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Reaction rates of neutron interactions with matter are parameterised by the neu-
tron flux, which describes neutron population and nuclear data, which define the
properties of the medium. Reaction rates determine most other parameters of in-
terest. To determine these parameters, a long chain of calculations needs to be
performed. On input it requires a set of complex nuclear data and the accuracy of
the calculations depends on them. To make calculations feasible, techniques have
been developed to reduce the amount of information in several steps. In these
lecture notes the data reduction techniques are briefly described, with emphasis
on the classifications of the data resulting from individual steps.

1 Introduction

Reaction rates of neutron interactions with matter are the key parameters
of interest in nuclear applications such as reactor core design calculations,
shielding problems, activation, burnup, etc. They are parameterised by the
neutron flux, which describes neutron population and nuclear data, which
define the properties of the medium. Reaction rates determine most other pa-
rameters of interest like the neutron fluence at a point in shielding problems,
multiplication factor and power distribution in nuclear reactors, etc. Consider
for illustration a nuclear core design calculation. The neutron multiplication
factor and the neutron flux distribution under various operating conditions
need to be calculated repeatedly. A long chain of calculations needs to be
performed, with input parameters that describe the geometry, material com-
position and the neutron nuclear data (i.e. the cross sections, their energy
dependence, energy spectra and angular distributions of secondary particles
etc. for all nuclides of each material that constitutes the assembly). For
shielding calculations the same data are used except that, in addition, photon
interaction and coupled neutron-photon and charged particle interaction data
are sometimes required.

Nuclear data for individual isotopes at particular energies of incident par-
ticles can be measured experimentally, or else they are predicted by nuclear
model calculations. Usually an experiment provides a single parameter value
(i.e.: the cross section at a particular energy) or at most, the cross section
behaviour over a rather limited energy range. For each reaction the cross sec-
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tions are strongly energy dependent and rather difficult to model or predict
analytically from first principles. Also in a realistic situation one needs to
consider a mixture of a number of materials. Therefore the necessary amount
of information increases enormously. This immediately raises the following
points:

in order to obtain sufficient data, a very large number of experiments
must be performed. International collaboration and data exchange are
essential,

since the amount of data is large, it must be presented in computer-
readable form,

when no experimental data in a certain energy range exist, one must
resort to theoretical model calculations and the systematics (if any) in the
cross-section behaviour of nuclei with similar characteristics (i.e. similar
parity in the number of neutrons and protons, etc.),

when more than one measurement exist for a quantity, each measured
with a certain error, an evaluation is necessary to obtain the “best esti-
mate” value,

routinely used computer codes for solving reactor core and shielding prob-
lems appear in iterative procedures and computation time is crucial. For
this reason the full details of the energy dependence of parameters are
not taken into account. Data reduction techniques are necessary.

In view of the above, the following tasks associated with the nuclear data can
be identified:

1.

2.

3.

4.

basic nuclear data production,
nuclear data evaluation,

evaluated nuclear data processing, verification, validation and bench-
marking,

nuclear data applications.

The flow of information is displayed schematically in Figure 1.

These tasks will be discussed in more detail, so that the link between

the data produced by an experimentalist and the results of reactor core and
shielding calculations can be further elucidated.
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Figure 1. Activities associated with Nuclear Data
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2 Activities Associated with Nuclear Data

2.1 Basic nuclear data production

Experimental measurements: The required effort on experimental mea-
surements is enormous. By international collaboration (through regular sci-
entific meetings between data producers and users, and through national, re-
gional and international nuclear data committees) the task of data production
is fairly well coordinated. The users assess the needs and express requests for
new or more accurate data. In the past such requests were compiled and pub-
lished periodically by the TAEA in the World REquest list for Nuclear DAta
WRENDA !. More recently a more systematic and rigorous approach to the
compilation of the High Priority Request List was initiated by the NEA Data
Bank (see http://www.nea.fr/html/science/wpec/). In this way labora-
tories, which can perform experimental measurements have guidelines, which
can help them to plan their activities, so as to make their results directly
useful to the data users. Current and planned activities of some laboratories
are compiled by the NEA Data Bank 2.

Nuclear model calculations: In recent years a considerable improvement
has been achieved in the capabilities of theoretical models  to predict the
cross-sections. However, experimental data are to be preferred because the
nuclear models are still not sufficiently accurate, but there are cases where ex-
perimental data are not available (for example, for isotopes which are difficult
to obtain in sufficient purity, rapidly decaying isotopes and data in energy
ranges which make experiments more difficult and less reliable). In such cases
nuclear model calculations are used to interpolate or extrapolate experimental
data, to resolve discrepancies between different experimental data and to pro-
vide some data (although with greater uncertainty) for materials, for which
the experimental data are lacking altogether.

Data compilation: As produced, the results of experimental measurements
and nuclear model calculations are scattered in various publications and hence
inconvenient to access by a user. The need for a data base which would include
all available experimental values has long been realised. At present, there are
four Nuclear Data Centres, which regularly compile and update such a data:
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NNDC for USA and Canada (at Brookhaven National Laboratory,
USA),

CJD for Russia and former USSR countries (at Obninsk, Russia),

NEA DB for West European countries and Japan (at Issy-Les-Mou-
lineaux, France),

TAEA-NDS for all other countries (in Vienna, Austria).

Each of these centres compiles the nuclear data published in its area. The
centres then exchange the data on a regular basis, so that all data are available
to all users, regardless of their geographical location.

Data base formats: Due to the large amount of information, the data bases
must be managed in a computerized way. Also, the formats for data storage
must be well defined to allow automatic data maintenance and data retrieval.
For this purpose, special formats exist which can accommodate all relevant
information about experimental measurements and analytical model calcula-
tions. The CINDA file is a compilation of references related to neutron nuclear
data and is kept up-to-date by each of the four data centres. It is published
annually in printed form by the IAEA 4. Tt is also available on the Internet,
following the path to the Nuclear Data Information System on the IAEA’s Nu-
clear Data Centre homepage at "http://www-nds.iaea.org/". The EXFOR
file ® contains the actual experimental results and other important informa-
tion necessary for evaluation of experimental data. This information is also
available on the same Internet address in various forms.

The four neutron data centres maintain identical master data files. The
CINDA file serves as an index for the EXFOR file, so the two data bases
complement each other.

2.2 Nuclear data evaluation

All available data must be critically reviewed because some measurements
may be unreliable due to obsolete methods used or due to systematic errors.
It is the work of the evaluator to gather all available experimental informa-
tion for a particular nuclide, make a critical review and decide on the “best
estimate” value of the parameters. This is often done using sophisticated
numerical procedures. Especially in recent years an evaluator is not a single
person but a group of people, possibly from different laboratories and even
different countries, each being a specialist in some particular data type and
energy range. Partial evaluations obtained in such a way are then checked for
consistency and combined to form a complete set. Compared to other stages
of data processing, the evaluator’s work requires a particularly broad knowl-
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edge and a vast amount of experience ranging from experimental techniques
to application aspects of nuclear data.

Evaluated data files are rather large and highly ordered data sets, grouped
by materials and by data types. They must be computer-readable and in the
past a number of formats evolved. One of the oldest is the British UKNDL
format 7. In Germany the KEDAK format ® was designed. In the USA the
ENDF series of formats were developed %1911 version ENDF-6 being the
most recent. Apart from the USA, it has now been adopted for the evaluated
data files in the OECD countries, in Russia, in China and in Japan. The
UKNDL and KEDAK formats are being phased out, since Britain as well as
Germany participate in the joint effort of the OECD countries to produce a
general purpose evaluated data library, for which the ENDF-6 format has been
adopted. Some of the more recent libraries, their formats and the country of
origin are presented in table 1.

Table 1. Some of the more recent evaluated data libraries, their formats and country
of origin

Country | Data file format Comments

Russia | BROND-2.2 | ENDF-6 | Available.!*

China CENDL-2.1 ENDF-5 | Available.!®

CENDL-3 ENDF-6 | Expected for release in 2002.

US A ENDF/B-IV [ ENDF-4 | (Old but wuseful for reference),

available!?

ENDF/B-V ENDF-5 | Restrictions lifted recently!3.

ENDF/B-VI | ENDF-6 | Including Rev.8, 2001, available!6.

ENDF/B-VII | ENDF-7 | Scheduled for release in 2005.

OECD/ | JEF-2.2 ENDF-6 | Available!”.
NEA EFF-2.4 ENDF-6 | European fusion file'®.
JEFF-3 ENDF-6 | European file, expected for release
in 200219,

Japan JENDL-3.2 ENDF-6 | Available?°.
JENDL-3.3 ENDF-6 | Expected for release in 2002.

The ENDF format (particularly ENDF-6) has received the most wide-
spread acceptance. It has been adopted for the Japanese JENDL data li-
brary, the Chinese CENDL library, the Russian BROND library, the joint
European JEFF file and also by the JAEA as the format for the exchange
of nuclear data. Evaluated data file formats are continually improved to ac-
commodate modern and complex nuclear data. The format proposals are
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discussed internationally by the Subgroup B on Data Formats and Process-
ing of the Working Party on Evaluation Co-operation (WPEC), which was
initiated by the OECD/NEA. Joint proposals are then communicated to the
Cross Section Evaluation Working Group (CSEWG) in the USA, which is for-
mally responsible for the format and the maintenance of the documentation.
Discussion of format ENDF-7 and beyond are currently in progress. This
is a long term commitment, since it requires careful consideration to ensure
unambiguous and clear data representation, as well as upgrading of all data
processing codes.

The above mentioned evaluated data libraries and several others are avail-
able from the IAEA 6.

2.3 FEvaluated nuclear data processing

Basis for data reduction: The detailed information contained in the eval-
uated data files exceeds the capacity of the calculational tools (i.e. com-
puter programs) for practical neutron transport applications. Some statisti-
cal Monte-Carlo programs can use the detailed information contained in the
evaluated data files (reformatted for compatibility and better computational
efficiency) but such codes require very fast modern machines. They are still
mainly used for verification of results, for very difficult geometries and for
setting up benchmarks.

Deterministic methods solve the differential or the integral forms of the
transport or diffusion equation using one of the standard methods. They usu-
ally solve the one-neutron-speed form of the equation in the spatial domain
(i.e. a one group equation) but the calculations are done for several groups
- one at a time. The equations are coupled through the neutron transfer
cross sections (scattering matrices) and the fission source. This means that
the entire energy interval is divided into a number of subintervals - groups.
Within a group, each energy dependent parameter takes some average value.
The accuracy of the calculation depends on the number of groups and the
group averaging method. Usually a compromise must be made between the
complexity in geometry and the number of groups. The accuracy of the cal-
culations can be retained even when the entire energy interval is divided into
only a few groups, provided that a proper cross section averaging method is
implemented.

Data verification and validation: Automatic data processing is not pos-
sible unless the file is free of formal formatting errors. Next, the data in a
file must be self-consistent. Before an evaluated data library can be used for
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practical applications it must undergo thorough checking to avoid process-
ing code failure due to format rule violation, to ensure that the data on the
file correspond to what the evaluator intended them to be and that they are
consistent with integral experimental measurements, when they are available.
The following stages of data testing can be identified:

e removal of data formatting errors,
e removal of data inconsistency errors,
e visual inspection of the graphical representation of the data,

e comparison of the data on the file with the measured values (for example,
from the EXFOR, database),

e integral (spectrum averaged) cross section comparison with measured val-
ues,

e comparison with simple, “clean” experimental benchmarks.

Extensive programmes have been undertaken to validate the ENDF/B-IV
and ENDF/B-V libraries. Some reports on the testing of JENDL-3, JEF-
2 and ENDF/B-VI have also been released, but the user must be aware of
the diversity of data application. Suitable benchmark experiments are not
always available and exhaustive data testing can not be performed for all ar-
eas of interest. Compilations of benchmark experiments are available for some
cases. A good example are the CSEWG Benchmark Specifications®*, but these
are rather old and in some cases doubts are raised whether the benchmark
model description is adequate to reproduce the quoted measured values. New
compilations for some applications exist, like the Criticality Safety Bench-
marks 2°, SINBAD Shielding Benchmarks 2” and a compilation related to the
fusion activity 26. Internet is again a useful and comprehensive source of in-
formation on the benchmarking activity, such as the appropriate sections in
the RSICC home page at "http://www-rsicc.ornl.gov/rsic.html" or the
FENDL benchmarks, to which links can be found from the above mentioned
TAEA’s Nuclear Data Centre homepage. Some of the codes which are use-
ful for evaluated nuclear data checking and for multigroup constants library
generation are mentioned briefly in Section 5.3.

Multigroup constants library generation: In updating or preparing a
new multigroup constants library the following pre-requisites are important:

e to use a verified and validated evaluated data library,
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e to use validated processing codes.

The structure of a multigroup constants library is governed by the computer
code which uses it. The data processing procedures have to be considered on
a case-by-case basis, such as suggested in the example in Section 5.

2.4  Nuclear data applications

In nuclear data applications one normally starts from a selected multigroup
constants library. Further data reduction is often performed by group con-
densation and spatial homogenization (see Section 4) to produce few-group
parameters. The processed nuclear data are used in a large variety of appli-
cations. Some examples are listed below:

e small experimental thermal reactors,
e thermal power reactors,

e fast reactors,

e nuclear fusion applications,

e shielding problems,

e radiotherapy,

e radioactive isotope production, inventory estimation, transport etc.

3 Nuclear Data Classification

The terms “nuclear data” or “cross section data” are applied to a wide range
of specific data types appearing at different stages of data processing and
reactor calculations (described in Section 2). To avoid ambiguity it is useful
to have precise definitions of these data types and the relation between them.

3.1 Basic nuclear data

Data resulting directly from experimental measurements or nuclear model
calculations are implied. They include differential cross sections in energy
and angle for neutrons and photons, resonance parameters, integral cross sec-
tions measured in various spectra and other data types. They were already
discussed in Section 2.1.
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3.2 FEwvaluated nuclear data libraries

Evaluated nuclear data are constructed by an evaluation process (see Sec-
tion 2.2) from the data base containing the basic nuclear data. Evaluated
nuclear data libraries consist of evaluated data files for individual isotopes,
elements and/or compounds (at thermal energies, evaluations are made for
the scattering properties of compounds where molecular and crystal lattice
binding effects are significant). The data base of the basic nuclear data may
contain several data points at a particular energy or it may contain gaps
where no data are given (subject to the availability of experimental data or
nuclear model calculations). On the contrary, in an evaluated data file a single
parameter value must be prescribed at each point, with a precisely defined
interpolation law in between points. The data must cover the full range of
incident particle energies, usually from 107 eV to 20 MeV or higher. Recent
trends in evaluated data files favour the extension up to 150 MeV. Each para-
meter must be evaluated and checked for consistency with other parameters
and with integral measurements. The data are then entered on a file in a
strictly defined format. Examples of evaluated data libraries were discussed
in Section 2.2.

The energy dependence of cross sections is rather complex (some reac-
tions may require more than 100 000 data points for accurate representation).
Except for some Monte-Carlo programs which can read evaluated data in
pointwise cross section representation directly, data reduction techniques (i.e.
group averaging) are applied.

3.3 Problem-Independent Group Constants Libraries

Problem-Independent Group Constants Libraries are derived from the evalu-
ated data files. The parameters are averaged on a fine energy group structure,
typically between 2000 and 200 groups (for example the SAND II extended
energy grid with 640 groups between 10~* and 20 x 10%¢V). A flat weighting
function is usually sufficient. The group constants definitions are given in
Section 4. The so constructed library is used as a source for group constants
condensation into a coarser group structure (i.e. into multigroup constants)
using some rough approximation to the problem dependent neutron averag-
ing spectrum as the weighting function. At this stage the energy mesh is
sufficiently fine so that local variations in the neutron spectrum can be disre-
garded.
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3.4 Multigroup Constants Libraries

Multigroup constants libraries can be derived from the problem-independent
group constants libraries by group condensation (see Section 4.4) or else they
are calculated from the evaluated data libraries directly by using an appro-
priate weighting function. The multigroup constants are broadly problem
oriented - such as: thermal reactors, fast reactors, fusion problems or shield-
ing calculations. The criterion which defines a group of problems for which a
data set is valid is the similarity in the smooth neutron spectrum (i.e. spec-
trum which exhibits the general characteristics but neglecting the detailed
structure from resonances), Such a spectrum is used for weighting in the cross
section averaging process.

Consider for example an idealized infinite homogeneous reactor with hy-
drogenous moderator and a 1/v absorber at thermal energies (i.e. the ab-
sorption cross section is inversely proportional to the neutron velocity). The
neutrons are born with the fission spectrum distribution. Assuming an ideal-
ized hydrogen-like medium with no absorption and a constant scattering cross
section, the slowing down neutrons at epithermal energies have a 1/F distri-
bution. With weak 1/v absorption at thermal energies, the resulting neutron
spectrum has approximately a Maxwellian distribution. A spectrum having
a fission neutron spectrum shape in the fast energy range, a 1/E shape in
the intermediate range and a Maxwellian shape in the thermal range is rep-
resentative of thermal reactor problems over limited energy intervals, and
is a candidate for the weighting function in the multigroup library prepara-
tion. Spatial variations of the neutron spectrum are not considered. For a
desired accuracy in the calculations, the deviation of the local ¢rue neutron
spectrum from the assumed one determines the required energy discretisation
which ranges typically from about 400 to 26 groups. Finer discretisation is
required at energies where higher rates of reactions of interest are expected.
Furthermore, inside each group, the smooth spectrum exhibits the general
trend but not the detailed structure. Allowance must be made for a detailed
treatment, especially of the resonance self-shielding and Doppler broadening
(usually in the form of separate tables). Interference between resonances of
different nuclide constituents of a mixture is frequently neglected or treated
very crudely.

To illustrate the cross section representation in group averaged form un-
der different group structures, 2*° Py from the ENDF /B-VI evaluated data
library !! has been processed. The radiative capture cross section represented
in four different group structures is shown in Figure 2.

For shielding problems where neutron spectra vary significantly with ma-
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terial composition it is not normally possible to obtain general multigroup
libraries with fewer than about 50 groups (most of them being in the fast
and epithermal energy region) whereas for reactor core calculations one can
sometimes do with as few as 26 groups, with emphasis in the thermal energy
region.
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Figure 2. 240 Py radiative capture cross section from the ENDF/B-VI evaluated data
library represented in various group structures.
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3.5 Problem Dependent Few-Group Constants

Problem Dependent Few-Group Constants are the result of the final stage of
the data reduction process, starting from the multigroup data and using the
neutron (and gamma) transport methods. The number of groups varies from
1 to 18 and spatial homogenization is also performed. Equivalent diffusion
equation parameters (macroscopic cross sections and diffusion constants) can
be deduced. Such data are highly problem oriented. They are calculated on
a case-by-case basis and are normally considered as an application of nuclear
data, according to the classification in Section 2.

It is frequently desired to further reduce the number of groups in multi-
group data to speed up deterministic transport calculations. This is usually
done in two steps. Starting from the multigroup constants library, a zero
dimensional (or approximate one-dimensional) calculation is performed, with
appropriate material composition in individual homogeneous zones, to get an
estimate of the local neutron spectra. These spectra are used to collapse the
group constants (specific for each zone) down to typically 32 or 18 groups. In
the WIMS-D family of codes this is the so-called spectrozx calculation. With
the reduced group structure it is feasible to perform full scale transport calcu-
lations with a minimum loss of accuracy because at least the major features
of the geometry and composition are explicitly considered in generating the
spectra for group condensation. The results of the transport calculation are
few-group constants (usually from 1 to 12 groups) calculated by group col-
lapsing and spatial homogenization (for example effective diffusion equation
parameters for a pin cell or a fuel assembly at a specific power, temperature
and burnup). These constants form the input to 2D and 3D neutron flux dis-
tribution solution algorithms used in reactor core design and fuel management
calculations.

4 Definition of Group Averaged Constants

4.1 Single valued energy dependent parameters

Conservation of reaction rates is the basic principle for defining group av-
eraged values of simple energy dependent parameters such as cross sections.
Mathematically are defined by the following equation:

o, I’ 02(B) w(E) dE
YO B W(EB) dE

Egt1

(1)
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where: o, is the parameter to be averaged,
w is the weighting function,
I, are the energy group boundaries,

g group index

The weighting function can be chosen arbitrarily, but from the aspect of re-
action rate conservation when going from fine to broader group structures it
can be easily seen, that the weighting function for averaging the cross sec-
tions must be the incident particle spectrum (i.e. the neutron or the gamma
spectrum). Different weighting functions may be applied to other parameters,
based on physical considerations.

For the construction of problem-independent group constants on a fine
energy mesh the weighting function is unimportant and can be assumed con-
stant. In the case of the multigroup data it is chosen as the smooth weighting
spectrum which approximately follows the behaviour of the real spectrum.
For thermal reactor applications it may consist of the Maxwellian form in
the thermal energy range, the 1/F form in the epithermal energy range and
the fission spectrum in the fast range. Other applications (such as fusion or
shielding problems) require a different weighting spectrum. Furthermore, each
class of problems requires energy mesh refinement in different energy ranges,
therefore it is not be possible to construct a general purpose multigroup li-
brary which is reliable in all areas of application and have a reasonably small
number of groups.

4.2 Differential energy-angle dependent parameters

The differential energy and angle scattering cross sections (the elastic and
the inelastic cross section in the fast and the thermal energy range) can be
group-averaged into the scattering matrix. The angular dependence can be
taken into account through Legendre polynomial expansion. The elements of
the £*" Legendre moment of the scattering matrix are defined by the following
equation:

Ep

1 E,
[ du [ A w(B) [ dE 0u(E < E',u) Pi(y)

Eh+
o 7 (2)
ngg+1 w(E) dE
where: i is the cosine of the scattering angle in laboratory system,

P;(n) Legendre polynomial of degree [
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os(E — E', u) cross section for scattering from energy F into energy E’ at
an angle p.

For elastic scattering and for inelastic scattering into discrete levels the angle
1 and the secondary particle energy E’ are not independent. They are related
through the laws of conservation of momentum and energy and defined by the
mass ratio of the target nucleus to that of the secondary particle (for elastic
scattering) and the reaction @Q-value (for the inelastic scattering into discrete
energy levels). This considerably simplifies the technical process of produc-
ing scattering matrices. For inelastic scattering into the continuum and for
inelastic scattering at thermal energies additional data need to be processed
(secondary neutron distributions and the scattering law data respectively).
Alternatively, some approximations can be introduced such as the ”evapora-
tion spectrum” to represent the secondary neutron distribution for inelastic
scattering into the continuum and the ”free gas” approximation for inelastic
scattering at thermal energies.

4.3 The Resonance region

The resonance integral is commonly defined by an equation similar to Equa-
tion (1).

EQ

R.I = / o(E)w*(E) dE (3)
Egi1

At infinite dilution (i.e. at small absorber concentrations which offer no per-

turbation to the neutron spectrum), the weighting function w* is the usual

smooth neutron weighting spectrum. In well moderated weakly absorbing

systems it has a 1/F form.

When a strong resonance absorber is present in an infinite medium with a
high concentration, a significant fraction of the neutrons is absorbed and pro-
duces a “hole” in the neutron spectrum at the resonance energy, thus reducing
the reaction rate. When the absorber of finite dimensions is surrounded by
a moderator, the neutrons from the moderator tend to fill this hole. This
is approximately analogous to the dilution of the absorber nuclei. However,
this effect can not propagate deeply into the absorber because the nuclei in
the centre are shielded by the absorber nuclei on the surface, which remove
the neutrons entering the absorbing medium at the resonance energy. The
degree of the effective absorber dilution therefore depends on the material
composition and on the geometry.

Average cross sections of strong absorbers can be calculated by rigorously
solving the slowing down equation for mixtures of the absorber with an ideal-
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ized hydrogenous moderator of constant scattering cross section and different
concentrations. In this way the self-shielded absorber cross sections can be
parameterised as a function of the the Bondarenko background cross section
09, which is the macroscopic "moderator” cross section per absorber atom
(note that it is expressed in barns units).

A rigorous solution of the neutron slowing down equation is rather tedious.
Relatively simple approximations are available which produce satisfactory re-
sults, such as the Intermediate Resonance approximation (IR), introduced by
Goldstein and Cohen 3!. A parameter ) is defined so that the cross section
weighting function is:

oo + /\O'p(E)
00+ Aoo(E) + 0s(E)

w*(B) = w(E) (4)

where: 0¢ is the Bondarenko background cross section,
0, is the absorption cross section,
o5 is the scattering cross section,
o, is the potential scattering cross section,

A is the Goldstein - Cohen parameter. It is a "measure” of the
resonance width.

When A = 1 the well known Narrow Resonance (NR) approximation is ob-
tained and when A = 0 the equation reduces to the Wide Resonance (WR)
approximation. Goldstein and Cohen used a variational technique to deter-
mine A but Forti proposed a very simple approximation 32, which relates X to
the resonance width:

FP!"‘ . FP!"‘
L= 538 s> %
A= (5)
ab, o< Tp.r
2T, ’T = Er
where: E,. is the energy of resonance r,

o =1-((A-1)/(A+1)

A is the ratio of the mass of the target nucleus to that of the
neutron,
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[y~ is the “practical” width 33 of resonance r which measures the
energy range over which the resonance contribution exceeds
the non-resonance part of the cross section,expressed approx-
imately by

Yo
Ty =Tri | =—
p, t, Ep

It is the total width of the resonance,
Yo is the macroscopic cross section at the resonance peak,

Y, is the macroscopic potential scattering cross section of the
absorber and the admixed moderator.

Alternative approaches to the definition of the A parameter are based on
empirical derivations, based on matching the slowing down properties for an
absorber diluted in an arbitrary medium, compared to the same dilution in
an idealised hydrogenous medium.

4.4 Group condensation

As mentioned in Section 3 the number of groups over which the cross sections
are defined is often reduced by group condensation (or group collapsing).
Assume that the data are given on a fine energy grid. We require a weighting
function which is averaged over the same energy grid. A number of fine
groups can be collapsed into one coarse group by a procedure similar to the
one defined by equations (1) to (3), except that the integral sign is replaced
by a summation over the fine groups g which constitute the coarse group h:

o),
S SATP

and similarly for the scattering matrices and the resonance integrals.

(6)

4.5 Spatial homogenization

Spatial homogenization can be performed using the same criterion of reaction
rate conservation, using the spatial neutron flux distribution for weighting.
Consider an energy group g and a homogenization volume V where 7 is the
position vector inside V. For clarity the group index is omitted. The average
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cross section is given by:
[y 0x(r) w(r) dV
(o0) = =¥ (7)
[y w(r) dV

The scattering matrices and the resonance integrals can be averaged in a
similar way.

Such simple flux and volume weighting procedure is valid when there
is no leakage from the region which is homogenized. In general, averaged
cross sections homogenized by the simple flux and volume weighting satisfy
the condition of average reaction rate conservation, but do not reproduce the
partial neutron currents on the region boundaries. Recently, new homoge-
nization methods have been developed 24, which to a large extent remove this
deficiency and help to improve the results of global calculations.

5 A Multigroup Library Update - An Example

5.1 Multigroup library format

Consider the WIMS multigroup constants library 3° as an example because
the WIMS code 26 is extensively used in various laboratories throughout the
world and for different reactor types.

First of all one must get familiar with the format of the library. Once this
is done, the definitions of individual quantities must be carefully reviewed.
The library documentation is not always adequate because it is scattered in
several publications and internal notes. Below, a few hints are given which
might be useful:

e The fission spectrum contains some adjustments which are not supported
by experimental measurements of the spectra but they improve the agree-
ment between the calculations and the integral measurements on a variety
of simple “benchmark” core configurations. The same fission spectrum is
used for all fissile isotopes.

e Care must be taken with regard to the fission product yields per fission
event, since some precursors are lumped with the fission yield value for a
particular fission product.

e While the definition of the potential cross-section and the slowing down
power per lethargy width is fairly straightforward, the definition of the
transport cross-section is quite tricky. Transport cross section is defined
in the usual way at thermal energies as

(otr)g = (Ta)g +(050)g — (Ts1)g (8)
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where: (o), is the transport cross section,
(04)g is the absorption cross section,

(0s0)g is the zero-th moment of the scattering cross section
= Zh <050>g—>h
(0s1)g is the first moment of the scattering cross section

= 2h<051>g—>h

(0s1)g—h 1s the I*" moment of the cross section for scattering from
group ¢ into group h.

In the fast and the resonance region the equations incorporated into
WIMS require a different definition of the transport cross section. The
15" moments of the scattering cross section is defined by:

<O' 1> _ Zh<051>h%g<J>h (9)
! 2on{I)n
and (J), is the group average neutron current spectrum. When no better
approximation is available, the 1/E form can be used.

The difference between the two definitions of the transport cross section
is small for heavier nuclei, but for moderators the incorrect definition of
the transport cross section can lead to significant errors.

The absorption cross section is the sum of the fission cross section and all
other cross sections for reactions which produce no neutrons. In the fast
energy range a correction is made to approximately conserve the neutron
balance due to reactions which produce multiple neutrons.

The parameter x is only used in some old versions of the WIMS program.

The Goldstein-Cohen parameter defined in Section 4.3 must be included
in the library. It accounts for the resonance widths which are neither wide
nor narrow and it partly compensates for the moderators which are not
ideally hydrogen-like. Although the format permits the Goldstein-Cohen
parameter to be energy-dependent, it is recommended to use a constant
value for a particular nuclide.

Standard definition applies to fission cross section 37 and the fission
neutron yield v3y.
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e The scattering matrices are defined in the usual way except for one modi-
fication: for nuclides which do not have a P; scattering matrix tabulated,
the diagonal elements of the Py scattering matrix are modified so that the
row-sum of the matrix (i.e. the (os9) cross section) and the absorption
cross section reproduce the transport cross section and not the total cross
section. Note that the information on the true total cross section is thus
lost. Also, the P; scattering matrix is defined without the (2 + 1) term
in the numerator, which is required in some codes.

e The resonance integral tables are as defined in Section 4.3 but they are
normalized with the lethargy width. They must not be confused with the
self-shielded cross section since this would cause errors especially in the
lower energy groups. It is explicitly assumed in WIMS that the weighting
function for calculating the resonance integrals has a 1/E shape.

Note that a project for updating the WIMS-D library has been in progress
at the TAEA for several years. It included upgrading of the data process-
ing codes, optimisation of data processing options, definition and analysis of
benchmark and the preparation of detailed documentation. The IAEA-69 and
TAEA-172 WIMS-D libraries are completed (69-group and 172-group library,
respectively) and the documentation is expected to be published in 2002. The
libraries are available from the TAEA web page.

5.2  Library update strategy
In performing the update, two approaches are possible:
e to create the library from scratch using new evaluated data,

e to selectively replace individual material data or to add the data which
are missing from the library.

For the first option it is recommended to use a well tested evaluated data
library so that the results can be compared against the benchmark test cases
for the library. The use of other data may give unsatisfactory results since
the existing multigroup libraries are usually tested and adjusted to give good
agreement with integral benchmark experiments.

The second option is attractive because the test results with the original
library can serve as reference and the effects of the changes in the library
can be tested individually. The applicability of the library can be extended
by adding materials which were not included originally, without seriously
affecting the performance of the library for the test problems on which the
library designer adjusted the data.
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5.3 The choice of the processing codes

Although in principle the averaging process is very straightforward (see Sec-
tion 4), the computer programs are usually very complex because they have to
consider several data types and many different forms of data representation .
For this reason, producing a bug-free program is not trivial as illustrated by
the IAEA Cross Section Processing Code Verification Project 28.

In recent years an enormous effort has been placed in removing the
processing errors from the multigroup constants. Listed below are a few ex-
amples of the computer codes which are generally useful for handling nuclear
data:

e ENDF Utility Codes 3 consist of a package of codes which check ENDF
formatting rules, data consistency and provide graphical display. The
codes are also available on the Internet from the IAEA’s Nuclear Data
Centre homepage.

e ENDF Pre-Processing Codes ?° are designed as a series of relatively short,
simple to use codes which allow step-wise operations on evaluated data
such as linearization, resonance reconstruction, group constants prepa-
ration, graphical display and others. The codes are very useful for data
checking and display but they were not designed for general multigroup
library preparation because they lack the processing capabilities of cer-
tain data types (such as generation of scattering matrices, self-shielding
and Doppler broadening in the unresolved resonance range, etc.) and the
interfaces to the desired multigroup libraries. The codes are also available
on the Internet from the IAEA’s Nuclear Data Centre homepage.

e The NJOY system was designed for general purpose applications. It can
handle practically all the information available in the evaluated data files
and has been continually upgraded to conform with the adopted changes
in the ENDF formatting rules. It includes interfaces to a number of
widely used multigroup constants libraries. Due to its international sup-
port it is in many respects the standard nuclear data processing code.
Version NJOY99 is the most recent. The source code must be obtained
from a U.S. distribution centre such as the Radiation Safety Information
Computational Center ( "http://www-rsicc.ornl.gov/rsic.html" In-
ternet address), but the updates and additional information is available
on the Internet at "http://t2.lanl.gov/".

e Possible alternatives to NJOY exist 37, such as AMPX77, GRUCON, MC2-II,
GROUCH-G/B, etc. The AMPX77 system most nearly covers the functions of
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5.4

NJOY but does not include production of Monte Carlo data. In addition
there are other codes (such as FOURACES, FEDGROUP-C etc.). The main
problem with these codes is that they were not fully upgraded to handle
the format extensions of the ENDF-6 format.

Possible sources of error

When making changes in the multigroup libraries one must be aware of the
possible sources of errors:

Errors in the basic data - these are gradually reduced as new evalua-
tions, which include new highly accurate measurements, replace the older
ones.

Errors in the adjusted libraries - the adjustments may prove to be
physically unjustified (i.e. to achieve agreement with integral measure-
ments, the library designer should have adjusted another parameter).
Consequently, partial data improvement in an adjusted library may ac-
tually produce worse results.

Nuclear data processing errors can be eliminated to a large extent
by using verified codes 28.

Inconsistencies in the definitions of the parameters in the library can
result from inadequate library documentation or from misinterpretation
of the library description.

Rigidity of the multigroup library format may not allow exact data
representation for all cases.

Before an updated library is used for routine applications it requires extensive
benchmarking to verify that it produces satisfactory results for the type of
problem considered.

6 Summary

The tasks associated with the nuclear data activities involve:

basic nuclear data production,
nuclear data evaluation,

evaluated nuclear data processing,
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e nuclear data applications.

The data types which result from the individual data processing steps can be
classified as follows:

e basic nuclear data,

e evaluated nuclear data libraries,

problem independent group constants libraries,

multigroup constants libraries,

problem dependent few-group constants.

To update a multigroup constants library for a particular transport code,
one must understand well the structure of the library and the precise defi-
nitions of the parameters which it contains. In performing the update, two
approaches are possible:

e to create the library from scratch using new evaluated data,

e to replace selectively individual material data or to add the data which
are missing from the library.

The selection of the source evaluated data library depends on the approach
adopted. Thoroughly tested and well documented evaluated data libraries are
convenient to use, but in any case, careful data checking at every stage of a
multigroup library preparation is essential.

For the convenience of the user, the choice of the evaluated data processing
code is often application dependent. Past experience has shown, that the
codes which have not been thoroughly checked and compared against the
results of other codes (whenever possible) can produce significant processing
errors and should be avoided.

Finally, when making changes in the multigroup libraries one must be
aware of the possible sources of errors. Good documentation and careful work
are the prerequisites for satisfactory results.
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