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Abstraot 

The results of an International nuclear model and code comparison on 
pre-equilibrium effects are presented and discussed. Participants from four- 
teen laboratories calculated reaction cross-sections, emission Spectra and 
angular distributions on the nucleus 93Nb withincidentneutron energies rang- 
ing from 10 to 25.7 MeV. The results of twenty computer codes areanalysedand 
compared to experimental data. The different classes of physical models under- 
lying the codes (exciton, hybrid and modified Hauser-Feshbach) are compared. 
Recommendations for future developmentofthe models andcodes are presented. 



Othar nuclear modal comparisons available from tha lIEA Data Bank 

. Determination of Average Resonance Parameters 
NRA Data Bank Newsletter No. 27, July 1982 

. Spherical Optical and Statistical Model 
NEANEC-152'A"; INDC(NEA)4 October 1983 

. Coupled-Channel Model 
NEANDC-182"A"; INDC(NEA)3 January 1984 

. Spherical Optical Model for Charged Particles 
NEANDC-19S"U"; INDC(NEA)5 Nay 1985 
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1 Introduction 

This report contains the final results of an international effort to com- 
pare statistical nuclear models and codes that calculate reaction cross sec- 
tions, emission spectra and angular distributions, taking into account 
pre-compound or pre-equilibrium effects. These models are widely used in 
nIXlear data eValUatiOnS and in predictions of neutron-induced reaction cross 
sections at energies of 5 to 50 MeV, i.e. in an energy range that is of interest 
for technological applications. The specification of the exercise is given in 
the appendix (NEANDC-177U). The participants were asked to calculate cross 
sections of neutron-induced reactions on Nb-93 at incident energies of 10, 
14.6, 20 and 25.7 Mev. This nucleus was chosen because it is well-studied, 
both experimentally and theoretically, and because pronounced precompound 
effects were observed in neutron emission spectra at 14.6 and 25.7 MeV. At 
lower incident energies (below 5 to10 MeV) precompound effects become of minor 
importance and the usual Hauser-Feshbach models with a correction for Width 
fluctuation effects couldbe used. 

This report is organised in the fOlloWing way. Section 2 gives a survey of 
the received contributions that are grouped into three classes: A, Band C. 
First, the angle- and energy-integrated cross sections are discussed, using 
tables for the fourincidentenergies andthethree classes (Section 3). Then, 
in Section 4, the total neutron-emission cross sections are given in a series 
of figures for two incident energies (14.6 and 25.7 HeV) and for each Class. 
The discussion includes a comparison with experimental data (class II) as well. 
Next, the corresponding angular distributions are reviewed. Figures are shown 
of Legendre coefficients, of Spectra& Various angles andof angular distrib- 
ution functions at two fixed OUtgoing energies. These results - based upon 
quite recent models - are discussed in section 5. Thelastresults reviewed in 
this report concern the total photon-production Spectra, see Section 6. After 
these calculated reSUlts the physics of the nuclear-model codes is discussed, 
following the participants' responses to the questions formulated in the 
appendix. Finally, some conclusions are presented, including a few recommen- 
dations for future development of the models and codes. 
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2 Receivd contribution? 

The contributions received are as follows: 

Class 

STAPRE (IPK), S. Wiboolsak, B. Strohmaier, M. Uhl [l] 
STAPRE (LLL-l), D.G. Gardner, %.A. Gardner [2] 
GNASH (LAS), P.G. Young [3] 
GNASH (JAB), K. Shibata [3] 
EKP1R.E (IBJ), H. Herman [4] 
PBRINNI (ECN-1). Ii. Gruppelaar, H.A.J. van der Kamp [5] 
BAUSBR-V (TRE-1). S.B. Garg, A. Sinha [6] 
TNG (ORL),;C.Y. Fu [7] 

PRAEG (ECN-2), H. Gruppelaar, H.A.J. Van der Kamp [S] 
PEQGM (SLO), E. B&k [9] 
PREM (TOH), 0. Keeni, S. Yoshida [lo] 
PRBANGl (TRM), S.B. Garg, A. Sinha [Ii] 
PRECC-D2 (TEL-l), C. Kalbach [12] 
PRBCD-D2 (TNL-2). with updated Q-factor, C. Kalbach [12] 
AEAPRB (TUD), H. Kalka, D. Hermsdorf, D. Seeliger [40] 

fi 

ALICE hybrid + evaporation model (LLL-2), M. Blann [13] 
ALICE GDH + evaporation model (LLL-3). M. Blann [13] 
ALICE, GDH + evaporation model - refraction (LLL-4). M. Blann [13] 
SECDIST + HF model (KFK), I. Breeders, U. Fischer, H. Jahn, 

E. Wiegner [14,46,47] (belongs al60 to Class A) 
ERP1P.E (IBJ), W. Herman (belongs also to class A) [4] 

&wular distribu&&& are calculated by the codes: 

GNASH (LAS), TNG (ORL), PRANG (ECN-21, PREANGl (TRE-2), 
PRBCD-D (TNL-l), PRBCC-DO (TNL-2). AEAPRB (TBD), 
ALICE (LLL-2), ALICE (LLL-31, SECDIST (KFK). 

Gamma-rav ~BQ are calculated by the codes: 

STAPRB (IRK), STAPRB (LLL-l), GNASH (LAS), EMPIRE (IBJ), TNG (ORL), 
PEQGE (SLO). 

The same reactions as considered in this paper have PXently been studied 
in other references, e.g. in 1651 by Reffo et al. (IDA-PENELOPE), in [64] by 
Earcinkowski et al., in [67] by Strohmaier (STAPRB), andvery recently in [68] 
by Herman etal. 



3 Alxlla- and enerw-inte9rated cro*s sections 

The calculated angle- and energy-integrated cross SeCtiOnS at incident 
energies of 10, 14.6, 20 and 25.7 MeV are given in Tables IA, B, Cto 4A, B,C. 
respectively, where A, B and C indicate the classification giveninthe previ- 
ous section. The numbers in parentheses represent the feSUltS from the fall 
equilibrium calculation. For further details concerning the data, we refer to 
the "Notes to Tables l-4", Sect. 11. In tables 10 to 3D, we give some results 
from experimental data without allowance for pre-equilibrium contributions. 
This survey is far from being Complete: the experimental data have been taken 
from references or graphs that were easily available. Their purpose iS onlyto 
give some impression of the experimental Values. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Some observations of tables l-4are: 

There are no serious problems in the ODtical-model calculatipara 
bt,csl,q). 

There iS quits good agreement in the CalCUlatiOn of 0 (maximumstandard 
deviation iS at 25.7 MeV: f4.49). The PREM results s?&thelargeSt devi- 
ation, at least at 25.7 MeV (-6.7%). The ALICE results are inconsistent 
with o . Note that the equilibrium results are in excellent agreement, 
sxceptrforthe HAUSER-V results at low energy. 

With respect to the 0 
deviation is 37% to !!&. 

data, there is not much agreement; the standard 
However, the equilibrium calculation iS also 

quite uncertain: f50% at low energies up to 30% at25.7 MeV. 

For the calculation of 0 , the situation is still worse: the standard 
deviations range from 30$?!0 60%; for the equilibrium results they vary 
from 30%to 70%. Extremely low cross sections are calculatedby PREANGl. 

In view of the large discrepancies in the protonanda-particle datawedo 
not discuss further the cross sections in which these particles are 
involved (npl, npny, nzT, nlzny, npem, naem) and restrict ourselves tothe 
neutronandphoton data. For more information we refertoliterature: e.g. 
kJ1. 

For the calculations of o 
catedbyanasteriskin Ta8&'l$~$~f' %3nI 

(without the results indi- 
e In qu te acceptable results,with 

a standard deviation of less than 10% for high values of these cross XC- 
tions (>500 mb), except at E=lO MeV. In general the codes of ClaSS A are 
superior, although reasonably good results can also be obtainedwith Codes 
of class B as follows from the tables. We notethatthe difference between 
the PERINNI results and the other codes at 10 HeV is partly duetothe use 
of the back-shifted Fermi-gas formula, rather than the Gilbert-Cameron 
level density. This follows from additional information provided by the 
participants. 

The standard deviation of the calculated total neutron-DrCdUCtiOh cross 
sections is less than 5%. However, the pre-equilibrium contribution in 
this quantity is rather small (at most 23% at 25.7 MeV). Note that the 
hybridmodelcodes also give good results. 

9 



8. With respect to the total Photon-production w, we notice reasonably 
good agreement between the class A codes that calculate these quantities: 
STAPRE, GNASH, TNG and EBPIRR. The results of PEQGM are much higher. 
Again, the pre-equilibrium effect is not large in this lumped quantity. 

9. Some codes also calculate cross sections for the pobulation of isomer& 
&a&.~; see Table 5. 

Gomeconclusions areas follows: 

The calculation of o is generally satisfactory, although in some codes 
there is no consistency WY?% the total reaction cross section (the codes should 
automatically checkand eventually correct this discrepancy). The calculation 
of the much weaker o 

PRx 
ando cross sections is unreliable. In particular 

the treatment of e a-em?%ion needs more care. The calculation of 
multi-particle emiSSiOncross SeCtiOns is difficult near thresholds: the ener- 
gy grid is not always fine enough and perhaps no appropriate corrections are 
made if only partofa "bin" canbe further emitted. 

In codes of class B and some of class C, where the level density is 
described by a continuum over the whole energy range, it is important to util- 
ise a realistic level-density expression at low energies, otherwise the (n,Zn) 
and (n,3n) cross sections cannot be calculated with high accuracy. Again it is 
necessary to check the Consistency of the multi-particle emission with the 
first-emission cross sections. Some results of 10 MeV need to be inspected 
more Closely, mainly because the (n,2n)thresholdis relatively low. Probably 
the V-ray competition is important as well (it is neglected in most codes of 
classes B and C!). We feel that most codes of classes B and C need further 
development in the following directions: 

1. Refinement of multi-particle emission treatment with respecttoener- 
gymesh and integration. 

2. More realistic description of the level density at low energies, in 
agreement with experimental level schemes (or introduction of dis- 
Crete-level excitation). 

3. Introduction ofy-ray competition. 

Our impression is that the neglect of angular-momentum conservation is not 
the prime reason for some differences between the results of classes Aand B+C. 
This follows for example fromacomparison of PERINNI andPRANG results. 
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4 Anclle-integrated total amission smctrp 

Before discussing the calculated results, the following generalintroduc- 
tionis given. 

The measured neutron spectrum at higher OUtgoing energies typically shows 
the following features illustratedinthe above figure: 

1. 

2. 

3. 

4. 

A uniformbackgroundattributable to pre-equilibrium emission. This may be 
calculated from the theories reviewed here, and the resulting cross sec- 
tion should always be on or below the data. If this is not the case it is an 
indication of a defect in the theory or in the (level-density) parameters 
used or in the data. Another possible cause of deviations between the 
background and the measured cross section iS an abnormal flUCtUatiOn in 
the level density in a particular energy region, this could perhaps be 
foundby ashell-model calculation. 

Broad resonances attributable to giant collective states [74]. These are 
a feature of the target nucleus and show a systematic variation with the 
atomic number. 

An excess of high-energy particles attributabletocollective excitations 
of low-lying states. These are specific forthetarget nucleus and the cor- 
responding cross sections may be calculated from the coupled-channels the- 
ory or DWBA. 

A hugs elastic peak appears at the highest energy end Of the Spectrum. 
Since the shape of this peak is not exactlyknownthere may be SlaStiC con- 
tributions to region (3). 

There is some uncertainty about what exactly the VariOUs precompound mod- 
els do calculate. By their nature, direct-collective excitations are & cal- 
culated explicitly by the precompound models, since only excitations of 
particles and holes are considered. Therefore, we expect that the precompound 
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