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Abstract: The types of medium energy nuclear data required for applications are
dTscussed. Features of analysis tools, consisting of both detailed nuclear model
codes and simple formulas based on nuclear systematics are presented. The activities
of the Medium Energy Nuclear Data Working Sroup (MENDUQ) are described including the
recent benchmark comparison of nuclear model codes.
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Introduction

Many applications, that Include space
science, spa IIation neutron sources, ion
therapy, Isotope production, radiation damage
and accelerator shielding, need medium energy
nuclear d*ta. The medium energy range for
applications extends from above fission and
fusion energies, say tens of McV to about 1000
MeV. The boundaries are not fixed. Nucleons
and light nuclei through alpha particles, form
the main primary beams and, together with
photons, the secondary radiations encountered.
Heavy ions, which are used for producing new
isotopes and form a small but significant
fraction of cosmic rays are also Important.
Primary electrons and photons will not be
considered here.

The data types of most Interest include
total; elastic; nonelastic; photon and particle
emission and residual nuclide production cross-
sections. These cross-sections may be needtd as
doubly or singly differential energy and angular
dependent data or in wholly Integrated form.

This paper presents a brief survey of the
data base available, examples of analysis
methods and describes the international
cooperation of the Medium Energy Nuclear Oata
Working Group.

Bibliography

Specialized indexes to bibliography help
the scientist to keep up with his field and
catch up with new subjects of Interest. Several
indexes »rt relevant to medium energy nuclear
data. These are the INI6-AT0MIN0EX/1/, The
Computerized Index to Neutron Oata (CIN0A)/2/,
Nuclear Structure References (NSR)/3/, Integral
Charged Particle Bibliography (ICPN0)/4/, and
Heavy Ion Reactions (HIRJ/5/. In addition,
these data are covered in several reports/6,7,8/
not Issued on a regular basis.

Experimental Data Base

The long standing Importance of neutron
data to basic research and nuclear power
programs resulted in the rather complete
compilation and d1str1but1on/9/ of neutron data
files In an International exchange format,
EXFOfi. More recently, charged particle data, on
a limited basis, 1s also contained in these
files. Atlases containing the results of
several measurements of the same quantity 1n
tabular or in graphical form, possibly combined

with eye guides, evaluations, or nuclear model
calculations, are useful to show what and how
well nuclear data are known. The neutron data
contained in EXFOP extends above 1 GeV. A
recent atlas containing data to 200 MeV, Neutron
Cross Sections, Volume 2/10/, has just been
published and will be discussed at this
conference. More than 4000 charged particle
data sets extending above 20 MeV have been
compiled and are available in EXFOR. However,
most atlases/11,12,13,14/ containing charged
particle are very dated and contain few medium
energy data.

Nuclear Systematics

Before discussing model codes that
calculate nuclear data from first principles and
few if any empirically determined parameters,
trends observed In the experimental data that
can be described by simple physical or
parametric models will be presented. These
facts are called nuclear systematics.

Experimental data and eye guides/15/ for
the proton nonelastic or reaction cross-section
are shown in Figure 1. The reaction cross-
section over a mass range from A»9 to 208 has a
giant resonance peak around 30 MeV and a slight
minimum around 300 MeV. The proton nonelastic
cross-section as a function of mass A and energy
E (in MeV) above 20 MeV can be closely fit by
the equati on/16/

«ne ' 45A°'7f(A)f(E) «*, where (1)
f(A) « 1+0.016 s1n(5.3-2.63 In A)
f(E) - l-0.62e -E/2°°s1n(l0.9E-°-28)

At energies above '.he coulomb barrier the
neutron nonelastic cross,-sectIon is about the
same as the proton nonelastic cross-section.
The total neutron cross-section, comprised of
the nonelastic plus elastic scattering cross-
section, a;> shown in Figure 2, shows a
systematic shift In energy of the giant
resonance for different atomic masses due to the
nuclear Ramsauer effect/17/. A semi-empirical
formula, similar to Equation 1 can be used to
fit the neutron total cross-section over a wide
energy and mass range as shown 1n F1g. 2/18/.

Semiphysical evaporation shapes/19,20/ can
be used to fit experimental neutron emission
spectra from proton Induced reactions. These
data are observed to vary nearly monotonically
with Increasing energy, mass, and angle. The
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computer code PNEM/21/ parameters were
empirically determined/22/ for the energy range
about 590 MeV as shown in Figure 3 for Fe.
Using simple extrapolations good agreement
between calculation and experiment was also
found at 318 and 800 MeV as shown in Figure 4.

Energy and mass dependent parameter!zations
have recently been developed for the nucleus-
nucleus/23/ nonelastic or absorption cross-
sections that agree to within 10 percent of a
more detailed model/2*/. The equation for the
absorption cross-section of a projectile p
bombarding a target t is

from the reaction of 590 MeV protons with Fe are
compared with intranuclear cascade calculations,
the high energy neutrons in the backward and in
some cases the forward directions are
underestimated by calculations/37/. The code
ALICE calculates cross-sections up to 300 MeV.
If its algorithms are extended to higher
energies with empirical corrections to the
optical model nonelastic cross-section, the code
can be used for high energy calculations. ALICE
also underestimates back angle neutrons emitted
from proton induced spallation reactions but
calculations of activation product; cdn agree

»P O
ZB(E) (Ap1'3 + A ^ ^ - S ) 2

8(E) - 1 + 5/E

6 » 0.2 + 1/Ap + 1/At - 0.292e

r0 • 0.126 x 1O"
1Z cm

E * MeV per nuc!eon

(2)

cos (0.229E0-453)

For large incident energies the equation
assymptotically becomes energy independent. An
example comparison of calculations with
experiment for carbon-carbon collisions is shown
in Figure 5.

There are also recent semi-empirical models
developed to estimate the isotopic product
yields from proton/25/ reactions and from heavy
ion fragmentation/26/ reactions. The latter
approximates the results from a detailed optical
model reaction theory/27/.

Nuclear Model Codes

Medium energy nuclear model codes generally
consist of two types, (1) a closed form
preequilibrium plus evaporation model, and (2)
an intranuclear-cascade and evaporation model.
An example of the first type of code Is
ALICE/28/ which uses weisskopf-Ewing
evaporation, Bohr-Wheeler rotating drop fission

. competition and the excition preequiibrium
models to describe nuclear reactions. Another
example is GNASH/29/. Examples of the second
type of code are various versions of the high
energy transport code HETC/30/ which are
extensions of the Bertini/31/ model. Both ALICE
and HETC attempt to physically model nuclear
reactions and rely on very few empirically
determined parameters.

The algorithm solution for ALICE 1s
deterministic, for which a given set of Input
produces a unique answer, and tre algorithm
solution for HETC Is stochastic, for which a
given set of Input produces a statistically
determined answer whose convergence Improves as
the number of trials Is Increased. Several
nuclear models/32/ of these types are used to
calculate nuclear data. These codes and others
may be referred to 1n several abstracts/33-36/.

The nuclear modelling of Intranuclear
cascade codes like HETC Includes more particle-
particle kinetics than preequilibrium codes like
ALICE. The development of HETC has been
primarily based on physics data above 100 MeV
whereas the development of ALICE has been
primarily based on nuclear reaction physics data
below 100 Mev. The HETC model calculations are
expected to be valid only above ISO MeV where
the nucleon de Broglie wave length Is lower than
the mean free path 1n the nucleus. However,
when measured high energy spallation neutrons

with experiment as indicated by the Fe-56(p,n)
data in Figure 6.

For deuteron Induced reactions, a
projectile stripping model was added to the
GNASH code resulting in favorable comparisons
between calculation and experiment for neutron
emission data/38/.

Data Files

A nuclear data file is useful in two
ways. Cross-stetion data are stored and
accessed as neecsd instead of being calculated
on demand by lengthy deterministic or Monte
Carlo nuclear model calculations. This cannot
only save time, but also yield unique cross-
section values compared to Monte Carlo cross-
section calculation methods. The file of
reference cross-sections can also be used for
sensitivity studies where the effect on
calculated results due to discrete changes in
Input data are observed. This aids cost-benefit
analysis since only those data that
significantly effect applications need to be
seriously reviewed and improved where necessary.

Preliminary evaluations of neutron and
proton cross-sections for Fe-56 are
available/21/ 1n the new ENOF-6 formats for
review of the adequacy of both data and
formats. The data cover the energy range to
1000 MeV. The evaluations contain cross-
sections of the following types: total (neutron
Induced only); elastic scattering (nuclear);
nonelastic; product yields; and neutron (double
differential), gamma, proton, deuteron and alpha
production.

International Cooperation

In 1986, the National Nuclear Data Center
at Brookhaven National Laboratory was sponsored
to organize the Medium Energy Nuclear Data
Working Group (MENDWG) 1n order to benefit from
Inter-laboratory, interagency, and international
exchange of Information. The Summary and
Recommendations/38,39/ of the two meetings held
so far have been Issued. The Summary and
Recommendations are divided Into four parts:
1) Applications and Data Requirements, which
serve as the driving force for determining what
Information is needed; 2) Codes and Models,
which when validated, generate data libraries or



are used directly in transport calculations; 3)
experiments, which can be used directly as a
source for evaluated data or as benchmarks for
the validation of nuclear model codes that
generate nuclear data; and 4) Data Files, which
store information in computerized formats for
repeated use.

In 1987, MENDMG selected five medium energy
proton reaction cases for benchmarking nuclear
model codes. The quantities calculated are
isotopic activation yields for 180 MeV protons
on A1 and 40-200 MeV protons on Co, and double
differential neutron emission spectra from Al,
Zr-90 and Pb-208 for 35, 80, 160, 318, and 800
MeV proton bombardment. An example of the
results/40/ for 160 MeV proton induced neutron
emission at 30" is shown in Figure 7. There is
very close agreement between two revisions of
the HETC code, one is labeled HETC-F or TIERCE
from Bruyeres-le-Chatel and the other is labeled
HETC-H or HETC-KFA-2 from KFA in Juelich and
there is fair agreement among all the codes in
this case. For other cases, particularly for
back angle emission, the code results can be
widely different. Important for consideration
is that codes based on nuclear systematics have
running times of the order of seconds,
deterministic nuclear model codes of the order
of minutes and stochastic codes of the order of
hours.
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Fig. 1 Proton nonelastic cross-sections. The
lines are eye guides.
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Fig. 3 Neutron emission spectra from 590 MeV
proton bombardment of a th1;i Fe target.
The lines are parametric fits to the data.
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Fig. 2 Neutron total cross-sections. The
lines are parametric fits to the data.

Fig. 4 Neutron emission spectra from 318 and
800 MeV proton bombardment of thin
targets. The lines are extrapolated
from nuclear systematics.
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Fig. 5 Absorption cross-section for carbon-
carbon collisions.
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Fig. 7 Benchmark calculation results of neutron
•mission spectra at 30 degrees f ron i60
Me¥ proton bombardment of th in A l , Zr
and Pb targets.
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1000 This work done under USDOE Contract
DE-AC02-76CH00016.

Fig. 6 Comparison between modified ALICE
calculations and experiment for the
Fe-56(n,p) cross-section.
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