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THE ORIGIN OF RADIOCACTIVITY STUDY AND ITS EARLY DEVELOPMENTS WITH ITS FUTURE
Masanobu SAKANOUE, Professor Emeritus, Kanazawa University

With the proximity of the centennial of the discovery of radioactivity, by
showing the status of various memorial places and their materials, a historical
review of radioactivity studies is presented with some comments in future.
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FUNDAMENTAL ASPECTS, INSTALLATION AND PRACTICAL APPLICATIONS OF
k,-STANDARDIZED NEUTRON ACTIVATION ANALYSIS

Frans De Corte

Research Director of the National Fund for Scientific Research
Laboratory of Analytical Chemistry, Institute for Nuclear Sciences, University of Gent,
Proeftuinstraat 86, B-9000 Gent, Belgium

The concept of ky-standardized reactor neutron activation analysis (k;-NAA) was launched in the .
mid 1970s' with the aim to overcome the drawbacks of the classically applied methods: the
experimental workload of the relative standardization, the inaccuracy of the absolute standardization
and the inflexibility of the single-comparator standardization. The final goal when developing k-
NAA was to arrive at a standardization method which is generally applicable, experimentally simple,
accurate, flexible with respect to both the irradiation and counting conditions and suitable for
computerization.

That the introduction of k;-NAA turned out to be a successful enterprise, was not only due to the
fact that the phenomena of (n,y) activation [signal excitation], radioactive decay and measurement
of gamma-radiation [signal detection] are well-understood and can be accurately described, but also
to the determination of the fundamental nuclear data being based on parallel but independent
measurements performed by research teams at two (and in later years even more) institutes,
involving different experimental conditions (and thus leading to the detection and elimination of
systematic errors): the Institute for Nuclear Sciences/Gent (F. De Corte) and the Central Research
Institute for Physics/Budapest (A. Simonits). In the first instance, this refers to the measurement,
according to the "activation method", of ki-factors, which are in fact compound nuclear data
containing molar masses, isotopic abundances, 2200 ms™' cross sections and gamma-intensities for
both the analyte and the comparator [for which 197Au(n,y)lggAu with E, = 411.8 keV is chosen].
At present, k,’s with an accuracy of better than 2% are available for the relevant gamma-lines of 122
analytically interesting radionuclides formed by (n,y) reaction [see Ref? (and references therein),
where these and the hereafter following topics are dealt with].

Next to the k-factors, a large effort was spent to determine the corresponding Qq-values (= ratio of
resonance integral to 2200 ms™! cross section), in order to make a correction for the contribution of
epithermal activation. At the same time, user-friendly procedures were developed for measuring f,
the thermal-to-epithermal neutron flux ratio, in the irradiation facility at hand. Also, a great deal of
the attention went to the elaboration of correction procedures for taking into account the non-ideality
of the epithermal neutron flux distribution, approximated by a 1/E*® shape: this not only involved
the experimental determination of the factor o but also the calculation, from the resonance
parameter data, of " the so-called effective resonance energies (E). In this context,
considerable efforts were spent to develop an elegant and sufficiently accurate procedure for in-situ
and simultaneous monitoring of f and a, for which it was éaroposed to make use of the "bare triple-
monitor"-method based on the reactions **’Au(n,y)***Au, 4Zr(n,y)gSZr and *°Zr(n,y’’"Zr [involving
simple coirradiation and measurement of Al-0.1%Au and Zr foils or wires].

A next topic considered in great detail was the calibration of the Ge detector. As to the determination
of the full-energy peak detection efficiency (g,) for extended samples measured close to the detector,
a situation usually encountered in the practice of NAA, a semi-empirical method was developed for
the conversion of the experimentally measured "reference" gycurve (loge, versus logE,, measured
for point sources at large distance from the detector), based on the concept of the so-called effective
solid angle Q which takes into account source-detector geometry, detector response
and gamma-attenuation. Thus, to achieve this goal, the geometric configuration of
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source and detector must be known and, with respect to the latter, this occasionally
requires a fine-tuning which should be performed by experimentally controlling the
accuracy of the g,-conversion. In addition to this, it was found necessary to develop correction
procedures for true-coincidence effects (summing-in and/or summing-out) of cascading gamma-rays
when measuring close to the detector. This not only required the analysis of the decay schemes, but
also necessitates the experimental determination of the peak-to-total ratio P/T [in order to calculate
the total detection efficiency €€, /(P/T), needed in case of summing-out effects]. Especially for these
topics related to detector cahbratxon, it was a necessity to develop computer codes [SOLANG and
COIN for VAX; SOLCOI for PC].

In addition to the above mentioned main domains of ky-NAA [nuclear data; calibration of irradiation
facility; calibration of detector], extensive work was done with respect to quality control and quality
assurance. This was based on the evaluation of the final accuracy both via error propagation
calculation and via the analysis of a variety of (certified) reference materials. It was concluded that,
in average conditions of irradiation and counting, the inaccuracy introduced by k-standardization
is not exceeding 4%. Next to this, attention was paid to the traceability of the method, an aspect
which is of great importance in certification analysis.

Eventually, much effort was spent in the development of software to handle the numerous
calculations in k-NAA. Whereas at first this was restricted to home-made computer codes for
mainframe [SINGCOMP, SOLANG etc. for VAX], it finally resulted in the availability of
KAYZERO/SOLCOI, a software package for PC commercialized by DSM Research (Geleen, The
Netherlands).

Based on the above outlined methodology, the task of the analyst wanting to install k;-NAA is
restricted to the application of the following user-friendly procedures: i) the characterization of the
irradiation facility [investigation of the constancy of the neutron flux during irradiation, a prerequisite
in all absolute NAA-standardizations (including kg); determination of the flux parameters fand o;
ii) the characterization of the Ge detector [determination of €, in reference conditions; investigation
of the accuracy when converting Ep ref 1O actual analytical geometries; determination of P/T]. This
should then simply be combined with the available nuclear data library and the use of an adequate
software package - not forgetting to perform a quality assurance via the analysis of some reference
materials.

It goes without saying that the application of ky-NAA is especially beneficial in case of multi-
element determination or even panoramic analysis: coirradiation of one monitor with the sample,
followed by some 3 or 4 measurements with varying decay times then leads to the possibility of
obtaining results - concentrations or detection limits - for about 60 elements. But k,-NAA turned out
to be a competitive and manageable analytical tool in many fields (environmental, biomedical,
industrial, etc.), including for instance the investigation of materials which are difficult to bring into
solution such as a variety of polymers (e.g. for the determination of catalyst residuals). Eventually,
it is worth mentioning that k;-NAA is successfully used as a calibration and even a reference method
for other analytical techniques such as XRF. This is possible because in k-NAA all sources of
uncertainties are well-known and can be accurately quantified.

References:
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2S01 Influences of the Fossilization Processes on
the Fundamentals of Radiometric Dating

Véronique Michel
Institut de Paléontologie Humaine,
1 rue René Panhard, 75 013 Paris, France

For establishing the chronology of the hominid evolution during the Pleistocene, the
uranium-series disequilibrium (U-Th: 23Th/?34U) and the electronic spin resonance
(ESR) dating are usually used. The results of these radiometric dating applied to the
archaeological fossil bone, dentine and enamel depend on the preservation of samples. In
fact, it is important to determine the fossilization processes in order to attain a better
interpretation of the dating data.

The U-Th method is based on the radioactive daughter products of thorium-230 (half-
life: 75.2 ky). Modern bone contains less than 0.1 ppm of uranium and no thorium.
During burial, the organic matrix decay in the bone causes a reduction of the soluble
uranyl complex (VI) present in groundwater to the insoluble U (IV) form. Uranium
appears to be adsorbed by the mineral phase of bone and the growth of thorium activity
begins. In that case, the fractionation between U and Th is produced and at the present
day, the measurement of the activity ratios 22°Th/?34U and 234U /?38U for closed system
yields age of the fossil. The dating range of this method is considered to be about 350 ky.

The ESR dating of fossil bone was introduced by Ikeya in 1975. The ESR technique
is based on the measurement of the amount of the trapped electrons in crystal defects.
These trapped electrons have been created by natural radiation resulting from the decay
of uranium, thorium and potassium in the material and also from the environment. ESR,
dating consists of (i) measurement of accumulated dose or equivalent dose (DE) by the
method of artificial additive doses using ESR and (ii) evaluation of annual dose-rate (Da)
by analysis of radioactive elements in the sample and its surroundings. The age is given
by the relationship: Age = (DE) / (Da). In making the age calculation, it is necessary to
make some assumption about the history of uranium uptake which is of great importance.
For that, two models have been suggested by Ikeya: the early uptake (EU) assumes that
the present day uranium content was acquired in the sample very soon after burial and
the linear uptake (LU) assumes a continuous U-accumulation.

These two dating methods are related to the stability of the mineral during burial
and to the uranium uptake history. Therefore, in order to date with better certainty the
archaeological levels of the Lazaret karstic cave (France), the history of bones and teeth
from Cervus elaphus jaws that were discovered in the C continental infilling (6 m depth)
is evaluated by chemical, microscopic and structural analyses. The clay gravel deposits
divided into three levels (CI, CII and CIII) are located between a beach deposit B at the
bottom and a stalagmitic flowstone E at the top.

The Lazaret excavated fossil bones and dentine contain high concentration of U, in
the range of about 10 to 55 ppm. However, fossil enamels concentrations are low and
average about 1 ppm. The uranium content of the surrounding Lazaret clay deposits
range between 2 and 8 ppm. The microscopic analysis indicates that fossil bone and
dentine tissues are very porous by the presence of the relatively well preserved haversian
canals and Tomes’s canals, respectively. Therefore bone and dentine have a very great
reactive surface and exchanges with the hydrologic and sedimentary environments are
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more significant than for enamel which is impermeable. Furthermore, the inorganic phase
of bone, dentine and enamel compared to the modern samples is characterized by X-ray
diffraction (XRD) and infrared spectroscopy (IR). It is mainly consisting of carbonate-
substituted hydroxyapatite (OHAp: Cajo(PO4)s(OH)z2). The calcite is also detected by
XRD in most bones and dentine. Calcite precipitates in the porous spaces and cracks of
the bones and dentine, particularly as a consequence of bacterial and fungal processes.
Chemical analyses show that the uranium concentration appears to be associated to the
apatite content rather than CaCOj content. The most significant change in IR spectra of
bones, dentine and enamels concerns the large H,O bands which mask the OH stretching
band at 3567 cm™'. The amplitude of the H,O stretching and bending band at 3430-
3300 cm~?! and 1650 cm ™!, respectively, is higher in fossil bones and dentine than in the
fossil enamels. Besides, fossil samples have lost most of their organic matter and as a
consequence contain less HoO than modern samples. Then, uranium content seems also
to be associated to the organic matter amount present during decomposition of samples.

The determined 2*°Th/?34U and 24U /238U of studied samples are represented in the
graphical solution of the U-Th age equation. The data are scattered and range between 60
000 and 200 000 y. The U-Th ages represented according to the stratigraphic position of
the sample in the deposit, decrease with depth which is anomalous. According to the ESR
and U-Th dating of the beach deposit B and the flowstone E, there is a early uranium
uptake for same bones and dentine from lower levels of the continental infilling CII, and
uranium leaching for some bones from the upper levels CIII. They lead to get respectively
younger and older U-Th ages. The U-Th method applied to bone, dentine and enamel is
consequently largely sensitive. Therefore, it is useful to apply another ESR method which
has a different principle.

The ESR (EU) and (LU) ages are represented according to the stratigraphic position
of the sample in the deposit. The bone and dentine ESR ages are in the range of 35 and
100 ky and are lower than enamel ages which are in the range of 60 and 200 ky. The
bone and dentine U-Th ages are higher than the corresponding ESR ages. According
to the high uranium contents of fossil bones and dentine, the age disparity is associated
to their lower equivalent dose (DE) compared to the enamel values. The recrystallization
and the carbonation of bones and dentine are clearly demonstrated by comparison of XRD
and IR spectra. These structural and chemical changes would have affected the dating
ESR signal (clock). Nevertheless, the chemical and crystallographic fossil enamel analyses,
realized by Rictveld refinement of powder X-ray diffraction data and the decomposition of
infrared absorption bands, mark the great stability of the mineralogical phase and provide
evidence of the ESR reliability results. The Rictveld method yields cell parameters with
great precision. A good correlation has been found between the « cell parameter and the
CO2~ content. During fossilization, the CO32~ —for- PO}~ substitution at the apatitic
B-site was slight for enamels considering their geological age (Middle Pleistocene). Then
enamel is stable and better for dating than bone and dentine. On the other hand, fluorine
content is used as permeability marker. The low fluorine content of samples from the lower
levels are correlated to the younger U-Th age. This indicates a stagnation of groundwater
which corroborates with a recent uranium uptake. The fluorination degree is related to
permeability of the containing sediments rather than with the age. In lower levels the
stagnation of water has consequently caused the U-Th and ESR dates more recent than
in the upper levels.



By the combining ESR/U-Th method introduced by Griin et al. (1987), the uranium
diffusion parameters were determined within enamel, tending to show that the true age is
situated between the two uptake uranium modes (EU) and (LU) for the upper levels and
close to the LU mode for the lower levels. The proposed chronology is as follows: the level
CII was assigned to (170 + 20) ky (isotopic stage 6) and the upper beds of the CIII level
to (130 £ 15) ky (the end and the beginning of stage 6 and 5 respectively).
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