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Abstract 

Various multi-step direct models have been derived and compared on a theoreti
cal level. Subsequently, these models have been implemented in the computer code 
system KAPSIES. enabling a consistent comparison on the basis of the same set of 
nuclear parameters and the same set of numerical techniques. Continuum cross sec
tions in the energy region between 10 and several hundreds of Mc V have successfully 
been analysed. Both angular distributions and energy spectra can be predicted in an 
essentially paramctcr-frcc manner. It is demonstrated that the quantummechanical 
MSD models (in particular the FK.K model) give an improved prediction of pre-
cquilibrium angular distributions as compared to the experiment-based systematics 
of Kalbach. This makes KAPSIES a reliable tool for nuclear data applications in the 
aforementioned energy region 

1 Introduction 

Quantummechanical theories of pre-equilibrium reactions distinguish between multi-step 
compound (MSC) and multi-step direct (MSD) processes in the continuum. Multi-siep 
compound reactions prevail at somewhat higher energies than those characteristic of com
pound nucleus decay. As with compound reactions, it is imagined that the incident particle 
is captured by the target nucleus. Subsequently, the stepwise reaction proceeds exclusively 
by the bound configurations of the composite system (target nucleons + incident panicle). 
Emission takes place before the attainment of statistical equilibrium and the associated 
angular distribution is symmetric. If the reaction proceeds by the unbound configurations 
of the composite system, we speak of multi-step direct reactions. A crucial feature of the 
MSD process is that one can make a meaningful distinction between a leading fast particle 
and in: residual nucleus. In contrast with MSC reactions, the MSD process generates the 
smooth forward peaked angular distributions that are characteristic for prc-equilibrium 
decay. 

The significance of MSD reactions extends from 10 MeV to roughly 200 MeV. Since 
compound and multi-step compound processes are restricted to relatively low energies, 
MSD reactions to the continuum become very important as the incident energy increases 
towards several tens of MeV. This implies that the associated MSD models are relevant for 
a number of practical applications. At energies between 10 and 50 MeV, MSD models may 
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provide nuclear data that are necessary for reactor-design calculations. At higher energies. 
MSD models can play a significant role in the analysis of the incineration of radioactive 
waste. Above about 150 MeV, classical approaches (such as the cxciton or the intranuclear 
cascade model) will presumably be sufficient for the prediction of the relevant nuclear 
data. Below this energy however, classical models fail to reproduce the experimental data 
(notably the angular distributions) and quantum-mechanical models are necessary for a 
proper analysis of these reactions. 

2 Theory 

Starting from distorted wave theory, we have derived in [ 1J a spectrum of existing and new 
MSD reaction models on the basis of two different statistical postulates. The first postulate, 
leading-particle statistics, is based on the assumption that many states are accessible to the 
leading particle and that the associated DWBA matrix elements are randomly distributed. 
The alternative postulate is called residual-system statistics, which represents random 
configuration mixing due to the residual interaction within the residual nucleus. It does not 
make any statistical assumption about the interactions of the leading particle. Applying 
these physically different random postulates on first and higher order distorted wave theory 
leads to two distinct classes of statistical MSD theories. The models of Tamura, Udagawa 
and Lenske (TUL) [2] and Nishioka, Weidenmüller and Yoshida (NWY) [3J appear to be 
based on residual-system statistics, whereas the model of Feshbach, Kerm an and Koonin 
(FKK) [4] can be derived using only leading-particle statistics. For the latter, we have 
shown that there is no need to invoke residual-system statistics, although this was explicitly 
mentioned in f 5J. 

3 Implementation 

The aforementioned multi-step direct reaction models have been implemented in the com
puter code system KAPSIES. In this way, we were able to perform a consistent practical 
comparison of the FKK, TUL and NWY model, on the basis of the same set of parameters 
and the same set of numerical techniques for the MSD calculations. Various experimental 
energy spectra a id angular distributions in the pre-equilibrium region have been analyzed 
{6, 7], One of the conclusions of this work was that theories based on leading-particle 
statistics appear to be computationally much simpler than those based on residual-system 
statistics, while they have essentially the same predictive power. Therefore, in this contribu
tion we restrict ourselves to the FKK model since we consider it to be the most appropriate 
for routine calculations. The FKK »-step direct cross section is: 
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where Px. Ut and E. U are the intermediate and outgoing energy and angle, respectively. 
Here the one-step cross section is: 
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with spin distribution (with spin cutoff factor a) 
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and Williams particle-hole state density 
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where j/ is the single-particle state density, Z,V the excitation energy. K = /> 4- /< the exciton 
number, Apli = [/>{/> - ! ) + /»(/>- l)]/-ï the Pauli correction factor and P the pairing 
correction The quantities between brackets are DWBA cross sections for transferred 
angular momentum /. In KAPSIES, these are calculated by ECIS-88 {8|. 

Some results [6, 7] of the FKK calculation are displayed in fig. 1. Using standard 
prescriptions for the optical potential and level density parameters, a good description 
(simultaneously for the spectrum and the angular distribuiion) of the high-energy part of 
the pre-equilibrium region was obtained. The angular distributions are also compared 
with the systematics of Kalbach [9]. Figs. 1(c) and (e) clearly reveal that other reaction 
mechanisms (compound and MSC) dominate the reaction process at low outgoing energies. 

4 Systematics 

In fig. I, the adjustments to the experimental data were achieved by the variation of only 
one parameter: the /-independent deformation parameter ,i, which is a direct measure for 
the magnitude of the DWBA (and also the MSD) cross section. The specific value of $ 
complexly determines the MSD cross section for all outgoing energies. For nuclear data 
applications, it would be interesting to predict the double-differential cross sections without 
the knowledge of experimental data. Therefore, we have investifgated the systematic 
behaviour of A in order to obtain a parameter-free model. On the basis of thirty sets 
of experimental (p,p'j da=a in the energy range 29-200 MeV, we obtained the following 
parametrization: 

r 
;t2 = 

.'lVw(.IM-) 
where c=2.0.10*. With this formula, we obtained the FKK cross sections of fig. 2. The 
experimental data of fig. 2 were not part of the data set that led to Eq. (5). Interestingly, 
Eq. (5) is almost the same parametrization as Kalbach obtained [10J for the averaged 
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squared matrix elements Ml that appear in the semi-classical exciton model (the only 
difference is that, instead of the incident energy, the compound excitation energy appears 
in the formula for Ml). The fundamental difference with Eq. (5) is, however, that the 
paramenization for M1 not only serves as a reliable method to fit the magnitude of the cross 
section but also represents a rather drastic physical approximation since it implies that all 
transitions have the same value. In the quantummechanical models all matrix elements 
are explicitly calculated (retaining all angular momentum rules, etc.), and their relative 
magnitude remains unchanged upon variation of 13. This partly explains why angular 
distributions are described better by the MSD models than by the exciton model. 

5 Conclusions 

AH MSD models can be derived from two alternative types of statistics, leading-particle 
statistics and residual-system statistics, respectively. Implementation of these models 
demonstrates that the problem of the underestimation of angular distributions at back
ward angles by the classical (exciton) models is solved by the quantum-mechanical MSD 
approaches. Good agreement with the experimental data is obtained, especially at the 
highest outgoing energies. The only free parameter of the computational model has been 
parametrized for (p,p') reactions, yielding satisfactory results. More extensive comparison 
with experimental data is required to improve the systematics and to extend it to other 
light-ion induced reactions. 
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Figure 1: MSD cross-scctionr. according to the FKK model: (a) <K)Zr. 80 McV (p.p') ~ 60 McV 
<b) " 'Zr: 80 MeV (p.p') - 40 McV (c) 20!>Bi: 62 McV (p.p') angle-integrated (d) a 0 9Bi: 62 McV 
(p,p') _ 47 McV (c) M Nb: 25.7 McV (n.n') anglc-imcgraicd (dashed line: GNASH) (0 0 , Nb; 
25.7 McV (n.n') — ?0 McV. The thick solid line represents the total MSD cross section (summed 
over steps), the circles the experimental data and the plusscs the sysicmaiics of Kaibach 
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Figure 2; FKK angular distributions with the parametrization of Eq. (5):"(a) ,97Au: 200 McV 
(p,p') - 170 McV (b) *"Ni: 150 McV (p.p') — 120 McV (c) ,00Mo: 100 MeV (p,p') -~ 80 MeV 
(d) ,6sHo: 65 McV (p^*) - 51 McV (e) 58Ni: 65 McV (p,p') — 51 McV (0 ,97Au: 29 McV 
(p,p') — 20 McV. The thick solid line represents the total MSD cross section (summed over steps), 
the circles the experimental data and the plusscs the systematica of Kalbach. 
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