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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.



Other nuclear model comparisons avallable from the KEA Data Bank

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

Spherical Optical and Statistical Hodel
NEANDC-152"A"; INDC(NEA)4 October 1583

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

Spherical Optical Model for Charged Particles
NEANDC-198"U"; INDC(NEA)5 May 1985



Yo B~ B & N o

ERRATUM

Table of Contents

Introduction

Received contributions e

Angle- and energy-integrated cross sections
Angle-inteagrsted total emission spectra
Angular distributions e e e e e e
Photon-production spectra

Model description and intercomparison
Conclusions

References e e e e e e e e e e e

Tables 1-4

Notes to Tables 1-4

Tables 5-6

Participants' notes to Table 6
Figure captions

Figures

Codes available from the NEA Data Bank

Appendix A: Specifications of the comparison

Appendix B: Participant Questionnaire

N.E.A. DATA BANK

PRE-EQUILIBRIUM EFFECTS

An International Nuclear Model and Code Comparison

Newsletter No. 32
September 1985

11
14
18
19
22
24
29
45
49
54
69
72

. 105
<117
. 131






O O 9 0 o b W

T T T T~
® -~ O m b W N O

Table of Contents

Introduction « v m s s s

Received contributions . e

Angle- and energy-integrated cross sections
Angle-integrated total emission spectra

Angular distributions . .
Photon-production spectra .

. & & = »

Model description and intercomparison

Conclusions . . « « « « . &
References . + « v «» « « &
Tables 1-4 T
Notes to Tables 1-4 . . . .
Tables 5-& s s et e s e s os
Participants' notes to Table
Figure captions . . « « « .
FigUres . v o « o« o o o « &
Codes available from the NEA

« & = »
s » & e »

& = e =

¢ 8 ¥ e =

s ¥ = »

Data Bank

Appendix A: Specifications of the comparison

Appendix B: Participant Questionnaire

@ ;W N

12
13
16
18
23
39
43
48
63
66
99
111
125






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.

10



3. 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.

4. 1A 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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