large contribu-
tion from type II PE decay.

The reason for this result is the quasi-deuteron mechanism for stopped
pion capture; the pion may be captured either by a pn or by a pp pair

ir"+p+n -» n+n ir~+p+p •• n+p (Eq. 12)

The ratio of these reactions becomes a parameter to determine from the emit-
ted nucléon spectra; results indicate that the first reaction dominates,
consistent with the observation that the np interaction is stronger than the
pp interaction.

In Fig. 10-12, we show calculated and experimental neutron spectra
following stopped pion capture [16.17], and in Figs. 13-15 [18-21], we show
proton spectra. In Figs. 16 and 17, we show the neutron and proton spectra
from a 12C target divided into type I and type II precompound decay. We
see that the different slopes of the neutron and proton spectra are given
quite nicely by the hybrid model, reflecting the contributions of first vs.
higher order (for protons) contributions. We see also that the type II con-
tributions are important to the total proton spectrum, and that the multiple
decay (I+II) contributions dominate the proton spectra. The success in re-
producing these proton data so well is strong evidence in support of the
algorithms adopted for treating multiple PE decay in the framework of the
hybrid model. Detailed results for the division of single and multiple PE
decay for nine targets between 12C and 2O9Pb (following *~ capture) are
tabulated in Ref. 22.

In Figs. 18-20, we show calculated and experimental yields following
stopped ir~ capture by 2 o 9Bi, 197Au and lella [23,24]. The generally good
agreement in both the xn and pxn channels, once more supports the validity
of the algorithms adopted, testing both type I (xn channels) and type II
decay (pxn channels).

4. Conclusions

The Exciton PE model offers a precise normalization for considering
multiple PE decay processes. There are, however, unanswered questions about
the consistency of rates and partial state densities used in some formula-
tions. It is important to compare results of exciton model codes with
experimental results for which multiple PE decay is important. To the
author's knowledge, this has not yet been done.

The hybrid model is decidedly less satisfactory for treating multiple
PE decay than is possible in principle using the Exciton model normaliza-
tion. Intuitive statistical arguments were made to estimate the contribu-
tions of exclusive reactions involving multiple PE decay. These algorithms
have been tested against a very broad range of experimental results which
are sensitive to the correctness of these algorithms, with quite satisfac-
tory results. Similar comparisons are needed for Exciton formulations be-
fore reaching conclusions on that approach, which could offer a preferable
alternative if the same predictive power were shown to be present.
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Figure 2 Diagrammatic representation of the Exciton
model. A change In exciton configuration occurs when
any member of the hierarchy either emits a particle
or makes a two body transition. If a nudeon of
energy c is emitted, the daughter nucleus of one
fewer particle at excitation U may be put Into an
ensemble to treat secondary PE decay.

Figure 1 Diagrammatic representation of the intra-
nuclear cascade calculation. Each projectile-target
interaction is individually followed so that each
reaction is treated on an exclusive basis.
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Figure 3 Diagrammatic representation of type I arid
type II multiple precompound decay processes. This
figure is supplemented by the discussion in the text.

Figure 4 Number of particle excitons at excitations
greater than B MeV above the Fermi energy versus com-
posite nucleus excitation and particle exciton num-
ber. The heavy solid curve 1s for a 2p1h configura-
tion, the dotted-dashed curve is for 3p2h, and the
dashed curve is for 4p3h. The thin solid curve Is
for a 2p2h configuration which would be relevant for
type II multiple precompound decay as discussed in
the text.
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figure 5 Calculated PE emission for one and only
one, two and only two particles, vs. Incident neutron
energy for n+"'I. These results are for a one
component Fermi gas. The upper scale gives one minus
the fraction of the reaction cross section surviving
to the compound nucleus. The solid line 1s the
result of the GDH model calculation. The open
circles represent one minus the sum of first plus
second chance PE emission from the Exciton model as
reported 1n Ref. 10. The lower scale gives one
particle emission (solid line) and two particle emis-
sion (dashed) 1n mb as predicted by the hybrid model.
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Figure 6 As in F1g. 5, for a two component Fermi
gas. The solid curve gives the reaction cross sec-
tion versus incident neutron energy (abscissa).
Other curves give the excitation functions for emis-
sion of one neutron only, two neutrons only, etc.

Figure 7 Calculated and experimental IoaHg(p,2p)
and (p,2pn) excitation functions. The points repre-
sent experimental yields from Ref. 14. The long
dashed curve 1s the (p,2pn) prediction of this work,
and the solid line the (p,2p) result. Multiple pre-
compound decay algorithms are used in these results.
The dotted-dashed curve is the GDH result (xlO9)
for (p,2p) from the precompound formulation without
multiple precompound decay, and the short dashed
curve is the same (xlOs) for the (p,2pn) reaction.
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Figure 8 Calculated and experimental yields from
100 and 136 MeV proton bombardment of "Ni.
Experimental points are from Ref. 15. The calculated
GDH model results have been connected by solid line
segments. The dashed line is the result when the
equilibrium level density parameter is varied from
A/9 to A/12.
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Figure 9 Experimental and calculated product yields
from 80-164 HeV proton bombardment of «Ni.
Points and lines are as In Fig. 8.
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Figure 10 Calculated and experimental (w",xn)
spectra following the capture of stopped pions on Cu,
"Al, and " 0 . Data are from Ref. 16. The
calculated result is for the hybrid model with 1.90
primary neutron excitons and 0.10 proton excitons.
Other details of the calculation are given in the
text. The arrows Indicate the thermodynamic end
points for the spectra.
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Figure U Calculated and experimental (*~,xn)
spectra for xllTa and Pb targets. Data are from
Ref. 16; solid curve as in Fig. 10. The dotted curve
is the predicted hybrid model spectrum if a 2p0h pri-
mary excitation is assumed (with 1.75 neutron exci-
tons); the dashed curve results if a 2p2h primary
excitation is assumed.
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Figure 12 Calculated and experimental lï7Au(ir",xn)
spectra. Experimental results are from Ref. 17. The
solid curve is as in Fig. 10. The dotted curve Is
calculated for capture in nuclear matter for which
maximum energy per hole is 10 HeV, assuming 1.95 neu-
tron and 0.05 proton excitons following »" capture.
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figure 13 Calculated and experimental "Cfn'.xp)
spectra. Experimental results are from Refs. 18-20.
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exciton numbers are shown. A result with maximum
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Figure 15 Calculated and experimental "Co(*~,xp)
and 1>7Au(«",xp) spectra. Experimental results are
from Ref. 19. The solid Une 1s the result of the
calculation described 1n Fig. 10. Different Initial
proton exdton numbers are used for the dotted and
dashed curves, maintaining the 30 NeV maximum hole
depth. The dotted-dashed curve assumes 0.05 Initial
proton excitons, and a maximum hole depth of 10 NeV.

figure 14 Experimental and calculated 4OCa(«".xp)
spectra. Experimental results are from Refs. 20 and
21. Calculations are as 1n F1g. 10, plus a result 1n
which the Initial proton exdton number 1s reduced to r
0.05. k
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Figure 16 Contributions to the calculated "C(w~,xn)
spectrum from several components. Results are as
described for Fig. 17.
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Figure 17 Contributions to calculated "C(«",xp)
spectrum due to several components. The dotted line
represents the primary (n-3) proton spectrum, includ-
ing type I multiple precompound decay. The dashed
line represents contributions from all precompound
decay terms (n=3 to n) including type I multiple
decay. The dotted-dashed curve represents only the
contribution of type II multiple precompound decay.
The solid line gives the sum of type I (total) plus
type II precompound decay. No equilibrium component
has been added to these spectra. Calculations were
performed for the parameters used in Fig. 10.
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Figure 18 Calculated and experimental («~,xn) and
(*",pxn) yields for stopped pions on 18'Ta.
Experimental results are from Ref. 23. The solidline
1s the Intranuclear cascade result reported in Ref.
23. The dashed Uneis for an emission spectrum mul-
tiplied by 2.4 x exp - [(/F-5.5)'/16]. The dotted
curve is for cf-10 HeV, 1.95n, 0.05p.
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Figure 19 Calculated and experimental (»",xn) and
(«",pxn) yields for stopped pions on lt7Au.
Experimental yields are from Ref. 24. Calculated
results given by the dotted and dashed Unes are as
in F1g. 18. The solid Une represents a calculation
with 1.95n and O.OSp (primary) and with the maximum
hole depth of 5 HeV (10 HeV maximum for the hole pair
assumed 1n the 2plh primary excitation).
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Figure 20 Calculated and experimental (»",xn) and
(«~,pxn) yields for stopped pions on ao*B1.
Experimental results (points with error bars) are
from Ref. 24. Calculated points have been connected
by Une segments. The dotted line results from the
parameters (Ef-10, 1.95n, 0.05p). The dashed Une
results from the parameters giving the dashed Une
yields in Fig. 18.
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THE PRE-EQUILIBRIUM MASTER EQUATION WITH ANGULAR-MOMENTUM CONSERVATION
AND ITS MICROSCOPIC ASPECTS
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P.O. Box 1, NL-1755 ZG Petten (NH), The Netherlands

ABSTRACT
We discuss some aspects of the unification of pre-equilibrium models.
The incorporation of angular-momentum conservation in the exciton model is
reviewed, as well as the relationship of the resulting model with the
Hauser-Feshbach formula. Several possibilities for extending this model to
multistep direct angular distributions are described. Finally, we consider
its microscopic foundations, commenting upon various existing approaches
to this problem.

1. INTRODUCTION

The creation over the years of a variety of exciton models [1] has been
mainly motivated by the desire for a phenomenological description of
pre-equilibrium reactions, i.e., of reactions with characteristics
inbetween those of direct and of compound reactions. From the practical
point of view, these efforts have been highly successful. At the same
time, they have actually given rise to quite different formalisms for
these three reaction types. One would intuitively expect, however, that
the pre-equilibrium exciton formalism can in some way be naturally linked
to compound-reaction theory (in particular the Hauser-Feshbach model) and
at the same time also to direct-reaction models (at least in the conti-
nuum) . The development of such a unified theory appears to be a difficult
problem, which has pragmatic as well as fundamental aspects, as it touches
upon the microscopic foundations of macroscopic nuclear-reaction theory.
The present authors believe that a fruitful starting point for unification
attempts is the master-equation approach [2], due to its omnipresence in
both classical and quantal nonequilibrium statistical mechanics.

In this paper we shall discuss some aspects of the unification of
pre-equilibrium models. Section 2 surveys the recent progress in the
incorporation of angular-momentum conservation into the exciton model.
It shows that the resulting spin-dependent master equation embodies
both the Hauser-Feshbach and the exciton models as limiting cases.
Section 3 discusses various possibilities for extending this approach to
the description of precompound angular distributions, of interest for

- 185 -



making empirical contact with multistep direct models. Section 4 considers
the problem of a microscopic, quantum-statistical justification of the
master-equation model: without such a foundation any unified reaction
theory will remain incomplete.

2. CONSERVATION OF ANGULAR MOMENTUM

A long-standing criticism regarding the exciton model is its neglect of
angular-momentum information. This is undesirable for at least two
reasons. Firstly, angular-momentum effects may influence the calculated
pre-equilibrium excitation functions, spectra and angular distributions.
Secondly, seen from a unification point of view, it renders impossible the
merging of pre-equilibrium theory with Hauser-Feshbach theory, since the
standard exciton model can only have as its equilibrium limit the
Weisskopf-Ewing evaporation model. Recently, two papers have appeared
[3,4] that solve both these problems for the angle-integrated case. These
papers build upon earlier investigations by Plyuiko [5], Reffo et al. [6],
Fu [7], Gruppelaar [8] and upon ideas taken from FKK theory [9].

An extensive exposition is given by Shi Xiangjun et al. [3]. They
introduce a master equation that also includes the total angular momentum
J and the parity n of the composite nucleus (target plus projectile) as a
characterization of the nuclear state under consideration, in addition to
the excitation energy E and the exciton number n. The resulting master
equation reads:

•a— '— *•* T n
 TIT Til Tn Tn

qJ (m,t) - [IT (n) + 2 AJ"(n-»m)] qJ"(n.t).- - •. •> f

(1)

We see that the master equation decomposes into a set of uncoupled
equations, one for each value of J and n. This is related to a general
property that can be mathematically proved, stating that the master
equation decouples in a manner as indicated above for each (macroscopi-
cally) conserved quantity. Incidentally, here we also find a physical
explanation for the decoupling into various £ of the phenomenological
angular-distribution models as discussed in Refs. [10-16]: in these
spinless models the orbital angular momentum of the system is conserved.
Consequently, if we identify £ with the orbital angular momentum, the
master equation is decomposable into a set of separate equations for each
value of &. Thus, we have given a natural physical interpretation to the
purely mathematical proof originally given in [12],

Returning to the spin-dependent master equation, we remark that its
further treatment is as usual. Upon integration over time we obtain:

-qJn(n,t=0) = 2 AJn{m-m) TJ"(m) - [wj"(n) + 2 AJn(n-nn)] TJ"(n), (2)
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with the initial condition

qJn(n,t-0) - l>f/aQ] 6^, (3)

where a is the composite-formation cross-section. The average emission
spectraaand cross-sections are given by:

^ M . ̂  ^ w J n ( n e ) Tjn(n)# (4)

The transition and emission rates are calculated from time-dependent
perturbation theory according to Fermi's golden rule, but they now include
spins and parities. Here, one takes advantage from the fact that the
densities of final states can be factorized into a spin part, a parity
part (assumed to be equal to 0.5) and an energy-dependent part. The
treatment of the angular-momentum couplings occurring in the expression
for the transition rates [4] is similar to that in the FKK model [9], The
expressions for the emission rates are very similar to those used in
Hauser-Feshbach theory, although the level density has become n-dependent.

The approach taken by Oblozinsky [4] is essentially the same, except for
the fact that a never-come-back approximation has been introduced to the
above equations (1,2). He extends the model by also considering the case
that the emitted particle b is a photon. This is done by means of a
generalization of the nonspin approach by Akkermans and Gruppelaar [17] to
the case of angular-momentum conservation.

Furthermore, Shi Xiangjun et al. [3] discuss a number of methods in order
to speed up the numerical model computations. Partly, these are based on
the factorization properties of the level density formulae. Consequently,
as demonstrated by Akkermans et al. [18], nested summations over spins can
be replaced by very accurate analytical approximations. In addition,
assuming a weak spin dependence of the transition and emission rates, one
is able to find a very simple approximation for the spin-dependent mean
lifetimes in terms of the spinless ones, as follows [3]:

oa" wt ( n )

°a
(5)

This effectively reduces the set of master equations (1) (totalling a
number J ) to a single one. Also this approximation turns out to be very
accuratemax [3]. The combined result of these computational optimizations
is that the CPU time for a precompound/compound master-equation
calculation reduces to that of a Hauser-Feshbach calculation or even less.

The observation that the transition and emission rates generally show a
weak angular-momentum dependence is a basic one. This finding is reported
in both Refs. [3] and [4] as well as by various authors in the FKK line of
work. Physically, this weak spin dependence can be explained by noting
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that even for simple exciton states a large number of angular-momentum
couplings is possible. This washes out much of the selectivity in the
angular-momentum structure. Accordingly, the calculated impact of spin
effects on the angle-integrated emission spectra and cross-sections
appears to be small. It is shown in [3] and [4] that this applies to both
nucléon and Tf-ray emission in nucléon-induced reactions, cf. Fig. 1.
Thus, one is led to the conclusion that from a practical viewpoint the
standard spinless models give quite reliable results.

Nevertheless, the master-equation model with conservation of angular
momentum has definite conceptual advantages over the usual exciton model.
It can be rigorously demonstrated [3] that in the equilibrium limit it
goes over into the continuum Hauser-Feshbach theory. This result is
obtained upon writing out Eq. {k), inserting the equilibrium conditions
and employing the conservation of probability. Hence, one can genuinely
speak of an integrated precompound-compound theory. Also the standard
exciton model and the Weisskopf-Ewing model can be derived from it, by
neglecting any spin dependences. The relationships between these models
are displayed in a transparant fashion in Fig. 2. Moreover, one can show
that the angular-momentum conserving master equation integrated over time
(i.e., Bq. (2)) can be brought in the form of the AWM theory of Agassi et
al. ([19], see especially Eqs. (5.10) and (5-23)). if in the latter the
so-called "external mixing" is neglected.

Hence, the angular-momentum conserving master-equation theory seems
to us of interest for a number of reasons:

a. It is sufficiently specific and simple to be amenable for practical
applications (thereby showing that in many cases the results of
spinless models are reliable).

b. Many useful extensions can be envisaged which are straightforward
and do not affect the basic structure of the theory. For instance,
it enables extensions to describe cross-sections for the excitation of
discrete levels if their structure is known.

c. At the same time, it is closely related to the AWM theory ([19]. see
also [20]) so that a more fundamental quantum-statistical justification
seems possible. If this could be supplied (for a further discussion,
see Sec. 4), the exciton master equation would no longer count as
purely phenomenological.

d. It unifies in a single formalism several important nuclear-reaction
mechanisms and theories, notably the Hauser-Feshbach, Weisskopf-Ewing
and exciton models.

e. In order to describe angular distributions in a satisfactory way the
starting point should be an angular-momentum conserving model.

3. EXTENSION TO ANGULAR DISTRIBUTIONS

The statistical reaction model represented by Eqs. (l)-CO can be extended
in several directions in much the same way as has been done for the
non-spin exciton model. This applies for example to multiple emission,
complex-particle absorption and emission, isospin (two-component)
problems, more realistic level densities, etc. A very important
generalization would be the inclusion of angular distributions. For the
symmetric (multistep compound) part of the angular distributions this is
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quite simple: since the model can be cast in a Hauser-Feshbach-like form,
the symmetric angular distributions are obtained by an immediate
generalization of Hauser-Feshbach theory, like performed by Plyuiko [5].
However, the main problem resides in the modeling of the observed
forward-peaked (multistep direct) angular distributions. Here, we also
encounter the question of the relationship with direct-reaction models.
This problem appears to be a hard one to solve.

Several different approaches presently in existence may be useful here,
but they all seem to have their drawbacks, too. The most obvious procedure
would be to in some way insert the "leading-particle" approach [10,11],
see also [12-16], into the spin-dependent master equation, cf. Réf. [6].
However, on several points this approach has a classical flavour and its
microscopic justification is not entirely satisfactory.

Another possibility is to follow the methods used in the FKK theory [9].
However, in that case a separation should be made between multistep-direct
and multistep-compound reactions. Although this is an improvement over the
fast-particle assumption, it leads to two quite different formalisms. This
is not very attractive from a unification point of view. The same applies
to the never-come-back approximation employed in the FKK theory: the link
with the Hauser-Feshbach model may be intuitively clear, but it is not
really embedded in the theory. In addition, the microscopic postulates are
much more obscure in the FKK model [9] than in the AWM theory [19,20].

A third approach has been developed by Fu [21] who notes (following
Plyuiko [5]) that in two limiting cases the phases of the states connected
by the residual matrix elements are known: at n = 1 (lpOh) there is a
complete correlation, while at n = n (equilibrium) they are entirely
random. Introducing an extended Hauser-Feshbach equation and using a
phenomenological n-dependent weighting function, these two components can
be linked. The disadvantage here is that this weighting function is purely
empirical, at present not being calculated on a theoretical basis. Perhaps
it would be useful to relate this weighting function to the number of
collisions k rather than to n. It is noted that progress is made if one
could say something about the correlation of phases just after the first
collision. In fact, Plyuiko [5] has already suggested to consider only
n=n (-3). albeit that he has adopted the unrealistic assumption of fully
correlated entrance and exit channels for n=3. At present the proposal by
Fu seems to be the most practical one available in the spirit of a
"unified" precompound model, albeit that there is one fit parameter.
Further work on this method is underway [21].

Finally, we want to mention the work of Tamura et al. [22] on multistep
direct reactions. It is more general than that of FKK and its starting
point resembles that of AWM (statistical properties of the nuclear
Hamiltonian). On the other hand, the connection with multistep-compound
reactions has not been studied. Also, the formalism is quite complicated
in the higher steps. From the present point of view, the best solution
would be to merge in some way the Tamura and AWM theories in a
time-dependent (master equation) fashion. It is not clear, however, how
this can be achieved, the more so if one aims at a theory amenable for
routine applications.
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k. MICROSCOPIC ASPECTS OF PRE-EQUILIBRIUM MODELS

At first sight it may seem that this subject is somewhat esoteric.
However, in applications usually combinations of various models and
related parameters are employed, the consistency of which not always being
evident. This is an unsatisfactory situation and it may at times give rise
to unreliable results. Working towards a better integration of the
respective models may be one of the remedies. In this context, study
of the microscopic foundations of pre-equilibrium theory will be (and has
been) profitable. Such a foundation is practically important, since it
demonstrates how to reduce the treatment of the many millions of nuclear
eigenstates to one with a small number of macroscopically significant
variables. Precisely this feature (although with a phenomenological
justification only) is a major factor in the popularity of the exciton
model. Ideally, in our view, statistical continuum nuclear-reaction
theory might be established as one of the branches of nonequilibrium
quantum statistical mechanics.

The foundational problem can be formulated in a compact manner as follows.
Our starting point is the Schrôdinger equation for the composite nuclear
system (target plus projectile):

±n df/dt - (HQ + V)¥ . (6)

Here, H is the shell-model Hamiltonian and V represents the residual
binary interaction. It is convenient to work in the evolution operator
formalism:

f(t) = U(t.to)f(to) , (7a)

where

U(t,tQ) - exp [-i(Ho + V)(t - to)/Ii] . (7b)

as follows from Eq. (6). The evolution operator can be expanded in a power
series in V (the Born series)

U(t.to) - z U{s)(t,to) , (8a)
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where
t T2

<v|u(s)(t,t )|u> - (±K)"S / dT ... / dx. 2 ... Z

* S * V aVl al

C b v ( t •

x V a / y ( T l " fco)] ' (8b)

and

b (t) = exp [-IE t/h] . (8c)

Note the coupled time and energy integrals in Eq. (8b).
Next, we expand the wave function in terms of the eigenstates of H
(which in the present case may be thought of as the individual °
particle-hole configurations of the target nucleus):

¥<t) = 2 c (t)|u> . (9)

In order to make contact with the exciton master equation, we are interes-
ted in the probability q(n,t) that at time t the system occupies exciton
state n, located in a small interval around energy E (for convenience we
drop the E, J and II labels). From the above it follows that

q(n.t) d § f I |cu(t)|
2

Z Z Z <v|u(t,t )|p>*<v|u(t,t )|u>c*(t )c (t ) . (10)
vtfn p u

This equation is still exact (and thus time-reversible). It is seen that
the full microscopic information is needed for the calculation of the
exciton occupation probability. In order to obtain a master equation,
only occupation probabilities may occur in the right-hand side of
Eq. (10), instead of the coefficients c. This can only be achieved by
throwing away part of the microscopic information. Qualitatively speaking,
this can be done by neglecting the "improbable" solutions of Eq. (10).
This should result in an' equation which is irreversible but nevertheless
adequate because it will be representative of the majority of the
solutions to Eq. (10). An essential ingredient to such an argument is that
one is dealing with a large number of states. Any procedure to derive a
master equation (or something similar) must be statistical in nature.

- 191 -



In the framework of pre-equilibrium theory various attempts in such a
direction have been made [9,19,20,23,24]. The FKK work [9] has generated
models that are used in practice, but its microscopic assumptions are made
in the course of the derivation and are therefore not always transparent.
According to McVoy and Tang [23], they are similar to but less general
than those of AWM [19,20]. By extending the stationary AWM theory to the
time-dependent domain, McVoy and Tang [23] have sought to justify the
master-equation formalism. Bunakov [24] has proposed a quite different
procedure to the same end. We will discuss these studies in more detail
below.

The AWM approach seems to us to be an elegant one, since (unlike FKK) its
statistical postulates are immediately related to the matrix elements of
the nuclear Hamiltonian. Instead of carrying out an energy average with
respect to the physical Hamiltonian, an ensemble of Hamiltonians (macro -
scopically similar to the physical one) is introduced. The statistical
assumptions are made with respect to this ensemble, whereby the calculated
physical properties of the ensemble are identified (through the principle
of "stationarity") with the physics of the real-world system under consi-
deration. This is the fundamental and most distinguishing characteristic
of the AWM approach. An additional hypothesis, of considerable technical
interest, is that the ensemble matrix elements have a Gaussian distribu-
tion. As a result, the full Born series can be summed. This yields a
probability-balance equation which is very close to the time-integrated
master equation (2). We stress that the AWM approach is not a
perturbation treatment in the residual interaction V, unlike the usual
master-equation models.

McVoy and Tang [23] have adapted the AWM theory to the time-dependent
quantum equations, cf. Eqs. (6)-(10). They employ the same two postulates
of AWM as outlined above. In addition, they introduce an approximation in
order to solve the energy-time integrals of Eq. (8b), assuming that the
energy integrals yield delta functions in time. As a consequence of this
assumption the time integrals can be easily solved. Thus, a master
equation is obtained which is the time-dependent analogon of the AWM
probability-balance equation.

Bunakov [24] has tried to justify the use of master equations for nuclear
reactions along different lines. He introduces an ensemble of composite
nuclei (target plus projectile) and points out the lack of correlations
between the particles in the incident beam. From this he concludes that
the density matrix is diagonal, whence master equations for various
nuclear-reaction processes can be derived. Here, a perturbation analysis
in leading (second) order in V is utilized. The treatment as a whole is
interesting but rather fragmentary and, in our opinion, sometimes con-
fusing (cf. below). In terms of Eq. (10) given above, one may say that
Bunakov makes his statistical assumptions with respect to the initial
coefficients c occurring in the right-hand side, whereas the hypotheses of
AWM and McVoy and Tang refer to the Hamiltonian, i.e., to the matrix
elements of the evolution operator U.
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Clearly, the final results of these approaches are all quite similar and
close to the master equation (1). In the Bunakov approach it would result
if one introduces there the usual hierarchy of state classes of increasing
complexity (i.e., the exciton number). Furthermore, one can state that the
exciton master equation derives from the AWM/McVoy-Tang theory if a
perturbation treatment in the residual interaction is carried out. This is
evident from the calculation of the transition rates by means of Fermi's
golden rule, as well as from the neglect in Eq. (1) of external mixing.

Accordingly, here the contours are visible of a quantum-statistical,
microscopic justification of the pre-equilibrium master equation with
angular-momentum conservation. The exciton model on its turn derives from
this as a consequence of the neglect of all spin effects, cf. Fig. 2.
Nevertheless, this research programme cannot be considered as completed
yet, since there are still a number of less satisfactory elements in the
microscopic theories outlined above. A point in common is that they
explicitly introduce some ensemble. The way this is done by Bunakov
resembles that of classical mechanics. This is actually a superfluous
procedure, since in quantum mechanics the notion of such an ensemble is
already contained in the wave function itself. The confusing aspect
mentioned above lies in the fact that the proposed energy-averaging
(coarse-graining) procedure does not really need such a classical
ensemble. Further, it is not true that, as is implied by Bunakov,
correlations remain absent for all times if they can be shown to be so
for some initial time.

AWM and McVoy and Tang construct an additional ensemble of Hamiltonians in
order to make their statistical assumptions. However, the availability of
many states within each cell of a coarse-grained phase space (= exciton
state) should be sufficient to do so. A method directly related to the
physical Hamiltonian would certainly be preferable. Also, the way the
time-energy integrals of Eq. (8b) are decoupled by HcVoy and Tang through
an approximation by delta functions in the time is rather drastic, because
in that case the associated energy integrals average over all possible
values of the energy. A coarse graining in time, like the Kirkwood proce-
dure quoted by Bunakov, is perhaps more physical here.

In all of the discussed approaches it remains to be seen whether the
needed coarse graining in energy and time can be carried out in a manner
compatible with the intuitive physical notions underlying the phenomeno-
logical models. This may be particularly problematic for the very first
stage of the reaction process (far from statistical equilibrium or
multistep direct-like), where the relevant time intervals are very short.
Therefore, the investigation of pre-equilibrium angular distributions,
discussed in Sec. 3. is of much interest, since these observables are very
sensitive to the characteristics of the first phase of the reaction.
Finally, we want to point out that the present problem is one of
quantum (diffusion-like) transport. In this sense it is quite general and
not very specific to nuclear physics. Hence, nonequilibrium nuclear
theory may well profit from related work in a variety of other
disciplines.

Summarizing, we believe to have indicated that there need not be an
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insuperable gap between statistical microscopic theory and models such as
the exciton master-equation model suited for routine calculations.
It seems possible to eventually obtain a microscopically acceptable
model with full angular-momentum conservation, that is at the same time
sufficiently simple to be utilized in nuclear-data evaluations as a better
alternative to the current generation of Hauser-Feshbach codes with a
correction for pre-equilibritiH effects.
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0 001

Fig. 1. Comparison between results of the angular-momentum conserving
master equation (UM) and the standard spinless exciton model (EM)
for the reaction *'Nb(n,n'x) at lU.6 MeV.
The dashed curve corresponds to a fictitious target spin 1=1/2
(instead of 1*9/2). This figure has been taken from Ref. [3].

[ spin effects; pre-equilibrium effects included? ]

[yes; yes] UM H F [yes;no]

J J
[no;yes ] EM WE[no;no]

Fig. 2. Schematic of the relationships between the aaster-equation model
with angular-momentum conservation (UM), the Hauser-Feshbach
•odel (HF), the Weisskopf-Ewing model (WE) and the usual exciton
•odel (EM). The arrows denote a Mathematical reduction by means
of simplifying assumptions. The horizontal arrows represent the
assumption of equilibrium (dq/dt • 0), while the vertical arrows
stand for the limit of an (infinitely) large spin cut-off
parameter. (Figure taken from [3])
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THE TWO-COMPONENT EXCITON MODEL,
ISOSPIN CONSERVATION AND OTHER SECOND ORDER EFFECTS

Constance Kalbach
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ABSTRACT

Recent developments in preequilibrium reaction studies require moving
from the one-component version of the exciton model to the two-component
version in which proton and neutron degrees of freedom are considered
separately. This model is described and is shown to be equivalent to the
one-component model for simple calculations. The important question of the
relative interaction rates between like and unlike nucléons is also reviewed.
Finally the question of isospin conservation (which can only be treated
adequately in a two-component preequilibrium model) is addressed using
particle-hole state densities with good isospin quantum numbers.
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1. Introduction

The one-component exciton model was introduced in the late I9601s
beginning with the now classic paper by Griffin [1]. Its beauty is that it
incorporates the major pieces of physics needed to describe preequilibrium
reactions in a simple, physically transparent set of equations. This
produces a.flexible model, readily extended to include additional phenomena.

There are, however, some phenomena which cannot reasonably be included
until neutron and proton degrees of freedom are explicitly distinguished from
one another, as in the two-component version of the exciton model. Among the
effects to be considered are shell structure, pairing effects, and the
possible conservation of isospin as a quantum number.

This paper reviews work [2-4] on the two-component exciton model,
including the open question of the relative matrix elements for the p-p, n-n,
and p-n residual interactions. The place in the model that shell and pairing
effects can be included is noted, and the modifications required for the
study of isospin as a possibly conserved quantum number are described.
Finally, a few preliminary results are presented.

[4]) compares the two versions of the exciton
adel, the decrees of freedom (or excitons) are

2. The Two-Component Model

Figure 1 (taken from ref.
model. In the one-component moc
divided into particles and holes. Each class of states is' labelled by its
exciton number, », or by the numbers of particle and hole degrees of freedom,
p and h, that it has. Particle and hole degrees of freedom are always
assumed to be created and annihilated in pairs so that all of the states fall
into a hierarchy, with neighboring classes differing by An=2 or Ap=Ah=l. In
the two-component model, proton particle
and hole degrees of freedom are
distinguished from their neutron
counterparts. Thus each class of
configurations becomes a family of
subclasses, and the description of the
energy equilibration of the nucleus
changes from a one dimensional problem to
a two dimensional one. The different
subclasses of states are labelled by the
numbers, p*, hfl, p u, and hM where the
subscripts T and v refer to protons and
neutrons, respect ively.

The arrows in Fig. 1 show the
residual two-body interactions which take
the system from one kind of state to
another, thus bringing about energy
equilibration in a reaction. In the
one-component model only the creation and
destruction of particle-hole pairs are
considered. In the two-component model
the creation of proton and neutron pairs
are treated separately, and similarly for
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Figure 1. Schematic diagrams
of proton induced reactions in
the one- and two-component
exciton models. The labels
are (p,h) and
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pair annihilation. In addition, interactions which involve changing a
neutron particle-hole pair into a proton pair or vice versa must also be
considered.

In spite of these differences, the same basic information must be
supplied in each version of the model. This includes the initial number of
excitons, n0, a matrix element normalization factor, and the relative
probabilities for exciting proton and neutron degrees of freedom. The basic
tools for the calculations are also similar: the particle-hole state
densities, the rates for the residual two-body interactions, and the particle
emission rates. The equilibration process is described using either a set of
coupled master equations or a closed form reaction equation, and the
resulting time-integrated occupation probabilities for the various classes of
states are used to calculate the particle emission spectra.

2.1 State Densities

The state densities used in the two-component exciton model are based on
the work of Williams [5] and have the form

gn* gn" [E-A(p ,h ,p ,h ) ] i l 1

« ( p h p h E ) = * * î« ( p t , h t , p , , h y i E ) = p l h . p ! h l ( n - î '
*x x' VV' V' v ''

where E is the excitation energy of the system, g,, and gv are the densities
of single particle states for protons and neutrons, and f(p,h,V) is a
correction for the finite depth, V, of the nuclear potential [6j. Surface
effects can be introduced in the reaction calculations by using a shallower
well depth for the initial composite nucleus and residual states [7].

The quantity A(p1,,h1i,pv,hv) is the Pauli principle correction function
which occurs in the transition rates as well. In most applications it
represents only a small fraction of the total excitation energy. On the
other hand, this is where the main shell [8] and pairing [9,10] corrections
are included, and in those applications the rauli correction term can become
significant. The two critical factors that often go unrecognized in
determining A(pn,hn,p,,,hv) are the presence of passive particles or holes
adjacent to the Fermi level, and the placement of the Fermi level between the
last filled and first vacant single particle states in the ground state of
the nucleus [4]. When these two factors are considered, the Pauli correction
function is given by

O O 9 9

, N , v p +h +n p +h +n
A(p ,h ,p ,h) = E ( * > ( P ,h ) +E (" )

1.(P >* ) " * T- " V- (2)
v rx' x'*»/' v' pauli v rx' x' pauli v l>' v' • * v '

Here the proton Pauli energy in the simple equi-spacing model is

( ) ( p ,h ) = q2/g (3)
Vix' x' V 0 » v '

with q,, = maximum(pn,hn), with similar expressions for neutrons.
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2.2 Transition Rates

The transition rates considered are An+ and A7,. for the creation and
annihilation of proton particle-hole pairs; Ay+ and Av- for neutron pairs;
and \%v and A ^ for the conversion of a proton pair into a neutron pair and
vice versa. The interactions are assumed to be residual so that perturbation
theory applies. Thus each rate is written in terms of the average matrix
elements for the appropriate interactions and the average densities of
accessible final states. Allowing for the possibility that the matrix
elements for p-p and n-n residual interactions will be different from those
for p-n and n-p interactions, the rates are

A (p ,h 5p ,h ,E) = & [M
2 a (p ,h ,p ,h ,E)

+ M2 u (p ,h ,p ,h ,E)1 (4)

A (p ,h ,p ,h ,E) = 2? [M2 U (p ,h ,p ,h ,E)

+ M2 u (p ,h ,p ,h ,E)1, (5)
VX VT-^X IT5 1*»' f ' y J ' V '

A (p , h ,p ,h ,E) = i T M2 0 n ( p ,h , p ,h , E ) , ( 6 )
XVyrX* x'rl/' I/' ' ft TV TJ/0V X' X ' * V I»' / J v '

with analogous expressions for Av+, Xv- and Ayn.

Two different methods [3,4] have been used to derive the transition
state densities (or densities of accessible final states). Their results
differ in form, but the major parameter dependences are basically the same
and are similar to those in the one-component model.

As for the evaluation of the mean square matrix elements, it is
typically assumed that ( M ™ ) 2 = (MWI,)

2 and (MflV)2 = (M,,,,)
2 and that all four

matrix elements will have the same dependences on the other reaction
parameters (i.e. target mass, excitation energy and exciton number}.
Virtually all the assumptions made about these dependences in the
one-component model can be carried over into the two-component model. Thus
constant matrix elements [2], matrix elements derived from nuclear matter
calculations [3] and semi-phenomenological matrix elements [4] have all been
used.

Another important factor is the ratio R=(M1(W)
2/(M1,1,)

2 which effects the
relative preequilibrium yields in the inelastic and charge exchange channels
in nucléon induced reactions. This question is discussed in Section 3.

2.3 Particle Emission Rates

The particle emission rates for nucléons of type b and energy c are
fairly unambiguous and are given by the relation

(2s.+l) w(p-Z ,h ,p-N ,h.U)
Vb(p.,k.,P.,b»,E,e) de = i ^ /*b e ,b(e) '\r \ h ' • (7)
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Here Sb, /<b> Nb, and Zb are, respectively, the spin, reduced mass, neutron
number and proton number of the emitted particle, and ffb(e) is the reaction
cross section for the inverse process of particle absorption. This same
expression holds for complex particle emission if all of the constituent
nucléons of the particle are assumed to start out as particle degrees of
freedom. In that case, Eq. (7) predicts too little complex particle
emission, and the target mass dependence of the cross section is also wrong.
Additional mechanisms such as nucléon transfer and cluster knockout are
probably needed.

2.4 Reaction Calculations

The time-integrated occupation probabilities, S(p1,,h,,pu,hv), for the
various subclasses of particle-hole states can be evaluated either for the
preequilibrium phase alone (giving Spre) or for the full reaction (giving
Stot)« In principle either set can Se obtained by solving the master
equations for the equilibration process, but these equations are so numerous
and complex that they have not actually been solved. Dobes and Bëtâk [3] use
an iterative approach starting from solutions to the zeroth order
time-integrated master equations to estimate Stot- Unfortunately, the model
assumption that p-h is always equal to Aa in the composite nucleus and Aa-Ab
in the residual nuclei is inappropriate in the equilibrium limit [4], making
it advantageous to determine Spre rather than Stot. This is most readily
done using closed form reaction equations.

Closed form expressions typically assume that in the early stages of the
reaction the system undergoes a series of pair creation interactions. Pair
annihilation is ignored, and only competition from particle emission is
considered. In the two-component model this is modified [4] to include the
possibility of a single JV or VJ exchange interaction between pair creations.
Additional exchanges can easily be included but are unlikely.

Two slightly different sets of occupation probabilities are used in the
closed form calculations. Simplifying the state notation from (pn,h-n,p,,,hv)
t ( ) th f i t t i d t d P ( ) d t th t t h

p y g (pn,n,p,,,v)
to (ViP?), the first set is denoted Pi(p,Pn) and represents the strength
populating the specified states by pair creation from simpler states. The
total strength which passes through these configurations is greater than Pi,
however, because of the exchange interactions. It is denoted P2(psPn)« The
quantities Pi and P2 are calculated using the recursion relations [4]

Pi(p,P*) = P2(p-l,Pi,-l) r^+(p-l,Pll-l) + P2(p-l,p*) rv+(p-l,PiO (8a)

= Pi(p,Pn)
(8b)

Here the four I"s are branching ratios each having the form r1l+(p,p1J) =
AK+CPJPK) r(p,p«), ^ the quantity L(p,p,,) = r'fojihO/rfp.p,,). There are
two sets of lifetimes in these relations. The 7-(p,pfl) are the partial
lifetimes against pair creation and exchange interactions and against
particle emission, while the r'(p,p*) consider only pair creation and
particle emission.

The initial conditions for the recursion relations are
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Pi(Aa+l,Za) =
Av+(Aa,Za)

P,(Aa+l,Za+l) = 1 - Pi(Aa+l,Za)

(9a)

(9b)

and correspond to an initial configuration of (po,ho)=(2,l) for nucléon
induced reactions. For complex particle induced reactions it is probably
more appropriate to start with the initial condition of Pi(Aa,Za)=l or
(po>ho)=(Aa,0). The recursion process is continued until the most probable
particle number at equilibrium is reached or until essentially all of the
strength in the reaction has gone into primary preequilibrium emission.

The time-integrated strengths are then given by Spre(p,Pn) =
P2(p»Pij) 7"(P)PH) ana the energy differential preequilibrium cross section for
a particle of type b is

Ipi(Spre(p,P1I) Vb(p,p,,e) (10)

where <ra(ea) is the reaction cross section in the entrance channel of the
reaction.

2.5 Results of Reaction Calculations

Figure 2 (taken from ref. [4]) compares first-particle-out
preequilibrium energy spectra calculated in the one- and two-component
exciton models. A value of R=l was used in the two-component model, and the
distinguishability factor, Qb(p)5 chosen for the one-component model emission
rates likewise assumed equal matrix elements for the p-p, n-n and p-n
residual interactions.

The results of Fig. 2
show that when the same
physical assumptions are
made about the relative
probabilities of exciting
proton and neutron degrees
of freedom, the two
versions of the exciton
model produce nearly
identical preequilibrium
energy spectra. Different
values of R in the
two-component model
correspond to different
forms for Qb(p) in the
one-component model and
yield different relative
yields for protons and
neutrons, but the two
forms of the model are
essentially equivalent.
The advantage of the

•0 2 1 6 8 10 12 0 8 16 21 32 40 0 10 20 30 10 50 60

v 10'

10°

to

10°
HFe+p

E-33 5 MeV

1UO 4 8 12 16 20 24 0 1 B 12 16 20 0 A 8 12 16 20 24
«(MeV)

Figure 2. Comparison of preequilibri.ua
energy spectra in the one- and two-component
•odels.
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two-component model comes only in the ability to correctly include things
like shell structure, pairing effects and the possible conservation of
isospin as a quantum number.

3. The Effective Matrix Elements for the Residual Interactions

The two suggested values of R are three [3] and one [4]. The value R=3
is derived from free nucléon-nucléon scattering cross sections and reflects
the fact that the p-n cross section is about three times as big as either the
p-p or n-n cross sections. On the other hand, the present matrix elements
are thought to be residual in nature so that arguments based on free cross
sections are not necessarily valid.

In the exciton model it is assumed that the main part of the two-body
interaction between all A(A-l)/2 pairs of nucléons has gone into the
potential well in which the single particle states exist, but neither the
system Hamiltonian nor the parts of it which have gone into the potential
well are ever defined. Thus it is impossible to choose an a priori value of
R. In particular, if all of the isospin dependent part of the interaction is
in the well, a value of R=l would be quite realistic.

The practical consequences of varying R are fairly small because the
pair creation rates, Afl+(p,p,) and Aw+(p,Pn), each depend on both (M*,)2 and
(M^v)2. The results in [3]
indicate that changing from R=l to
R=3 causes a 20-307. enhancement of
the preequilibrium yield in the
charge exchange channel of a
(nucléon,nucléon) reaction relative
to the inelastic channel.

IOC

10

At a more fundamental level,
the value of R effects the validity
of the equal probabilities
hypothesis. The derivations of
both the interaction rates and the
particle emission rates in all
versions of the exciton model make
the implicit assumption that all
the states in a given class (or
subclass) are equally likely to be
populated. While there is little
hope of ever rigorously testing
this hypothesis, work with the
version of the one-component model
which differentiates between closed
and open configurations shows that
these two subclasses for each
particle number, p, are populated
in proportion to their state
densities. Similarly, it would be
reassuring if the various
subclasses of states for a given p
in the two-component model were

P=2

E=335 Mev

P=3

10-

10

10'

10-

Figure 3. Test of the equal
probabilities assumption in a sample
system. The R=3 results are shown
only for states with p=2.
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also populated in proportion to their state densities.

Figure 3 (taken from ref. [4]) shows that when R=l this condition is
indeed fulfilled to a high degree of accuracy while for R=3 it is seriously
violated for the initial (po,ho)=(2,l) states. (It has not been evaluated for
higher configurations.) Thus if a value of R=3 is indicated by the data, the
equal probabilities assumption would automatically be invalidated for the
one-component model, and serious questions would be raised about its validity
in the two-component case.

4. The Two-Component Model with Isospin Conservation

If a choice for R is to be based on the relative preequilibrium yields
of protons and neutrons, it is vital that all other factors capable of
producing an effect of similar or greater size be understood and correctly
included in the model calculations. These effects are pairing, shell
structure, and the possible conservation of isospin as a quantum number of
the system.

The importance of using the two-component version of the exciton model
to treat isospin conservation was indicated in the work of ref. [11] on
particle-hole state densities with good isospin. An obvious first step in
implementing isospin conservation is to consider the two extreme cases of
complete mixing and complete conservation of the isospin quantum number to
see the sensitivity of the calculated spectra to these assumptions.
Considering isospin conservation requires doing multiple calculations, one
for each value of the total isospin in the composite nucleus, and adding the
results together incoherently. The calculations proceed as for the mixed
case, but the transition and particle emission rates are now derived from the
particle-hole state densities with good isospin.

4.1 Particle-Hole State Densities

Densities of states with good isospin are usually derived assuming that
states with good isospin exist in
isospin multiplets. The members of
a given multiplet have all of the
same quantum numbers except for the
z-component of the total isospin,
Tz=(N-Z)/2, and thus they exist in
neighboring isobaric nuclei. The
same single particle states are
occupied in all the members of a
multiplet, but not always by the
same combination of protons and
neutrons.

(1)

•<—

TZ=TO-1

(2) (3)

•

o

o

o — >

•

0

o

0 +

•—

o

-o
o

o +

•
o

0

It was expected [12] that this
would also be true when the numbers
of particle and hole degrees of
freedom were considered as quantum
numbers. Figure 4 (from ref. [Ill)
shows that this is not quite the
case. We start with a state having

(2,1,2,2) (3,1,1,2) (2,1,2,2) (2,0,2,3)
+

passive
pair

Figure 4. Schematic drawing of the
different components in the isobaric
analog of the indicated starting
configuration.
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(j>«>hn,Pv»l»i»)=(2,1,2,2) and T=To in a nucleus with Tz=To and we wish to find
its analog in the neighboring nucleus with Tz=To-l. This analog state will
have different components each corresponding to the conversion of a neutron
in the original configuration into a proton in the same single particle
state.

There are three types of neutron states to consider. Case 2 in Fig. 4
corresponds to neutrons in the neutron excess orbitals. Isospin flip creates
a proton particle and neutron hole, but they are not really degrees of
freedom since in order for the isospin of the state to be conserved, they
roust continue to occupy corresponding single particle states. Thus, in some
sense the degrees of freedom in the state are unchanged. On the other hand,
in case 1 a neutron particle becomes a proton particle, while in case 3 a
proton hole becomes a neutron hole. In both instances the total number of
degrees of freedom is the same, but the set of "quantum numbers" Pn,hi,,p,,,hi,
has changed.

Approximate state densities have been derived [11] which should be
fairly accurate when pairing and shell corrections are small. Dropping the
Tz labels (which always refer to the nucleus whose state density is being
calculated), they can be written

tf(p,Ih,,E,T) = o/(p,Pl,,E-E(T)) - Ft(p,p*,E,T) u>(p,Pi,,E-E(T+l)) (11)

where Ft is a correction to the result of [12] and is given by

p n v 2T p-n K
Ft(p,p*,E,T) = + -. (12)

m h 2T+p,,+hw g, gv [E-E(T+l)-A(p,Pl0]
2

For the states of primary interest in preequilibrium calculations, Ft is
always less than unity, and for states with 2 or 3 excitons, Ft=0 is a
better approximation than Ft=l (corresponding to the results of [12]).

4.2 Internal Transition Rates

The internal transition rates are derived ignoring the energy dependence
of Ft using the general method of refs. [13,4]. For pair creation, the Ft
value in the numerator is adjusted to conform to the energy terms in the
numerator. The previously unpublished rate expressions which result are:

^•(p.m.E.T) = A,+ (p,p.,E-E(T)) ft(p+l,p»+l,E,T) / ft(p,p,,E,T), (13a)

^•(p.Pn.E.T) = Ay(p,p,,E-E(T)) ft(p+l,Pit,E,T) / ft (p,Pil,E,T), (13b)

A«(p,p,,E,T) = Aw(p,p,,E-E(T)) ft
<w)(P>P.) / ft (p,P*,E,T), (14a)

Wp,p,,E,T) = Avi(p,Pi,,E-E(T)) ft(IMI)(p,P«) / ft(p,pT>,E,T), (14b)

A,-(p,p,,E,T) = V(p,P*,E) 8(E-A(p,Pil)-E(T)), (15a)

Ap-(p,p»,E,T) = V(P,P,,E) 8(E-A(p,Pil)-E(T)). (15b)

where B is the Heaviside function. The A's on the right sides of the
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equations are evaluated as in the normal two-component model [4] and the
correction factors are given by the relations

ft(p,Pit,E,T) =
rE-A(p,p,)-E(T+l)l

L E-A(plPit)-E(T) J

n-l
(16a)

= 1 - Ft(p,Pil,E,T)

-. (16b)

The expression for ft
(v1° is obtained from Eq. (16b) when A(p,Pn-l) is

replaced with A(p,p,+1) and Bltw(p,pll) is replaced by Bv1((p,p^). The B's are
given by the relation

(17)= BWn(p,pn-l) = maximum(A(p,pn),A(p,pll-l)).

4.3 Particle Emission Rates

The particle emission rates with good isospin have the same general form
as in the isospin mixed case. Thus

(2sb+l)
Wb(p,p,,E,T,e,Tb) = fib i Me,T,T b)

T 2 ft3

where Tb is the isospin in the residual
nucleus and <rb(e,T,Tb) is the usual
inverse reaction cross section multiplied
by the exit channel isospin coupling
Clebsch-Gordan coefficient, Ct2-

If the emitted particle has T>0,
however, there may be more than one
allowed isospin in the residual nucleus.
Figure 5 (adapted from ref. [14]) shows
the states which need to be considered.
For neutron induced reactions, only the
lower isospin states in the composite
nucleus are populated. When these emit
protons only the lower isospin in the
residual nucleus is allowed, and when
they emit neutrons, two isospin values
are allowed, but the lower one is favored
both by the coupling coefficients and by
the state densities. The higher isospin
can be ignored. For proton induced
reactions, two T values are generally
populated in the composite nucleus.
Decay of the lower isospin (T<) states in

PROTON

|
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= 3 =

T-Io
Tz-To

RESIDUAL

T - T 0 * l
Tz-To

COMPOSITE NUCLEUS

=

= =

= • = .

— T-Vl/2

NEUTRON

T-ro-i
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r2T0-

-ai—
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Figure 5. The allowed isospiu
couplings in nucléon emission
from T< and T> composite
states.
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the composite nucleus follows the same considerations as for reactions with
incident neutrons. For the higher isospin (T>) states, neutron emission
gives a unique isospin in the residual nucleus, but proton emission can yield
two different T values. The ground state T is favored by the state density
while the higher T is favored by the Clebsch-Gordan coefficients. Both
should be considered.

4.4 Reaction Calculations and Preliminary Results

Separate calculations are performed for each allowed isospin value in
the composite nucleus, and the results are added incoherently. The results
for each composite nucleus T value have the form of Eq. (10) so that

= *a(fa,T,T.) Spre(p,P*,T) ̂  Vb(p,P, ,C,T,Tb) (19)

Such calculations have been run using the two-component exciton model
code PRECO-E assuming [121 that E(T) = 110 MeV (T2-TZ2)/A. Unfortunately,
the code currently only allows one isospin value in each residual nucleus, so
that for proton induced reactions two T> calculations were run, one for each
residual isospin in the (p,p') channel, and the proton spectra were added.
As a result the depletion of strength is not correctly calculated. Since the
resulting spectra are only being
compared with the corresponding
PRECO-E isospin-mixed results to
see how big a difference isospin
conservation could make, this error
should not be serious.

The results of Figure 6
demonstrate that the maximum effect
due to isospin conservation depends
on both the target mass and the
bombarding energy. It is also
generally larger for incident
protons than for incident neutrons*.
(No results are shown for neutrons
on heavy targets because the
T-conserved and T-mixed results are
virtually identical.) Isospin
conservation always works in the
direction of enhancing the yield in
the inelastic channel relative to
the exchange channel when compared
with the corresponding isospin
mixed results. This enhancement,
though small, is often comparable
in size to the reductions caused by
going from R=l to R=3. Thus it is
important that isospin be
considered when this or similar
phenomena are studied using
comparisons with experimental data.

EMISSION ENERGY (MEV)

Figure 6. Preequilibriun energy
spectra calculated assuming both
complete conservation and complete
aixing of isospin.
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5. Sumnary and Conclusions

It has been demonstrated that the two-component exciton model yields the
same calculated particle energy spectra as the one-component model when
similar physical assumptions are made. The calculations with the
two-component model are, admittedly, more complicated, but have the advantage
that phenomena such as pairing, shell structure and isospin conservation can
be treated in a more realistic way. All of these phenomena must be
considered in a coherent way if we are ever to gain an understanding of such
fundamental quantities as the relative matrix elements for tùe residual p-p
and p-n interactions. A method for including isospin as a good quantum
number in the two-component exciton model has been outlined.

This work has been supported by the U.S. Department of Energy through a
consulting arrangement with Los Alamos National Laboratory.
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THE MULTI-STEP DIRECT REACTIONS

A. Marcinkowski
Institute for Nuclear Studies

Warsaw, Poland

Abstract

The current status of the multi-step direct reaction theories
and their application in evaluation of cross sections of nucléon
induced reactions at energies between 14 and 62 MeV are reviewed.
The interplay of the one-step process -ith respect to the multi-
step processes are discussed.

1. INTRODUCTION

The earliest important steps towards theoretical description
of the forward-backward asymmetry, observed in the tvreeouili-
brium angular distributions "?ere the formulation of the intra-
nuclear cascade model (INC)£1,2J and the ruantum-statistical
master equation approach of Mantzouranis et al. £3J (MV/A). Both
models succeeded to provide forward peaked double differential
cross sections, which we now relate to the statistical multi-
step direct reactions, introduced by Peshbach et al. H4J (PKK)
and meant as reaction mechanism rather than a theoretical model
only.

The INC .vas applied to finite nuclei and has proved well in
describing cross sections taken for protons with hundreds MeV
incident energy. When applied in analyses at tens of MeV the
model underpredicted the reaction yield at backward angles. This
was connected perhaps r/ith assuming a classical path between
collisions of nucléons and with the neglect of diffraction and
reflection effects.

The MA7A model exploits the leading particle concept and
calculates the cross sections also in n cascadelike way applied
however to infinite nuclear matter. The resulting cross sections
fit the angular distributions of preequilibrium nucléons parti-
cularly well at lower emission energies. At the high energy and
of the emission spectrum, where the surface region of the nuc-
leus plays a dominant role in direct processes, the M'Y A. calcu-
lations give too little chance for particle emission C5J•

The adaption of the semiclassical preequilibrium models for
description of the angular distributions uses folding of the
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scattering Kernels based on nucleon-nucleon scattering kinema-
tics for an incident nucléon on a Fermi rjas. These trials even
when accounting for refraction and reflection effects failed in
reproducing satisfactorily the back an^le yields ( see Blann et
al.C6JJ>whioh appear to be dominated by ^uantum-mechar.i^al inter-
ference. Thus one could expect that only the application of ful-
ly quantum-mechanical theories "'ill remove the difficulties in
predicting the double-differential cross sections in full extent.

The theories, which have been validated by numerous compari-
sons with experimental data are the DV.'BA based multi-step direct
reaction method (MDR) developed by Tamura and his co.'orkers f 7-9J
(TU) and the statistical theory of PKKC4J, which distinguishes
the statistical multi-step direct reactions (SMDR) in parallel
to the multi-stet) compound ones(SMCR).

2. THE MULTI-STEP DIRECT REACTION CONTINUUM CROSS SECTIONS

2.1. DWBA continuum cross sections

The justification for the use of the DY/BA method in conti-
nuum transitions is based on statistical assumptions. In the
continuum a large number of very complicated eigenstates |W> are
involved, even when a narrow energy interval is considered. The
measured cross sections per unit enerf̂ y are energy averages of
the sum of cross sections for excitation of these eigenstates.
To calculate all these cross sections is unpracticable)however,
one can replace this sum by another sum of cross sections for
populating a much smaller number of ouite simple model states
jB>. For the single-step cross section one has

N

with the assumption of random phases £ r £ & 3 }
which removes interference between transitions to different fi-
nal states F9J. In eg. (1) E x = C'Ett - Q

6} - Eb, Ett and E b are
the energies of excitation, of the incident and exit channels,
respectively. The transition matrix is 7$ ~^d-g,tba, . The DWBA
is just appropriate for calculation of such an average cross
section. In applications the model states appear to be shell mo-
del particle-hole states or the RPA collective states.

For the two-step transitions the cross section reads

ïr
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with Eji(Ec, *QQ)Et>> ^
The elementary cross sections dLefg/dSL^ and & &&&/&&•*> are the
DWBA first and second order cross sections. The statistical
assumptions prohibit interference between one-step and two-step
amplitudes, too. The C&(Ex) is a probability per unit energy that
a state B is located at the excitation E^. The continuum cross
sections expressed by eo. O > and £2) look simple but in numeri-
cal calculations they are still too much involved especially in
case of the two-step calculations.

One way to make the calculations feasible is to remove the
dependence on B and C of the elementary cross sections. One can
see from DWBA consideration that this dependence arises from the
dependence of the form factors ffA f f-f^ on B and C. In prac-
tice one uses averaged -fj over large numbers of states or repla-
ces them drastically by f, an average over the transferred angu-
lar momentum J;too c^his is the LÏFF (1 indep. form factor) approximation).
This reduces (1) and C2) to

J CV)

Here the definition fj(^)-^-'~&^^)^j ^ for the spectroscopic
density holds. By assuming LIFF the model state dependence of
eqs. (3) and £4) occurs only through the square of the spectro-
scopic amplitude (cL§A)2-. All but one numerical calculations of
TU have assumed LIPF and an appropriate model for fj . In eqs.
(3) and (4) J-^i-tsj-j denotes a set of orbital, spin and total
transferred angular momenta, respectively. For residual inter-
action of Wigner type there is no spin transfer s = 0 and J is
replaced by 1. In case of inelastic scattering or charge exchan-
ge reactions the averaging over the \B>=\(fp}Jt*-)£in> one-ph
states provides a form factor -<£jfD , which is peaked at the
surface of the nucleus, thus justifying introduction of a macro-
scopic, collective form factor (CFF.)

The 1 - dependent deformation parameter may now be absorbed into
the spectroscopic density P£ leaving the rest as LIPP. k choice
of the spectroscopic density appropriate to the CFF (eq. (5))
means to obtain it as the distribution of fyx in E*. Allowing the
probability distribution c(Ex) to take the Lorentzian form
c&(£*)=' ̂TLCB^-EB^I-P

z J~x , and remembering that dfA is a
purely geometrical factor <$tt\li£ Yel!/h) one can excress ô  expli-
citly in terms of the single-particle response function X& £\0j
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or after setting e*f*-4 , ?z(B*) = fyx21.C&(Ex)} (8)
which has been used by Traxler et al. C11J. When RPA collective
states B are choosen the spectroscopic density to be used is
expressed by the RPA response function £12H.

2.2. The Statistical MDR Cross Sections

The statistical assumptions made by PKK resulted in a double
differential cross section for reaction from an unbound state"
having a particle of momentum ki to one of momentum kf, which
is a sum of terms corresponding to single-step and multi-step
transitions. The multi-step cross section reads.

L

with the double differential transition probability.

for a transition between the continuum states excited in the
(n-1)-th 'and n-th stage, leading to a change in the momentum of
the continuum particle from kn_-| to kn» The transition matrix
element v_ _ - is of DW.BA type"

XI « IT*'"' •

whereas ffe) and yzw) in (11) are the space phase and the one
ph (2 excitons, repeatedly formed at each stage of reaction)sta-
te density.

The characteristic feature of the multi-step cross section
given by eq. (9) is that it is written as a convolution of single-
step direct cross sections, thus making the calculations rather
simple to carry out. The angular distribution is forward peaked,
as is the single-step cross section although the multiple fold-
ing will broaden it. The averaging in eq. O0)> over many final
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states, is straightforward since we expect the interference terns
between different states and different orbital angular mo-

mentum transfers to cancel out (no spin transfer is assumed for
simplicity). One then obtains

where Rg(l) is the spin distribution function of the one-ph
configurationsf-^fe^Z.)^^ ~J-). In the same way the averaged
single step source term in (ICf) reads

In practical calculations one assumes that the only contribution
to the spins of final states is due to the transferred orbital
angular momentum. For each transferred 1-value the DWBA angular
distributions are calculated microscopically for given values of
erectile energies and all possible ph-pairs, created by scatter-
ing of the particle in the continuum with a bound nucléon, in
accordance with energy conservation. Spherical shell model orbi-
tals are used to define the states. An average of a reasonable
number of these cross sections gives the last term in (13). For
the interaction V(r) a Yukawa potential of 1.0 fm range is adop-
ted. Its strength Vo is a free parameter.

3. RELATIONS BETWEEN THE MULÇI-STEP DIRECT REACTION
THEORIES

In spite of the fact that the physical pictures behind the TU
and FKK formulations of the continuum cross sections appear to
be very close, only the one-step cross sections are derived in
both cases in the same way. The multi-step terms differ signifi-
cantly. The elementary DY7BA. cross sections for two-step transi-
tions in eq. ^2"). as -ell as the higher-order DV/BA cross sec-
tions contain S"' terms in the transition matrix elements(Sis the
scattering matrix). When absorption is large |S| is small and JSH
is large again. This means that the cross sections given by TU
may differ by large from those of FKK, expressed in terms of
matrix elements free of the S""1 factor. This fact and the rede-
rivation of the FKK formulas by starting with formula (2) led
Udagawa et al. £133 to a claim that the extreme simplicity of the
FKK cross sections for the multi-step processes has been obtain-
ed at the expense of three successive aproximations, namely:
- assuming an on -energy shell approximation by neglecting the
principal value integral p'irt of the Green's function,

- neglecting the S~1 term in the transition matrix elements,
- inserting a delta function cJfic-"£') under a double integral
in the cross section expression.

The effects of these differences are individually large but have
the tendency to cancel out in certain calculations f 3 j . However
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in the light of discussion of the optical model in presence of
strong absorption by Feshbaoh £"14.153, the S"' term seems to be
an artifact connected to the second Born approximation. It dis-
appears after energy averaginr;. The energy averaging destroys

also the nonstatistical ph-ise relations among various components
in the spectral decomposition of the Green's function and faci-
litates the application of the random phase approximation. Bear-
ing this in mind the PKK result is better suited for continuum
and the use of DWBA matrix elements, free of the S"1 term in
calculation of the SMDR cross sections is justified.

4. NUMERICAL CALCULATIONS AND COMPARISON WITH EXPERIMENT

4.1. The DV-'BA Continuum Cross Section Calculations

The D.VBA MDR method has been proved by TU in n number of
analyses of fp.p1) ind fp,<*) data obtained at 62 MeV and some (n,rl)
^nd (p.n) data obtained at lov:er enerp;y. The early analyses used
LIPP and both single-p-.rticle and RPA response functions to con-
struct the spectroscopic density. Despite of the overall good
description of the annular distributions by using only the one-
step and two-step cross sections this theory appeared not free
of the magnitude problem. The excellent fit to the ̂ Al^p.p1^ and

2cr9Bi(p,p'-) data C1SJ was t̂ uc-stioned £'17J and subsequent ana-
lysis, vhich switched to use the RPA states instead of the shell
model ph-states did not improve enough[9J. It has been concluded
that the simplifying use of LIP?, v/hich in fact made the calcu-
lations commonly accessible, causes the difficulty in reproduc-
ing the absolute cross sections satisfactorily. The investiga-
tion of the use of microscopic form factors MFF together with
("1) and (2; are underway C9J. The same pertains to the analysis of
the 2oSPb(p#n) reaction. The (p,*) reaction has been studied
first by TU £101] and also by Dragun et al. D9J at lower proton
energies 44.3 and 34.6 MeV. A good agreement with experiment has
been reached considering only the one-step direct cross sections
in -.ddition to the compound nucleus ones (.see fi.g.1). Recently
Tarrsura presented an analysis of some (n.n1) data and 'the Êb"Cu
O . p ) data both taken at about 26 MeV (fig. 2). The low incident
energy justifies the one-step calculations only. An interesting
case was the application of the MDR theory at incident energies
as low as 14 MeV, for inelastic neutron scattering on targets
ranging from Fe to Au £203. it was found that the tv/o-step con-
tribution amounted to only 10^ of the one-step cross section.
The predicted shapes of angular distributions were right but the
absolute cross sections too lo1 . Also Traxler et al. Ê113 report
on the use of the ORION-TRISTAR code in their study of the '^Wb
(n.p) reaction data measured at 14.1 MeV. These authors treated
^ 3 S adjustable parameter kerst independent on 1. The same con-
clusions have been drawn as in previous case. The cross sections
fell down /•ith decreasing spectral energy in contradiction to experi-
ment. Inconsistency has been also stated in parameterization for
different projectile energies.

The comp-risons presented in figs. 1-2 characterize the pre-
sent state of art; good angular shapes and magnitude problems.

- 214 -



The limited experience of these analyses indicates that up to
30-40 MeV of projectile energy the one-step process describes
the experiment satisfactorily, though already at 62 MeV the two-
step contribution dominates in the excitation region 20-30 MeV
at backward angles.

4.2. The Statistical MER Cross Sections

The SMDR theory of PKK hss been used in studying (v*n) reac-
tions at energies ranging from 25 to 45 MeV on a number of tar-
get nuclei Ca, Zr, Sn, PbE21,22J as well as on Cu and Mo E23.24J
All these papers report a rather very good reproducibility of
the experimental angular distributions and energy spectra {fig.
3). The shortfalls at high excitation energies, in fig. 4, °.re
attributed to the omission of theSMCR contribution. The strength
Vo of the Yukawa interaction potential was the only free para-
meter. V0-values extracted from comparison with experiment range
from 25 to 27.5 MeV for the single-step calculations, and from
15.5 to 17 MeV for the average over unlike and like nucléon
interactions in the multi-step calculations. The latter extends
up to 6 steps providing nt 45 MeV 53?> of the total cross section
for 20:"-Pb, 45T> for 46-Ca and 90-Zr, 283 for 120-Sn qt 35 MeV
and 1P1; for 120-Sn and 65-Cu ^t 25 MeV.

The FKK theory has been also ••ipplied by the author in inter-
pretation of the recently measured (n»n') cross sections on
104-'.': at neutron energies 11.5 and 26 MeV £252. In this analysis
difficulties have been encountered which could then be traced to
the averaging of the elementary D'.VBA cross sections. It has been
found that the elementary cross sections, corresponding to dif-
ferent ph-configurations do not neccessarily display such a
regular pattern like sho vn in ref .U 2:j.J, ••/here only particular
T>h-p?drs have been considered . Moreover the ave-
rage appeared to fluctuate from one spectral energy bin to an -
other. This was caused by the fact the some of the ph-configura-
tions dominated the average over a definite energy interval. In
order to overcome this difficulty the average had to be extended
over almost the whols energy range considered, ignoring energy conser-
vation, /hich is equivalent to assuming a broad £—10 MeV)uniform
response function.

5. CONCLUSIONS

Both the FKK and DV7B.A theories evaluate the one-step direct
emission in the same rmnner and agree in that up to 30 MeV of
incident energy the higher order contributions play little role.
At these low energies however consideration of the multi-step
compound emission, which even at 45 MeV contributes significant -
ly at high excitations, h-is to be included in the analysis of

experimental data. Above 30 MeV the multi-step direct component
becomes important and here the two theories differ in its evalu-
ation. The D'VBA MDR theory provides two step contributions,
which add enough cross section for fitting the experimental data
up to 62 MeV, whereas the FKK statistical theory indicates that
ut> to six steps m;y contribute considerably. Though the overall
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jçood description pertaining especially,ter the angular distributions
indicates that basically the ̂vvo approaches arc correct there
remain magnitude problems related nrobably to the assumed appro-
ximations. For the purpose of nuclear data evaluation specially
interesting is the description of the strong forward peaking of
experimental double differential neutron cross sections at ener-
gies as lov as 11-14 MeVC25-2VJ.
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MULTISTEP COMPOUND REACTIONS

P.E. Hodgson and M.B. Chadwick

Nuclear Physics Laboratory,
Oxford, U.K.

Abstract: The quantum-mechanical theory of pre-equilibrium reactions due to
Feshbach, Kerman and Koonin is applied to analyse the interactions of 14 MeV neu-
trons and protons with s9Co, 89Y and 93Nb. The accuracy of the calculations has been
improved in several respects, in particular by the use of realistic wavefunctions in the
nuclear interior and by a more refined treatment of the neutron-proton cascade including
the distinguishability of neutrons and protons. The results of the improved multistep
compound calculations are compared with neutron and proton emission spectra.
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1. Introduction

The theory of Feshbach, Kerman and Koonin (FKK) [1] has been extensively
applied to calculate the pre-equilibrium contributions to a range of multistep compound
[2] and multistep direct [3] reactions. On the whole the calculations are in good accord
with the data, but the fits are often achieved by some parameter adjustment and there
are also some approximations in the way the theory is implemented. It is likely that
the effects of these approximations are absorbed by the parameter adjustment so that
it becomes difficult to make a severe test of the theory or to use it to predict unknown
cross-sections.

In this work we describe in Section 2 several improvements that have been made
to the theory, and then test the improved theory by comparison with experimental data
in Section 3. Some conclusions are presented in Section 4.

2. Improvements to the Feshbach-Kerman-Koonin theory

The essential physics of the theory is the same as for the exciton model. It is
assumed that the interaction between the incident nucléon and the target nucleus takes
place in a number of stages of increasing complexity. The nucleus is excited by a series
of nucleon-nucleon collisions between the projectile and the target nucléons, each pro-
ducing a particle-hole pair. This process continues until the energy is spread through
the nucleus to produce a fully-equilibrated nucleus which then decays statistically. At
each stage of the excitation there are three possibilities: excitation of an additional
particle-hole pair, de-excitation of a particle-hole pair and emission into the continu-
um. The particles emitted into the continuum from the first few stages of the reaction
together constitute the pre-equilibrium cross-section. This is calculated by evaluating
the matrix elements for the transitions from one stage to the next, together with the
probabilities at each stage for emission into the continuum. The detailed formalism is
given by Feshbach, Kerman and Koonin and in many other papers [1-3]. Here we are
concerned with the improvements to the formalism that have been made recently, and
their effects on the cross-sections.

In the work of Feshbach, Kerman and Koonin the wavefunctions of bound nuclé-
ons were assumed to be constant, thus considerably simplifying the calculation. The
strength VQ of the effective interaction is set to a low value to compensate for the high
overlap of the constant wavefunctions. Following previous work by Bonetti [2], we have
removed this approximation by using for the wavefunctions of the bound nucléons the
eigenfunctions of a harmonic oscillator potential and for the scattering wavefunctions
those appropriate to a Saxon-Woods potential with the parameters of Becchetti and
Greenlees [4].

The residual two-body interaction was taken to have the zero-range form

V(ri,rs) = V0|rrg«(r,-ri) (2.1)

This considerably simplifies the calculations and it has been shown by Bonetti
and Colombo [5] that it gives essentially the same results as the more realistic Yukawa
form, providing the strength parameter Vo is appropriately decreased.

The original formulation of this multistep theory does not explicitly include the
distinguishability of neutrons and protons within the nucleus. At each stage in the
multistep process the numbers of particles and holes are specified, but not whether the
particles and holes are neutrons or protons. We now show how this distinction can be
introduced, and how the corresponding correction factors to the FKK expression are
calculated.
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The damping and escape widths give the probabilities of the excitation of an
additional particle-hole pair and of escape into the continuum. They can be written as
a product of three factors

T = 2*IiXY (2.2)

where X is an angular momentum coupling factor, Y is a statistical factor, including
density of states effects, and / is the overlap integral between initial and final wavefunc-
tions.

When calculating the transition matrix elements, no exchange contributions are
included. Even when identical particles interact, a fully antisymmetric wavefunction
for these particles was not used. Nuclear structure calculations suggest that this is a
reasonable approximation, especially as the interaction assumed here is a delta function.

At each stage the density of states u(p, ft, E) is given by the equidistant single-
particle model of Williams [6]

where g is proportional to the level density parameter, p and h are the numbers of
particles and holes, n = p + h and E is the total energy including the Pauli correction
factor.

The processes contributing to damping and escape are most conveniently shown
diagrammatically. In Figs.2.1 and 2.2 an upward arrow represents a particle, a down-
ward arrow a hole, and vertical lines indicate spectator nucléons. Since the two-body
interaction is dominant, the damping process is represented by the diagrams shown in
Fig.2.1.

Diagram (a) describes a hole interacting with a bound nucléon and exciting it to
produce a particle-hole pair. In diagram (b) it is a particle above the Fermi level which
excites a particle-hole pair. There are three possible types of escape modes, in which
the number of excitons changes by —2, 0, or +2, and these are shown in Fig.2.2.

The Y functions may be calculated with the aid of these diagrams. If the incident
projectile particle is a proton, the original Feshbach formulation describes the processes
as

Possible emission

1p — » . 2p1h —••- 3p2h ——- 4p3h — - Towards equilibrium

However, treating the neutrons and protons as distinguishable particles leads to
the possible reaction chains

Possible emission

(2-5)
\ Possible emission

where 7 indicates a proton and v a neutron.
Thus if a proton is the incident projectile the only possible 2plh states are 2pff lhT

and lpfflpplhp, and states such as 2p,rlhp are not possible. This selective population
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2.1 Diagrammatic representation of the two damping processes.
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2.3 Diagrammatic representation of the damping processes in the two-component
model. The nature of the interaction (i.e. whether it is between two neutrons, two
protons, or a proton and a neutron) is indicated above the residual interaction in
the above diagrams.
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of exciton states leads to a modification of the relative numbers of neutrons and protons
emitted in the reaction. Inclusion of this effect is particularly important when analysing
neutron emission and proton emission data for a given incident nucléon in a reaction.

There are two factors which will affect the relative population of the allowed
exciton states:-

(a) The distinguishability of nucléons enables the unlike nucléon to be more easily
excited than the like one.

(b) The interaction between unlike nucléons is different from that between like ones.
The ratio of their strengths is treated as a parameter.
Since pre-equilibrium emission from the first 2plh stage is usually the most impor-

tant contribution to the pre-equilibrium cross-section, the necessary correction factors
are calculated only for this stage.

The simple FKK ('one-component model') expression for the first stage emission
is

êa =

J u\
(2.6)

When the neutron and proton distinguishability is included, this becomes

(2.7)
where the sum over i represents the sum over emissions from the two possible substates.
The approach used by Dobes and Bëtâk [7] for the two-component exciton model can
be extended to calculate the Y functions and the corresponding escape and damping
widths for the two-component FKK theory. It was found that, to a good approximation,
the first stage two-component expression (2.7) can be reduced to a one-component
expression (2.6) with corrected reduced widths. As the X functions contain only angular
momentum coupling factors they remain unchanged in the two-component theory.

To illustrate the method of calculation, we describe in detail the calculation of
the damping widths.

The one-component FKK model

The two possible damping processes are shown in Fig.2.1.
In diagram (a) a particle above the Fermi level interacts with a bound nucléon,

exciting it to produce a particle hole pair. The bound particle itself loses energy in the
process. The Y£+il function can be written as a product of the probability of finding
one specific particle of energy (E—z) amongst all the possible configurations of particles
and holes at an energy E, the state density of this particle, and the state density of two
particles and one hole after the interaction.

Thus for process (a)

for process (b)

T 1 1 \ ~ E \ * W , S - MMIAE- z)dz =
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Adding these two gives

2(11 +1)

The two-component reformulated model

Neglecting the Coulomb interaction, for nucléons in the same state the n - x
interaction is the same as the v — v and the ir - v interaction. For distinguishable
protons and neutrons the state density expression becomes

nEn-1 n = pv + hv + pv + hv

(2.9)

Four diagrams contribute to the Anv = +2 processes (Fig.2.3):
Diagram 1.

1 0 0.1,0,0, 2 B ( )

(2.10)
Diagram 3.

+21 - fE ^{P
Jo w )

(2.11)
Diagram 5.

Jo w(p,r, A ] ( ;
(2.12)

Diagram 7.

)
(2.13)

The overlap integrals will be different for ?r - v and K - x (or v - v) processes.
Adding the above contributions gives

n. = 2) = 2rJTl&££|l [|ra,/2(^) + « ^ ( ^ J (2.14)

By symmetry

T^An, = 2) = 2***^/2)^ ^ ^ ( « r ) + » J V " ) ] (2-15)

The total An = 2 damping width is

T'(An = 2) =

this may be compared with (2.8).
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The modified expressions for r*(An = 0) and r*(An = 2) as well as the entrance
width F i n have been calculated in the same way. The two-component expression is
equivalent to the one-component expression with corrected escape widths. The correc-
tion factors depend on the ratio of the ir - v to the ir - * interaction strengths. If this
is taken as unity they are, for (n,n) and (p,p) processes

K}(An = 2) = 1.27 ,

and for (n,p), and (p,n) processes

n = 0) = 1.36

ifJ(An = 2) = 1.09 , JJT2
T(An = 0) = 0.73

(2.17)

(2.18)

The validity of the assumption of equal ir - v and JT - t interaction strengths is
hard to determine. For free nucleon-nucleon scattering the n - p cross section is about
three times larger than the n — n cross section due to isospin effects. In this case the
nucléons are bound and their distinguishabilily is incorporated into the density of states
expression. Charge independence would suggest that the basic interaction strength ratio
for the ÎT- v to ir - JT force should be unity. It is likely that the true effective ratio would
lie somewhere between one and three. In any case the correction factors are not very
sensitive to this ratio, and the factors for a ratio of three are not significantly different
to those given above.

These correction factors show that emission of particles of the same type as the
incident particle is enhanced over the emission of the opposite type of particles.

10*

Escape
function
(MeV1)

101

10'

«Nb

_ _ _ Stankiewiw analytic
«pression

— — Numerical cut-off

Simpte unrestricted
Williams expression

6 8 10 12 14
Residual nucleus energy (MeV)

2.4 Comparison between the y-functions calculated as described in the text with
those obtained from the analytical expressions of Stankiewicz.

In the calculations we have also incorporated the restriction of excitons to bound
states. The Williams expression (2.3) for the exciton state density gives the number
of configurations that a system of particles and holes with a given total energy can
have, but does not impose any restriction on the individual particle and hole energies.
For multistep compound processes the particles above the Fermi level are restricted
to energies smaller than their binding energy, and holes are restricted to energies less
negative than the nuclear potential well depth.

The reactions considered in the next section are induced by 14 MeV nucléons, so
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the excitation energy of the composite system is of the order of 23 MeV. The lowest
energy level that a bound nucléon can be excited from is thus about 23 MeV below the
Fermi level, so that the nuclear well depth restrictions are unimportant here. However
the restriction to bound states must be included in the calculation of the Y functions for
the damping and escape widths. The numerical cut-off technique developed by Bonetti
[8] has been used to determine the Y functions. The Y functions calculated using
this method are compared with Y functions obtained using the analytic expressions of
Stankiewicz et al [9] and Oblozinsky [10] in Fig.(2.4) and this shows the consistency of
these two methods.

S. Comparison with Experimental Data

Several multistep compound calculations carried out as described in the previous
section were compared with the cross sections of (p,xn) and (n,xp) reactions, and the
results are shown in Figs.3.1-3.3. The experimental cross sections are nearly symmetric
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about 90° indicating that they are predominantly due to the multistep compound pro-
cess, especially in the backward direction. The level density parameters of Facchini [11]
were used where available and otherwise those of Gilbert and Cameron [12]. The value
of the residual interaction parameter strength, Vb, was found to be rather constant for
the reactions considered, lying between 7.9 and 10.5 MeV. The parameters used are
shown below in table I.

A serious problem is the discrepant nature of some of the experimental data. Thus
in Figs.3.1 and 3.2 the (n,xn) data of Salnikov et al [13] and of Hermsdorf et al [14]
diverge markedly, making it impossible to assess the success of the theory in these cases.
In other cases the comparison is satisfactory, particularly for the 89Y (p,xn) and 59Co
(p,xn) reactions shown in Fig.3.1 [15]. The calculations also agree well with the 59Co
(n,xn) data of Hermsdorf et al. If these data are correct, it is then notable that the
theory fits very well the data for both the S9Co (p,xn) and S9Co (n,xn) reactions.

The comparison in Fig.3.2 for the 93Nb (n, nx) reaction is satisfactory for outgoing
neutron energies from 4 to 6 MeV where the data are consistent. At lower energies there
are additional neutrons from the (n,2n) and (n,pn) reactions and previous calculations
show that the observed cross-section is in accord with calculations of two-particle emis-
sion using the Weisskopf-Ewing theory for the second stage. At high outgoing neutron
energies there may be an additional contribution to the cross section due to collective
inelastic processes, but it would be premature to investigate this until the data dis-
crepancies are removed. The calculations also agree with the 93Nb (n,xp) cross section
shown in Fig.3.3 at outgoing proton energies above 7 MeV.

Table I

Parameters used in the calculations: Vb, the strength of the two body interaction (in
MeV); ac, the single particle level density of the compound nucleus; ari, the same as
ac but for the residual nucleus: ar2) the same as ac but for the residual nucleus of the
reaction in competition.

Reaction

89Y(p,n)

59Co(n,n)

59Co(p,n)

93Nb(n,p)

93Nb(n,n)

ac

12.0

7.2

6.5

12.5

12.5

o r i

10.0

8.0

6.0

11.8

10.8

9.0

7.3

8.0

10.8

11.8

Vb

7.9

10.0

9.4

10.5

10.5

4. Conclusions

The results presented in the previous section show that the improved FKK theory
is able to give satisfactory fits to a range of experimental data. The level densities were
not adjusted, and tabulated values were used in each case. The constancy of the values
of Vo in Table 1 show that quite good fits could be obtained with an average value of
Vb = 10 MeV. It remains necessary to test the theory over a wider range of energies,
projectiles, target nuclei and emitted particles, and to evaluate its predictive power.
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THE CONTRIBUTION OP DIRECT PROCESSES
TO INELASTIC NEUTRON SCATTERING

Ignatyuk A.V., Lunev V,P»

THE INSTITUTE OP PHYSICS AND POWER ENGINEERING,
OBNINSK, USSR

ABSTRACT

The analysis was made for the results of direct process contribu-
tion to the observed spectra of inelastic neutron scattering with
the initial energies 14 and 26 MeV. The uncertainties of theore-
tical description for integrated direct transitions cross-secti-
ons associated with the available data on spectral distribution
of nuclear coherent multipole excitation intensities are discussed.

Subdividing nuclear reactions into direct and compound ones pro-
ceeding through the compound nucleus state is related to resol-
ving open and closed configurations in the stationary wave func-
tion, which describes the system under analysis /1/« The direct
processes within this approach are defined as the transitions due
to relation of diverse open configurations (or channels) whereas
the compound processes correspond to the transitions from the
open configurations to the closed ones and vice versa* If there
is a hierarchy of closed states concerning their coupling with
the open channels, then long-lived states of the compound nucleus
will correspond only to the late stage of evalution of transiti-
ons between various intermediate configurations. Particle emis-
sion at an early stage of the evolution process in this case can
be called a preequilibrium decay of closed configurations* The
resulting spectrum of particles emitted in the reaction in the
general case should consist of three components: a hard spectrum
of direct transitions, Maxwell spectrum of equilibrium compound
nucleus decay and a spectrum of preequilibrium compound nucleus
configurations decay with intermediate characteristics /2, 3/.
All the models adopted in the practical tasks of nuclear cross-
sections description /4, 5/ incorporate the above three mecha-
nisms of nuclear processes* However, essential disagreements oc-
cur in the quantitative analysis of intergrated contributions of
direct and preequilibrium processes*
On the example of neutron spectra analysis we intend this work
to deal with up-to-date theoretical evaluations of direct process

contributions and conclusions on the role of preequilibrium
compound processes drawn on the basis of these evaluations*
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Born approximation of distorted waves (DWBA) is a traditional and
commonly used method of direct reactions description /1/« For in-
elastic scattering the corresponding ratio can be given in the
form; ex»

r 0
where C. \ (Q ) are the kinematic factors determined by the

*iĴ
angular moments addition, U. (r) and U • (r) are the radial

h 3f
wave functions of the optical model for neutrons in entrance i
and exit f channels, ï\(r) is the form-factor of the excited
level of nucleus-target*
At the inelastic scattering the direct mechanism excites basical
ly the coherent collective degrees of freedom, and at the pheno-
menological approach based on the relationships of the integra-
ted nuclear model the form-factor is normally written in the
form:

«Mrt
T'

1/1
where V(r) is the optical model potential, R = r A is the
nucleus radius and &\ is the dynamic deformation parameter for
the corresponding murtipole excitations*
The first 2 + and 3" levels are excited for even-even nuclei-tar-
gets at the inelastic direct scattering* There is a wealth of
experimental data on the parameters ftj» and £3 for these le-
vels, which is extracted from the analysis of the reduced gamma-
transitions probability, as well as differential cross-sections of
charged particles and neutrons.

It appears possible to obtain the data on the spectral distribu-
tion parameters fa . for a number of nuclei in the experiments

with high resolution even for higher levels* The most complete
information of this kind seems to be obtained for a double-magic
nucleus 208pb, where the intensities of all direct transitions in
the nuclear excitation energy range up to 7 MeV were analyzed in
the experiments on 35 MeV proton scattering /6/*
If these data are used for the calculations of direct transition
intensity in inelastic scattering of neutrons with the initial
energy 14 MeV, then the description of neutron spectra shown in
fig. 1 HI can be obtained* The hard non-statistical part of the
observed spectra in fact is seen to be totally determined by the
direct processes* Spectral distribution intensities fi\ in a
magic lead isotope can also be adopted for the calculation of the
part of inelastic neutron scattering spectra on neighbouring odd
nuclei* In particular these calculations give a true representati-
on of the observed spectra of neutron scattering on 20yBi nucle-
us /7/. The above approach naturally results in a fair descrip-
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tion of high energy neutron angular distributions.

For a much lighter non-magic nucleus ' Pe a rather abundant in-
formation on the parameters >̂> is also available. These expe-
rimental values &x were used by us for direct-transition
spectra calculations of inelastic scattering of 14*5 MeV neut-
rons» The resulting integral spectra are shown in fig.2 together
with the corresponding experimental data* Ref. /9/ contains a
more detailed comparison of the calculations with the double-
differential spectra observed. Note that for non-magic nuclei
the coupling of the lowest collective excitations 2+ and 3" with
the elastic scattering channel is not weak* That is why the cal-
culations were held within the method of strongly-coupled chan-
nels rather than DWBA.
This approach permits the effect of collective transitions on an
imaginary part of optical potential to be taken into account con-
sistently, as well as the contributions of two-step direct trans-
itions developed at sequential excitation of various coherent

modes (phonons) to be calculated correctly» In fig.2 the theore-
tical calculations are averaged over the corresponding experi-
mental resolution of the measured neutron spectra, and the resul-
ting integral cross-section of direct transitions really descri-
bes the whole hard part of the observed spectra above the ener-
gy 9 MeV.

In spite of fairly high resolution of proton experiments /6, 8/,
they are helpful for obtaining information which is, however, related only to a
small region of coherent multipole nuclear excitations. An essen-
tial amount of data on isoscalar quadrupole and octupole giant
resonances have been collected in the active investigations of
giant resonances of the recent years /10/. The experimental in-
formation, however, is almost missing for the resonances of high-
er multipolarity. That is why we are forced to rely on the

theoretical calculations $X(U) results when considering the to-
tal spectral intensity of diverse multipole nuclear excitations*
By now a great number of the like calculations have been perfor-
med which differ basically in the choice of effective forces
applied in the microscopic calculations of coherent raultipole
nuclear excitations intensities /11 - 13/. Explicit or implicit
fitting of the calculations to the experimental data on the low-
est collective nuclear excitation intensities being employed

in any of the microscopic approaches, as well as those for the known
giant resonances, the disagreement of the calculation results for
different groups appear not too large. Pig.3 is an illustration
of the results of two calculations for the spectral intensity
^ (U) for 56pe nucleus. Calculations /12/ adopt the agreement
conditions to determine the effective forces, and the residual
force constant remained unchanged in the calculations of excita-
tion intensity with different multipolarty. Alternatively, a more

differentiated determination of force constants
was specified in calculations /13/, the constants ware selected
independently for each chosen. multipolarity on the basis of the
experimental information on the low-lying collective nuclear le-
vels. Despite the diversity of approaches the main features of
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we distributions do not differ greatly. The disagreements are
displayed in energy bias of the most intensive excitations by
1 - 2 MeV, and these differences seem to specify a realistic er-
ror of theoretical spectral intensity calculations.

Fig.3 represents also experimental data on the values jJA /8/
together with the calculations. The calculations can be seen to
agree with the experiment for the lowest collective 2 + and 3"
excitations only, whereas the disagreement in the intensity of
excitations 2+ , 3+, 6+ in the excitation energy range 3 to
7 MeV appear rather significant. There is an impression, that
the direct transitions multipolarity is not always identified
unambiguously in the analysis of the experimental data /8/, and
a portion of excitation with multipolarities 2+, 3" and 4 +

should well be referred to higher raultipolarities. A more accura-
te experiment only is able to overcome these doubts. It is essen-
tial to note, that multipolarity variations of direct transiti-
ons recorded in the experiments will not influença dramatically
the results of the integral contribution of direct processes to
neutron spectra (Pig.2), and consequently the general conclu-
sions on the mechanism of this spectra portion forming.

Pig.4 shows the calculation results for ^ Nb nucleus inelastic
neutron scattering spectra.
Experimental information on the parameters pX for this nucleus
is far more deficient than for the above nuclei, and the calcula-
tions of direct transition intensities are primarily based on
the theoretical description of spectral intensity in multipole
coherent excitations for the neighbouring even-even nucleus
92zr /12/. The comparison of the calculations with the observed
spectra implies the same conclusions as for the previous nuclei.

Pig.5 demonstrates the results of direct transitions spectra
calculations at the inelastic 25.7 MeV neutron scattering. These
calculations employ the same spectral distributions 6jf(U) as in
the analysis of neutron spectra with the initial energy 14 MeV.
In addition to low-lying collective excitations and pigmy-reso-
nances with excitation energy about 5 - 9 MeV, giant multipole
resonances with the energies above 10 MeV start making essen-
tial contribution to the integral spectrum of direct transitions
as well as superposition of giant resonances with low-lying col-
lective excitations. The comparison of the calculations with the
experimental spectra /14/ enables us to draw a conclusion on the
direct processes to be absolutely responsible for inelstic neut-
ron scattering spectra shaping in the excitation neutron energy
range up to 5 MeV, and their contribution to the formation of
non-statistical spectra component for the excitation energies
above 5 MeV is as low as 40 - 50$.

Nowadays rather simple relations of the preequilibrium nucléon
evaporation model are widely used for the analysis of a hard
component ofnucleon inelastic scattering spectra /4, 5/. Sim-
plicity of the calculations certainly is an attractive property
of the models, but it fails justifying the errors in the conclu-
sions on nuclear process mechanisms. The above calculations as
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well as the analysis results of 39 and 62 MeV proton inelastic
scattering spectra /15» 16/ indicate the dominant contribution
of the direct processes in the hard component of spectra on the
one hand, and the need of taking into account the coherent col-
lective properties of nuclei in the correct analysis of direct
transitions on the other hand* Therefore, a quantitative analy-
sis of multistep direct transitions cannot be justified without
taking into account coherent phenomena. These phenomena are due
to fairly strong effective interaction of nucléons, and their
effect extends in fact to all nuclear properties. Without the
direct processes being allocated a physically justified evalua-
tion of multistep compound transitions cross-sections cannot be
obtained* In any case the cotribution of these transitions to
inelastic neutron scattering spectra in Refs. /17/ is overesti-
mated*
For the consistent description of preequilibrium compound proce-
sses cross-sections to be reached, their analysis should be made
not only with regard to the integral cross-section of direct
transitions obtained in this work, but with the use of sequen-
tial microscopic description of thresholds and multiquasipartic-
le nuclear excitation densities /18/ as well.
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Fig. 1. Spectrum o£ninelastically scattered neutrons with initial energy
14 MeV on Pb nucleus:
Dotted line - spectrum of direct transitions,
solid curve - sum of equilibrium and preequilibrium evaporation

of neutrons,
dashed curve - resulting calculation of spectrum taking into account

reactions (n,2n).
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Fig. 2. The same for Fe nucleus. Experimental data are compilation of
measurements by various authors.
Solid line - spectrum of direct transitions,
dash-dotted line - spectrum of equilibrium transitions.
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PRECOMPOUND EMISSION OF NUCLEONS IN HEAVY-ION REACTIONS

Dietrich Hilscher
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ABSTRACT

A summary of inclusive and exclusive data of precompound or preequilibrium nucléon emission in
heavy-ion induced reactions is given. The influence of impact parameter and mass asymmetries in
the entrance channel is discussed. Preequilibrium nucléon emission in heavy-ion induced reactions
are primarily studied in order to obtain information on the early stages of the energy and linear-
momentum dissipation in these reactions. Neutron and proton data can be used to study isospin
dependencies of the nucleon-nucleon interaction inside excited nuclei. Phenomenological approaches
to parametrize the preequilibrium nucléon emission are discussed and the experimental data are
compared with microscopic and macroscopic reaction models.
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1. Introduction

Already in the early fifties the study of neutron and proton induced reactions indicated that
the deexcitation of nuclei disagree with the idea of the formation and decay of a compound nucleus.
For instance Eisberg [1] noted in 1954 that in order to describe the observed proton energy spectra
from inelastic proton scattering from Au at 135° a temperature of 7 MeV is required which results
in the assumption that the total excitation energy would "be confined to only ~3 nucléons in Au".
This statement is an early implicit formulation of the the exciton model [2,3] which was and is very
successful in describing precompound light-ion and also heavy-ion induced light-particle emission as
we will see in this talk and the one by Blann. About ten years later Britt and Quinton [4] observed
highly energetic a-particles also in heavy-ion induced reactions. However, since the emission of
complex particles is more complicated (e.g. preformation probability) than nucléon emission I will
restrict myself in this talk to nucléon emission. Because light-ion induced nucléon emission has
already been studied extensively I briefly state the expectations we have in studying in addition the
precompound emission also in heavy-ion induced reactions:

• In order to study the thermal and statistical properties of hot nuclei it is absolutely necessary to
know the thermal excitation energy left in the fragments after preequilibrium emission.

• To understand the mechanisms of preequilibrium emission and energy dissipation in the interac-
tion of systems consisting of a large number of nucléons. There is a conceptual difference between
this and light-ion induced precompound emission in the sense that for the emission of a nucléon
which carries away a large fraction of the total excitation energy brought into the system by A
nucléons a coherence of several degrees of freedom is necessary. These questions are related to the
subthreshold pion production and high energy gamma-ray emission.

• Since the models describing precompound emission use the nucleon-nucleon cross section
inside cold or hot nuclear matter as an essential quantity one might hope to extract this quantity
from the study of precompound nucléon emission. By studying entrance channel mass-asymmetries
the degree of heating prior to the nucléon absorption of subsequently injected nucléons can be varied.

• The isospin dependencies of the nucleon-nucleon cross section influence the neutron-to-proton
ratio in preequilibrium emission. Furthermore different N/Z ratios in the projectile and target can
be exploited to get information on the spatial origin of the precompound nucléons.

Thus there are many additional interesting questions which we hope to answer in studying
precompound nucléon emission in heavy-ion reactions. Any theory or model is of course simplest
for neutrons since the long-range Coulomb interaction can be neglected.

2. Separation between Compound and Precompound Emission

For nucléon or light-ion (n,p,d,..a) induced reactions on heavy nuclei the separation bet-
ween direct and/or precompound reactions and compound nucleus evaporation is experimentally
considerably simpler than in the reaction of two heavy ions. In the latter case we have in principle
two excited nuclei after the reaction both of which can deexcite via light-particle emission. Since
the projectile-like compound nucleus will move still at high, that is almost beam velocity to an-
gles smaller than the grazing angle of the reaction (8° or 30° for Ho + 30 or 10 MeV/nucleon Ne,
respectively) any compound nucleus evaporation from the projectile-like nucleus will result in high-
energy particles due to the sum of the velocities of the source and the evaporated particles which
are, however, not due to precompound emission. This process is usually called sequential emission
[5,6]. One possibility to maintain the simple separation of compound and precompound emission
based on the emission energy is to confine the study to fusion-like processes where the situation is
very similar to the light-ion induced reactions. However, this requires exclusive experiments.
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Figure 1: Double differential neutron multiplicity measured [7,8] in coincidence with
evaporation residues detected at ®ER'' the neutron detection angles ©„ are indicated
for the different spectra which were multiplied by 10n with n=4, 3, 2, 1, and 0, starting
with the smallest neutron angle. The dashed and dotted curves are fits to the high and
low energy component, respectively. The solid line is the sum of both components. At
the highest bombarding energy of 600 MeV the spectra are shown in coincidence with a
mean linear momentum transfer of 93%.

Yet, the majority of data of precompound nucléon emission has been collected in inclusive
experiments in which case the precompound emission at forward angles smaller than about 30°,
where the angular distribution of the projectile-like fragments are peaked, had to be disregarded
due to the above described sequential emission. But in order to be sensitive to various models of
precompound emission the nucléon energy spectra at such small angles are important. That is why
I will confine myself in the following essentially to exclusive experiments but in the discussion I will
also include the large body of inclusive data.

3. Phenomenology of Preequilibrium Nucléon Emission

Systematic studies of preequilibrium (PE) neutron emission in heavy-ion reactions have
been performed by measuring neutrons in coincidence with evaporation residues (ER) from fusion-
like reactions of light heavy-ions (A=12-20) on heavy targets (A=141-175). Sequentially emitted
neutrons from projectile-like fragments are rejected by detecting the ER at small angles and re-
quiring that their mean velocity is close to the velocity of the center-of-mass. A study of such
reactions over a wide range of bombarding energies has been carried out [7,8] for the reaction
165Ho + (11 - 30MeV/nucleon)20Ne -» ER + n. The ER were detected at small angles (5° - 16°)
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with the condition that their velocity was close to that corresponding to full linear-momentum trans-
fer. Thus events in which projectile-like fragments sequentially emit neutrons were rejected. The
results of this systematic study is shown in figure 1 where neutron energy spectra in the lab. system
are shown at four bombarding energies and several neutron detection angles (0n). The qualitative
appearance of the heavy-ion induced neutron emission is very similar to that observed by light-ion
induced reactions. We observe a well separated low and high energy component. The spectra of
the latter which we associate with preequilibrium emission show (i) an exponential decrease with
emission energy, (ii) a strong decrease with angle (much stronger than one would expect from the
transformation from the cm. to the lab. system) and (iii) the intensity as well as the mean energy
is increasing with bombarding energy (see also figures 2 and 3). It is also interesting to note that
though with increasing bombarding energy an increasing amount of the initially available excitation
energy is carried away by preequilibrium neutrons the equilibrated excitation energy left in the
system is also increasing. The inverse exponential slopes representing the thermal temperature of
the low energy component are (figure 1) increasing with bombarding energy, that is, the nuclei are
getting hotter.

3.1 Moving-Source Parametrization

In order to make the phenomenological characterization of the preequilibrium emission more
quantitative the spectra are parametrized by assuming isotropic emission of neutrons with a spectral
shape of MpEV/E~e~E/TpE in a rest frame moving with velocity VPB.

The experimental data is fitted in the lab. system by treating the multiplicity MPE, the tem-
perature (inverse exponential slope) TPE, and the velocity vpg as parameters. The result of all such
fits is that the velocity vpg is about half the velocity of the incident projectile. This is true, however,
only if the sequential emission has been excluded from the fit. In inclusive measurements the small
angles are not included in the fit. A possible physical interpretation of this finding (VPE » 0.5vp)
is that the preequilibrium nucléons are due to a nucleon-nucleon scattering process since 0.5VPE
corresponds to the nucleon-nucleon center-of-mass velocity. The fact that for asymmetric systems
vPE is much larger than the cm. velocity (vcm = A ^ vp < |vp) reflects the experimental finding
of a strong forward emission of the preequilibrium neutrons which is also shown in figure 3. How-
ever, the forward peaking is not uniquely characteristic of precompound emission, since the angular
distribution for smaller linear-momentum transfers (LMT=52% compared to 93% in figure 3) where
sequential emission is contributing shows an even stronger forward peaking.

The multiplicity MPE obtained in this way is shown in figure 2a as a function of the energy
per nucléon above the Coulomb barrier of the projectile. The multiplicity for different reactions
scatter considerably in particular at small energies. But for one reaction (Ho+Ne, o in figure 2a)
the multiplicity seems to increase linearly with bombarding energy as indicated by the dashed Une.
The solid line is the result of a Fermi-jet, calculation [15] for this reaction which will be discussed
later.

The neutron multiplicities shown in figure 2a are obtained by fitting the observed neutron
energy spectra with two components: an evaporative and a preequilibrium one. Thus the PE
component, is extrapolated underneath the evaporative component by employing the used spectral
shape \/Ée~E/TrE (see also figure 1). Other procedures to deduce MPE were discussed by Gavron
et al. [10] and shown to result in smaller values. However, the above described procedure agrees
essentially with most of the preequilibrium models as we will see below (similar spectral shapes). The
multiplicity for the reaction 40Ca + 20MeV/nucleon40Ar --»ER + n [12] (A figure 2a) was obtained
somewhat differently: the low energy component was fitted only and the obtained multiplicity
of evaporated neutrons was subtracted from the total measured multiplicity which results in a
somewhat smaller PE multiplicity. In figure 2a the filled triangle shows the proton multiplicity
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of the reaction n a t Ag + 4 0 Ar —» ER. + p which was obtained by integrating the anisotropic (in the
cm.) coincident proton yield [13]. The proton multiplicity is considerably smaller than the neutron
multiplicity, which is expected and predicted by many models due the Coulomb barrier for proton
emission, whereas in the nearly symmetric system 45Sc + (768MeV)48Ti the PE proton multiplicity
(not shown in figure 2a) is as large as the neutron multiplicity which is due to difficulties in preventing
in a symmetric system contributions from sequential emission [21].

a.

0

1 ' ' I ' ' • ' I '

a)

proj

10 20 30

(E-Vc)/A (MeV)

10 20 30

(E-Vc)/A (MeV)

Figure 2: (a) Preequilibrium neutron multiplicity [7-14] in coincidence with ER: squares
C-, o Ne-induced fusion, A Ca+Ar; • proton multiplicity. Dashed line drawn through
the Ho+Ne o, solid line Fermi-jet calculation for Ho+Ne [15]. (b) Preequilibrium slope
parameter of exclusive neutron [7-11] (o) and inclusive proton (•) data [16-19]. The open
triangles result from exclusive proton data [20,21]. The open squares are neutron data
[8] for different linear momentum transfers which are identified in the figure. The solid
line is the free Fermi gas expectation assuming equal number of projectile and target
nucléons.

Since the energy spectra are essentially decreasing exponentially up to the maximum measu-
red energies it is interesting to investigate how those spectra continue to higher emission ener-
gies. For Q-particles there are some indications [22] in the reaction 19 'Au + (178MeV)22Ne that
up to the kinematical limit a-particles were observed. Holub et al. [9] found that in the reaction
165Ho + (300MeV)12C -» ER + n the probability to emit neutrons with energies larger than 100
MeV (En_ inox = 268 MeV), or larger than twice the beam velocity, is (3 ± l)10~3.

In heavy-ion induced fusion the fraction of linear-momentum transfer (LMT) to the com-
posite system is decreasing with increasing bombarding energy due to an increase in light-particle
emission prior to the attainment of a thermal equilibrium. In figure 4 the preequilibrium neutron
multiplicity is shown to be essentially independent of LMT -» VER and at the highest LMT almost
ail the missing LMT is due to nucléon emission, indicating that for the most central collisions pre-
equilibrium nucléon emission is the essential process whereas for less central collisions the emission
of composite particles must be responsible for the missing LMT. Gamma-ray multiplicities in coinci-
dence with evaporation residues and preequilibrium proton emission show a broad range of entrance
channel partial waves leading to prompt proton emission and thus are also favoring a central jetting
mechanism [23].
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Figure 3: Angular distribution of neutrons with
energies larger than 30 MeV in the lab. system
for the reaction 165Ho + (600MeV)20Ne -> ER + n
with LMT=52 and 93%, (see also figure 4). The
long dashed, short dashed, and solid curves are
the results of a moving-source fit for the preequi-
librium, evaporative component, and the sum
of both, respectively.

0.0
0.50 1.00

VER

Figure 4: The parameters deduced with the
hot-moving-source fit for the high energy
component [8] for Ho + (600 MeV) Ne: the
PE neutron multiplicity M P E , temperature
parameter T P E , and ratio of the source
velocity VPE to the beam velocity vp as
function of the ER velocity VER. The dashed
line is drawn through the points and extra-
polated to zero ER velocity. The arrows
indicate full LMT.

Finally the temperature parameters TPE obtained by the moving-source fit of the preequilibrium
nucléon energy spectra are shown in figure 2b. This figure represents a compilation of neutron
measurements in coincidence with ER (open circles and squares) and inclusive proton data (•).
The temperature parameter for PE protons in coincidence with heavy residues (A with error bar
in figure 2b) from Keim et al. [21] includes also contributions from sequential emission in the
almost symmetric system 45Sc +4 8 Ti. The inclusive proton data (•) results systematically in lower
values than the exclusive neutron data. One exclusive proton point [20] (A in figure 2b without
error bar) is consistent, however, with the exclusive neutron data. This indicates that exclusive
nucléon data show stiffer energy spectra than inclusive measurements where peripheral reactions are
contributing. This is shown more explicitly in figure 4, where the deduced TpE-parameter is plotted
versus the ER-velocity VER which is proportional to LMT. This shows that Tpg is increasing with
LMT% VPE which can be associated with decreasing impact parameter. The simplest explanation
of this finding is probably due to the superposition of sequential emission and true preequilibrium
emission at smaller VER or LMT. The dashed line is an extrapolation to zero VER or purely peripheral

interactions, where vp and TPE ~ equilibrium temperature of the projectile-like fragment.

3.2 Angular Momentum Effects on Preequilibrium Nucléon Emission

In heavy-ion induced fusion reactions large amounts of angular momentum can be transferred
to the composite system. Thus it is interesting to investigate the dependence of preequilibrium
nucléon emission upon the spin of the composite system. The spin transferred to ER is typically
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smaller than about 50-60ft. The detection of the direction of the ER does not define the direction of
the spin of the composite system, in these reactions we only know that the spin is perpendicular to
the beam direction. No anisotropy has been observed [7,13,14] in PE nucléon emission in coincidence
with ER.

A A A A
OOOO (O

CO

o

CO
CO

20 40

Figure 5: Reaction geometries for an "in-plane" (left) and "out-of-plane" (right) measu-
rement: (F) fission plane and (n) neutron plane. Neutron energy spectra as measured in
the in-plane (o) and out-of-plane (A) geometry for the reaction 175Lu + (192MeV)12C.

Since nuclei fission perpendicularly to the spin the detection of a fission fragment is a possibility
to determine in a fusion-reaction the spin direction. Furthermore the angular momentum of the
composite system is much larger than for that leading to ER. Zank et al. [14] have measured
the anisotropy of preequilibrium neutron emission in coincidence with ER (I < 49 ± 6h) and fusion
fission (49 ± 6 < I < 62 i 6h) for the reaction 175Lu+ (16 MeV/nucleon) 12C. The schematical setup
is shown in figure 5. In the case where the plane defined by the fission fragments is approximately
coplanar with the neutron detector plane the neutrons are always emitted perpendicularly to the
spin. In the case where the fission plane is perpendicular to the neutron plane the neutrons emitted
at small and large angles are also emitted perpendicularly to the spin whereas at angles around
40-70° the emission is parallel to the spin. This is clearly exhibited in figure 5 which shows that
the yield of high energy neutrons at ±13° is the same for both geometries whereas at ±(40to70°)
considerably less neutrons are emitted parallel to the spin. A more detailed analysis by fitting the
spectra with the above moving-source parametrization shows that the neutrons in coincidence with
ER can be described by the assumption of isotropic emission in the rest frame moving with half
the beam velocity, whereas this is not possible for neutrons in coincidence with fission events. More
specifically Zank et al. [14] have introduced an anisotropic neutron emission with respect to the
spin given by exp(-a,, cos2A) in the rest frame. The quantity A is the angle between the spin
vector of the composite system and the direction of the emitted neutron. Zank et al. [14] find a
very large value for a£E = 2.2 ± 0.6. The curves in figure 5 were calculated with this anisotropy.

3.3 Ratios of Preequilibrium Neutrons and Protons

In figure 6 the total cross section for the free nuclecn-nucleon scattering is shown as a function
of lab. energy. This figure emphasizes the importance of the isospin dependence of ann or <r.

p p
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and <rnp. By comparing the preequilibrium neutron and proton emission one might in principle get
information of the nucleon-nucleon cross section in nuclear matter or even in excited nuclear matter
[14].

This information could be deduced from the ratios of the double differential multiplicities
of neutrons to protons. For the above discussed reaction Ho + (600 MeV) Ne it is found [8] that
it is more probable to emit neutrons than protons at nucléon velocities larger than the projectile
velocity. These ratios are, however, associated with large errors due to uncertainties of the neutron
detection efficiencies at high neutron energies. It is possible to determine the ratios for each nucleon-
species separately for targets with different number of neutrons. Very recently Lehmann et al. [25]
have measured the ratio of nucléons produced in the reaction 144'a54Sm -I- (838MeV)32S —> FF 4- n,p.
Preliminary results for these ratios are shown in figure 7. We note that the probability to produce
protons is about equal in both reactions having the same number of protons in the projectile as well
as in the target, whereas it is more likely to emit neutrons in the reaction with the more neutron-rich
target nucleus 154Sm. The effect is lsjger than the 12% increase in neutron number in the target
(82 to 92). It is interesting to note that the neutron (proton) binding energy plus Coulomb barrier
in 144Sm is about 30% larger (15 % smaller) than in 154Sm. Though these effects have not been
quantitatively understood yet they provide a further observable to test preequilibrium models and
may in conjunction with these models provide us with new insight into the physics of preequilibrium
emission and result in information on the above mentioned nucleon-nucleon cross section inside
(excited) nuclear matter. Furthermore, as we will see below, essentially all models can reasonably
describe the measured preequilibrium energy-spectra and thus these additional observables will
enable a more sensitive test of these models. In relativistic nuclear collisions the inclusive (no
coincidence condition) neutron-to-proton ratios for 300-400 MeV/nucleon Ne induced reactions on
U and Pb could be accounted for by a cascade-coalescence model for nucléon velocities which were
smaller or equal to the projectile velocity [26]. In particular Stevenson [26] has shown that the
coalescence of nucléons to complex particles tends to increase the neutron-to-proton ratio.
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Figure 7: Ratio of the double differential mul-
tiplicity of neutrons and protons for 838 MeV
32S induced fission on 154Sm and 144Sm,
9° < 0 r -; 27°, 5° < 0 p < 32° [25]. Central
collisions were selected with the folding
angle method.
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4. Theoretical Models for Preequilibrium Nucléon Emission

So far I have presented only a phenomenological description of the characteristics of pre-
equilibrium nucléon emission. Though the moving-source parametrization corresponds implicitly to
a physical picture I have used it only to obtain quantities which can be employed for a systematic
comparison of a large body of data and different reactions. In the following I will now briefly mention
the various models which have been applied to describe and thus to understand the mechanisms of
preequilibrium nucléon emission. I will discuss, however, only the Fermi-jet model in more detail
whereas the other models I will only list and mention their successes and failures.

The exciton model or Boltzmann master equation [3] is able to describe the integrated energy
spectra by setting the initial exciton number equal to the number of nucléons in the projectile. By
exploiting a similar master equation for the angular dependence [27] it was also possible to describe
angular distributions.

Model calculations with the Vlasov-Uehling-Uhlenbeck equation, a combined treatment of mean
field effects and a nucleon-nucleon collision term, show similar characteristics as the experiment
[28]. However, a more sensitive test would be to compare the neutron-to-proton ratios with such
calculations including an exact treatment of the isospin dependencies of the nucleon-nucleon cross
section [29].

Quantal phase space approach [30] is able to reproduce extremely well the double differential
neutron multiplicities as a function of angle and energy for asymmetric [28] and symmetric systems
[12].
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Figure 8: Double differential neutron multiplicity at three bombarding energies [7] from
the reactions 165Ho +2 0 Ne —» ER + n compared to an evaporation calculation (short
dashed), Fermi-jet calculations with a zero (long dashed) or finite T=3 MeV (dashed
dotted curve) temperature Fermi-distribution [7], and a Fermi-jet calculation [15] with a
dynamical varying Fermi-distribution and taking into account nucléon rescattering (solid
line).
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4.1 Fermi-jet or Promptly Emitted Particles

Bondorf [31] and independently Robel and Swiatecki [32] proposed that the highly energetic
particles might be due to the coupling of the relative velocity of two interacting Fermi-spheres
(projectile and target) and the Fermi-motion. They coined the term, respectively, for these particles
promptly emitted particles (PEP) or Fermi-jet. In this picture nucléons are being transferred from
the projectile to the target, or vice versa, through a window between the two interacting heavy-ions
with a velocity given by the sum of the relative velocity and the Fermi-velocity. The particles are
following linear trajectories until they reach the surface of the receptor nucleus. If the energy is larger
than the nuclear potential they will escape the receptor nucleus promptly, that is within times of
the order of the transit time of a nucléon through the receptor ~ 2roA^ /(VF + vrei) % 1 • 10~22sec
assuming 20MeV/nucleon 20Ne -f-165 Ho. The radial deceleration time of the projectile of about
10~22sec has to be added to this time. The radial deceleration is calculated for classical trajectories.
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Figure 9: Temporal evolution of the reaction Ho+Ne [15]: R internuclear separation, c
neck radius, ctff neck radius including a diffuse surface, TMe, THO temperature in projectile
and target. uptCtj time differential neutron multiplicity induced by transfers from the
projectile.

The comparison of the exclusive neutron data for the centra] collisions of Ho + Ne with
the results of the code of Bondorf et al. [33] is shown in figure 8 by the long dashed line. The
dashed dotted line was obtained by Holub et al. [7] by a modification of this code by the ad hoc
assumption that the Fermi velocity distribution is given by a finite temperature (T=3 MeV) Fermi-
distribution. This assumption yields higher velocities and consequently also higher neutron energies
in agreement with experiment. However, the angular distribution is too forward peaked, resulting
in a discrepancy at 60° of 1-2 orders of magnitude. This discrepancy resulted in the conclusion [7-9]
that the Fermi-jet calculations without taking into account the rescattering of transferred nucléons
is in disagreement with experiment. Better treatment of the dynamics of the heavy-ion reaction
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as was done by Leray et al. [34] could not improve the agreement [8]. In two recent publications
[15,35] the reseattering of nucléons was explicitly taken into account plus a heating of the donator
nucleus due to the induced excitation by transferred nucléons from the receptor nucleus (and vice
versa) prior to the injection of a Fermi-jet nucléon. This is an explicit treatment of the ad hoc
assumption by Holub et al. [7] of a finite temperature Fermi-distribution. The resulting agreement
with preequilibrium neutron data is shown for Ho + (402 MeV) Ne by the solid line in figure 8.
Considering the fact that no normalization factor has been applied the agreement is reasonable
though at higher neutron energies the deviations between experiment and model calculations are
increasing. The total multiplicity of the forward emitted preequilibrium neutrons which are due to
Fermi-jet neutrons from the projectile is underestimated by a factor of two as is shown in figure 2a.
However, Randrup and Vandenbosch [15] have added in a note to their paper that the inclusion of
the radial motion in calculating the transmission coefficients of the escaping neutron can increase
the preequilibrium neutron multiplicity by almost a factor of two.

The temporal evolution [15] of a fusion-like collision of Ho + Ne at 402 MeV and l=46ft is shown
in figure 9. The radial kinetic energy is dissipated in about 10~22 sec in which the neck radius c
opens up and thus the transfer of nucléons and consequently also the emission of Fermi-jet neutrons
sets in. The temperature r^e in the projectile reaches about 5 MeV in 10~22 sec. In the same time
the total emission probability reaches its maximum. Randrup and Vandenbosch [15] noted that
the fact that considerable kinetic energy damping has occurred prior to the most probable time of
preequilibrium emission might be the cause that moving-source fits result in a source velocity of
only half the beam velocity.

In summary, the Fermi-jet model can reproduce the measured preequilibrium neutron spectra
in central collisions except for maybe an underestimation of the total neutron multiplicity by a
factor of two and some disagreement at higher energies. Better agreement than shown in figure 8
was obtained with less exclusive data [36] of 238U +1 6 0 which was measured in coincidence with
fission fragments. Since the fission barrier of U is very small U fissions sequentially also in peripheral
reactions, thus in this case fission coincidences do not effectively reject, sequentially emitted neutrons.

5. Conclusions

In summary we have seen that it is possible to separate experimentally genuine preequilibrium
nucléon emission in central collisions if sequential emission from projectile-like or intermediate-mass
fragments is excluded. This requirement can easily be fulfilled in asymmetric collisions whereas for
symmetric systems [12,21] the separation is considerably more complicated [21]. The preequilibrium
nucléon emission shows (i) an exponential decrease of particle yield as a function of energy and angle,
(ii) the spectra can be fitted with a moving-source parametrization and the obtained parameters
show a systematic behaviour with bombarding energy for many reactions, (iii) in central collisions
preequilibrium nucléon emission is the dominant process compared to the emission of complex
particles, (iv) preequilibrium emission is strongly anisotropic with respect to high spins (50-60fi)
transferred to the composite system, and (v) the emission of neutrons is larger than for protons and
depends on the N/Z ratio of the target.

Theoretical models have reached a stage where all are essentially more or less successful in
describing the characteristics (i) to (iii) but so far have not been compared to the characteristics (iv)
and ( v). In particular, I think that the neutron-to-proton ratios will be a sensitive test of theoretical
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models and, maybe, will provide us with some knowledge on the nucleon-nucleon cross section or
mean free path length in excited nuclear matter.
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ABSTRACT

The computer codes for pre-equilibrium calculations which are available
from the NEA Data Bank are listed and their differences are briefly
outlined. Reference is made to international comparison exercises which
try to assess the quality and performance of these and other nuclear
model codes.

INTRODUCTION

The NEA Data Bank has collected over the years a set of computer
codes for nuclear model calculations which cover the different interac-
tion phenomena of light incident particles with matter. These codes are
distributed to requesters after they have been verified or validated on
at least one computer. At present the set consists of about fifty codes
which is about four percent of the complete program library.

Most of the early codes were designed for energies below 10 MeV and
for the neutron as projectile. The upper energy limit in cross-section
libraries for nuclear reactor applications was chosen in fact at 10 MeV
(the lethargy of a neutron is still set to zero at this energy value).
Nuclear model codes that produced cross section data for reactor ap-
plications contained typically the optical and statistical model. As tech-
nology applications extended their interest to higher energies and other
particles new phenomena had to be considered to be able to describe
correctly the experimental cross section values.

The pre-compound or pre-equilibrium model was then introduced to
fill the gap between phenomena described by the statistical model and
those of the direct reaction. The first code acquired by the NEA Data
Bank containing the pre-compound option in addition to the Hauser-
Feshbach model was STAPRE [18] in 1976.
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As new formalisms were developed (i.e. exciton or hybrid models),
codes featuring these were also collected. The codes so far acquired
contain only phenomenological models. Codes including more recent
developments such as quantum mechanical approaches are used for fun-
damental research and some are of an experimental nature; they are
therefore not suitable yet for inclusion in the model code library and
are not meant for a wider distribution.

The NEA Data Bank relies on the generosity of code developers for
maintaining an up-to-date nuclear model code collection. Many codes
were obtained through the National Energy Software Center (NESC),
Argonne and the Radiation Shielding Information Center (RSIC), Oak
Ridge. An important set of codes was developed in the NEA Data
Bank member countries and an interesting set of codes has recently
been acquired from the Chinese Nuclear Data Centre.

MODEL CODE COMPARISONS

Nuclear model computer codes like any product of science and tech-
nology require quality assurance and maintenance. A high degree of
verification, validation and quality assurance carried out on the model
codes can make up at least partially for the reduced efforts available
now worldwide for cross section measurement and evaluation.

Confidence in the predictive power of the nuclear model codes in cross
section data regions where experiments are lacking or inexistent can be
improved through international code comparison exercises. Agreement
between codes developed independently by different researchers on a
well selected set of problems contributes strongly to the buildup of this
confidence.

The model code comparison activity hat! been initiated by the Cross
Section Evaluation Working Group in the U.S. and has been futher
internationalized at the NEA Data Bank for the lower energy range.
For the intermediate energy region the NNDC at BNL conducts the
intercomparison activity.

Different comparison exercises with their achievements are summarized
in Ref. [ 1]. A first exercise, which included both the optical model
and statistical model with an option for pre-equilibrium effects [ 2] has
pointed out considerable discrepancies in the higher energy parts for
reactions with emission of charged particles. It was inconclusive as to
whether this was caused by discrepancies in the optical or statistical
model part. Precision comparisons [ 3] were therefore carried out to
assess the quality of the optical model coding and benchmark results
were published. Two additional exercises were designed and are now
near completion which address precision calculations in the different
statistical model approaches. They have attracted many participants
and the results will be reported when the study is completed.
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In order to contribute to improvements in the quality of the data bases
required for technological applications other than fission reactors (i.e.
fusion blanket studies etc.) special efforts have been devoted to the
comparison of pre-equilibrium models. Here in addition to computer
codes also the different approaches and formalisms were intercompared.
A first exercise [ 4] was conducted for neutrons interacting with 93Nb
nuclei. Because different parameters are used in different formalisms,
participants had to fit their pre-equilibrium model parameters on an ex-
perimental angle-integrated neutron emission spectrum induced by neu-
trons with a given incident energy. Compared were angle and energy-
integrated cross sections, total neutron emission spectra at different
energies and to some extent double-differential cross sections and pho-
ton production spectra.

The overall results of the calculations were quite consistent for inelas-
tic scattering and neutron emission, large deviations were found for
charged particle emissions. The predictive power of these models were
studied in a blind comparison in which the experimental results are
disclosed to the participants only after they have carried out the calcu-
lations. Except for the optical model part, participants were asked to
use their best apriori choice of the parameters. Details of this compar-
ison are reported at this meeting [ 5].

The publications issueing from these comparisons are added as valida-
tion reports to all participating nuclear model codes that are available
from the NEA Data Bank. Users can then better familiarize them-
selves with the codes developed by others and gain a better feeling of
the confidence they can attribute to results obtained therefrom.

The dream of unifying the different formalisms to one model capable of
describing in all its aspects both the pre-equilibrium and equilibrium
phenomena with an overall smaller set of free parameters seem slowly to
take now a real shape. It will take some time however before an univer-
sal computer code will materialize, capable of describing satisfactorily
all interaction phenomena over a wide energy range.

PRE-EQUILIBRIUM PROGRAMS

The following Table lists all computer codes available from the NEA
Data Bank which include pre-equilibrium modelling. Together with
their names a program package identifier is given which can be helpful to
search for more details in the Nuclear Programs Abstracts publications
and to place orders. Some additional features of the codes are described;
the bibliographic reference is given and to which comparison exercise
they have participated.
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Program Name

ALICE/85/300
AMALTHEE
GNASH
GRAPE
HAUSER-5
IPEET-103
MUP-2/3
NX-1
NX-2
PREANG
PRECO-D2
PREM
SC2N3N
STAPRE
TNG

Package

NESC1036
NEA 0675
NESC0757
NEA 1043
NESC0830
IAEA0901
IAEA0907
IAEA0918
IAEA0919
NEA 0809
PSR-0226
NEA 0888
IAEA0917
NEA 0461
USCD0678

Additional

OMSM

SM
SM
OM SM DI
SM
OMSM
SYS SM
SYS SM

DI

SYSSM
SM
SM

Reference

[6]
[7]
[8]
[9]
[10]
[H]
[12]
[13]
[13]
[14]
[15]
[16]
[17]
[18]
[19]

Comparison

[4,5]

[4,5]

[4]

[4]
[4,5]
[4]

[4,5]
[4,5]

Table. Pre-Equilibrium Model Codes

DI Direct Interactions, OM
SM Statistical Model, SYS

Optical Model,
Systematics

origin:
NEA - NEADB member countries, IAEA - non-OECD countries

NESC, PSR, USCD - codes of US origin

The same classification as in Ref. [ 4][ 5] is adopted here for the pre-
compound formalisms.

1. Hauser-Feshbach Codes with Pre-compound Option

These codes ensure angular-momentum conservation and al-
low the cross sections of reactions to discrete final states to
be calculated. They are applicable over a large energy range
but are expensive to run.
The following codes belong to this category:
GNASH, HAUSER-5, MUP-3, STAPRE, TNG.

2. Exciton Model Codes (Spin-Independent)

These codes do not include explicit angular momentum con-
servation and have no large memory requirements and so are
simple and fast. The Weisskopf-Ewing model is used includ-
ing pre-equilibrium. They are restricted to energies above 5
MeV
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since they do not give cross sections to discrete final states.
The following codes belong to this category:
AMALTHEE, GRAPE, IPEET-103, PREANG,
PRECO-D2, PREM.

3. (Geometry Dependent) Hybrid Model Codes.
The hybrid model is based on a combination of the exciton
model and the Harp-Miller-Berne model. Different treatments
of the outgoing energy dependence causes differences in the
shapes of the emission spectra. In geometry-dependent ver-
sions of the model a decomposition is made according to in-
coming angular momentum in order to account for the effects
of the nuclear density distribution leading to increased higher
energy particle emission.
The following code belongs to this category:
ALICE/85/300.

4. Systematics Codes.
They contain analytical formulae with parameters based on
experimental data and derived by using a constant temper-
ature evaporation model for statistical phenomena and the
exciton model for the pre-compound part.
A set of three codes is available for quick estimations of cross
sections for the following reactions:
- (n,2n), (n,3n) : SC2N3N [17]
- (n,p),(n,a) : NX-1 [13]
- (n,d),(n,3He) : NX-2 [13]
Their validity range is for masses 23 < A < 197 and for en-
ergies up to 25 MeV, they reflect data published up to 1984,
precompound effects are limited to exciton number n=3.

CONCLUSIONS
Developers of new model codes or improvements and gener-
alizations to existing codes are invited to continue to make
these available for general distribution to one of the code cen-
tres. New codes or new versions should possibly undergo first
a validation not only on the standard problems used by the
developers but also on the ones designed for the international
intercomparisons. Feedback on possible errors detected by
other users will be reported to them. This may lead to re-
visions of the codes and in general to improvement of the
internationally available nuclear model code library. This en-
sures also that the effort in cross section evaluation shared at
international level is of accepted quality and improves stan-
dardization in the methodologies used.
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RESULTS OF RECENT CODE COMPARISONS

H. K. VONACH
Institut fur Radlumforschung und Kernphysik

Vienna, Austria

A b s t r a c t

The results of a recent international "blind intercomparison", that is
a comparison of nuclear model calculations with each other and with
experimental results unknown at the time of the calculations, are presented
and discussed. Participants from 7 laboratories calculated the secondary
neutron energy and angular distribution from the interaction of 25.7 MeV

184
neutrons with the nucleus W, before these measured double-differential
neutron emission cross-sections were made available.

The comparison demonstrates that these models can reasonably describe
the neutron energy spectrum except for the highest energy part, where an
additional contribution from direct excitation of collective levels is
definitely needed. The angular distributions can at present only be
described adequately by phenomenological and semi-phenomenological methods.

In addition some questions connected with the 1984 preequilibrium code
93

intercomparison on Nb are reexamined. Especially the description of the
neutron emission spectra at 14 and 25 MeV and the total proton emission
cross-sections at 14 MeV are discussed in comparison with new measurements.
It is pointed out that the spread in the reported total proton emission
cross-sections needs further investigation.
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1. Blind intercomparison for n + W at 25.7 MeV

1.1 Condition of the intercomparison and participants

Two years ago» the NEA reported on the results of an international
93nuclear model and code comparison for neutron induced reactions on Nb for

incident neutron energies in the range between 10 and 25 MeV /I/. In this
comparison the parameters needed to determine equilibrium particle emission
were fixed, whereas for the pre-equilibrium part the participants were only
asked to fit the experimental neutron emission spectrum at 14 MeV incident
neutron energy. Thus one of the main aims of this exercise was to test the
ability of the various precompound models to describe pre-equilibrium
neutron emission over a rather wide range of Incident neutron energies. The
comparison had produced the encouraging result that most codes (using
either the exciton or the hybrid model) were able to successfully predict
the precompound neutron emission at 25.7 MeV after their parameters had
been adjusted to fit the 14 MeV data.

In a further test of the predictive power of the existing precompound
models the comparison described in this report attempts to test the
accuracy attainable with such model calculations for nuclei where no data
at all exist for neutron emission.

For this purpose» the participants were asked to calculate the
angle-integrated secondary neutron spectrum from the interaction of 25.7

MeV neutrons with W and also the angular distributions for selected
secondary neutron energies (13.5, 15.5, 18.5 and 21.5 MeV) using their best
a priori choice of all parameters except for the optical model parameters.
For these parameters it was recommended to use the deformed optical poten-
tial derived by J. P. Delaroche /2/ for the studied nucleus by a fit to the
recent measurements fil of the sum of the elastic scattering and first (2+)
and second (4+) excited level inelastic scattering cross-section. These
measurements were part of an experiment performed at Ohio University by
Marcincowski et al. and included neutron emission cross-sections.

Scientists from seven laboratories participated in this comparison;
most of them used the global optical potentials built into their codes
instead of the recommended potential of reference HI.
The following contributions were received:

Class A, modified Hauser-Feshbach codes unified models
- GNASH (LAS); P.G. Young /4/
- STAPRE (LLL-2); D.G. Gardner and M.A. Gardner /5/
- TNG (ORL); C.Y. Fu /6/

Class B, Exciton-model codes (spin-independent)
- PREC0-D3 (DKE); C. Kalbach HI
- PEQGM (SLO); E. BStâk and J. Dobes* /8/
- EXIM (TRM); A. Chatterjee and S.K. Gupta /9/

Class C, Hybrid and geometry dependent hybrid (GDH) codes
- ALICE GDH+ evaporation model (LLL-1): M. Blann /10/

Total neutron emission spectra (including neutrons from successive
evaporation processes) were calculated by the codes GNASH, STAPRE, TNG,
ALICE and PEQGM, whereas only first neutron emission is given by PRECO-D3
and EXIM.

Angular distributions were calculated by 5 of the codes: GNASH, TNG,
PREC0-D3, EXIM and ALICE.
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The classification of the codes into classes À, B, C, the assumptions
and models underlying these classes of codes and the details of most of the
codes used in this exercise have been discussed extensively in sections 7,
12, 13 and 16 of reference 1. There are only two points to be mentioned in
addition to this discussion.
*• PRECO-D3: C. Kalbach has slightly modified her code PRECO-D2 by

replacing her angular distribution systematics with an improved
version, which uses exponentials instead of Legendre polynomials
for the description of the angular distributions and this new
version PRECO-D3 (otherwise identical to PRECO-2) was used in this
intercomparison.

ii. EXIM; The only new code not described in reference 1 in this exercise,
is the code EXIM /9/ used by À. Chatterjee. It is based on the exciton
model and uses an exact solution of the time integrated master equation
in order to calculate the energy spectrum of the first emitted particle
by both pre-equilibrium and equilibrium emission. It uses the Williams

formula for particle-hole densities with g = A/13 MeV~ and the Kalbach
prescription fill for internal transition rates. For the angular
distributions the code applies the leading particle approach of
Mantzouranis et al. with distinction of multistep in compound and
multistep-direct-processes /12/. It neglects angular momentum effects
and y-emission and cannot describe multiple particle emission.

1.2 Total neutron emission cross-sections

Total neutron emission cross-sections are essentially determined by
the total reaction cross-sections and the average neutron multiplicity.

Table 1 shows the neutron total and reaction cross-sections resulting
from the different optical potentials used by the participants. In addition
to the reaction cross-section a we also give the cross-section

reaction cross-section available for pre-

equilibrium plus equilibrium processes. As the table shows, there may be
differences of up to 25 % in a' between the results of the global optical
potentials like Wilmore-Hodgson and potentials derived specifically for the
nucleus or mass range considered; thus the latter should be used whenever
possible.

1: Optical Model Parameters and crest-sections used by the participants
Participant

DKE/PRECO-D3
LAS/GNASH
LLL1/ALICE
LLL2/STAPRE
ORL/TNG
SLO/PEQGM
TRM/EXIM

(mb)
-

5145
-

5115
5364
5264

-

(mb)
-

254S
-

2522
2125
2430
2164

(mb)
-

109.8
-

99.7
196

-
-

(mb)
-

13.
-

10.8
9.4

-
-

K
(mb)
2253
2427
2167
2414
1920
2430
2164

Optical
Model used
Chatterjec
Delaroche
??
Delarochc
Wihnore- Hodgson
Delaroche
Chatlcrjee

Ref

C133

C2T
PIS1
tï\

<r't = <Tr — [<T2+ «'* the total reaction cross-section for continuum particle emission.
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Table 2 shows the angle- and energy-integrated first neutron

and total neutron (o ) cross-sections (not including the cross sectionsnem
for the first two discrete levels).

The first two columns give the values reported by the authors, in
columns 3 and 4 we have renormalized these data to the reaction cross-
section of the Delaroche potential for those participants which used other
ogtical potentials and finally the average neutron multiplicity
(v « a /a ) is also reported. As the table shows there is a consi-nem nruc

/
nem nruc

derable (y 25 %) spread in the reported a and o . This spread isnnx nem
mainly due to the use of different total reaction cross-sections resulting
from the different optical potentials; as shown by columns 3 and 4 there is
a very good agreement of the total neutron emission cross-sections between
the results of all codes if the same total reaction cross-section is used
in the input. Accordingly also the predictions of the average neutron
multiplicity agree within 6 % between all codes. There is no recognizable
difference between the Hauser-Feshbach codes and the spin-independent codes
indicating that the total neutron emission is not influenced much by either
angular momentum effects or Y-competition.

Table 2: Total energy and angle integrated neutron emission cross-scctiont

Participant
DKE/PRECO-D3
LAS/GNASH
LLL1/ALICE
LLL2/STAPRE
ORL/TNG
SLO/PEQGM
TRM/EXIM

<rnnr(mb)
2100
2427
2040
2443
1920
2401
2111

«^(mb)
-

7006
5935
6466
5568
6534

-

<Jmb)
2256
2427
2278
2443
2420
2401
2420

<, m (mb)

7006
6623
6466
7016
6534

2.89
2.91
2.G5
2.90
2.72

y'nnt and s'otrn arc the croti-stctions rcnarmattW te rtacfian ttrou-ttciion <r'f of Dt)*roeh«
for those participant» using different

1.3 Angle-integrated total neutron emission spectrum

The angle-integrated total neutron emission cross-sections are shown
in Figures 1 and 2. Fig. 1 shows the do /dE , values from all

nem n
calculations and the measured neutron emission cross-sections /3/ for
E , > 10 MeV, as the cross-sections have been measured for E , > 12 MeVn n
only. Fig. 2 shows the low energy range of the neutron emission spectra for
all calculations including multiple particle emission.

From Figures 1 and 2 we can conclude the following:
i. All codes based on the exciton model give a reasonable prediction of
the absolute neutron emission cross-section (within about 25 %) in the
neutron range of 12-18 MeV, but fail to describe the high energy part of
the measured spectrum. It appears that an adequate description of the
complete spectrum is only possible by addition of a considerable
contribution from direct excitation of collective levels up to an
excitation energy of about 7 MeV. This situation has also been found before
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by several authors /15, 16/ In their attempts to describe neutron emission
spectra at 14 MeV incident energy with the exciton model.
ii. The results of the calculations with the geometry dependent hybrid
model are in better agreement with the shape of the measured angle-inte-
grated spectrum (which is reproduced in shape up to about 21 MeV), but also
with this model there is a need for an additional direct reaction contri-
bution at the highest neutron energies. The geometry-dependent hybrid model
calculations underestimate the absolute neutron emission cross-sections by
about a factor of 1.8 (see table 3). In this connection one has to keep in
mind, however, that this model is strictly based on free nucleon-nucleon
scattering cross-sections and - contrary to the exciton model - does not
contain any free parameter like the average transition matrix element in
the exciton model. A somewhat better fit to the data could be obtained if a
small empirical renormalization would be used in the GDH model (by using a
value larger than 1 for the so-called mean free-path multiplier), as it has
been observed before that this model tends to predict somewhat too small
absolute cross-sections /I, 10/, although the observed differences have
been smaller in those cases.

iii. Figure 2 shows that there are considerable discrepancies between the
predictions of the different calculations for the shape of the evaporation
spectrum. Part of this spread is due to the different total reaction cross-
sections o"' used by different participants. There are, however, in addition

considerable differences in the shapes of the evaporation spectra, which
are probably due to small differences in the level density parameters used
by the different participants and reflect the present uncertainties in
these parameters. In addition we observe striking differences in the
relative cross-sections calculated for the first (0 - 0.5 MeV) and second
(0.5 - 1.0 MeV) energy bin between the different codes, which cannot be
explained by small differences of level density parameters, but seem to
indicate deficiencies of the codes, possibly connected with a too coarse
bin structure. There is no recognizable difference between the Hauser-
Feshbach codes (GNASH, TNG, STAPRE) and the Weisskopf-Ewing codes (ALICE,
PEQGM): the scatter within each group is about as large as the difference
between the averages of the two groups.

1.4 Angular distributions

The angular distributions calculated for the energy bins 13-14, 15-16,
18-19 and 21-22 MeV are compared to the measured double-differential
neutron-emission cross-sections in figures 3-6. As the experimental
cross-sections do have rather large statistical errors we have used for
this comparison experimental cross-sections averaged over 3 MeV bins
centered around the bin used in the calculations. As the purpose of this
comparison is to judge the shape of the calculated angular distributions,
all calculated cross-sections were renormalized to give the same angle-
integrated value as the experiment before plotting. The corresponding
renormalization factors are given in table 3.
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Table 3: Normalxtetion factors ustd for tht comparison of calculated ntutron angular

distributions m\th tht etptrimental results of nftrtnet fS}

Calculation

DKE/PREC0-D3
LAS/GNASH
LLL1/ALICE
ORL/TNG
TRM/EXIM

E'n (MeV)
13.5
1.28
1.19
1.85
1.05
1.17

15.5
1.26
1.17
1.76
1.09
1.23

18.5
1.44
1.39
1.69
1.37
1.46

21.5
2.09
2.25
1.93
2.27
2.43

From these figures we conclude:
1. The empirical angular distribution (original Kalbach-Mann systematics
in GNASH and*the new Kalbach systematics in PRECO-D3) fit the data in the
angular range 30 - 140 . The same is true for the semi-empirical partially
random phase model of Fu /6/ which uses only one adjustable parameter to
describe the angular distributions. The differences between these
predictions are so small that the uncertainties of the data do not allow to
make any statements on the relative merits of these 3 distributions.
ii. For the most forward angles there is an indication that the measured
cross-sections may become somewhat higher than the predictions of the
mentioned systematics for the highest-neutron energies. It may, however,
be that the experimental data at the highest-neutron energies and smallest
angles have additional systematic errors due to the vicinity of the large
elastic peak.
iii. For very large backward angles there is about a factor of two
difference between the angular distributions of Kalbach-Mann /18/ and the
partially random phase model /6/. Unfortunately, there are only two data
points in this angular region. These indicate a weak preference for the
angular distribution assumed in réf. S.
iv. The agreement between the shape of the measured angular distribution
and the results of GNASH, PRECO-D3 and TNG is about equally good for all
energy bins although for the highest energy bin (21-22 MeV) the reaction
mechanism should be different from the other bins (see discussions in
section 1.3). The postulated direct collective contributions seem to have
about the same angular distribution as for the precompound particles,
v. The angular distributions derived from nucleon-nucleon scattering
kinematics in ALICE /10/ and EXIM /9/ are not confirmed by the data.
Experimental cross-sections are seriously underestimated at large emission
angles and in case of ALICE also overestimated at very small angles.

2. Special questions arising from the 1984 NEA Data Bank
93pre-equilibrium intercomparison on Nb

2.1 Angle-integrated neutron emission spectra at E - 14.6 and 25.7 MeV

As already mentioned, in this intercomparison HI participants were
93asked to calculate a number of neutron cross-sections on Nb for incident

energies between 10 and 25.7 MeV using a common set of parameters (optical
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potentials, level densities etc.) for the equilibrium decay. Concerning
pre-equilibrium emission participants were asked to use their specific
models with parameters adjusted to fit the measured neutron emission
spectra of Hermsdorf et al. for 14.6 MeV incident energy ,'19/ in the range
E , = 6-9 MeV where pre-equilibrium emission dominates.
n It was one of the main results of this exercise that the neutron
emission spectra calculated with these parameters (fitted to the 14 MeV
experimental neutron emission spectrum) also gave a good description of the
measured neutron emission spectrum at E =25.7 MeV except at the highest
secondary neutron energies, where direct collective excitations become
important.

This statement has to be modified to some extent. In the mean time
93

more measurements have been reported on the Nb neutron emission spectrum
at E =14 MeV and all data have been combined in a recent evaluation /20/.
Thisnevaluation shows that the da/dE , values of réf. /19/ are too high by
about 25 % as shown in Fig. 7. The11 figure also shows one of the calcu-
lations done within the intercomparison (most of the other calculations are
similar /I/ and have not been plotted for clarity). Fig. 8 shows the
corresponding situation at 25.7 MeV. As obvious from the two figures there
is now some discrepancy between the two energies. The original GNASH
calculations give a good fit to 25.7 MeV data /21/ but overestimate
precompound emission at 14 MeV. If on the other hand the calculations were
fitted to the 14 MeV data, they would underestimate the 25.7 neutron
emission spectrum (s. fig. 8). It should be pointed out, however, that the
effect is just marginal and that there exists only one da/dE , measurement
at E =25.7 MeV. Experience at E =14 MeV has shown that errors larger

than estimated may occur. Thus more independent measurements also at 25 MeV
are needed before definite conclusions can be drawn.

2.2 Proton emission cross-sections and neutron-proton emission ratios

Within the discussed intercomparison also proton emission cross-
sections (o , a , a , etc.) have been calculated. These results,

npem npx npy
however, have not been discussed as yet /I/ apart from the statement that
there are large discrepancies between different calculations.

It is an important question, however, how well the pre-equilibrium
models can describe both neutron and proton emission, that is how
accurately the proton emission cross-section can be predicted from
calculations adjusted to fit the neutron emission spectra and vice versa.

93
The nucleus Nb is especially suited for the study of this question

as both the neutron emission spectrum (s. fig. 7) and the total proton
emission cross-section 0 are known quite accurately. There exist three

n,pem
mutually consistent measurements /15,22,23/ of a at E = 14-15 MeV and

npem n
a value of (a ) « 47.4 + 2 mb at E =14.6 MeV can be derived as
weighted average from these results. „„

Therefore, all a values calculated in the Nb intercomparisonn j pern r

are compared in table 4. Also given in the table (col. 3) are the so-called
R-factors which describe the difference between neutron and proton emission
rates because of the predominance of neutrons in the initial 2plh states
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formed by the Incident neutrons, as the use of different such R-factors may
be one of the causes for different results.

Column 4 gives the calculated a values as reported In ref. 1. As
n i pemalready discussed these calculations were adjusted to fit the ^

values of ref. 19 which since have proved to be too high by about 25 %.
Thus it is to be expected that these calculations will also overestimate
the cr cross-sections as this reaction proceeds to about 70-80 % byn>pem
precompound emission (see tables 2a-2c of ref. 1). This is shown clearly in
column 6 of table 4.

Therefore a rough estimate was made of the cross-sections a that
n,pem

would result if the precompound matrix elements in the calculations were
adjusted to fit the true da/dE , values of ref. 20. These values called
(o ) are given in column 5 of table 3 and their ratios tov n,pem'corr 6

(a ) are listed in column 7.n,pem exp
An examination of these ratios shows the following:

i. About half of the calculations give excellent results (R* value equal
to unity within + 10 %) showing that a good simultaneous description of
neutron and proton emission is possible in principle. There seems to be no
big difference which kind of R-factors are used in the calculations and
also good agreement was obtained for one of the codes based on the geometry
dependent hybrid model.
ii. The other half of the calculations produced rather poor results
deviating from the experimental value by up to a factor of three. The
reason for this is not obvious. Using the same parameters (s. Appendix A of
ref. 1) one would expect that all calculations of the same type e.g.
exciton model calculations or geometry dependent hybrid model calculations
should give very similar results for a too.

n,pem
One trivial cause for these discrepancies may be the use of parameters

different from the specifications of the intercomparison. One such case was
detected: In the PREM calculations very crude approximations were used for
the inverse cross-sections instead of calculating these values from the
specified optical potentials. The calculation HAUSER V gives unreasonable
results also for o~ „ and a , and thus must be in error as a whole. For
the GNASH (LAS) calculations the rather low value of a is probably due

Djpem
to the use of different single particle densities g and g (g = .9 g ) in
the exciton model. For the remaining cases the information in ref. 1 was
not sufficient to find the causes of discrepancies.

Thus it would be very desirable if the Nb exercise could be
continued in order to clarify the discussed problems and also to address
the problem of a-emission which could not be discussed here because of the
limited time. Probably an additional calculation of the proton and
a-spectra including a break-up into their equilibrium and pre-equilibrium
parts would help to identify the reasons for the differences between the
different calculations.
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Table 4:

CALCULATION P-E

STAPRE (IRK)

STAPRE (LLL-1)

GNASH (LAS)

GNASH (JAE)

EMPIRE (IBJ)

PERINNI (ECN-1)

HAUSER V (TRM-1)

TNG (ORL)

PRANG (ECN-2)

PREM (TUH)

PREANG1 (TRM-2)

PRECO D2 (TNL-1)

PRECO D2 (TNL-2)

ALICE (LLL-2)

ALICE (LLL-3)

PEQGM (SLO)

TOTAL

Model

EM

EM

EM

EM

GDH

EM

EM

EM

EM

EM

EM

EM

EM

H

GDH

EM

PROTON EMISSION

R-Factor
ace. ref.

/24/

/25/
7

1

1

/26/

/26/

/26/

/26/

/25/

/26/

mi
?

?

126/

CROSS-SECTIONS at E =n

a
npx

53.5

56.6

39.1

66.4

62.2

56.4

20.3

53.2

49.4

81.1

15.7

56.1

66.1

86.5

97.6

56.8

(a ) R =
npx corr

44.4

47.1

32.7

55.4

51.9

47.

16.7

44.2

41.2

67.7

13.1

46.8

55.1

72.2

81.5

47.4

14.6 MeV

0
npx

npx exp

1.13

1.19

.82

1.40

1.31

1.19

.43

1.12

1.04

1.71

.33

1.18

1.

1.82

2.05

1.20

npx corr

npx exp

.94

.99

.69

1.17

1.09

.99

.35

.93

.87

1.43

.28

.99

1.16

1.52

1.71

1.00

(°nPx>exp
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TKERMODYNAMIC DESCRIPTION OF PREEQUILIERIUM EMISSION
OF NUCLEONS IN NUCLEUS-NUCLEHS COLLISIONS*

R. faplar, M. Korolija and N. Cindro
Ruder Boëkovié" Institute
Zagreb, Croatia, Yugoslavia

ABSTRACT

Nucléon yields from central-like collisions of heavy ions at
15-30 MeV/nucleon have been compared with Boltzmann Master-
Equation-type calculations. The comparison has shown that the
excitation energy per initial degree of freedom, E*/no, is
essentially independent of the projectile and target masses and
depends only on the per nucléon energy brought in by the
projectile, (Ej.nc-VCE) /Ap. The linear relationship thus obtained
between E*/no and (Einc~

vCB^/AP ^ea^s t o introducing a quantity
TPE' "Preec?uilifrrium" temperature. It has been shown that T p E is
related to the exciton density in the same way as the temperature
for the eauilibrated systems is related to the total level
density.

*
Thi s paper is part of a study under the US-Yugoslavia collabora-
tion project JFP 554 DOE/IRE.
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1. Introduction

We have met here, in snowy Semmering, to study an interest-
ing and challenging subject: the equilibration of a nuclear many-
body system after the initial projectile-target collision and the
accompanying preequilibrium particle emission. Much of our present
knowledge about this subject comes from light-ion induced reac-
tions where preequilibrium phenomena |l,2|were observed several
decades ago and subseouently studied. However, because of their
very nature, light-ion induced reactions are limited to asymmetric
projectile-target combinations and relatively low angular momenta.
The recent development of powerful heavy-ion accelerators has made
available beams of heavy orojectiles with energies per nucléon
corresponding to liaht-ion energies at which preecmilihrium phe-
nomena are present. And, indeed, at these energies (E£nc/Ap>lO-15
MeV/nucleonj, the preequilibrium emission of narticles, manifest-
ing itself by high spectral energies and anisotropic angular
distributions, has also been observed in heavy-ion reactions ]3|.

In this paper we investigate the sharing of energy among
various degrees of freedom in the early stages of nucleus-nucleus
collisions J4j based on the energetic nucléon data from heavy-ion
reactions. This investigation has inspired us to introduce an
exciton-based "preequilibrium" température (Tpp.) which is related
to the exciton level density in the same way as the temperature
is related to the total level density.

2. Equilibration of a nuclear system; initial number of
degrees of freedom

The description of the evolution of a nuclear system after
the projectile-target collision is performed using a Poltzmann
Master Equation (EME) j5j which is schematically represented by
the expression

•rr = gain term + loss term + escape term
+ mixing term (fusion) . (1)

The evolution is fully determined if one defines (i) the initial
conditions of the system (e.g. the initial number of deqrees of
freedom) and (ii) the transition rates between its subsequent
states.

In our analysis of the high-energy part of nucléon spectra
from heavy-ion reactions vre took the transition rates from
nucleon-nucleon scattering scaled to experimental multiplicities
by a factor of 1/4 J6,7|; this scaling, however, does not in-
fluence the slope of the calculated spectra. The initial number
of degrees of freedom, no, was then in turn determined from the
comparison of the experimental and calculated slopes of nucléon
spectra. The BME code RELAX written by M. P.lann and G.D. Harp was
used in actual calculations.

The values of no were extracted from both exclusive and
inclusive spectra. For inclusive spectra, the part corresponding
to central-like collisions was singled out using a refined
multiple-source analysis of the data. In this analysis we used a
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new ansatz |8,9| which explicitly takes into account the anisotro-
py of the emitted preeauilibrium particles already in the source
frame (cm. system). The anisotropy parameter A6 depends on the
energy of the emitted particles through the relation R«A6>/27r/K
jlOi, with K the nucléon wave number and R the radius of the com-
pound system.

The best-fit values of n- obtained from a systematic set of
proton data from heavy-ion collisions are collected in Table I.
The main feature is the dependence of no on the entrance channel:

Table I

Rest-fit values of n o for the analysed projectile
+ target systems

Projectile
Energy
(MeV)

1 60
J2s
32s
5BNi

403.3

503.7

678.8

876.5

27
^Al

16

23

23

26

46Ti

19

28
28

35

6°Ni

19

29

29

-

12oSn

21

35

35

46

124Sn ]

-

35

35

46

'"AU

22

37
37

61

the obtained values are grouped around the mass number of the pro-
jectile (Ap) viz. around the mass number of the lighter partner.
Furthermore, the values of n o show an increase with the mass of
the system (i.e. with the tarqet mass Atp for a given projectile).

3. Sharing of energy in the initial stages of nucleus-
nucleus collisions. "Preequilibrium" temperature

A nuclear many-body system in the early staqes of nucleus-
nucleus collisions is characterised by its excitation energy
E* = Ec.m.^fus' *n addition to the initial number of degrees of
freedom) no. Now, a natural craestion arises: how is this excita-
tion energy shared amoncr various degrees of freedom? The answer
to this question, stemming from our analysis, can be seen in
Figures la and lb, where the values of F*/no are plotted vs. AT
and vs. the available energy, respectively. The striking feature
in the figures is that this average excitation energy per initial
degree of freedom, E*/no, depends only on the per nucléon energy
of the incident projectile. It is, in fact, constant for a given
projectile at a given energy and also for two different projec-
tiles (e.g. 3 2S and 58Ni) having the same per nucléon energies.

The quantity r*/n (n being the number of degrees of freedom
in equilibrium) has a precise physical meaning in equilibrium
thermodynamics, i.e. it is related to the temperature by

E*/n = i- kT , (2)

with k_ the Boltzmann constant. Pased on the similarity of E*/n_
and E*/n behaviour (equal sharing of energy among various degrees
of freedom), one can introduce a quantity TgE that is the analogue
for nonequilibrated systems of what "normal temperature is for
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equilibrated systems |4,ll|. This can be done starting from the
standard definition of temperature

dE* In p(E*) , (3)

with, however, p (F*) taken as the exciton level density at the
appropriate excitation energy Ii2|

g p + h(E*) p + h~ 1

p(E*'P'h) =
Pihi(P+h-l)j •

It is easily shown that the quantity T p p depends linearly on E*.
Combining (3) and (4), one gets

hence

E = (p+h-l)TpE = (n-l)TpE (5)

E*/n «= T
PE

which reproduces the straight line in Figure lb.
In analogy to the equilibrium temperature T, related to the
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average energy per equilibrated degree of freedom, the newly in-
troduced "preequilibrium" temperature, Tpw, is simply related to
the average energy per initial degree of freedom. Being essential-
ly determined by the size of the projectile and the total available
energy and thus independent of the microscopic properties of the
system, this quantity T p E can be used in the thermodynamic de-
scription of the early stages of nucleus-nucleus collisions.
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A SIMPLIFIED UNIFIED HAUSER-FESHBACH
/PRE-EQUILIBRIUM MODEL FOR CALCULATING

DOUBLE DIFFERENTIAL CROSS SECTIONSf

C. Y. Fu
OAK RIDGE NATIONAL LABORATORY

OAK RIDGE, TN, USA

ABSTRACT

A unified Hauser-Feshbach/Pre-Equilibrium model is extended and sim-
plified. The extension involves the addition of correlations among states of
different total quantum numbers (3 and J') and the introduction of consis-
tent level density formulas for the H-F and the P-E parts of the calculation.
The simplification, aimed at reducing the computational cost, is achieved
mainly by keeping only the off-diagonal terms that involve strongly cor-
related 2p-lh states. A correlation coefficient is introduced to fit the ex-
perimental data. The model has been incorporated into the multistep H-F
model code TNG. Calculated double differential (n,xn) cross sections at
14 and 25.7 MeV for iron, niobium, and bismuth are in good agreement
with experiments. In use at ORNL and JAERI, the TNG code in various
stages of development has been applied with success to the evaluation of
double differential (n, xn) cross sections from 1 to 20 MeV for the dominant
isotopes of chromium, manganese, iron, nickel, copper, and lead.

fResearch sponsored by the Office of Basic Energy Sciences, U. S. Depart-
ment of Energy under contract DE-ACO5-84OR21400 with Martin Marietta
Energy Systems Inc.
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INTRODUCTION

Hauser-Feshbach/pre-equilibrium model codes have been widely used
for calculating neutron-induced reaction cross sections from a few keV to
several tens of MeV. The ability of the H-F model, based on the random
phase approximation, in calculating angular distributions for the equilib-
rium part is well-established. Plyuiko1 has attempted to unify the two
models for the purpose of calculating angular distributions for the P-E part
with the same components as for the H-F part by allowing fully correlated
phases in the partial waves forming states of a fixed total angular momen-
tum (J) in the first pre-equilibrium stage (no). We have found it necessary
to allow cross terms involving different J's and to change the full correlation
into partial correlation by introducing a correlation coefficient. Deviations
in the spin distributions in the composite nucleus in the P-E stage from the
H-F stage are accounted for and lead to enhanced peripheral emission in the
pre-equilibrium stage. The model is then simplified by removing many sec-
ond order terms. Good agreement of calculated double differential (n,xn)
cross sections with experimental data for two incident neutron energies and
for both even-even and odd-A targets over a wide mass range was obtained.
In the calculations for the odd-A targets, the target spin was assumed to
be inactive in the P-E stage but active as usual in the H-F stage.

THE UNIFIED FORMULA
The double-differential cross section due to both the H-F and P-E mod-

els, derived by Plyuiko1 and here modified by adding a summation over J',
is given by

d2a(a, b; Jx)/dEbdQ = k ^(DL + BL)PL(cos 0), (1)
L

with

f(n,U,J,n)p(n-nb,Uy,Jy,ny),
n,An=2

(la)
and

- nb,Uy) Jy,Uy), (l^)
where

a = the incident particle
x = the target nucleus
b = the outgoing particle
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y = the residual nucleus
k = .\;/[4(2 Ja + 1)(2 J . + 1)]
Z = Z coefficients defined in ref. 2; e.g. Z£ = i^-^-
T = optical model transmission coefficients; e.g. T'b = ( , j
f = pre-equilibrium weighting function = r(n, U, J,TV)Qb{n)/

[Mt//n)]
r = J^° P(rc, ?7, </, II, £)e?£ = mean lifetime of states with exciton number

n, excitation energy U, spin J, and parity II
P = occupation probability of exciton states
Q = a factor defined by Kalbach3 for neutron-proton distinguishability

(not used by Plyuiko but added here to enhance the applicability of
the model)

X) = sum over / , II, Jy, Uy, j a , jb, 4 , and £b

^2 ' = sum over J , II, J ' , II', Jy, Uy, j a , jb, £a, C> ^b, ̂  with the restriction
J ± J ' , and/or £a ^ l'a, and/or £b ^ Vb.

The prime is used to denote a different value of the unprimed quantity.
The quantities without a subscript, such as n, U, J , and II, are for the com-
posite nucleus. The remaining variables are recognizable and are defined
elsewhere4.

The reason for adding the sum over J' is now explained. The assumption
that states with different total angular momenta in the composite nucleus
are not correlated was not explained by Plyuiko. The assumption probably
originated from a desire for saving computing effort. However, this assump-
tion cannot be justified. For example, the assumption breaks down for an
alpha-particle induced reaction on even-even targets. Since the incident
channel spin for such a reaction is zero, none of the incoming partial waves
can interfere for a fixed J to generate any odd Legendre coefficients. Con-
sequently, all alpha-particle-induced reactions on even-even targets would
have to emit particles symmetrically about 90 degrees in the center-of-
mass frame, a prediction contrary to forward-peaked angular distributions
commonly observed in the pre-equilibrium energy ranges. Therefore, we
added the summation over J' throughout Plyuiko's derivations. By remov-
ing the sum over J' and II' in Eq. (lb) and by replacing J' and II' with J
and II in f(no,U,J',TLf), Eq. (1) becomes the original Plyuiko's formula.
Unfortunately, the newly added summation much increased the necessary
computation. To compensate, other simplifications are sought, as discussed
next.

SIMPLIFYING APPROXIMATIONS

Three simplifying approximations were made and are summarized be-
low. The third one has to do only with an odd-A or odd-odd target.

1. The deviations of the spin and parity distributions in the pre-
equilibrium weighting function / from the equilibrium distributions are
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considered only for the initial exciton states (no = 3 in the present calcula-
tions). These no spin and parity distributions are taken to be an average of
those at t = 0 and t = T (the equilibration time). The deviations of these
distributions from the equilibrium distributions lead to an enhancement
of pre-equilibrium emission from large /-states (peripheral emission). For
n> no> the usual H-F spin and parity distributions are used, saving a lot of
computations for the minor components. Advanced treatments of pairing
correction5 and pairing-corrected spin distributions6 for the particle-hole
level densities are adopted to ensure that the unified model does not re-
quire any more level density parameters as already required by the H-F
model.

2. Only those terms in Eq. (1) that can contribute to the PQ and
Pi Legendre coefficients are kept. This approximation represents a first
order relaxation of the RPA approximation used for the H-F model and
leads to very large savings in computation. A simple way to think of the
approximation is as follows. Those terms that can give PQ are the usual H-F
terms (the diagonal terms), therefore kept, while those that can give Pi (the
near-diagonal terms) approximately represent the "memory" of the incident
direction by the outgoing particle in a strongly localized pre-equilibrium
collision. The latter is weighted by a correlation coefficient (between 0 and
1) to account for a partial dissipation of this memory.

3. For an odd-A target, the odd nucléon and its spin have little chance
of participation in the first pre-equilibrium stage but will take part in the
H-F stage. This consideration is accounted for by calculating the P-E and
the H-F components separately, setting the true target spin to zero in the
pre-equilibrium run. The TNG code was programmed to do this.

VALIDATION OF THE MODEL

Selected double differential (n, xn) data at 14 and 25.7 MeV for 56Fe,
93Nb, and 209Bi were used to test the present model. This choice provided
two incident neutron energies, a wide mass range, and both even-even and
odd-A targets. Extensive numerical experiments were performed to check
the above simplifying approximations. Good agreement with data was ob-
tained with a constant correlation coefficient of 0.5 and a standard set of
optical model, level density, and P-E parameters. A detailed description of
this work4 is available upon request.

The same correlation coefficient and parameters as above were applied
to the Blind Pre-equilibrium Benchmark for neutron emission from 25.7-
MeV incident neutrons on 184W. (See also proceedings of this meeting for
the many interesting contributions to this inter comparison.)

Our contribution to the 93Nb intercomparison8 was made with an earlier
version of the code before the third approximation was implemented. The
calculation was done by setting the target spin to zero for both the P-E and
H-F parts. This, of course, led to less valid results for the H-F part, which,
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in turn, affected the P-E part of the calculation because the two competed.
However, the results remained satisfactory in comparison with the widely
spread data. Our new calculation4 yielded better agreement.

APPLICATION OF THE TNG CODE
The model described here has been applied to the ENDF/B-VI evalua-

tions of iron and lead. Preliminary versions of the code have been used for
the chromium, manganese, nickel, and copper evaluations with considerable
success. Reports, preprints, or summaries on these are available upon re-
quest. However, we encountered a difficulty in the lead evaluation which is
described below.

As shown in Fig. 1, the neutron emission spectrum from 14-MeV
Pb(n, xn) reaction has a flat portion for E'n between 6 and 9 MeV. This
E'n range is usually dominated by the P-E reaction which cannot yield a
flat spectrum, a spectrum possible only in collective reactions. To meet our
ENDF/B-VI schedule, we tentatively added a constant state density (a pa-
rameter) to the lp-\h state density for the residual nucleus, thus flattening
the P-E spectral shape. The result is shown in Fig. 1, together with the
ENDF/B-V evaluation and the recent data of Takahashi9. This approach
is unfounded and is an area we plan to improve in the near future. Fortu-
nately, the double differential cross-section data9"11, shown in Fig. 2, are
still well reproduced with the global correlation coefficient of 0.5.

The same difficulty encountered in the lead calculation also exists (see
proceedings of this meeting) in our 184W calculation7. Strong collective
excitation (vibration for Pb and rotation for W) is expected in each case
and a simple approximation for such an excitation is desirable. In the
calculation shown in Fig. 1, DWBA results for many discrete levels were
already included but there is still too big a gap between the collective range
and the H-F/P-E range.
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Fig. 1. Neutron emission spectrum from 14.1-MeV Pb(n,rrn) reaction.
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Fig. 2. Double differential neutron-emission cross sections from 14.1-MeV
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PROGRESS ON THE APPLICATION OF PRE-EQUILIBRIUM AND
EQUILIBRIUM STATISTICAL THEORY TO NUCLEAR DATA EVALUATION

Wang Shu Nuan

Institute of Atomic Energy, P. 0. Box 275-^+1, Beijing, China

ABSTRACT

The double differential cross section, spectrum, angular distri-
bution and cross section of all more important reaction channels
in the energy range between 3 a n^ 20 MeV for both structural and
fissionable nuclides are described simultaneously and consistent-
ly by using the optical model, exciton model, and evaporation
model. In exciton model, the importance of taking into account
the influence of both the Fermi motion and the Pauli principle
has been emphasized. The systematic behavior of level density at
saddle point has been obtained by means of the approximation of
effective single hump fission barrier-
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The nuclear data of reactions induced by neutrons in the energy
range of 1 keV - 20 MeV have been described by different theoret-
ical models, namely optical model, Hauser-Feshbach statistical
theory with width fluctuation correction, exciton model and evap-
oration model. The pre-equilibrium statistical theory has been
proved to be very successful in the description of light projec-
tiles induced reactions in the energy range of several tens of
MeV. We have first derived an exact closed form solution for the
time-integrated master equation of exciton model with emphasis on
the importance of taking into account the influence of both the
Fermi motion and the pauli principle (1) in the energy range of
several tens of MeV, which is comparable with or less than Fermi
energy. In generalised master equation of exciton model the Fermi
gas model has been adopted for nucleon-nucleon interaction inside
the nucleus for the derivation of the kernel, thus the effects of
Pauli principle and Fermi motion are properly taken into account
as proposed in ref.(1). The effects of the finite nuclear size
and the refraction of the incident wave at the nuclear surface
underlying the exciton model are also properly taken into account
by.cutting I values and considering the refraction kernel given
by E. Gadioli. (2) The calculated results (3) show that the the-
ory can explain the presently existing experimental (/+) data,
especially solve the problem of double differential cross section
for emitted neutrons with high energy at backward angles. The
theory has been used for the calculation of MF-6 in ENDF/B-VI
for both structural and fissionable nuclides and analysing new
experimental data. (5-6) In this respect we have unified optical
model, exciton model and evaporation model consistently to calcu-
late FM3,4,5»6 of ENDF/B of multi-particle emission process in
the energy range between 3 and 20 MeV. We assume that for the
structural nuclides, charged particles, such as p,d, Ale, T, oC
can be emitted, but the fission channel is not open ; for the
fissionable nuclides, the fission channel is open. instead of
charged particle emission. . In the code the direct reaction me-
chanism can be considered separately. We suppose only considering
the first and second pre-equilibrium emissions in the calcula-
tions. (7)

First of all, we define the tending to equilibrium probability
from exciton number ni to n^ byX +£ transition of the composite
system with mass number A, atomic number Z, excitation energy U
for k-th emission process as the following

here, \._Q are the exciton transition rate for An = +2,0 proces-
ses, whïèn can be derived by taking into account the exact Pauli
exclusion effect given by Zhang JJ./" Shang in ref. (8). W*(Z,A,U ,n)
is the k-th total emission rate of the n-th exciton sta"-.
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Another definition is the probability of emitting particles with
mass number A^ , atomic number Z» , energy Ey in direction Jlfc at
the composite system state with mass number A, atomic number Z,
excitation energy U after from exciton number ni to n2 by\ +
transition for k-th emission process as below

(2)
with

here, tfe is the life time and Wi^ is the total emission rate of
per MeV for Pk, particles in which the complex particle formation
mechanism can be considered as given in ref.(9). £jis the exact
closed form solution to the time-integrated master equation in
the form of partial wave, (1) in which the effects of the finite
nuclear size and the refraction of the incident wave at the nu-
clear surface have been included by cutting 1 values (1) and
calculating the refraction kernel as given in ref.(2,1C).

We take (n,2nV) reaction as an example to give the cross section
(Tn,2nï <Eo) as follows

E,-e* E»-B*-E..

O

> Ec + 8)., ) * ?,l2,At«, t>8k,,o, ', E»,) •

* G^13,AH,EO-E»»-8*U-CHI.)

> J

- 295 -



Here, Eo is the energy of incident neutron. Bni, Bn?i En1> n2
are the binding energy and the emission energy of the first and
second emitted neutrons, respectively, q\ t q2 are the probabili-
ties of the evaporated first and second neutron per unit of MeV*
Rr. Qjf is the X -ray omission probability after two neutrona emit-
ted. O*a(Eo) ^ s the formation cross section of the compound
system. Thus one can have the double differential cross section
O"n,2n>(Eo»En,©) i angular distribution O"n>2ny(Eo, &) and normalized
spectrum Nn,2ntfEo>En) from eq.(if), respectively.

For actinide nuclei boabarded by neutron with energy in the range
of 3 - 20 MeV, we have used the unified evaporation model and
exciton model presented by probability of finding the system in
the state of exciton number n at time t with never come back as-
sumption to calculate cross sections and spectrum of (n,n'Jf),
(n,2nï), (n,3nï), (njn'f), (n,2nf) reactions for U, Pu elements.
In the calculations the compound and residual nucleus level
densities are adopted in the form of Gilbert-Cameron (11). Phe
saddle point state density it* adopted in the same form, but the level
densityparameter af is no longer a constant for a highly deformed
nucleus, but according to réf. C7) given by

af/a = 1 «• K2/(E-A). (4)

The values of ?f(E,Ki,K2) = Ki?(E,:<2) which we have obtained (7)
is the same as the one proposed ay J.E.Lynn (12) in the same
energy range of E=3-i» MeV. Fere Ki, Kz are the new fitting para-
meters. The systematic behavior of level density on saddle point
for U, Pu elements is obtained by fitting ail the known experi-
mental fission cross section based on the approximation of effec-
tive single hump fission barrier assumption shown as

?=
1.675 for e-e nuclei

4.624 for odd nuclei

with ^ =ff(E,Kl,K2)/?(T
T;,Ki = 1,K2=0).

From the calculated results we can conclude that the model de-
scribed above and the systematic behavior of level density on
saddle point are applied satisfactorily. Based on the models de-
scribed above and combined, with Hauser-Feshbach formula with
width fluctuation correction, we have made more useful codes
named MUP1,2 and FUP1 for calculating files MF4-5 of ENDF/B for
both structural and fissionable nuclides from 1 keV to 20 MeV.
Calculations of the files MF3,4,5,6 from 1 keV to 20 MeV for both
structural and fissionable nuclides have also been made success-
fully.

- 296 -



References

(1)v Sun Ziyang et al., Z. Phys. A-Atoras and Nuclei 305.61(1982).
(2) E. Gadioli et al., Proc. Course on Nuclear Theory and

Applications - 1980, Trieste, IAEA-SMR-68/1, 3» International
Atomic Energy Agency, Vienna, 1981.

(3)N Sun Ziyang et al., Commun, in Theor. Phys., 1, 581(1982).
(k) D. Hermsdorf et al., ZfK-277097^).
(5) H. ffruppelaar and J. M. Akkermans, ECN-85-090; ECN-I6if.
(6) Wang Shu Nuan and Yan Shi Wei, Chinese Journal of Nuclear

Phys., Vol.7,2,189(1985).
(7) Zhang Jing Shang and Wang Shu Nuan, Atomic Energy Science

and Technology, 1,6310983).
(8) Zhang Jing Shang et al., to be published in Z. Phys.1988.
(9) Zhang Jing Shang et al., IAEA Coordinated Research Programme

Mtg. on Methods for the Calculation of Fast Neutron Nuclear
Data for Structural Materials, Bologna, Oct. 1986.

(10)IT. Gruppelaar et al., International Conf. on Nuclear Data
for Science and Technology, Antwerp, 1982.

(11)A. Gilbert and A. G. W. Cameron, Can. J. Phys.fk3f1Mf6(1965).
(12)J. E. Lynn, AERE-R 7^68.

- 297 -



CAPABILITIES AND PLANS FOR PREEQUILIBRIUM NUCLEAR REACTION
MEASUREMENTS AT TARGET-4 AT LAMPF

R. C. Haight, J. L. Ullmann, P. W. Lisowski, S. A. Wender,
R. O. Nelson, S. Seestrom-Morris, and N. S. P. King

Los Alamos National Laboratory
Physics Division

Los Alamos, New Mexico 87545 USA

and

J. Rapaport and P. Zecker
Ohio University

Physics Department
Athens, Ohio 45701 USA

and

F. P. Brady, J. L, Romero, E. J. Hjort, D. S. Sorenson,
and J. R. Drummond

University of California at Davis
Physics Department

Davis, California 95616 USA

and

C. R. Howell and W. Tornow
Duke University

Physics Department
Durham, NC 27706 USA

ABSTRACT

The Target-4 neutron source at the Los Alamos Meson Physics
Facility (LAMPF) has recently been commissioned and used as a
"white9 source of fast neutrons from 1 to 500 MeV. A 90-meter
flight path at a neutron production angle of 15 degrees has been
characterized for neutron flux and spectral shape. The flux and
shape agree well with calculated values showing that this is
indeed an intense and useful white neutron source. Initial meas-
urements of the 12C(n,p) reaction at forward angles have been
made in the energy range 50 to 500 MeV. The results point the
way to improve detector schemes and to a program of (n,p) cross
section measurements in the energy range where preequi1ibrium
processes dominate much of the charged-particle emission spectra.

- 298 -



1. Introduction

A new facility for measuring (n,p) and other (n, charged
particle) reactions is being developed at the Target-4 white neu-
tron source at LAMPF. Preequilibrium charged-particle emission
is a particular focus of this project, which also is concentrating
on direct processes to detect Gamow-Teller strength and on com-
pound nuclear processes for level density determinations. This
report describes the features of the facility relevant to pre-
equilibrium studies from about 10 HeV neutron energy to over 100
MeV.

Neutron-induced preequilibrium reactions complement
proton-induced reactions and, from a comparison of the two,
isospin effects can be isolated. Single-particle effects (1) can
be different for proton and neutron-induced reactions simply
because the preequilibrium systems are different. Furthermore,
as the incident particle energy increases, the nucleus becomes
more transparent, and the difference between proton and neutron-
induced effects might change.

Only a small body of data exists on neutron-induced
preequilibrium proton emission. At 14 MeV there hcve been many
high quality measurements over the past decade, but the emission
spectra are often dominated by the equilibrium component. At
higher energies, studies generally have focused on direct pro-
cesses to obtain spectroscopic information on low lying states or
giant resonances. Spectra at back angles are usually not taken
in these works although they are essential in deriving the magni-
tude of preequilibrium components. Thus there is a wide range of
parameter space where there are essentially no data for neutron-
induced preequilibrium charged particle emission. The new
Target-4 facility is ideally suited to address this area.

2. The Tarqet-4 Facility

At Target-4 (2), neutrons are produced by spa11ation of
800 HeV protons on a tungsten target 3 cm in diameter and 7.5 cm
long. The continuous-in-energy or "white" neutron spectrum re-
sulting from spallation extends from low energies to several
hundred MeV. Flight tubes view the source from angles of 15° to
90° and detector stations are located along these flight tubes at
suitable distances (see Fig. 1).

The pulse characteristics of the source are determined by
the LAMPF beam and the demands of all the users for this beam.
LAMPF accelerates three beams concurrently: H+ (1 mA average),
H~ (0.1 mA), and a lower intensity polarized beam, P~. Part of
the H~ beam is directed to Target 4. The beam has both macro-
pulse and micropulse structure. Macropulses are typically 700/zs
long and at present 40 macropulses per second can be diverted to
Target 4. Micropulses occur with a spacing of 5 ns and it is
easy to increase the separation of micropulses in units of 5 ns
by selecting individual pulses at the source. In our studies so
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far, micropulse spacings of 1 to 8/is are typical. Beam currents
of 30-60 nA were used in 1986 and 300-600 nA last year. We
«xpect microampere beam currents in 1988.

Two of the flight paths will be used for preequilibrium
and direct reaction studies. One of these, at 15s has been com-
pleted and tested. The other, at 90% is under construction.

3» 15-Dearee Flight Path

A 90-meter flight path has been constructed at a neutron
production angle of 15° left (Fig. 1). This flight path and as-
sociated detectors are designed to measure (n,p) reactions from
about 30 to 500 MeV. During the LAMPF cycle that ended December
1, 1987, initial measurements were made at this facility.

The neutron flux spectrum was measured by n-p elastic
scattering at a fixed angle (15°). The target was a thin plastic
scintillator. Recoil protons were detected by a AE-E coinci-
dence system with a plastic AE scintillator and a 15 cm diameter
by 25-cm-long Nal(W) E-scintillator. Wire chambers served to
define the trajectory of each proton. Although final correc-
tions need to be made to the data, we can state that the neutron
flux spectrum is close to that calculated (Fig. 2). The area of
the col lima ted neutron beam was 10 cm x 10 cm.

Data were collected for 12C(n,p)12B at forward angles
with the same detectors as for the n-p elastic scattering study.
At 0" a magnet was employed to deflect the protons from the
incident neutron beam direction. Proton spectra and angular dis-
tributions indicate the importance of direct reactions. Data
over a widei angular range need to be taken to investigate pre-
equilibrium particle emission.

4. 90-Dearee Flight Path

A new flight path is now being constructed at 90s to the
incident beam direction (Fig. 1). Here the detector station will
be only 10 m from the source and will therefore have the greatest
flux, if anisotropy of the source is neglected. In fact, for
neutron energies below 20 MeV, more neutrons are produced at 90°
than at forward angles (Fig. 2). This anisotropy is due to the
production target being thinner toward 90*. For much higher neu-
tron energies, more neutrons are produced per steradian at
forward angles, however. This 90* flight path is therefore being
designed for neutron energies below 50 MeV. For experiments
where the high energy neutrons are a problem, e.g. as background
or high singles rates, this production angle should reduce the
magnitude of the problem.

Detectors for this flight path are being designed. A set
of simple AE-E coincidence counters is one approach. To in-
crease the counting rate, detectors of larger solid angle are
being considered. Multi-wire proportional chambers will likely
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be used to measure AE and to define the reaction angle. The E
detector must be thick enough to stop the maximum energy, 50-MeV,
protons. Scintillators will likely be used for this.

5. Summary

Target-4 at LAMPF is a new spallation neutron source that
promises to be ideal for preequilibriuin (n,p) and other (n,
charged particle) reaction studies in the range from 10 to over
100 MeV. Initial measurements show that the flux is equal to or
greater than that calculated. Experimental stations are now
being established for this measurement program.
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will be made at the 90 and 10 meter stations at 15°
and 90° respectively.
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SMO- Plus SMC-Calculations Below 30 MeV Neutron Incidence Energy
H. Kalka, M. Toryman, D. Seeliger

Technische Universitat Dresden, GDR

1. Introduction

The statistical reaction model of the TU Dresden, firstly pro-

posed in /I,2/, was used for calculations of neutron-induced

particle emission spectra and angular distributions for differ-

ent nuclides. This model was derived from first principles

(Green's function formalism; Gaussian Ensembles) /3/. It bases

on a clear separation between statistical multistep compound

(SMC) and statistical multistep direct (SMD) processes.

The double-differential cross section has the form

(1)

where the incidence nucléon of type a • IT or y (proton or neu-

tron) has the kinetic energy £ , and {3 , £* refer to the outgoing

particle. Here, the simple assumption is made, that the single-

-etep and two-step contributions are of pure direct type, whereas

all next following steps (beginning at exciton number nQ * 5)

are pure SMC-processes. Further, in (1) the angular distribution

of the SMC-emission is assumed to be isotropic while for the

SMD-processes the empirical systematics of Kalbach and Mann /A/

is used.

2. SMD-cross section

Within the SMD-description we restrict ourselves to the excita-

tion of non-collective particle-hole states (excitons) and the

two low-lying surface vibrations (2+
# 3~-phonons). The differen-

tial cross section of the single-step processes can be written

for the inelastic neutrons scattering as /3/
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(2)

de! (3)

Appropriate expressions are used for the direct two-step process

which is a sum of (ex,ex),(ex,vib),(vib,ex) and (vib.vib)- con-

tributions «
o

The non-collective particle-hole matrix element I in (2) was

estimated from the OM-reaction cross section for neutrons (5y(£)

which can be decomposed into the (energy-integrated) single-step

and one multistep component.

StviW(e) (4)

The multistep contribution

(5)

includes all processes in which the incoming particle produces

a composite system that decay by further collisions into more

complex states, g » A/13 and E * e + B are the single particle

8tate__density and excitation energy. In using (4) it turns out

that I2 depends on incidence energy and can fairly be approxima-

ted by

for A £1oo, (6)

and for £ à 5 MeV • Even the parametrization (6) provides simple

analytical expressions for the direct two-step processes similar
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to those given in Appendix B of /I/.

Expression (3) describes the excitation of surface vibrations of

multipolarity 7v at energy U)^ and with deformation parameter j3̂

_ _ In contrast to the assumption of refs. /1,2/ where

Icoj| = ael* « and M • const >̂ 1, the present model ansatz

(3) bases on the particle-vibration coupling matrix element

taken from Bohr and Mottelson /5/. Here, VO=52~O.3€ is the

real OM well depth of the nucleus, and the factor (1/2) is the

asymptotic value of the Clebsch-Gordan coefficient. Since we

deal with surface interactions the nuclear volume V N ° *+TlR3/3

was replaced by V ^ j ^ Mtrq'R1 in (3), where R « 4.2 A</3 W and

a • 0.65 fm« Contrary to (2) there is no spin factor (2s + 1)

in (3). It was dropped because in phonon excitations spin-flip

processes are negligible/£>/.

3. SMC-cross section

The SMC-emiseion

was calculated beginning at excitation number n « 5 up to the

equilibrium stage n * (2gE) . The mean life-time X a is taken

from the time-integrated (up to t • oo ) master equation. The

damping and escape widths (entering (7) and the Paul! master

equation)are given both by the Golden Rule

2*1* si*0 , An = -2,2 (8.)

, An = -2,0,2 (8b)

For the explicit expressions of the state densities 3n and

9n
(pn1(U) we refer to /I/. 9(E") is the state density of a particle

in the nuclear volume VN , whereas the penetration factor ?"«(£')

in (8b) is 1 for nsutrons and Câ (£') /C$v(£*) for protons. In
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using (8b) there is no reference to the detailed balance prin-

ciple or inverse cross sections in this model. Moreover, since

raU')t and "Û  are both proportional to I 2 all matrix

elements cancel exactly within the sum of (7). The only mean

square matrix element that survives is that in C»,jjMC Ct) • I n

this way the s h a p e of the SMC-emission cross section be-

comes independent of T \

The normalization constant Q ^ (Cj in (7) will not be calcu-

lated from matrix elements but will be obtained in the present

model from the condition of flux conservation, i.e..

It should be noticed that the escape mode Vnp [t\\ in (7) is

energetically impossible and should be neglected in SMC-proces-

ses where all particles are in bound configurations. However*

it was proved in calculations that even this mode has a small

influence on the SMC-emission spectra for n - 5.

4. Results

Calculations of (n.n1) and (n«p) emission spectra within the

SMD/SMC-model (code EXIFON /6/) were performed for four nuclides

at different incidence energies. The input data are summarized

in Table 1. For the binding energies we use the linear-shell-

-term values in /7/. The parameters G^ , $y for the lowest

2 + phonon state are taken from /8/, while W 3 is taken from the

systematicsgiven in /5/. The p3-parameter was approximated by

(O.OO7CJ3 )
in . All delta functions in (3) are replaced by

Gaussians of width 1 MeV for £ ^ 20 MeV, and 2 MeV for

g » 25.7 MeV. In using g = A/13 we ignore shell- and pairing-

-effects. For CJ^U) t n e reaction cross section of the OM

(WiJmore-Hodgson for neutrons^ Becchetti-Greenlees for protons)

is used in a parametrized form /9/.

Results are depicted in Figs. 1 to 9. The meaning of the curves
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is the same in all figures: SMC-cOntributiens (dotted line),

SMD-contribution (dashed-dotted line), the sum of SMC and SMD

(full line)* Further, the individual single- and two-step con-

tributions (broken lines) are denoted by the appropriate label.

For e « 25.7 MeV also the Legendre-coefficients of the double-

-differential cross section ( Ls1,l)

(10)

are shown. Finally, for 93-Nb also (n,p) energy spectra and

Legendre-coefficients are depicted for £ = 14 MeV in Fig. 9.

Experimental data are taken from /10 - 14/.

The incidence-energy dependence of SMC and SMD processes, as

well as the individual SMD-contributiorts (in mb) are summarized

for 93-Nb in Table 2. As we see, the non-collective particle-

-hole excitations rise with increasing energy whereas the

phonon-contribution is almost incidence-energy independent. The

direct three-phonon excitation which was also included in the

calculations turns out to be negligible.

In summary, the predicted SMD/SMC-model is successful in repro-

ducing experimental data. (At £ = 14 MeV the discrepancy in

the low energy part- is due to the neglection of (n,2n)-proces-

ses in our calculations till now.) Despite the fact that it

includes besides the SMC-processes also the multistep direct

excitation of non-collective and collective modes this model is

extraordinarily simple.
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Table 1 Parameters used for calculations

(explanations given in the text)

52-Cr

56-Fe

65-Cu

93-Nb

B/MeV

7.80

7.64

6.95

7.26

11

9

8

6

/MeV

. 0 4

.09

.37

.57

1

0

1

0

/MeV

.42

.85

.35

• 9 3

0

0

0

0

. 22

. 2 4

.1°

. 1 0

4

4

3

2

/MeV

.60

.52

. 7 0

. 3 0

h
0.18

0.18

0.16

0.13
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Table 2 Incidence energy dependence of reaction

cross section contributions (in mb)

(explanations given in the text)

£/MeV

5.2

14.0

25.7

E/MeV

5.2

14.0

25.7

2037

1781

1536

SMC

1861

1410

828

(exex)

0.5

9.1

56.5

SMD

176

335

568

(exvib)

0.7

7.9

24.9

(ex)

68.0

184

338

(vibex)

1.3

15.7

53.3

(vib)

104

112

86.3

(vibvib)

1.2

5.9

8.7

Gvtr

0.4

36.0

139

(vibvibvib)

0.0

0.2

0.5

93-Nbln.n-)l

a t

£.S2MtV

\ \

1 2 3 4 5 6 7 8 9 10

E'/MeV

93-Nbln,n')
£ = UM.V

Rg.4.
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An Analysis of Some Inconsistencies in the Calculation

of Level Densities with the Fermi Gas Model

S.M. Grimes

Ohio University

Athens, OH 45701 U.S.A.

Abstract

The Fermi gas model is widely used in calculating nuclear level densities. With

the use of modem computers, calculations can be made including both pairing and shell

effects. Despite these improvements, there are indications that the model fails to

properly predict the parity ratio even in situations where the level density itself is

correctly described. A detailed examination of the discrepancies for some specific

systems is presented.

Level densities for nuclei regarded as consisting of non-interacting nucléons are

usually made with the Fermi gas model. First introduced by Bethe, it has been

reformulated to include both shell and pairing effects. Comparisons with data and

with exact calculations provide an indication that the Fermi gas model gives a

generally reliable approximation for the total level density. A recent comparison of

the Fermi gas model with exact results, however, does suggest that this model does fail

to describe the parity ratio. An earlier examination of the predictions for this

parameter suggested problems, although at that time the discrepancies were attributed
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to a breakdown in the non-interacting Fermion assumption rather than a failure of the

Fermi gas formalism to give the correct numerical result within the assumptions of the

model.

The parity ratio denotes the relative fraction of the levels at a given energy

which are of positive parity. It and a related parameter, the spin cutoff parameter, are

necessary in order to decompose the total level density into densities of levels with

specific spins and parities. Since most applications and many model comparisons

involve level densities for specific J and ir values, this apparent failure is significant.

At present, no information is available on whether the breakdown observed by

Jacquemin and Kataria is more general or is limited to a few nuclear systems.

The present investigation focuses on two systems. The first is a system

consisting of 10 Fermions distributed among ten pairs of levels with energies of

2,4, 6, 8 , . . . , 20. A calculation of the exact state density was made using the method

of Ref. 1. This was compared to the results of a Fermi gas calculation as shown in

Fig. 1. The direct comparison provides a test of two assumptions used in the Fermi

gas calculation: the Fermi—Dirac occupation function and the saddle—point approxi-

mation. The generally good agreement suggests that both of these assumptions are

valid. A comparison of the exact occupation probabilities with those of a Fermi—Dirac

occupation function (Fig. 2) provides a separate check on the first assumption; the

agreement is rather good.

To obtain a parity ratio for this system, it is necessary to specify the parity of

each level. Take the parity of each level to be + except for the two levels at 10 MeV.

This yields the interesting result that the parity ratio is only sensitive to one

parameter: the occupation probability of the 10 MeV level. This is because a positive

parity orbital will not, whether occupied or not, change the parity of the level, while a

negative parity orbital will change the parity when filled but not when empty. As a

consequence, the parity ratio becomes a function only of the occupation probability of
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those orbitals with negative parity. Moreover, the orbitals for which spin projection

partners (+JZ, -J2) are both occupied do not change the parity ratio, since two

negative parity orbits occupied yield positive parity. Thus, the parity ratio becomes

extremely sensitive to the occupation probability of those negative parity orbitals

nearest the Fermi level, since these are most likely to have one but not both of the pair

of states occupied. In Fig. 3 we show the parity ratio for this system calculated

exactly and that determined from the Fermi gas model; the comparison shows good

agreement, although the Fermi gas result tends too rapidly to .5. It also never dips

below .5, although the exact result does show small oscillations.

This system, however, is not similar to that studied in Ref. 1 because the latter

system showed substantial oscillations in the parity ratio with energy for the exact

results, with essentially no structure in the Fermi gas result. To try to see if this

behavior could be reproduced, we examined a more realistic system. This was a 24Mg

nucleus treated in a dg/„ ŝ  >* do/« f̂ M basis. Single particle energies were —4.15,

—3.29, +.93 and +3.55 MeV, respectively. This system, like the one first studied, has

only one orbital of negative parity, but unlike the earlier one, has irregular spacing of

the single particle energies. Also, if done in a spherical basis, it has varying

degeneracies, with the L»o representing four pairs of (+JW, —JJ orbits for both protons

and neutrons. Fig. 4 shows the comparison of the exact and the Fermi gas level

density for this system. Obviously, the detailed structure does not appear in the Fermi

gas calculation, but the average behavior is well described. This indicates that, despite

the shell structure, the Fermi gas formalism can give reasonable values for the total

level density.

In Fig. 5, we show a comparison of the spin cutoff parameter as calculated

exactly with that evaluated from the Fermi gas formalism. As was the case for the

total levei density, the agreement is quite satisfactory. Finally, a comparison between

the parity ratio as calculated with the Fermi gas formalism and that calculated exactly
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is presented in Fig. 6. Here, the same discrepancies are found as were seen in Ref. 1.

The correct parity ratio shows oscillations about .5 which are quite substantial even 20

MeV above the lowest state, while the Fermi gas calculation simply goes smoothly to

.5. Moreover, the ratio for a Fermi gas never goes below .5, so it obviously incorrectly

estimates the total ratio averaged over energy.

As was discussed previously, this has to be a function only of the occupancy of

the f-in state. Fig. 7 shows the comparison between the occupancies as exactly

calculated and as given by the Fermi gas model. This comparison suggests that

fluctuations occur which are not reproduced by the Fermi gas model, but this actually

does not explain why the Fermi gas model never predicts a ratio less than .5 at any

energy.

To understand this problem, consider a comparison of the parity ratio

calculated as a function of the occupancy of the ijy2 orbit. Obviously, for even

numbers of particles in the orbit, the parity is positive, while for odd numbers, the

parity is negative. Thus, the actual ratio oscillates between 0 and 1 as the occupancy

changes. The Fermi gas result gives a continuous function, since the occupancy is an

average quantity.

The probability of a negative parity state is simply the sum over the binomial

distribution for 1, 3, 5 and 7 particles for a given occupancy f, while the corresponding

positive parity sum is over 0, 2, 4, 6, and 8. These will be perfectly balanced if f = .5,

but for all other values (including f values which correspond to 1, 3, 5, or 7 particles on

the average), the ratio will be greater than .5. The skewing in parity ratio can be seen

in Fig. 8a. The origin of the discrepancy lies not in small discrepancies in occupancy,

but rather the averaging provided by the binomial distribution over particle number.

The same averaging occurs also for the spin cutoff parameter but appears to

cause fewer problems. In Fig. 8b we show the result of a comparison of the spin cutoff

parameter for various numbers of particles in the f~ ,„ shëiï with Fermi gas
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calculations. A small but systematic discrepancy also occurs here but is probably

small enough not to cause problems. Similar results occur for other degeneracies. The

results for a p, in orbital are shown in Fig. 9. Note that even when only three possible

occupancies are included (0,1 or 2 particles, respectively), the averaging has very

significant consequences for both the parity ratio and the spin cutoff parameter.

These problems are completely independent of any difficulties with the state

density itself. For the reasons already indicated, the discrepancies are significant in

comparing level densities with experiment. The conclusion is that discrepancies in

parity ratio predicted by the Fermi gas model are not necessarily an indication of the

importance of two-body forces but rather a mathematical limitation of the formalism.

Interestingly, the tendency of the Fermi gas model to average over particle number in
q

some sense simulates the two-body interaction. Even for systems in which a two-

body force is included, however, it appears that the parity ratio shows more structure

than predicted by the Fermi gas model without interactions. For reliable calculations

of the parity ratio for non-interacting Fermions, a method like that of Ref. 1 should be

used.
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+ Statistical Mechanical

50 60 70 80 90 100 HO

Energy (MeV)
120

Fig. 1 State density of the system consisting of pairs of orbitals at 2, 4, 6 , . . . ,

20 MeV filled with ten Fermions.
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Energy (MeV)

Fig. 2 Occupancies of the orbital for the system described in Fig. 1 as a

function of total energy. The orbitals are labeled with the appropriate

single particle energy. The +, 0 and A marks give the exact values at

excitation energies of 2, 6 and 17 MeV, respectively, while the smooth

curves give the Fermi—Dirac predictions at the appropriate temperature.
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Statistical Mechanical

60

Fig. 3

7 0 80

Energy (MeV)
90

Parity ratio for the system described in the caption to Fig. 1. The -f

marks give the Fermi gas predictions, while the smooth line represents

the exact values.

100



-34 -30 -26 -22 -18 -14
Energy (MeV)

Fig. 4 State density for 24Mg as described in the text. Exact values are

calculated using the method of Ref. 1, while the values marked statistical

mechanical are from the Fermi gas formalism.
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Fig. 5

Fig. 6

-34 -32 -30 -26 -26 -24 -22 "20 -18 -16 -14 -12
Energy ( MeV )

Spin cutoff parameter for 24Mg as described in the text. The smooth line

is the prediction of the Fermi gas model, while the + marks denote exact

values.

-34 -32 -30 -28 "26 -24 -22 -24 -18 -16 Ï4 ~I2

Energy (MeV)

Parity ratio for 24Mg as described in the text. The smooth line is the

Fermi gas prediction, while the + marks are exact values.
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Fig. 7 Orbital occupancies for 24Mg as described in the text. The smooth lines

are Fermi gas predictions; the marks are exact values.

Fig. 8
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0 •* A-*-
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Fractional Occupancy

'7/2

.4 .6 .8 1.0 1.2

a) Positive parity fraction as a function of occupancy of the f̂  ^ shell.

Continuous curve is from the Fermi gas; A marks are exact results.

b) Spin cutoff parameters as function of occupancy of the f-^ shell.

Continuous curves are for the Fermi gas, while the A marks are exact

results.
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Fig. 9 a) Same as Fig. 8a, except for the pj ^ orbital,

b) Same as Fig. 8b, except for the p^ ̂  orbital.
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i:i£!IiASÏIC SCATTERING OP 14 MeV NEUTRONS

BY IRON tfUCLSI.

Lychageen A.A., Lunev V.P., Zhuravlev B.V., Salnikov O.A.,

Titarenko 3Ï.N.

Institute of Physics and Power Engineering, Obninsk, USSR.

ABSTRACT

Double differential neutron emission spectra from iron have

been measured by time of flight method with a time resolution about

0.45 ns/m. The direct contribution to the neutron emission spect-

ra have been calculated using DWBA and CC theory. Contributions

from statistical and direct reactions are found to reproduce well

the experimental data.

A number of the works fi-2] deal with a theoretical descrip-

tion of inelastically-scattered neutron spectra. The availabili-

ty of experimental data obtained with high time resolution [4,5]

was encouraging their more detailed theoretical analysis [3] .

Regardless of the structural features of the two references being

in an agreement, however, they disagree by the absolute value at

certain angles. That is the reason of the authors' rerunning of

the earlier experiment with an aim to obtain higher resolution

and more detailed analysis of the results.

The time-of-flight spectrometer used for ths measurements,

the features of their procedure and experimental data processing

are described in Ref. [8] . A path length was 7.1 m (90°), a

neutron detection threshold -*- 1 MeV, time resolution for all

angles was as high as 0.45 ns. An iron sample of natural iso-

tope composition had a hollow cylinder form with an outer diame-

ter 45 mm, inner diameter 35 mm, height 55 mm. The neutron detec-

tion efficiency from the threshold up to 6 MeV was determined by

comparing the measured spectra of Cf^>2 spontaneous fission with

Maxwell distribution with a temperature 1.42 MeV. In addition

the neutron detection efficiency in an energy range 3.5 to 12 MeV

was measured by hydrogen scattering. The resulting efficiency

was extrapolated up to the energy 14 MeV, where the efficiency

value was obtained through the target yield measurement. A cor-
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reetion for attenuation and multiple scattering of neutrons in the
sample was calculated by the Monte-Carlo method according to Ref.
[ 9 ] . The absolute value of cross-sections was determined by normali-

sation on sc&ttoring cross-section on hydrogen, carbon and on
A) reaction cross-section.

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10

Comparison of experimental and calculated double-differen-
t i a l inelast ic scattering cross-sections.

O - present work data,
• - data of Ref [5] ,

. - CC + HP calculation,
._•* DWBA + HF calculation.
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The figure shows double-differential cross-sections of in-
elastic neutron scattering on iron nuclei as compared with the da-
ta from Ref. [ 5 ] , which demonstrate & good agreement both by the
absolute value and by the structure observed in the spectra. The
spectra calculated by the present representation authors' averaged
by the real experimental resolution are Included in this figure as
well. The inelastic scattering cross-sections have been represen-
ted as a sum of two independent scattering processes - the direct
and equilibrium ones. The equilibrium component has been calcu-
lated in frame of the Hauser-Feshbach model (H-F) with a code
SMT-80 fio] . The contribution of direct transitions has been cal-
culated in the first order of Born distorted waves approximation
(DWBA) with a code BAP-82 (11J and coupled channels approximati-
on (CC) with a code ECIS-79 £i2J . The parameters of neutron opti-
cal potential for all theoretical models employed have been deter-
mined according to Sapaport et al. global systematic fi3j •

The calculations in frame of the statistical model for neut-
ron, proton and alpha - channels have taken into account all
known discrete states of residual nuclei (46 states for Pe,
12 for * Mn, 14 for " c r ) . A nucleus excitation region abo-
ve the discrete states with the known characteristics (̂  5 MeV) ha-
ve been described by the level density in the back-shifted ferrai
gas model with Dilg et al.systematic parameters [14] •

The required information on the parameters of dynamical de-
formation for each direct transition of Pe even-even nucleus
was based on the available data on inelastic scattering of protons
in "?e fô] . For DWBA calculation (see the figure for the angle
90°) the direct transitions with an excitation of 27 vibrational
single-phonon states of the target-nucleus were adopted. Tîia CC
calculation also took into account 10 two-phonon states -£2* <2) 2
{ 2 | ® 3 ^ J » {^T®-*?} • The imaginary part of the optical po-
tential was chosen so as to yield the best description of expe-
rimental data on excitation of strong-collective states 2J and
3̂ " for * Fe nucleus for incident neutron energies from 11 to
26 MeV [15J and for the energy 14 MeV it was '.Vs;p > 6.4 MeV.

In the figure you can see that the experimental data for
all the angles are well reproduced in the calculations for ener-
gy ranges corresponding to strong collective states 2* and 3^
with the energies 0.345 MeV and 4*51 MeV. In the excitation
energy range from 1 MeV to 2 MeV the disagreement of experlmen-
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tal data and calculated ones can be due to the isotopic compo-

sition of the sample. The disagreement in the excitation energy

range above 5 MeV may well be caused by two reasons:

a) a lack of reliable experimental data on the structure of sta-

tes in the energy range,

b) an employment of global systematics of level density parame-

ters, which can undergo significant modifications when considering

specific nuclei.

Hence, the (n,nf) reaction analysis demonstrates that at an

energy of incident neutrons of 14 N°V on the whole we can have the

experimental data to be qualitatively and quantitatively descri-

bed virtually over the whole nuclear excitation energy range un-

der investigation making use only of the direct and equilibrium

mechanisms of the reaction. In this case the coupled-channels

method enables the inelastic scattering process to be better de-

scribed in the low-energy part of the nuclear excitation spectrum.

In addition more detailed consideration should be given to the

equilibrium part of the spectrum taking into account the collec-

tive enhancement of level density.
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