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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. 
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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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models will underpredict the emission spectra at high energies, where other 
models are needed in addition to the exciton model. The excitation of giant 
collective states shouldalsobe calculated and addedtothe cross section. In 
the GDH models there is increased emission to simple states as compared with 
the exciton models, often giving better agreement with the experimental data. 
However, no collective excitations are included explicitly in the GDH model. 
If the parameters of the exciton model are obtained by fitting selected data, 
the calculated cross sections will include some of the effects of collective 
excitations, even though these are not included explicitly in the formalism. 
Due to the large number of approximations in both the eXiton and the GDH 
model, it is difficult to draw firm conclusions about their domain of validity. 
We note that the parameters of the GDH/hybrid models are usually not varied. 

Further progress Could be achieved by Using existing analyses Of giant 
resonances excited by proton inelastic scattering, and by coupled-channels 
calculations of the contributions of low-lying collective states to the meas- 
ured neutron inelastic cross section. This problem is encounteredinallana- 
lyses of pre-equilibrium processes , including those using the fully quantum- 
mechanical theories. It will not, however, be possible to start this work in a 
meaningful way until the discrepancies in the existing dataare resolved. 

The angle-integrated total emission spectra of the codes mentioned in Sec- 
tion 2 (except for PERINNI and PRECC-D2) have been plotted in Figs. 1 to 4 for 
incident energies at 14.6 and 25.7 MeV. The results are displayed for each 
class A, B and C separately on linear-logarithmic and double-logarithmic sca- 
les . The results from one code, GNASH-LAS (because it represents a kind of 
"average") are connectedby straight-line segments in Figs. lto4 for interre- 
lation purposes. Please note that in many cases the points refer to the 
mid-energies of bins (histogram). Some available experimental data have been 
plotted in Figs lD, ZD, 3D and 4D, again together with the GNASH results. 

Some observations ofFigureslandZ& =14.6 MeVlare: 

1. There is good mutual asreement for OutoOino enersies frOmabout c =1.5 tQ 
JJJJgy, except for some results of class C. We note that the participants 
were free to adjust a parameter to fit data in the range from 6 to 9 MeV 
(see Fig. 1D). It seems that most participants have used their default 
values for C or K (Table 6), whereas the (geometry-dependent) 
hybrid-models have essentially no free parameters. The last-mentioned 
codes (class C) give lower cross sections near 8 MeV. We also note that the 
experimental data of Hermsdorf et al., as specified in the exercise, are 
rather high compared with other experimental data (Fig. 1D). 

2. The problems at low eneraieg (cdl.5 MeV) are threefold: 

a. there is aconsiderable spreadinthe calculatedresults. withmaximum 
values for ANAPRE (Figs. ZA, ZB, 2C); 

b. there is considerable spread in the experimental data as well (Fig. 
2D); 

c. below 0.5 MeV the mesh size is for most codes not fine enough to repre- 
sent the left-energy tail of the evaporation peak. We note that the 
spreadinthe calculated data is relatedtothe different- of the 
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spectra; The absolute values Of Dnnem arein quite good agreement (Ta- 
ble2). 

Therefore, the differences are partly due to different pre-equilibrium 
fractions and also due to the choice of the mesh sizethatis usually equi- 
distant (exception: PRANG code). We feel that for technologicalapplica- 
tions some Special care is neededto represent the shape of the evaporation 
peak at the lowest energies. 

3. At the hish-enersv em of the spectra (010 MeV) there iS considerable 
spread both in the calculated and in the experimental data (Fig. 1). The 
exciton-model codes (classes A and B without EMPIRE) give similar shapes, 
except that the end point of the spectrum is not the same. This could be 
related to the level density, in particular to the pairing-energy cor- 
rection. As an example we refer to the results of STAPRB (LLL-1) with 
P=O.72 MeV and those of PRANG with a shift of opposite sign: A = -0.50 MeV. 
This leads to (e:xtrapolated) endpoints of 12.6 HeV and 14.5 MeV, respec- 
tively (see Figs IA, 1B). This discrepancy couldbe avoided, because it is 
possible to adjust the summed (p,h) level densities to agree with the 
experimentally observed level density at low energies (from the level 
scheme). Such procedures have been followed in PRANG, TNG. In the 
last-mentioned code also a realistic pairing-energy correction was intro- 
duced [XI. 

The geometry-dependent hybrid models (EMPIRE, ALICE-LLL3, SECDIST) pre- 
dict somewhat different shapes, with higher cross sections at high energies 
and lower ValUeS near 8MeV (Fig. 1C). COmparisOnbetween the hybridand geom- 
etry-dependent hybrid models (LLL-2, LLL-3) shows that the relatively high 
cfoss section at high emission energies is mainly due to the geometry effect 
includedin the GDH model (and not primarily due to leVe1 density). It iS quite 
difficult to compare the different shapes with the experimental data that are 
rather uncertain due to the subtraction of a huge elastic peakandbackground. 
Another point iS that the PreCOmpOund models do not claim to predict 
direct-collective eXCitatiOns; these cross sections are usually calculated 
with a coupled-channels or DWBA model. Direct single-particle excitations 
are, however, included in the precompound models, though in a Statistical way. 
These excitations (n=3) are enhanced in the GDH model at the highest emission 
energies. 

Next we discuss the results at 25.7 MeV incident energy (Figs. 3 and 4). 
For these calculations the Same parameters were used as for the 14.6 MeV 
results. Hence, the predictive power of the models is tested to a Certain 
extent. Unfortunately there is only one set of experimental data (Fig. 3D) 
with data points Only above E = 12 MeV 1381. We have made the following obser- 
vations: 

1. There is considerably more spread in the calculated Spectral shapes com- 
pared with the calculation at 14.6 MeV. The GDH-results show a flatter 
shape at high outgoing energies,wherethe other codes give generallylow- 
er values. Again this is ascribed to geometry effects includedinthe GDH 
model. Differences between the various exciton-model codes are probably 
due to the adopted (p,h) level densities, including pairing-energy cor- 
rections anddue to differences in the predictedprecompound fractions. 
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2. Comparisons With experimental data [38] in between e -12 and17 Rev shows 
that for most codes there is agreement within 25% (except SECDIST, 
ALICE-LLL2). whereas at higher energies most calculations underpredict 
the measurements. The best results at high energies are given by the GDH 
models EMPIRE and ALICE-LLL3. From the other models the results of PRANG 
and PRRM are relatively high, though below the experimental values. The 
experimental data show some structure, perhaps indicating 
direct-collective enhancements [64]. The geometry effects introduced in 
the GDH model enhance the high-energy part of the Spectrum. However, this 
range is also quite sensitive to the shape of the (p,h) state density for 
the most simple excitations. A rather simple formula has been used for 
these densities, and more realistic expressions may give different out- 
comes. 

3. At the lowest excitation energies it is again the representation of the 
evaporation peak that needs further attention (see below). 

Although we feel that more care is needed torepresentboth the low-energy 
and the high-energy parts of the spectra as discussed before, we do not See 
Clear advantages in the use of the more eXpenSiVe codes from ClaSS A as com- 
pared to application of codes B+C for the calculation of the total 
neutron-emission spectra. 

Relatively simple improvements are possible if the grid size is decreased 
atlowenergies and if the pairing energy is calculated more realistically 1151 
in addition to a fit of the sum of all (p,h) level density at low excitation 
energy. Another point to consider is whether geometry effects should be 
included in the excitonmodel (cf. [79])to enhance the high-energypartof the 
n=3 component, as in the GDH model, or whether other codes should be used to 
calculate the excitation of collective states. 

5 Annular distributions 

The angular distributions Of the emitted neutrons as a function of inCi- 
dent and outgoing energy reflect the changing proportions of the compoundand 
multi-step-direct processes. At low incident energies compound processes dom- 
inate and the angular distributions of the Outgoing neutrons are Symmetric and 
usually nearly isotropic. As the incident energy increases the proportion of 
multi-step-direct processes rises, and this predominantly affects the more 
energetic outgoing neutrons. These changes in the character of the angular 
distributions may be conveniently displayed by plotting the relative coeffi- 
cients 

f1 = "1 

a0(21+1) 

of the Legendre-polynomial expansion of the angular distributions. A symmet- 
ric distribution has all coefficients with 1oddidentically zero, and if it is 
nearly isotropic all f for 00 are small. 
low emission energies & 

Approximate expressions for f, at 
e given in Refs. [48, 49, 761 for multi-step-compound 

reactions. As the outgoing energy increases, so does the proportion of multi- 
step-direct processes (and so f, and f, increase as Well). This is shown in 
Fig. 5. At a high incident energy we exusct the f's to be larger, and this iS 
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shown in Fig. 6. It should be noted that the absence of experimental data at 
small and large angles leads to considerable Statistical uncertainties in the 
values of the f-coefficients. Furthermore, there are notable inconsistencies 
between the cross sections measured by different observers and this further 
increases the difficulty of Comparing the experimentalandtheoreticalangular 
distributions. 

Any giant resonances that are superposedonthepre-equilibriumbackground 
have characteristic angular distributions that could produce localised peaks 
in the f-coefficients. For the reasons already mentioned, these Wouldbe dif- 
ficult to observe. 'The collective states at lower energies in the finalnucle- 
US have much smaller widths and their characteristic angular distributions are 
observed if the experimental resolution is adequate. 

The four main approaches are: 

1. Svstematics of Kalbach Mann and [15], in which a separation is made between 
multi-step direct processes and multi-stepcompoundprocesses (assuming a 
symmetric distribution for MSC). This method has been applied in the codes 
PRBCO-D2, GNASH. The systematics is baseduponalarge number of different 
experimental data, although relatively few neutron data have been Used. 
At low incidentand outgoing energies, the results Couldbe uncertain. In 
PRECC-D2 the (MSC) systematics iS also USed for the compound part. In 
GNASH the systematics has been modified at low emission energies in such a 
way that each coefficient is forced to go linearly to 0 as E' goes to 0 for 
emission energies E' below 6 MeV (the original KM equations produce coef- 
ficients that are non-zero at E'=O). This is of great importance to the 
behaviour of f, at low emission energies (see below; Figs 5B, 6B). A Some- 
what more refined modification scheme is given in Ref. [66]. 

2. Generalized RF theory [16] that uses the rigorous expressions for the 
angular distribution in the limit of noprecompoundeffects. Aparametri- 
xation has been used to estimate the fraction of precompound angular dis- 
tribution. This method has been appliedinthe code TNG. 

3. ia) The aouroach of Mantzouranis et al., [17, 181 inwhichthe "fast" par- 
ticle is followed on its way through the nucleus, using the angular dis- 
tribution of free nucleon-nucleon scattering in the nucleus. This method 
has been applied in the code PREANGl. In addition refraction effects have 
been introduced in the code PREANGl, i.e. maximum refraction of the incom- 
ing beam [lB]. This large refraction is only possible at low energies. In 
Ref. [la] also adjusted coefficients of the scattering kernel were used 
with some success. This method was also followed by Marcinkowski et al. 
[64]inthe analysis of 25.7 MeV data. Non-adjustedcoefficients were used 
in the contributionby Garg and Sinha, presented in this report (TRM-2). 

&o) Anole-enersv correlated intra-nuclear scatterins models 119, 201 are 
in fact a generalisation of the model of Mantzouranis et al., using the 
Kikuchi-Kawai expression [45] for nucleon-nucleon scattering in nUC1ee.r 

matter. This method has been applied in the codes PRANG, AMAPRE, 
ALICE/LIVERMORB. In PRANG (and AMAPRE) the KKexpressionis usedonly for 
the first collision; it is shown [19]thatthis approximation is well jus- 
tified. Although refraction effects should be treated With 
quantum-mechanical theory, quasi-classical estimates have been made in 
Refs. [19,20]. Diffraction eff‘ects are not accounted for. The PPANG and 
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AMAPRE results include refraction (although different values are used). 
Blann has supplied results with and without refraction (and diffraction); 
most results shown in Figs. 7-16 are without refraction (the effect of 
refraction is to reduce the forward peaking and to enhance the backward 
angle cross sections, see Figs. 13 and 14). We note that refraction and 
finite-size effects are treateddifferently in PRANGand ALICE. In PRANGa 
truncated Legendre-polynomial expansion (66) isadopted. Furthermore an 
adjustment has been made to obtain f,-valuesthatare in agreementwiththe 
systematics: see dashed curves in Figs. 5 and 6. This adjustment ensures 
that the scattering kernel remains positive at all backward angles [761. 
Other applications of this theory have been reportedby Reffo etal. [65]. 

4. Angular distribution from wet reaction model8 Using PWBA have been 

applied in the code SECDIST [14, 46, 471. With this method isotropy is 
assumed for all contributions with n>5, whereas for n=3 the angular dis- 
tribution from a simple PWBA model is used for one W.lUe of L (L=3 was 
selected in the present exercise), see Refs. [46, 471. The contributors 
claim that this choice is based upon shell-model considerations. This 
approximation was made as a first attempt to solve the benchmark problem 
within the limited time available. Related methods have been proposed by 
Sal*nikov [70]andLuk'yanovetal. [71]. 

The results of the calculations are displayed in a series of figures 
(5-16). First we discuss the figures where reduced Lesendre COeffiCiewhave 
been plotted. This method of representation separates the angle-integrated 
and angular distribution parts of the cross section. Unfortunately, we have 
notin all cases the data expressedinthis representation. In Figs. 5Aand 6A 
the results of the first three approaches are given (codes GNASH, TNG, PRANG). 
Figs. 5B and 6B give a detailed comparison between the original Kalbach-Mann 
systematics (used in PRECC-D2) and the results of GNASH and PRANG. We note 
that there is a quite goodagreementwiththe f, and f, Coefficients, indicat- 
ing that the models describe the multi-step direct part of the cross SeCtiOn 
surprisingly well (note that there are no fit parameters used in the PRANG code 
for the odd-order Legendre coefficients). For the second-order coefficient 
f,, there are some problems, in particular at low outgoing energies (see 
results at 25.7 rev), but also with regard to the absolute values. The 
(adopted) PRANG curve labelled **adj" has been adjusted to "SyStematiCS", with 
a renormalisation factor (actually a different value of p', see Ref. [19]). It 
is interesting to note that the (multi-step) compoundcon 2 ribution at low out- 
going energies is relatively high in the code TNG for the incident energy at 
25.7 MeV (Fig. 6), in contrast to the situationat14.6 MeV (Fig. 5). Since the 
TNG code should give rather exact results at low Outgoing energies, it seems 

that this is some failure of the other models (in the original KM SyStematiCS 
the MSC angular distribution is probably overestimated at low Outgoing ener- 
gies; see Figs. 5B. 6B). 

Our preliminary observation is that a multi-step compound component might 
be needed to increase the values of the even-order coeffic,ients at low emission 
energies. This increase should probably be much less than predicted by the 
original (unmodified) Kalbach-Kann systematic6 (see Figs. 5B and 6B). On the 
difference (at low emission energies) of the TNG results at 14.6 and 25.7 MeV 
the readers should inspect the notes to table 6 (TNG), which indicate that f, 
might be overestimatedby TNGatboth incident energies. We conclude the addi- 
tional I&C-compound is probably quite small. 
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Next we discuss the graphs (Figs. 7-U), where the m 
Gross SeCw are given for three different outgoing energies andtwo differ- 
ent incident energies. It has tobe notedthatthe outgoing energies may not be 
exactly the same andthatthey may also represent an average over some outgoing 
energies. Furthermore, as the angle-integrated cross sections are not the 
same, the absolute values are different. Therefore we restrict ourselves to 
discuss here Only the shape of the curves. 

The reSUltS of the codes PRECC-D2, TNG, PP.ANG with adjusted kernel for f, 
(see Figs. 5A, 6A), E'REANGl, ALICE, AMAPRE and GNASH are indicated in Figs. 7 
to 12. The GNASH results (modified KM systematics) are indicated by a full 
curve. 

In the codes PREANGl and PP.ECC-D2 (option TNL-2 has not been plotted) only 
first-emitted neutrons are considered; therefore the El-range has been 
restricted to high values. The ALICE (LLL3) data are only given for the pure 
n-n scattering (no refraction nor finite-size effects; see below). The SEC- 
DIST results are not available in this form; they are discussed in the last 
paragraph of this section, see Fig. 18. 

The experimental data in Figs 7 to 12 are from the recent measurements 
of Takahashi et al. [37] at 14.15 MeV and of Marcinkowski et al. [38] at25.7 
NeV . No corrections have been made for the elastic peak. Corrections for mul- 
tiple scattering have only been made in the 25.7 MeV data; important cor- 
rections for this effect are needed in the 14.6 MeV data at low emission 
energies. 

We conclude from Figs. 7 to 12 that the calculated shapes of most calcu- 
lations are in good mutual agreement (the ALICE data have a different shape; no 
refraction effects have been included; the PREANGldataare systematically too 
low at backward angles). The comparison with experimental data is difficult, 
in particular at 14.6 MeV. The fact that the angle-integrated &ta were (in 
most cases) fitted to the systematically higher data of Hermsdorf et al. [39] 
has to be considered. Still, the angular dependence is roughly reproduced by 
most codes, except for the PREANGl results (corresponding to an early model), 
and the ALICE results (without refraction). 

Finally, we inspect the annular distributionsas given in Figs. 13to16 at 
two incident energies and two outgoing energies in the precompoundrange. The 
effect of refraction to the ALICE results is shown in Figs. 13 and14. The 
same symbols are used as before. The experimental data in Figs. 13 to16were 
obtained by the compilers by averaging over intervals of 5-7 MeV and 7-9 HeV, 
respectively. The "error bars" are very conservative: they indicate the mini- 
mum and maximum values in the intervals. Please note that the incident 
energies in Figs. 13 and 14 vary by angle: at 15* the value of E’ is14.85MeV, 
leading to relatively high cross section Values; at 143' the Value of E' is 
13.47 MeV, probably leading to too low cross SeCtiOn Values. Furthermore, 
there is some structure in the data at 7-9 MeV (a "peak" appears at 30" and 
374). The experimental data in Figs. 15 and 16 are from Marcinkowski etal. 
[38]without further corrections. 

The calculated dataare different in absolute value. This is partly due to 
differences in the value of El (alowvalueof E’ means ahigher cross section) 
and partly due to differences in the angle-integrated cross SeCtiOnS. The 
shapes of the PRANG, AMAPRE, TNG, GNASHandPRECC-Dresults are quite Consist- 
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ent (Figs. 13-16), in agreement with the picture given in Figs. 5, 6 (Legendre 
coefficients). The PREANGl(TRM2) results showlowbackward-anglevalues. The 
ALICE (LLL3) results are clearly different in shape compared to all other 
results: there is considerably more forward-peaking whereas the backangle 
cross sections are too low. Quite similar results are obtained with the PRANG 
code if pure n-n scattering withoutrefractionis adopted and if a large number 
of Legendre polynomial coefficients are used (not shown in figures). However, 
in the results with refraction effects and finite-size effects included (LLL4) 
the forward-peaking is very much decreased, whereas the backward-angle con- 
tribution is increased; see Figs. 13 and 14. 

Comparison with experimental data is difficult because there are serious 
discrepancies, in particular between the data of Hermsdorf et al. [39] and 
those of Takahashi et al. 1371 and Kammerdiener [73], sea Fig. 17, suggested 
by Bahn and Jahn. Still, some conclusions are possible. First of all we note 
that at backward angles most theories are probably not too bad (PREANG1i.s too 
low). At forward angles the experimental data athigh outgoing energies might 
indicate that improvements are necessary (Figs. 15, 16). We feel that the for- 
wardpeaking of ALICE (LLL3) is far toomuchwhereas that of the the other codes 
could be somewhat too small. In fact, the ALICE results agree better with data 
measuredby Takahashietal. (or Kammerdiener's data) thanwiththose of Herms- 
dorf et al. The results of the other codes are in better agreement with the 
data of Hermsdorf et al. It is of prime importance to find the reason for the 
discrepancy in the experimental data (Fig. 17). 

The results of SECBIST (KfK) are givenon a separate graph (Fig. 18). pro- 
vided by the participants. The calculations arebaseduponaPWBAmethod, whe- 
re one value of L (transferred angular momentum) has been selected (L=3), as 
shown in Fig. 18. The 25.7 MeV results are preliminary. The contributor 
remarks that these results show a diffraction patterntypicalof PWBA approxi- 
mations; for L=3 also aminimumat forwardangles appears. 

We note that the PWBA method has some well-known deficiencies and in most 
applications the PWBA is replaced by the DWBA method. We also note that from 
eXperimentalevidencethe cross section is high in the forwarddirection. 

6 Photon-Dmduction rmctra 

Total photon-production spectra have been calculated at E=14.6 MeV by the 
codes STAPRE (IRK, LLL-1). GNASH (LAS, JAE), TNG (ORL), EMPIRE (IBJ) andPEQGM 
(SLO). 

The first two codes are well-known andare documented in Refs. [l-3]; they 
include angular-momentum conservation and follow the I-ray cascade untileven- 
tUally discrete levels with known branching ratios are reached. The photon 
emission Spectra from the continuum and from the discrete levels are accumu- 
lated from all reactions. In the continuum El, Ml and E2 transitions are con- 
sidered. The T-ray emission is treated as in the compound model: no 
n-dependent g-ray emission rates are used. Pre-equilibrium effects are the 
result of different populations of the states. In these codes the 
spin-populations of the states that emit r-rays (or particles) are not 
affected by pre-equilibrium emission. No direct and semi-directr-emission is 
calculated. 
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In the codes TNG [7] and EMPIRE [4] similar methods are followed for the 
Calculation of ,-ray emission data (as compared to STAPRE and GNASH), except 
that the spin-populations are affected by pre-equilibrium excitation. 
HOWeVer, no n-dependent7-ray emission rates have been introduced. 

The last-mentioned code PEQGM [9] does not account for angular-momentum 
conservation nor for excitation of discrete levels. It has, however, the 
interesting feature that precompound T-ray emission is considered. This is 
important for the (n,T) reaction at high energies. In the model of Bgtrtdk and 
Dobeg [62] there is an n-dependence in the 7-emission rates; furthermore only 
transitions with An = 0 or -2 are allowed. The Brink-Axe1 estimate has been 
generalised to include an n-dependence. Thisleadsto enhancedr-ray emission 
from simple states; no external calculation of direct and semi-direct 
reactions seemstoberequired [63], cf. [76],[93]. 

The results of the photon-production spectra at E=14.6 Mev are displayed 
in Fig. 19. The T-ray data in Tables 2 and 5 are alS0 relevant in the dis- 
cussion. Details about the calculational methods and constants are given in 
the participants' notes to Table 6. 

From Fig. 19 it is seen that there iS good agreement between the various 
codes at emissionenergies above 2.5 MeV except for the results of PEQGM (JAERI 
results have not been plotted, Since there seems t0 be an error in the 
results). The PEQGM results show the giant-dipole resonance in the 
(n,7)-spectrum and are also higher at most other energies. Please note that 
also the equilibrium results are much higher than correspondingvalues calcu- 
lated by other codes (Tables ZA, B). Furthermore, the (n,rx) cross section 
calculated by PEQGM seems to be too high compared with experimental data (see 
Tables 2B and 2D). 

At low energies (below 1.34 MeV) the T-rays from discrete inelastic Scat- 
tering contribute. Please note that the data plotted are actually grouped into 
bins of different sizes for the various contributions. 

The codes reviewed in this COmpariSOn are divided into three classes, 
broadly described as Hauser-Feshbach with precompound option, Exciton model, 
and (Geometry-Dependent) Hybrid model. Within each class the codes differ in 
the ways summarised in Table 6 (see also participants' notes to Table 6). and 
in the following discussion. 

We do not discuss here the fully quantum-mechanical theories of 
pre-equilibrium reactions as proposed recently by Feshbach et al. [50] andby 
Tamura et al. [51, 52-J. These models have recently been reviewed at a confer- 
ence 1611. Also not discussed is the much simpler model for direct reactions 
proposed by Luk'yanov et al. [71]. The last-mentioned authors neglect emis- 
sion from states with exciton number larger than 3 (n = 3 is in all models the 
most important pre-equilibrium component). We refer to a review by Sal'nikov 
[70] for further discussions on this model. A critical review of precompound 
models has recentlybeengivenby Jahn [47]. 
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A. ion 

These use the I-&user-Feshbach formalism which ensures angUlS.r-mOflentUm 
conservation and allows the cross sections of reactions to discrete final 
states to be calculated. They are applicable over a large energy range (at low 
energies a width-fluctuation correction is applied) but are expensive to run 
because of the imposition of angular-momentum conservation and the largememo- 
ry required. The angular distribution to continuum states is Calculated Only 
by TNG ('generalised" BF theory) and in the GNASH-contribution (modified KU 
systematics). All codes except EMPIRE use the exCitOn model for the 
pre-equilibrium part (EMPIRE uses the GDH model, see below). Pre-equilibrium 
is treated as a correction in all codes except PERINNI where there iS no sepa- 
ration between equilibrium and pre-equilibrium. The spin-parity population is 
assumed to be unaffected by precompound effects, except in the TNG, PRAKG and 
EMPIRE codes. Host codes give the energy- and angle-integrated Cross 
sections, the angle-integrated particle Spectra, multi-particle emiSSiOn and 
gamma-ray cascades. Level densities are obtained from the Gilbert and Cameron 
or backshifted Fermi-gas formulae [21, ZZ], and the particfle-hole density from 
the formula of Williams [23] with various corrections. The cross sections to 
discrete levels may always be calculated, but not always their pre-equilibrium 
contribution. Internal transition rates are obtained by the formulae of Wil- 
liams [23] or Of Obloxinsky [24]. The R- and Q-factors in the emi.SSiOn rates 
are usually normalised to unity for large n, and the special case of 
alpha-emission is treated in a variety of ways. Inverse reaction cross sec- 
tions are used in the pre-equilibrium part (except for PERINNI, TNG and 
EMPIRE). Gamma-ray emission is included using specific expressions for the 
El, Ml and E2 emission rates, where the El-emission is based upon the 
Brink-Axe1 estimate. The spin-parity population is assumed to be unaffected 
by pre-compound effects, except in the TNGcode. 

B. Exciton mcdel coder 

These codes donot include explicit angular-momentumConserVation andhave 
no large memory requirements and soare simple and fast, although there is more 
sophistication in the precompound aspects of these codes than introduced in 
most Of the Class A codes. The Weisskopf-Ewing model is used, extended to 
include pre-equilibrum. It therefore does not give Cross ,SectiOns to discrete 
final states, and so is restricted to higher energies (> 5MeV). These codes 
are particularly suitable for phenomenological studies, studies on the effect 
of various model assumptions, and parameter search, in particular at energies 
high enough above thresholds (due to level-density breakdown). They may be 
less useful for a complete data evaluation, although recent improvements (lev- 
el density, r-ray competition, multi-particle emission, angular distribution) 
are very promising and it is eXpected that in the near future these codes may 
successfully compete With those of class A, at energies above 5 KeV 1761. It 
also seems very well possible to introduce discrete-level excitation (without 
accounting for spins and parities). Host exciton codes use a master equation 
and treat equilibrium and pre-equilibrium in a "unified" way. In general they 
still have less options than codes of class A. The level-density formula of 
Williams [23] is used, often with g = A/13 MeV-' (which is rather too simple). 
Except for PEQGM there is no gamma emission included. In the last-mentioned 
code exciton-number dependent r-ray emission rates have been introduced [62]. 
Angular distributions are calculated by several of these codes, using the 
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method of Mantzouranis et al., 1451. recently improved by using the 
angle-energy correlatedintra-nuclear scattering kernel [19], or by using sys- 
tematics (separating multistep compound and multi-step direct contributions) 
1151. 

C. (Geomctrv-Dcmndent) ltvbrid Modal Codes 

These models Originate from the work by Blann, see for example the review 
[34] and the recent paper [13]. The "hybrid" model is intended as a combina- 
tion of the exciton model and the Harp-Miller-Berne model (see [34]). Its 
structure iS very similar to the "never-come-back" approximation of the exc- 
iton model; however, different eXpreSsiOnS for the mean lifetimes are used. In 
particular, the mean lifetime of the hybridmodel refers to the particle under 
consideration and hsl :e depends upon outgoing energy L, whereas in the usual 
exciton modelit is lrelatedtothe nuclear system as awhole and is only a func- 
tion of n. This results in a different expression for the internal transition 
rate A+(S) that is derived from the concept of mean free path, rather thanbya 
parsmetrization of 'the average transition matrix element aa> and also in a 
different expression for the emission rate h (t) occurring in the mean life- 
time. These different points of View have given rise to ample debate (see for 
example [35, 361). 'Very recently the differences between the hybrid and exc- 
iton model have been; discussed in Refs. [77,84]. For the present purpose it is 
important to note that the different s-dependence causes differences in the 
shape of the emission Spectra of the two models, see Figs. 1, 2 (LLL-2 is a 
hybridmodel). 

In the geometry-dependent Versions of themodel (LLL-3, KfK, IBJ) adecom- 
position is made acc!ording to incoming orbital angular momentum 1 in order to 
account for the effects of the nuclear-density distribution [34]. This leads 
to increased emission from the surface region of the nucleus, and thus to 
increased emission (of high-energetic particles , as can be clearly seen from 
Figs. 1 and 2. It seems not necessary to adjust the parameters in the 
expression for A+ in the reported GDHappliCations. This may give some confi- 
dence in their pre%ctions. 

The (GD)H models need to be supplemented with an evaporation model for the 
equilibrium part. Recently, the precompoundpart has beenrevisedto describe 
multi-particle emission [13]. It has to be notedthatthe (geometry-dependent) 
hybrid model basically is an inClUSiVe model, in Contrast to the eXClUSiVe exc- 
iton model; see e.g. [77]. No angular-momentum conservation nor r-ray compe- 
tition is included in the pre-equilibrium part of the original model of Blann, 
also used at KfK [47]. These features are however introduced in the EMPIRE 
code (IBJ), that belongs to class A. At KfK a separate BF code HAFKA4 is used 
for the equilibrium part. 

Recently, Blann et al. [ZO] have extended the GDH model with angular dis- 
tributions, using tile Kikuchi-Kawai expression [45], folded Using the method 
of Mantzouranis et al. [17]. Basically, the approaches [19] and [ZO] are 
equivalent, though there are mathematical differences and the GDH model is 
used rather than the exciton model. At KfK the PWBAmodel is used to fitangu- 
lar distributions by Selecting a Value L (transferred angular mOmentUm), see 
[47] andsect. 5. 
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8 !Zonclurions 

In the present exercise the following codes were intercompared: 

(A) (B) (Cl 

JJF + orecomwund m$QL@Q&& _EDIimod~l 

STAPRE (IRK,LLL) PREM (TOH) 
GNASH (LAS,JAB) PRECO-~2 (TNL) 
HAUSER*V (TRM) PRBANGl (TRN) 
PERINNI (ECN) PRANG (ECN) 
TNG (ORL) PEQGK (SLO) 
EMPIRE (IBJ) AMAPRE (TUD) 

ALICB/LLLS4 (LLL) 
SECDIST/HAKA (MFM) 
Emm (IBJ) 

A comparison of them in these models was made. Promising 
new developments are the attempts tonunify" the precompoundand compoundmod- 
els (PERINNI, TNG, PREANGl, PRANG, PEQGM). to include multi-particle emission 
(almost in all codes) and r-ray emission (class A and PEE9l.I) and to describe 
angular distributions of continuum-particle emission (see below). 

The OVerall results of the calculations of ansle- and enerov-in&orated 
cross sections are quite consistent for the neutron-scattering reactions 
(n,n') and (n,Zn). For the much smaller (n,p) and (n,a) cross sections large 
deviations were found. There are no distinct differences between the results 
of the much more expensive codes of class A and those of ClasSeS Band C (at 
energies above 10 MeV). This statement is true for the main quantities in the 
comparisons; it is not true in the sense that the class A codes provide more 
information than many of the smaller codes (e.g. discrete level excitation 
data, discrete T-ray cross sections, isomeric state data). Action is neededto 
check the internal consistency of multi-particle emission in the codes, to 
improve the a-particle emission cross sections, to check the energy mesh and 
integration procedures in the codes andtoassure correspondence between level 
density and experimentally observed level schemes (in classes B+C). 
Angular-momentum conservation and r-ray competition are probably less impor- 
tant at high energies (for the main quantities in this comparison). 

The calculatedanole-inteorated neutron emission spectraat14.6 MeV inci- 
dent energy are consistent from emission energies of 1.5 to 10 MeV, but there 
are problems at the lowest emission energies (evaporation peak) and at the 
highest emission energies (direct excitation of collective states). At low 
emission energies the grid size needs to be finer in general; at high emission 
energies level-density effects (pairing), geometry effec!ts (GDH models give 
highest distributions) and effects of '*discrete*' levelexc!itation (CC or DWBA) 
play a role. More problems were generally encountered athigherincidentener- 
gies, where most codes underpredict the experimental data at high emission 
energies, indicating the presence of direct-collective excitations. In this 
respect the GDH codes give a better shape than most other codes, probably due 
to the "geometry effects". Again, noclear preference for the use of class A, B 
or C followed from the calculated results as compared to experimental data. 
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Finally, the an9uls.r distributions of continuum neutron emission were 
intercompared. The four methods used are: 

1) SySteItM.iCS of Kalbach and Mann (PRECG-D2; GNASH) 
2) Generalised RF (TNG) 
3a) Fast-particle method of Mantzouranis et al. (PREANGl) 
3b) Angle-energy correlated intra-nuclear scattering (PRANG; AKAPRE, 

ALIcE/LLL84). 
4) PWBA (SECDIST/RAFKA). 

The reSUltS of GNASH, PRECG-D (method l), TWO (methodZ)and PRANG, ANAPRE 
(method 3b) are quite COnSistent for the odd-order (reduced) Legendre coeffi- 
cients. For the even-order coefficients methods land 2 give higher values at 
lowemiSSiOn energiel5. This last-mentioneddivergence of method 3 is duetothe 
neglect of the anisotropy effect of multi-step compound processes. We note, 
however, that the magnitude of this effect at low energies is quite uncertain 
and might be overestimated in methods 1 and 2; see also [76]. The angular dis- 
tributions of methods l-3 at high emission energies are similar in shape, 
except for the ALICE results which are muchmore forward-peaked, at least when 
refraction effects iare not considered in the calculations. Comparison with 
experimental data, though difficult, suggests that forward peaking might be 
somewhat underpredicted by most codes, whereas the ALICE results are probably 
too high at 0'. 

The results of the present exercise are too limited to draw firm conclu- 
sions on the domain of validity of the models. In general the extrapolation 
from 14.6 MeV to 25.7 MeV gave acceptable results, without the need to change 
any internal parameter. 

In recent years fully quantum-mechanical theories of pre-equilibrium 
reactions have been formulated e.g. by Feshbach, Kerman andKoonin [50]andby 
Tamura et al. [51, 521 and applied to analyse experimental data (Avaldietal. 
[53]; Bonetti et al.. [54, 571; Udagawa [58, 591; Herman et al. [68].). These 
theories may be used to Calculate the contribution of pre-equilibrium proc- 
esses to the reactions described in this report, and encouraging results have 
already been obtained [60,68]. A detailed comparison with unified, exciton 
and hybrid models is in progress 1611 and this should make it possible to 
improve the approximations made in these theories so that they can be used to 
calculate with rapidity and adequate accuracy the wide range of cross sections 
needed in practical applications. Some examples of this feedbackare given in 
Ref. [61]. 

Finally, we hope that in the near future new high-quality (n,n') measure- 
ments will become available in extended mass and energy regions. Such datawill 
be very helpful to check whether the physics of the models is correct. 
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Table lA 
Angle- and energy-integrated cross sections at 10 MeV 

with pre-equilibrium and equilibrium components 
RF models, unified models 

Quantity 

total 
elastic 
reactior 

nnx 

npx 

nw 

nv 

M'T 

n2ny 

n3ny 

nnm 

nm 

wnr 

n=7 

natq 

n nem 

n pem 

n aem 

n Tern 

STAPRR 
IRK 

STAPRE 
I&L-l 

294. ,294.7 
472. 473.1 
823. ,821.6 
835.6' ,841.6' 

817. 

14.9 

3.7 

,822.l 
,834.Z' 

15.6 
5.6l 
3.9 
1.9' 

298. 

520.6 

0. 

0.76 

14.8 

0.067 

3.7 

0.0085 

341. 

15.7 

4.5 

,249.o 
.153.3x 
571.7 
679.3' 

0. 
0.' 
0.70 
0.81' 

15.5 
5.51 
0.079 
0.064' 

3.9 
1.91 
0.0079 
0.0095: 

!393.9 
!513.6' 

20.1 
6.4' 
4.6 
2.7% 

4 
i 
1 

I 
I 

1 
3 

II 

GNASH MPIRE 
LAS I&3 

1294.7 
!473.2 
B21.6 824. 

.802. 
,817.' 

12.9 
2.41 
6.2 
1.2' 

799. 

23.0 

.298. 
,202.' 
503. 
613.W 

0. 
0.' 
0.53 
0.63 

,200. 

595. 

0. 
0.' 
2.6 

12.8 
2.41 
0.04 
0.04 

23.0 

0.04t 

6.2 
1.2' 
0.57 
0.66 

2305. 
2431.' 

13.4 
3.0' 
6.8 
1.9' 

1520. 
t442.l 

!394. 

25.7 

2.8 

1220. 

PI ERINNI AUSER-V TNG 
ECN-1 TRW1 ORL 

4: 290.6 
2, 467.5 
1: 823.1 

1 
1: 

795.1 ,747.7 
614.51 ,74&g*' 

17.1 5.6 
5.61 1.6l 

10.2 1.7 
2.61 1.71 
0.67 41.1 
0.89' 61.61 

1, 
1 

403.P .676.8* 
332.1*' .700.7*= 
391.e 70.9* 
481.6l 4&Z*' 

0. 0. 
0.' 0.' 
0.14 0.005 
0.20' 0.003' 

5 

17.1 5.6 
5.6l 1.61 
0.02 0.013 
0.011 0.002: 

10.2 1.7 
2.61 1.7' 
0. 0.002 
0.' 0.002: 

2 
2 

187.5 .818.6* 3626. 
296.4l .797.1*x 2697. ' 

17.3 5.6 11.5 
5.8' 5.6' 5.41 

10.2 1.7 3.0 
2.6l 1.71 3.1' 

l Oats not used in avwaqe 1Table 1D). 

.) Results of cslculstions without allowance for pro-equilibrium effects 

2 See notes dtar Tables t-4. 

'294.2 
489.1 
,796.l 
,814." 

4 
i 
3 

3 
1 

I 
I 

L 

L 

1 

L304. 
!444. 
.860. 

.846. 

.853.' 
11.3 

4.7' 
2.7 
2.6' 

LO65.* 
1008.' 
7ao.*= 
844.' 

0. 
0.' 
0.18 
0.63' 

11.2 
4.6l 
0.054 
0.15' 

2.70 
2.55' 
0. 
0.' 

-I- 

4 
2 
1 

1 
1 

1 
1 

4 

; 
2 

1 
1 

GNASH 
JAR 

F294.4 
:472.7 
.821.7 

,795.o 
,821.O' 

21.3 
7.01 
3.7 
1.21 

.258.3 
,181.O' 
529.7 
623.0' 

0. 
0.' 
4.3 
4.9' 

21.2 
6.9l 
0.08 
0.09' 

3.6 
1.21 
0.0050 
0.0054: 

!325. 
2435.1 

25.61 
12.0*' 

6.4 
4.31 

4253.0 
L210.0' 
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Angle -and energy-integrated cross sections at 10 MeV 
with pre-equilibrium and equilibrium component 

Exciton models 

PRANG 
Quantity ECN-2 

total 
elastic - 
reaction 1823.4 

nnx 1800.9 
1817.71 

wx 16.7 
4.31 

nax 5.6 
1.41 

wx 

nn'r 1293.4 
1212.41 

n2ny 506.5 
605.4' 

n3nT 0. 

nwr 0. 

vr 16.7 
4.2' 

npnr 0.03 
0.03' 

"@T 5.77 
1.36l 

nsny 0. 
0.' 

n nem 2307.5 
2423.11 

n pem 16.7 
4.31 

n aem 5.77 
1.36l 

n Tern 

PEQGM 
SLO 

1821.2 

1808.6 
1816.31 

10.1 
2.71 

4.1 
2.71 

L808.5* 
L815.5R' 

0.* 
0.*1 
0. 
0.1 
0.67 
0.80' 

10.1 
2.6' 
0.05 
0.06l 

L808.6* 
L816.3+1 

10.8 
3.5' 

5755.* 
7049.*x 

PREW PREANGl 
TOH TRM-2 

1623.4 

1799.8 
1621.6' 

23.1 
1.1' 

1162.6 
1073.31 

633.8 
744.91 

0. 
0.x 
0. 
0.' 

23.0 
1.1' 

~0. 
0.' 

2430.2 
2562.81 

23.0 
1.1' 

- 
PRRCC-El2 

TNL-1 
- 

B17. 

.704.* 

20.3 

3.7 

- 

- 

- 

- 

PRECC-D: AMAPRE 
TNL-2 (TUD) 

L817. 

L7OO.R 

23.9 

3.6 

30 



Angle- and energy-integrated cross sections at 10 MeV 
With pre-equilibrium and equilibrium componenta 

(Geometry-dependent) Hybrid models 

ALICE ALICE SECDIST 
Quantity LLL-2 LLL-3 KFK 

total 4446. 
elastic 2590. 
reaction 1709.9 1709.9 1856. 

nnx 1694. * 1648.e 1870. 
npx 39. 46. 
nax 43.5* 44.0s 
n-v 

nn'7 14ao.e 1440.r 1338. 
n2rq 213.* 205.* 532. 
n3nT 0. 0. 0. 
nw7 1.1' 3.0' 

wr 38. 43. 
wn-c 1.1' 3.01 

n=z7 43.5 44.8 
narq+nnq 0. 0. 

n nem 1920.* 192o.e 2402. 
2525.' 

n pem 30.9 43.9 
n aem 50.8 52.0 
n rem 

* Strongly deviating from warage vafues; inconsistencies. 

’ Rssuffr of cslcufsfions wifhouff s//owsnce for pra-equifibrlum affscf#. 
2 Sse notes after Tables 1-4. 

3 d nnp + 0 npn. 
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Experimental data at about 10 MeV 

Experimental value in mb; Average* 
Quantity Reference (CINDA) calculated 

total 4300 Foster and Glasgow (1971); 1OMeV 
elastic 
reaction - 

nnx 1808 f 28 
1824 f 12' 

nPx 20.0 f 10.2 
3.9 f 1.9' 

nax 4.4 f 2.3 
1.8 f 0.6' 

n7x 

nn'7 1262 f 54 
1138 f 741 

n2ny 320 Rbhaut et al. (1980); 1OMeV 549 f 44 
656 f107' 

n3rq 0 
nw 

4fl Tewes et al. (1980) 

n nem 

n pem 
n aeem 
n Tern 

2371 fl07 
2485 fill' 

* Average of results given in Tables lA, IS, 1C excluding data indicated by a l ; the 
uncertainty rapresonts the standard dwistion. 

’ Rssults of cs/cu/stions without sllowancs for pre-equilibrium effects. 
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Table 2A 
Angle- and energy-integrated cross sections at 14.6 MeV 

with pre-equilibrium and equilibrium components 

STAPRE 
auantity IRX 

total 4020. 
Blastic 2264. 
reaction 1756. 

1771.1' 
nnx 1711. 

nPx 50.6 
12.1' 

nax 9.50 

n-lx 

nn'r 266.6 

n2ny 1441. 
1644.2l 

n3n7 0. 

nnpl 2.8 

"F-r 38.0 

vw 12.2 

nw 7.9 

natq 1.6 

n nem 3166. 

n pem 53.5 

n eem 11.1 

n Tern 4130. 

STAPRE 
LLL-1 

GNASH 3MPIRE PERINNI 
LAS IBJ ECN-1 

1 XAUSER-V TNG GNASH 
TRM-1 ORL JAE 

4020.4 
2265.1 
1755.3 
1769.1' 
1702.2 
1755.3' 

55.9 
5.2' 

11.0 
1.6l 

4020.4 
2265.4 
1755.3 

4020.5 
2264.0 

1750. 1756.4 
175O.61' 

1689. 1685.7 
1735.' 1740.51 

58.9 54.5 
11.5' 4.4' 

15.9 
2.6l 3.82 

0.34 
0.56l 22.21 

$020.3 3961.0 ~018.2 
2296.3 2199. :265.0 
1724.0 1762. .753.2 

1708. 
1749.' 

35.7 
12.3' 
10.8 

1.2' 

1685.7 
1721.7l 

19.4 
12.1' 

4.5 
2.21 

14.4 

1710. 
1746.' 

44.4 
13.1 

7.3 
4.0' 

,682. 
,738.' 

60.9 

9.8 
1.1' 

342.9 
101.41 

1352.1 

0. 
0.' 
4.5 
6.2l 

332.8 287. 384.4 966.4* 250. 251.0 
97.3' 63.9= 71.71 932.4*' 25.0' 69.3l 

1369. 1396. 1332.8 718.4* 1448. ,421.O 
1644.' 1663.l 1662.4* 788.3+' 1706.' ,657.O 

0. 0. 0. 0. 0. 0.0 
0.X 0.' 0.' 0.' 0.' 
3.3 3.3 1.9 0.89 8.8 5.5 
4.3' 2.8' 0.95' 11.1' 6.5 

42.9 28.2 37.0 46.0 14.9 25.9 50.9 
4.5* 1.91 6.31 3.31 2.6' 7.1 

13.0 7.5 12.3 8.0 4.53 18.5 9.9 
7.71 3.4' 12.3l 5.01 1.1' 9.51 6.0' 

9.7 9.1 12.0 4.10 6.0 9.8 
0.91 0.6l 2.5l 2.0' 2.5l 0.71 
1.3 1.7 3.8 0.42 1.3 1.1 
0.75' 0.6l 1.3' 0.241 1.51 0.51 

3068.6 3086. 3096. 3031.1 2409.0* 3178. 1114. 
3408.0' 3396.' 3412.3' 2511.3~' 3463.' 1401.0' 

56.6 39.1 62.2 56.4 20.3 53.2 66.4 
18.3' 9.6l 14.4' 5.41 23.21 19.6 

13.7 13.4 
5.11 4.51 

3736. 3675. 
3075.' 3523. 

5.1 16.7 
5.0' 

3483. 

4.5 
2.21 

10.4 14.2 
8.01 6.3 

4203. 1041.0* 
-1 !916.01 

l Data not used in werage (Table ID). 
’ Results of cslculstionr without allowance for pre-equilibrium effects. 
* See notes after Tables 1-4. 
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Table 28 
Angle- and energy-integrated cross sections at 14.6 MeV 

with pre-equilibrium and equilibrium componenta 

PRANG 
zuantity ECN-2 

total 
slastic 
reaction 1755.8 

nnx 1697.9 
1744.4' 

nPx 47.7 
8.8' 

"UX 10.2 
2.6l 

wx 

nn'r 359.4 
99.6' 

n2t-q 1336.7 
1642.41 

n3n-f 0. 
0.' 

nw 1.7 
2.3' 

wl 34.4 
1.9' 

wnr 13.2 
6.9' 

nar( 6.9 
1.41 

*mT 3.3 
1.11 

n nem 3051.1 
3394.8' 

n pem 49.4 
11.1' 

n cLem 10.3 
2.7l 

n Tern 

PEQGM 
SLO 

L754.0 

L721.9 
L744.31 

29.7 
7.51 

5.6 
1.6l 

420.2 
159.31 

1274.7 
1552.1' 

0. 

27.1 
33.6' 

19.1 
1.0' 

10.6 
6.61 

3007.2 
3303.61 

56.8 
41.1' 

4490. 
4293.' 

PREM 
TOH 

.749.3 

.660.0 

.744.0' 
89.4 

5.5' 

244.0 
23.71 

L399.6 
L659.21 

0. 
0.’ 
0.77 
1.031 

64.3 
0.79' 

26.8 
4.8' 

3070.8 
3343.1' 

81.1 
5.6l 

PREANGl ‘RECO-D2 

TRW2 TNL-1 

,752.l .755. 

,735.3 .608.f 

15.7 53.0 

0.38* 10.0 

185.6* 

.549.7* 

6.2 

0.16 

1291.4* 

15.7 

l Data not used in merage (Table 2~7). 
’ Results of cstculstions without allowsncs for prs-equilibrium effects 

‘See notes after Tables 1-4. 
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Table 2c 
Angle- and energy-integrated cross sections at 14.6 MeV 

with pre-equilibrium and equilibrium component' 

quantity 

total 
elastic 
reaction 

nnx 

wx 
nax 
vx 

ALICE ALICE SECDIST 
LLL-2 LLL-3 KFK 

4025. 
2280. 

l741.9 1741.9 1745. 

1740. 
1740.' 

nn'r 
n2ny 
n3ny 
nnpl 

nm 
nPnT 

nLsy 
noznT+nna7 

n mm 

n pem 
n aem 
n Tern 

195.* 222. 472.a 
,137o. 1340. 1268.e 

0. 0. 0. 
53' 47.5' 

31 44.7 
53" 47.53 

30.5 31.3 
40.6 41.4 

3060. 3010. 3007.8 
3440.' 

66.5 97.6 
78.3 79.9 

l Strongly deviating from svera(ys values; inconsistencies. 

’ Results of cslculstions withouzl allowance for pre-equilibrium effects. 

* See no,es after Tables 1-4. 
1 0 

nnp + 'npn. 
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Table ZD 
Experimental data at 14-15 MeV 

Quantity 

total 
elastic 
reaction 

Experimental value in mb; 
Reference (CINDA) 

4000 Foster and Glasgow (1971); 14.5 MeV 

nnx 

nPx 

nax 51f8.0 Grimes et al. (1978); 15 MeV 

n-v 2 Prokopets 
nn*r 1300 Frbhaut et al. (1980); 14.7 MeV 

1290 Veeser et al. (1977); 14.5 MeV 

0 

51.0f8.0 Grimes et al. (1978); 15 MeV 
45 KoOri et al. (1984); 14.1 MeV 

39f2 Traxler et al. (1984); 14.1 MeV 
14t3 Grimes et al. (1978); 15 MeV 
9.9f0.8 Fischer et al. (1982); 14.1 MeV 

3150f300 Hermsdorf et al.; 14.6 MeV 

9-14 

l Average of results given in Tables .?A. 26, ,?C excluding data indicated by a *; the 
uncertainty repreosntn the standard dsviation. 

’ Results of calculations without allowance for pre-equilibrium effects. 

veragee 
'alculated 

702 fZ1 
741 f 81 

48 f18 
9.2f 3.21 

9.9f 2.7 
2.4f 1.0' 

305 f62 
79 f39' 

373 f48 
,647 f38l 

072 f53 
396 f45l 
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Angle- and energy-integrated cross sections at 20 MeV 
with Fire-equilibrium and equilibrium component 

Zuantity 

;ota1 
elastic 
reaction 

nm 

w-q 

n pem 

n pm 

n lzem 

n -fern 

TAPRE TAPRE NASH MPIRB 
IRK LL-1 LAS IBJ 

374. 372.2 
596. 695.2 
578. 677.1 
592.7 702.1 

372.2 
595.5 
677.1 670. 

571. 
679.31 
102.3 

21.7l 
18.4 

561.2 
667.' 
119.0 

8.6l 
22.0 

1.2' 

599. 

66.0 

580. 
655.5' 

69.1 
18.0% 

11.7 
0.9' 

172.2 200. 

142. 

185.8 180.2 
7.31 7.E1 

.081.7 123. 

.128.8' 189.' 
267.7 271.9 
502.81 435.91 

19.2 16.3 
30.21 23.4' 

114. 

254.6 

18.5 

207. 

41.8' 

39.2 

nnpx 

40. 

59.0 

45.8 26.6 
0.35' 0.20' 

72.8 37.4 
20.91 8.21 

43. 

8.1 

10.3 

11.2 5.0 
0.041 0.031 

10.7 6.7 
1.1' 0.91 

297. 1262.7 
)837.01 
138.9 

53.2% 
27.6 

9.2' 

i311. 
i739.' 

83.4 
33.6l 
18.2 

9.71 
1928. 
1800.' 

1158. 

123.0 139. 

24.1 15.5 

1156. 

PI 
1 

3: 
11 
U 

l! 
II 

1 
1 

3 
3 

3RINNI AUSER-V TNG NASH 
EN-1 TRM-1 ORL JAE 

377.5 
599.2 
578.3 

372.5 
724.8 
647.7 
683.2' 

1323. 374.2 
,625. 695.5 
,690. 678.7 

559.0 595.2 
561.8' 670.' 
103.1 41.2 

9.6l 23.91 
16.0 6.7 

4.41 2.1' 
0.18 4.6 
0.421 9.71 

,590. 
,659.O' 

85.1 
18.11 
14.4 

4.9' 

502.0 

147.7 

28.8 
0.91 

203.3 
3.51 

073.5 
142.31 
254.3 
465.2l 

18.0 
29.3% 

579.2* 
518.8*' 

,006-l* 
.131.6*' 

9.9 
11.41 

157. 192.9 
0.631 5.2' 

745.*= 122.9 
588.+' 285.8l 
658.. 155.1 
.027.*' 317.2' 

29.9 25.0 
42.7l 41.11 

46.9 19.1 21.7 75.8+ 
0.41 2.5' 0.31 1.4' 

55.1 22.1 63.4 71.7* 
17.Z1 7.1' 23.6l 16.5l 

16.0 
4.41 

4.1 4.6 15.5 
1.21 0.31 O.OE1 
2.6 9.7 13.3 
0.9' 4.6l 0.8' 

201.6 
749.21 
121.9 

49.31 
21.6 
13.2' 

51.1 
21.0' 

6.7 
2.1' 

3732. 
$340.' 
115. 

67.' 
22. 
15.0' 

1020. 
1598.0' 
172.8* 

60.3l 
34.8 

9.51 
1450. 
3557.0' 
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PRANG 
Quantity ECN-2 

total 
elastic 
reaction L678.6 

nnx 

nPx 

nax 

L577.1 
L661.7l 

90.0 
13.6' 
11.5 

3.41 
nrx 

202.4 147.2+ 144.5* 
3.0' O.*' 0.3*1 

L083.8 1327.7* 927.1* 
L168.61 1522.3*l 937.5*x 
272.5 81.3* 353.7* 
463.6' 123.5l 509.1' 

16.4 60 14.1 
23.4' 741 20.3' 

wr 

wnr 

34.5 16.5 58.5 
0.089' 0.' 0.0151 

55.2 42 132.2 
13.21 151 14.01 

0.9 
0.12' 

10.6 
3.31 

n nem 

n w 

I aem 

1272.8 
i775.31 
106.8 

37.71 
13.0 

5.7' 
R yem 

Table 3B 
Angle- and energy-integrated cross sections at 20 MeV 

With pre-equilibrium and equilibrium comgonent 

PEQGM 
SLO 

PREM PREANGl 
TOH TRM-2 

-- 
RECC-D:2 
TNL-1 
-- 

1677.4 1678.6 

1616.3 L492.2 
1660.91 L663.91 

58.8 186.4 
15.31 14.2l 

673. 
-- 
484.* 

95.1 113.7 

16.2 17.4 

3.4 
1.21 

3149.8 1197.1 
3447.1' 1422.9' 
118.9 181.7 

90.0' 14.0' 

5359. * 
5671.*' 

-- 

-- 

-- 

-- 

-- 

* Data not used in average lTab1.s 301. 

’ Results of cakufations without allowance for pre-equilibrium effects. 
* See notes aftar Tables I-1. 

'RECO-DZ MAPRE 
TNL-2 (TUD) 

,673. 

.464.2* 
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Angle- an8 energy-integrated cross sections at 20 HeV 
with pre-equilibrilim and equilibrium component' 

Quantity 
?&ICE 
LLL-2 

total 
elastic 
reaction 

1 

/ 

1634.6 

nnx 
vx 
nax 
nrx 

nn'? e2.* 
n2t-q 1070. 
n3ny 224. 
nwr 118.3 

nm 
wnr 

21.6 
us.* 

ncr7 
nany+nnq 

n nem 

n pem 
n lzem 
n rem 

2.1 
100. 

3130. 

144. 
110. 

126.a 
,020. 
214. 
111.' 

40.7 
111.' 

2.8 
101. 

1670. 

io40. 

161. 
111. 

2838.* 
3440.' 
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Quantity 

total 
elastic 
reaction 

nnx 

nPx 

nax 

nv 

nn1-f 

n2n-f 

n3q 

nw 

w-r 
wv 

w 
nen~ 

n nem 

n pem 
n aem 
n yem 

Experimental data at about 20 MeV 

Experimental value in mb; 
Reference (CINDA) 

1200floo Veeser et al. (1977) 

7i1 Bayhurst and Pfestwood (1961) 

Average* 
calculated 

1576 f45 
1664 f71 

98 f37 
15.9f4.81 
16.3f5.8 

2.5i1.6' 

187 f15 
4.632.5l 

1092 f35 
1163 f551 

236 f37 
402 f12W 

3185 f93 
3626 *159x 

* Average of results given in Tables JA. 38, 3C excluding data indicated by a l : the 

uncertainty represents the standard deviation. 
’ Rasulfs of calculations without allowance for pre-equilibrium effects. 
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Table 4n 
Angle- and energy-integrated cross-sections at 25.7 MeV 

with pre-equilibrium and equilibrium component 

npx 

nax 

nrx 

nn'r 

n2ny 

n3ny 

nnm 

npl 

wn7 

n nem 

n pem 

n aem 

n 7em 

:TAPRE STAPRE 
IRK LLL-1 

!922. 2919.8 
.311. 1309.4 
.611. 1610.3 
.624.6 1625.5 

.445. 

152. 

27.6 

98.1 

445.6 

815.0 

24.2 

31.5 

89.3 

6.4 

20.9 

i674. 

216.1 

36.4 

1418.1 
1594.51 
175.9 

30.31 
31.5 

0.751 

123.1 
0.81 

511.0 
159.1' 
736.1 

L349.71 
16.9 
19.9' 

36.4 
0.02' 

112.2 
11.71 

9.2 
0.002' 

22.1 
0.701 

3570.9 
k501.91 
210.4 

89.81 
37.1 

8.3' 

GNASH ;MPIRE PERINNI 
LAS IBJ ECN-1 

2919.8 
1309.6 
1610.3 608. 

2925.8 
1314.6 
1611.2 

1509. 
1598.' 

90.6 
11.3' 
10.3 

0.61l 

468. 

138. 

0.36l 

1451.3 
1582.7l 

151.7 
23.81 

8.0 
4.31 
0.11 
5.41 

111.2 
1.1' 

454.9 
183.11 
874.3 

1310.' 
23.6 
30.8' 

186. 

480. 

673. 

98.3' 

142.9 
0.46' 

452.7 
140.11 
780.0 

1309.31 
16.3 
19.0' 

21.3 
0.005' 

57.4 
5.4' 

nnpx 

40.1 

74.7 

40.4 15.9 14.8 52.6" 
0.021 1.0' 0.31 0.241 

76.9 46.3 106. 104.6 
6.0' 15.1' 37.' 13.91 

2.1 
0.001' 
8.0 
0.56l 

3.0 
8.0 
4.3' 

3837. 
&480.' 

148.8 
101.1' 

20.7 
14.81 

4184. 
4326.' 

405. 

36. 

18.7 

!943.(?) 

3652.9 
4477.6l 

151.8 
41.5 
20.6 
25.5l 

LAUSER-V TNG GNASH 
TRM-1 ORL JAB 

:920.1 
,352.g 
,567.2 
,610.3l 

2896. 2916.5 
1289. L309.8 
1607. L606.7 

,493.2 
,587.0' 

64.2 
16.1' 

7.6 
1.81 
2.2 

1465. L389.0 
1564.' L582.0' 

121. 175.1 
37.3' 23.91 
21.4 42.0 

4.91 0.71 

368.5* 
303.7*1 

083.6* 
232.3*' 

41.1 
51.0' 

90.6 120.0 
0.R' 0.6l 

363. 601.2 
57.' 242.01 

923. 583.8 
1372.' L184.0' 

77.6 45.7 
122.' 71.91 

2.2 11.0 
0.511 0.' 
4.6 19.1 
1.31 4.9' 

0.0071 
31.0+ 

0.6' 

105.3 
82.0' 

7.6 
1.8' 

3798. 
4407.' 
199. 
159.X 

31.6 
18.8l 

1358.0 
4294.0' 
249.0 
164.0' 

52.1~ 
15.91 

2091.0* 
944.2' 
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&antity 

total 
elastic 
reaction 

nnx 

nPx 

nax 

nrx 

w 

npn7 

n=r 

na-r 

n nem 

n pem 

n rzem 

n yem 

Table 48 
Angle- and energy-integrated cross sections at 25.7 MeV 

with pre-equilibrium and equilibrium component 

RANG PEQGM ‘REM REANGl 
CN-2 SLO COH ml-2 

610.3 1610.0 1610.3 510.3 

496.6 
589.21 
134.3 

17.51 
6.4 
3.71 

1521.5 
1584.9l 

86.3 
24.0' 

542.7 

59.0 

0.5 

2.6 
1.1' 

L328.4 
L581.71 
282.2 

25.5l 

134.7 75.0 
0.11' 0.*x 

472.4 495.7 
169.8l 257.11 
806.5 856.5 
,332.l' 1280.41 

20.4 100.1 
18.71 +npnya 

101.1 
0.051 

371.2 

69.4* 

804.5 
1414.31 

19.3 

413.5* 

25.6 11.9 45.0 
0.003' 0.' 0.000~ 

82.3 100.1 186.2 
5.1' +npnT' 6.6' 

6.9 

52.1 

0.12 
0.006' 
6.18 
3.51 

1727.8 
,518.l' 
186.0 

97.1' 
10.8 
11.31 

3873.7 3586.2 
4524.8' 4355.91 

180.7 261.3 
141.71 22.6l 

0.006 

0.5 

4553. 

-- 
RFXO-D 
NL-1 
-- 

606. 
-- 

380. 

134. 

19.1 

-- 

-- 

-- 

-- 

RECC-DG MAPRE 
NL-2 (TUD) 

606. 

895. 
293. 
602. 

352. 

160. 

21.2 
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Table 4c 
Angle- and energy-integrated cross SeCtiOnat 25.7 MeV' 

with pre-equilibrium and equilibrium componenta 

Quantity 

toe.1 
elastic 
reaction 

nnx 
vx 
nax 
wx 

ALICE ALICE SECDIST 
LLL-2 LLL-3 KFK 

2879. 
1330. 

1575.6 1575.6 1549. 

1540. 

nn'r 
n2ny 
n3n-f 
nnm 

nm 
nsw 

n=7 
nany+nna-f 

n nem 

n pem 
n oem 
n Tern 

47..6* 97.4 
313.. 303. 
856.. 802. 
120. 127. 

14.2 34.1 
120.' 127.' 

0.09 0.09 
109. 108. 

3670. 3520. 2520.s 
304O.R' 

229. 250. 
13.3 13.2 

* Strongly deviating from average vsfuss; inconsistencies. 
’ Results of cslculationr without allowance for pm-equilibrium affects. 

P See notes after Tables 7-4. 

f 0 nnp + 'npn. 
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Table 4D 
Experimental data at about 25.7 MeV 

Quantity Experimental deta in mb 
AVere.9~ 
calculated 

total 
elastic 
reaction 

nnx 

nPx 

nax 

VX 

1453 f65 
1585 f 91 

137 i54 
23 f 7.3' 
10 ill 

2.4f l.ll 

nn'T 116 f29 
0.5f 0.41 

n2rq 438 f83 
172 f61' 

n3n7 792 f00 
1319 f64l 

nnm 56 f40 
47 f351 

n nem 

n pem 
n aem 
n Tern 

3639 f154 
4444 f7W 

l Average of results given in Tables 4A, 48, 4C excluding data indicated by a “; the 
uncertainty represents the standard deviation. 

’ Results of calculations without allowance for pra-equilibrium effects. 
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NOTBS To TABLES l-4 

All cross sections are given inn&. Data in parentheses refertothe equi- 
librium calculation Without prior allowance for precompound contributions. 
Data indicated by an asterisk (*) are ~'probably wrongtv; they have not been 
included in the average; see comments below. The uncertainty in the average 
represents one standarddeviation. 

The meaning of the quantities is as follows: 

total 
elastic 

reaction 

nnx 
vx 
ne 
nrx 
nn'r 
n2nI 
n3ny 
nwi 
w 
vn 
n=7 
ne:nV 
n mm 
n pem 
n eem 
n Tern 

total cross section 
shape-elastic cross section (the compound-elastic cross section 
is Very small at these energies) 
total reaction cross section (or compound-formation cross sec- 
tion) 
first-neutron emission cross section 
first-proton emission cross section 
first-al:pha emission cross section 
first-T-:ray emission cross section 
inelastic-scattering cross section 
(n,2n) cross section 
(n,3n) cross section 
(n,np) cross section 
(n,p) cross section 
(n,pn)+(a,np) cross section 
(n,a) cross section 
(n,an)+(n,ne) cross section 
total neutron-production cross section (without elastic scattering) 
total proton-production cross section 
total alpha-production cross section 
total photon-production cross section 

M (IRK), S. Wilboolsak, B. Strohmaier, M. Uhl. 

Two values of 0 are given; the second ValUe corresponds to a slightly 
different incident egergy at which the statistical precompound/compound cal- 
culations were performed. NO equilibrium calculations have been submitted. 
Total I-ray production data are given at 14.6 MeV. 

Drs. B. Strohmaier andM. Uhlsuggest that the different partitionof neu- 
tron emission into (n,n'y) and (n.2ny) observed in the STAPRE-IRK and 
STAPRE-LLLl, GNASH-LAS reSUlts could be duetothe pairing correction used for 
pre-equilibrium decay. "This pairing correction is certainly the reason that 
our neutron production Spectra as displayed in the graphs is below the reSUltS 
of some other codes.U* 
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STApRE (LLL-1). D.G. Gardner, M.A. Gardner. 

Two values of d are given; the second value corresponds to a slightly 
different incident eAergy at which the statistical precompound/compound cal- 
culations were performed. Total ~-ray production data are given at 14.6 MeV. 
Modified r-ray strength functions were used, though with the Same abSOlute 
values as statedin the specifications. 

m (LAS), P.G. Young 

The data above 10 MeV have been revisedbytheauthor (new integration rou- 
tine). 

Note that this code also belongs to class C. Total and e1a.Sti.C cross sec- 
tion not given. Equilibrium data given only for E=14.6 MeV. Notethato is 
given rather than 0 

nnpx 
nnp( * 

The (n,a) cross sections are not given, because no pre-equilibrium mech- 
anism& consideredinthe a-channel. 

Please note small inconsistencies between o and o + e , because of 
neglect of a-channel. The data in Tables l-5 haveTbeen co~?%cte&%cordingto a 
revision of the author (June 1984). The spectrahave not been correctedbecause 
the changes were relatively small. 

PERINNI (ECN-l), H. Gruppelaar, H.A.J. van der Kmp. 

The calculation is based upon the level-density formula of Williams, 
renormalised to the back-shifted Fermi gas model, rather than the Gilbert- 
Cameron formula that is used in other codes for the CalculatiOn Of the compound 
part. No photon-productiondatagiven. 

HAUSER-V (TBM-1). S.B. Garg, A. Sinha 

The value of or in the equilibrium calculation is somewhat different from 

that used in the precompound/compound calculation. The ValUeS of onN[, 0 npx' 
0 

nlzr ' 'nnem' o npem ' 'neem 
were calculated from the other across sections by com- 

pilers. Note that 0~3~ is lacking; this leads to relatively low values of onnem 

at 20, 26.7 MeV. No photon-production data given. The values of o nn'7 and 'n2n 
are quite different from the other data. 

m (ORL), C.Y. Fu. 

Theangle-integratedcross sections were calculatedwithl-MeVbins, which 
is apparentlytoowide for the (n,Zn) and (n.3n) cross sections near thresholds 
(Tables 1A. 3A). 

46 



m (JAE), K. Shibata. 

Revised results (September 1984) have been displayed in the tables. The 
(n,p) cross sections are still relatively highandthe photon-production cross 
section are relatively low. 

pRANG (ECN-Z), H. Gru:ppelaar, H.A.J. "an der Kamp. 

No r-ray competition included (future option: see GRYPHON code [76] and 
[e31,. 

m (SLO), E. B&&k. 

The r-ray competition has been included, but a-emission has been sup- 
pressed. The values of o and o are not clearly separated at E =20 and 
25.7 MeV. The suMned~valu~~narelO~~(SS.S) mbat20 MeVand100.1 (44.%) mb at 
25.7 MeV. 

At 10 MeV the (n,2n)-contribution is too small; the same holds for the 
(n,3n)-contribution at 20 MeV. Dr. B&&k suggests that this is caused by the 
finite energy step used and by the use of g = A/l3 MeV-1 and no pairing cor- 
rections. These effects are important, especiallywhenthe energy available is 
not high enough above the threshold. 

Please note high values of total T-ray emission cross sections. 

m (TOH), G. Keeni, S. Yoshida. 

In this code no r-ray competition nor a-particle competition has beentak- 
enintoaccount. 

The data have been renormalised by the compilers with factors 1.0422, 
0.9596, 0.9206 at E =lO, 20and 25.7 Mevtoadjust the reaction cross sections. 

The inconsistency problems between onnx and 0 nn'r +0 n2n7 +0 n3l-q 
+* 

nwr 
have been reduced by adopting a smaller mesh Size in the CalCUlatiOnS with 

pre-equilibrium component (0.10 rather than 0.25 MeV). At 25.7 MeV there is 

alsoacontribution of 43.5mb fromo anda contribution of 17.9 at o llpllll nnpn' 

PREANGl (TRM-2). S.B. Garg, A. Sinha 

Calculations have only been performed at 14.6 and 25.7 MeV. The data for 

0 nm, onpx, cnQX, o~~,.~, onpnr , enaT, annem, unpem were obtained from the =el- 

evant particle-emission spectra by the compilers. These data are quite uncer- 

tain. The compilers :have renormalised the data at 25.7 MeV by a factor 0.9191 

toadjustthe reactioncross SeCtiOn. No -(-ray Competition Was included. 

The (n,e) cross sections seemstoolow. 
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PREco-D2 (TNL), c. Kalbach. 

The differences between the two PRECO-D2 calculations are in the Q-factor 
(see notes to Table 6). 

Only first-particle emission has been considered. 

The sum of o nn"np and ona is smaller than ~~toallow for direct reactions 

producing other light ions, notably deuterons. 

AMA2 (TUD), H. Kalka, D. Iiermsdorf, D. Seeliger. 

No data givenat and20 UeV (insteaddatawere providedat and12 MeV). 
No angle- and energy-integrated reaction cross sections were given (onlyemis- 
SiOn Spectra and Legendre coefficients of angular distributions at 14.6 and 
25.7 Me!'). The SeCOndXy (n,Zn) emission Spectra Were Calculatedbythe STAPRE 
code. 

ALICE (LLL-1.2). M. Blann 

LLL-1 and -2 correspondtothe hybrid and geometry-dependent hybrid models 
programmed in ALICE/LIVERMORESZ. No r-ray competition has been included. The 
values of vnnx, 0 

wx ' 'nax are not explicitly given. 

There are inconsistencies between the sum of all cross sections and the 
total reaction cross section. 

In the present results no inclusive reactions are included (o 
etc.). In general the code calculates and prints both the inclusi"v"ex~n>% 
exclusive cross sections. 

SECDIST (KFK), I. Breeders, U. Fischer, H. Jahn, E. Wiegner. 

No p-, ZZ- and T-competition included. The division of D betweeno 

'n2ny ' On3nT could not be deduced from the contribution Of th%%thors. nn'T' 
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-5a of is- 
at 14.6 nev (mb)' 

Final STAPRF, STAPRE GNASH' EMPIRE TNG 
state IRK LLL-1 LAS IBM ORL 

93m 
Nb 132.4 179.7 144.8 59.1 65. 

(76.8) (60.4) (31.1) C-1 

92m 
Nb 460.6 482.0 559.5 474.3 691. 

(584.6) (674.0) (586.) (j' 

1 g3mNb / -- 67.5 ;EX, ;'77;, ~ 
93m 

Nb . . 67.5 46.3 27.1 
(0.7) (0.9) 

92m 92m 
Nb Nb .- .- 124.8 124.8 143.7 143.7 

(19.5) (19.5) 
110.0 ~ 110.0 ~ 
(40.1) (40.1) 

91m 91m 
Nb Nb ._ ._ 77.6 77.6 474.2 474.2 249.1 249.1 

(140.4) (140.4) (749.4) (749.4) 
I , I I I 

Table 5c Exwrimental data for activation cross sect- ~ 

1 Final state 1 Experimental value in mb ' I 

I 93m 
Nb 135 RyVeS and Kolkowski, 1981 

I 92m I 

Nb 460 Many data points I 

’ It has been pointed out by D.G. Gardner that the branchina ratio for the 13/Z+ level of 

ot 0.95 MeV es specified in the exercise is in error. Therdors, a comparison to 
data for the population of Nb-SF is not very relevant. 
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,:,, 

STAPRE (IRK) 
STAPRE (LLL-1) 
GNASH (LAS) 
GNASH (JAE) 

(A) EMPIRE (IBJ) 
PERINNI (ECN-1) 
HAUSER-v (TRM-1) 
TNG (ORL) 

PRANG (ECN-2) 
PEQGM (SLO) 

(B) PREM (TOH) 
PREANGl (TRM-2) 
PRECO-DZ(TNL-1.2 
AMAPRE (TUII) 

ALICE (LLL-1.2) 
(C) SECDIST (KFK) 

ENPIRE (IBM) 

1 2 

hSS CO& 

STAPRE (IRK) 
STAPRE (LLL-1) 
GNASH (LAS) 

(A) GNASH (JAE) 
ENPIRE (IBJ) 
PERINNI (ECN-1) 
HAUSER-V (TRN-1) 
TNG (ORL) 

PRANG (ECN-2) 
PEQGM (SLO) 

(B) PRRK (TOM) 
PREANGl (TRN-2) 
PRECO-DZ(TNL-1.21 
AMAPRE (TUD) 

ALICE (LLL-1,2) 
CC) SECDIST (KFK) 

EMPIRE (IBM) 

i&zu 
3 

quili 
rim 

IiF 
HF 
HF 
HF 
l-IF 
HF 
IiF 
HF 

WE 
WE 
WE 
WE 
WE 
WE 

WE 
IiF 
HF 

10 
nterrd 
ransi- 
tion 

* 
w 
W 
+ 
l 

0  

W' 
0 

0 
0 
W 
0 
+ 
0 

l 

l 

l 

Pre- 
!quili Relation OptiOnS 

RWM COR' CP Il.6 
RWM CQR' CP M.6 

[E,NCB COR CPA M,6’ 

[E,NCB COR CP M,6 
iDH,NC!B COR,C+ CP X.6 

ME+ UM, C' C M,3 
lE,NCB COR C Mr2 

MEC UM, C CPA M,3 

ME UM+ CPA M,6 
ME' uw+ CP M,4. 

ME UH .cP M,2 

ME UM CPA 6 

NCB’ COR' CPA 6 
ME UM CPA M,2 

:GD)H,NCB coR+ CPA M.4 
;DH,NC!B COR+ CPA M,2 
;DH,NCB cOR,C+ CP M,6 

a2> 

=136.6 
=100 
=150+ 
l 

0650' 
ix=135 
C=? 

C=650' 
K=llO 

l 

0225 
K=135 
e100 

I-factor 

G 

C 

: 

Q' 

8' 
C 
l 

E* 

C 

4 

11 

r-emis- 
sion 

p=O.ll 
p=O.25 

+ 

IlO 
r=lO* 

M' 
I4 

r=10* 
no 
no 

r=.oooz 
4 

l 

no 

no 

Level 

ensity 

GC' 
GC+ 
GC' 
GC 
GC 
BF' 
GC 
GC 

BF+ 
W 
W 
W 

BF 

BF' 
GC 
GC 

-- 

TTXIS 
ission 
zoef. 
_- 

I 
I 
I 
I 

1.T 
'. 

TTL 
I,T 

I 
I 
l 

I 
1+ 
I 

I,T+ 
I,T 
I,T? 

8 

yh level 
Sensity 

WS,g=A/13' 
ws* 
ws 

+ 
3=A/13,o" 

+ 
ws 
WS,O'. 

l 

W,g=A/13 
W,g=A/13 

ws 
W,g=A/13+ 

W 

WSf 
+ 

g=A/13,0' 

12 

pectrun 

TEG,EB 
TEG,EB 
TEG,EB 
TEG,EB 

EG,EB 
l-l0 

F ,EB 
EG,EB 

TE ,EP 
TEG,EP 
TE ,EP 

F ,EP 
F ,Ep 
E,EB+ 

TE,EB 
T?Z,EP 
EG,EB 

9 

iscretc 
levels 

YES+ 
YES 
YES' 
YES+ 
YES' 

EQ 
EQ 

YES+ 

NO 
NO 
NO 
NO 
NO 
NO 

NO 
EQ’ 

YES+ 

- 

13 

ng. 
ist. 
- 
n0 

IlO 
KM+ 
no 
no 
no 
no 
yes 

KK+ 
no 
no 

M 
KM+ 
KK+ 

KK' 
'WBA 
no 
- 

- 

14 
-ray 
,mis- 

ion 
- 

BWY' 
BWY+ 
BWY* 
BWY' 
BW* 
B* 
B' 
BW+ 

no 
B' 
no 
IlO 
no 
no* 

no 
IlO 
BW' 

- 

1 Extracted from questionnaire (Appendix E); see next pages for explanafion of abbreviations 

+ See newt pages for commen+s supplied by participants. 
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t+ Means see detailed notes JJY participants given below) 

3. &&J&&JJ 

WE Weisskopf-Bwing (evaporation model) 
HF Hauser-Feshbach 

4. Pre-eauilibrium Model Part 

ME Master-equation approach without conservation of angular 
momentum and parity 

MEC As MB with conservation of angular mOmentUm and parity 
NCB Never-come-back aSSUmptiOn 
RWM Random-walk model up to equilibrium [l, 751 

5. Relation of eauillbrium to ore-eouilibrium Parts 

IJM Unified model of pre-equilibrium and equilibrium emiSSiOn 
C With conservation of angular momentum 
COR Pre-equilibrium is treated as a correction to the Statistical 

model 
H Hybrid model 
GDH Geometry-dependent hybrid 

6. Outions for auantities calculated 

C Cross-sections (angle and energy integrated) 
P Particle spectra (angle-integrated) 
A Angular distributions 
MJI Multiparticle emission of Up to n (differen&) outgoing 

partic:les 

7. otal level densitv m emiliQum wrt 

GC Gilbert-Cameron [21] 
BF Back-shifted Fermi-gas model (Dilg. et al) [21] 
W Williams 1231 

8. p article-hole 

WS Williams' state density with energy shift or pairing energy 
correction [23] 

W AS WS without energy shift or pairing energy correction 
g=A/13 ¶=A/13 Uev-i 
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0’ Williams' level density with n-dependent spin distribution 

9. Discrete levels 

Yes Included in equilibrium + pre-equilibrium calculation 
EQ Included in equilibrium calculation only 
NO Not considered 

10. Internal 

Average transition probability A* = !!?! <p>o* 
h f 

f Value of mf : W Williams 1231 
0 Onlozinsky et al. [24] 

RI'> from : C=N <M'> = NA-' E-1 b.61 
K=k Kalbach formula [25] 

11. assion Rates 

R-factor: 

C Cline (without renormalisation to 1 at high Values of n: 
ref. 1261) 

Q Kalbach's Q-factor, normalised to 1 at high values of n: 
ref. [27]) 

G Gadioli et al. ref [29] 

Treatment of a-emission: 

n u-particle emission rate according to ref. [29] 
7=N Form factors with 7=N. 
VP a-particle pre-formation probability p. 
no a-emission not included. 

Transmission Coefficients: 

I Inverse reaction cross-sections used in pre-compound part 
T Transmission coefficients used in compound and Precomooynp 

part without j-dependence 
Tj As T but with j-dependence 

12. snectrum Calculatlsns 

Complexity: 

F Only first-emitted particles calculated 
T Total particle production spectra calculated 
E Rmission spectra are calculated for every reaction, and 

for every outgoing particle (e.g. two spectra for n.2n) 
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G Gamma-ray calculation possible 

Representation: 

EB Spectrum is represented in energy bins of equal width 
EP Spectrum is given by point data at equidistant energies 
No No spectrum calculation 

13. Annular Distribution Calcula$J~~~ 

KM Systematics of Kalbach and Harm 1151 for angular distributions 
in precompound part 

r Model of Mantzouranis et al., Ref. [17] 
KK Kikuchi-Kawai expression [45], see implementation in eXitOn 

model in 1191 and in GDH model in [20]. 
PWBA PWBA type Of calculation for emission from n=n. Only. 

B Brink-Axe1 formula 
W Weisskopf formula for Ill and E2 
Y Expression for Yrast line 
no No gamma-ray emission 
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PARTICIPANT8 WOl'E6 lD ZAELE 6 (inaicatadby +) 

Pre-e&J&&m oart (41 

The "random-walk" equation [l, 751 is solved rather than the master equation. 
The never-come-back assumption is & followed. Instead, the number of tran- 
sitions is limited until the equilibrium population is reached (note from edi- 
tors). 

Relation of Eoulllbri um to Pre-eouilibrium Parts (51 

The first-chance HF cross section is multiplied by the depletion factor 
resulting from the exciton model calculation. The depletion factors in the II7K 
calculation are: 0.819, 0.699, 0.569 and 0.455 for E=lO, 14.6, 20 and 25.7 MeV. 
respectively. It is assumed that the spin-parity distribution is the popu- 
lation resulting from equilibrium emission. In the LLL version equilibrium is 
defined when the popUlatiOns in the (n+2)thexciton State differ from those in 
the nth exciton state by less than lpercent. 

Total levwtv in eouilibrium Part (11 

The codes have different options. The option used was Gilbert and Cameron 

with J- z/3 @=c aUA , c=O.l%, U=E-P. 

Comments (IRK): 

0' is linearly interpolated between u1 and Ecand 0.146 fi A 2'3at u 
exp X' 

In some cases large differences were found between the results withc=0.146 and 
c=O.O888. For instance, for the equilibrium contribution to 0 the results 
at.10 or 14.6 MeV differed nearlyby a factor of 2. na.x 

For nuclei for which the level-density parameters were not specified, those of 
neighbouring nuclei of the same type were used (e.g. Nb-92 for ffb-90). 

The first energy of the continuum is chosen by the code; it may differ by upto 
0.25 MeV from the prescribedvalue. 

In the LLL version the level density at low energies is normalisedonaninte- 
ger number of levels, rather than half integer values; an appropriate extrapo- 
lation hasbeenmade. 

Particle-hole level densitv (8) 

Williams' state density formula was used with pairing correction. 

IRX-contribution: g= 5-h -1 
.' 8 3 A/l3 MeV , 

A = 12/K. 
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LLL-1 contribution: g = 5 a, a as specified (GC), 
P as specified (0~3). 

Comment by IRK: 

Discrete levels are included in both equilibrium and pre-equilibrium calcu- 
lations. For the spectra, the PEcontribution is calculated for energy bins of 
size 0.25 MeV assuming the (p,h) state density holds for all excitation ener- 
gies. For the population of the second compound nucleus the PE contribution is 
distributed among the levels in the corresponding energy bins; if a bin con- 
tains no level the contribution is assigned to the first level below it. If 
there are several levels in one bin, the weights of the contributions are cho- 
sen proportional to the results of the I-IF calculation. 

Internal transitign rates (101 

The IBE expression for the final state density is: 
+ 1 

Of 
=- 

Z(n+l) g(gE - 2 ((p+l?+ (h+1)2))2 

with g = $ $ MeV-1. 

The Brink-Axe1 formula for El radiation used at IRK is as follows: 

TF(er) = 2e3 
r 

26.02x10-*er 
2 2 L r) 

with or = 16.5 MeV, rr = 5.0 MeV, or = 16.2 mb. 

At LLL a modified shape was used, with or = 220.5 mb. 

The Weisskopf formula for Ml radiation used at IRK is as follows: 

TM1(s ) = 2n CM1 c3 
r 7 r 

with CM1 = 1.669 x 10 -9 -3 MeV 

At LLL a modified shape was used with C"i= 2.12x10-gMeV -3 

The Weisskopf formula for M2 radiation used at IRK is as follows: 

T;(y) = 277CE2e; 

with CE2 = 7.928 x lo-l2 MeV-=* 

At LLL a Jnodified shape was used with C E2 = 1.04 x 10 -11 MeVe5. 

55 



The yrast line expression used is: 

25 2 Jmax'? 2 t/ Irigid(E-8) 2 6 (IRK), 

3 or 7/2 (LLL-1). 

1. The incident energies are slightly different (abin structure is usedalso 
for incident energies) 

2. Direct and semi-direct capture has notbeenincluded. 

3. The different partition of neutron emission into (n,n'7) and (n,Zny) 
between the IRK and LLL-1 versions could, perhaps, be due to different 

.pairing corrections used in pre-equilibrium decay. This pairing cor- 
rection is certainly the reasonofthe different endpoints Of the Spectra. 

EHASH (LAS) 131 

The maximum number of particles (60) depends Only on the size of the computer 
(now cm2 7600). We will soon be increasing this capability by a factor of 10, 
when we move toacray. 

T&&.l level density in eauilibrium mart (71 

We use the Gibert-Cameron prescription with o2 = 0.0666 fi A 2/3 

at all excitation energies above E C' 

We have the calculation capability to use level densities from any arbitrary 
level-density calculation by accessing precalculated tables. 

Uscrete levels (91 

We make a crude correction to the equilibrium discrete level cross-sections 
for pre-equilibrium effects. 

rates (101 

go = A/l3 (composite); gn = A/13 (=7.15); gp = 6.50; ge = 6.10. 
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These values of go and gn, which are our default options in GNASH, agree well 
with the three given Hermsdorf fit points. For protons and alphas, however, 
our default values for g and g (A/13) overpredict the precompound point of 
Grimes' data, So I decrea&dthem%lightly. The agreement with Grimes is still 
not good, but I believe the problem might be the proton and alpha transmission 
coefficients. 

UseKalbach's expressions for pickupandknockout, reference [27]. 

Ansular distribution (131 

The expressions of Kalbachand Mann havebeen used. These aremodifiedat sec- 
ondary neutron energies < 6.5 NeV, where the coefficients are forced to go to 
0. (KY angular distributions with auxiliary code). 

Gamma-ray emission (141 

Yrastexpression used. 

GNASH (JAE) [31 

Particle-hole densitv (81 

The particle-hole density is inVOlVedinthe normalixation factor ar, i.e. 

Q = lM1' g4 /A. 

plscrete levem 

Discrete levels were ,included both in equilibrium and pre-equilibrium 
calculations. 

Internal transition rates (101 

+ 
Wf 

= g3 E2 /(p+h+l). For lM12 see (8) (above). 

Nation of equilibrium to ore-equilibrium !XrtS (51 
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Flux of projectiles of angular momentum L available for formation of 

compound nucleus is reduced by factor RL 
6 

E-Bx 
= l- $ P i(e)dc 

where x denotes neutrons and protons, 
x in channel of energy s to f + de. 

Pi(s) is probability of finding particle 

Ericson level density with standard Spin distribution of n-exciton levels 

R,(J) = (ZJ+l)(Zo')-1 exp[-(J+1/2)2/20i] where e2 = 0.28 A213 n. yrast 
"2 

lines for n-exciton configurations U 755 
yrast= A4/3cn-1,2) 

taken into account. 

piscrete levels (91 

Included in equilibrium as well as in pre-equilibrium calculation. 

TraIdtiOn rates based on nucleon-nucleon scattering cross-section with life- 
times averaged over all excitons. Average nuclear matter density along tra- 
jectory has been selected. 

Earnma-rav emission 
CM= 0.1, c!32 = 0.1. 

2 

TGDR -7 
I 

? 
= 5.45 x 10 Oi i E4 

El 
i=1 (Et- E:j2 + F:E; 

w 
TE2 = CE2 x 3.54 x lo-l3 A4'3 E; 

TW 
-1 3 

Ml = cl41 x 1.30 x 10 
ET- 

The integration step 1HeV was used for the calculations of reactions induced 
by 10 MeV and14.6 KeVneUtronS, whileinthetwo remaining cases 2 EeV Stepwas 
applied. 

No transitions between discrete levels were considered, except those nuclei 
for Which decay scheme was providedinthe exercise specification. 

YraSt lines were accounted for Only inpre-equilibriumdecay, see (8). 
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Pre-ea&J.brium model-t (41 

The solution of the (full) master equation is made in the PRANGcode, i.e. the 
mean lifetimes s(n) are calculated from a spin-independent exciton model for 
all values of n. The PERINNI code reads coefficients containing e(n). 

&J&ion of esuilibrium to ore-eouilibrium oarts 151 

There is no separation between equilibrium and pre-equilibrium parts: for 
each value of n the contribution is calculated. In this exercise the spin dis- 
tribution of the level density has been taken independent of n. There is no 
pre-equilibriumcomponentfor the eXCitatiOn of discrete levels. 

g 

There are several options in the code. For calculations With account of 
pre-equilibrium effects, the Williams' formula with a "renormalizationt8 to the 
back-shifted Fermi gas formula of Dilg et al. [ZZ] is employed (seebelow). At 
low excitation energies the value of 0% is calculated differently. 

Bxrticle-hole densitv ( 8 1 

A Venormalfsed" Williams' level-density formula was used: 

onW) = /- i 
u oWilliams (") 

a1'*("+t)5'4 n 

+Lg; " := E - A; 0' from expression of Dilg et al. with 

I eff = lrigidi r~ = 1.25 fm. 

la.tsrn=l tr=sition rates (101 
<M>' = 650 c13g),E (for g = A/l3 this corresponds to RD' = 650Am3E -1). 

This value is different from most other values, because a different 
level-density formulahas been used. 

Emission rates (11) 

In addition Q = 1 exactly for n 2 n. 

For a-emission ra = 10 at n 5 n, and 7, = 1 at n 2 n. 
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For the calculation of the mean life times (in PRANG) inverse reaction cross 
sections were used. 

aum-rav emission (W 
The Brink-Axe1 formula was wed for all nuclei, no M.2 and E2 emission was 
included; noyrast line weas used. 

HAUSER-v 161 

Internal transition rates (101 

The average transition probability of Williams 1231 hasbeenmodifiedtoallow 
for the distinguishability between protons andneutrons. 

pnission rates (111 

The a-particle emission is treated according to Ref. [27]. This includes a 
direct component. The j-dependent transmission coefficients yield a lower 
reaction cross section. The magnitude of difference varies from about 2 per- 
cent at 10 Mevtoabout 0.7 percent at 25.7 MeV. The j-dependence arises due to 
the inclusion of spin-orbit term in neutron and proton channels. The trans- 
miSsiOn coefficients have been obtained with the ELIESE-3 code and fed to 
RAUSER-V. 

wnma-rav emission (141 

The normalization varies smoothly With Aas given in the SAUSRR-V report 161. 

Particle-hole densitv (81 

Energy shift = i g (Ai - A2 (u,n)), see Ref. [16] ; 

from pairing model. 

Qiscrete levels (91. 

Weighted by o pre (Ecut)' 
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Modified Q-factor of Kalbach. 

Ansular distribution calculation (ia 

Generalised HF, see Ref. [I6]. 

The f, and f, coefficients for E=25.7 MeVare962RFfor E' =0-4 MeVand67% 
RF for El = 4-8 MeV under the followingassumptions: 

1. If the first ColliSiOn does not involve the odd nucleon, then I. = 9/2 
should not be used for calculating the formation stage (n=3) in the pre- 
compound part. Instead I. = l/2 has been used. 

2. If the first collision is uniformly probably inside the entire nucleus 
volume, then a smaller spin-cutoff parameter than presCfjiPed should'be 
used, at least for n=3. The adoptedvalue is c = 0.0886 a A . 

Due to the way TNG was programmed, the same assumptions had to be usedin both 
the precompound and compound parts Of the calculation. Therefore, the f, and 
f, coefficients for small E' had to be too high, not Only for the 25.7 MeV cal- 
culation, but for the 14.6 MeV calculation also. 

Comments (151 

The angle-integrated cross SectiOnS were calculated with l-Rev bins, which is 
apparently too wide for the (n,2n) and (n,3n) calculations near threshold. 

goft (51 re-eu" 

combined treatment of pre-equilibrium and equilibrium contributions 
(master-equation approach). 

Total leveldensitv in e~rium wrt ( 71 

Williams' formula with a "renormalisation" to the back-shifted Fermi gas for- 
mula [23]: 

OLI) = 6 
u 

.1/4 
oWilliams (") 

("+t)5'4 n 

a=g g; U = E2- A . 
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The parameters a and A have been fitted to the experimental level density 
information, as prescribed. 

Particle-hole densitv (6) 

See above. 

Internal trmrates 

The expression for a?> was: 

Note that the numerical value is larger than usual because a different 
level-density formulahas beenadopted. 

on rates (112 

Kalbach's Q-factor has been used-with Q=l (exactly) at " t n. 
For a-emission 7, = 10 at n 5 n, and 7e = 1 at n 5: n. 

Ansular distribution (ti 

The "angle-energy correlated model" as described by C. Costaetal., 1191, has 
been used. The f, -coefficient has been adjusted (renormalization) to fit the 
data of Hermsdorf et al. for a large class of elements; see dashed curves in 
Figs. 5A. 6A. Full curves representunadjustedresults in Figs. 5, 6. 

Comnwit.5 ( 15 1 

An updated version of PRANG, named GRYPHON, has been presentedat the GantaFe 
conference [761. 

Pre-equilibrium modelbart (41 

Master SqUS.tiOnS Stat? With n, =1 (lpoh). For the calculation of continuous 
Particle emission, this is indistinguishable fromn.=3. Significantdiffer- 
ence appears for gammaspectrawhere n.=l is essential [62], see Fig.19. 

Relation of -11 rium to ore-eauilip&m cart (5) b 
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All the calculations are done within the pre-equilibrium forsBliSm, With- 
out treatment of discrete levels and without any influence of angular 
momentum. The equilibrium is achieved only as a limit of the pre-equilibrium 
stage; no strict division between both parts is made. Raster equations are 
firstly integrated in time (from o to m), all the rest of calculations deals 
only with the algebraic equations for time integrals (which contain both the 
parts, the pre-equilibriumandthe equilibrium ones). 

Options (6) 

The nUmber of particles canbe easilyincreasedby simpleadjustmentof arrays. 

- e ion (14) 

See Refs. 19, 62, 631. The El normalisation constant used for all nuclei was 
1.79. 

Cl?> = F (1.6 X lO=E-l - 6.0 x 1018)/C1 

gA 

h/2x G3 =- 
n 

Am3(l.6 x 10zlEW1 - 6.0 x 1016)/C1 MeV2 

where gA=A/G, G=13, C1=7.4 and E the excitation energy in MeV. 

Emission rates (I,.) 

The expression for emission rates are given in Ref. [lo]. 

Transmission coefficients: cross sections are approximated by the Simple 
expressions 

0 = nR2, 0 0 = 
xR'(l-VC/E) 

for E < VC 
n P for E > VC, 

where R = r A1'3 (r , the nuclear radius parameter, was taken to be 1.647 
fm). This v%ue was &osen by comparing with the cross-section at 14.6 MeV 
obtained from optical-model calculations and 

VC= 1.44(2-l) 

r. (l+(A-l)1'3) 
CT; 
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q is a correction factor takentobe 0.937 bycomparingwiththe cross section 
at14.6 MeV obtained from optical-model calculations. 

States which contain an unbound particle degree of freedomare differentiated 
from those that do not. The pre-equilibrium cross-section is divided into 
multi-step direct and multi-step compound parts (n,=3). The closed-form 
reaction equations allow for h0 and h- transition which change the 
bound/unbound character of the state as Well as for four types of A+ transi- 
tions. The closed-form equations are slightly modified from those in Ref. 
1441. 

Relation of eauilibriumto ore-eauilibrium oarts (51 

I r 

-B 

epRR= $a,b)pREd= 

b=n,p,a ' 

"CN - opRR replaces ScN in Weisskopf-Ewing evaporation calculation. 

For nucleon-induced reactions ocN = 0.9 sRFN to allow for direct reactions 

involving complex particles. 

Total level densitv in-l' lbrium oar-t (71 

No angular momentumdependence is considered. The &.g& Fermi gas (to be con- 
sistent with theQ&gcomponentexciton model for pre-equilibrium) state densi- 
tyis used: 

p(E) = i exp[2(aR)1'2], a = n'g/6, 

where g is the value used in the pre-equilibrium calculations, namely g = ~/13. 

Particle-hole plensitv t9l 

Williams~ state density is used but with a slightly different A 
PA: 

p,: 
Ap,h = -;7- - 

p(p+l)+h(h+l) 
49 

with pm = max (PA). 

This formula with finite-well depth COrreCtiOns applied for h = 1,2 is the 
starting point for the derivation of the densities of boundand unbound config- 
urations (i.e. states without and with unbound particle degrees of freedom). 
The state-density formulae (which also contain modifications to g for long 
range deviations from the equi-spacing model) are given in Ref. [43]. 
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Sew-ate rates are used for x, + + l ~ ~ , , A(a), ;((bU), x(bb), h(ub), h(bu) 

x(ub) and dbu). All are given in Ref. [43]. 

Emission rates fu 

In PRECC-DZ the Q-factor iS either Calculated according t0 Ref. [27] (as 
for the TNL-1 calculations) or (as for TNL-2) Wing the relation 

1 ;yrnin [ifn-' [;]nv-Nb -b)! h! 
(Pn-Zb)!(ps-Nb)! ' hX!hy! 

which is based on the assumption of Cadioliet al (Ref. [42]) that states are 
populated in proportion to their state densities. 

Pre-equilibrium alpha emission is treatedasthe loss of four-particle degrees 
of freedom (two protons and two neutrons). No preformation or coalescence fac- 
tor is used. Direct emission of alphas by knockout and three-nucleon pickup 
are calculated as in Ref. [27] withthemodifications describedin the PRRCO-D 
writeup [12]. 

Transmission coefficients: inverse reaction cross-sections are also USSd in 
the compound part. 

Ansular distribution calculati&D 

Kalbach-Mann systematic6 [15]arealso used for the compound part. 

Recently, a paper on surface SffeCtS in the exciton model has been written by 
the contributor [79]. 

Swctrum calculations (121 

The spectrum iS represented in energy bins of variable width. The data given 
are the mid-point values of the energy bins. 

65 



Angular distribution calculation 

The method describedin Ref. [19] has been adopted. Refraction of incoming and 
outcoming beam has been included (note of compilers: different coefficients p 
have been used as compared to the PRANG calculations; the graphs have not bee if 
included in this review, because they are difficult to read). 

The code AKAPRE is still under development. First results have been obtained 
for Nb-93, Pb-208and Bi-209, see Proc. Conf. on Neutron Physics,Kiev, 
1983. 

Main points for future improvement: 

* description of multi-particle emission of neutrons and charged particles 
near the reaction thresholds; 

* yraycompetition; 
* exciton-energy dependent level densities. 

Note: The spectrum of secondary neutrons from (n,Zn) at14.6 MeVhas 
been taken from the code STAPRE. The correspondingAKAPR8 dataare 
still in question. 

ALICE-LIVERMORE (LLL-1.2) [13l 

Pre-esuilibrium model Dart (41 

Results sent for (a) GDH model, (b) Hybrid model. 

Relation of ecruillbriumto ore-ecuilibrium narts (51 

Incoherent sum of P.E. + EQ. components, with oR depleted for P.E. prior to 
calculation of EQ. component. 

Total level densitv in esuilibrlum Dart (71 

p(E) - (B-A)-5'4 exp (2 dm) 

with Option of A being defined as backshifted value or with odd-even 
reference surface as A = 0. Results Sent for backshifted option. 

Particle-hole density (8) 

Williams' eXpreSSiOn with PaUli correction used, but g = A/20 at B=Bs 

and energy dependent with Fermi-gas dependence on 8%. 
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The internal transition rates are based on nuclear-nuclear scattering cor- 
rected for the Pauli exclusion principle; the initial exciton numbers are 
based on target N and 2, and on relative d , 0 , d 
continuum is based on simple phase space co"ni&ati&. 

Emission rateintothe 

s-emission (111 

Only equilibrium a's in results submitted; we havenotrun QFSmodel for these 
cases. 

~ansmission coefficients (111 

T1 enter GDBreSultS via o1 of entrance channel. 

Based on N-N scattering kernel for Fermi gas, folded Using GDH model. Analytic 
expressions ofKikuchiandKawai[45] used. A 3-dimensional foldingmethodhas 
been used, as discussed in Ref. [20]. Results have been submittedwithoutand 
With refraction/diffraction (In Figs. 7-16 the results without 
refraction/diffraction are presented; in Figs. 13 and14 a comparison is given 
of results with and without refraction). 

BECbIST/fWKA [l&47] 

&JJof . to -e 

The total neutron emission cross-section (E = energy of the incident neutron; 
s =energy of the emittedneutron) is calculatedby: 

do(E,r) = 
de 

[ do(E,r) 
de 

] + [ d"p) ] 
=r. pre-eq. 

The equilibrium part is calculated by the Bauser-Feshbach code EAFKA4, the 
pre-equilibrium part is calculated by SECDIST without any adjustment (o is 
depleted for the pre-equilibrium contribution prior to the calculation orthe 
equilibrium part). 

For n.=3 the geometry-dependent particle-hole densities of Blann, for I& 
those of Ericson without any corrections, are used. 
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Uscrete levels (91 

In the equilibrium calculation the discrete levels are considered as usual in 
Iiauser-Feshbachcalculations. 

In the pre-equilibrium calculations, the discrete levels are not considered 
explicitly, but the high energytailcan be interpretedas the average over the 
DWBA-results for the first discrete levels, as shown by ii. Jahn (Barwell Con- 
ference 1978) for Fe-%. 

Uternal transition rates (101 

The transition probability is calculated from the imaginary part of the 
optical potential. No fit parameter iS used other than the optical model 
parameters. 

Anoular distribution (131 

A PWBA calculation was used for emission from n=n.=3. This should be inter- 
preted as an average direct component without collective excitation [47]. The 
compound part of the emission spectrum and the contributions of 
pre-equilibrium neutrons for nt5 were assumed to be isotropic. See expression 
in Refs. [46, 471. The Value of L was selected to be equal to 3. Some 
graphs (provided by participants) are given in Fig. 18. Results at 25.7 MeV 
refer to preliminary work. No (n,2n) nor (n.3n) contributions have been taken 
into account in the angular distributions. 

Comments (151 

The editors refer to Ref. [47], containing a critical review of precompound 
models. 

Note discrepancies between experimental data of Refs. [37, 391, see Fig. 17, 
suggested by E. Bahm and Ii. Jahn [78]. The contributors stress that agreement 
between theory and experimental data is obtained without using fit parameters 
in the expression for h'(c). 
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Fig. lA Calculatedtotalneutron-emission spectra at E=14.6 MeV on aline- 
ar-1OgarithmiC scale for class Acodes. The points refer tobins. 
The GNASH results (LAS) are indicated by straight line segments in 
order to have a reference in the other figures. 

Fig. 18 Calculatedtotalneutron-emission spectra atE=14.6 MeV on aline- 
ar-logarithmic scale for class B codes. The GNASH results (LAS) 
are given for reference with other figures. 

Fig. IC Calculatedtotalneutron-emission spectra at E=14.6 MeV on aline- 
ar-logarithmic scale for class C codes. The GNASH results (LAS) 
are given for referencewithother figures. 

Figs. lD,ZD Experimental values of total neutron-emission spectraat14.6 MeV 
compared to the GNASH results (straight-line segments). The ref- 
erence for the experimental data are giveninthe CINDA data index 
(see n , exp. data). The angle-integrated data were obtained 
from a"l'eeamst-squares analysis on the originalexpsrimentalvalues 
from TUB-75 (Hermsdorf etal. [39]) and LLL (Kammerdiener 1731) at 
ECN, Petten. Those of (Salnikov et al), KGU-81 (Degtyarev et al. 
[80]) and OSA-83 (Takahashi et al. [37]) were analysed at IRK, 
Vienna (courtesy of Prof. Dr. H. Vonach). The TUD-75 dataat 6to 
9 MeV were the points at which the participants were asked to fit 
their data. 

Fig. 2A 

Fig. 2B 

Fig. 2C 

Fig. 3A 

Fig. 3B 

Fig. 3C 

Calculated total neutron-emission spectra at E=14.6 MeVon adou- 
ble-logarithmic scale for class A codes. The points refer to 
bins. The GNASH results (LAS) are indicated by straight line seg- 
ments in order to have a reference in the other figures. 

Calculated total neutron-emission spectra at E=14.6 MeV ona dou- 
ble-logarithmic scale for class B codes. The GNASH results (LAS) 
are given for reference with other figures. 

Calculated total neutron-emission spectra at E=14.6 MeVon adou- 
ble-logarithmic scale for class C codes. The GNASH results (LAS) 
are given for referencewithother figures. 

Calculatedtotalneutron-emission spectraat E=25.7 MeV on aline- 
ar-logarithmic scale for class Acodes. The points refertobins. 
The GNASH results (LAS) are indicatedby straight line Segments in 
order to have a reference in the other figures. 

Calculatedtotalneutron-emission spectraatE=25.7 NeV on aline- 
ar-logarithmic scale for class B codes. The GNASH rSSU1t.S (LAS) 
are given for reference with other figures. 

Calculatedtotalneutron-emission spectra at E=25.7 MeV on aline- 
ar-logarithmic scale for class C codes. The GNASH results (LAS) 
are given for reference withother figures. 
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Fige. 3D,4b Experimental values of total neutron-emission spectraat 25.7 NeV 
compared to the GNASH results (straight-line segments). The 
experimental points are from OH0 (Narcinkowskiet al. [38]). 

Fig. 4A 

Fig. 4B 

Fig. 4C 

Fig. 5A 

Fig. 5B 

Fig. 6A 

Fig. 5B 

Fig. 1 

Fig. 8 

Fig. 9 

Calculated total neutron-emission spectra at E=25.7 MeV onadou- 
ble-logarithmic scale for Class A codes. The points refer to 
bins. The GNASH results (LAS) are indicatedby straight line seg- 
ments in order to have a reference in the other figures. 

Calculated total neutron-emission spectra at E=25.7 MeV on adou- 
b&e-logarithmic scale for class B codes. The GNASH results (LAS) 
are given for reference with other figures. 

Calculated total neutron-emission spectra at E=25.7 MeV onadou- 
ble-logarithmic scale for ClaSS C codes. The GNASH results (LAS) 
are given for reference with other figures. 

Reduced Legendre COeffiCients f, and f, as a fUnCtiOn of outgo- 
ing energy at incident energy of E=14.6 MeV. The angle inta- 
grated emission spectrum is given at the top of the figure. The 
calculated data are obtained with codes GNASH (modifiedKM SyStem- 
atics), TNG (generalised HF theory) and PRANG (angle- energy cor- 
related model). TWO PRANG results are given for f,. 
corresponding to athecreticalandan adjusted kernel (adjusted to 
systematics, see dotted curve). The experimental data are from 
various authors as indicated; see Refs. [37,39,73,80,81,82]. 

Kalbach-Mann systematics compared to results of PRANG and GNASH 
(modified KN systematics). See further captionof Fig. 5A. 

Reduced Legendre coefficients f, and f, as a function'of outgo- 
ing energy at incident energy of E=25.7 MeV. See further Caption 
of Fig. 5A. The experimental data are from Narcinkowski et al. 
[=I. 

Kalbach-Mann systematic6 [15] compared to results of PRANG and 
GNASH CmodifiedKM SyStematiCS). See further captionof Fig. 6A. 

Double-differential neutron-production cross section at E=14.6 
MeV and f&20* as a function of outgoing energy E'. The exper- 
imental data are from Takahashi et al. [37], without corrections 
for multiple scattering (at low E') and elastic Scattering (at) 
high E'). The calculated data of GNASH (LAS), TNG (LAS) and PRANG 
(ECNZ) cover the full energy range; results from other codes are 
restrictedtothe high-energy part. 

Double-differential neutron-production cross section at E=14.6 
UeV and 8~800 as a function of outgoing energy E'. See further 
captionof Fig. 7. 

Double-differential neutron-production cross section at E=14.6 
MeV and &140° as a function of outgoing energy E'. See further 
caption of Fig. 7. Note that the measured data were obtained at at 
E=13.5 MeV. 
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Pig. 10 

Pig. 11 

Fig. 12 

Fig. 13 

Fig. 14 

Fig. 15 

Fig. 16 

Fig. 17 

Fig.19 

Fig. 19 

Double-differential neutron-production cross section at E=25.7 
Mev and &Zoo as a function of outgoing energy El. The expsr- 
imentaldataare from Marcinkowskietal. [38], without correction 
for elastic scattering. See further caption of Fig. 7. 

Double-differential neutron-production cross section at E=25.7 
MeV and 8~80~ as a function of outgoing energy E'. See further 
caption of Fig. 10. 

Double-differential neutron-production cross section at E=25.7 
MeV and 0~80~ as a function of outgoing energy E'. See further 
caption of Fig. 10. 

Angular-differential of neutron-production cross Sections at 
E=14.6 MeV and El& MeV. The experimentaldataare from Takahashi 
et al. [37], after averaging over the intervals 5-7 MeV; the 
uncertainties indicate maximum and minimum Values in this range. 
Note that the data of Takahashi et al. correspond to different 
incident energies (14.85 MeV at 0 =15O to 23.47 MeV at 0 = 143"). 
There are tWo series of data points calculated with the 
ALICR/LIVERWJRE code, with and without inclusion of refraction. 

Angular distribution of neutron production cross SeCtiOn at 
E=14.6 MeV and El-8 Me!'. Experimental data have been averaged 
over 7-9 MeV. See also caption of Fig. 13. 

Angular distribution of neutron production cross Section at 
E=25.7 keV and El-16 MeV. The experimental data are from Marcin- 
kowskietal. [38] (averagedover 16-17 MeV). Notethatthe ValUeS 
of E' are not exactly the same, leading to different absolute val- 
ues of the cross sections. 

Angular distribution of neutron-production cross section at 
E=25.7 MeVandE'z19 MeV. See further caption of Fig. 15. 

Discrepancies between experimental data on the angular distrib- 
ution of the neutron-production cross section at E 14-15 MeV and 
E' = 8-9 Mel'. The data shownare fromRermsdorfeta1. [39], Kam- 
merdiener [73] and Takahashi et al. [37] (Figure preparedby Rahm 
and Jahn [78]). 

Angular distribution of neutron-production ct'oss Sections at. 
E=14.6 MeV and E=25.7 XeV (preliminary results) for various outgo- 
ing energies according to a PWBA method as followed at KfK (code 
SECDIST). No (n,Zn) nor (n,3n) contributions have been taken into 
account. 

Calculatedtotalphoton-production spectra at E=14.6 MeV. 
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10. Codes availa8le at the Nazi Data Bank 

1. NAXE OR DESIGNATION OF PROGRAM. STAPRE 

2. COMPUTER FOR WHICH PRCGRAE IS DESIGNED AND OTIiER EAC!BINE VERSION 
PACKAGES AVAILABLE - 
Program-name Package-ID Orig. Computer Test Computer 
------------ ---------- -------------- -------------- 
STAPRE NEA 0461/02 CDC 7600 CDC 7600 

3. NATURE OF PHYSICAL PROBLEM SOLVED. Calculation of energy-averaged 
cross SeCtiOnS for nuclear reactions with emission of pafticleS and 
gamma rays and fission. The models employed are the evaporation 
model with inclusiOn of pre-equilibrium decay and a gamma-ray cas- 
cade model. Angular momentum and parity conservation are accounted 
for. 

4. METHOD OF SOLUTION. Integrations in connection with the evaporation 
formulas are approximated by summation over energy bins. For'the 
gamma-ray cascades a recursion formula is employed. The 
width-fluctuation correction factor is calculated by use of 
Simpson's rule. 

5. RESTRICTIONS ON TIiE COMPLEXITY OF THE PROBLEM. Only particle induced 
reactions can be treated. The number of sequentially emitted 
particles is limited to 6, while the number of gamma rays is 
arbitrary. Angular distributions of emitted particles and photons 
are not calculated. 

6. TYPICAL RUNNING TIME. The calculation of the excitation function (1 
< e (in) < =ZoMeV, 1 MeV steps) for a typical, neutron induced 
reaction requires approximately 200 seconds CPU time on a CYBBR 170- 
720. 

7. UNUSUAL FEATURES OF THE PRCGRAE. In addition to the activation 
cross sections, particle and gamma ray production spectra are 
calculated. Isomeric State populations and production cross sections 
for gamma rays from low excited levels are obtained, too. For fis- 
sion a single or a double humped barrier may be chosen. 

S. RELATED AND AUXILIARY PROGRAMS. Since transmission coefficients 
are needed as input data for the code STAPRB, it is advantageous to 
have an optical model code at one's disposal to generate these 
quantitites. 

9. STATUS - 
NEA 0461/02 : Arrived at NBADB September 1981 

Tested at NEADB 
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10. REFERENCES. 
M. Uhl - 
ACTA Phys. Austr. 31 (1970) 245. 
NEA 0461/02 : 
- M. Uhl and B. Strohmaier 

STAPRE: A Computer Code for PartiCle Induced Activation Cross 
Sections and Related Quantities. IRK 76/01 (1976, Upd. 1981). 

11. MACHINE REQUIREMENTS. 
126462 octal words CPU (without segmentation) on CYBER 73. 
6 local files (tape or disk) 
card reader 
line printer. 

12. PROGRAMMING LANGUAGE USED. 
NEA 0461/02 : FORTRAN-IV 

13. OPERATING SYSTEM OR MONITOR UNDER WHICH PROGRAM IS EXECUTED. 
NOS/BE 1.4 (CDC version). 

14. ANY OTHER PROGRAMMING OR OPERATING INFORMATION OR RESTRICTIONS. 
The program description contains instructions for segmentation in 
order to reduce storage requirements. 

15. NAME AND ESTABLISHMENT OF AUTHOR. 
M. Uhl 
Institut fuer Radiumforschung und Kernphysik 
Boltzmanngasse 3 
A-1090 Wien 
Austria 

16. MATERIAL AVAILABLE - 
NEA 0461/02 : 

source program, test-case data, test-case output, 
report IRK 76/01 (1976, Upd. 1981). 

106 



1. NAME OR DESIGNATION OF PROGRAM - GNASH 

2. CONPUTER FOR WHICH PROGRAM IS DESIGNED AND OTHER MACHINE VERSION 
PACKAGES AVAILABLE - 
Program-name Package-ID Orig. Computer Test Computer 
------------ ---------- -------------- ___--_______-_ 
GNASH NESC0757/01 CIIC 7600 CDC 7600 

3. DESCRIPTION OF PROBLEM OR FUNCTION - The preequilibrium, 
statistical nuclear model code GNASH calculates reaction and level 
cross sections, isomer ratios, and spectra (neutron, gamma-ray, 
and charged-particle) resulting from particle-induced reactions 
using the Hauser-Feshbach formalism along with simple 
preequilibrium corrections. Gsmma-ray competition is considered 
in detail for every decaying compound nucleus. 

4. METHOD OF SOLUTION - Multistep particle-induced reactions are 
computed through a series of populations and depopulations of 
compound nuclei involved in a specified decay chain. 

5. RESTRICTIONS ON THE COMPLEXITY OF THE PROBLEM - The program can 
handle the decay of up to 10 compound nuclei, each emitting 6 
types of radiation. For each nucleus, up to 200 energy bins and 
50 discrete levels can be used. A maximum spin of 20 is allowed. 

6. TYPICAL RUNNING TIME - Running times are strongly dependent on the 
number of decays allowed and especially the size of the 
integration step. For 14 MeV neutrons on Co59, allowing the decay 
of 4 compound nuclei involving a total of 12 decay reactions with 
a step-size of 0.5 Mev, running time is 20 seconds of CPU time. 
The NESC executed the sample problem in 13 CPU seconds on a 
CDC7600. 

7. UNUSUAL FEATURES OF THE PROGRAM - GNASH computes spectra (particle 
and gamma-ray), reaction and activation cross sections, and cross 
sections for production of discrete gamma-rays. The program can 
handle decay sequences involving up to 60 nuclei in one 
computation. 

8. RELATED AND AUXILIARY PROGRAMS - For production of transmission 
coefficients, the COMNUC program (NESC Abstract 482) can be used. 

9. STATUS - 
NESC0757/01 : Arrived at NEADB March 1979 

Tested at NEADB 

10. REFERENCES - P. G. Young and E. D. Arthur, GNASH: A 
Preequilibrium Statistical Nuclear Model Code for Calculation of 
Cross Sections and Emission Spectra, LA-6974, November 1977. 

11. MACHINE REQUIREMENTS - 49K words of small core memory (SCN) and at 
least 80K words of large core memory (LCM) for problems of 
reasonable size. The sample problem uses 134K of SCM and 140K of 
LCM. 
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12. PROGRAMMING LANGUAGE USED. 
NESC0757/01 : FORTRAN+ASSEMBLER 

13. OPERATING SYSTEN UNDER WHICH PROGRAM IS EXBCUTED - SCOPE. 

14. OTHER PROGRAMNING OR OPERATING INFORMATION OR RESTRICTIONS - The 
Values Of NJDIN, NEEDIM, NLDIM, NLEVDIM should be left fixed at 
values Of 40, 25, 30, and 50, respectively. The variable NKDIM 
can be changed, and probably is the most useful method of reducing 
LCM usage. 

COMPASS routines, ECRD and ECWR, are included to transfer 
variables between SCM and LCM. These routines take the place of 
LASL's system routines ECRD and ECWR. 

15. NAME AND ESTABLISHHFNT OF AUTHORS - 
P. 0. Young and E. D. Arthur 
Los Alsmos Scientific Laboratory 
P. 0. BOX 1663 
Los Alamos, New Mexico 87545 

16. KATERIAL AVAILABLE - 
NESC0757/01 : 

source program, test-case data, test-case output, report. 
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1. NAME OR DESIGNATION OF PROGRAM - MBSERE 

2. COMPUTER FOR WHICH PROGRAM IS DESIGNED AND OTHER MACRINE VERSION 
PACKAGES AVAILABLE - 
Program-name Package-ID Orig. Computer Test computer 
------------ ---------- -I-----_------ -----_------_- 
BAUSER-5 NESC0830/03 IBM 370/168 IBM 370/16S 

NESC0830/04 UNIVAC 1110 UNIVAC 1110 

3. DESCRIPTION OF PROBLEM OR FUNCTION - BAUSER5 calculates angle- 
integrated and, if desired, angle-differential reaction cross SW- 
tions Which can include capture and fission channels. Cross Sections 
for discrete particle channels can be calculated, as well as the 
total for each reaction pair. Tertiary reactions can be calculated 
as though the reaction occurs as two sequential binary reactions. 
There is no restriction on the spins of the particles. 

4. METHOD OF SOLUTION - BAUSER5 is based on three models Of nuCleK 
reactions - the statistical (or Hauser-Feshbach) model, the pre- 
equilibrium model (excitation formulation), and a statistical model 
for direct reactions. Transmission coefficients are interpolated 
from a table of previously-calculated transmission coefficients 
which can be supplied as input data or calculated by solving the 
Schroedinger equation with a spherical potential. The real spherical 
potential is taken to be the Woods-Saxon shape and the derivative 
can be Woods-Saxon or Gaussian shape. The fission transmission COef- 
ficients are based on the Hill-Wheeler equation. 

5. RESTRICTIONS ON THE COMPLEXITY OF THE PROBLEM - HAUSER can accura- 
tely predict nuclear cross sections over most energy ranges less 
than about 60 MeV. Presently, the only statistical direct reaction 
included is the (n,ALPHA) pickup reaction. The Coulomb function may 
need to be replaced if heavy ions far below the Coulomb barrier are 
used. A maximum of six reaction pairs can be calculated. Residual 
nucleii can be described by LOO discrete levels and by the constant 
temperature level formula and/Or the Fermi-gas level description. 
The maximum number of orbital angular momenta and energies for 
transmission functions and compound nuclear fractions is 32. The an- 
gular distribution expressed at equally-spaced angles from 0 to 90 
degrees can be calculated for up to 20 discrete states. The program 
does not follow gamma ray cascades down a nucleus. 

6. TYPICAL RUNNING TIME - About 30 seconds for calculating cross sec- 
tions from 14.8 MeV neutrons on CU(63). The sample problem was exe- 
cuted by NESC in less than 2 CP minutes on an UNIVAC1100/44. 

7. UNUSUAL FEATURES OF THE PROGRAM - HAUSER provides a Single fast 
code covering unresolved resonance regions to beyond 50 MeV. 

109 



8. RELATED AND AUXILIARY PROGRANS - An auxiliary program, TISO, is in- 
cluded in the package. TISO calculates gamma ray transmission coef- 
ficients to separate states in the final nucleus, allowing isomeric 
production to be Calculated. HAWSERS relies very heavily on the ear- 
lier STATIS code for the statistical model calculation and the 
PRECO-B code for the pre-equilj.brium section. HAUSER was preceded 
by HAUSERl-HAWSER4 program and has been tested against the related 
HELENE, TNG, and GNASH (NESC Abstract 757) codes. 

9. STATUS - 
NESC0830/03 : Arrived at NBADS August 1980 

Tested at NEADB 
NESC0830/04 : Arrived at NEAIIB January 1980 

Tested at NEADB 

10. REFERENCES - 
- Frederick H. Mann, 

BAUSER-S, A Computer Code to Calculate Nuclear Cross Sections, 
HEDL-TME 78-83, July 1979. 

- Frederick M. Mann, 
HAUSER-4, A Computer Code to Calculate Nuclear Cross Sections, 
HEDL-TNE 76-80, September 1976. 

- R.G. Stokstad, 
STATIS - Yale Internal Report #72, Wright Nuclear Structure 
Laboratorv. 1972. 

- C. Kalbach; 
PRBCO-B, program for Calculating Pre-Equilibrium Energy Spectra, 
Triangle Universities NucSear Laboratory and North California 
State Chemistry Department informal report, 1977. 

- D.L. Hill and J.A. Wheeler. 
Nuclear Constitution and the Interpretation of Fission Phenomena, 
Physical Review, Vol. 89, No.5, pp* 1102-1145, March 1, 1953. 

- M. Blann, 
Pre-Equilibrium Decay, 
Annual Review of Nuclear Science, Vol. 25, pp. 123-166, 1975. 

- P.H. Cowell and A.C.D. Crommelin, 
Appendix to Greenwich Observations for 1909, in J. Fox and E.T. 
Goodwin, Proceedings of the Cambridge Philosophical Society, Vol. 
45, No. 1, 373-383, January 1949. 

- HAUSER5, NESC No. 830, Tape Description, NESC Note 80-04, June 18, 
1979. 

NESC0830,'03 : 
- A. Prince, G. Reffo, E. Sartori: 

"Report on the International Nuclear Model Code Intercomparison, 
Spherical Optical and Statistical Mode: Study", October 1983 

NEANDC/INDC(NEA)4 
NESC0830/04 : 
- A. Prince, G. Reffo, E. Sartori: 

"Report on the International Nuclear Node1 Code Intercomparison, 
Spherical Optical and Statistical Model Study", October 1983 

NEANDC/INDC(NEA)4 

x1.0 



Il. MACHINE REQUIREMENTS - Input device (logical unit 5) to read card 
images, output devices for printed copy (units 6, 8, 10, and 111, 
and output devices for punched cards (units I and 9). HALISER5, when 
overlayed, requires 58K words of memory. The auxiliary program, 
TISO, requires punch units 7 and 8 and 17K words of memory. 

12. PROGRAMMING LANGUAGE USED. 
NESCOB30/03 : FORTRAN-IV 
NESC0830/04 : FORTRAN-V (UNIVAC) 

13. OPERATING SYSTEM UNDER WHICH PROGRAM IS EXECUTED - EXECB. 

14. OTHER PROGRAMMING OR OPERATING INFORMATION OR RESTRICTIONS - 
Segments of the code are independent, allowing easy segmentation or 
overlay, ana the storage requirements can also be reduced by elimi- 
nating underised options. The program will have to be modified to 
execute under the FORTRAN ASCII compiler, as the present edition of 
the code produces compiler errors. 

15. NAME AND ESTABLISHMENT OF AUTHOR - 
F.M. Mann 
Hanford Engineering Development Laboratory 
Westinghouse Hanford Company 
P.O. BOX 1970 
Richland, Washington 99352 

16. MATERIAL AVAILABLE - 
NESC0830/03 : 

report NEANDC/INDC(NEA)4, October 1983. 
NESCOB30/04 : 

NESC Note 83-44. report NEANDC/INDC(NEA)4, Cktober 1983. 



1. NAME OR DESIGNATION OF PROGRAM - TMQ 
(a two-step Hauser-Feshbach code with precompound decays and gamma- 
ray cascades). 

2. COMPUTER FOR WHICH PROGRAM IS DESIGNED AND OTHER MACHINE VERSION 
PACKAGES AVAILABLE - 
Program-name Package-ID Orig. Computer Test Computer 
-------_--__ ---------- -______------- -------------- 
TNG NFaA 067S/Ol IBM 360 series IBM 360 series 

3. DESCRIPTION OF PROBLEM OR FUNCTION - The code is designed for calcu- 
lating nuclear reaction cross sections below 20 MeV. Binary- 
reaction, tertiary-reaction and gamma-ray-production cross sections 
such as (n,ganUna), (n,p), (n,Zn), (n,n'gamma), (n,alpha-n-gamma) may 
be calculated. Energy distributions of secondary particles and 
gamma rays may be output in ENDF/B formats. Angular distributions 
of the first outgoing particles may be output in terms of Legendre 
coefficients. 

4. METHOD OF SOLUTION - The Hauser-Feshbach formula (2) for compound 
binary reactions is extended to include tertiary reactions. Sequen- 
tial decays without correlation between the two outgoing particles 
are assumed. Transmission coefficients needed for each step of the 
sequential decays are calculated with an in-house optical model 
without spin-orbit coupling. Binary-reaction part of the code, in- 
cluding width-fluctuation corrections, is based on the ORNL Hauser- 
Feshbach code HELENE (3). A precompound model (4) may be included 
as a correction to the energy distributions of the first outgoing 
particles. Gamma-ray competition with the second outgoing particles 
and the gamma-ray-cascades calculations are spin- and parity- 
dependent, thus sensitive to the angular momentum effects of the 
Hauser-Feshbach method. Gamma-ray branching ratios, if not avail- 
able experimentally, are estimated from the tails of the electric 
giant dipole resonances (5). The parity selection rule of electric 
dipole transitions may be partially relaxed as a means of includ- 
ing magnetic dipole transitions. 

5. RESTRICTIONS ON THE COMPLEXITY OF THE PROBLEM - Present dimensioning 
restricts a maximum of three types of binary particles and three 
types of tertiary particles. 

6. TYPICAL RUNNING TIME - The running time iS roughly proportional to 
(E*Delta-El**2 where E is the incident neutron energy and Delta-E 
the continuum bin width. For E = 14 MeV. Delta-E = 0.2 MeV and a 
case that includes (n,n'x), (n,px) and (n,alpha-x) with x = gamma, 
n, p, or alpha and gamma-ray cascades for every residual nucleus, 
the rUnning time would be roughly two minutes on IBM 360/91. 

8. RELATED AND AUXILIARY PROGRAMS - COlleCtiVe excitation cross sec- 
tions from measurements and/or calculations may be input to TNG so 
that the collective effects are included in the calculated gamma- 
ray-production cross sections. 
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9. STATUS - 
NEA 0678/01 : Arrived at NBADB September 1978 

Tested at NEADB 

10. REFERENCES - 
(1) 

(2) 

(3) 

(4) 

(5) 

C. Y. Fu, "TNG, A Two-Step Hauser-Feshbach Code with Pre- 
compound Decays and Gamma-Ray Cascades", Technical Memoran- 
dum, Oak Ridge National Laboratory (in preparation). 

W. Hauser and H. Feshbach, Phys. Rev. 87, 366 (1952). 
A. M. Lane and R. G. Thomas,Rev. Mod. Phys. 30, 257 (1958). 

S. K. Penny, "HELENE - A Computer Program to Calculate Nu- 
clear Cross Sections Employing the Hauser-Feshbach Model, 
Porter-Thomas Width Fluctuation, and Continuum States", 
ORNL-TM-2590, Oak Ridge National Laboratory (1969). 

J. J. Griffin, Phys. Rev. L&t. 17, 478 (1966). 
M. Blann, Phys. Rev. Lett. 21, 1357 (1968). 
M. Blann, Nucl. Phys. A213, 570 (1973). 

P. Axel, Phys. Rev. 126, 671 (1962). 
P. Oliva and Il. Prosperi, Nuovo Cimento ILB, 161 (1967). 

11. MACHINE REQUIREMENTS - 300 kbytes of core. 

12. PROGRAMMING LANGUAGE USED. 
NEA 0678/01 : FORTRAN-IV 

13. OPEPATING SYSTEM UNDER WHICH PROGRAM IS EXECUTED - IBM OS MVS 
or MVT. 

15. NAME AND ESTABLISHMENT OF AUTHOR - 
c. Y. FU 
Neutron Physics Division 
Oak Ridge National Laboratory 
P.O. BOX X 
Oak Ridge, Tennessee 37830 
USA 

16. MATERIAL AVAILABLE - 
NEA 067S/Ol : 

source program, test-case data, test-case output, report. 
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1. NAME OR DESIGNATION OF PROGRAM - PREE 

2. COMPUTER FOR WHICH PROGRAM IS DESIGNED AND OTHER MACHINE VERSION 
PACKAGES AVAILABLE - 
Program-name Package-ID Orig. Computer Test Computer 
----------__ ---------- _______------- --------______ 
PREM NEA 0888/01 IBM 370/168 IBM 370/168 

3. DESCRIPTION OF PROBLEM OR FUNCTION - PREM computes energy spectra 
and cross sections of (i,xnyp) processes When an initial distribu- 
tion function is given. Baster equations for exciton number are 
solved for each generation in succession. Obtained quantities in- 
clude pre-equilibrium as well as equilibrium contributions. It is 
also possible to obtain the equilibrium contributions only, and also 
the time development function for the first generation. Angular 
momentum conservation is not taken into account. 

4. METHOD OF SOLUTION - The master equations are solved by the matrix 
inVerSiOn method or matrix diagonalixation method. 

7. UNUSUAL FEATURES OF THE PROGRAM - When the excitation energy of the 
compound system becomes low, the matrix in the master equations ap- 
proaches a singular matrix. In such a case, the matrix inversion 
method switches automatically to the pertUrb&iOn method, which is 
supposed to be correct for the limiting case. So it can compute for 
all energy ranges. 

9. STATUS - 
NEA 0888/01 : Arrived at NEADB 

Tested at NEADB 
December 1982 

10. REFERENCES - 
- S. Yoshida: Z. Physik A308 (1982) 133. 
NEA 0888/01 : 
- Gargi Keeni and Shire Yosida: 

Computer Code for Pre-Eqilibrium Process With Multiple Nucleon 
Emission PREM. (Reprinted from The Science Reports of the Tohoku 
University, Series 8, Vol. 3, No. 1, June 1982) 

12. PROGRAMMING LANGUAGE USED. 
NEA 0888/01 : FORTRAN-IV 

15. NAME AND ESTABLISHMENT OF AUTHOR - 
S. Yoshida and G. Keeni 
Physics Department, Faculty of Science 
Tohoku University 
Sendai 980, Japan. 

16. MATERIAL AVAILABLE - 
NEA 0888/01 : 

source program, test-case data, test-case output, 
report Sc.Rep.Tohoku Un.iv.Ser.8 Vol.3 N.l (6/82). 
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1. NAME OR DESIGNATION OF PROGAN - PREAMQ 
A statistical-model code to calculate nuclear cross sections, 
particle-emission spectra and angular distributions for projecti- 
les with energies above 10 MeV. 

2. COMPUTER FOR WHICH PROGRAM IS DESIGNED AND OTHBR MACHINE VERSION 
PACKAGES AVAILABLE - 
Program-name Package-ID Orig. Computer Test Computer 
------------ --_---_--- _--_---__--__- ____-___-__--_ 
PREANG NEA 0809/01 CDC CYBER 174 CDC CYBER 174 

3. DESCRIPTION OF PROBLEM OR FUNCTION - The code calculates cross sec- 
tions, particle emission spectra and their angular distributions for 
reactions of type A(x,y)B, where x and y can be n, p, alpha, He-3, d 
or t. The nuclear model is based upon the time-integrated master- 
integrated master-equation approach of the excitation model. The 
calculated cross sections contain precompound and compound contri- 
butions. The angular distributions are calculated according to the 
model of G. Mantzouranis, D. Agassi and H.A. Weidenrueller (1). 

4. METHOD OF SOLUTION - The mathematical solution Of the generalimed 
master equations is given in (2). A rather complete description Of 
the method is given in (3). 

5. RESTRICTIONS ON THE COMPLEXITY OF THE PRCBLEK - The validity Of the 
model is restricted to projectile energies of 10 to 50 MeV. Only 
first-particle emission cross sections are calculated. The level 
densities are assumed to be described by continuum distributions; 
no spin and parity dependence5 are accounted for. 

6. TYPICAL RUNNING TIME - The sample problem takes 0.37 CP seconds on a 
CYBER-175. 
NEA-DB executed the test case on CDC CYBER 174 in 2.4 seconds. 

8. RELATED AND AUXILIARY PROGRAMS - The code iS a modified VerSiOn of 
PREEQ by E. Betak, COmp. Phys. Comm. 9, 92 (1975) and 10, 70 (1975). 

9. STATUS - 
NSA OSOS/Ol : Arrived at NEADB WY 1981 

Tested at NBADB 

10. REFERENCES - 
(1) 0. Mantzouranis, D. Agassi and H.A. Weidenmueller, Phys. L&t. 

57B, 220 (1975). 

(2) J.M. Akkermans, Phys. Lett. S2B, 20 (1979). 

(3) J.M. Akkermans, H. Gruppelaar, G. Reffo, Phys. Rev. C22, 73 
(1980). 

NEA OSOS/Ol : 
- J. M. Akkermans and H. Gruppelaar 

Calculation of Preequilibrium Angular Distributions with the 
Exciton Model Code PRBANG. ECN-60 (May, 1979) 
Note: The outcome of the sample problem in this reference iS 

slightly different from that of the present code VerSiOn. 
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11. MACHINE REQUIREMENTS - Main storage 46,675 octal words on CYBER 174. 

12. PRCGRAMMING LANGUAGE USED. 
NEA OSO9/01 : FORTRAN-IV 

13. OPERATING SYSTEM UNDER WHICH PROGRAM IS EXECUTED - NOS-BE. 

15. NAME AND ESTABLISRMENT OF AUTHOR - 
J.M. AkkerMns and Ii. Gruppelaar 
Netherlands Energy Research FOUndatiOn 
ECN, Petten, P.O. Box 1 
1755 ZG PETTEN 
Netherlands 

16. MATERIAL AVAILABLE - 
NEA OSOS/Ol : 

CDC Control Cards, PREANG Source Program, 
Sample Problem Input Data, report ECN-60 (May, 1979). 
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APPENDIX A 

NEANDC-177IJ 

gpecificationr for the 

International Nuclear Model and Code Cmmarison 

on Pro-wuilibrium Etfac&j 

1 Introduction 

This paper gives the specification of an intercomparison of statis- 
tical nuclear models and codes with emphasis onpre-equilibriumeffects. It is 
partly based upon the conclusions of a meeting of an ad-hoc working group on 
this subject (see document NEANDC-A-137). on some CritiCiSmby Prof. M. Blann, 
communicated to the WEA Data Bank by Dr. M. Uhl, andon some suggestions of the 
present authors. Wearevery grateful tours. Betak, Blann, Fu, Gardner, Gmuca, 
Gupta, Herman, Mann, Ribansky, Seeliger, Garg, Uhl and Young for their com- 
ments on the draft version of this document. Most of the remarks have been 
included in the updated spscifications given in this paper. The present pro- 
posal deviated from the previous one mainly in the choice of a somewhat heavier 
nucleus: "Nb insteadof TACO. Using "Nb has several advantages: 

1. The pre-compound part of the neutron emission spectrum is more pronounced 
than that of "Co. 

2. This nucleus is quite well studied with respect to pre-equilibrium 
aspects, both experimentally and theoretically; it is often used as a 
"sample problem" in nuclear model calculations to illustrate 
pre-equilibriumeffects. 

3. There are experimental data for neutron emission spectra andangular dis- 
tributions not only at 14.6 MeV, butalsoat 25.7 MeVl. Furthermore, there 
are experimental data for 0 and o 
Proton-emission data including %gular 

from 14.6 to 24 MeV'. 
di&&butions are also available 

at15 MeV", lb. 

It is realised that the previous nucleus ryCo is well studied in the 
statistical-model exercise and that it requires some additional effortbythe 
participants to change to another nucleus. However, we think that the 
above-mentionedarguments are convincing, in particular point 3. 

The character of this exercise differs from the equilibrium exercise 
in that pre-equilibriummodels currently in useare quite different. Therefore 
it is more correct to speak about a model intercomparison rather than a code 
intercomparison. Since the models differ in the modelling of pre-equilibrium 
aspects, we cannot specify all the parameters. 

Therefore we restrict these to: 

1. Nasses, Q-values 

2. Level-scheme data (discrete levels) 
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3. Optical-model parameters (globalsphericalpotential) 

4. ~-ray competition parameters 

5. Total level-density SpeCifiCatiOn. 

The parameters, specific for the precoinpound emission are not pre- 
scribed. Instead it is required to fit the 14.6 MeV total neutron emission 
spectrum da/da at E = 6 to 9 MeV, where precompound emission dominates. The 
participants should therefore specifv their model and the parSmeterS used. To 
facilitate this task, aquestionnaire has been included (AppendixB). 

The main quantity to be calculated is thetOtalneUtrOn emission SpsC- 
trum do/de as a function of incoming energy E and outgoing energy e. These 
angle-integrated spectra shouldbe CalculatedatE =lO, 14.6, ZOand25.7 MeV. 
Comparison with experimental data will be performed at the NEA Data Bank. If 
possible, also the reduced Legendre coefficients of the angular distributions 
should be calculated. Other iIIIpOrtsntquantitieS t0 be calculated are: 0 

ro ro On2n npl and their energy spectra (angle-integrated). nn'?' 
nq 

Finally, for the more sophisticated model codes, it iS requested to 
calculate the total energy-integrated particle-production cross SeCtiOnS, the 
isomeric state population from the (n,n') and (n,2n) reactions and the total 
photon production cross section (at 14.6 WV). 

It is not necessary to include width-fluctuation corrections in the 
calculations. There is also no need to calculate 0 in this exercise. 
However, r-ray competition Should be included (if possi?%e) to calculate the 
multi-particle emission cross sections (and isomeric-state pOpUlatiOnS). 

2 Mass. O-valuar. etc. 

The masses and Q-values should be taken from a recent nuclear mass 
table. Some values are providedin Table 3a". 

3 Level scheme data (discrete levals~ 

The level schemes of most of the residualnucleiare specified in Table 
1. These data are usually based upon recent issues of the Nuclear Data Sheets. 
The first energy of the continuumcalculation, EC, is indicatedinTable 3% 

l&?&s 

1. For the codes that Calculate Only continuum emission, these data are not 
relevant. 

2. For other residual nuclei, the participants should perform a continuum 
calculation only, assuming E =O.l MeV. 
are given for discrete levels? 

For "Nb and "Nb T-ray branchings 

4 Ootical model 

In these exercise, a spherical optical model is used, of which the 
definition of the parameters is given in Table 2% The selected global 
optical-model parameters are given in Table 2b. 
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For neutrons andprotons, parametrisation closetothose of F.G. PereY 
(e.g. 3) have been selected. These parametrisations should work Wellatener- 
gies from 0.9 to 22 MeV. Please indicate when the channel-spin dependence of 
the transmission coefficients has been neglected (T1instead of T1,). 

For neutrons, we have checked that the potential is in reasonably good 
agreement With available experimental ')Nb data for et and 0~1 from 1 to 15 
MeV. 

For g-particle&the potential of IgoandHuizenga4 has been selected. 

5 Game-ray Dammeter& 

For the calculation of y-ray competition the Brink-Axe1 giant-dipole 
model should be used to describe El transitions. For all residualnuclides, the 
same dataare prescribed, i.e.: 

E = 16.5 MeV, 
f= 5.0 MeV, 
0: = 0.162 b. 

Using these parameters, the following value of the total s-wave radiation 
width is obtained for the reaction "Nb(n,T) "Nbatneutronbindingenergy: 

<rr(l=O)> = 165 MeV. 

The value <PI/Dabs amounts to 0.166 x lo- 4 If necessary, a normalisation con- 
stant in the Brink-Axe1 formula should be used to obtain this Value (the same 
normalisation constant should be used in each residual nUCleUS). The authors 
should specify their formalism used. 

-: If no I-ray competition is used, the participants should clearly indi- 
cate this. 

For T-ray cascade calculations (isomeric State population), the Ml and 
E2 electromagnetic transitions should be allowed With the strengths of Mland 
E2 set to: strength (El/Ml) = strength (Ml/E2) = 10, relative to the total E, 
radiation Width for s-wave resonances of the reaction "Nb(n,T) '*Nb at the 
neutron binding energy (PI =165 MeV) (fhe same normalisation COnStantS should 
be used for each residual nUCleUS). For the energy dependences of the Mland E2 
transitions the Weisskopf formula shouldbe used. 

The branching ratios for "Nband 'aNblevels are given in Tablel. Use 
theory to obtain branchings for other residual nuclides (Only needed for cal- 
culation of total photon production). 

The participant should specify the Yrast line used in the calculation 
of the gamma-ray emission data. 

6 Total levcl-densitv DWmIeterJ 

For the calculation of the equilibrium part- or in the unifiedcodes, 
the combinedpre-equilibriumandequilibrium parts - it is requested to fit the 
totalleveldensity (i.e. summed over all possible particle-hole combinations) 
at two energies, so that: 
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1. the total nwnber of levels equals Neat E=Ec: 

2. the level Spacing of s-wave levels equals Dobs at the neutronbinding ener- 
9~ B. 

With these conditions, the Participant Should praferablv use the cw 
!asite Gilbert- -'. When this formula iS not programmed, the Fer- 
mi-gas formula of Dilg et al. ‘ or another representation could be used (other 
formulas could be important. in unified models, where it is required that the 
sum of all particle-hole components equals the totalleveldensity). 

In Table 3a. the values of the parameters required to calculate N and 
Dabs are specified. When the Gilbert-Cameron formula is used, me whiny 
enersies Of ref. ‘ are al60 DreSCriba (see Table 3a). Table 3b gives the 
parameters a, UxandAfor three possible representations: 

1. Gilbert-Cameron formula with improved definition of the spin cut-off 
parameter ': 

o2 = 0.146 &A213. 

2. Gilbert-&meron formula with original definition of the Spin cut-off 
parameter': 

o2 = 0.0888 mA2'3. 

3. Back-ShiftedFermigaS model‘ with: 

I eff = &id. 

The parameter g follows from the quantity a by means of the relation: 

a = 71' g. 
2 

1. The participant should clearly specify the formula used. The urefem 
rem-es-n 1s fwm&mL . 

2. At low energies the definition of 0' is not clear in the case of 
Gilbert-Cameron. It is suggested to use a linear interpolation between 
a= 
0' 

at E = EC and aa(E ) at the dividing energy Ex = Ux+P. The value of 
Eziis given in Table 3%. 

3. From some preliminary CalCUlatiOnS with the Gilbert-Cameron formula and 
the back-shifted Fermi gas formula, it follows that the differences in the 
cross sections duetothe use of different level density formulas cannot be 
neglected, particlarly at energies above 10 MeV. This has tobe regretted, 
but it is a basic uncertainty in our model CalCulatiOnS, as long as these 
simple level-density formulas are used. In some codes, different 
level-density formulas could be used. The participants are invited to use 
these options to study the effect of the different approaches. Our prefer- 
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ence for the Gilbert-Cameron formula is only based upon the fact that this 
fOrmula iS probably the most widely used. 

7 Particle-hole state density 

In mOSt cases it is expected that the particle-hole state densities 
are based upon the expression of Williams* , possibly with corrections. The 
exact formula used should be specified, both for the initial and final state 
densities. When the calculations of precompoundparts andcompoundparts parts 
are unified, the sum over all particle-hole level densities should satisfy the 
conditions given in the previous section. When the precompound calculation is 
used as a correction to the compound modelone could use the same parameters as 
used in the equilibriumcalculation, including energy shifts or pairing energy 
corrections. This would facilitate the intercomparison of the results. 
However, as it is noticedthatanother parametrisation could be more realistic 
for pre-equilibrium calculations, deviations are allowed, provided that they 
are indicated clearly. In many codes only the option g = A/i3 MeV-1 andP=Ois 
allowed. This should be specified. 

When angular momentum is conserved in the calculation, the adopted 
eXpreSSiOn for the p-h spin cut-off parameter should be specified. 

In some codes there are some "free" parameters to fit the emission 
spectra, such as K occurring in the expression for the average transition 
matrix elements, e.g. 

I I 

2 =x. 
A3E 

This, or a similar expression, should be indicated, together Withthevalue of 
the parameter(s). The value(s) of the free parameter(S) should be adjusted in 
order to obtain agreement with the (angle-integrated) total neutron emission 
spectrumatE= 14.6 MeVand L= 6to 9 MeV: 

& (6-7 Me'!) = 56.0 f 6 mb/MaV, 
de 

ep (7-6 MeV) = 46.9 f 5 mb/MeV, 
de 

& (8-9 MeV) = 36.5 f 4 mb/NeV. 
de 

These data are obtained from an analysis of the eXperimenta data of Hermsdorf 
et al.', performed at ECN, Petten (a). At s = 6-9 MeV, most of the emission is 
due to pre-equilibrium: at high energies the experimental data are quite 
uncertain due to direct effects of uncertaintities in the subtraction of the 
elastic scattering peak. 

(*) This analysis was performed by fitting the Coefficients of the 
function A +A P 

The "reS&l k 
(cos e)+A P (cos ~9) through the original data of Hermsdorf et 

al.'. s are in %g%'eement with a similar analysis of Kammerdiener's 
data" and those of Galnikovetal.“. 
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Other parameters, such as R or Q factorsxo,x~~ should also be 
specified. Gadiolietal.ll have proposed 

where the "+" and 'u* signs refer to neutron andprotonemission, reSpeCtiVely, 
to account for charge conservation. For "unified" models it is desired that 
these parameters approach unity at equilibrium. 

The treatment of the I-channel has also to be described, e.g. accord- 
ing to ref 1%. When fit-parameters areused, suchas form-factors, they should 
be specified. 

Parameters for the description of angular distribution are not pre- 
scribed. The user should specify the formalism used. 

9 Reoussted calculations 

The incident energies for the calculations are E = 10, 14.6, 20 and 
25.7 MeV. For the outgoing centre-of-mass energies e, the energy mesh shouldbe 
appropriate to describe the data (indicate when the spectra are stored in a 
histogram form). It is suggested to use at least 1 MeV bins up to 14 MeV, if 
possible smaller bins up to 2 MeV and 2 MeV bins above 16 Rev. The fOllOWing 
quantities need to be calculated. 

9.1 Intearated cross sectiQn$ at 5 inclapnt enera- 

1. 
't' 'el' 'r (composite-formation cross section), 

2. 0 nnx' enpa snax (first emission of n, p, and Q respectively), 

3. arm, (inelastic scattering cross section), 0 
0 no (other cross sections are relatively smalyf't' un3n' snnp' onp' snpn' 

4. total particle (and gas-) production cross sections ennem, o 
npem 

, sneer,,. 

H9t.W: 

1. In cases b) to d) it is of interest to indicate the equilibrium component 
separately; also the full eouilibrium cm (with pre-equilibrium 
turned off) should be performed (specify equilibrium definition). 

2. As intermediate results the transmission coefficients T (averaged over j) 
and/or the inverse reaction~cross sections should be $Ven at each inCi- 
dent energyandfor eachoutgoingparticle. 

9.2 Anale-intesrated soectra at 14.6 and 25.7 MeV 

a) &, s, 5 (first emission of n,p and Q, respectively). 
ds ds de 
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b) Total neutron emission spectra (excluding elastic scattering) 

% (summed Over all outgoing neutrons). 
dt 

9.3 Ansular distributions of (total) neutron emi- SDeCtra at 14.6 U 
25.1 WV 

The preferred representation is given by reduced Centre-Of-mass 
Legendre coefficients fl((l = 1, 2, 3) where 

6'0 -= 
dedn 1* X1(21+1) fppose); 

4n de 
f1 should be tabulated as a function of P (in c.0.m.). 

9.4 z-rav emiswt 14.6 Mev 

ction cross section for the population of the isomeric states 
I.. =Nb. 

g3mNband 

2. Total photon-production cross SeCtiOn; 

3. T-ray emission spectrum do/do. 

The participants are kindly asked to send all inform&ion on their 
codes and to answer the questions in the questionnaire (Appendix 9). 

The deadline for the SOlUtiOnS is lstNoven!ber 1983. 
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LEVELS FOR S6RS 
1 0.0 -2.0 
2 0.4881 +1.0 
3 0.5560 -6.0 
4 0.5569 -3.0 
5 0.7795 -7.0 
6 0.8732 -3.0 
7 0.9785 -4.0 
8 1.0271 +l.O 
9 1.0327 -3.0 

10 1.0925 -4.0 
11 1.1059 +2.0 
12 1.1220 +1.0 
13 1.1560 +O.O 
14 1.1962 -3.0 
15 1.2472 -4.0 
16 1.3050 +3.0 

LEVELS FOR S9SR 

1 0.0 +2.5 
2 1.0320 +0.5 
3 1.4734 +3.5 
4 1.9402 +2.5 
5 2.0076 +1.5 
6 2.0574 -1.5 
7 2.0613 +4.5 
8 2.0790 -5.5 
9 2.2801 +0.5 

10 2.4516 +1.5 
11 2.5701 -1.5 
12 2.6710 +3.5 

LEVELS FOR 93ZR 

1 0.0 t2.5 
2 0.2669 +1.5 
3 0.9471 +0.5 
4 1.018 +0.5 
5 1.151 +0.5 
6 1.222 +0.5 
7 1.4255 +1.5 
8 1.4356 +0.5 
9 1.4504 +1.5 

10 1.4702 +2.5 
11 1.477 +3.5 
12 1.597 +2.5 
13 1.648 +1.5 

TABLE 1 Level schma data 

LEVELS FOR 9OY 
1 0.0 -2.0 
2 0.2025 -3.0 
3 0.6820 +7.0 
4 0.7768 +2.0 
5 0.9537 +3.0 
6 1.0474 +5.0 
7 1.1895 +4.0 
8 1.2147 -0.0 
9 1.2982 +6.0 

10 1.3710 -1.0 

LEVELS FOR 92Y 
1 0.0 -2.0 
2 0.2415 +O.O 
3 0.3100 -2.0 
4 0.4306 +l.O 
5 0.4403 -3.0 
6 0.7801 -0.0 
7 0.8924 +1.0 
s 0.9534 -4.0 

LEVELS FOR 92ZR 

0.0 +o.o 
0.9345 +2.0 
1.3828 +o.o 
1.4954 t4.0 
1.8473 +2.0 
2.0667 +2.0 
2.1500 +4.0 
2.3397 -3.0 
2.3983 +4.0 

LEVELS FOR S9Y 

1 0.0 -0.5 
2 0.9092 +4.5 
3 1.5074 -1.5 
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LEVELS FOR 91NB LEVELS FOR 94NB 

1 0.0 +4.5 
2 0.1045 -0.5 
3 1.1868 -2.5 
4 1.3126 -1.5 
5 1.5810 +3.5 
6 1.6125 -1.5 
7 1.6370 +4.5 
8 1.7904 -4.5 
9 1.8440 -2.5 

10 1.8850 +0.5 
11 1.9631 +2.5 
12 1.9844 -6.5 
13 2.0345 -8.5 

1 0.0 +6.0 
2 0.0410 +3.0 
3 0.0587 +4.0 
4 0.0787 +7.0 
5 0.1184 +5.0 
6 0.1404 -2.0 
7 0.3119 +5.0 
8 0.3342 t2.0 

LEVELS FOR 92NB T-RAY BRANCRINGS 

1 0.0 +7.0 
2 0.1355 +2.0 
3 0.2259 -2.0 
4 0.2856 +3.0 
5 0.3574 +5.0 
6 0.3898 -3.0 

GANNA: TO LEVEL 2 (1.0) 
2 (1.0) 
1 (1.0) 
2 (0.03) 
3 (0.96) 
4 (0.01) 
4 (0.76) 
5 (0.24) 

I 0.4802 +4.0 

LEVELS FOR 93NB 
(UPDATED) 

1 0.0 +4.5 
2 0.0304 -0.5 
3 0.686 -1.5 
4 0.7440 +3.5 
5 0.8087 +2.5 

6 0.8101 -1.5 
7 0.9499 +6.5 
8 0.9791 +5.5 
9 1.0826 +4.5 

10 
11 
12 

13 
14 

1.127 +2.5 
1.29 -1.5 
1.2974 +4.5 

1.3156 -1.5 
1.3351 +a.5 

T-RAY BRANCRINGS 

GANNA: TO LEVEL 2 (1.0) 
1 (1.0 
1 (0.9877) 
4 (0.0123) 
2 (1.0) 
2 (1.0) 
1 (1.0) 
1 (0.265) 
4 (0.663) 
8 (0.072) 
5 (1.0) 
3 (1.0) ? 
1 (0.53) 
4 (0.3) 
8 (0.17) 
4 (1.0) 
7 (1.0) 
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Definition of Cmtical Potmtial 

accordiw to Bacchatti and Greenleer. Phvs. Rav. 182, 

emresrion 

Uopt(r) = -VRfR 

exD1anation 

h/Zn 1 1 
2 

+- 
"nC 

+ Zze2 [3 - (t)2] 

2RC Rc 
for r 5 Rc 

+z& 
r 

- iW"fI 

for r 2 Rc 

+ i4aIW,,(~ fI) 

central real 

spin orbit 

coulomb 

imaginary volume 

imaginary surface 

where fX = f(r,Rx,ax) = [l+exp(r-Rx)/ax]-' 

FZ = rxA1'3 

Rx = r;pi'3 + r" for heavier projectiles (such as alphas) 

rc = Coulomb Radius 

&&S: Whenever a parmeter iS omitted, it iS assumed that the corresponding 
potential is not considered. 
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VR = 48.0 - 0.2933 (E in MeV-Lab) 

rR = 1.27 fm, 

W SF 
=g*6MeV aR=0-66fm 

=I = 1.27 fm, a1 = 0.47 fm 

V SO = 7.2 MeV 

=S.0 = 1.27 fm, aSO = 0.66 fm 

Proton Parameters (ref. 32 

vR = 53.3 - 0.55~ + 0.4 Z/AI/~ + 27.0 (N-z)/A (E in ~ev-~db) 
rR = 1.25 fm, aR = 0.65 fm 
W SF = 13.5 mv 
rI = 1.25 fm, =I = 0.47 fm 
V so = 7.50 MeV 

=so = 1.25 fm, aSO = 0.65 fm 
rc (coulomb radius) = 1.25 fm 

AIDha Parameters (ref. 41 

VR = 50.0 MeV 
r R ' = 1.17 fm, =R = 0.576 fm, rR" = 1.77 fm 

wV = 13.74 NeV 

rI' = 1.17 fm, aI = 0.576 fm, rI" = 1.77 fm 
rc = 1.17 fm 

Note: If the code does notallow for the second form of the radius expression in 
Table Za, an effective radius parameter has to be calculated for each 
mass number (i.e. rx =1.56 for A= 93). 
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MaSS 

(amu) 

-- 

85.911 
88.907 
88.906 
88.907 
91.909 
91.905 
92.907 
90.907 
91.907 
92.906 
93.907 

TABLE 3a 

Calculation of level-density parameter6 a) 

04:") 
JX 

(target) 

8.650 5/2- 
6.364 0+ 

11.469 4- 
6.857 l/2- I 6.544 l/2- 
8.635 5/2+ 
6.732 0+ 

12.055 8+ 
7.883 9/2+ 
8.832 7+ 
7.230 P/2+ 

b) 

o2 
exP 

7.24 
5.31 
6.42 
9.49 
3.12 
6.12 
2.46 
9.36 

11.6 
6.70 

12.0 

0 1.309 
1.24 2.707 
0.93 1.745 
0 1.417 
0 1.030 I 1.92 2.486 
1.20 1.735 
0.93 2.065 
0 0.501 
0.72 1.364 
0 0.396 

L 

-- 
e) 

N 
c 

15.5 
11.5 

2.5 
9.5 
7.5 
8.5 

12.5 
12.5 

6.5 
13.5 

7.5 

: -- 

a) The level denSity is characterisedbythe total number of 1eVelS NC& ener- 
gy ECandthe s-wave level spacing Dobs at the neutron binding energy B. 

b) Spin cut-off parameter b2 , derived from eXperimenta spin distribution of 
levels up to E=EC. 

c) Faking energy correction for Gilbert-Cameron formula, from [s]. 

d) EC= first energy of continuumcalculation. 

e) "Average" number of levels at energy EC. 
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NUClWX 

Gilbert-CSn 

a (Mev-5 

86FZb 10.01 
89Sr 9.501 
89Y 8.600 
9OY 9.318 
92-i 12.10 
92zr 11.83 
93zr 12.69 
91Nb 9.400 
92Nb 10.30 
93Nb 12.58 
94Nb 12.51 

l- 

TABLE 3b 

Level-density parametersa) 

neron lb) 

ux (Mev) 

4.998 
3.477 
2.213 
3.792 

~ 

2.628 
4.047 
4.607 
5.132 
6.400 
4.678 
5.707 

l- 
G 

: 

ilbert-Camf 

a mev-5 

9.278 
8.375 
8.112 
8.390 

11.02 
10.92 
11.46 

9.415 
9.762 

12.39 
11.86 

2ron 2c) 

Ux(MeV) 

f 
5.060 
3.883 

I 

1.537 
4.066 
2.705 
3.995 
4.774 
4.407 
6.259 
4.270 
5.603 

-r 
Dilg et al. 

a (Me!!-1) 

/ 

A.(M~v) 

9.214 -1.069 
8.924 0.4802 
8.460 0.3116 
8.914 -0.7409 

11.30 -0.5117 
10.43 0.7695 
10.63 -0.1563 

8.725 -0.2954 
8.923 -1.747 

11.24 -0.4636 
10.65 -1.j53 

a) Level-density parameters calculated from the data given in Tale 3a. 

b) Improved Gilbert-Cameron formula, with 02= 0.146 @A 2’3151. 

c) Original Gilbert-Cameron formula, with n2= 0.0888 WA 2/3 [7]. 

d) Back-Shifted Fermi gas formula of Dilg et a1.[6]. 
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Questionnaire on Pre-equilFbrium/Equilibrium node1 Codes 

1 Participant 

2 Code name and references. availabilitv (viva date): 

3 Eauilibrium-rwdel Dart 

3.1 0 Weisskopf-Ewing type (no conservation of angular momentum; no dis- 
crete levels) 

3.2 0 Iiauser-Feshbach (H.F.) type 

3.3 q Else, or comment: 
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4 Pre-eauilibrium model hart 

4.1 m Full master equation approach (n. = 3) c] with or 0 without 
quantum mechanical conservation of angular momentum (and 
parity) - 

4.2 0 Never-come back assumption (only A+-transitions starting from n. = 
3) 

4.3 0 (Geometry-dependent) hybridmodel, indicate n, = 0 

4.4 q Two-component model (protons and neutrons are explicitly distin- 
guished&z inRef.lr). 

4.5 0 Else, or comment: 

5 itelatiOn of eauilibrium to Drc-eauilibrium Darts 

5.1 n Unified model of pre-equilibrium and e uilibrium emission With 
conservation of angular momentum and $ with or q without 
treatment of discrete levels. 

5.2 0 Pre-equilibrium is treated as a correction to the Statisticalmod- 
el (indicate relation below) 

5.3 0 Else, or comment (give definition of equilibrium and/or 
pre-equilibrium, if this is useful): 
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6 Qotions 

6.1 0 Cross sections (angle an&energy integrated). 

6.2 q Particle spectra (angle-integrated). 

6.3 0 Angular distributions. 

6.4 q Multi-particle emission up to q outgoing particles with 0 or 
without q multiple precompound decay treatment. 

6.5 0 Else,or comment. 

7 Total gg 1 

7.1 0 Gilbert-CamerOn' 

(0' = 0.0888 mA2’3[7 1. 

(0' = 0.1% mA2'3 0 ). 

7.2 17 Back-shifted Fermi-gas model of Dilgetal.'. 

7.3 q Modifications or comments (e.g. ua at lowE): 
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0 Particle-hola level dmsity 

8.1 q Williams state density' q with or q withoutanenergy shift 
or pairing energy correction (if there is an n-dependent energy 
shift, indicate expression below). 

8.2 q g = A/13 WeV-1 and no pairing energy correction. 

8.3 0 William$ level density with n-dependent spin distribution, indi- 
cate enbelow. 

8.4 0 Else, or COSUIV2nt: 

9.1 q Includedinequilibriumcalculationonly. 

9.2 q Not considered, E==O.lKeV. 

9.3 q Else, or comment (e.g. when direct models are used or includedin 
the model: 
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10 Internal transition rates 

10.1 [7 Average transition probability 
hf = 2x 

h/Z?7 a2> u: 

according to: 

0 Williams’ 

0 Oblozinsky et al.' 

III Else, or modifications 

and QP> according to 

0 CX'>=CA-'E-~ with C = 0 

0 XalbachO, indicate fit parameters below. 

El Else, or comment 

10.2 0 Else, or Comment: 
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11 mission rates 

11.1 0 Use of R- andp-factors: 

0 Cline (without renormalisation to 1 at both values of n‘). 

: 

Xalbach's Q-factor, normalised to 1 at high values of n' 

Gadioli, et al.'. 

0 Else, or comment: 

11.2 0 Treatmentofa-emission 

0 - c particle emission rate according to ref.10. 

0 Form factor used Ia= 0 

0 Else, or comment (give reference): 

11.3 [7 Transmission coefficients 

m Inverse reaction cross sections used in precompound part. 

D Transmission coefficients used in compound and precompcund part, 
with 0 or without 0 j-dependence. 

0 Else, or comment: 
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12 Srmctrum calculations 
12.1 Complexity 

0 Only first-emitted particles calculated. 
0 Total particle production spectra calculated. 

cl Emission spectra are calculated for every reaction, and every 
outgoing particle (e.g. two spectra for n,2n). 

0 r-ray cascade calculation Possible. 

cl Else, or comment: 

12.2 Representation 
0 Spectrum is represented in energy bins of c] equal 

or El variable width. 
17 Spectrum is given by point data at 0 equidistant 

o= 0 non-equidistant energies. 

0 Else, or comment: 
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13 Ancarlz~ distribution c8lculatiOn 

0 13.1Dnly inB.y.-part, for (in)elastic neutron scattering to discrete 
levels. 

q 13.2 Systematics of kelbach andmannfor angular distributions inpre- 
compound part. 

q 13.3 Bodelof Bantzouranis eta1.'0, specify VersiOnbeloW. 

q 13.4 DWBA-type of calculation for emission from n=no only. 

q 13.5 Other model, specify below, give reference. 

14 s;urmu-Rav *airlion 

0 14.1No gamma-ray competition included. 

0 14.2 No gamma-ray spectrum calculation or isomeric-state population 
calculation. 

0 14.3 Specify Brink-Axe1 formulabelow. El-normalisationconstant used 
for all nuclei= 

0 14.4 Specify Weisskopf formula for Mland E2 below. 
Ml- normalisation constant used for all nuclei= 
E2 -normalisation constant used for all nuclei= 

0 14.5 Specify expression for Yrast linebelow, e,g, 

(h/2n)'Jk = 2 I (E-S) 2 (h/2x)' J;in (12) 

or the Augustyniak et al." prescription. 
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