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Abstract

Nuclear data for material analysis using neutron-based methods are examined. Besides a
critical review of the available data, emphasis is given to emerging application areas and new
experimental techniques. Neutron scattering and reaction data, as well as decay data for
delayed and prompt gamma activation analysis are all discussed in detail. Conclusions are
formed concerning the need of new measurement, calculation, evaluation and dissemination
activities.

New trends in material analysis

Neutron-based methods are very powerful tools for characterising the physical and
chemical properties of materials. The methods of neutron scattering, diffraction and
reflectometry reveal various physical properties. On the other hand, methods based on
neutron absorption-induced radiations elucidate the chemical composition. In the latter
category belong delayed-gamma neutron activation analysis (NAA), prompt-gamma
activation analysis (PGAA), as well as neutron depth profiling (NDP).

There is a continuous need for improvement of the available nuclear data, thanks to emerging
application areas and new experimental techniques. Such new frontiers of material analysis
are the areas of environment and biology. To the most important new experimental
techniques belong the methods utilising intense beams of cold neutrons from nuclear reactors,
e.g., cold neutron-induced PGAA, NDP, and neutron reflectometry. Resonance capture of
neutrons in the 10-100 eV energy range is also gaining importance due to the extremely high
selectivity of this process, and its direct relevance to the transmutation of nuclear waste.
Therefore, in the followings special attention will be paid to the data needs of those emerging
applications.

Available data

In this chapter, the basic nuclear data available for neutron-based techniques of
material analysis are reviewed. For any kind of activation analysis, the basic quantities are the
cross-sections characteristic of the nuclear interaction producing this activity, and the gamma-
ray energies and emission probabilities of the activation products. The energies are used to
qualify, while the product of cross-section and emission probability to quantify the element
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(or more precisely, its isotope) in a sample. There are other important parameters, such as
decay half-life, which refine the picture. For neutron scattering, the information is carried by
the coherent (and incoherent) neutron scattering lengths, rather than the cross-sections, as
their sign plays a role in the interference of neutron waves. Besides, magnetic moments of
nuclei are important for the study of magnetic structures.

Cross-sections

For neutron activation analysis, the relevant quantities are the thermal neutron-capture
cross section, a>o, and the resonance integral, RI, entering the ratio, Qo=RI/o"o, frequently used
for correction of epithermal activation. The evaluation by Mughabghab et al. [1,2] is still the
recommended source of information, although it is quite old and contains many data of low
accuracy. In half of the cases the uncertainties on Go exceed 10%, and there are only a few
examples when the accuracy is better than 0.5%. Although several revisions [3] have been
made, the original publication is still the only one giving detailed enough information on the
kind of absorption reaction - (n,y), (n,p), (n,a), (n,f) -, and the type of neutron spectrum. It
also provides cross-section values for the activation of individual isomeric states. The most
up-to-date and easily available source of the Mughabghab cross sections and resonance
integrals is the NuDat database [4], available on the Internet. For certain nuclides, the thermal
cross-section deviates from the 1/v law due to the existence of a low-energy resonance. The
correction is given by the Westcott g-factor. Even if their data are partly out of date, the
compilation by Gryntakis et al. in ref [5] is still a useful reference concerning thermal
activation cross sections, g-factors and resonance integrals, as well as effective resonance
energies calculated by F. De Corte for 128 target isotopes. A more detailed discussion can be
found in a recent review article [6], covering data for activation analysis.

Fast neutrons also induce inelastic scattering and other reactions. The cross-sections for these
have characteristic energy dependence and a well-defined threshold. The situation with
directly measured data is best for 14 MeV neutrons [5,7]. As to other neutron reactions, still
the most comprehensive source is the old IAEA handbook on nuclear activation data [5],
followed by a more specialised handbook on data for borehole logging [8]. More recent
calculated values for thermal, Maxwellian average, fission-spectrum average and 14-MeV
cross sections, as well as resonance integrals are available in tabular form, but without
information on the uncertainties [9]. The same is true for a recent source of calculated
energy-differential capture cross sections [10]. The old "Barn Book" with plotted
experimental energy differential cross-section data [11] is still in use. More recent data can be
viewed together with various evaluations (ENDF-6, JENDL, BROND, etc.) so far only
electronically [12]. Another resource of electronic tables and plots is the KAERI Table of the
Nuclides [13], which is restricted to evaluated data. A most recent handbook [14] presents
experimental data and evaluated curves together for photonuclear reactions on 164 isotopes.

The evaluation for bound coherent neutron scattering lengths has recently been updated [15].
It should be used instead of the older reference by Sears [16], although the latter resource is
complete with incoherent scattering lengths as well.

Decay data

The most comprehensive source of decay data is the ENSDF file [17]. It contains the
adopted decay schemes and half-lives, the energies, relative and absolute intensities of the
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gamma radiations, as well as the total intensities including electron conversion (when
applicable) for the various decay branches of radionuclides.

For the radionuclides of interest in NAA, most of the decay half-lives are known with
sufficient precision. The ENSDF values are included in the periodically updated Nuclear
Wallet Cards [18] and in NuDat [4]. For about two thirds of the 66 elements involved in
NAA there is at least one radionuclide with a half-life accurate to at least 0.1%, see ref. [6]
for details. On the other hand, fewer than one tenth of the 130 radionuclides (including
isomers) considered there have a half-life less accurate than 1%.

Gamma-ray energies are used for element (nuclide) identification, or qualitative analysis, and
the relative intensities of the transitions are helpful when correcting for spectral interference.
Accurate absolute intensities or, in other words, photon emission probabilities enable
quantitative analysis by the absolute method, provided cross sections and other parameters
are also known with a sufficient accuracy. While the energy values from ENSDF [17] are
usually very accurate, this is not always so for the absolute gamma-ray intensities. The
relative uncertainty of normalisation is very often several percent, and sometimes even larger
than ten percent. This uncertainty is added, of course, to the cross-section uncertainty
quadratically when calculating the activity.

In NAA, the product of cross-section and emission probability is the important quantity,
hence attempts have been made to measure a nuclear constant - called ko-factor -
proportional to this product directly with an accuracy of a few percent. A comparison
between measured [19,20,21] and calculated ko-factors has shown that there may be problems
even with some of the directly measured ko-f actors, see 24Na and other examples in ref. [6].

For PGA A, one has to look into to the ENSDF file [17] for thermal neutron capture gamma-
ray data. Until recently, such data were available only for nuclides with mass number greater
than 44. While the energies are mostly accurate, the intensity data are in most cases
unsuitable for analytical work. The normalisation of absolute intensity is rarely more precise
than 10% relative standard deviation, and sometimes it is even lacking. Probably for this
reason, in a compilation of ENSDF capture data by Tuli [22] only relative intensities have
been included uniformly, and all uncertainties have been omitted. Besides, the Tuli table is
nuclide oriented and the contributions of the individual isotopes of a given element have to be
combined by involving elemental abundances and cross sections. The only prompt gamma-
ray library for elements is still the old compilation by Lone et al. [23]. However, it does not
meet present-day standards, in that the data are old and of poor quality, with contaminant
peaks (e.g., Cd) admixed to many elemental sets. Moreover, important low-energy gamma
rays are missing. Only the ranges of uncertainty is indicated for the; gamma-ray energies, and
the values are rather large, sometimes above 3 keV, for high-energy gamma rays. Moreover,
the uncertainties for absolute emission probabilities have not been given explicitly, they have
been estimated to be below 20%. Very recently, that high-quality gamma ray data have
appeared [24] and the prompt ko method has also been implemented for PGAA [25,26].

Gamma-ray spectrum libraries for various detectors, especially semiconductor detectors, are
much needed for designing and conducting an experiment in activation analysis. Radioactive
decay spectra for NAA [27,28] and (n,n'y) spectra for reactor fast neutrons [29] are the only
available resources.
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Data needs

There is a definite need for more data or just better data in the areas discussed above.
Data are almost entirely lacking for cold neutron capture gaining importance rapidly in
PGAA, and for resonance capture in the 20-120 eV energy range. More data are needed for
fast neutron reactions as well, for borehole logging and illicit trafficking applications.

One needs specifically
• catalogues of prompt y-ray spectra for cold, thermal, resonance (10-100 eV) and

fast neutrons
• low energy cross-sections for non-l/v nuclides (only a few are measured)
• standards to characterise cold neutron beams

In many cases, improvement of the existing data is necessary by doing new evaluations and
measurements, depending on the case. Here we try to summarise the most important
problems communicated to us.

Cross-sections
• remeasure some thermal activation and absorption cross-sections, e.g.,

93Nb(n,y)94mNb, 23Na(n,Y)24raNa
• better Io, Qo values, especially for U4Cd(n,y)115Cd
• improve thermal, epithermal spectrum characterisation (Westcott convention)
• re-evaluate neutron resonances
• re-evaluate some neutron scattering lengths (incoherent)
• re-evaluate data for interfering fast neutron reactions
• remeasure fast neutron cross-sections for 16O(n,n'), 12C(n,n'), etc.

Decay data
• remeasure , re-evaluate half-lives (short-lived: MNa, 76As; long-lived: 14C )
• determine missing absolute normalisations and their uncertainties for decay y rays

(238U chain: 234mPa, 214Pb, 214Bi)
• remeasure ko-factors for NAA (90% of data from 2 laboratories)
• remeasure ko-factors for PGAA (most from 1 laboratory only)
• use ko-factors for consistency check of activation cross-sections

Fission data
• improve accuracy of individual fission yields for short-lived products (134Te, 132I,

etc.)
• improve data on the yield and spectral composition of delayed neutrons (for U,

etc. determination)

Data dissemination needs

Specialised databases or specifically designed interfaces for retrieval are needed for
material analysis. Those databases should contain

• all relevant data in one place
• all uncertainties
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Whichever solution is realised, traceability of the data source should be maintained. As to the
dissemination format, both hardcopy and electronic form remain necessary. The continuation
of IAEA handbooks is of vital importance. For instance, a new reference library for neutron
activation has long been expected [30]. As to electronic formats, Web and CD-ROM have
their own merits, hence both remain needed. On the other hand, it would be desirable to
abandon printer-oriented formats in favour of computer readable formats, such as spreadsheet
or popular computer code inputs (MCNP, etc.).

Summary and conclusions

The status nuclear data for material analysis with neutron-based methods has been
reviewed with respect to current research trends and specific needs expected in the future. It
is evident, that environment and biology are becoming increasingly important application
areas. As to emerging experimental techniques, cold neutron methods, such as PGAA and
NDP, are gaining importance rapidly. Improvements on nuclear data have to be made
urgently to meet these challenges.

There is a need for new measurements of prompt y-ray spectra, anomalous cold neutron
cross-sections, some fast neutron cross-sections and cold as well as thermal neutron ko-
factors. The same applies to decay half-lives of some extremely short- and long-lived
nuclides, respectively. Individual fission yields for short-lived products, and characteristics of
delayed neutron emitters should be remeasured with higher precision. New evaluations for
thermal neutron cross-sections, neutron resonances and incoherent scattering lengths are
called for. New methods imply new data needs. For cold neutron PGAA, reference standards
are needed to characterise the spectrum of the cold neutron beam.

New concepts have to be developed in data dissemination. Easy availability and traceability
of data, and handy ways of retrieval are the most important criteria. There are some good
examples already, see refs. [12,31,32].

Finally, the author would like to thank the numerous comments and suggestions from a
number of colleagues. Special thanks are due to A. V. Andreev, V. R. Burmistrov, G. Gorini,
W. D. James, A. Jehouani, G. Kennedy, G. Krexner, R. M. Lindstrom, S. Mukhammedov, T.
M. Nakanishi, A. Simonits, B. Smodis, J. Uyttenhove, T. Weizhi, G. Wermann, R. D.
Wilson, and R. Zeisler.
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