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RAbstract

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 with incldent neutron energies rang-
ing from 10 to 25.7 MeV. The results of twenty computer codes are analysed and
compared to experimental data. The different classes of physical models under-
1lying the codes (exciton, hybrid and modified Hauser-Feshbach) are compared.
Recommendations for future development of the models and codes are presented.
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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
nuclear 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 wWas chosen because it is well-studied,
both experimentally and theoretically, and because pronounced precompound
effects were observed in neutron emission spectra at i4.6 and 25.7 MeV. At
lower incident energies (below 5 to 10 MeV) precompound effects become of minor
lmportance and the usual Hauser-Feshbach models with a correction for width
fluctuation effects could be used.

This report is c¢rganised in the following way. Section 2 gives a survey of
the received contributions that are grouped inte three classes: A, B and C.
First, the angle- and energy-integrated cross sections are discussed, using
tables for the four incident energies and the three classes (Section 3). Themn,
in Section 4, the total neutron-emission cross sections are given in a series
of figures for two incident energles (14.6 and 25.7 MeV) and for each class.
The discussion includes a comparison with experimental data (class D) as well.
Next, the corresponding angular distributions are reviewed. Figures are shown
of Legendre coefficlents, of spectra at various angles and of angular distrib-
ution functions at two fixed outgoing energies. These results - based upon
quite recent models ~ are discussed in Section 5. The last results reviewed in
this repert 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.



2 Received contributions

The contributions received are as follows:

Class B, Modified HF codes, unified models

STAPRE (IRK), S. Wiboolsak, B. Strohmaier, M. thl [1]
STAPRE (LLL-1), D.G. Gardner, M.A. Gardner [2]

GNASH (LAS), P.G. Young [3]

GNASH (JAE), K. Shibata [3]

EMPIRE (IBJ), M. Herman [4]

PERINNI (ECN-1), H. Gruppelaar, H.A.J. van der Kamp [5]
HAUSER-V (TRM-1), S.B. Garg, A. Sinha [6)

TNG {(ORL), -C.¥. Fu [7]

Class B, Excitoa-mode] codes (spin-independent)

PRANG (ECN-2), H. Gruppelaar, H.A.J. van der Kamp [8]
PEQGM (SLO), E. Betdx [9]

PREM (TOH), G. Keeni, 8. Yoshida [10]

PREANG1 (TRM), S.B. Garg, A. Sinha [11]

PRECC~D2 (TNL-1}, C. Kalbach [12]

PRECO-D2 (TNL-2), with updated Q-factor, C. Kalbach [12]
AMAPRE (TUD), H. Kalka, D. Hermsdorf, D. Seeliger [40]

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. BRlann [13]
SECDIST + HF model (KFK), I. Broeders, U. Fischer, H. Jann,
E. Wiegner [14,46,47] (belongs alsc to Class A)
EMPIRE (IBJ), M. Herman (belongs also to class R) [4]

Anqular distributions are calculated by the codes:

GNASH (LAS), TNG (ORL), PRANG (ECN~2), PREANG1 (TRM~2),
PRECO-D (TNL-1), PRECO-DG (TNL-2), RMAPRE (TUD),
ALICE (LLL-2), ALICE (LLL~3), SECDIST (KFK).

Gamma-ray data are calculated by the codes:

STAPRE (IRK), STAPRE (LLL-1), GNASH (LAS), EMPIRE (IBJ), TNG (ORL),
PEQGM (SLO).

The same reactions as considered in this paper have recently been studied
in other references, e.g. in [65] by Reffo et al. (IDA-PENELOPE), in [64] by
Marcinkowski et al., in [67] by Strohmaier (STAPRE)}, and very recently in [68]
by Herman et al.



3 Angle- and energy-integrated cross sections

The calculated angle- and energy-integrated cross sections at incidemt
energies of 10, 14.6, 20 and 25.7 MeV are given in Tables 14, B, Cto 4A, B, C,
respectively, where A, B and C indicate the classification given in the previ-
ous section. The numbers in parentheses represent the results from the full
equilibrium calculation. For further details concerning the data, we refer to
the "Notes to Tables 1-4%, Sect. 11. In tables 1D 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 only to
give some impression of the experimental values.

Some observations of tables 1-4 are:

1. There are no serious problems in the optical-model calculations
(at.ael.ar)-

2. There is quite good agreement in the calculation of o nx {maximum standard
deviation is at 25.7 MeV: +4.4%). The PREM results s%ow the largest devi-~
ation, at least at 25.7 MeV (=8.7%). The ALICE results are inconsistent
with ¢ . Note that the equilibrium results are in excellent agreement,
except for the HAUSER-V results at low energy.

3. With respect to the ¢ data, there is not much agreement; the standard
deviation is 37% to %%’56 However, the equilibrium calculation is also
quite uncertain: 50% at low energies up to 30% at 25.7 MeV.

4. For the calculation of ¢ , the situation is still worse: the standard
deviations range from 30§¢§o 60%; for the equilibrium results they vary
from 30% to 70%. Extremely low cross sections are calculated by PREANGL.

5. In view of the large discrepancies in the proten and e-particle data we do
not discuss further the cross sections in which these particles are
involved (npy, npny, ney, neny, npem, neem) and restrict ourselves to the
neutron and photon data. For more information we refer to literature: e.g.
[67].

6. For the calculationsofe__, , o and o (without the results indi-
cated by an asterisk in TaBEeg 1—2?1,11& £ imfl a%lte acceptable results, with
a standard deviation of less than 10% for high values of these cross sec-—
tions (>500 mb), except at E=10 MeV. In general the codes of Class A are
superior, although reasonably good results can also be obtained with codes
of class B as follows from the tables. We note that the difference between
the PERINNI results and the other codes at 10 MeV is partly due to the use
of the back-shifted Fermi-gas formula, rather than the Gilbert-Cameron
level density. This follows from additicnal information provided by the

participants.
7. The standard deviation of the calculated total neutron-production gross
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
hybrid model codes also give good results.



B. With respect to the total photon-production 4ata, we notice reasonably
good agreement between the class A codes that calculate these quantities:
STAPRE, GNASH, TNG and EMPIRE. The results of PEQGM are much higher.
Again, the pre-equilibrium effect is not large in this lumped quantity.

9. Some codes alse calculate cross sections for the population of isomeric
states; see Table 5.

Some conclusions are as follows:

The calculation of ¢ is generally satisfactory, although in some codes
there is no consistency wrﬂir{x the total reaction cross section (the codes should
automatically check and eventually correct this discrepancy). The calculation
of the much weaker o and o cross sections is unreliable. In particular
the treatment of gﬁ’é a-emistion needs more care. The calculation of
multi-particle emission cross sections is difficult near thresholds: the ener-
gy grid is not always fine enough and perhaps no appropriate corrections are
made if only part of a "bin" can be further emitted.

In codes of class B and some of class O, 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,2n)
and (n,3n) cross sections cannot be calculated with high accuracy. BAgain 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) threshold is relatively low. Probably
the 7-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:

i. Refinement of multi-particle emission treatment with respect to ener—
gy mesh 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 of y-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 A and B+C.
This follows for example from a comparison of PERINNI and PRANG results.
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4 Angle-integrated total emission spectra

Before discussing the calculated results, the following general introduc-

tion is given.

de
de

The measured neutron spectrum at higher outgoing energies typically shows

the following features illustrated in the above figure:

1.

A uniform background attributable 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 abnermal fluctuation in
the level density in a particular enerdy region, this could perhaps be
found by a shell-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 attributable to collective excitations
of low-l1lying states. These are specific for the target nucleus and the cor-
responding cross sections may be calculated from the coupled~-channels the-
ory or DWBA.

A huge elastic peak appears at the highest energy end of the spectrum.
Since the shape of this peak is not exactly known there may be elastic con—
tributions to regicn (3).

There is some uncertainty about what exactly the various precompound mod-

els do calculate. By their nature, direct-collective excitations are not 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 should alsc be calculated and added to the cross section. In
the GDH models there 1s 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 approkimations in both the exciton 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 encountered in all ana-
lyses of pre~equilibrium processes, including those using the fully guantum-
mechanical theories. It will not, however, be possible to start this work ina
meaningful way until the discrepancies in the existing data are 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 connected by straight-~line segments in Figs. 1 tc 4 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 1D, 2D, 3D and 4D, again together with the GNASH results.

Some cbservations of Figures 1 and 2 (E = 14.6 MeV) are:
1. There is good mutual aqreement for outgoing enerqgies from about e =1.5 to

10 MeV, 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 (gecmetry-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. iD}.

2. The problems at low epnergies (£<1.5 MeV) are threefold:

a. there is a considerable spread in the calculated results, with maximum
values for AMAPRE (Figs. 2A, 2B, 2C);

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

¢. 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
spread in the calculated data is related to the different ghapes of the
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spectra; The absclute values of o are in quite good agreement (Ta-
ble 2). finem

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

3. At the high-energy end of the spectra (&£>10 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 STAPRE (LLL~1) with
P=0.72 MeV and those of PRANG with a shift of opposite sign: A = -0.50 MeV.
This leads to {extrapolated) endpoints of 12.6 MeV and 14.5 MeV, respec-
tively (see Figs 1A, 1B). This discrepancy could be avoided, because it is
possible to adjust the summed (p,h} level densities to agree with the
experimentally cbserved level density at low energies (from the level
scheme). Such procedures have been followed in PRANG, TNG. In the
last-mentioned code also a reaiistic pairing-energy correction was intro-
duced [16].

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 8 MeV (Fig. 1C). Comparison between the hybrid and geom-
etry-dependent hybrid models (LLL-2, LLL-3) shows that the relatively high
cross section at high emissicn energies is mainly due to the geometry effect
included in the GDH model {and not primarily due to level 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 peak and background.
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 tc a certain
extent. Unfortunately there is only one set of experimental data (Fig. 3D)
with data points only above e = 12 MeV [38]. 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 energiles, where the other codes give generally low-
er values. Again this is ascribed to geometry effects included in the GDH
model. Differences between the various exciton-model codes are probably
due to the adopted {p,h) level densities, including pairing-energy cor-
rections and due to differences in the predicted precompound fractions.
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2. Comparisons with experimental data [38] in between ¢ = 12 and 17 MeV shows
that for most codes there is agreement within 25% (except SECDIST,
ALICE-LLL2Z), 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 PREM 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 gimple formula has been used for
these densities, and more realistic expressions may give different out-
comes.

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

Although we feel that more care is needed to represent both 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
at low energies and if the pairing energy is calculated more realistically [16]
in addition to a fit of the sum of all (p,h) level density at low excitation
energy. Another peoint to consider is whether geometry effects should be
included in the exciton medel (cf. [79]) to enhance the high~energy part of the
n=3 component, as in the GDH model, or whether other codes should be used to
calculate the excitation of collective states.

5 Angular distributions

The angular distributions of the emitted neutrons as a function of inci-
dent and outgoing energy reflect the changing proportions of the compound and
multi-step—direct processes. At low incldent 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

3y

a0(24+1)

f.€=

of the lLegendre-polynomial expansion of the angular distributions. A symmet-
ric distribution hag all coefficients with £ odd identically zero, and if it is
nearly isotropic all f, for £>0 are small. Approximate expressions for f, at
low emission energies é&'e given in Refs. [48, 49, 76] for multi-step-compound
reactions. As the outgoing energy increases, so goes the proportion of multi-
step—direct processes {(and so £, and f, increase as well). This is shown in
Fig. 5. At a high incident energy we expect the f's to he larger, and this is
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shown in Fig. &. It should be noted that the absence of experimental gata at
small and large angles leads to considerable statistical uncertainties in the
values of the f-coefficlents. Furthermore, there are notable inconsistencies
between the cross sections measured by different observers and this further
increases the difficulty of comparing the experimental and theoretical angular
distributions.

Any giant rescnances that are superposed on the pre—equilibrium background
have characteristic angular distributions that could produce localised peaks
in the f-coefficients. For the reasons already mentioned, these would be dif-
ficult to observe. The collective states at lower energies in the final nucle-
us have much smaller widths and their characteristic angular distributions are
observed if the experimental resolution is adequate.

The four main approaches are:

1. Systematics of Kalbach and Mann [15], in which a separation is made between
multi-step direct processes and multi-step compound processes (assuming a
symmetric distribution for MSC). This method has been applied in the codes
PRECO~D2, GNASH. The systematics is based upon a large number of different
experimental data, although relatively few neutron data have been used.
At low incident and outgoing energies, the results could be uncertain. In
PRECO-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'=0). 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 HF theory [16] that uses the rigorous expressions for the
angular distribution in the limit of no precompound effects. A parametri-
zation has been used to estimate the fraction of precompound angular dis—
tribution. This method has been applied in the code TNG.

3. (a) The approach of Mantzouranis et al., [17, 18] in which the "fast" par-
ticlie is followed on its way through the nucleus, using the angular dis-
tribution of free nuclecn~nucleon scattering in the nucleus. This method
has been applied in the code PREANG1. In addition refraction effects have
been introduced in the code PREANG1, i.e. maximum refraction of the incom-
ing beam [18]. This large refraction is only possible at low energies. In
Ref. {1B] alsoc adjusted coefficients of the scattering kernel were used
with some success. This method was also followed by Marcinkowski et al.
[64] in the analysis of 25.7 MeV data. Non-adjusted coefficients were used
in the contribution by Garg and Sinha, presented in this report (TRM-2).

(p) Angle-enerqy correlated intra-~puclear scattering models [19, 20] are
in fact a generalisation of the model of Mantzouranis et al., using the
Kikuchi-Kawai expression [45] for nucleon-nucleon scattering in nuclear
matter. This method has been applied in the codes PRANG, AMAPRE,
ALICE/LIVERMORE. In PRANG (and AMAPRE)} the KK expression is used only for
the first collision; it is shown [19] that this approximation is well jus-
tified. Although refraction effects should Dbe treated with
guantum-mechanical theory, quasi-classical estimates have been made in
Refs. [19,20)]. Diffraction effects are not accounted for. The PRANG 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 treated differently in PRANG and BLICE. In PRANG a
truncated Legendre-polynomial expansion (4£S6) is adopted. Furthermore an
adjustment has been made to obtaln f,-values that are in agreement with the
systematics; see dashed curves in Figs. 5 and 6. This adjustment ensures
that the scattering kernel remains positive at all backward angles [76].
Other applications of this theory have been reported by Reffo et al. [65].

4, BAngular distribution from djirect reaction models using PWBA have been
applied in the code SECDIST [14, 46, 47]). 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 value of L (L=3 was
gselected in the present exercise), see Refs. [46, 47]. 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] and Luk'yanov et al. [71].

The results of the calculations are displayed in a series of figures
{5-16). First we discuss the figures where reduced Legendre coefficients have
been plotted. This method of representation separates the angle-integrated
and angular distribution parts of the cross section. Unfortunately, we have
not in all cases the data expressed in this representation. In Figs. 5A and 6A
the results of the first three approaches are given (codes GNASH, TNG, PRANG).
Figs. 5B and 6B give a detailed compariscn petween the original Kalbach-Mann
systematics (used in PRECCO-D2) and the results of GNASH and PRANG. We note
that there is a quite good agreement with the £, 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 scme problems, in particular at low outgoing energies (see
results at 25.7 MeV), but also with regard to the absolute wvalues. The
{adopted) PRANG curve labelled "adj" has been adjusted to "systematics", with
a renormalisation factor (actually a different value of u., see Ref. [19]). It
is interesting to note that the (multi-step) compound contribution at low cut-
going energies is relatively high in the code TNG for the incident energy at
25.7 MeV (¥ig. 6), in contrast to the situation at 14.6 MeV (Fig. 5). Since the
TRG code should give rather exact results at low cutgoing 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 outgeing ener-
gles; 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 coefficients at low emission
energies. This increase should probably be much less than predicted by the
original (unmodified) Kalbach-Mann systematics (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 & (TNG), which indicate that f,
might be overestimated by TNG at both incident energies. We conclude the addi-
tional MSC-compound is probably quite small.
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Next we discuss the graphs (Figs. 7-12), where the double~-differential
cross sections are given for three different outgoing energies and two differ-
ent incident energies. It has to be noted that the outgoing energies may not be
exactly the same and that they may also represent an average over some outgeing
energies. Furthermore, as the angle-integrated cross sections are not the
same, the absolute values are different. Therefore we restrict ourselives to
discuss here only the shape of the curves.

The results of the codes PRECO-D2, TNG, PRANG with adjusted kernel for f,
{see Figs. SA, 6A), PREANG1, BALICE, AMAPRE and GNASH are indicated in Figs. 7
te 12. The GNASH results (modified KM systematics) are indicated by a full
curve.

In the codes PREANGL and PRECO-D2 {option TNL-2 has not been plotted) onliy
first~emitted neutrons are considered; therefore the E'-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] at 25.7
MeV. 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 PREANG1 data are 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 data 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 angular distyributions as given in Figs. 13 to 16 at
two incident energies and two outgoing energies in the precompound range. The
effect of refraction to the ALICE results is shown in Figs. 13 and i4. The
same symbols are used as before. The experimental data in Figs. 13 to 16 were
obtained by the compilers by averaging over intervals of 5-7 MeV and 7-9 MeV,
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' is 14.85 NeV,
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
37%). The experimental data in Figs. 15 and 16 are from Marcinkowski et al.
[38] without further corrections.

The calculated data are different in absolute value. This is partly due to
differences in the value of E' (a low value of E' means a higher cross section)
and partly due to differences in the angle-integrated cross sections. The
shapes of the PRANG, AMAPRE, TNG, GNASH and PRECO-D results are quite consist-
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ent (Figs. 13-16), in agreement with the picture given in Figs. 5, 6 {Legendre
coefficients). The PREANG1 (TRMZ) results show low backward-angle values. 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 1f pure n—n scattering without refraction is 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. [3%9] ana
those of Takahashi et al. [37] and Kammerdiener [73], see Fig. 17, suggested
by Bahn and Jahn. Still, some conclusions are possible. First of all we note
that at backward angles most thecries are probably not too bad (PREANGL is too
low). At forward angles the experimental data at high outgoing energies might
indicate that improvements are necessary (Figs. 15, 16)}. We feel that the for-
ward peaking of ALICE (LLL3) is far too much whereas that of the the other codes
could be somewhat too small. In fact, the ALICE results agree better with data
measured by Takahashi et al. {(or Kammerdiener's data) than with those 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 SECDIST (KfK) are given on a separate graph (Fig. 18), pro-
vided by the participants. The calculations are based upon a PWBA method, whe-
re cne 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 pattern typical of PWBA approxi-
mations; for L=3 also a minimum at forward angles 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
experimental evidence the cross section is high in the forward direction.

6 Photon-production spectra

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) and PEQGM
(sL0}.

The first two codes are well-known and are documented in Refs. [1-3]; they
include angular-momentum conservation and follow the y-ray cascade until even-
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 E1, M1 and E2 transitions are con-
sidered. The <4-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 q-rays (or particles) are not

affected by pre-equilidbrium emission. No direct and semi-direct y-emission is
calculated.
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In the codes TNG [7] and EMPIRE [4] similar methods are followed for the
calculation of g~ray emission data (as compared to STAPRE angd GNASH), except
that the spin-populations are affected by pre-equilibrium excitation.
However, no n-dependent y-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 qy-ray emission is considered. This is
important for the (n,y) reaction at high energies. In the model of BEt&k and
Dobe¥ [62) there is an n-dependence in the T-emission rates; furthermore only
transitions with An = Q or -2 are allowed. The Brink-Axel estimate has been
generalised to include an n-dependence. This leads to enhanced g-ray emission
from simple states; no external calculation of direct and semi-direct
reactions seems to be required [63], cf. [76],[83].

The results of the photon~production spectra at E=14.6 MeV are displayved
in Fig. 19. The q-ray data in Tables 2 and 5 are also relevant in the dis-~
cussion. Detalls about the calculational methods and constants are given in
the participants' notes to Table 6.

Prom Fig. 19 it is seen that there is good agreement between the various
codes at emission energies above 2.5 MeV except for the results of PEQGM (JAERI
results have not been plotted, since there seems to be an error in the
results). The PEQGM results show the glant-dipole resonance in the
(n,y)-spectrum and are also higher at most other energies. Please note that
also the equilibrium results are much higher than corresponding values calcu~
lated by other codes (Tables 2B, B}. Furthermore, the (n,Tx)} cross sectiocn
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 y-rays from discrete inelastic scat-
tering contribute. Please note that the data plotted are actually grouped into
bine of different sizes for the various contributions.

7 Model description and intercomparison

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 & (see alsc 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] and by
Tamura et al. [51, 52]. These models have recently been reviewed at a confer-
ence [61]. Alse not discussed is the much simpler model for direct reactions
proposed by Luk'vanov 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 discussicns on this medel. A critical review of precompound
models has recently been given by Jahn [47].
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A, Hauser-Feshbach codes with prec ion

These use the Hauser-Feshbach formalism which ensures angular-momentum
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 large memo-
ry required. The angular distribution to continuum states is calculated only
by ING (“generalised™ HF theory) and in the GNASH-contribution (modified KM
systematics). BAll 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 1s no sepa-
ration between equilibrium and pre-equilibrium. The spin-parity population is
assumed to be unaffected by precompound effects, except in the TNG, PRANG and
EMPIRE codes. Most 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, 22], and the particle-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 cbtained by the formulae of Wil-
liams [23] or of Oblozinsky [24]. The R- and Q-factors in the emission rates
are usually normalised to unity for large n, and the special case of
alpha~emission is treated in a variety of wayvs. 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 enmlssion rates, where the El-emission is based upon the
Brink-Axel estimate. The spin-parity population is assumed to be unaffected
by pre~compound effects, except in the TNG code.

B. Exciton al as

These codes do not include explicit angular-momentum conservation and have
ne large memory requirements and so are 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 Welsskopf-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 (> S5MeV). These codes
are particularly suitable for phenomenological studies, studies on the effect
of varicus model assumptions, and parameter search, in particular at energies
high enough above threshelds (due to level—-density breakdown). They may be
less useful for a complete data evaluation, although recent improvements (lev-
el density, y-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 MeV [76]. It
also seems very well possible to introduce discrete—-level excitation (without
accounting for spins and parities). Most 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 ¢-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., [45], recently improved by using the
angle—energy correlated intra-nuclear scattering kernel [19], or by using sys-
tematics (separating multistep compound and multi-step direct contributions)
{15].

C. (Geometry-Dependent brid el Code

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 hybrid model refers to the particle under
consideration and he: e depends upon outgoing energy e, whereas in the usual
exciton model it is related to the nuclear system as a whole and is only a func-
tion of n. This results in a different expression for the internal transition
rate A*(e} that is derived from the concept of mean free path, rather than by a
parametrization of the average transition matrix element <M2> and also in a
different expression for the emission rate XA _(e) occurring in the mean life-
time. These different points of view have given rise to ample debate (see for
example [35, 36]). 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
hybrid model).

In the geometry-dependent versions of the model (LLL-3, Kf¥, IBJ) a decom~
position is made according to incoming orbital angular momentum £ 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 GDH applications. This may give some confi-
dence in their pre%i::tions.

The (GD)H models need to be supplemented with an evaporation model for the
equilibrium part. Recently, the precompound part has been revised to describe
multi-particle emission [13]. It has to be noted that the (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 g-ray compe-
tition is included in the pre—equilibrium part of the original model of Blann,
also used at KfK [47]. These features are hcwever introduced in the EMPIRE
code (IBJ), that belongs to class A. At KfK a separate HF code HAFKRS4 is used
for the equilibrium part.

Recently, Blann et al. [20] have extended the GDH model with angular dis-
tributions, using the Kikuchi-Kawai expression [45]}, folded using the method
of Mantzouranis et al. [17). Basically, the approaches [19] ana [20] are
equivalent, though there are mathematical differences and the GDH model is
used rather than the exciton model. At KfK the PWBA model is used to fit angu-
lar distributions by selecting a value L (transferred angular momentum), see
[47] and Sect. 5.
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8 Conclusions
In the present exercise the following codes were intercompared:

(a) (B) (3]

HF + precompound Exciton model, GDH model

STAPRE {IRK,LLL) PREXM (TOH) ALICE/LLLS84 (LLL)
GNASH {LAS,JAE) PRECO-D2 (TNL) SRECDIST/HAFKA {KFK)
HAUSER+*V (TRM) PRERNG1 ('TRM) EMPIRE (IBJ)

PERINNI (ECN) PRBNG (ECN)

TNG (ORL) PEQGM (SLO)

EMPIRE (IBJ) AMAPRE (TUD)

A comparison of the pasic assumptiopns in these models was made. Promising

new developments are the attenmpts to "unify"™ the precompound and compound mod-
els (PERINNI, TNG, PREANG1, PRANG, PEQGM), to include multi-particle emission
{almost in all codes) and g-ray emission {class A and PEQGM) and to describe
angular distributions of continuum-particlie emission (see below).

The overall results of the calculations of angle- and energv-inteqrated
cross sectlons are quite consistent for the neutron-scattering reactions

(n,n') and {n,2n). For the much smaller (n,p) and (n,a) cross gections 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 B and C (at
energies above 10 MeV). This statement is true for the main quantities in the
comparisons; it 1s 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 y-ray cross sections, isomeric state data). Action is needed to
check the internal consistency of multi-particle emission in the codes, to
improve the e-particle emission cross sections, to check the energy mesh and
integration procedures in the codes and to assure correspondence between level
density and experimentally observed level schemes (in classes B+C).
Angular-momentum conservation and g-ray competition are probably less impor-
tant at high energies (for the main quantities in this comparison}.

The calculated angle-jintegrated neutron emisgjon spectra at 14.6 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 emlssion 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 effects (GDH models give
highest distributions) and effects of "discrete" level excitation (CC or DWBA)
rlay a role. More problems were generally encountered at higher incident ener-
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, no clear 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 andgular distributions of continuum neutron emission were
intercompared. The four methods used are:

1) Systematics of Kalbach and Mann (PRECO-D2; GNASH)

2) Generalised HF (TNG)

3a) Fast-particle method of Mantzouranis et al. (PREANG1)

3b) Angle-energy correlated intra-nuclear scattering (PRANG; BMAPRE,
ALICE/LLL84).

4) PWBA (SECDIST/HAFKA).

The results of GNASH, PRECO-D {method 1), TNG {method 2Z) and PRANG, AMAPRE
(method 3b) are quite consistent for the odd-order (reduced) Legendre coeffi-
cients. For the even-order coefficients methods 1 and 2 give higher values at
low emission energies. This last-mentioned divergence of method 3 is due to the
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 alsc [76]. The angular dis-—
tributions of methods 1-3 at high emission energies are similar in shape,
except for the ALICE results which are much more forward-peaked, at least when
refraction effects are 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
toc high at 0°.

The results of the present exercise are too limited to draw firm conclu-
sions on the domain of wvalidity 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 guantum-mechanical theories of pre-equilibrium
reactions have been formulated e.g. by Feshbach, Kerman and Koonin [50] and by
Tamura et al. [51, 52] and applied to analyse experimental data (Avaldi et al.
[{531; Bonetti et al. [54, 57}; Udagawa [58, 59]: 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 cbtained [60,68]. 2 detailed comparison with unified, exciton
and hybrid models is in progress [61] and this should make it possible to
improve the approximations made in these thecries 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 feedback are given in
Ref. [61].

Finally, we hope that in the near future new high—-gquality (n,n') measure-
ments will become available in extended mass and energy regions. Such data will
be very helpful to check whether the physics of the models is correct.
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Table 1A
Angle- and energy-integrated cross sections at 10 MeV
with pre-~equilibrium and equilibrium components
HF models, unified models

STAPRE STAPRE GNASH |EMPIRE |PERINNI |HAUSER-V TG GNASH
Quantity| IRK LLL-1 Las IBJ ECN-1 TRM-1 ORL JAE
total 4294, 4294.7 4294.7 - 4290.6 |4294.2 4304. 4294.4
elastic |2472. 2473.1 2473.2 - 2467.5 |2489.1 2444, 2472.7
reaction|1823. 1821.6 1s821.6 |1824. 1823.1 |1796.1 1860. 1821.7
1835.6% |1841.62 1814.12
nnx i817. ig22.1 1802. 1799. 1795.1 |1747.7 1846. 1795.0
1834.2? 1817.? 1814.5% 11748.9x! (1853, [1821.0%
npx 14.9 15.6 12.9 23.0 17.1 5.6 11.3 21.3
5.6t 2.41 5.6 l.6t 4,71 7.0
nex 3.7 3.9 6.2 - 10.2 1.7 2.7 3.7
1.91 1.2 - 2.61 1.7¢ 2.62 1.21
nTx - - - - 0.67 41.1 - -
0.891| e6l1.8!
nn'y 1298. 1249.0 1298. 1200. 1403.1* |1676.8x |[1065.» |1258.3
1153.3? 1202.1 1332.1%*]{1700.7« [1008.% [1181.0%
nany 520.6 571.7 503. 595. 391.8= 70.9% 780.%2 £529.7
679.31 613.8% 481.6* 48.2«1 | B44.} 623.0%
nng 0. G. 0. 0. 0. 0. 0. c.
0.t 0.% 0.1 0.2 0.? 0.? 0.2
nnpy 0.76 0.70 0.53 2.6 0.14 0.005 0.18 4.3
0.811 0.631 0.20% 0.003? 0.63? 4.91
npy 14.8 15.5 12.8 23.0 17.1 5.6 11.2 21.2
5.5% 2.41 5.6 1l.6% 4.6! 6.9
npny 0.067 0.079 0.04 0.046 0.02 0.013 0.054 0.08
0.0841 0.04: 0.01t 0.002? 0.152 0.08?
heey 3.7 3.9 6.2 - 10.2 1.7 2.70 3.6
1.9¢ 1.2! 2.62 i.7m 2.552 .2
neny 0.0089 0.0079 0.57 - 0. 0.002 0. 0.0050
0.0095 0.e62 0.1 0.0022 0.% 0.00542
n nem 2341. 2393.5 2305. 2394. 2187.5% |1B18.6* |2626. 2325.
2513.6! 2431.2 2296.42 |1797.1%1 |2697.' |2435.!
n pen 15.7 20.1 13.4 25.7 17.3 5.6 11.5 25.6»
6.41 3.0 5.8 5.6% 5.43 12.0=3
n aem 4.5 4.6 6.8 2.8 10.2 1.7 3.0 6.4
2.7% 1.9 2.6? 1.7% 3.1 4.3
n yem - - 4520. 4220. - - - 4253.0
4442.1 4210.0?

* Data not used in average (Table 1D).
¥ Results of calculations without allowance for pre-equilibrium effacts
2 See notes ofter Tables 1-4.
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Table 1B
Angle -and energy-integrated crosg sections at 10 MeV
with pre-~equiliprium and equilibrium component?
Exciton models

PRANG PEQGM PREM PREANG1 PRECO-DZ2] PRECO-D2| AMAPRE
Quantity | ECN-2 SLO TOH TRM-2 TNL-1 TNL-2 (TuD)
total - - - - - - -
elastic - - - - - - -
reaction [1823.4 1821.2 1823.4 - i817. i1811. -
nnx 1800.9 1808.6 1799.8 - 1704 .+ 1700.* -
ig17.7» 1816.31 1821.8? =
npx 16.7 10.1 23.1 - 20.3 23.9 -
4.32 2.7 1.12
nax 5.8 - - - 3.7 3.8 -
1.4t
ny{x - 4.1 - ~ -
2,71
nn'y 1293.4 1808.5% [1162.6 - - - -
1212.4* 11B15,.5#% [1073.32
nangy 506.5 O.x 633.8 - - - -
605.41 D.x1 744 .92
ning 0. 0. 0. - - - -
0.1 0.:
nnpy 0. .67 0. - - - -
0.801 0.2
npy 16.7 10.1 23.0 - - - -
4.,2% 2.61 1.112
npny 0.03 0.05 ‘0. - - - -
0.03* 0.06% 0.1
net 5.77 - - - - - -
1,362
nenqy 0. - - - - - -
0.1
n nem 2307.5 1808.6% |2430.2 - - - -
2423.1% (1816.3%1 |2562.8%
n pem 16.7 10.8 23.0 - - - -
4.31 3.52 1,12
n aem 5.77 - - - - - -
1.361
n yem - 6755, « - ~ - - -
7049, %3

* Data not uged in average (Table 1D).
! Resuits of calculations without sllowance for pre-equilibrium effacts.
2 Ses notes after Tables 1-4.
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Table 1C
Angle- and energy-integrated cross sections at 10 Mev
with pre-equilibrium and equilibrium component?
(Geometry-dependent) Hybrid models

ALICE ALICE SECDIST
Quantity [ LLL-2 LLL-3 KFK
total - - 4446.
elastic - - 2590.
reaction 1789.9 1785.9 1856.
nnx 1694.* 1648, 1870.
npx 39. 46. -
nax 43.5% 44.8» -
ngx - - -
nn'y 1480.* 1440.» 1338.
n2ny 213.=% 205.» 532.
n3ng 0. 0. 0.
nnpy 1.13 3.0° -
npy 38. 43. -
npny 1.13 3.0 -
nay 43.5 44.8 -
neny+nnay 0. 0. -
n nem 1920.x 1520.» 2402.
2525.1
n pem 38.9 43.9 -
n aem 50.8 52.0 -
n gem - - -

* Strongly deviating from sverage values; inconsistencies.
! Results of calculations withoutl allowance for pre-equifibrium effects.

? See notes after Tables 1-4.
3
annp + anpn.
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_ Table 1D
Experimental data at about 10 MeV

Experimental value in mb; Averages

Quantity| Reference (CINDA) calculated

total 4300 Foster and Glasgow (1971); 10MeV -

elastic - -

reaction - -

nnx - igp8 = 28
1824 + 12}

npx - 20.0 % 10.2

3.9+ 1.9
nax - 4.4 ¥ 2.3
1.8 0.6

nx - -

nn'g - 1262 £ 54
1138 + 74!

n2ny 320 Fréhaut et al. (1980); 10MeVv 549 t 44
656 1071

nang o -

nnpy - -

npy - -

npny - -

ney 4+1 Tewes et al. (1980) -

hany - -

n nem - 2371 107
2485 #1113

n pem - -

n gem - -

n Tem - -

* Average of results given in Tables 1A, 1B, 1IC excluding data indicatad by a *; tha
uncertainty rapresents the standard deviation.
' Results of calculations without allowance for pre-equilibrium effects.
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Table 23
Angle- and energy-integrated cross sections at 14.6 MeV
with pre-equilibrium and equilibrium components

STAPRE STAPRE GNASH |EMPIRE |[PERINNI |HAUSER-V TNG GNASH
Quantity IRK LLL-1 LAS IBJ ECN-1 TRM-1 CRL JAE
total 4020. 4020.4 4020.4 - 4020.5 |4020.3 3961.0 4018.2
elastic |2264. 2265.1 2265.4 - 2264.0 |2296.3 2199, 2265.0
reactionj1756. 1755.3 1755.3 1750. 1756.4 |1724.0 1762. 1753.2
1771.132 1769.12 1750.612
nnx 1711. 1702.2 1708. 1689. 1685.7 |1685.7 1710. 1682.
1755.31 1749.2 1735.1% 1740.5* |1721.7% 1746.1 1738.3
npx 50.6 55.9 35.7 58.9 54.5 15.4 44.4 60.9
12,12 5.21 12.3! 11.5% 4.41 12,112 13.1
nex 9.50 11.0 10.8 -~ 15.9 4.5 7.3 9.8
.61 1.22 2.6% 3.8 2,22 4.0% 1.13
nyx - - - - 0.34 14.4 - -
0.561 22.22
nn'y 266.6 342.9 332.8 287. 384.4 066.4x 250. 251.0
101.42 87.3:2 63.9: T1.73 932.4x1 25.02 69.32
n2ny 1441, 1352.1 1369. 1396. 1332.8 718.4% 1448. 1421.0
1644.2% 1644.1 1663.1? 1662.4x 788.321 |1706.1 1657.0
n3ng 0. 0. 0. 0. c. 0. 0. 0.0
0.2 0.} 0.2 0.t 0.1 0.1
nnpy 2.8 4.5 3.3 3.3 1.9 0.89 8.8 E.5
6.22 4,31 - 2.8 0.952 11,112 6.5
npy 38.0 42.9 2B.2 37.0 46.0 14.5 25.9 50.9
4,5% 1.91 - 6.3 3.32 2.6 7.1
npny i2.2 13.0 7.5 12.3 8.0 4.53 iB.5 9.9
7.71 3.41 12.32 5.01 1.1 9.53 6.02
ney 7.8 9.7 9.1 - 12.0 4.10 6.0 9.8
0.92 0.61 2.51 2.0* 2.52 0.7%
neny 1.6 1.3 1.7 - 3.8 0.42 1.3 1.1
0.752 0.61 1.3? 0.242 .52 0.5
n nem 31656. 3068.6 3086, 3096. 3031.1 [2409.0x* 3178. 3114.
3408.0? 3396.1 - 3412.3% |2511.3%2 |3463.1 3401.02
n pem 53.5 56.6 38.1 62.2 56.4 20.3 53.2 66.4
18.3? 9.61 - 14.42 5.41 23.21 19.6
n aem 11.1 13.7 13.4 5.1 16.7 4.5 10.4 14.2
5.11 4,51 - 5.01 2.21 8.02 6.3
n yem 4130. 3736. 3675. 3483. - 4203. 3041.0x
3075.% 3523. - -1 2916.0%

* Data not used in average (Tabie 1D).
T Results of calculations without allowance for pre-equilibrium effects.
2 See notes after Tables 1-4.
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Table 2B
Angle- and energy-integrated cross sections at 14.6 MeV
with pre-equilibrium and equilibrium component?

PRANG PEQGM PRENM PREANG1 [PRECO-D2 |PRECO-D2 |AMAPRE
Quantity | ECN-2 SLO TOH TRM-2 TNL-1 TNL-2 (TUD)
total - - - - - - 3968.
elastic - - - - - - 2214,
reaction |[1755.8 1754.0 1749.3 1752.1 1755. 1755. 1754.
nnx 1697.9 1721.9 1660.0 1735.3 1608.# 1597 .= -
1744.42 1744.3* |[1744.0%
npx 47.7 29.7 g8S.4 15.7 53.0 63.1 -
8.8: 7.5 5.5?
nax 10.2 - - 0.38% 10.0 10.4 -
2.61
nyx - 5.6 - - - - -
1.6
nn'g 3589.4 420.2 244.0 185.6% - - -
93.62 159.32 23.7%
n2ny 1336.7 1274.7 1395.6 1549.7x - - -
1642.4* ]1552.1%* |1659.2%
n3ngy 0. 0. 0. Q. - - -
0.3 0.1
nnpy 1.7 27.1 0.77 - - - -
2.32 33.6? 1.03*
npy 34.4 19.1 64.3 9.5 - - -
1.9 1.0t 0.791
npng 13.2 10.6 26.8 6.2 - - -
6.9 6.61 4.9!
ney 6.9 - - 0.22 - - -
1.42
neny 3.3 - - 0.16 - - -
1.12
n nem 3051.1 3007.2 3070.8 3291.4» - - -
3394.8t |3303.6% 3343.11
n pem 49.4 56.8 81.1 15.7 - - -
11.132 41.12 5.6%
n «em 10.3 - - - - - -
2.7
n gem - 4490, - - - - -
4293.1

* Data not used in average (Table 2D).
' Results of calculations without allowance for pre-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:?

ALICE ALICE SECDIST
quantity LLL-2 LLL-3 KFK
total - - 4025.
elastic - - 2280.
reaction 1741.9 1741.9 1745.
nnx - - 1740.

1740.}
npx - - -
nax - - -
nyR - - -
nn'y 195.= 222. 472. %
nang 1370. 1340. 1268.*
n3ny 0. 0. 0.
nnpy 533 47.52 -
npy 31 44.7 -
npny 532 47.5? -
ney 30.5 31.3 -
nany+nnay 40.6 4.4 -

n nem 3060. 3010. 3007.8

3440.1
n pem §6.5 97.6 -

n eem 78.3 79.9 -
n yem - - -

* Strongly deviating from average values; incongistencies.
! Results of calculations without allowance for pre-squilibrium effects.

2 See notes after Tables 1-4.
L. § o
nnp + npn.
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Tahle 2D
Experimental data at 14-15 MeV

Experimental value in mb; Averages*
Quantity Reference (CINDA) calculated
total 4000 Foster and Glasgow {1971); 14.5 MeV -
elastic -
reacticon - -
nnx - 1702 121
1741 = B2
npx - 48 *i8
9.2+ 3.21
nax A1¥8.0 Grimes et al. (1978); 15 MeV 9.9¢ 2.7
2.4 1.02
nyx 2 Prokopets -
nn'g 1300 Fréhaut et al. (1980); 14.7 Mev 305 162
79 392
n2ny 1290 Veeser et al. (1977); 14.5 MeV 1373 =48
1647 #38t
nangy C -
nnpy - -
npy 51.048.0 Grimes et al. (1978); 15 MeV -
45 Koori et al. {1984}; 14.1 MeV -
npny 3912 Traxler et al. (1984); 14.1 MeV -
nay 1413 Grimes et al. (1978); 15 MeVv -
nany 9.9+0.8 Fischer et al. (1982); 14.1 MeV -
n nem 31504300 Hermsdorf et al.; 14.6 MeV 3072 53
3396 45!
n pem - -
n qem 9-14 -
n gem - -
* Average of results given in Tablaes 2A, 2B, 2C excluding data indicated by a *; the

uncertainty represents the standard deaviation.
! Results of calculations without allowance for pre-equilibrium effects.
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with pre-equilibrium and equilibrium component

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

STAPRE STAPRE GNASH EMPIRE PERINNI |HRUSER-V TNG GNASH
Quantity IRK LLL-1 LAS IBJ ECN=-1 TRM-1 ORL JAE
total 3374. 3372.2 3372.2 - 3377.5 3372.5 3323. 3374.2
elastic {1696. 1695.2 1695.5 - 1699.2 1724.8 1625. 1695.5
reaction |167B. 1677.1 1677.1 1678. 1678.3 1647.7 1698. 1678.7
1692.7 1702.1 1683.21
nnx 1571. i561.2 1599. 1580. 1559.0 1585.2 1598. 1502.0
1679.3% 1667.% 1655.52 1661.82 1670.13 1659.01
npx 102.3 119.0 66.0 69.1 103.1 41.2 85.1 147.7
21.7% 8.6} 18.0% 9.6t 23.97 18.1?
nex 18.4 22.0 11.7 - 16.0 6.7 14.4 28.8
1.2% 0.9 - 4.4% 2.11 4,91 0.81
nx - - - 0.18 4.6 - -
0.42t 9.7
nn'qg 172.2 185.8 180.2 200. - 203.3 579.2%* 157. 192.9
7.3 7.8 3.51 518.8x2 0.63* 5.22
n2ny 1142. 1081.7 1123. 1114. 1073.5 745.%2 1122.9
1128.82 1189.? 1142.3¢ 588. 21 i285.8¢
nang 254.6 267.7 271.9 207. 254.3 1006.1* BEB8.» 155.1
502,81 435.91 465.23 1131.6%% |1027.%1 317.2t
nnpy 18.5 19.2 16.3 41.8% 18.0 9.9 28.9 25.0
30.22 23.41 29.3¢ 11.41 42.71 41,11
nnpx
npy 39.2 45.8 28.6 40. 46.9 19.1 21.7 75.8=*
0.352 0.20? 0.41 2.51 0.31 1.41
npng 59.0 72.8 37.4 43, 55.1 22.1 B63.4 T1.7=%
20.9? g.21 17.2¢ 7.11 23.61 16.5*
ney 8.1 11.2 5.0 - 4.1 4.6 15.5
0.041 0.03? 16.0 1.2t 0.31 0.08%
nany 10.3 10.7 6.7 - 4.4 2.6 9.7 13.3
1.12 0.9* 0.9 4.6? c.gt
n pem 3297. 3262.7 3311. 3158. 3201.6 - 3732. 3020.
3837.0% 3739.1 3749.21 4340.1} 3598.01
n pem 123.0 138.9 83.4 139, 121.9 51.1 115. 172.8%
53.21 33.6? 49,31 21.00 67.1 60.3¢
n em 24.1 27.6 18.2 15.5 21.6 6.7 22. 34.8
9,21 9.7 13.22 2.13 15.02 9.52
n yem - - 3928. 3156. - - - 3450.
3800.1 3557.02

* Data not used in average (Tabla 3D).

' Results of calcuiastions without allowanca for pre-equilibrium effects.

? See notes after Tables 1-4.
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Table 3B
Angle- and energy-integrated cross sections at 20 MeV
with pre-equilibrium and equilibrium component

PRANG PEQGM PREM PREANG1 |PRECC-D2 |PRECO-D2 |AMAPRE
Quantity | ECN-2 SLO TOH TRM-2 TNL-1 TNL-2 {TUD)
total - - - - - - -
elastic - - - - - - -
reaction [1678.6 1677.4 1678.6 - 1673. 1673. -
nnx 1577.1 1616.3 1492.2 - 1484.x 1464.2% -
i661.7! 1660.97 1663.91 -
npx 90.0 58.8 186.4 - 95.1 113.7 -
13.61 15.31 14.22 - -
nex 1i.5 - - - 16.2 17.4 -
3.4
nTx - 3.4 - - - - -
i.2t
nn'y 202.4 147.2x 144 ,.5= - - - -
3.02 O.x1 0.3%2
nz2ny 1083.8 1327.77% 927.1s - - - -
1168.6% 1522.3»1 937,5%1
ning 272.5 81.3x 353.7% - - - -
483.61 123,52 509.1%
nnprt 16.4 &0 14.1 - - - -
23.42 741 20.3:
npy 34.5 16.5 58.5 - - - -
0.089: 0.} 0.015*
npny 65.2 42 132.2 - - - -
13.2: 152 14.02
ney 0.9 - - - - - -
0.122
nany 10.6 - - - - - -
3.32
n nem 3272.8 3149.8 3197.1 - - - -
3775.3! 3447.11 3422.91
n pem 106.8 118.9 181.7 - - - -
37.712 90.0? i4.0*
n gem 13.0 - - - - - -
5.71
n yem - 5359.* - - - - -
B677. %3

* Data not used in average (Table 3D).
" Results of calculations without allowance for pre-equilibrium effects.
* See notes after Tables 1-4.
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Table 3C
Angle- and enerqy—integrated cross sections at 20 MeV
with pre-equilibrium and equilibrium component?

1aLICE ALICE SECDIST
Quantity LLL-2 LLL-3 . KFK
total / - - 3295.
elastic - - 1620.
reaction 1634.6 1634.6 1675,
nnx - - 1670.
npx - - -
nex - - -
nx - - -
nn'y B82.x 126.% -
nzZny 1070. 1020. -
n3ny 224, 214. -
nnpy ’ 118.3 111.:2 -
npy 21.6 40.7 -
npnT 118- 3 lllo 3 -
ney 2.7 2.8 -
neny+nnay 100. 101. -
n nem 3130. 3040. 2838.=*

3440.1

n pem 144. l61.
n aem 1100 lllo -
n yem - - -

* Strongly deviating from aversge values; inconsistencias.
' Results of calculations without allowance for pre~equilibrium effects.
% Ses notes %fter Tables 1-4.

nnp + npn.
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Table 3D
Experimental data at about 20 MeV

Experimental value in mb; Averagex
Quantity Reference (CINDA) calculated
total - -
elastic - -
reaction - -
nnx - 1576 45
1664 £7*
npx - 98 137
15.9+44.81
nax - 16.3+5.8
2.5%1.62
nyx -
nn'q - 187 ik
4.,6%2.5?2
n2ny 12004100 Veeser et al. (1977) 1092 35
1183 1551
n3ny - 236 137
402 %1281
nnpy - -
npy - -
npny - -
nay 741 Bayhurst and Prestwood (1961) -
nensy - -
n nem - 3185 %93
3626 $159
n pem - -
n gem - -
n gyem - -

* Average of results given in Tables 3A, 3B, 3C excluding dets indicated by a *; the

uncertainty represents the standard deviation.
! Results of calculations without allowance for pre—equilibrium effects.
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with pre-equilibrium and egquilibrium component

Table 4A
Angle- and energy-integrated cross-sections at 25.7 MeV

STAPRE STAPRE GNASH EMPIRE PERINNI HAUSER-V TNG GNASH
Quantity | IRK LLL-1 LaS IBJ ECN-1 TRM-1 ORL JAE
total 2922, 2919.8 2919.8 - 2925.8 2920.1 2896. 28916.5
elastic |1311. 1309.4 1309.6 - 1314.6 1352.9 1289, 1309.8
reaction |1611. 1610.3 1610.3 i608. 1611.2 1567.2 1607. 1606.7
1624.6 1625.5 1610.32
nnx 1445. 1418.1 1509. 1468. 1451.3 1493.2 1465. 1389.0
1594.5? 1598,1 1582.72 1587.01 1564.% 1582.01
npx 152, 175.9 90.6 138. 151.7 64.2 121. 175.1
30.31 11.3¢ 23.82 ig.11 37.3* 23,92
nex 27.6 31.5 10.3 - 8.0 7.6 2i.4 42.0
0.75% D.611 4.3 i.a1 4,91 0.7
nyx - - - - 0.11 2.2 - -
0.361 5.41
nn'y S8.1 123.1 111.2 186. 142.9 368. 5+ 90.6 120.0
0.81 1.112 0.461 303,72 D.xl 0.61
n2ny 445.6 511.0 454.9 480. 452.7 363. 601.2
159.11 183.11 140.11 i083.6» 57.1 242.02
n3iny 815.0 736.1 874.3 673, 780.0 1232.3%1 523, 583.8
1348,73 1310.1 1309.32 1372.* 1184.0%
nnpy 24.2 16.9 23.8 98.32 16.3 41.1 77.6 45,7
19.92 30.8% 19.0? 51.0* 122.1 71.91
nnpx
npy 31.5 36.4 21.3 40.1 40.4 15.9 14.8 52.6%
0.022 0.0052 0.02* 1.0 0.3t 0.24*
npny 89.3 112.2 57.4 74.7 76.9 48.3 106. 104.6
1r.7 5.41 6.01 15,112 37.12 13.91
ney 6.4 9.2 2.1 - 3.0 2.2 11.0
0.002? 0.0011 8.0 0.511 0.3 0.007%
neny 20.9 22.1 8.0 - 4.3? 4.6 19.1 31.0x
0.701 0.56? 1.3 4.9 0.6?
n nem 3674. 3570.9 3837. 3405. 3652.9 3798. 3358.0
4501.91 4480.1% 4477.61 4407.1 4294.01
n pem 216.1 210.4 148.8 36. 151.8 105.3 199. 245.0
89.81 101.1* 41.5 82.0? 159,1 164.03
n aem 36.4 37.1 20.7 18.7 20.6 7.6 31.6 52.1x
8.32 14.8% 25,51 1.83 18.8* 15.9%
n gem - - 4184, 2943.(7) - - 2091.0=
4326.1 944,21

* Data not used in average (Table 4D).

' Resuits of calculations without sllowance for pre-squilibrium effects.

2 See notes after Tablas 1-4.
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Table 4B
Angle- and energy-integrated cross sections at 25.7 MeV
with pre-equilibrium and equilibrium component

PRANG PEQGM PREM PREANG1 |PRECO-D |PRECC-DG |AMAPRE
Quantity |ECN-2 SLO TOH TRM~2 TNL=-1 TNL~-2 (TUD)
total - - - - - - 2885.
elastic - - - - - - 1293.
reaction |1610.3 1610.0 1610.3 1610.3 1606. 1606. 1602,
nnx 1496.6 1521.5 1328.4 1542.7 1380. 1352. -
1589.2* |1584.9% |1581.73
npx 134.3 86.3 282.2 58.0 134. 160. -
17.5% 24.0% 25.5*
nax 6.4 - - 0.5 19.1 21.2 -
3.74
nyx - 2.6 - - - - -
1.1
nn'y 134.7 75.0 101.1 69.4x - - -
0.11% D.x? 0.05%
n2ny 472.4 495.7 371.2 - - - -
169.8* 257.12
n3ny 806.5 856.5 804.5 1473.5= - - -
1332.1* (1280.4! [1414.32
nnpy 20.4 100.1 19.3 - - -
18.7* [+npng?
npy 25.6 11.9 45.0 6.9 - - -
0.0031 0.1 0.0002
npny 82.3 100.1 iBe.2 52.1 - - -
5.12 +npny? 6.61
ney 0.12 - - 0.006 - - -
0.006!
neny 6.18 - - 0.5 - - -
3.5*
n nem 3727.8 3873.7 3586.2 - - - -
4518.11 |4524.8' [4355.91
n pem 186.0 180.7 261.3 - - - -
97.11 141.7* 22.6!
n aem 10.8 - - - - - -
11,32
n yem - 4553. - - - -
4515.1

* Data not used in average (Tabie 4D).
' Results of celculations without sllowsance for pre—equilibrium effects.
? See notes after Tables 1-4.
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Table 4C

Angle~ and energy-integrated cross sectionat 25.7 MeV
with pre-equilibrium and equilibrium component?

ALICE ALICE SECDIST
Duantity LLL-2 LLL-3 KFK
total - - 2879.
elastic - - 1330.
reaction 1575.6 1575.6 15456,
nnx - - 1540.
npx - - -
nex - - -
nyx - - -
nn'y 47 .6* S7.4 -
nZny 313. 303. -
n3ny B56. 802. -
nnpy 120, 127. -
npy 14.2 34.1 -
npng 120.°? 127.3 -
ney 0.09 0.08 -
nang+nnay 109. 108. -
n nem 3670. 3520. 2520.*
3040.%1
n pem 229, 250. -
n aem 13.3 13.2 -
n fem - - -

* Strongly deviasting from average valuss; inconsistencies.

! Results of calculations without allowance for pre-aquilibrium effects.

? See notas after Tables 1-4.

3

c o
nnp + npn.
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Table 4D

Experimental data at about 25.7 MeV

Averagex
Quantity Experimental data in mb calculated
total - -
elastic - -
reaction - -
nnx - 1453 165
1585 % 93
npx - 137 154
23 £ 7.3}
nax - 18 11
2.4 1.72
nyx - -
nn'y - lie 229
0.5¢ 0.41
n2ny - 438 483
172 61t
n3ng - 792 188
1319 1642
nnpy - 56 40
47 135!
npy - -
npny = -
net - -
nanTt - -
n nem - 3639 154
4444 178
n pem - -
n gem - -
n yem - -

* Average of results given in Tables 4A, 4B, 4C excluding dats indicated by & " the
uncertainty represants the standard deviation,

' Regults of calculations without allowance for pre—equilibrium effects.
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NOTES TC TABLES 1-4

All cross sections are given in mb. Data in parentheses refer to the equi-
librium calculation witheut prior allowance for precompound contributions.
Data indicated by an asterisk (») are "probably wrong"; they have not been
included in the average; see comments below. The uncertainty in the average
represents one standard deviation.

The meaning of the quantities is as follows:

Symbo) Meaning
total total cross section
elastic shape-elastic cross section (the compound-elastic cross section

is very small at these energies)
reaction total reaction cross section (or compound-formation cross sec-

tion)
nnx first-neutron emission cross section
npx first-proten emission cross section
ne first-alpha emission cross section
nyx first-y-ray emission cross section
nn'y inelastic-scattering cross section
n2ny (n,2n) cross section
n3ny {n,3n) cross section
nnpey (n,np)} cross section
npy (n,p) cross section
npn (n,pn)+{n,np) cross section
nay (n,a) cross section
nany (n,¢n)+(n,na) cross section
n nem total neutron-production cross section (without elastic scattering)
n pem total proton-production cross section
n «em total alpha-production cross section
n rem total photon-production cross section

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

Two values of ¢ are given; the second value corresponds to a slightly
different incident energy at which the statistical precompound/compound cal-
culations were performed. No equilibrium calculations have been submitted.
Total §-ray production data are given at 14.6 MeV.

Drs. B. Strohmaier and M. Uhl suggest that the different partition of neu-
tron emission into (n,n'qy) and (n,2ny) observed in the STAPRE-IRK and
STAPRE-LLL1, GNASH-LAS results could be due to the 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.”
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STAPRE (LLL-1), D.G. Gardner, M.A. Gardner.

Two values of ¢_ are given; the second value corresponds to a slightly
different incident energy at which the statistical precompound/compound cal-
culations were performed. Total 4~-ray production data are given at 14.6 MeV.
Modified y-ray strength functions were used, though with the same absolute
values as stated in the specifications.

GNASH (LAS), P.G. Young

The data above 10 MeV have been revised by the author (new integration rou-
tine).

EMPIRE {IBJ}, M. Herman.

Note that this code also belongs to class . Total and elastic cross sec-
tion not given. Equilibrium data given only for E=14.6 MeV. Note that o nnpx is
given rather than e .

nnpy

The (n,x) cross sections are not given, because no pre-equilibrium mech-

anism is considered in the @-channel.

Please note small inconsistencies between e and o + 0 . because of
neglect of «~channel. The data in Tables 1-5 have %een corf%cteél %ccordlng toa
revision of the author (June 1984). The spectra have not been corrected because
the changes were relatively small.

PERINNI (ECN-1), H. Gruppelaar, H.A.J. van der Kamp.

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-preoduction data given.

HAUSER-V (TRM-1), 5.B. Garg, A. Sinha

The value of ar in the equilibrium calculation is scmewhat different from
that used in the precompound/compound calculation. The values of annx' anpx'

] a g o were calculated from the other cross sections by com-
neq’ “nnem’ “npem’ ~neem y

pilers. Note that % 3n is lacking; this leads to relatively low values of % nnem

at 20, 25.7 MeV. No photon-production data given. The values of ann'-r and °n2n

are quite different from the other data.
TNG (CRL), C.Y. Fu.
The angle-integrated cross sections were calculated with 1-MeV bins, which

is apparently too wide for the (n,2n) and (n,3n) cross sections near thresholds
(Tables 1A, 33).
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GNASH (JAE), K. Shibata.

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

PRANG (ECN-2)}, H. Gruppelaar, H.A.J. van der Kamp.

No y-ray competition included (future option; see GRYPHON code [76] and
[83]).

PEQGM (SLO), E. Bétdk.

The g-ray competition has been included, but «-emission has been sup—
pressed. The values of o on and o np 2re not clearly separated at E_=20 and
25.7 MeV. The summed valuet are 101.?(88.8) mb at 20 MeV and 100.1 (44.“5) 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 M¥eV. Dr. B&t4x suggests that this is caused by the
finite energy step used and by the use of g = A/13 MeV-! and no pairing cor-
rections. These effects are important, especially when the energy available is
not high encugh above the threshold.

Please note high values of total y-ray emission cross sections.
PREM {TOH), G. Keeni, 8. Yoshida.

In this code no q-ray competition nor e-particle competition has been tak-
en intec account.

The data have been renormalised by the compilers with factors 1.0422,
0.9596, 0.9206 at E = 10, 20 and 25.7 MeV to adjust the reaction cross sections.

i i + + +
The inconsistency problems between annx and ann"( an2n1 0031‘1' annp';
have been reduced by adopting a smaller mesh size in the calculations with
pre—~equilibrium compenent (0.10 rather than 0.25 MeV). At 25.7 MeV there is

also a contribution of 43.5mb from o and a contribution of 17.9 at o .
npnn nnpn

PREANG1 (TRM-2), S.B. Garg, A. 8inha

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

' O were obtained from the rel~

Zanx’ “npx’ “nax’ “n2ny’ “npny’ “nant’ “nnen’ “npem
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

to adjust the reaction cross section. No y-ray competition was included.

The (n,¢) cross sections seems too low.
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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 ¢ _,r _ande_ _is smaller than e to allow for direct reactions
nn’ np ne r

producing other light ions, notably deuterons.
AMAPRE (TUD), H. Kalka, D. Hermsdorf, D. Seeliger.

No data given at 10 and 20 MeV (instead data were provided at 9 and 12 MeV).
No angle- and energy-integrated reaction cross sections were given (only emis-
sion spectra and Legendre coefficilents of angular distributions at 14.6 and
25.7 MeV). The secondary (n,2n) emission spectra were calculated by the STAPRE
code.

ALICE (LLL-1,2), M. Blann

LLL-1 and -2 correspond to the hybrid and geometry-dependent hybrid models
programmed in ALICE/LIVERMORES82. No y-ray competition has been included. The
values of O nx’ anpx' 7 ax 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 (a
etc.). In general the code calculates and prints both the 1nclu51ve .a.nnin Eﬁe
exclusive cross sections.

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

No p-, - and y-competition included. The division of o between & '

1
-] ' @ could not be deduced from the contribution of the uthors. ey
n2ny” n3nt
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Table 5a Cross sections for population of jsomeric states

4, aV 1
Final STAPRE STAPRE GNASH? EMPIRE NG
state IRK LLL-1 LAS iBM ORL
93m
Nb 132.4 179.7 144.8 59.1 65.
(76.8) (60.4) (31.1) {(-)
92m _
Nb 460.6 482.0 559.5 474.3 691.
(584.6) (674.0) {586.) (T)

Table 5p_C . : lati £ .

t .7 v 1
Final STAPRE STAPRE? GNASH?2 "EMPIRE '
state IRK LLL-1 LAS IBM
93m
Nb - 67.5 46.3 27.1 '
(0.7) (0.9)
g2m
Nb - 124.8 143.7 110.0
{19.5) (40.1)
Sim !
Nb - 77.6 474.2 249.1
{140.4) (749.4)
Table 5c Experimental data for activatjon cross gections of |

igomeric states at 14.6 MeV (mb)?!

Final state

Experimental value in mb

S3m
Nb

135

Ryves and Kolkowski, 1981

S2m

460

Many data points

' it has been pointed out by D.G. Gardner that the branching ratio for the 13/2+ lavel of NbH-93
at 0.95 MeV @as specified in the exercise is in error. Therefors, 8 comparison to experimental

data for the population of Nb-83

* Reviged.

is not very relevant.
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1 2 3 4 5 6 7 8 9
Equili| Pre- | ; Level p-h level Discrete
Class Code brium |equili Relation |Options density density levels
STAPRE (IRK) HF RWM COR* CPF M,6 GC+ WS,g=hA/13+ YES*
STAPRE (LLL-1) HF RWM COR+ CP M,B GC+ WS+ YES
GNASH (LAS) HF ME,NCB COR CPA M,6* GC+ WS YES+
GNASH (JAE) HF ME,NCB COR cr M,6 GC * YES+
(n) EMPIRE (IBJ) HF GDH,NCB COR,C* CP M,6 GC g=B/13,0%*+ YES+
PERINNI (ECN-1) HF ME+ UM, C+ c M,3 BF+ + EQ
HAUSER-V (TRM-1) HF |ME,NCB COR c M2 GC WS EQ
TNG (ORL) HF MEC UM, C CPA M,3 GC WS, 02+ YES+
PRANG (ECN-2) WE ME UM+ CPA M,6 BF+ * NO
PEQGM {5LO) WE ME+ UM+ CP M,4* W W,g=A/13 NO
(B) PREM (TOH) WE ¥E UM CP M,2 W W,9=2/13 NO
PREANGL (TRM-2) WE ME UM CPA 6 W WS NO
PRECO-~D2(TNL-1,2) WE NCB+ COR* CPA 6 W,g=RA/13* NO
AMAPRE (TUD) WE ME UM CPA NM,2 BF w NO
ALICE (LLL-1,2) WE (GD)H,NCB|COR* CPR M,4 BF+ WS+ NO
() SECDIST (KFK) HF GDH,NCB COR* CPA M,2 GC + EQ+
EMPIRE (IBM) HF GDH,NCB COR,C* CP M,6 GC g=Ra/13,02 YES+
1 2 10 . i1 12 13 14
Internal Trans -ray
Class Code transi- | <> |R-factor|¥T®™8” [niesion Spectrum Ang. zmis—
sion dist.| .
tion coef. sion
STAPRE (IRK) + K=136.6 G ¢=0.11 I TEG,EB | no BWY+
STAPRE (LLL-1) W C=100 o4 ¢=0.25 I TEG,EB no BWY+
GNASH (LAS) W K=150+ + b TEG,EB KM+ BWY*
(a) GNASH (JAE) * * - - 1 TEG,EB no BWY+
EMPIRE (1BJ) + - - ne I,T EG,EB | no BW*
PERINNI (ECN-1) 0 C=650+ o+ T=10* T+ no no B+
HAUSER-V (TRM-1) W K=135 o} M* T(j)* | * ,EB no B+
TNG (CRL) 0 c=? O+ . | I,T EG,EB yes BW+
PRANG (ECN-2) o} C=650+ o+ =10+ I TE ,EP KK+ no
PEQGM (SLO) o] K=110 C no 1 TEG,EP no B+
(B) |PREM (TOM) W + + ne + TE ,EP | no no
PREANG1 (TRM-2) 0 Cc=225 c 4=.0002 1 F ,EP ¥ no
PRECO-D2(TNL-1,2) + K=135 O+ * I+ F ,EP KM+ no
AMAPRE (TUD) 0 =100 c - I E,EB+ KK+ noc+
ALICE (LLL~1,2) + - + + I,T* TE,EB KK+ no
(C) |SECDIST (KFK) + - - no I.T TE,EP |PWBA | no
EMPIRE (IBM) + - - ne 1,77 | EG,EB no BW+

! Extracted from questionnaire {Appendix B}, see next pages for explanation of abbreviations.

+ See next pages for comments supplied by participants.
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ABBREVIATIONS USED IN TABLE 6

Means see detailed notes by participants given below)

Eguiliprium
WE Weisskopf-Ewing (evaporation model)
HF Hauser-Feshbach

Pre—equilibrium Model Part

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

MEC As ME with conservation of angular momentum and parity

NCB Never-come~-back assumption

RWM Random-walk model up to equilibrium [i, 75]

Re jon uilibriw e—e i

UM Unified model of pre-equilibrium and equilibrium emission

c With conservaticn of angular momentum

COR Pre-equilibrium is treated as a correction to the statistical
model

H Hybrid model

GDH Geometry-dependent hybria

Optd vantiti a e

c Cross-sections (angle and energy integrated)

P Particle spectra [angle-integratead)

A angular distributions

M,n Multiparticle emission of up to n (different) outgoing
particles
v e in e

GC Gilbert-Cameron [21]

BF Back-shifted Fermi-gas model (Dilg. et al) [21]

W Williams [23]

jcle-hole densit

Ws wWilliams' state density with energy shift or pairing energy
correction [23]

W AS WS without energy shift or pairing energy correction

=A/13 g=RA/13 Mev-1
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10.

11.

12.

o3 Williams' level density with n-dependent spin distribution

Discrete Jevels
Yes Included in equilibrium + pre-equilibrium calculation
EQ Included in equilibrium calculation only
No Not considered
Internal Trangjtion Ratesg
b 4 4n +
Average transition probability A= I <H=>wf
Value of w: : W Williams [23]
a} Oblozinsky et al. [24]
<K3i> from : C=N <M?> = Na-* E-t ([26]
K=k Kalbach formula [25]
Emissjon Ratesg
R-factor:
c Ciine (without renormalisaticn to 1 at high wvalues of n:
ref. [26])
0 Kalbach's Q-factor, normalised to 1 at high values of n:
ref. [27])
G Gadioli et al. ref [28])

Treatment of «-emission:

. | e-parcicle emission rate according to ref. [29]
¥=N Form factors with 7=N.

¢=p <¢-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 precompound

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

Spectrum Calculatjons
Complexity:
F Only first-emitted particles calculated
T Total particle production spectra calculated

E Emission 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
Representations:

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

13. Angular Distrivution Calculation

KM Systematics of Kalbach and Mann [15] for angular distributions
in precompound part

M Model of Mantzouranis et al., Ref. [17]

KK Kikuchi-Kawai expression [45], see implementation in exciton
model in [18] and in GDH model in [20].

PWBA PWBA type of calculation for emission from n=n, only.

14, Gamma-Rav Epission

Brink-AXel formula

Weisskopf formula for M1 and E2
Expression for Yrast line

ne No gamma-ray emission

Ot
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PARTICIPANTS' NOTES TO TARLE 6 (indicated by +)

STAPRE [1, 2]

Pre-equilibrium part (4)

The "random-walk" equation {1, 75] is solved rather than the master equation.
The hever-come-back assumption is pot followed. Instead, the number of tran-
sitions is limited until the equilibrium population is reached (note from edi-
tors).

atio ilibrium e-

The first-chance HF cross section is multiplied by the depletion factor
resulting from the exciton model calculation. The depletion factors in the IRK
calculation are: 0.819, 0.699, 0.569 and 0.455 for E=10, 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)th exciton state differ from those in
the nth exciton state by less than 1 percent.

t ve it ibriw
The codes have different options. The option used was Gilbert and Cameron
with o = c yal A2/3, c=0.146, U=E-P.

Comments (IRK):
. . 2/3
o? is linearly interpclated between a’expand Ecand 0.146 /a_U A7 "at Ux'

In scme cases large differences were found between the results with ¢=0.146 and
c=0.08688. For instance, for the equilibrium contribution to amzx the results
at 10 or 14.6 MeV differed nearly by a factor of 2.

For nuclei for which the level-density parameters were not specified, those of
neighbouring nuclei of the same type were used (e.g. Nb~82 for Nb-80).

The first energy of the continuum is chosen by the code; it may differ by up to
0.25 MeV from the prescribed value,

In the LLL version the level density at low energies is normalised on an inte-

ger number of levels, rather than half integer values; an appropriate extrapo-
lation has been made.

Particle-hole level density (8)

Williams' state density formula was used with pailring correction.

IRK-contribution: g = 23 g =~ A/13 Mev_l.
A= 12/Va .
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£

LLL-1 centribution: 9=

a, a as specified (GC),
P as specified (GC).

Discrete levels (S}
Comment by IRK:

Discrete levels are included in both equilibrium and pre-equilibrium calcu-
lations. For the spectra, the PE contribution 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 bine; if a bin con-
tains no level the contribution is assigned to the first level below it. If
there are several levels in cne bin, the weights of the contributions are cho-~
sen proportional to the results of the HF calculation.

Intern a.

The IRK expressiocn for the final state density is:

+ _ 1 1 2 2,,2
“e = 3(nal) g(gE 5 ({(p+1)7+ (n+1)™))
. _ 6 A -1
with g = 7 B MeV .
camma-ra issic

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

2
(o)
El 3 -B r 1
T (e ) = 2 26.02x10 o X
T 1 T r (£2 _ 52 )2 + e21,2 3e
r T Tr

with €. = 16.5 Mev, Fr = 5,0 Mev, o, = 16.2 mb.
At LLL a modified shape was used, with ar = 220.5 mb.

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

TMl(s ) = 2n ch s3
¥ ¥
with ™ = 1.669 x 1072 Mev >
. , M1 -9 -3
At LLL a modified shape was used with € = 2.12x10 “MeV

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

5

TEz(e ) = 2ﬂCE23
¥ T

E2 ~5.

with ¢ = 7.928 x 1072 Mev

At LLL a modified shape was used with Co° = 1.04 x 10 % Mev >.
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The yrast line expression used is:

=28 o ST (B8
25 2 Jmax_ h 2 Irigid(E 8) 26 (IRK),
3 or 7/2 (LLL-1)}.

Comments (15)

1. The incident energies are slightly different {a bin structure is used also
for incident energies)

2. Direct and semi-direct capture has not been included.

3. The different partition of neutron emission into (n,n'y) and (n,2n7)
between the IRK and LLL~1 versionhs could, perhaps, be due to different
.pairing corrections used in pre-egquilibrium decay. This pairing cor-
rection is certainly the reason of the different end points of the spectra.

GNASH (LAS) [3]

Options (6)

The maximum number of particles (60) depends only on the size of the computer
(now CDC 7600). We will soon be increasing this capability by a factor of 10,
whern we move to a Cray.

ensi e 7

We use the Gibert-Cameron prescription with 02 = 0.0888 ¢ al AZ/ 3
at all excitation energies above Ec'

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

Discrete levels (9)

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

Internal transition rates (10}

9y = /13 (composite); g, = /13 (=7.15); gp = §.50; 9y = 6.10.
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These values of g  and g_, 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 decreas%d them%lightly. The agreement with Grimes is still
not good, but I believe the problem might be the proton and alpha transmission
coefficients.

Emission rates (11)

Use Kalbach's expressions for pickup and knockout, reference [27].

naular a t

The expressions of Kalbach and Mann have been used. These are modified at sec-
cndary neutron energies < 6.5 MeV, where the coefficients are forced to go to
0. (HF angular distributions with auxiliary code).

G a-ray emission (14

Yrast expression used,

GNASH (JAE) [3]

Particle- ensit

The particle-hole density is involved in the normalization factor «, i.e.
2 4
= |M|° g° /A

Discrete levels (9)
Discrete levels were included both in equilibrium and pre-equilibrium

calculations.

t s tes

u; = 93 g2 /{p+h+i). For |I'I|2 see (8) (above).

EMPIRE |l|
t ilibriuvm to g i ts
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Flux of projectiles of angular momentum L avallable for formation of
L E-Bx L
compound nucleus is reduced by factoer R = 1- El P x(a)ds
where X denotes neutrons and protons, Pi(a) is probability of finding particle
X in channel of energy ¢ to £ + de.

Particle-hole densitv (8)
Ericson level density with standard spin distribution of n-exciton levels
Rn(J) = (20-&-1)(202)—1 exp[-(J+1/2)2/Za§] where aﬁ = 0.28 A2/3 n. Yrast
2
lines for n-exciton configurations U = 157 taken into account.
yrast A4/3(n-1/2)

Discrete jevels (9)

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

Internal transitjon rates (J0)

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

Gamma-ray emission (14)

CMl = 0.1, CE2 = 0.1.

%]
Q
o
o]

F-Y

PR - 5,46 x 107 i1 7

E1 B2+ 25
i=1 1 1 it

™ = cE2 x 3.5¢ x 1052 a%/3 g5

E2 1

W -7 .3

Ty = OM1 X 1.30 x 107" E,.

o m

The integration step 1 MeV was used for the calculations of reactions induced
by 10 MeV and 14.6 MeV neutrons, while in the two remaining cases 2 MeV step was
applied.

No transitions between discrete levels were considered, except those nuclei
for which decay scheme was provided in the exercise specification.

Yrast lines were accounted for only in pre-equilibrium decay, see (8).
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PERINNI [5]

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

ati f e brium to pre- i )
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—-equilibrium component for the excitation of discrete levels.

ve 5] in e i 7

There are several options in the code. For calculations with account of
pre-equilibrium effects, the Williams' formula with a "renormalization™ to the

back-shifted Fermi gas formula of Dilg et al. [22] is employed {see below)}. At
low excitation energies the value of ¢2? is calculated differently.

Particle-hole density (8)

A "renormalised” Williams' level-density formula was used:

U Williams
w (W) = fE e 0 (0
n 3 a1/4(u+t)5/4 n

2
a-= g—— g; U=E-4; e* from expression of Dilg et al. with

Ieff = Irigid’ ro = 1.25 £m.

650
{13g)2E

1

ap? o= (for § = A/13 this corresponds to <M>? = 6508 “E 1).

This wvalue is different from most other values, because a different
level-density formula has been used.

5i0 te

In addition © = 1 exactly for n Z n.

For e-emission g, = 10 at n < n, and T,=latn2 n.
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For the calculation of the mean life times (in PRANG) inverse reaction cross
sections were used.

Gamma-ray emission (14)

The Brink-Axel formula was used for all nuclei, no M2 and E2 emission was
included; no yrast line was used.

HAUSER-V [6]

ternal transiti ates

The average transition probability of Williams [23] has peen modified to allow
for the distinguishahility between protons and neutrons.

Emission rates (}1})

The «-particle emission is treated according to Ref. [27]. This includes a
direct component. The Jj—dependent transmission coeificients yield a lower
reaction cross section. The magnitude of difference varies from about 2 per-
cent at 10 MeV to about 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
HAUSER-V.

a- 1 4

The normalization varies smoothly with A as given in the HAUSER-V report [6].

ING |7|
Particle-hole densitv (8)
. 1 2 2
Energy shift = 7 g (Ao - A® (u,n)), see Ref. [16] ;

0121 from pairing model.

Discrete levels (9)

Weighted by o r (E

pre cut)'
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R-factor (11)

Modified Q-factor of Kalbach.

Angular distribution calculation (13)

Generalised HF, see Ref. [16].

The £, and f, coefficients for E = 25.7 MeV are 96% HF for E' = 0~4 MeV and 67%
HF for E' = 4-8 MeV under the following assumptions:

If the first collision does not involve the odd nucleon, then I, = 5/2
should not be used for calculating the formation stage (n=3) in the pre-
compound part. Instead I, = 1/2 has been used.

If the first collision is uniformly probably inside the entire nucleus
volume, then a smaller spin-cutoff parameter than presrzrfgaed should be
used, at least for n=3. The adopted value isc=0.0888a A -

Due to the way TNG was programmed, the same assumptions had to be used in both
the precompound and compound parts of the calculation. Therefore, the £, 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 ! 15)

The angle-integrated cross sections were calculated with 1-MeV bins, which is
apparently too wide for the (n,2n) and {n,3n) calculations near threshold.

PRANG [8]

atio ilibri re-eguilj

Combined treatment of pre-equilibrium and equilibrium contributions
{master-equation approach).

A e i j 7

Wiliiams' formula with a "renormalisation™ teo the back-shifted Fermi gas for-
mula [23]:

U Williams
1(1 vV 3 a1/4(U+t)5/4 n
=% 4. y= g
as=g g U=E-A.
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The parameters a and A have been fitted to the experimental level density
information, as prescribed.

art.j - de
See above.
Interna si s

The expression for <H2> was:

2. _ 650
<H>—-——'-(13g)’ B

Note that the numerical value is larger than usual because a different
level-density formula has been adopted.

Emission rates (11)

Kalbach's Q-factor has been used with Q=1 (exactly) at n 2 n.
For «-emission T = 10 at n € n, and Ty = latnzn.

Anqular distribution (13)
The "angle-energy correlated model"” as described by C. Costa et al., [19], 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. 5&, B6A. Full curves represent unadjusted results in Figs. 5, 6.

comments (15)

An updated version of PRANG, named GRYPHON, has been presented at the Santa Fe
conference [76].

PEQGM [9]

—eguilibri
Master equations start with n, =1 (1pOh}. For the calculation of continuocus

particle emission, this is indistinguishable from n,=3. Significant differ-
ence appears for gamma spectra where n,=1 1s essential [62], see Fig. 19.
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211 the calculations are done within the pre-equilibrium formalism, with-
out treatment of discrete 1levels 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 1s made. Master equations are
firstly integrated in time (from o to =), all the rest of calculations deals
only with the algebraic equations for time integrals (which contain both the
parts, the pre-equilibrium and the equilibrium ones).

Opticns (8}

The number of particles can be easily increased by simple adjustment of arrays.

F-ray emission ‘ 14)

See Refs. [9, 62, 63]. The El normalisation constant used for all nuclel was
1.79.

PREM [10]
Internal transition rates (10)
> = Eé%ﬂ (1.6 x 10°°EL - 6.0 x 10%%) /¢!
9%
n/2n 6> -3 21 _-1 18 2
== A (1.6 % 10“°E ~ - 6.0 x 107°)/cl Mev

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

Enlssion rates (1)

The expression for emission rates are given in Ref. [10].

Transmission coefficients: cross sections are approximated by the simple
expressions

2 0 for E < Vc

o
n P ﬂRz(l—Vc/E) for E > V_,

2
Q

where R = ro Al/3 {(r ., the nuclear radius parameter, was taken to he 1.647
fm). This value was cﬁosen by comparing with the cross—-secticn at 14.6 MeV
obtained from optical-mcdel calculations and

1.44(Z-1)

vV =
r (1+(A-1)l/3

c

Ct:
)
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Ct is a correction factor taken to be 0.937 by comparing with the cross section
at 14.6 MeV obtained from optical-model calculations.

PRECO-D2 [12]

Pre- ilibri mod 4

States which contain an unbound particle degree of freedom are 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 A° and A- 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.
{44].

tion of equilibri e—equilibriy t
-B
_ do
’pRE E: T ac(3+P)ppgde
o
b=n,p,«
Oy = O‘PRE replaces % in Weisskopf-Ewing evaporation calculation.
For nuclecn-induced reactions O’CN = 0.9 GRXN to allow for direct reactions
involving complex particles.
t evel densjty i ilibrium t (7

No angular momentum dependence is considered. The gingle Fermi gas (to be con-
sistent with the one component exciton model for pre—equilibrium) state densi-
ty is used:

[e3 13 o

p(E) = = exp[2(aE) = n*g/6,

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

Particle-hole density (8)
Williams' state density is used but with a slightly different Ap n’
P (pt1)+h(n+1)
= m _ _pip+l)+ -
Ap,h 5 y with P, = max {p./h).

This formula with finite-well depth corrections applied for h = 1,2 is the
starting point for the derivation of the densities of bound and unbound config-
urations (i.e. states without and with unbound particle degrees of freedom).
The state-density formulae {which also contain meodifications to g for long
range deviations from the equi-spacing model) are given in Ref. [43].
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e itio teg

Separate rates are used for Rﬁuu)' J\Eub). Ebu)' ?«Sbb). ?k.(,un). R(.b“),
A.(.ub) and A_Sbu). A1l are given in Ref. [43].
Emjssion rateg (11)

In PRECO-D2 the Q-factor is either calculated according to Ref. [27] (as
for the TNL-1 calculatjons) or (as for TNL-2) using the relation

Frax [z] " b [N] My (p-B,)! .
(Gz = Pr"Pnin A A (PR”ZD)!(pv-ND)! * nﬂ!hp!
p) =
p-N n n
P gl W _pt ht
}- H H P!p! ° htnl!
Pn—Za A a w Pp 0,

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

Pre~equllibrium alpha emission is treated as the 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-nuclecn pickup
are calculated as in Ref. [27] with the modifications described in the PRECO-D
writeup [12].

Transmission coefficients: inverse reaction cross~sections are also used in
the compound part.

distribution atj

Kalbach~Mann systematics [15) are also used for the compound part.

Comments(15)

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

AMAPRE [40]
Spectrum calculations (12}

The spectrum is represented in energy bins of variable width. The data given
are the mid-point values of the energy bins.
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Angular distribution calculatio

The method described in 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 beeﬁ
included in this review, because they are difficult to read).

Comments(1i%)
The code AMAPRE is still under development. First results have been obtained
for Nb-93, Pb-208 and 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;

* q-ray competition;

* exciton-energy dependent level densities.
Note: The spectrum of secondary neutrons from (n,2n) at 14.6 MeV has

been taken from the code STAPRE. The corresponding AMAPRE data are
still in question.

ALICE-LIVERMORE (LLL-1,2) |13

Pre~equilibrium model part (4)

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

Rela equilibrium to -

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

(o] level densi equilibri 7

p(E) ~ (E—A)'—E’/4r exp (2 ¢ a(E-A))

with option of A being defined as backshifted value or with odd-even
reference surface as 4 = 0. Results sent for backshifted option.

Particle- nsi

Williams' expression with Pauli correction used, but g = A/20 at E:=1':‘.s

3

and energy dependent with Fermi-gas dependence on E°.

66



ansitio te

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 Z, and on relativees  , o0 , o . Emission rate into the
continuum is based on simple phase space co%%idgpatigﬁs.

g-emission (11)

Only equilibrium «'s in results submitted; we have not run QFS model for these
cases,.

on coefficients

T y enter GDH results via o y of entrance channel.

dist utio

Based on N-N scattering kernel for Fermi gas, folded using GDH medel. Analytic
expressions of Kikuchi and Kawai [45] used. A 3-dimensional folding method has
been used, as discussed in Ref. [20]. Results have been submitted without and
with refraction/diffraction (In ¥Figs. 7-16 +the results wjthout
refraction/diffraction are presented; in Figs. 13 and 14 a comparison is given
of results with and without refraction).

SECDIST/HAFKRA [14,47]}

at ilibrj to -e

The total neutron emission cross-~section (E = energy of the incident neutron;
e = energy of the emitted neutron} is calculated by:

de de de

do(E,e) _ [ do(E,e) ] + [ do(E,¢) ]
eq. pre—-eq.

The equilibrium part is calculated by the Hauser-Feshbach code HAFKA4, the
pre-equilibrium part is calculated by SECDIST without any adjustment (¢_ is
depleted for the pre-equilibrium contribution prior to the calculation c>fr the
equilibrium part}.

Partjicle-

For n,=3 the geometry-dependent particle-~hole densities of Blann, for n2$5
those of Ericson without any corrections, are used.
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Discrete levels (9)

In the equilibrium calculation the discrete levels are considered as usual in
Hauser~Feshbach calculations.

In the pre-equilibrium calculations, the discrete levels are not considered
explicitly, but the high energy tail can be interpreted as the average over the
DWBA-results for the first discrete ievels, as shown by H. Jahn (Harwell Con-
ference 1978) for Fe-56.

nsiti t

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

la istributi 3

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 n2% were assumed to be isotropic. See expression
in Refs. [46, 47]. The value of L was selected to be equal to 3. some
graphs (provided hy 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 distributiens.

Co ]

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

Note discrepancies between experimental data of Refs. [37, 39], see Fig. 17,
suggested by E. Bahm and H. Jahn [78]. The contributors stress that agreement
between theory and experimental data is obtained without using fit parameters
in the expression for A+{e).
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Fig. 1a

Fig. 1B

Fig. 1C

Figs. 1D,2D

Fig. 23

Fig. 2B

Fig. 2C

Fig. 3a

Fig. 3B

Fig. 3C

FIGURE CAPTIONS

Calculated total neutron-emission spectra at E=14.6 MeV on a line-
ar-legarithmic scale for class A codes. The points refer to bins.
The GNASH results (LAS) are indicated by straight line segments in
order to have a reference in the other figures.

Calculated total neutron-emission spectra at E=14.6 MeV on a line-
ar-logarithmic scale for class B codes. The GNASE results (LAS)
are given for reference with other figures.

Calculated total neutron-emission spectra at E=14.6 MeV on a line-
ar-logarithmic scale for class C codes. The GNASH results (LAS)
are given for reference with other figures.

Experimental values of total neutron-emission spectra at 14.6 MeV
compared to the GNASH results (straight-line segments). The ref-
erence for the experimental data are given in the CINDA data index
(see o ; exp. data). The angle~integrated data were obtained
from an_L'ga'k“st-squares analysis on the original experimental values
from TUB-75 (Hermsdorf et al. [39]) and LLL (Kammerdiener [73]) at
ECN, Petten. Those of (Salnikov et al), KGU-81 (Degtyarev et al.
[80]) and 0SA-83 (Takahashi et al. [37]) were analysed at IRK,
Vienna (courtesy of Prof. Dr. H. Vonach). The TUD-75 data at 6 to
9 MeV were the points at which the participants were asked to fit
their data.

Calculated total neutron-emission spectra at E=14.6 MeV on a dou-
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 on a 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 MeV on a dou-
ble-legarithmic scale for class C codes. The GNASH results (LAS)
are given for reference with cther figures.

Calculated total neutron-emission spectra at E=25.7 MeV on a line-
ar-logarithmic scale for class A codes. The points refer to bins.
The GNASH results (LAS) are indicated by straight line segments in
order to have a reference in the other figures.

Calculated total neutron-emission spectra at E=25.7 MeV on a line~
ar-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 on a line~

ar-logarithmic scale for class C codes. The GNASH results (LAS)
are given for reference with other figures.

69



Figs. 3D,4D Experimental values of total neutron-emission spectra at 25.7 MeV

Fig. 4A

Fig. 4B

Fig. 4C

Flg. 5A

Fig. 5B

Fig. 62

Fig. 6B

Fig. 7

Pig. B

Fig. 9

compared to the GNASH results (straight-line segments). The
experimental points are from OHO (Marcinkowski et al. [38]).

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

Reduced Legendre coefficients f, and £, as a function of outgo-
ing energy at incident energy of E=14.6 MeV. The angle inte-
grated emission spectrum is given at the top of the figure. The
calculated data are obtained with codes GNASH (modified KM system—
atics), TNG (generalised BF theory) and PRANG (angle- energy cor-
related model). Two PRANG results are given for f,,
corresponding to a theoretical and an adjusted kernel (adjusted to
systematlcs, 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 KM systematics). See further caption of 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 Marcinkowski et al.
[38].

Kalbach-Mann systematics [15] compared to results of PRANG and
GNASH (modified KM systematics). See further caption of Fig. 6A.

Double-differential neutron-production cross section at E=14.6
MeV and #x20° 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
(ECN2) cover the full energy range; results from other codes are
restricted to the high-energy part.

Double-differential neutron-production cross section at E=14.6
MeV and 8=80° as a function of cutgoing energy E'. See further
caption of Fig. 7.

Double-differential neutron-production cross section at E<14.6
MeV and 8=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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Fig. 10

Flg. 12

Fig. 13

Fig. 14

Fig. 15

Fig. 16

Flg. 17

Fig. 18

Fig. 19

Double-differential neutron~-production cross section at E=25.7
MeV and 0=20° as a function of outgoing energy E'. The exper-
imental data are from Marcinkowski et al. [38], without correction
for elastic scattering. See further caption of Fig. 7.

Double-differential neutron-production cross section at E=25.7
MeV and &=B0° 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 6=B80° as a function of outgcoing energy E'. See further
caption of Fig. 10.

Angular-differential of neutron-production cross section. at
E=14.6 MeV and E'~6 MeV. The experimental data are 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 6 = 15° to 23.47 MeV at ¢ = 143%),
There are two series of data points calculated with the
ALICE/LIVERMORE code, with and without inclusion of refraction.

Angular distribution of neutron preoduction cross sectlon at
=14.6 MeV and E'=B MeV. 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 MeV and E'x16 MeV. The experimental data are from Marcin-
kowski et al. [38) (averaged over 16-17 MeV). HNote that the 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 MeV and E'=19 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 MeV. The data shown are from Hermsdorf et al. [39], Kam-

merdiener [73) and Takahashi et al. [37] (Figure prepared by Bahm
and Jahn [78]).

Angular distribution of neutreon-production cross sections at
E=14.6 MeV and E=25.7 MeV (preliminary results) for various outgo-
ing energies according to a PWBA method as followed at KfK {code
SECDIST). No {(n,2n) nor {n,3n) contributions have been taken into
account.

Calculated total photon—-production spectra at E=14.6 MeV.
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10. Codes avallable at the NEA Data Bank

NAME OR DESIGNATION OF PROGRAM. STAPRE

COMPUTER FOR WHICH PROGRAM IS DESIGNED AND OTHER MACHINE VERSION
PACKAGES AVAILABLE -
Program~name Package-ID Orig. Computer Test Computer

STAPRE NER 0461/02 CDC 7600 CDC 7600

NATURE OF PHYSICAL PROBLEM SOLVED. Calculation cf energy-averaged
cross sections for nuclear reactions with emission of particles 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.

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 1s employed. The
width-fluctuation correction factor is calculated by use of
Simpson's rule.

RESTRICTIONS ON THE COMPLEXITY OF THE PRCBLEM. Only particle induced
reactions can be treated. The number of sequentially emitted
particles 1s 1limited to 6, while the number of gamma rays is
arbitrary. Angular distributions of emitted particles and photons
are not calculated.

TYPICAL RUNNING TIME. The calculation of the excitation function (1
<e (in) < =20 MeV, 1 MeV steps) for a typical, neutron induced
reaction requires approximately 200 seconds CPU time on a CYBER 170~
720.

UNUSUAL FEATURES OF THE PROGRAM. 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.

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

STATUS -

NEA 0461/02 : Arrived at NEADB September 1981
Tested at NEADB
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10.

11.

12.

13.

14.

15.

16.

REFERENCES.

M. Uhl -~

ACTA Phys. Bustr. 31 (1970) 245.

NEA 0461/02 :

= M. Uhl and B. Strohmaler
STAPRE: A Computer Code for Particle Induced Activation Cross
Sections and Related Quantities. IRK 76/01 (1976, Upd. 1981).

MACHINE REQUIREMENTS.

126462 octal words CPU (without segmentation) on CYBER 73.
& local files (tape or disk)

card reader

line printer.

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

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

ANY OTHER PROGRAMMING OR OPERATING INFORMATION OR RESTRICTIONS.
The program description contains instructions for segmentation
crder to reduce storage reguirements.

NAME AND ESTABLISHMENT OF AUTHOR.

M. Uhl

Institut fuer Radiumforschung und Kernphysik
Boltzmanngasse 3

A-1.090 Wien

Austria

MATERIAL AVAILABLE -

NEA 0461/02 :
source program, test-case data, test-case output,
report IRK 76/01 (1976, Upd. 19B1).
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10.

11.

NAME OR DESIGNATION OF PROGRAM - GNASH

COMPUTER FOR WHICH PROGRAM 1S DESIGNED AND OTHER MACHINE VERSION
PACKAGES AVAILABLE -

Program-name Package-1D Orig. Computer Test Computer
GNASH NESC0757/01 CDC 7600 CDC 7600
DESCRIPTION OF PROBLEM OR FUNCTION - The preequilibrium,

statistical nuclear model code GNASH calculates reaction and level
cross sections, iscmer ratios, and spectra (neutron, gamma-ray,
and charged-particle) resulting from particle-induced reactions
using the Hauser—-Feshbach formalism along with simple
preequilibrium corrections. Gamma~ray competition is considered
in detail for every decaying compound nucleus.

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.

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.

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 Co5%2, 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.

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 inveolving up to &0 nuclel in one
computation.

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

STATUS -
NESC0757/01 : Arrived at NEADB March 1979
Tested at NEADB

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.

MACHINE REQUIREMENTS ~ 49K words of small core memory (SCM) 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
LCH.
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iz.

13,

14.

15.

16.

PROGRAMMING LANGUAGE USED.
NESCO757/01  :

OPERATING SYSTEM UNDER WHICH PROGRAM IS EXECUTED -

OTHER PROGRAMMING OR OPERATING INFORMATION OR RESTRICTIONS ~

FORTRAN+ASSEMBLER

SCOPE.

The

values of NJDIM, NEEDIM, NLDIM, NLEVDIM should be left fixed at

values of 40, 25, 30, and 50, respectively.

can be changed, and probably is
LCM usage.

COMPASS routines, ECRD and
variables between SCM and LCM.
LASL's system routines ECRD and

The variable NKDIM

the most useful method of reducing

ECWR, are included to transfer
These routines take the place of

ECWR.

NAME AND ESTABLISHMENT OF AUTHORS -
P. G. Young and E. D. Arthur
Los Alamos Scientific Laboratory

P. Q0. Box 1663

Los Alamos, New Mexico 87545

MATERIAL AVAILABLE -
NESC0757/01 H

source program, test-case data, test-case ocutput, report.
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1.

2.

NAME OR DESIGNATION OF PROGRAM - BAUSERS

COMPUTER FOR WHICH PROGRAM IS DESIGNED AND OTHER MACHINE VERSION
PACKAGES AVAILABLE -

Program—-name Package-ID Orig. Computer Test Computer

——— e - P L i i -

HAUSER-5 NESC0830/03 IBM 370/168 IBM 370/168
NESC08301/04 UNIVAC 1110 UNIVAC 1110

DESCRIPTION OF PROBLEM OR FUNCTION -~ HAUSERS calculates angle-
integrated and, if desired, angle-differential reaction cross sec-
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.

METHOD OF SOLUTION - HAUSERS is based on three models of nuclear
reactions - the statistical (or Hauser-Feshbach) model, the pre-
equilibrium model {exXecitation 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—-S8Saxon or Gaussian shape. The fission transmission coef-
ficients are based on the Hill-Wheeler equationm.

RESTRICTIONS ON THE COMPLEXITY OF THE PROBLEM - HAUSERS can accura-
tely predict nuclear cross sections over most energy ranges less
than about 60 MeV. Presently, the only statistical direct reaction
inciuded is the (n,ALPHA) pickup reaction. The Coulomb function may
need to be replaced if heavy ions far below the Coulcomb barrier are
used. A maximum of six reaction pairs can be calculated. Residual
nucleli can be descrired by 100 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 exXpressed 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.

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.

UNUSUAL FEATURES OF THE PROGRAM - HAUSERS provides a single fast
code covering unresolved resonance regions to beyond 50 Mev.
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8.

10.

RELATED AND AUXILIARY PROGRAMS - 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. HAUSERS relies very heavily on the ear-
lier STATIS code for the statistical model calculation and the
PRECO~-B code for the pre-equilibrium section. HAUSERS was preceded
by HAUSER1-HAUSER4 program and has been tested against the related
HELENE, TNG, and GNASH (NESC Abstract 757} codes.

STATUS -

NESC0830/03 : Arrived at NEADB August 1580
Tested at NEADB

NESCOB30/04 : Arrived at NEADB January 1880
Tested at NEADB

REFERENCES -

~ Frederick M. Mann,
HLUSER-S, A Computer Code to Calculate Wuglear Cross Bections,
HEDL-TME 78-83, July 197S.

- Frederick M. Mann,
HAUSER-4, A Computer Code to Calculate Nuclear Cross Sections,
HEDL-TME 76-B0, September 1976.

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

- C. Kalbach,
PRECO~B, program for Calculating Pre-Equilibrium Energy Spectra,
Triangle Universities Nuciear lLaboratory and ¥orth California
State Chemistry Department informal report, 1977.

- D.L. Hiil and J.A. Whaeler,
Nuclear Constitution and the Interpretation of Fission Phenomena,
Physical Review, Vol. 8%, 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 1809, in J. Fox and E.T.
Goodwin, Proceedings of the Cambriddge Philosophical Society, Vol.
45, No. 1, 373-3B3, January 13549.

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

NESCog30/03

- A. Prince, G. Reffo, E. fartori:
"Report on the International Nuclear Model Code Intercomparison,

Spherical Optical and Statistical Model Study”., October 1983

NEANDC/INDC(NEA )4

NESCDB30/04

- A. Prince, G. Reffo, E. Sartori:
YReport on the International Nuclear Model Code Intercomparison,
Spherical OQptical and Statistical Model 3tudy", October 1983
NEANDC/INDC(NER )4
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i1,

13.

14.

15.

i6.

MACHINE REQUIREMENTS - Input device (logical unit 5) to read card
images, output devices for printed copy (units §, 8, 10, and 11),
and output devices for punched cards {units 7 and 9). HAUSER5, when
overlayed, requires 5%8K words of memory. The auxiliary program,
TISO, regquires punch units 7 and 8 and 17K words of memory.

PROGRAMMING LANGUAGE USED.
NESCO0830/03 : FORTRAN-TIV
NESCO830/04 : FORTRAN-V (UNIVAC)

OPERATING SYSYEM UNDER WHICH PROGRAM 18 EXECUTED - EXECS.

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

NAME AND ESTABLISHMENT OF AUTHOR -~

F.M. Mann

Hanford Engineering Development Laboratory
Westinghouse Hanford Company

P.0O. Box 1970

Richland, Washington 99352

MATERIAL AVAILABLE -
NESC0830/03 @
report NEANDC/INDC(NER)4, October 1983,
NESC0830/04
NESC Note 83-44, report NEANDC/INDC(NEA)4, October 1983.
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1.

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

CCMPUTER FOR WHICH PROGRAM IS DESIGNED AND OTHER MACHINE VERSION
PACKAGES AVAILABLE ~
Program-name Package—ID Orig. Computer Test Computer

TNG NEA 0678/01 IBM 360 series IBM 360 series

DESCRIPTION OF PROBLEM OR FUNCTION - The code is designed for calcu-
lating nuclear reaction cross sections below 20 MeV., BRinary-
reaction, tertiary-reaction and gamma-ray-production cross sections
such as (n,gamma), {n,p), (n,2n), (n,n'gamma}, {n,alpha-n-gamma) may
be calculated. Energy distributions of secondary particles and
gamma rays may bpe ocutput in ENDF/B formats. Angular distributions
of the first cutgoing particles may be output in terms of Legendre
coefficients.

METHOD OF SCLUTION - 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 outgeoing
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
glant dipole resonances {5). The parity selection rule of electric
dipole transitions may be partially relaxed as a means of includ-
ing magnetic dipole transitions.

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

TYPICAL RUNNING TIME - The running time is roughly proportional to
(ExDelta-E)*x*Z 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.

RELATED AND AUXILIARY PROGRAMS - Collective exXcitation coross 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.

10.

1.

12.

13,

15.

16.

STATUS -
NER 0678/01

REFERENCES -
(1) c.

: Arrived at NEADB September 1978
Tested at NEADB

Y. Fu, "TING, A Two-Step Hauser-Feshbach Code with Pre-

compound Decays and Gamma—-Ray Cascades", Technical Memoran-
dum, Oak Ridge National Labhoratery {(in preparation).

(2) w.
a.

(3) s.
cle
Por
ORN

(4) J.
M.
M.

{(5) P.
P.

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

K. Penny, "HELENE - A Computer Program to Calculate Nu-
ar Cross Sections Employing the Hauser-Feshbach Model,
ter-Thomas Width Fluctuation, and Continuum States",
L-TM-2590, Dak Ridge National Laboratory (1969).

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

Axel, Phys. Rev. 126, 671 (1962).
Oliva and D. Prosperi, Nuovo Cimentc ILB, 161 {(1967).

MACHINE REQUIREMENTS - 300 kbytes of core.

PROGRAMMING
NEA 0678/01

OPERATING SY
or MvVT.

NAME AND EST
C.
Ne

LANGUARGE USED.
: FORTRAN-IV

STEM UNDER WHICH PROGRAM IS EXECUTED -~ IBM 0s MVS
4BLISHMENT OF AUTHOR =~

Y. Fu
utron Physics Division

Oak Ridge National Laboratory

P.

0. Box X

Oak Ridge, Tennessee 37830
Usa

MATERIAL AVAILABLE -
NEA 0678/01 :

source progr

am, test—-case data, test-case output, report.
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1.

2.

10.

12,

15.

16.

NAME OR DESIGNATION OF PROGRAM - FREM

COMPUTER FOR WHICH PROGRAM 1S DESIGNED AND OTHER MACHINE VERSION
PACKAGES AVAILABLE -
Program-name Package-ID Orig. Computer Test Computer

——— = i e i b e e i i " . e 2t e e

PREN NEA 0888/01 IBM 370/168 IBM 370/168

DESCRIPTION OF PROBLEM OR FUNCTION - PREM computes energy spectra
and cross sections of (i,xnyp) processes when an initial distribu-
tion function is given. Master 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 cobtain the equilibrium contributions only, and also
the time development function for the first generation. Angular
mementum conservation is not taken into account.

METHOD OF SOLUTION - The master equations are soclved by the matrix
inversion method or matrix dlagonalization method.

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 perturbation method, which is
supposed to be correct for the limiting case. So it can compute for
all energy ranges.

STATUS -

NEA 0888/01 :+ Arrived at NEADB December 1982
Tested at NEADB

REFERENCES ~

- S. Yoshida: Z. Physik A308 (1982) 133.

NEA 08B88/01 :

- Gargi Keeni and shiro Yosida:
Computer Code for Pre-Egilibrium Process With Multiple Nucleon
Emission PREM. (Reprinted from The Science Reports of the Tohoku
University, Series 8, Vol. 3, No. i, June 1982)

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

NAME AND ESTABLISHMENT COF AUTHOR -

S. Yoshida and G. Keeni

Physics Department, Faculty of Science
Tohoku University

Sendai 980, Japan.

MATERITAL AVAILABLE -

NER 0888/01 H
source program, test-case data, test-case output,
report Sc.Rep.Tohoku Univ.Ser.8 Vol.3 N.1 (&6/82).
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1.

9‘

10.

NAME OR DESIGNATION CF PROGAM - PREANG

A statistical-model code to calculate nuclear cross sections,
particle-emission spectra and angular distributions for projecti-
les with energies abcve 10 MeV.

COMPUTER FOR WHICH PROGRAM IS DESIGNED AND OTHER MACHINE VERSION
PACKAGES AVAILABLE -

Program-name Package-ID Orig. Computer Test Computer
PREANG NEA 080%/01 CDC CYBER 174 CDC CYBER 174

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, a
or t. The nuclear model is based upon the time-integrated master-
integrated master-equaticn 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. Weidenmueller (1}.

METHOD OF SOLUTION - The mathematical solution of the generalized
master egquations is given in (2). A rather complete description of
the method is given in (3).

RESTRICTIONS ON THE COMPLEXITY OF THE PROBLEM ~ The validity of the
model 1is 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 dependences are accounted for.

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

RELATED AND AUXILIARY PROGREMS - The code is a modified version of
PREEQ by E. Betak, Comp. Phys. Comm. 9, 92 (1975) and 10, 70 (1975).

STATUS -

NEA 0809/01 : Arrived at NEADB May 1981
Tested at NEADB

REFERENCES -

(1) 6. Mantzouranis, D. Agassi and H.A. Weidenmueller, Phys. Lett.
57B, 220 (1975).

- (2) J.M. Rkkermans, Phys. Lett. 82B, 20 (1979).

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

NEA 0809/01 H

- J. M. Rkkermans and H. Gruppelaar
Calculation of Preequilibrium Angular Distributions with the
Exciton Model Code PREANG. 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.

12.

13.

15.

16.

MACHINE REQUIREMENTS - Main storage 46,675 octal words on CYBER 174.

PROGRAMMING LANGUAGE USED.
NEA 0809/01 ¢ FORTRAN-IV

CPERATING SYSTEM UNDER WHICH PROGRAM IS EXECUTED - NOS-BE.

NAME AND ESTABLISHMENT OF AUTHCR -
J.M. Rkkermans and H. Gruppelaar
Netherlands Energy Research Foundation
ECN, Petten, P.0. Box 1
1755 ZG PETTEN
Netherlands

MATERIAL AVAILABLE -~
NERL 0808/01 :
CDC Control Cards, PREANG Source Program,
Sample Problem Input Data, report ECN-&0 (May, 1979).
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APPENDIX A
NEANDC-177y
Specifications for the
International Nuclear Model and Code Comparison
on Pre-equilibrium Effects

1 Introduction

This paper gives the specification of an intercomparison of statis-
tical nuclear models and codes with emphasis on pre-equilibrium effects. 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 criticism by Prof. M. Blann,
communicated to the NEA Data Bank by Dr. M. Uhl, and on some suggestions of the
present authors. We are very grateful to Drs. 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 specifications given in this paper. The present pro-
posal deviated from the previous one mainly in the choice of a somewhat heavier
nucleus: *3Nb instead of ¥*Co. Using ?3Nb 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-eguilibrium
aspects, both experimentally and theoretically; it is often used as a
"sample problem” in nuclear model calculations to illustrate
pre-equilibrium effects.

3. There are experimental data for neutron emission spectra and angular dis-
tributions not only at 14.6 MeV, but also at 25.7 MeV!, Furthermore, there
are experimental data for anzn and o 3 from 14.6 to 24 MeV2,
Proton-emission data including angular disttlrl}.butions are also available

at 15 Mevis, 14,

It is realised that the previous nucleus 3°Co is well studied in the
statistical-model exercise and that it requires scome additional effort by the
participants to change %to another nucleus. However, we think that the
abcove-mentioned arguments are convincing, in particular point 3.

The character of this exXercise differs from the equilibrium exercise
in that pre-—equilibrium models currently in use are quite different. Therefore
it is more correct to speak about a model interceomparison 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. Masses, Q-values

2. Level-scheme data (discrete levels)
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3. Optical-model parameters {global spherical potential)
4. q-ray competition parameters

5. Total level-density specification.

The parameters, specific for the precompound emission are not pre-
scribed. Instead it is required to fit the 14.6 MeV total neutron emission
spectrum do/de at ¢ = 6 to 9 MeV, where precompound emission dominates. The

participants should therefore specify their model and the parameters used. To
facilitate this task, a questionnaire has been included (Appendix B).

The main quantity to be calculated is the total neutron emission spec-
trum de/de as a function of incoming energy E and outgoing energy e. These
angle-integrated spectra should be calculated at E = 10, 14.6, 20 and 25.7 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 important quantities to be calculated are: o
%non’ anp-r' cncc‘; and their energy spectra (angle-integrated).

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 MeV).

nn'y’

It is not necessary to include width-fluctuation corrections in the
calculations. There is also no need to calculate ¢ in this exercise.
However, y-ray competition should be included (if possfgle) to calculate the
multi-particle emission cross sections (and isomeric-state populations).

2 Mass, O-values, stc.

The masses and Q-values should be taken from a recent nuclear mass
table. Some values are provided in Table 3at®.

3 Level scheme data {(discrets levels)

The level schemes of most of the residual nuclel are specified in Table
i. These data are usually based upon recent issues of the Nuclear Data Sheets.
The first energy of the continuum calculation, Ec' is indicated in Table 3a.

Notes

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 =0.1 MeV. For *2Nb and *3Nb y-ray branchings
are given for discrete levels.,

4 Optical model

In these exercise, a spherical optical model is used, of which the
definition of the parameters is given in Table 2a. The selected global
optical-model parameters are given in Table 2b.
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For neutrons and protens, parametrisation close to those of F.G. Perey
(e.g. ?) have been selected. These parametrisations should work well at ener-
gies from 0.9 to 22 MeV. Please indicate when the channel-spin dependence of
the transmission coefficients has been neglected {T y, instead of T Y, j) .

For neutrons, we have checked that the potential is in reascnably good

agreement with available experimental *?Nb data for o and Toq from 1 to 15
MeV.

For g-particles, the potential of Ige and Huizenga* has been selected.
5 Gamma-ra rameter
For the calculation of g-ray competition the Brink-Axel giant-dipole

model should be used to describe El transitions. For all residual nuclides, the
same data are prescribed, i.e.:

E_ = 16.5 Mev,
l"; = 5.0 Mev,
ar = 0,162 b.

Using these parameters, the following value of the total s-wave radiation
width is obtained for the reaction *3Nb(n,y} **Nb at neutron binding energy:

<Ip(1=0)> = 165 MeV.

The value <I'y/Dobs amounts to 0.166 x 10-* If necessary, a normalisation con-
stant in the Brink-Axel 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. :

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

For y-ray cascade calculations (isomeric state population), the Ml and
E2 electromagnetic transitions should be allowed with the strengths of M1 and
E2 set to: strength (E1/M1) = strength (M1/E2) = 10, relative to the total E,
radiation width for s-wave resonances of the reaction ?3Nb(n,y) **Nb at the
neutron binding energy (v = 165 MeV) (the same normalisation constants should
be used for each residual nucleus). For the energy dependences of the M1 and E2
transitions the Welsskopf formula should be used.

The branching ratios for *2Nb and *3Nb levels are given in Table 1. 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 level-density parameters

For the calculation of the equilibrium part - or in the unified codes,
the combined pre—equilibrium and equilibrium parts - it is requested to fit the
total level density (i.e. summed over all possible particle-hole combinations)
at two energies, so that:
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1. the total number of levels equais Nc at E=E c:

2. the level spacing of s-wave levels equals Dobs at the neutron binding ener-
gy Bc

With these conditions, the participant should preferably use the com-
pesite Gilbert—Cameron formula®. 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 reguired that the
sum of all particle-hole components equals the total level density).

In Table 3a, the values of the parameters required to calculate N and
Dobs are specified. When the Gilbert-Cameron formula is used,
energles P of ref. ® are also prescribed (see Table 3a). Table 3b gives the

parameters a, Ux and A for three possible representations:

l. Gilbert-~Cameron formula with jimproved definition of the spin cut-off
parameter 7:

0'2 = 0.146 yal AZ/B.

2. Gilbert-Cameron formula with original definition of the spin cut-off
parameters:

02 = 0.0888 yaU A2/3.

3. Back—-shifted Fermi gas model*¢ with:

Ieff = Irigid.

The parameter g follows from the quantity a by means of the relation:
2
a=n d.
6

Noteg:

l. The participant should clearly specify the formula used. The preferred
h is f 1 .

2. At low energies the definition of o? is not clear in the case of
Gilbert-Cameron. It is suggested to use a linear interpolation between
o at E=E and ¢?*(E_) at the dividing energy E. = U +P. The value of
,8Xp , C % X X
o is givenTin Table 3Fa.
exp
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 due to the use of different level density formulas cannot be
heglected, particlarly at energies above 10 MeV. This has to be 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 precompound parts and compound parts 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 model one could use the same parameters as
used in the equilibrium calculation, including energy shifts or pairing energy
corrections. This would facilitate the intercompariscn of the results.
However, as it is noticed that another parametrisation could be more realistic
for pre—equilibrium calculations, deviations are allowed, provided that they
are indicated clearly. In many ccdes only the option g = A/13 MeV-! and P=0 is
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.

8 Precompound parameters

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.q.

-
A3E

This, or a similar expression, should be indicated, together with the value of
the parameter(s). The value(s) of the free parameter{s) should be adjusted in
order to cbtain agreement with the {(angle-integrated) total neutron emission
spectrum at E = 14.6 MeVand ¢ = 6 to S MeV:

dg (6~7 MeV) = 56.0 + 6 mbh/MeV,

de
dg (7-8 MeV) = 46.2 t 5 mb/MeV,
de
dg (8-9 MeV) = 36.5 £ 4 mb/MeV.
de

These data are obtained from an analysis of the experimental data of Hermsdorf
et al.?, performed at ECN, Petten (»). At € = 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 A0+A1P (cos 8)+A_P_(cos 8) through the original data of Hermsdorf et
al.?. The resullis are in ‘agreement with a similar analysis of Kammerdiener's
datal* and those of Salnikovet al.i7,
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Other parameters, such as R or Q factorsi®,® should also be
specified. Gadicli et al.'?! have proposed

nil,
n

kR =

where the "+" and "=" signs refer to neutron and pfoton emission, respectively,
to account for charge conservation. For *unified" models it is desired that
these parameters approach unity at equilibrium.

The treatment of the 7—cnanne1' has also to be described, e.g. accord-
ing to ref 12, When fit-parameters are used, such as 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 Requested calculationg

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

9.1 Integrated cross sections at 5 incident epergjes:
1. O 1 Ogyr Op {composite~formation cross section},

2. O nx’ anpx' O nax {first emission of n, p, and « respectively),

3. o __, (inelastic scattering cross section), o . o ' o . S '

aﬁgn {other cross sections are relatively smalﬁl;1 n3n" “nnpt npt npn
4, total particle (and gas-) production cross sections % nem’ cnpem' 7 cem’
Notes:

1. In cases b) to d) it is of interest to indicate the equilibrium component

separately; also the full equilibrium calculation (with pre-equilibrium
turned off) should be performed (specify equilibrium definiticn).

2. 2As intermediate results the t.ransmission coefficients T, (averaged over j)
and/or the inverse reaction c¢ross sections should be é&ven at each inci~-
dent energy and for each cutgoing particle.

9.2 Angle-jinteqrated spectra at 14.6 and 25.7 MeV
de de de . .

a) “nnx, npx, _ ngx (first emission of n,p and «, respectively).
de de de
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b} Total neutron emission spectra (excluding elastic scattering)

!
ﬂmg_m (summed over all outgoing neutrons).
de
9.3 Angular distributions of (total) neutron emission spectra at 14.6 and
25.7 MeV )

The preferred representation is given by reduced centre-cf-mass
Legendre coefficients f—t' (£=1, 2, 3) where

dza _ i de

S S I E‘((Z.Hl) f_(Pl(cosﬂ).‘

f-t should be tabulated as a function of ¢ (in c.o.m.).

S.4 g iss] .

1. 3%;;1011 cross section for the population of the isomeric states 93mNb and

2. Total photon-production cross section;
3. g-ray emission spectrum do/de.

The participants are kindly asked to send all information on their
codes and to answer the guestions in the questionnaire (Appendix B).

The deadline for the solutions is lst November 1983.
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TABLE 1 Level scheme data

[N
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0.8345
1.3828
1.4954
1.8473
2.0667
2.1500
2.3397
2.3983

LEVELS FOR

1
2
3

125

0.0
0.9092
1.5074

=2.0

+ 1

+
OO LW W
OO0 O0OO0O0O000

+

<+

+

-

1

+

92y
-2.0
+0.0
~2.0
+1.0
-3.0
-0.0
+1.0
-4.0

+2.0

B9Y

~0.5
+4.5
-1.5

APPENDIX A



LEVELS FOR 91NB

W20 =

10

AU b WwN =

0.0

0.1045
1.1868
1.3126
1.5810
1.6125
1.6370
1.7804
1.8448
1.8850
1.9631
1.9844
2.0345

+

+

+

+ +
OO NONB &K WENOM
h
oo m oo,

LEVELS FOR 92NB
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IABLE 2a

Definition of Optical Potential
according to Becchetti and Greenlees, Phys, Rav, 182,

1190 (1969)
expression explanation
Uopt(r) = —VRfR central real
2
h/2n VSO d -+ 5
n e - (EE fSO) l.o spin orbit
2 2
. 228 [3-(%)] for r S R,
2Rc Rc
Coulomb
Zze2 for r 2 R
+ — C
r
- iwvfI imaginary volume
a
+ 14a.IwSF(dr fI) imaginary surface
_ _ - -1
where £, = f(r,Rx,ax) = [1+exp(r Rx)/ax]
Rt =r A1/3
b 4
1/3
Rx = riA + r" for heavier projectiles (such as alphas)
rc = Coulomb Radius

Bote: Whenever a parameter is omitted, it is assumed that the corresponding
potential is not considered.
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TABLE 2b

Optical Model Parameters

Neutron Parameters

v

i

48.0 - 0.293E (E in MeV-Lab)

R

rR = 1.27 fm, aR = 0.66 fm
wSF = 9.6 MeV

rI = 1.27 fm, a, = 0.47 £fm

VSD = 7.2 MeV

rSO = 1.27 fm, aSO = 0.66 fm

Proton Parameters (ref., 3)

Vo = 53.3 - 0.55€ + 0.4 2/a"/3 + 27.0 (¥-2)/A (E in Mev-Lab)
rR = 1.25 fm, aR = 0.65 fm

WSF = 13.5 MeV

r; = 1.25 fm, a, = 0.47 fm

VSO = 7.50 MeV

rSO = 1.25 fm, aso = 0.65 fnm

r

c (coulomb radius) = 1.25 fm

Alpha Parameters (ref. 4)

VR = 50,0 MeV

t = = 0. ll: .
rR 1.17 fm, aR 0.57¢ fm, rR 1.77 fm
wv = 13.74 Mey
rI' = 1.17 fm, aI = 0.576 £m, rI" = 1.77 fm
rc = 1.17 fm

Note: If the code does not allow for the second form of the radius expression in
Table 2a, an effective radius parameter has to be calculated for each
mass number (i.e. Ty = 1.56 for A = 93).
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TABLE 3a

Calculation of level-density parametersa)

Nucleus b) c) - aj e)
{Compo- Mass B Jn 5 o ¢ Dobs
site {amu) (Mev) | (target)! o° (Mev) (MeV) N (ev)
nucleus) &xp c
BBRD 85.911 8.650| 572~ T.24 0 1.309 15.5 201.4
B9Sr 88.907 6.364| O+ 5.31 1.24 2.707 11.5 37438
89y BB.906 11.46%9 4~ 6.42 0.93 1.745 2.5 140.0
a0y B88.507 6.857] 1/2- 9.49 0 1.417 9.5 4414
92y 91.909 6.5441 1/2- 3.12 0 1.030 7.5 B869.5
92Z%r 91.905 8.635] 5/2+ 6.12 1.92 2.486 B.5 336.6
93Zr 892.907 6.732] 0+ 2.46 1.20 1.735 12.5 3678
O1ND 90.907 12.055]1 B+ 9.36 0.93 2.065 12.5 51.2
§2Nb 91.907 7.883] 9/2+ 11.6 0 0.501 6.5 267.3
93ND 92.906 8.8321 7+ 6.70 0.72 1.364 13.5 41.5
S4Nb 93.907 7.230| 9/2+ 12.0 0 0.396 7.5 99.6

a) The level density is characterised by the total number of levels N_ at ener-
gy E c and the s-wave level spacing Dobs at the neutron binding energy B.

. 2 . : . . . .
b) 8pin cut-off parameter ¢, derived from experimental spin distribution of
levels up to E=E ..

C
¢) Pairing energy correction for Gilbert-Cameron formula, from [5].
a} EC = first energy of continuum calculation.

e) "Average"” number of levels at energy Ec.
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TABLE 3b
Level—-density parametersa)
Gilbert-Cameron lb) Gilbert-Cameron ZC) Dilg et al.d)
Nucleus| a (Mev™D) u, (Mev) | a (Mev 1) U, (Mev) a (Mev ?) A(Mev)
BERD 10.01 4.998 S.278 5.060 9.214 -1.069
g9sr 2.501 3.477 8.375 3.883 B.924 0.4802
B9Y 8.600 2.213 8.112 1.537 8.460 0.3116
any 2.318 3.792 8.3580 4.066 8.914 ~0.7409
a2y 12.10 2.628 11.02 2.7058 11.30 -0.5117
927Zr 11.83 4.047 10.92 3.995 10.43 0.7695
932r 12.69 4.607 11.46 4,774 10.63 ~-0.1563
91NDh 9.400 5.132 9.415 4.407 8.725 -0.2954
92Nb 10.30 6.400 9.762 6.259 B.923 -1.747
93Nb 12.58 4.678 12.39 4.270 11.24 —0.@636
S4Nb 12.51 5.707 11.88 5.603 10.65 -1.563

a)
b)

c)

a)

Level-density parameters calculated from the

2

Improved Gilbert-Cameron formula, with o' =

Original Gilbert-Cameron formula, with 02= 0.0888
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0.146

al A

Back-shifted Fermi gas formula of Dilg et al.[6].

al A
2/3

in Table 3a.
2/3
315).
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Questionnaire on Pre-egquilibrium/Equilibrium Model Codes

1 Participant

2 Code name and references, availability (give date):

3 Eguilibrium-model part

3.1 [::I Welsskopf-Ewing type {no conservation of angular momentum; no dis-
crete levels)

3.2 [] Hauser-Feshbach (H.F.) type

3.3 D Else, or comment:
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4 Pre~equilibrium model part

4.1 [_] Full master equation approach (n, = 3) [ ] with or [] without
quantum mechanical conservation of angular momentum (and

parity).

4.2 D Never-comeé back assumption (only A+—transitions starting fromn, =
3)

4.3 [] (Geometry-dependent) hybrid model, indicate n, = [_]

4.4 D Two—-component model (protens and neutrons are explicitly distin~
guished as in Ref.1:),

4.5 D Else, or comment:

5 Relation of equilibrium to pre-equilibrium parts
5.1 [_| Unified model of pre-equilibrium and equilibrium emission with
conservation of angular momentum and with or [ ] without
treatment of discrete levels.

5.2 [_| Pre-equilibrium is treated as a correction to the statistical mod-
el (indicate relation below)

5.3 [__] Else, or comment (give definition of equilibrium and/or
pre-equilibrium, if this is useful):
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6 Options
6.1 [_] cross sections (angle and energy integrated).
6.2 D Particle spectra (angle-integrated).

6.3 [ ] Angular distributions.

6.4 [_] Multi-particle emission up to [ ]| outgoing particles with [_] or
without D multiple precompound decay treatment.

6.5 D Else, or comment.

7 Total level density in equilibrium part

7.1 D Gilbert-Cameront
(6% = 0.0888 yaU A%/ M .
(o2 = 0.146 yau a2/> CJ .

7.2 {_] Back-shifted Fermi-gas model of Dilg et al.?.

7.3 [] Modifications or comments (e.g. ¢ at low E):

133



APPENDIX B

8 Particle-hole level density
8.1 [ ] Williams state density? [_] with or [[] without an energy shift
or pairing energy correction (if there is an n-dependent energy
shift, indicate expression below).

8.2 [ ] 9= A/13 ¥ev-! and no pairing energy correction.

8.3 [ ) williams; level density with n-dependent spin distribution, indi-
cate ’n below.

8.4 [ _] Eise, or comment:

9 Discrets levels

9.1 [] Included in equilibrium calculation only.
9.2 [[] ot considered, E_=0.1 MeV.

9.3 [_] Else, or comment (e.y. when direct models are used or included in
the model:
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10 Internal trangition rates

10.1 [} average transition probability
t_  2n 2. % +
AT = YTl <H> Wy with @

f
according to:

[] wiiliams®
[C] oplozinsky et al.*

[] Else, or modifications

and <M2> according to
(] <Ms>=cn-2E-* withc =[]
[] kalbacho, indicate fit parameters below.

(] E1se, or comment

10.2 [_] Else, or comment:
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11 Emission rates

11.1 [}

1.2 []

11.3 []

Use of R- and Q—factors:

[ ] ciine (without renormalisation to 1 at both values of né).
[ ] Kalbach's Q-factor, normalised to 1 at high values of n?
[] cadioii, et al.®.

Else, or comment:

Treatment of ¢-emission
[[] o-particle emission rate according to ref.:e,

[] Form factor used 1= ]
[] &=Eise, or comment (give reference):

Transmission coefficients
[] 1nverse reaction cross sections used in precompound part.

[] Transmission coefficients used in compound and precompound part,
with [_ ] or without [ ]| j-dependence.

[] Ese, or comment:
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12 Spectrum calculationg

12.1 Complexity

00 oud

Only first-emitted particles calculated.
Total particle producticn spectra calculated.

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

y-ray cascade calculation possible.

Else, or comment:

12.2 Representation

oo

Spectrum is represented in energy bins of [_| equal
or |:| variable width.

Spectrum is given by point data at [_] equidistant
or [] non-equidistant energies.

Else, or comment:
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13 Angul istr i ion

[] 13.1 only in H.F.-part, for (in)elastic neutron scattering to discrete
levels.

D 13.2 Systematics of kelbach and mannfor angular distributions in pre-
compound part.

[T] 13.3 Mogel of Mantzouranis et al.!®, specify version below.
[] 13.4 DWBA-type of calculation for emission from n=n_ only.
[C] 13.5 other model, specify below, give reference.

14 Gamma-Ray emission
[C] 14.1 No gamma-ray competition included.

[:] 14.2 No gamma~ray spectrum calculation or isomeric-state population
calculation.

D 14.3 Specify Brink-hxel formula below. El-normalisation constant used
for all nuclel =

[] 14.4 specify Weisskopf formula for M1 and E2 below.
M1 - normalisation constant used for all nuclei =
E2 -~ normalisation constant used for all nuclei =

[] 14.5 specify expression for Yrast line below, e,g,

(hfz")z":;ax = 21 (E-§) 2 (n/zar:)2 J:l {12)

in

or the Bugustyniak et al.}? prescription.

15 paditional comments:

138



APPENDIX B
16 Refarences to Appendix B
[1] A. Gilbert and A.G.W. Cameron, Can. J. of Phys. 43 (1965), 1446.
[2] w. Dilg et al., Nucl. Phys. A217 (1973), 268.
(3] F.Cc. williams, Nucl. Phys. Al66 (1871), 231
[4] P. Oblozinsky, I. Ribansky and E. Betak, Nucl. Phys. A226 (1974), 347.
[5] c. Xalbach, Z. Fuer Physik A283 (1978), 319.
[6] ¢.K. Cline, Nucl. Phys. A193 (1972), 417.
[7] C. Kalbach, Z. fuer Physik A283 (1977), 401.
[8] E. Gadioli, E. Gadioli-Erba and P.G. Sona, Nucl. Phys. A217 (1973), p.589.

[9] L. Millazzo-Colli and G.M. Braga-Marcazzan, Nucl. Phys. A210 (1973),
p-297.

[10]) G. Mantzouranis et al., Phys. Lett., 57B (1975), 220.

f11] s.K. Gupta, Z. Phys. A303 (1981) 325,

[12] D.G. Gardner, Proc. of NEANDC/NEACRP Specialists®' meeting on fast neutron
capture cross sections, Argonne, 1982: NEARNDC(US)-214/L; ANL-B3-4
(1983) p.67; UCRL-87438 (1982).

[13] W. Rugustyniak and A. Marcinkowski, Acta Physica Polonica 4 (1979) 357.

139



- 68946 -





