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Abstract

We present 150 MeV neutron and proton transport datafiles for >*Fe, *Fe, *®Ni
and ®°Ni. The high-energy part of the datafiles consists completely of results from
model calculations, which are benchmarked against the available experimental data.
These high-energy data are created with a code system built around the nuclear
reaction codes ECIS96 and GNASH. The process from basic nuclear reaction physics
up to the creation of MCNP-libraries is completely automized. For neutrons, the
high energy data are automatically merged with an existing 20 MeV ENDF6-file.
For protons, we construct completely new datafiles. The transport files cover light
particles only, i.e. residual product yields are not included. In this report, we
compare the evaluations with the few existing experimental data sets.
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1 Introduction

Accelerator-based transmutation of waste, energy amplification, and medical isotope pro-
duction as well as some new fusion concepts are examples of projects that drive the work
on nuclear data above 20 MeV. Feasibility calculations of these systems, which include
items as neutron and energy balance, the radiotoxicity of spallation products, damage
and activation calculations, heavily rely on well-tested nuclear data, and the task of a
nuclear data evaluator is to provide this information in a form that enables macroscopic
transport and activation calculations.

There are basically two ways to provide a link between nuclear reaction physics and
applied analyses. The first method is to perform the calculation of both microscopic nu-
clear reactions and macroscopic transport processes by one and the same computer code.
HETC, LAHET and FLUKA [1] are well-known examples of intranuclear cascade codes
that work according to this principle. The alternative method is to use nuclear model
calculations, benchmark them with available experimental data and subsequently store
the data into evaluated data files, using the ENDF6-format. If the necessary information
stems from various reaction mechanisms, one or more computer codes based on dedicated
nuclear models can be used to generate the data. One can also directly include experimen-
tal data in the datafile. The data evaluation method arguably enables the closest possible
connection between nuclear reaction physics and practical applications. After processing,
the data libraries can serve as input for deterministic or Monte-Carlo nuclear transport
codes. Of course, since a few decades evaluated data files are already an important part
of fission and fusion reactor research.

At present, both methods are regarded as complementary valuable approaches for
analyses of accelerator-driven systems. The matching energy is around 150 MeV. Above
this energy, pion production becomes important and the present ENDF6-format does not
cover such reactions. Of course, the real problem is that the present transport codes
(MCNP) are not yet extended with multi-particle abilities. Clearly, intranuclear cascade
codes that handle both the cross section generation and the transport part for various
types of particles should be used here. On the other hand, below 150 MeV, the predictive
power of pre-equilibrium /statistical model codes such as GNASH [2] is superior [1] to
intranuclear cascade codes for continuum reactions. Moreover, individual reaction mech-
anisms (giant resonances, coupled channels, etc.) constitute a relatively larger fraction
of the reaction spectrum and require an individual, more sophisticated treatment. As a
first step, we argue that a global calculation scheme for accelerator-driven systems should
consist of a combination of intranuclear cascade codes above 150 MeV and evaluated data
libraries for energies up to 150 MeV. We stress that even though the incident beam for
several accelerator concepts is approximately 1 GeV, a detailed analysis of the energy
region below 150 MeV is very important (neutron production, shielding, activation, etc.).
Also, we feel that quality assurance, which has become quite an important issue in any
working process, is more easily guaranteed for data libraries than for intranuclear cascade
codes, which allow much freedom with input parameters.

In this paper, we present 150 MeV neutron and proton transport datafiles for *Fe, *6Fe,
8Ni and ®“Ni that have been created in a Bruyeres-le-Chatel/ECN Petten collaboration.
We will discuss the code system that was used to create the datafiles, some of the physics,
and we give some comparisons between the datafile and experimental data.



2 The evaluation code system

Here we will briefly describe the code system [3] that produces the high-energy datafiles.
The purpose of this code system is to automize calculations with several codes, and thereby
the creation of their input files, that are necessary at various stages of the process. Hence,
we automatically perform nuclear model calculations, store the results in an ENDF6-
datafile, check the datafile and process it into multi-group or continuous energy format.
The energy region for the nuclear model calculations runs from 20 MeV (or from threshold
for protons) to 150 MeV. (We note that our set-up may also be suitable for incident
energies below 20 MeV). The flow chart of the code system is given in Figs. 1-2. The
advantage of our approach is that we only specify the desired calculations once after
which a script takes care of all required calculations. This includes the nuclear reaction
codes ECIS96 [4] and GNASH [2], the ENDF6-generator MINGUS3, the checking codes
CHECKR, FIZCON, PSYCHE [5] and the processing code NJOY [6]. Basically, we start
with an input file that specifies the nuclear model parameters and, in the case of neutrons,
an existing 20 MeV datafile. Then, a shell script is submitted, and without any human
interference we end up with a checked 150 MeV ENDF6-datafile and (for neutrons) a 150
MeV MCNP-library. The 20 MeV part of the neutron datafiles are taken from ENDF /B-
VI1.3.

3 Total, reaction and elastic cross sections

3.1 Optical model

For high-energy data evaluation, the optical model is of central importance. In the context
of the present work, it has two purposes:

1. A “direct” application: It generates the total, total elastic and the total reaction
cross section as well as the elastic angular distributions.

2. An “indirect” application: It is used for direct reaction calculations for discrete
states, which can be done with DWBA for the (near-)spherical nuclei we are studying
here, and it also generates the transmission coefficients that are used in the statistical
model (Hauser-Feshbach) calculations.

In order to perform calculations without any unphysical discontinuities, optical models
for the whole energy range of the datafile should, preferably, be used. Although we are
primarily interested in incident energies above 20 MeV, optical potentials for low outgoing
energies are required for spectrum calculations at any incident energy. When we have one
optical model parametrization for the whole energy range, we can obtain both total and
elastic cross sections varying smoothly with incident energy (see however Sec. 3.2) and
smoothly varying results from GNASH.

With our interactive optical model tool ECISVIEW ([7], we have constructed new phe-
nomenological proton and neutron optical models for the energy range 0-200 MeV for
all nuclei under study here. Figs. 3-10 show a comparison of our optical models with
total cross sections and elastic angular distributions. The figures are in fact snapshots
of ECISVIEW, and display the end result of the interactive parameter fitting procedure.



Future fine-tuning of the parameters is foreseen when the new total cross section measure-
ments from Los Alamos [8] become available. For the functional form of the parametriza-
tion (we intend to publish the actual parameters for the iron and nickel isotopes later)
that is required to obtain a single optical model parameter set over such a broad energy
range we refer to [7]. Both the neutron and proton optical models incorporate relativistic
kinematics. For the other outgoing channels we use global potentials, i.e. the deuteron
potential of Lohr and Haeberli [9], the triton potential of Becchetti and Greenlees [10]
and the alpha potential of Macfadden and Satchler [11]. All optical model calculations
are done with ECIS96.

3.2 Storage in the datafile

The technical aspects of storing the data have been described in detail in Refs. [12, 13].
Here we restrict ourselves to stating that we cannot avoid some small discontinuities at
20 MeV in the neutron file. This stems from our (provisional) rule that we leave the
existing 20 MeV neutron datafile untouched and that we have chosen to fine-tune our
optical model to the experimental data and not to the low-energy datafile. This results
in “jumps” in the total cross section of the order of one percent. For the moment, we
expect this to be insignificant when the datafile is used in applications. Fig. 11 shows
the resulting evaluated neutron total cross section for the four isotopes. We calculate and
tabulate the total, total elastic and the total reaction cross section at every 1 MeV of
incident energy.

Another point we wish to discuss is the elastic angular distribution. We have used
tabular format for the presentation of the data (see [13] for a discussion on the use of
tabular format vs. Legendre coefficients). For neutrons, we use angle steps of 1,2,3 and
4 degrees for angles up to 45, 90, 135 and 180 degrees, respectively: a total of 96 angles
(the ENDF6-maximum is 100). In Fig. 12, the elastic angular distribution for the highest
incident neutron energy (150 MeV) at backward angles for *®Fe is shown, both for the
original ECIS-calculation (with the cross section calculated at every degree) and the value
that is actually tabulated in the datafile. It is clear that the difference is very small and
that the elastic angular distributions can be accurately represented. For protons, we use
the nuclear + interference expansion as discussed in [12].

4 Direct reactions to discrete states

4.1 DWBA calculations

Direct reactions to discrete states have been calculated with ECIS96 using the Distorted
Wave Born Approximation (DWBA), using the aforementioned neutron or proton opti-
cal model. Deformation lengths for the first several MeV have been retrieved from the
literature (Nuclear Data Sheets) and are appropriately transformed to deformation pa-
rameters, using the potential radius, for each component of the optical potential. The
calculated DWBA cross sections are lumped and are included in the continuum spectrum
as calculated by GNASH. The included discrete states for direct reactions for the four
isotopes are given in Tables 1-4.



4.2 Storage in the datafile

The cross sections for the discrete states are included in the continuum spectra for inelastic
scattering (MF6/MT5), using the Kalbach systematics [14] for the angular distribution.
A possible future refinement is to store the inelastic cross sections to discrete states
separately. This will also remove the problem of using the Kalbach systematics at the
highest outgoing energies (where it should not be applied!) instead of the actual discrete
angular distribution. Sensitivity studies may reveal whether this is a necessity.

5 Pre-equilibrium and compound reactions

The physics of the GNASH code has been extrensively describe in [2] so we don’t repeat
it here. We briefly mention the main topics of the calculation.

5.1 Pre-equilibrium reactions

In GNASH, angle-integrated pre-equilibrium cross sections are calculated with the exciton
model of Kalbach [15]. For continuum angular distributions, the Kalbach systematics is
used for all outgoing particles. Secondary pre-equilibrium emission is taken into account.

5.2 Level densities

We used the standard level density options of GNASH. For the pre-equilibrium part, the
particle-hole level density of Williams is used. For compound nucleus reactions, we use
the Ignatyuk formula [16], and we account for an appropriate matching of discrete levels
and the continuum.

5.3 Compound reactions

We include a large number of possible reaction paths and take into account multiple
particle evaporation until all final outgoing channels are closed. For the present evaluation,
we included residual nuclei that were up to 7 protons and 11 neutron lighter than the

target nucleus. Gamma-ray transmission coefficients were calculated using the Kopecky-
Uhl model [17].

5.4 Storage in the datafile

The results of all spectrum calculations are stored in MF6/MT5 as yields and energy-
angle distributions of outgoing particles (neutrons, protons, deuterons, tritons and al-
pha’s) and photons (assumed isotropic). When combined with the (n(p),x) cross section
of MF3/MT5, the double-differential spectra can be recovered. Recoils are not (yet) in-
cluded. We tabulate the spectra at incident energy steps of 1 MeV below 30 MeV, 2 MeV
steps between 30 and 50 MeV and 5 MeV steps between 50 and 150 MeV. We use an
outgoing energy grid of 0.25 MeV for incident energies below 30 MeV, 0.5 MeV between
30 and 50 MeV, 0.75 MeV between 50 and 80 MeV and 1 MeV between 80 and 150 MeV.



6 Comparison with experimental data

The total, total elastic and the total reaction cross section and the elastic angular distri-
butions that are stored in the datafile were automatically benchmarked when the optical
model was constructed, see Figs. 3-10. All the other comparisons (i.e. of spectra) given
in this report are done with results as retrieved directly from the datafile, i.e. for abso-
lute safety we check the end product (and not the GNASH-output, although they should
give the same results). Figs. 13-17 present comparisons for several reactions. To get an
impression of the difference between datafiles, we have plotted (n,xn) and (p,xn) spectra
for the four isotopes in Figs. 18-19. This demonstrates the well-known simple and weak
mass dependence of continuum structureless spectra.

7 Conclusions

We have created 150 MeV neutron and proton transport datafiles for >*Fe, *Fe, °8Ni and
80Ni. The high-energy part of the datafiles consists completely of results from model calcu-
lations, which are benchmarked against the available experimental data. The comparison
between the datafiles and experimental data as given in this report gives an impression of
the quality of the datafiles. Although there is obviously future work left regarding fine-
tuning of several parts of the datafile, we argue that the representation of nuclear reaction
information up to 150 MeV is already better than can be attained with intranuclear cas-
cade codes. This is not surprising since we used dedicated model codes for different parts
of the calculation and were able to fine-tune the input parameters of the model codes
with experimental data. We realize however that sensitivity studies and comparisons
with integral experiments should justify the effort to produce (more and more accurate)
high-energy datafiles. The code system that we built around the nuclear reaction codes
ECIS96 and GNASH is completely automized, from basic nuclear reaction physics up to
the creation of MCNP libraries. This entails that when better nuclear reaction informa-
tion becomes available (e.g. a better optical model, more precise pre-equilibrium cluster
emission data etc.), this may immediately and very simply lead to an updated datafile.
For neutrons, the calculated high energy data are automatically merged with an existing
20 MeV file. For the four isotopes considered here, we took the 20 MeV files of ENDF/B-
VI-3 as basis. The *®Ni data file has been used in a combined HETC/MCNP calculation
[18]. For protons, we have constructed completely new datafiles. The latter may be used
in future versions of MCNP [19] that can handle charged particles.
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Spin/parity | Energy | Deformation length | Spin/parity | Energy | Deformation length
2+ 1.408 0.86 4+ 6.670 0.11
4+ 2.538 0.31 3- 6.749 0.052
0+ 2.561 0.31 4+ 6.881 0.11
2+ 2.959 0.49 3- 6.951 0.079
2+ 3.166 0.24 3- 7.011 0.017
4+ 3.295 0.22 3- 7.270 0.31
4+ 3.834 0.37 2+ 7.377 0.083
4+ 4.048 0.14 3- 7.486 0.081
4+ 4.265 0.31 3- 7.603 0.13
0+ 4.290 0.15 3- 7.644 0.11
2+ 4.579 0.17 4+ 7.674 0.092
3- 4.781 0.46 3- 7.791 0.11
4+ 4.949 0.16 3- 7.868 0.088
3- 5.148 0.079 3- 8.005 0.21
4+ 5.232 0.14 3- 8.440 0.17
3- 5.534 0.13 3- 8.465 0.19
4+ 5.657 0.12 4+ 8.666 0.13
4+ 5.703 0.14 3- 8.882 0.092
2+ 5.806 0.083 3- 8.952 0.13
3- 5.907 0.052 3- 9.114 0.13
2+ 5.956 0.030 3- 9.150 0.10
2+ 6.192 0.057 3- 9.353 0.079
3- 6.341 0.45 3- 9.402 0.10
3- 6.401 0.70 3- 9.513 0.10
2+ 6.429 0.20 3- 9.662 0.11
4+ 6.484 0.15 3- 9.747 0.13
4+ 6.607 0.11 3- 9.989 0.92

Table 1: Deformation lengths for direct reactions to discrete levels of 5*Fe.




Spin/parity | Energy | Deformation length | Spin/parity | Energy | Deformation length
2+ 0.847 1.070 2+ 4.730 0.230
4+ 2.085 0.352 4+ 4.860 0.179
2+ 2.658 0.276 3- 5.062 0.207
2+ 2.960 0.178 5- 5.106 0.872
4+ 3.123 0.490 5- 5.122 0.220
6+ 3.389 0.170 3- 5.195 0.200
2+ 3.370 0.156 4+ 5.266 0.230
2+ 3.602 0.230 2+ 5.535 0.230
2+ 3.830 0.209 2+ 6.480 0.253
4+ 4.100 0.207 3- 6.500 0.281
4+ 4.393 0.243 3- 7.000 0.281
2+ 4.408 0.263 3- 7.500 0.314
4+ 4.459 0.188 3- 8.000 0.314
3- 4.510 0.707 3- 8.500 0.281
4+ 4.612 0.326 3- 9.000 0.281
4+ 4.690 0.230

Table 2: Deformation lengths for direct reactions to discrete levels of *¢Fe.




Spin/parity | Energy | Deformation length | Spin/parity | Energy | Deformation length
2+ 1.454 0.900 4+ 7.141 0.112
4+ 2.459 0.350 3- 7.210 0.323
2+ 3.038 0.242 2+ 7.272 0.088
2+ 3.263 0.306 3- 7.300 0.063
4+ 3.620 0.246 3- 7.420 0.048
2+ 3.898 0.111 3- 7.514 0.171
2+ 4.108 0.063 2+ 7.580 0.051
4+ 4.299 0.127 4+ 7.618 0.083
4+ 4.405 0.329 3- 7.858 0.106
3- 4.475 0.708 4+ 7.860 0.097
4+ 4.757 0.403 3- 8.134 0.142
4+ 5.438 0.151 3- 8.797 0.097
4+ 5.472 0.080 3- 8.841 0.112
2+ 5.749 0.048 4+ 8.902 0.072
4+ 5.766 0.086 3- 9.012 0.056
2+ 5.906 0.115 3- 9.304 0.065
3- 6.312 0.128 3- 9.379 0.106
2+ 6.417 0.068 4+ 9.436 0.071
4+ 6.460 0.098 3- 9.458 0.082
2+ 6.475 0.065 4+ 9.588 0.052
2+ 6.569 0.056 4+ 9.632 0.080
2+ 6.752 0.141 3- 9.672 0.121
3- 6.854 0.296 3- 9.835 0.083
2+ 6.983 0.116 3- 9.870 0.076
4+ 7.051 0.090 3- 9.929 0.061
4+ 7.068 0.086 3- 9.956 0.071
3- 7.111 0.079

Table 3: Deformation lengths for direct reactions to discrete levels of 58Ni.

Spin/parity | Energy | Deformation length | Spin/parity | Energy | Deformation length
2+ 1.331 1.178 5- 5.010 0.362
2+ 2.156 0.136 2+ 5.100 0.326
0+ 2.290 0.082 2+ 5.260 0.453
4+ 2.502 0.575 3- 5.390 0.222
2+ 3.119 0.231 3- 5.600 0.281
3- 3.130 0.408 2+ 5.800 0.186
2+ 3.310 0.227 5- 5.980 0.159
4+ 3.671 0.299 3- 6.160 0.326
3- 4.042 0.951 2+ 6.340 0.208
4+ 4.300 0.195 3- 6.530 0.172
2+ 4.500 0.163 4+ 7.000 0.285
3- 4.530 0.272

Table 4: Deformation lengths for direct reactions to discrete levels of ONi.
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PREGNASH

ECIS96

POSTECIS

GNASH

POSTGNASH

MINGUS3

- Specify reaction parameters
- Specify energy grid

- Create input files for ECIS96
- Create input files for GNASH

- Transmission coefficients
- Elastic and discrete direct reactions
- Total and reaction cross section

- Transformation of ECIS96 results
into GNASH input format

- Full Hauser-Feshbach decay
- Exciton model

- Discrete level info included
- n,p,d,t,>He,q,y spectra

- Fission model

- Transformation of GNASH output
into data for MINGUS3

- For neutrons: read 20 MeV file
(JEFF-3, ENDFB-VI, JENDL-3, etc.)

- Create 150 MeV ENDF6 data file

- Create input files for CHECKR,
FIZCON, PSYCHE and NJOY

Figure 1: Flow chart of the evaluation code system: Part 1
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CHECKR

- Format checking

- Physics checking
FIZCON

- Physics checking
PSYCHE

- Processing

NJOY

Figure 2: Flow chart of the evaluation code system: continued
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Figure 11: Total neutron cross section for the four isotopes of the BRC/ECN data library.
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Figure 12: 150 MeV neutron elastic scattering on 5Fe: Comparison between optical model
calculation and the corresponding values as tabulated in the BRC/ECN datafile.
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26 MeV *°Fe(n,xn)
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Figure 13: 26 MeV (n,xn) on *’Fe: Comparison between BRC/ECN datafile and experi-
mental data, (a) Angle-integrated, (b) 25 degrees, (c) 140 degrees.
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Figure 14: 65 MeV (n,xn) on *’Fe: Comparison between BRC/ECN datafile and experi-
mental data, (a) 9.5 degrees (b) 21 degrees, (c) 28 degrees.
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22 MeV 56Fe(p,xn)
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Figure 15: Angle-integrated cross section for 22 MeV (p,xn) on *’Fe: Comparison between
BRC/ECN datafile and experimental data.
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Figure 16: Double-differential cross section for 113 MeV (p,xn) on *’Fe: Comparison

between BRC/ECN datafile and experimental data.
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150 MeV *Ni (p,xp)
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Figure 17: (p,xp) on *®Ni: Comparison between BRC/ECN datafile and experimental
data for incident energies at, (a) 150 MeV (b) 120 MeV, (c) 100 MeV at several outgoing
energies.
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26 MeV (n,xn)
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Figure 18: 26 MeV (n,xn) angle integrated cross section: Comparison between the four

datafiles. 65 MeV (p,xn)
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Figure 19: 65 MeV (p,xn) angle integrated cross section: Comparison between the four
datafiles.
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