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28 October 1994, covering the following topics: Wall-charts of nuclides, PC systems 
presenting nuclear data, nuclear decay-data and uncertainties, nuclear spectroscopy, thermal 
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Introduction 

The IAEA Specialists Meeting on the Development of an International Nuclear Decay 
Data and Cross-Section Database took place at the Vienna International Center, 24-28 October 
1994. 

For a summary report with the conclusions and recommendations see report 
INDC(NDS)-328. 

The present report contains most of the papers presented. at this Specialists' Meeting. 
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Status and future plans for the ,,Karlsruher Nuklidkarte", prepared by 

lnstitut fur Radiochemie, Kemforschungszentrum Karlsruhe 
P.O.B. 3640 * 

D-76021 Karlsruhe 

Report to the IAEA Specialist's Meeting on the Development of an International Nu- 

clear Half-Life and CrossSection Database 

Aim of the ,,Karlsruher Nuklidkarte": 

This chart (wallchart and folded desk version with information booklet) is mainly intended 

to give a survey over all observed radionuclides, their half-lives and decay modes to- 

gether with basic information on type and energy of the emitted radiation. It covers the 

interests of and is requested by schools, students, teachers, nuclear energy and technol- 

ogy plants, and many nuclear scientists. It was and is not intended to implement or re- 

place complete and/or evaluated data bases (e.g. Nuclear Data Sheets, Lederer, etc.), 

which have to be used anyway, if more detailed and specific information is needed. Se- 

lection of data to be included is on the basis of Nuclear Data Sheets and other compila- 

tions, and on the original literature, especially for new nuclides. In cases of multiple aata 

for one item some kind of ,,evaluationu (i.e. decision for one of the values or an average) is 

dcne on a more or less subjective basis. 

Present status: 

A nr.w edition of the chart is presently prepared, which includes all the newly detected 

nuclides since the last edition of 1981. Furthermore, some relevant changes taken from 

more recent editions of Nuclear Data Sheets (and some original publications) are applied. 

Also, recommended half-life values e.g. from IAEA Techn. Reports and Documents are 

used preferentially. The new (6.) edition with the same laycut and the same information 

range as the former ones will probably be available at the beginning of 1995. In addition, 

we will try to update an already existing computer readable file of the 1981 edition, which 

contains all numerical and layout information (like position, size, and colour of fields and 

subfields etc.) in coded form (this file was originally intended to be used as input for 

automated typesetting and printing of future editions). According to several demands, we 

will eventually prepare - in co-operation with a suitable group or company - a PC version 

of the chart enabling a display of selectable portions of the chart. No further retrieval, 

evaluate, or compare functions are planned and meaningful, when regarding the defined 

(and restricted) range of information of our chart. 



Future plans: 

Firstly, there are no plans to increase the rmge of iqformation e.g. by giving specific in- 

tensities, uncertainties, groundstate spins etc., mainly due to lack of interest of our 

,,customersu, of manpower, and of space on the limited format of the wall chart. In addi- 

tion, also a change of the used ,,data baseu seems not useful to us, since it will be very 

difficult to prepare a complete chart on the basis of an (at least at the beginning) very 

small evaluated data base and an ample amount of nonevaluated and mostly less accu- 

rate data. Everybody interested in extended andlor more accurate data will anyway have 

to go into special compilations and literature. 

Furthermore, it is presently unclear, whether or not there will be possible any future activi- 

ties in the field of nuclear decay data. This is mainly due to the fact that the 

,,Kernforschungszentrum Karlsruhe" has changed its research areas; nuclear research will 

be only a minor contribution in the future. And last but not least, miss Pfennig, who is the 

main ,,promotef' of all past and present editions of the chart, will retire next year, and no- 

body with her experience will be available to continue this work. Consequently, the only 

foreseeable activities will be the production and distribution of the-new 6. edition and 

eventually some reprinting after a couple of years, if there will be sufficieni interest 

(presently still several hundred copies of the All chart and several thousand copies of 

the booklet with folded chart per year of the old fifth edition). 

We regret that there are no better perspectives for our future activities, and we can only 

offer some co-operation on the basis of our existing data and procedures - as far as our 

(very limited) time and manpower will permit. 

With our best wishes for a successful meeting and special greetings to our ,,old" friends 

and colleagues from the EXFOR-groups, 

sincerely 

(Gerda Pfennig and Hanns Klewe-Nebenius) 

Kernforschungszentrum Karlsruhe 

. lnstitut fiir Radiochemie 



The Activities of Nuclear Data Center of JAERI 
In the Evaluatlon of Nuclear Decay Data 

and Cross-SectionData for Nuclearwall-Chart 

Js Katakum 
Nuclear Data Center 

Japan Atomic Energy Research Instttute 

I. Introduction 

The nuclear data evaluation has been performed at Nuclear Data 
Center (NDC) of Japan Atomic Energy Research Institute (JAERT) in 
cooperation with Japanese Nuclear Data Committee (JNDC). The 
major effort of the data evaluation activ!ties aims at providing a 
complete set of neutron reaction data. The JENDL-3.2 filer) was 
released at the end of June 1994 as a results of the effort and is 
used as a general purpose Ale for nuclear technology field in Japan, 
The decay data waluatlon has also been carried o u t  There are 

Mo kinds of activities for the decay data evaluation, The &st one is 
for decay heat estimation of nuclear reactors to whlch many short- 
lived nuclides contribute, The decay data of most of the short-lived 
nuclides have not or partly been measured and are estimated using 
a model calculation of a nuclear theory. The JNI3Cnuclea.r data 
library of fission productsz), which contabs the decay data of 
fission products, measured and estimated ones, can produce a good 
decay heat estimation for various fissioaiug nuclides, The second 
one is for the international network of nuclear structure and decay 
data evaluation. The database produced by the ne)kvork effort is 
known as the Ijvaluated Nuclear Structure and Decay Data File 
(ENSDF). The Japanese group has a responsibility for A-1 18-129 
mass chaln evaluation. The evaluations of A=123,125 and 126 
were published in Nuclear Data Sheets31 last year. 

Under those activities, "Chart of the Nuclides" has been published 
every 4 years from late 1970's by JNDC and Nuclear Data Center of 
J A E R I ~ ~ .  



Apart from the JNDC activities, Japan Radioisotope Association 
has commercially published a booklets) of isotopes which contains 
M o m t i o n  about imponant r;aclioisotopes such as half-life, decay 
mode, beta, gamma and/or alpha energy and branching ratio, main 
production reaction neutron cross section, fission yield and other 
data for shielding, dose estimadon and so on, Some JNDC members 
contribute to the compilation of the booklet, The fist edition was 
pubwed in 1959 and the present edition (the 8th edition) in 1990. 
The next edition is planned to be published next year. 

2. "Chart of the Nuclidesn by JNDC 

Japanese Nuclear Data Committee published "Chart of the 
Nuclides" in 1977 as the fist edition, After released the second 
version in 1980, new edition has been released every 4 years 
coincident with the year of the Olympic Games, The newest edition 
was released in 1992 and the next one is planned to be published 
in 1996, 

The chart has the size of 2 m x 29.2 cm and are folded 20 crn x 
29.2 cm for easy carrying. The limit of the size forces the data 
contained in the chart to be - minimal, 'The data on the chart are 
following : 

(1) Natural abundance, 
( 2 )  Half-life, and 
(3) Decay mode. 

The branching ratio of each decay mode is not explicitly given, 
but indicated symbolically for a categorized group. For the half-life, 
it is given not only for nuclides with measured &kt but also for 
ones without measured data even if they arc not synthesized yet. 
These half-lives are estimated by a model dculation6). 

On the back of the chart, a periodic. table, conversion tables for 
tirne and energy, fundamental constants, physical constants of 
elements and gamma-ray intensity standards for important 
nuclides are listed as a form of table. 



3. DataNecessary for Xeference Chart of the Nuclides 

Needless to say tlie data expec,ted to be contained in a chart 
depend on what kind of chart we want to make, At least the above 
mentioned data are considered to be essenUal even if whatever 
chart we choose. Though tbe JNDC chart does not give numerical 
branching ratios even if more than two decay modes exist, they 
should be given numerically. In zddition to those data, cross sectien 
data are also helpful for a person who wants to use a chart as a . 

quick-reference to look for a way producing a nuclide, Above all 
the neutron cross section dam, espedally at thermal region, wbich 
is important for nuclear reactor technology, are useful. For a person 
interested in the reactor technology, fission yield data are also 
useful. The yield dam are given in the GE chart7). However, the field 
of persons interested in the dmt seems to be more extended. So it 
is better, if possible, to include the data not only for neutron 
induced reactions but also for proton, deuteron, alpha induced 
reactfons and sc on, In this case it seem to bc rather difficult to 
determine what reaction types are included and at what energies 
the cross sections are given. 

In conclusion, the following data should be considered to be 
contained in the chart, .. 

(1) Natural abundance, 
( 2 )  spin-parity 
(3) Half-life, 
(4) Decay mode and branching ratios, 
(5) Einergies and intensities of main beta, gamma, and/or alpha 

rays (or average decay energies) 
(6) Thermal neutron cross section (and g-factor, resonance 

integral.), 
(7) Fission yield (cumulative yield), and 
(8) Cross section of proton, deuteron, etc. 

Of these data the items (1) through (4) might have high priority 
over the others. The item (8) is less important than the others. 



4.' Summary 

As mentioned above, the JAERI Nuclear Data Center has 
maintained the activities in the evaluation of decay data of 
radioactive isotopes and neutron cross sections. For the work of the 
database the JAERVNDC can contribute to the items (1) through (6) 
given in the above section. However, as there would be lots of 
nuclides in the chart, suitable division of the covered nuclides is 
needed and a part of it can be taken charge by Japan. The fission 
product region is suitable for us. 

In order to make the cooperadon effective, we propose to 
establish a Coordinate Research Program, 
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Chart of the (Nuclides for w~dowso 

A Brief Information 

Introduction 

The "Chart of the Huclidesn is a Microsoft (MS) windowsa PC (IBM- 
compatible) software package. It presentslsearches some of the 
fundamental nuclides' properties in a graphical, "user-friedly" way. The 
Chart of the ~ u c l i i e  data base has been formed from the NUDAT data files. 

Brief History 

 he "Chart of the Nuclidesn was conceived, mainly as a complementary 

- software to the nuclear analytical softwares GANAAS (gamma spectrum 
analysis and neutron activation analysis software), QXAS (Quantitative XRF 
analysis software), etc. available from the Physics Section. It has also been 
developed with the purpose of using it for the IAEA Technical Cooperation 
programme (TC projects and TC Training courses). 

It was designed for small laboratories or individual persons in developing 
countries, having mostly PCs available and performing nuclear analytical 
calculations, commonly in need of reliable nuclear data. 

It was written, using the "Chart of the Nuclides" wallchart, released by 
Karlsruhe Kemforschungszentrum in 1981 (the amount of displayed 
nuclides and their colour representations are the same), as an example. 

The nuclear data shown on it was retrieved from NUDAT data library 
available at IAEA NDS. it is intended to continue to be consistent with 
NUDAT, which at the same time is consistent with ENSDF data base. 

I What is the "Chart of the Nuclides" software? 

The software presents, in a graphical way, all the nuclides (according to the 
Karlsruhe wall-chart edition). 

The normal way to look for an information is based on a "point-and-click" 
mode using a pointer device (e.g PC mouse). 



Three main modes are available for presentationlsearch of data: 

1. Nuclear properties of the nuclides 

2. 1 Decay radiations 

3. Gamma rays adopted properties 

Nuclear Properties Mode , 

This is the default mode. The following nuclear properties are shown: 

Abundance, in % 

Mass excess, as M-A in MeV 

Decay mode 

Half live 

Decay brach, in % 

Decay Q, in MeV 

Decay Radiations Mode 

The following nuclear properties for each radiation decay record are shown, 
while working on this mode 

Decay mode 

Half live 

Radiation type 

Radiation energy, in KeV (End-point energy for P-) 

Radiation intesinty, in % 

Dose, in GrRadlpCi-h 

Adopted Gammas Mode 

The following nuclear properties for a selected nuclide are shown, while 
working on this mode 

Energy .of the gamma-ray, in KeV 

1 . Intensity of the transition (Branching Ratio), in % 
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Energy level of the origin, in KeV 

Year of publication in Nuclear Data Sheets 

There are two search modes: 

by Nuclide 

by Energy for Adopted Gammas mode 

Some Technical details 

The "Chart of the Nuclidesn has been written in MS Visual Basic with some- 
modules in MS C. It runs under MS Windows version 3.00 or a later version. 

Minimum hardware requirements: 

An IBM compatible PC with 386 or later microprocessor (486DX 
microprocessor at 33 MhZ with 4 Mbytes RAM and up, is recommended for 
reasonable speed), Colour (SVGA) display terminal and 6 Mbytes free of 
hard disk space. 

Contact Person: 

V. Osorio 
Physics Section, IAEA 
Room: A231 0, ext.1706 
Email: OSORlOFE@RIPOI .IAEA.OR.AT 

RIO@IAEAI .IAEA.OR.AT 

Important Note: This software is not yet finished. It is still 
under development. 
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A U. S . decay-data evaluation project 
and how it can relate to the IAEA plans 

R. G. Helmer (INEL), E. Browne (LBL), and M. R. Schmorak (ORNL) 

As a bit of introduction, Eddie Browne, Marcel Schmorak, and I do evaluations of 
nuclear structure data for ENSDF and the Nuclear Data Sheets. During the last year, we have 
obtained approval of the US Nuclear Data Network and the IA.EA Advisory Group on the 
Coordination of the Nuclear Structure and Decay Data Evaluators' Network to carry out a 
special project to provide high-quality decay-data evaluations for about 250 radionuclides that 
are of interest to applied users. It is our plan to do these evaluations on a cooperative basis 
with two or three groups outside of the United States. 

Two of the features of this effort will be the explicit definition of policies on which 
the choices of supporting information are based and the inclusion of detailed comments with 
each radionuclide stating the assumptions used and the decisions made. We hope that this 
will allow the other evaluators to accept our results or to make speufic suggestions that would 
make the evaluations acceptable. 

To date we have initiated a survey of users to determine what radionuclides they 
considered important. We have also created some partial evaluations to generate dialogue 
among ourselves concerning our methodology and policies. 

In those cases where we are treating the same radionuclides, our project can support 
this IAEA effort by providing our results to it. 



DECAY DATA EVALUATIONS AND UNCERTAINTIES 

A L ~ichols '  and T D MacMahonZ 

AEA Technology, 353 Harwell, Didcot, Oxfordshire OX1 1 ORA, UK 

Centre for Analytical Research in the Environment, Imperial College at 
Silwood Park, Ascot, Berks SL5 7TE, UK 

ABSTRACT 

A number of radioactive decay data libraries have been assembled in the UK for use in the 
nuclear power industry: 

(i) Fission Product Decay Data (UKFPDD-2), 
(ii) Activation Product Decay Data (UKPADD-3), 
(iii) Neavy Element and Actinide Decay Data (UKHEDD-2). 

Some of these libraries continue to be maintained, and are used to underpin the multinational 
data files to be found within JEF 2.2 (Joint Evaluated File based at the NEA Data Bank). The 
UK evaluations in recent years are reviewed, along with exploratory studies on the handling 
of data uncertainties. 

1 INTRODUCTION 

Within the UK nuclear power industry, radionuclide decay data libraries are required for a 
wide range of reactor-related calculations. The broad definition of such data requirements 
includes: 

(i) fission product yields, 
(ii) decay data for fission products, activation products, heavy elements and actinides, 
(iii) delayed neutron data, 
(iv) (a, n) production rates, 
(v) (n, x) production rates. d 

Focus has been placed in this review on the decay data needed to assist in the design and 
operation of reactors, fuel transport and reprocessing, and waste disposal. Reactor fuel cycle 
calculations require such data to quantify decay heat, shielding requirements and address 
waste disposal issues. Requests can be made in the UK for the evaluation and 
recommendation of specific decay data, and authoritative libraries have been assembled and 
are being maintained. The preparation of accessible data Nes perrnits users to concentrate on 
the particular technical problems associated with their modelling calculations, without needing 
to become cqncerned about or involved in any time-consuming accumulation of the relevant 
decay data. '. 



2 DECAY DATA FILES 

The UK decay data libraries used over the previous 15 years are documented in the open 
literature and various accessible laboratory reports (1-4). Sorne of these evaluated data files 
have subsequently been incorporated into the Joint Evaluated FiIe (JEF 2.2(5)). While UK 
evaluation effort has not been expended to update the fission product decay data library, both 
the activation product and heavy elernendactinide decay data libraries have been developed 
further in the 1990s, as reported below. 

2.1 Activation Product Decay Data (UKPADD-3) 

The UK Activation Product Decay Data Library (UKPADD-2) was established in 1993, and 
ENDF-6 format was adopted (3). Significant improvements were made in the recommended 
data as a consequence of a wide range of relevant decay-data measurements, including a 
multinational programme during the late 1980s which was carried out under the auspices of 
the LAEA Coordinated Research Programme on the Measurement and Evaluation of X-ray 
and Garnrna-ray Standards for Detector Calibration (6). It was judged appropriate to 
undertake a comprehensive evaluation of the decay data for 236 radionuclides as requested by 
various specialists within the UK nuclear industry (7), including calibrant standards as well as 
reactor-based activation products. UKPADD-2 has been extended to include a further 91 
radionuclides from specific (n, x) reactions in the core region, as identified by Yamarnuro and 
Iijima (8), along with Rn-223. The full contents of this new library (UKPADD-3) are listed in 
Table 1, with the completion dates of the individual evaluations (month/year). Work 
continues on these data files as indicated in the table (i.e. no entry for "Date of Evaluation" 
means evaluation is on-going, and some re-evaluations will also be made for specific 
radionuclides of low mass number). 

2.2 Heavy Element and Actinide Decay Data (UKHEDD-2) 

The UK Heavy Element and Actinide Decay Data Library (UKHEDD-2) was assembled in 
1991, and ENDF-6 format was adopted (4). New evaluations for this library occurred after a 
multinational measurement exercise undertaken during the early 1980s, as formulated by an 
IAEA Coordinated Research Programme on the Measurement and Evaluation of 
Transactinium Isotope Nuclear Decay Data. A series of laboratory studies were carried out 
under the auspices of this Coordinated Research Programme, resulting in si&icant 
improvements in the quality of specific decay data. This multinational effort and equivalent 
work undertaken by other specialists over the same period of time was reviewed and 
published in 1986 (9). It was judged appropriate to undertake a comprehensive re-assessment 
of the decay data on the basis of these improvements, and this work was completed in 1991. 
The contents of UKHEDD-2 are listed in TabIe 2, along with the completion dates of the 
various evaluations (monthJyear). 

3 DECAY DATA EVALUATIONS 

Evaluation efforts involved assessments of data for the following parameters: 

(i) half-life, 
(ii) total decay energies (Q-values), 
( i )  branching fractions, 



(iv) alpha-particle energies and emission probabilities, 
(v) beta-particle energies, emission probabilities and transition types, 
(vi) electron capture energies, electron capture transition and positron emission 

probabilities, and transition types, 
(vii) gamma-ray energies, emission probabilities and internal conversion coefficients, 
(viii) spontaneous fission data including prompt and gamma-ray spectra. 

The spin and parity of the decaying nuclide were also defined, and uncertainties were assigned 
to all of the evaluated data. Other data in the files (mean energies, discrete electrons and 
mean x-rays) were calculated fiom the above data by using the processing code COGEND 
(10, 11). The component contributions to the average energies (beta, electromagnetic and 
heavy particle) were also derived fiom the evaluated input data by COGEND, which contains 
libraries of fluorescence yields, Auger-electron energies, mean x-ray energies and electron- 
wave-function ratios fiom which capture ratios can be calculated. 

A semi-automatic evaluation strategy was adopted which also included a general series of data 
manipulations: 

(i) all decay modes of each radioactive nuclide were specified in terms of both the 
branching fractions and Q-values; 

(ii) sum of all a, p-, p'/electron-capture and isomeric gamma-ray emission 
probabilities were consistent with the corresponding branching fractions; 

(iii) gamma-ray emission probabilities must be the photon probabilities per 
disintegration; 

(iv) when the internal conversion of a gamma-ray transition was significant, theoretical 
internal conversion coefficients were adopted if experimental data were 
unavailable; 

(v) internal-conversion coefficients for gamma-ray transitions were consistent with 
both the photon and total transition probabilities, i.e. (photon + conversion 
electron) emission probabilities = total transition probability; 

(vi) every effort was made to ensure that there was a reasonable balance between the 
population and de-population of all excited levels in the decay schemes; 

(vii) type of beta transition had to be taken into account when calculating the mean beta 
energies fiom the evaluated end points; 

(viii) energies and emission probabilities of conversion electrons, Auger electrons, x- 
rays and annihilation radiation were derived in a consistent manner. 

Both the UKPADD-3 and UKHEDD-2 libraries have been generated in ENDF-6 format (12). 
There is a general information section for each nuclide which contains: 

(i) n&e of the evaluator and date of the evaluation (month and year), 
(ii) list of references used to construct the recommended data set, 



(ii) detailed comments associated with the evaluation, 
(iv) consistency check of the evaluated data. 

Any serious problems encountered during an evaluation are described in the comments section 
associated with each nuclide in the library. If the resulting decay scheme has any outstanding 
problems, a statement can be made to the effect that further measurements are required. 

The recommended decay data are contained within the main data section. Every effort has 
been made to produce consistent and comprehensive data sets. When necessary, the 
theoretical internal conversion coefficients tabulated by Band et al (13), Hager and Seltzer 
(14), and Rose1 et al(15) have been used in conjunction with the evaluated gamma-ray data. 
Nuclear binding energies and Q-values can be obtained from the tabulations of Wapstra et a. 
((16) and unpublished tabulations), while x-rzy data are derived from energy and emission 
probability data (17, 18). It should also be noted that the evolution of a consistent and 

i 
reasonably comprehensive decay scheme may involve the postulation of some transitions that 

1 
I 
I 

have not been experimentally observed. This is particularly the situation for beta-particle and 
electron-capture transitions that have been calculated from the gamma-ray transition 
probabilities and normalisation factor, since these 'missing' data can be important in 
estimating both the beta and gamma energies per decay. 

The consistency of the recommended data in all of decay schemes has been detexmined by 
calculating the percentage deviation between the effective Q-value and the calculated Q-value: 

all BF 

(i) effective Q-value = CQ, BFi 

where Qi and BFi are the Q-value and branching faction of the i-th decay mode 
(i.e. weighted sum of the evaluated Q-values of the radionuclide), 

(ii) calculated Q- value 

all a all p all y all x-nys 

= p , p a i  +CE~P,, +CE,P,~ + CEXIPXl +etc 
I j k 1 

where E,, EBj,  Elk, Ex l ,  etc ad Pai, Ppj, Pyk, Pxl etc are the energies and 

emission probabilities of the i-th alpha particle, j-th beta particle, k-th gamma ray, 
1-th x-ray etc of the individual decay process. 

Percentage deviations above 5% are regarded as high and imply a poorly defined decay 
scheme; a value of less than 5% indicates the construction of a reasonably consistent decay 
scheme. The consistency of the decay data incorporated into the UKPADD-3 and UKHEDD- 
2 libraries to date are listed in Tables 3 and 4. Some of the most recently evaIuated data sets 
await processing by the end of 1994, and therefore consistency values are unavailable. 



4 DATA UNCERTAINTIES 

Initial decay schemes are constructed for each radionuclide from a suitable combination of the 
various data sources. The normal evaluation procedure is as follows: 

(i) assess the status of the existing data, 
(ii) identify data discrepancies, 
(iii) evaluate and recommend decay data. 

All available measurements are generally taken into account during an evaluation, including 
experimental data from journals, laboratory reports and even private communications. 
Comprehensive statements of the precise evaluation procedure are prepared after each 
assessment, as well as details of any changes made to the data reported in the original 
references. Such an exercise requires a detailed consideration of the uncertainties in the 
measured data. 

Specific notations are used below to quantify the various forms of uncertainty that can be 
adopted to quantify the accuracy of the decay data. Relevant formulae are listed in the 
appendix at the end of the paper. 

4.1 Limitation of the relative statistical weight 

The data-handling procedure adopted for UKPADD-3 and UKHEDD-2 is based on the 
methodology which was used to calculate the half-life and gamma-ray emission probability 
data and their uncertainties during the IAEA Coordinated Research Programme on the 
Measurement and Evaluation of X-ray and Gamma-ray Standards for Detector Calibration 
(6). If possible, no individual measurement Is allowed to contribute more than 50% to the 
sum of weights when more than one value of the same parameter is reported, and the 
uncertainty of the datum is increased if necessary. A flow diagram for this method of analysis 
is shown in Fig 1. If the set of accepted experimental data proves to be inconsistent, one of 
several possibilities can be adopted: 

(i) recommend the unweighted mean, 

(ii) reject some measured values on the basis of objective or subjective judgements 
(e.g. inappropriate calibration procedure or ill-defined measurement techniques 
employed by the metrologist), 

(iii) change the weights. 

An appropriate method of changing weights is preferred rather than outright rejection of data. 
If the reduced X' is within the acceptable range (i.e. x'/(N-1) 5 2), the weighted mean is 
recommended as the evaluated value. However, if the data set reveals inconsistencies after 
adjustment (i.e. X~/(N-1) > 2), the choice of either the weighted or unweighted mean will 
depend on whether or not the error bars (expressed as one standard deviation) on each mean 
encompasses the other. This method was proposed by Zijp (19), and is defined as the 
"limitation of the relative statistical weight". 



Several other procedures have been assessed and tested by Kafala et al (20), and are 
surnrnarised below. 

4.2 Outlier rejection using Chauvenet's criteria (21) 

The limiting value p of the deviation from the unweighted mean of a single observation (in 
units of s) is given as a function of the number of experiments performed. When this limiting 
value is exceeded, the relevant measurement is considered as an outlier, i.e. any vQue outside 

~ the range xu + ps is rejected, where p is given by: 

I 
p = 0.91772 + 1.0168 log N. 

4.3 Uniform chi-square inflation 

For a given set of data, a weighted mem and "internal error" G~ are calculated if the data pass 
a chi-square test at the 5% significance level. If the chi-square test fails, the find uncenainty 

is estimated by multiplying ow by a factor equal to d m '  so that the final uncertainty 

becomes the external error. 

1 4.4 Iterative extensive weighting 

Zijp (19) introduced the concept of the extensive weighting approach to deal with discrepant 
data sets. When the value of x2/(~-1)  > 1, the total variance for the result from the i-th 
laboratory is increased to the sum of the external variance (oe2 )  and the internal variance 

(oi2) .  The modified statistical weight (w;) becomes: 

The procedure can be repeated in iterative mode until x2 falls within the acceptable range. 

4.5 Bayesian technique 

A Bayesian procedure has been proposed by Gray et al (22). Nothing is assumed to be 
known about the extent to which the experimentalists estimated their uncertainties incorrectly, 
and therefore an uninformative prior density is used as an error probability density function. 
The recommended value is the weighted mean (2) with a standard deviation given by: 

4.6 Normalised residuals method 

The normalised residuals method was introduced by James et al (23) in which only the 
uncertainties of the discrepant data are adjusted. Any such discrepant values are identified on ~ the basis of the normalised residual (Ri) which is defined as: 



A limiting value of the normalised residual R) for a set of N values is defined as: 

R, = 41.8 In N + 2.6 for 2 5 N 5 100. 

If any value in the data set has I R ~ I  > &, the weight of the value with the largest Ri is reduced 
until its normalised residual falls to &. This procedure is repeated until no normalised 
residual is greater than R,. 

4.7 Rajeval technique 

Rajput and MacMahon (24) proposed a technique which shares the same basic principle as 
that of James et al (23) in that only the more discrepant data are adjusted. This procedure is 
divided into three stages. 

(a) Population test stage-outliers are detected in the data set by calculating the quantity yi: 

xui is the unweighted mean of all the data set excluding xi, and oui is the standard deviation 
associated with xd. The critical value of 1 yi I is 1.96 at the 5% significance level for a 
two-tailed test. Measurements with I yiI > 3 x 1.96 are considered as outliers and may be 
excluded from further stages in the evaluation. 

(b) Inconsistent measurements that remain in the data set after the population test are 
revealed by calculating a standardized Zi: 

For each Zi the probability integral 

= ($1 di.  P(z )  = J exP - 
is determined (values of P(z) may be obtained from normal distribution tables). The 
absolute difference between P(z) and 0.5 is a measure of the central deviation (CD). A 
critical value of the central deviation (cv) can be determined from the following 
expression: 

cv = [(o.s)~'(~")] for N L 2: 



(c) If the centnl deviation of any value is greater than the critical value, that value is regarded 
as inconsistent. The uncertainties of the inconsistent values are adjusted to 0;: 

This requires an iteration procedure; each time ow is recalculated and added in quadrature 
to the uncertainties of those values with CD > cv. The iteration process is terminated 
when all CD < cv. 

4.8 Additional Comments 

Co-variance analysis techniques have been recommended to assist in the evaluation of decay 
scheme data. However, there is insufficient expertise and effort available to produce and 
maintain evaluated decay-day files, and the concept of producing co-variance matrices for 
individual parameters would exceed world-wide man-power capabilities. While the necessary 
correlations could be developed to assist greatly in assessing uncertainties at the measurement 
stage, the adoption of co-variance matrices in a complex evaluation of a multi-parameter 
decay scheme can only be viewed as questionable. 

Kafala et al (20) tested all of the above procedures defined in Sections 4.1 to 4.7, using 
computer-generated data sets containing various types of inconsistency. Altogether 36,000 
data sets were generated and subjected to analysis by each of the procedures. Overall, the 
authors found that the rnost reliable method was a modification of the Bayesian procedure 
where the standard deviation of the weighted mean was adjusted to 

Althougl~ this procedure produced the best overall results with the computer-generated data 
sets, the application of this method of analysis to half-life data showed that difficulties could 
arise in particular cases. The main problem is the use of the weighted mean as the 
recommended value. In certain data sets, the weighted mean can be heavily influenced by one 
or a few discrepant values, making it necessary to return to one of the other methods outlined 
above, such as the Rajeval or normalised residuals methods which deal specifically with such 
discrepancies. It is essential therefore that each data set is critically examined by the evaluator 
and that the results of applying various evaluation techniques are investigated and assessed. 
Only then can confidence be placed on a recommended value and the associated uncertainty. 

5 CONCLUSIONS 

The evaluation of a consistent set of data for a specific parameter to give a weighted mean 
and standard deviation is straightforward. However, an inconsistent data set poses a number 
of significant difficulties. Several manipulatory procedures have been suggested, and these 
methods have been applied to representative sets of data (20). It is stressed that the 
judgement and discretion of the evaluator continue to play an important role in the final 
recommended data. This judgement involves an understanding and appreciation of the 
limitations in the various experimental techniques. While decisions on the validity of the 



measured data are subjective, statistical techniques are being developed and implemented to 
assist and speed-up this process of assessment. There is also an important advantage in 
agreeing on a common method of analysis and assessment: greater consistency can be 
achieved between disparate evaluations as attempted in specific IAEA Coordinated Research 
Programmes (6,9). 

Libraries of recommended decay data have been prepared in the UK that are based on 
subjective, assessments of the published experimental and theoretical data, coupled with 
calculations of the recommended values using limited statistical weights (I 50%) as adopted 
for the IAEA Coordinated Research Programme on the Measurement and Evaluation of X-ray 
and Gamma-ray Standards for Detector Calibration (6). The UK files are primarily for 
application in the nuclear power and processing industries and have been prepared in ENDF-6 
format for over 320 activation products and 126 heavy elements and actinides. The resulting 
evaluated data sets represent significant improvements in the quality of the recommended 
decay parameters. Several inconsistencies hzve been identified in the decay data, and further 
efforts are required to reso!ve these difficulties. Such detailed evaluations require extensive 
efforts, and hence the recommended files have been submitted to the NEA Data Bank for 
possible international usage in JEF (Joint Evaluated File). 
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Table 1: Summary of Activation Product Decay Data in UKPADD-3 Library 

Nuclide Decay Modes Date of Evaluation (monthlyear) 

P- 
P- 
P-, P- n (0.12) 

P - a  
P-, P- n (0.495) 
EC 

a 

P- 
P-, P - a  (0.030) 

p-, p - a  (0.0158) 

p-, p- n (0.00276) 

P- 
P- 
EC 

p-, p - a  (0.0000120) 

P- 
EC 

P- 
P- 
EC 

P- 
IT, P- (0.005) 

P- 
P- 
P- 
P- 
EC 

EC 

P- 
P- 
P- 
P- 
P- 
P- 
P- 

October 1982 

October 1982 

October 1982 

April 1992 

April 1992 

October 1982 

April 1992 

October 1982 

October 1982 

October 1982 

October 1982 

October 1982 

October 1982 

October 1982* 

October 1982 

October 1982 

October 1982* 

October 1982 

October 1982 

November 1982 

November 1982 

November 1982 

October 1982 

November 1982 

November 1982 

November 1982 

November l982* 
November 1982* 

November 1982 

November 1982 

November 1982 

November 1982 

November 1982 

November 1982 

November 1982 



Table 1 (Cont) - 27 - 

Nuclide Decay Modes 

P- 
P- 
P- 
EC 

EC (0.52), IT (0.48) 
p-, EC (0.019) 

P- 
IT 
EC 

P- 
P- 
P- 
EC 

EC 

p-, EC (0.107) 

P- 
P- 
P- 
EC 

P- 
P- 
P- 
EC 

IT, EC (0.0123) 

P- 
IT 

P- 
P- 
P- 
P- 
IT, P- (0.0 125) 

Date of Evaluation (monthlyear) 

November 1982 

November 1982 
November 1982 
November 1982* 
December 1982* 
December 1982 
December 1982 
November 1982 
December 1982 
December 1982 

January 1983 
December 1982 

December 1982* 

December l982* 
December i982 

February 1983 
December 1982 

March 1990 
December 1982 

January 1992 
April 1992 
December 1982 

January 1983 
January 1983 

February 1983 

February 1983 
December 199 1 

February 1983 
December 1982 

January 1992 

January 1992 

April 1992 

January 1992 

February 1983 
February 1983 
January 1992 



Table 1 (Cont) 

Nuclide Decay Modes Date of Evaluation (monthlyear) 

P- 
P- 
EC 
EC 

P- 
EC 
EC 

P- 
EC 
IT 
EC 

P- 
P- 
EC 
EC 
EC 
EC 
IT 

P- 
IT, P- (0.0025) 

EC 
EC 

P- 
P- 
P- 
EC 
EC, P- (0.3886) 

P- 
P- 
EC 
EC 
EC (0.66), P- (0.34) 

EC 

April 1992 

April 1992 

January 1983 

August 1989 

February 1992 
November 1993 

December 1991 

January 1992 

January 1992 

January 1992 

January 1992 

December 1991 

January 1994 

Feb~uary 1992 

April 1992 
January 1992 

July 1991 

July 1991 

December 199 1 

January 1994 

January 1992 
December 199 1 

July 1990 

December 199 1 

August 1993 

February 1992 

January 1992 

January 1992 

August 1993 
March 1991 

January 1990 

October 1990 

January 1990 

February 1990 
September 1990 

September 1990 



Table 1 (Cont) - 29 - 

Nuclide Decay Modes 

P- 
IT, p- (0.024) 

EC 
IT 

EC 
IT, EC (0.000025) 

IT 

P- 
p-, IT (0.21 1) 

EC 
EC, P' (0.032) 

IT 

p-, EC (0.000052) 

IT 

EC 
IT 

EC 
IT, EC (0.1 34) 

P- 
P- 
EC 
IT 

P- 
IT 

P- 
IT 

EC 
EC 
IT, EC (0.0666) 

P' 
P- 
EC 
IT, EC (0.024) 

EC 
EC 
IT 

Date of Evaluation (monthlyear) 

December 1989 

December 1989 

January 1990 

January 1990 

May 1994 

May 1994 

October 1993 
April 1994 
April 1994 

October 1993 

February 1994 

August 1993 

April 1994 

April 1994 

October 1993 

October 1993 

February 1992 

February 1992 

January 1991 

May 1994 

March 1990 

January 1991 

February 1992 

February 1992 

April 1994 

April 1994 

May 1994 

January 1991 

January 1991 

April 1990 

November 1990 

April 1994 

April 1994 

September 1993 

September 1993 

April 1990 



Table 1 (Cont) 

Nuclide Decay Modes Date of Evaluation (monthlyear) 

P- 
IT, p- (0.0050) 

P- 
IT, P- (0.034) 

EC 

IT, EC (0.0012) 

P- 
P- 
IT, p- (0.000037) 

P- 
EC 
EC (0.75), P- (0.20), IT (0.05) 

IT 

p-, EC (0.0045) 

IT, P- (0.0013) 

P- 
IT 
EC 

P- 
IT 
EC 

IT, EC (0.0034) 

EC, P- (0.005) 

EC 

IT 

p-, EC (0.029) 

EC, IT (0.087) 

IT 
P-, EC (0.0030) 

p*, IT (0.0127) 

P- 
IT, P- (0.005) 

EC 

IT 

P- 
p-, IT (0.0012) 

January 1990 

January 1990 

November 1990 
November 1990 

March 1990 

March 1990 

October 1990 

July 1990 

July 1990 
May 1990 

December 1990 

December 1990 

May 1994 

June 1990 

June 1990 

January 1994 

January 1994 

May 1994 

November 1993 
November 1993 

January 1994 

January 1994 

January 1994 

January 1994 

July 1990 

October 1990 

January 1992 

March 1990 

November 199 1 

November 199 1 

July 1994 

July 1994 

March 1990 

January 1991 

January 1991 

January 1991 



Table 1 (Cont) - 31 - 

Nuclide Decay Modes 

IT 
IT 
p-, EC (0.0050) 
IT, EC (0.035) 
IT 

P- 
IT, P- (0.050) 

P- 
P- 
IT 

EC 
IT, EC (0.089) 

IT 
IT 

P- 
IT, P- (0.224) 

P- 
P- 
P- 
P- 
P- 
EC 
EC 
EC 
p-, EC (0.0237) 

IT 

P- 
IT, P- (0.25) 

IT 

P- 
P- 
p-, IT (0.15) 

IT 

Date of Evaluation (monthlyear) 

May 1994 

May 1994 

January 1991 

January 1991 

February 1991 

February 1992 
February 1992 
February 1992 

March 1990 

May 1994 

January 1992 

January 1992 

January 1992 

February 1991 

February 1991 

January 1990 

January 1992 

January 1992 

January 1992 

April 1991 

April 1991 

October 1991 

October 1991 

September 1990 

November 1993 

November 1993 
November 1993 

July 1991 

July 1991 

November 1990 

December 1990 

December 1990 

January 1992 

March 1992 

March 1992 

July 1991 



Table 1 (Cont) - 32 - 

Nuclide Decay Modes 

P- 
IT, P- (0.31) 

EC 

EC (0.563), P- (0.437) 

EC 
IT 

EC 

IT 

IT 

IT 

P- 
IT 

EC 

EC 
EC, P- (0.018) 

p-, EC (0.000003) 

IT 

P- 
IT 

P- 
P- (0.5), IT (0.5) 

P- 
to be evaluated 

to be evaluated 

EC 
IT, EC (0.00010 1) 

IT 

EC 
IT 

EC 

P- 
EC 

EC 

EC, a (2.8 x lug) 

EC (0.66), P- (0.34) 

P- 

Date of Evaluation (monthlyear) 

June 1992 

June 1992 

January 1992 

October 1990 
October 1991 

October 1991 

March 1991 

March 1991 

September 1994 

September 1994 

September 1993 

September 1993 

September 1994 

September 1994 
August 1994 

March 1992 

March 1992 

July 1991 

July 199 1 

October 1991 

October 1991 

November 1990 

January 1992 

March 1992 

November 1990 

May 1992 

May 1992 

November 1993 

June 1994 

November 1993 

August 1993 

July 199 1 

July 1994 

June 1994 



Table 1 (Cont) - 33 - 

Nuclide Decay Modes 

to be evaluated 

to be evaluated 

EC, P- (0.280) 

p-, EC (0.28) 

IT 

p-, EC (0.0002) 

IT 

P- 
P- 
to be evaluated 

EC, a (lug)  

EC 
EC 
EC 

EC 
EC 
IT, EC (0.0058) 

P- 
p, IT (0.226) 

EC 

Date of Evaluation (monthlyear) 

October 1993 

October 1993 
February 1994 
August 1994 

July 1991 

July 1990 

February 1994 
August 1994 

February 1994 

July 1992 

July 1992 

July 1992 

May 1992 

May 1992 
December 199 1 

October 1994 

February 1994 

August 1994 

March 1991 

October 1991 
April 199 1 

December 1993 

March 1994 

November 1993 

December 1993 

December 1993 

July 1994 

November 1993 

November 1993 

February 1994 

February 1994 

July 1994 

July 1991 



Table 1 (Cont) 

Nuclide Decay Modes 

EC 
IT 

IT 

P- 
EC 

EC 

EC, P- (0.181) 

EC, P* (0.20) 

P- 
IT 

IT 

P- 
EC 

EC 

IT 

P- 

EC 
IT, EC (0.069) 

P- 
EC 

EC 

p-, EC (0.022) 

EC 

IT, EC (0.091) 

Date of Evaluation (monthlyear) 

February 1992 
February 1994 

February 1994 

January 1992 
September 1994 

March 1991 

March 1991 

March 1991 
December 1991 

December 1991 
December 1991 

June 1994 
September 1994 

August 1991 

June 1994 

January 1991 

January 1991 

October 1991 

December 1987 

April 1992 

March 1992 

March 1992 

March 1991 

September 1993 

April 1994 

November 199 1 

December 1993 

December 1993 

March 1994 

March 1994 

March 1994 

November 1991 

November 1991 

December 1993 

August 1991 

December 1992 



Table 1 (Cont) - 35 - 

Nuclide Decay Modes 

* decay data to be re-evaluated, 1995. 

Date of Evaluation (monthlyear) 

June 1989 
April 1991 

May 1991 

May 1991 

December 1989 



Table 2: Summary of Heavy Element and Aetinide Decay Data in UKHEDD-2 Library 

Nuclide Decay Modes Date of Evaluation (monthlyear) 

April 199 1 

April 1991 

April 1991 

April 1991 

April 199 1 

April 1991 

April 1991 

April 199 1 
April 1991 

April 1991 

April 1991 
April 1991 

August 1989 

April 1991 

April 199 1 
April 199 1 

a ,  (0.00273) April 1991 
8-(0.6405), a(0.3594), P-a (0.00014) December 1989 

a 
a 
IT, ITa (0.07), a (0.06) 

July 1989 

July 1989 
April 1991 

April 1991 

April 199 1 

April 1991 

April 1991 

April 1991 

April 1991 

May 1989 

May 1989 

May 1989 

April 1991 

April 1991 

April 199 1 

August 1989 

April 1991 
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Nuclide Decay Modes Date of Evaluation (monthlyear) 

April 1991 

April 1991 

April 1991 

April 1991 

April 1991 

April 1991 

April 1991 

August 1989 

April 1991 

April 1991 

April 1991 

April 1991 

July 1989 

April 1991 

April 1991 

April 1991 

April 1991 

April 1991 

April 1991 

April 1991 

June 1989 

April 1991 

April 1991 

April 1991 

April 1991 

April 1991 

April 1991 

April 1991 

February 1988 

April 1991 

April 1991 

April 1993 

April 1993 

April 1991 

May 1989 

April 1991 
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Nuclide Decay Modes 

a ,  SF (1.7 x lo-") 

a ,  SF (2 x lo-"-') 

IT 

a ,  SF (1.2 x 10") 

P- 
a ,  SF (5.4 x 10-7) 

P- 
P- 
EC, P- (0.118), a (0.0016) 

EC (0.50), P- (0.50) 

a 

P- 
P- 
P- 
p-, IT (0.00 1 1) 

P- 
a ,  SF (8.5 x lo-'') 

EC, a (0.000042) 

a ,  SF (1.86 x loe9) 

a ,  SF (4.4 x lo''*) 

a ,  SF (5.7 x lo4) 

P-, a (0.0000245) 

a ,  SF (5.5 x 10") 

P- 
a ,  SF (0.00125) 

P- 
P- 
EC, a (0.0000019) 

a ,  SF (3.77 x 10-12) 

P-, EC (0.173) 

IT, a (0.0045), SF (1.6 x lo-'') 

a ,  SF (3.7 x lo-") 

P- 
p-, EC (0.00041) 

P- 
P- 

Date of Evaluation (monthlyear) 

January 1986 

April 1991 

April 1991 

April 199 1 

April 1991 

April 1991 

January 1991 

April 199 1 
February 1990 

February 1990 
October 1988 

May 1991 

May 1991 

May 1991 

May 1991 

October 1989 

May 1989 

May 1991 

May 1991 

May 1991 

May 1991 

May 1991 

May 1991 

May 1991 

May 1991 

May 1991 

May 1991 

May 1991 

May 1991 

May 1991 

May 1991 

January 1991 

May 1991 

May 1991 

May 1991 

May 1991 



Table 2 (Cont) 

Nuclide Decay Modes Date of Evaluation (monthlyear) 

P- 
EC, a (0.0 10) 

a ,  SF (6.33 x 

a ,  EC (0.0024) 

a ,  SF (1.347 x lo6) 

a 
a ,  SF (0.0002614) 

a 
a ,  SF (0.0826) 

P- 
SF (0.70), a (0.30) 

P-, a (0.0000145), SF (4.69 x lo-") 

P- 
a ,  SF (5.2 x 

a ,  SF (0.00077) 

a 
a ,  SF (0.03092) 
P-, a (0.0031) 
a ,  SF (8.7 x loe8) 

May 1991 
May 1991 

May 1991 

May 1991 

April 1989 

May 1989 

May 1991 
May 1991 

May 1991 
May 1991 

May 1991 

May 1991 

May 1991 

May 1991 

May 1991 

May 1991 

May 1991 
May 1991 
May 1991 
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Table 3: Data Consistency (%) in UKPADD-3 

ALh'162T3JXOu25 
Il/lW 
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Nuclide UKPADD-3 Nuclide UKPADD-3 Nuclide UKPADD-3 

79-Au-198m incomplete 82-Pb-202m' - 

80-Hg-197 0.1285 82-~b-203' 90-TIl-228 0.0 122 

80-He-197m 0.6335 82-Pb-203m' 90-71-23 1 -0.7156 

80-Hg-203 0.027 1 82-Pb-203n' 93-Np-239 -0.1364 

8 1 -Tl-20 1' 82-Pb-204 -0.0097 95-Am-24 1 -0.0220 

8 1 -Tl-202' 82-Pb-204m 0.0780 95-Am-243 -0.0217 

8 1 -TI-204 0.0033 82-Pb-205' 

82-Pb-202' 83-Bi-207 0.1833 

+ Evaluated or re-evaluated recently, and awaiting consistency check 
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Table 4: Data Consistency (%) in UKHEDD-2 
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Nuclide UKHEDD-2 Nuclide UKHEDD-2 Nuclide UKHEDD-2 

95-Am-243 -0.02 18 96-Cm-243 -0.9741 97-Bk-249 -0.4970 

95 - Am-244 0.0002 96-Cm-244 0.0004 97-Bk-250 -0.0287 

95-Am-244m -0.0363 96-Cm-245 -0.0024 9 8-Cf-249 0.1430 

95-Am-245 0.0470 96-Cm-246 -0.0 174 98-Cf-250 -0.0045 

95-Am-246 incomplete 96-Cm-247 1 -0.0068 98-Cf-25 1 -0.120 1 

95-Am-246m -0.4708 96-Cm-248 0.0057 98-Cf-252 -0.07 10 

96-Cm-24 1 -0.5680 96-Cm-249 0.0430 98-Cf-253 -0.9361 

96-Cm-242 0.0629 96-Cm-250 , -0.0005 99-Es-253 0.0053 



Figure 1: Calculation of Recommended Data - Method of Limited Statistical Weights ( < 50%) 
For n experimental data 

START b 
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no * single value 
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mean 
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APPENDIX 

Nomenclature and Formulae 

The uncertainty studies involved manipulations of :he terms xi and which refer to individual 
values and their uncertainties respectively. It is useful to list the relevant notations and 
formulae: 

Cxi 
xu =- ~weigh ted  mean for N observations; 

N 

variance of the unweighted mean; 

sample variance; 

weighted mean; 

wi =1/0: weight of the i-th value; 

total weight; 

ow=  ,In standard deviation of the weighted mean (internal error); 

external error; 

2 where xi = (xi -X)2/oi2 is a measure of the consistency of the 

whole data set. 
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Short remarks for 

IAEA Specialists Meetins on the 
Development of an International Nuclear Decay Data 

and Cross-Section Database 
Vienna, 24-28 October 1994 

F.E. Chukreev 

I should like to remember that the first proposals regarding this cooperation were discussed during 
the Jiilich Conference on Nuclear Data for Science and Technology. 

Our objections were based on one question: 

"Why must a new cooperation be created? We have the ENSDF cooperation and all needed data 
could be produced by the ENSDF community. If anybody would like to publish a handbook or nuclear 
wall-chart, he can use ENSDF data." But our opinion is changed now. Why? 

1. The ENSD Fie is a total collection of Nuclear Structure and Decay Data and the data evaluation 
for it is a long-time procedure. We conserve our opinion that ENSDF data are the most reliable 
data. But the needed time for a new data evaluation for ENSDF is very long because the financial 
support of this activity is not suficient. Practical needs request some half-life data with high 
accuracy and quickly. 

Let me take your attention for this subject. 

All nuclides could be divided into four sections: 

1.1 The most important nuclides. These are fissionable nuclides, and Pu-239 is the most 
interesting. Why? All humanity is alarmed by the possible plundering of fissionable 
elements by criminals. As long as fissionable materials are contained in head parts of the 
missiles the Army guards it. But the disarmament process will open path to these 
materials. Exact counting of fissionable materials is needed. The accuracy of this 
counting cannot be more accurate than our knowledge of the Pu-239 half-life. NDS 
recommend for Pu-239 241 10 +30 years. Of course, I do not know the reserve size Pu- 
239 inside modern weapons, but I can believe that tens of tons of Pu-239 exist in our 
world. Let us assume 80 tons for Pu-239. Then our accuracy for this quantity is not 
better than 100 kilograms! One A-bomb needs 8 kg of Pu! Correct cclmting of Pu 
requests to increase the half-life accuracy by a factor of 10 at least. 

1.2 Important nuclides. These are metrological nuclides which are used for important 
measurements in Science and Technology. Medical Radioisotopes must be included in 
this group. 

1.3 Fission products. 

1.4 All nuclides which have not been included in the first three groups. 

2. The ENSD File does not answer the question: "Is our information about some nuclides 
trustworthy? " 



Sure knowledge of the border of nuclear stability is needed to predict possible paths for nuclear 
energy development and to eliminate the speculations on this subject. 

3. 'What must we do in order that the future database will he acknowled_ged? This database must 
have an elegant shell which could be installed (without any special education) on a cheap an l little 
computer. As a good example of similar solution I would like to take your attention to the first 
version of NUC code of OECD Nuclear Data Bank, but nuclear data which have been included 
in this database must be checked and corrected. Another form for a representation of decay-data 
could be a Chart of Nuclides. Charts of Nuclides which had been published by Selinov, Karlsruhe 
group, Knoll's Laboratory are the examples of different Charts for different communities. 

Therefore I would like to propose the structure for envisaged cooperation. 

1. A little group of volunteers must study existing "computer Charts of Nuclides" and 
recommend suitable code for little cheap computer. 

2. We could use ENSDF data to fill the selected computer code and another volunteer group 
must check these data because computer codes to transform ENSDF data to the needed 
form may have unavoidable mistakes. As a suitable example of a similar mistake I 
mention the NUC code again. I have the impression that first version of this code 
included two times the gamma-rays, which have the ENSDF label "disposal twice". 

3. A special group must be orgdnized to solve the problem of the Pu-239 half-life. I see that 
this group must include the experimenters and evaluators. The task for this group would 
be to prepare an international program of measurements. 

This program will be very difficult and expensive, but I have no doubt that the IAEA can 
convince the governments of developed countries to find the needed funding. I am sure 
that the public opinion will provide the needed support for this program. 

4. A special group for methodology of data evaluation and uncertainties assessment will be 
needed. I am ready to participate in the meetings of this group. 

5.  A special subgroup to evaluate the nuclear stability border must include experimenters 
from several scientific centers, which have suitable experience for new elements and 
isotopes. 

After these first steps we will know the community response and we will have a base to correct 
our future actions in the needed direction. 



Evaluation of Absolute Gamma-Ray Intensities 
Edgardo Browne 

Lawrence Berkeley Laboratory 

Berkeley, California 94720 

September 1994 

1. Introduction 

Absolute gamma-ray intensities, that is, the percentage of photons emitted in a nuclear transformation, 

are quantities needed in basic research for normalizing decay schemes and testing nuclear models. 

These quantities are also used in applied research for the analysis of samples irradiated with neutrons, 

measurement of radioactive tracer elcrnents in biology and nuclear medicine, analysis of radioactive 

pollutants in environmental samples, calculation of reactor decay heat, analysis of radioactive elements 

for reactor decommissioning, and more. Hence it is important, particularly for those radionuclides 

studied in applied research or used as calibration standards, to obtain accurate values for their absolute 

gamma-ray intensities and uncertainties. I describe here some typical methods used for measuring or 

deducing absolute gamma-ray intensities and uncertainties, and stress the importance of agreement 

among evaluators on specific topics that require a uniform ;nethodology of evaluation. 

2. Measurement of Absolute Gamma-Ray Intensities 

The usual methods are: 

Singles Measurements at a Known Geometry 

These measurements include the various types of experiments where particles and gamma rays from a 

source placed at a well-determined geometry are measured with calibrated detectors of known 

counting efficiencies. 

Coincidence Measurements (typically 4nay or 4npy coincidence experiments) 

These are typical coincidence measurements between particles and gamma rays. The measurement, by 

Gehrke et al. [I], of the absolute intensity (38.6+0.5%) for the 312-keV gamma ray in the P- decay of 

233Pa is an example of a 4 n p y  coincidence measurement. This value gives a normalization factor 

with a fractional uncertainty of 1.3%. The uncertainty in the absolute intensity of each of the other 

gamma rays can be obtained by combining in quadrature this value with the fractional uncertainty in 

its relative intensity. 

Measurement of Relative Equilibrium Intensities 
Absolute intensities in the decay of a chain of radionuclides can often be deduced from equilibrium- 

intensity measuremcnts of relative gamma-ray intensities, where the absolute intensitiy of at least one 

gamma ray in the decay chain is known. Results from this type of measurement usually require a 

correction due to the half-life of the isotope(s) in equilibrium. The measurement of relative gamma- 



ray intensities in I;,, :'cctron-capture decay of lOOpd (3.6 days) in transient equilibrium with l o o ~ h  

(20.8 hours) is a goo, example. Singh et al. [2] measured the following relative intensities: 

1(84)=100f6, I(539)=19 &lo, where the 84-keV and 539-keV gamma rays are from the electron- 

capture decay of l o o ~ d  ~ n d  100Rh, respectively. The 539-keV gamma ray has a known absolute 

intensity of 78.4+1.7% [3]. The correction factor for the half-life is 

F=[1 - Tln(lm~h)TT 112(1 10Pd)]=0.76 1kO.006. 

Finally, the absolute intensity of the 84-keV gamma ray is 
yg4(%)=(1~6)~(78.4~1.7)/(196~10)~(0.761~.006)= 53rt4. 

All fractional uncertainties have been combined in quadrature. 

3. Absolute Gamma-Ray Intensities Deduced from Decay Scheme 

The usual procedure here is to normalize the decay scheme using the sum of the transition intensities 

(photons plus conversion electrons) to the ground state, and possibly, to low-lying levels not directly 

populated by particle or electron-capture decay. The normalization factor is: 

N= IOO/Zi Ii(l + ai), (1) 
where li is the relative intensity of the i-th gamma ray, and or;, its total conversion coefficient. 

Recommended values for these quantities should be used in equation (1). I discuss this topic next. 

Recommended Relative Gamma-Ray Intensities 

The intensities to be used in equation (I) are values from a single measurement, or values combined 

from several measurements and adopted by an evaluator. A question is how to combine several 

experimental results to produce an adopted set of recommended relative intensities. Here are two 

possibilities: 

Normalizing all measurements to the intensity of a strong gamma ray, and then calculating 

weighted averages (and corresponding uncertainties), or 

Assuming the scales of the various measurements to be linearly related by factors bj 

(procedure of Tepel [4] and Lederer [5] used in the Table of Radioactive Isotopes [6]) and minimizing 

the quantity 

Q= oij (10 - byi)' (2) 
to obtain the recommended intensities Jiand the factors bj. I i j  is the relative intensity of the i-th 

I gamnla ray in the j-th measurement; cq=(dlii)-2, where 4 is the uncertainty in I+ and bj, the factor 

that normalizes the scale of the j-th measurement. The uncertainty in Ji can be calculated using a 
I procedure that takes into account the covariances. 

This is a matter that requires agreement among evaluators. 



Recommended Total Conversion Coefficients 

A usual procedure to obtain a total conversion coefficient consists of determining first the gamma-ray 

multipolarity and mixing ratio (using a single-shell experimental conversion coefficient, sub-shell 

ratios, or angular correlation results with the additional knowledge of spins and parities of the states 

involved), and then, calculating the total conversion coefficient using theory (Hager and Seltzer [7], or 

Rose1 et al. [8]). For pure multipolarities the difference between experiment and theory is usually no 

more than 3%. For mixed transitions, however, this deviation could be significantly larger. The 

procedure to deduce mixing ratios from a single-shell conversion coefficient (e.g., a k )  or from a sub- 

shell ratio (e.g., L1/L2) is generally straightforward, whereas deducing a mixing ratio by using all 

measured conversion coefficients and sub-shell ratios simultaneously requires a complex minimization 

procedure, such as that developed by Rysavy et al. [9] 

This is a matter that requires agreement among evaluators. 

The mixing ratio of the 24 .4 -k6~  gamma ray from the electron-capture decay of l 9 1 ~ u  illustrates a 

case where each of these procedures gives a different multipolaritiy and mixing ratio. The measured 

sub-shell ratio L1/L2=1.7L0.4 is consistent with M1+2%E2 or with El ,  whereas the other measured 

value, L2/L3=0.65L0. 15, is consistent with pure E2 or El .  Using this argument, Johansson et al. [lo] 

assigned an E l  multipolarity. This multipolarity, however, is inconsistent with the placement (1 l/2+ to 

13/2+) of this transition in the decay scheme. Figure 1 shows the theoretical ratio L2L3 as a function 

of the E2  mixing. Notice that, because of the extremely large values of a(L2) and a(L3) for an E2 

multipolarity (1390 and 1630, respectively), the subshell ratio L2/L3 for an M1+E2 transition is not 

sensitive to the amount of E2 (above ~ 2 % )  mixed with MI.  The experimental sub-shell ratio 

L2/L3=0.65&0. 15 is essentially consistent within two standard deviations with a value of 1.0 expected 

for an M1+2%E2 transition, and this multipolarity is consistent with the placement of the 24.4-keV 

transition in the decay scheme. Rysavy's minimization procedure using the LIJL-2 and L2JL-3 sub-shell 

ratios simultaneously gives a mixing ratio 6=0.15H.06, that is, an M1+2%E2 multipolarity. 

Q EL 

Figure 1. Theoretical L2L3 ratio as a function of the E2 mixing for the 24.4-keV gamma ray. 



Nuclear Penetration Effects 

Another topic that requires special attention is the effect of nuclear penetration on conversion 

coefficients. Such an effect may be significant for MI or El  gamma rays with transition probabilities 

much smaller than the corresponding single-particle Weisskopf [ l l ]  estimates. The Nilsson- 

Rasnlussen [12] selectiorl rules for the asymptotic quantum numbers are uscful to predict nuclear 

penetration in deformed nuclei. 

Figure 2. Simplified 233Pa decay scheme 

The P- decay of 233Pa shown in Figure 2 illustrates a case where the use of theoretical conversion 

coefficients could lead to incorrect results. Using a value of 38.6kO.5% 111 for the absolute intensity 

of the 3 12-keV gamma ray, relative gamma-ray intensities also from Gehrke et al. [I], and theoretical 

conversion coefficients [7] (which do not include nuclear penetration effects) for normalizing the 

decay scheme, a value of 102+2% can be deduced for the total photon plus conversion electron 

intensity to the ground-state rotational band. This result implies that there is no direct P- population of 

this band, and hence is in disagreement with the measured intensities of 12% [13] or 5% [14, 151 for 

the combined P- transitions to the ground and first excited states. An additional inconsistency, 

between measured [ l ]  and calculated K x-ray intensities, implied conversion coefficients smaller than 

those from theory. Browne et al. [16] later measured the K conversion coefficients for the 300-, 312-, 

and 340-keV gamma rays and obtained values ~ 1 8 %  smaller than those from theory. This result 

removed the inconsistency in the transition-intensity balance, allowing a 6+2% P- branch to the 

ground ilnd first-excited state. 



Uncertainties and Covariances 

The absolute intensity of the 1-th gamma ray deduced from a decay scheme is given by 

n(%)= 100 I,/& Ii (I  +ffi) , (3) 
whcrc li and Cti arc bcst values deduced as described before. 

Propagating the uncertainties in li and a;. is straightforward, although it requires taking into account the 

effect of covariant terms. For example, consider a hypothetical decay scheme with a single gamma ray 

and negligible total conversion coefficient, as shown in Figure 3. The absolute intensity is 

$%)=loo In= loo. 

Notice that the precision in this value is independent of the intensity I. 

For other cases, this effect may be distributed among several gamma rays, as in the hypothetical decay 

scheme shown in Figure 4. The relative intensities of yl and y2 are Il=110f 5 and I2= 100+5, 

respectively. Assuming negligible total conversion coefficients, the normalization factor is 

N= 100/Il= 100/11W5, 

and the absolute intensities are 

y,(%)= 100 x (1  10+5)/(110+5)=100, and y2(%)= 100 x (lOW5)/(110+-5)=91k6. 

Figure 3 Figure 4 

Notice that the normalization procedure produced absolute intensities with precisions significantly 

different from those in the relative intensities. 

The general expression for the fractional uncertainty of the 1-th gamma ray associated with the i-th 

decay mode is [ 171: 

L 

All the quantities in equation (4) are described in reference [17]. 



E n e r ~ y  (keV) Rel. Int. (I) Abs. Int. (%I 
158.4 1 OW 1 99 .0M.  10 
269.5 38.7M.39 38.3 1W.54 
480.4 38.64kO.39 38.25W.54 
749.9 50.58kO.50 50.07k0.7 1 
S11.8 88.4M.90 8 7 3  1:2 
156 1.8 12.77k0.4 1 1 2.64kO.42 

- 56 - 

Although the scales between relative and absolute intensities are linearly related through a 

normalization factor, equation (4) shows that, because of the covariances, the relation between the 

corresponding uncertainties may not be simple. Consequently, presenting a table of relative intensities 

and a normalization factor (with their respective uncertainties) is not suflcient. Tables of absolute 

The electron-capture decay of 5 6 ~ i  is a good example. Figure 5 shows the 56Ni decay scheme of Sur et 

ai. [i8]. Using relative gamma-ray intensities from Sur er ai. [18] and a total conversion coefficient of 

0.0 12k0.00 1 [ 191 for the 158-keV normalizing transition, one obtains a decay-scheme normalization 

factor N=0.99W.01. Table 1 shows relative and the deduced absolute gamma-ray intensities. Both N 

and most of the relative gamma-ray intensities have fractional uncertainties of 1%. Notice, however, 

that due to the covariances,the fractional uncertainty in the absolute intensity of the 158-keV gamma 

ray is only 0.1 %. 

Table 1. Gamma-ray intensities from 56Ni electron-capture decay. 

o+ 0 

t , ,S .9  d 

Q,22 136 

EC(%) P+(%) log fl 

1451 c0.50 >?.I + - - - - - - - - - - - - 

0 

2+ V y 8' 970 co 77 ~ 1 . 2 ~ 1 0 - ~  9 . 4  
f -2 ---------- 

c4 ~ ~ l o - ~  ~ 5 . 8 ~ 1 0 . ~  >13.4 158 +L ----------- 
0 c 2 2 x l 0 - ~  c 6 . 0 x 1 0 - ~  >I25 
f -. -------- -- 

Figure 5. 5 6 ~ i  decay scheme 



4. X-Ray Intensities 
Relative x-ray intensities emitted by isotopes that decay by electron capture may provide a useful 

source of data for normalizing a decay scheme and deducing absolute gamma-ray intensities. 

Figure 6. 23IU decay scheme 

The electron-capture decay of 2 3 I U  illustrates this type of measurement. Figure 6 shows the 231U 

decay scheme of Browne et al. [20] who measured the relative intensities of the two most intense 

gamma rays, I(25)=100+6 and 1(84)=50+3. Using their value of 390+14 for the measured relative Pa 

K x-ray intensity, theoretical values for the K-to-total electron-capture ratios, and a K-fluorescence 

yield of 0.972 [2 11, they deduced a value of 680k33 for the total number of atomic vacancies created 

by the electron-capture process. The normalization factor to convert relative to absolute intensities is 

N=100/680k33=0.147+0.007, and the absolute intensities of the 25- and 84-keV gamma rays are 

~25(%)= 14.7k1.1 and y84(%)=7.3&0.6 [20]. 
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Some remarks concerning nuclear decay data. 

V. Manokhin. 

Several very important applications in nuclear science and 

technology (calculations of activation and gas production in 

nuclear facility materials, transmutation of fission product and 

actinide in reactors and on accelerators, production of medical 

radionuclides) expanded greatly requirements in nuclear data cross 

sections both on stable and radioactive nuclei, including also 

nuclei in isomer state. The data are needed for several thousand 

nuclides and in very wide energy range ( up to 100 MeV for 

neutrons and ' 1 GeV - for protons). 
The main sources such data are nuclear reaction model 

calculations using decay data. That is why the importance of 

reliable knowledge of decay data for practical applications 

increased greatly. 

As far as the most cross sections are measured by activation 

method, the role of reliability and accuracy of half-lives for 

cross sections being measured is evident.In the procedure of cross 

section measurement of the short-lived nuclei the uncertainty in 

in half-lives affects the results strongly. 

The applications mentioned stimulated simultaneous analysis, 

measurements and evaluation of cross sections of nuclear reactions 

and decay data of reaction products in order to obtain consistent 

values. As a result in some cases unpleasant discrepancies in 

half-lives were revealed. 

For example, for the problem of fission reactor 

decommissioning it is necessary to calculate reactor material 

act ivat ion because o f the 108m~g product ion. The recommended 

half-life value for this isomer was (127+7) years. The results of 

measurements by U.Schotzig et a1 /1/ differ greatly.They obtained 

the value, which is equal to (418+15) years. Simultaneous analysis 

of production cross section and half-life of isomer state, made in 

the work /2/, gives the value (310+132) years. 



The similar situation was analyzed in the work /3/ concerning 
59 

the half-life of Ni. The experimental values of five authors lie 
4 5 

within order of magnitude (7,58*10 y - 7,58*10 y) . An activation 
gives (104+251mb at 14.8 MeV for the reaction 6 0 ~ i  (n.211) 5 9 ~ i  under 

4 
the assumption of the presently accepted half-life of 7,58*10 y 

59 
for Ni. But there are other values which 4-5 times more. It is 

59 
so, the half-life of Ni must be 4-5 times longer. The 6 0 ~ i  (n.2n) 

cross sect ion measured by the AMS method, which does not require 

the knowledge of the half-1 ife, gives (410+120) mb. The ha1 f-1 ife 
59 4 

of Ni measured in the work /3/ is equal (9,5+2,5)810 y and close 

to the presently accepted value.It seems that further analysis and 

measurements are needed. 

The works /2,3/ are interesting from methodological point of 

view as far as contain simultaneous analysis data for cross 

sections and half-lives. It gives possibility to make both types 

of data more consistent and reliable. 
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Brief  information 

L... b .bora . torx  

This research  laboratory has been a c t i n g  a t  S t .  Peterburg Radium 
I n s t i t u t e  s ince  1964. Now t h e  main f i e l d  of i ts  acL iv i ty  i s  a 
radionucl ide  metrology, a met ro log ica l  support  of t h e  production of 
d i f f e r e n t  radionucl ide  sources  which are produced under t h e  auspieces  
of t h e  Russian Ministry of  Atomic Energy. 

The laboratory has got  d e t e c t o r s  and ins t rumentat ion f o r  nuc lear  
spectrometry works, mainly f o r  A- and X-, G-spectrometry. 

In 1993 t h e  laboratory w a s  transformed i n t o  t h e  Radionuclide Data 
Cer~ter  i n  o rder  to i n t e n s i f y  a c t i v i t y  on t h e  fo.rmation of databases  on 
r ad i a t i on  parameters of Russian s tandard and r e f e rence  sources  and 
a l s o  on t h e  development of  a database  f o r  decay d a t a  of widely appl ied  
rad ionuc l ides  / 11'. 

2, D.ecCay d a t a  measurement a c t i v i t y  

Apparatus: 4nB( ppc) - G; ( NaI) coincidence system, 
Ge(Li) ,  BPGe, S i ( L i 1 ,  S i (Au)-de tec tors .  

In 1986-1990 years t h e  a b s o l u t e  and r e l a t i v e  emission p r o b a b i l i t i e s  
of gamma- and X-rays i n  t h e  decays of  76Se, IOeCd, IlBmSn, 126mTe, 

' 133Ba, 145Sm, l70Tm, 238Pu, 2 3 8 P ~ J  2 4 3 A m  have been measured /2-5/. 
In r ecen t  years  (1992-1994) measurements of PX.G in t h e  decays of 

163Gd and 166Eu have been made /6,7/. 

Since 1980 t h e  decays of 300 rad ionuc l ides  have been evaluated.  The 
r e s u l t s  of t h i s  work are presen ted  i n  Russian r e f e rence  books of 
evaluated da t a  /8-11/. Many of  t hose  eva lua t ions ,  e s p e c i a l l y  r e f s  
/8 ,9/ ,  r e q u i r e  rev is ion  on account of  t h e  pub l i ca t ions  of new 
measurement r e s u l t s .  Such a work has  been f u l f i l l e d  for many long- 
l ived  rad ionuc l ides  /12/. 

In l a s t  years  t h e  decay d a t a  revised eva lua t ions  have made f o r  
22Na, 24Na, *4Ti+*4Sc, 46Sc, 4 s V ,  b l C r ,  64Mn, 57C0, 60C0,  losCd, 
113Sn, 12bSb, 1291, 1 3 7 C 5 ,  I45Sm, 162Eu, 153Sm, 163Gd, ~ ~ S E U ,  160Tb, 
170Tm /6,7,13-21/. 



Near. ff-tur-e plans 

Measur-emen-ts f o r  making precise t h e  v a l u e  of a b s o l u t e  emission 
p robab i l i t y  of t h e  186 keV gamma-ray i n  t h e  decay of  226Ra and t h e  
values  of  a b s o l u t e  emission p r o b a b i l i t y  o f  some gamma-rays i n  t h e  
decays of  244Cm and 2 4 1 A m .  

Eval_u_ation of decay d a t a  f o r  8sfi, 85Sr, 9 4 N b ,  95Nb, l l l I n ,  IsBYb, 
182Ta,  l e 2 I r .  
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V .P. Chechev 

Comr,lcnts on e v a l u a t i o n  p r o c e d u r e  

The e v a l u a t i o n  r u l e s  assume u s u a l l y  a c a l c u l a t i o n  of t h e  weighted  
mean u s i n g  as w e i g h t s  t h e  i n v e r s e s  o f  t h e  s q u a r e s  o f  a u t h o r ' s  
measurement u n c e r t a i n t i e s  i n  t h e  form of s t a n d a r d  d e v i a t i o n s  (eZi). An 
a n a l y s i s  o f  d a t a  c o n s i s t e n c y  can  be  done u s i n g  a c h i - s q u a r e  tes t  a t  5 
X s i g n i f i - c a n c e  level /1 ,2 /  and f o r  d i s c r e p a n t  d a t a  set t h e  magni tude  
o f  t h e  unce r t . a in ty  i n  t h e  evizluated v a l u e  can be changed i n  compar i sor  
w i t h  t h e  " i n t e r n a l  error" o f  t h e  weighted mean ( tint) i f  w e  u s e  o n e  
or  a n o t h e r  r u l e  o f  u n c e r t a i n t y  a s se s smen t  / 3 , 4 / ,  e.g. Gmtx 1- 
/4/ However w e  have  n o t  t o  f o r g e t  t h e  f o l l o w i n g  a s p e c t s :  \ 

( a )  t h e  # 2 c a n  b e  abnormal ly  low v a l u e  f o r  t h e  d a t a  s e t ,  
(b)  t h e  o n l y  l o w e s t  u n c e r t a i n t y  i n  t h e  d a t a  s e t  which can  i n f l u e n c e  

t h e  weighted mean v e r y  much c a n  be  i n c o r r e c t ,  
(c) t h e  p r e s e n c e  o f  a great cons-t component of sys t .emat ic  e r r o r  

i n  measurement r e s u l t s  makes i n c o r r e c t  a c a l c u l a t i o n  o f  t h e  weighted  
mean deduced from t h e  t o t a l  a u t h o r '  s u n c e r t a i n t i e s  , 

( d )  it is d i f f i c u l t  t o  u s e  statistical criteria f o r  t h e  number o f  
measurements n<4.  

I n  o r d e r  t o  t a k e  i n t o  a c c o u n t  t h e s e  aspects it c a 1 3  be  sugges t ed :  
(a) t o  u s e  f o r  d i s c r e p a n t  d a t a  set  t h e  Cexter-1 o r  

Tinex (7 o n l y  f o r  t2/@- o> 1, 
( b )  i n  a l l  cases t o  u s e  t h e  r u l e  o f  l i m i t a t i o n  of  r e l a t i v e  

s tat is t ical  weight  / 5 /  b e f o r e  statistical p r o c e s s i n g  t h e  f i n a l  d a t a  
set, 

( c )  ko u s e  t h e  r u l e  t h a t  t h e  { ~ n c e r t a i n t . ~  of t;he c?valuat.ed v a l u e  
should  n o t  b e  smaller t h a n  t h e  minimum measurement e r r o r  
(cmin) p o s s i b l e  a t  t h e  modern e x p e r i m e n t a l  l e v e l  jl,B,6/, 

( d )  t o  i ~ s e  t h e  "s tudent , ' s "  f a c t o r  to i n c r e a s e  t h e  e v a l u a t e d  
u n c e r t a i n t y  when t h e  number o f  measurements is small /1,3,6/, 

( e )  i n  some s p e c i a l  ( r a r e )  cases t o  give p o s s i b i l i t y  f a r  e v a l u a t o r  
t o  t a k e  t h e  unweighted mean o r  t o  reject s o m e  ~ l u e s  on t h e  b a s i s  o f  
o b j e c t i v e  o r  s u b j e c t i v e  r e a s o n s  o r  t o  a d o p t  one  o f  t h e  e x p e r i m e n t a l  
v a l u e s  as t h e  e v a l u a t e d  magnitude.  
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Y.P. Chechev 

P r o p o s a l s  on t h e  Chart of Nuc l ides  

I .  Main ordinary c h a r a c t , e r i s t i c s  should be presen ted  i n  the w a l l -  
c h a r t  : 

- charge of n u c l e u s  (p ro ton  number), 
- symbol of element ,  
- mass number, 

B 
- s p i n  of n u c l e u s  ground state, 
- atomic  mass o r  decay energy,  
- absence  or presence  of n u c l e a r  i somers .  

2. Nuclear  i somers  can be' p r e s e n t . 4  I n  a sepnrat.e tab1 n 

3. Addit ion main o r d i n a r y  characteristics should be p resen ted :  
for  .s-tcab1.e ou.c l i d  e s : 

- i s o t o p i c  y i e l d ,  
- cross s e c t i o n  f o r  t h e  r a d i a t i v e  thermal n e u t x o n  cspt.ure, 
- n a t u r a l  ( s o l a r )  abundance (in 10" Si a toms) ,  

f o r  radioact,-i.v-e nuci. id-es ;- 
- h a l f - l i f e ,  
- modes of  r a d i o a c t i v e  decay,  
- der.ay hranch jng  f o r  one tlecny mode. 

4 .  For rad.j.ation s of r.idi.oai:t,ive n1.c Lides it is suggested t o  .- 
i - I .  'prai:,tical:' eharac:t..ecit;t i c s  taken .Frr~n: -t,he t-: h lr3 ~f 
R3d i m c t i y e  1 ~ 0 ~ t . o . p ~ ~  by $.=. Browne a.nd R .  B.. f!.'i'irer;tone: 

for A-, B+- ,  p-, n - p a r t i c l e s  - 01-1.e value of t h e  energy of the most 
i n t e n s i v e  group and t h e  mean enera per decay,  

for  B--particles - t h e  mean energy or one-two v a l u e s  of  t h e  energy 
of t h e  most i n t e n s i v e  groups, 

f o r  e--particles (B-+ce) - the mean energy ' p c  decay,  
f o r  G- ,  X - r a d i a t i o n s  one o r  two or three vnl.ues o.f t h e  most 

i n t e n s i v e  G-rays p l u s  t h e  mean energy of (G+X) - r a y s  per d e c a y -  



VALIDITY OF INFOKMATION, EXACTNESS OF DATA PKESENTATIOl<, 
CONVEXIENCE OF USE 
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In progress 

A COhlPUTER hVCLIDE GUIDE 
containing evaluated nuclear da;a 

The Electronic Notebook of the GUIDE contains data of 3,000 nucIides known by 1994. 
Each nuclide is characterized with the charge of nucleus, mass number and absence or 

presence of nuclear isomers. All nuclides are divided into three kinds: stable nuclides, artificial 
radioactive nuclides and natural long-lived radionuclides. 

1. Stable nuclides 
Presented characteristics: cross section for the radiative thermal neutron capture ("neutron 

cross section"), atomic mass, natural abundance (in 10E6 Si), isotopic y'ield (%), nucleus spin, 
magnetic moment of nucleus, quadrupole moment of nucleus. 

. ' 
2. Artificial radioactive nuclides 
Presented characteristics: half-life, atomicamass, spin of decayed nucleus, modes of 

radioactive decay, decay branchings (%); decay energy for each branch (MeV), mean energy of 
beta-, gamma-, X- radiations (keV), energy of radiation components (alpha-, beta-, gamma-'etc.), 
intensity of radiation components (% decays). 

3. Natural long-lived radionuclides 
For them the same characteristics are presented as for stable nuclides plus the half-life. 

The recommerided values of decay and radiation characteris~ks of radionuclides presented in 
the COMPUTER NUCLIDE GUIDE are EVALUATED ones including evaluated UNCERTAINTIES 
(errors). They are composed using'the data in the Evaluated Nuclear Structure Data File (ENSDF) 
and the Table of Radioactive Isotopes by E. Browne and.R.B. Firestone and the own evaluations 
made by specialists of the Radionuclide Data Center. 

The GUIDE is provided with the COLOURED CHARTS OF NUCLIDES @roton number Z is 
given on the ordinate, neutron number N or neutron excess N-Z or mass number N + Z  is on the 
abscissa, respectively). 

The software of the COMPUTER NUCLIDE GUIDE is made in  BORLAND PASCAL using 
the record size of PARADOX 4.0. The convenient user's interface of pseudowindows and 
conditions of work in English snd Russian are present. 

The COMPUTER NUCLIDE GUIDE runs on the IBM PC family of computers, 
including the AT and the PS/2 series and all true IBM con~patibles. MS DOS 5.0 or higher 
is required and at least 3..5M of hard disk space. I t  runs on EGA, VGA, SVGA monitors. 

1 NEXT PAGE(S) left BLANI<. ] 
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G .  Audi, 0 .  Bers i l lon ,  J. Blachot and A.H. Wapstra 

(October 21, 1994) 

INTRODUCTION 

NUBASE i s  a  "ho r i zon ta l r r  nuc lear  database.  

NUBASE i s  a c r i t i c a l  compilat ion of 2  eva lua t ions :  

a )  The Atomic Mass Evaluation; 
b)  The ENSDF (Evaluated Nuclear S t ruc tu re  Data F i l e )  

updated on the  b a s i s  of r e c e n t  l i t e r a t u r e .  However, new 
information on h a l f - l i v e s  from l i t e r a t u r e  a r e  used only  i f  
t h e i r  p rec i s ion  i s  a t  l e a s t  3  t imes b e t t e r  than  t h e  accepted 
ENSDF va lues .  

F u l l  re fe rences  a r e  given f o r  a l l  experimental information.  

NUBASE g ives  experimentaly known nuclear  p rope r t i e s  and'some 
t h a t  have been est imated from ex t r apo la t ion  (marked I t # " )  

f o r  more t h a n  2855 nucl ides  i n  ground-state, 623 f i r s t  and 
60 second isomers: mass, isomeric  e x c i t a t i o n  energy, 
h a l f - l i f e ,  spin,  p a r i t y ,  decay modes and branching r a t i o s .  

MASS EXCESS 

[M ( i n  u )  - A], i n  keV, and i t s  one s tandard dev ia t ion  e r r o r .  

I n  cases  where t h e  f u r t h e s t - l e f t  s i g n i f i c a n t  d i g i t  i n  t h e  e r r o r  
was l a r g e r  than 3, va lues  and e r r o r s  were rounded o f f ,  but  
not t o  more than t e n s  of keV. 

# : i n  p lace  of decimal p o i n t :  va lues  and e r r o r  es t imated  from 
sys temat ic  t rends .  

Asymmetric e r r o r s :  

t h e  p r o b a b i l i t y  d i s t r i b u t i o n  i s  (roughly) symmetrized 
(cf  93Au05, p.  205) : 

c e n t r a l  value:  mid-value between upper and lower 
1 sigma-equivalent limits; 

'. e r r o r :  average of t h e  two e r r o r s .  



ISOMER 

Defini t ion  of isomer: 

exci ted  s t a t e  w i t h  h a l f - l i f e  > l m s .  

Isomers a r e  given i n  t h e  order of increasing energy 
and named by successively appending "m" and "nn 
t o  nucl id ic  name. 

e .g .  122Cs fo r  ground s t a t e  
122Csm for  f i r s t  exci ted  s t a t e  
122Csn fo r  second exci ted  s t a t e  

I f  it i s  not known which isomer i s  lowest (from experiments 
o r  from theory):  t h e  one with the LARGEST uncertainty 
i s  taken a s  lowest 

Exci ta t ion  Energy: 

Energy di f ference  between l eve l s  adopted a s  higher l e v e l  and 
ground-state, and i t s  one standard deviat ion e r r o r .  

I n  cases where the  f u r t h e s t - l e f t  s ign i f i can t  d i g i t  i n  t h e  e r r o r  
was l a r g e r  than 3, values and e r ro r s  were rounded o f f ,  but  
not t o  more than t e n s  of bev. 

# : i n  place of decimal point:  values and e r r o r  est imated from 
systematic trends. 

Assignment of isomer t o  gs o r  exci ted  s t a t e  i s  declared 
"uncertain", i f  : 

flagged by * i n  col .  96 

Origins of Excitation Energy (weakest connection): 

Mass Doublet 
Reaction energy difference 
Alpha energy difference 
Beta energy difference 
proton decay 
2 proton decay 
L X-rays 
Existence uncertain 
Nilsson Model systematics 

blanc from gamma-ray energy measurements 



HALF-LIFE 

u n i t s  : 

1 y ( t r o p i c a l  year  1900) = 31 556 925.974 7  s 
= 365.242 198 78 d  

sub-uni ts :  

m s  : E- 3 s  ( m i l l i )  -seconds ky= E+ 3  y  ( k i l o ) - y e a r  
us  : E- 6s  (micro) My= E+ 6  y  (mega) 
n s  : E- 9s  (nano ) Gy= E+ 9  y  ( g i g a )  
p s  : E-12s (p ico  ) Ty= E+12 y  ( t e r a )  
i s  : E-15s (femto) P y  E+15 y  ( p e t a )  
a s  : E-18s ( a t t o  ) Ey= E+18 y  (exa ) 
bs  : E-21s (---- 1 Sy= E+21 y  (--- 1 

Hy= E+24 y  (--- ) 

Asymmetric e r r o r s :  

t h e  p r o b a b i l i t y  d i s t r i b u t i o n  is  (roughly)  symmetrized 
(c f  93Au05, p .  205) : 

c e n t r a l  va lue :  mid-value between upper and lower 
1 sigma-equivalent limits; 

e r r o r :  average of t h e  two e r r o r s .  

P a r t i c l e  S t a b i l i t y :  

p-unst n-unst : proton o r  neutron uns t ab l e  
p - s tb l  n - s tb l  : proton o r  neutron s t a b l e  

fol lowed by #:  deduced from mass sys temat ics  

? i n  p l ace  of  unce r t a in ty  : s ta tement  i s  not  c e r t a i n  
(Sep-En. < 2*er ror )  

Unused da t a :  

New in format ion  on h a l f - l i v e s  from l i t e r a t u r e  a r e  used on ly  i f  
t h e i r  p r e c i s i o n  i s  a t  least 3 t imes  b e t t e r  t h a n  t h e  accep ted  
ENSDF va lues  

SPIN and  PARITY 

Spin and  p a r i t y  assignments without  and  w i th  
paren theses  a r e  based upon s t r o n g  and  weak 
arguments, r e spec t i ve ly  ( c f .  90Tu l i ) .  

Followed by # :  es t imated  from sys t ema t i c  t r e n d s  
i n  nuc l ides  of same N and Z p a r i t i e s .  

low : low s p i n  

h igh  : high  s p i n  

am : same s p i n  a s  alpha-decay pa ren t  



DECAY MODES and BRANCHING RATIOS 

B- 
2B- 
B+ 
EC 
EC+B+ 
I T  
N 
B-N 
B-2N 
P 
B+P 
B+2P 
ECP 
2P 
A 
B-A 
B-3A 
B+A 
ECA 
SF 
24Ne 
IS  

b e t a  - decay 
double b e t a  - decay 
b e t a  + decay 
e l e c t r o n  cap tu re  
e l e c t r o n  cap tu re  and b e t a  + decay 
i n t e r n a l  t r a n s i t i o n  
neutron emissio;l 
b e t a  delayed neutron emission 
b e t a  delayed 2-neutron emission 
pro ton  emission 
b e t a  delayed pro ton  emission 
b e t a  delayed 2-proton emission 
e l e c t r o n  cap tu re  delayed proton emission 
2-proton emission 
a lpha  emission 
b e t a  - delayed a lpha  emission 
b e t a  - delayed 3-alpha emission 
b e t a  + delayed a lpha  emission 
e l e c t r o n  cap tu re  delayed alpha emission 
spontaneous f i s s i o n  
heavy c l u s t e r  emission 
I s o t o p i c  Abundance 

? Decay mode e n e r g e t i c a l l y  allowed bu t  no t  observed 
=? Decay mode observed bu t  i n t e n s i t y  no t  measured 
A!? approximat i v e l y  
GT,GE g r e a t e r  than,  g r e a t e r  o r  equal  
LT,LE lower than,  lower o r  equal  

REFERENCES 

MASSTAB= "The 1993 Atomic Mass Evaluat ionn 
G. Audi and A.H. Wapstra 
Nuclear Physics  A565 (1993) 1. 

ENSDF = "Evaluated Nuclear S t r u c t u r e  Data F i l e n  
computer f i l e  of eva lua ted  experimental  
nuc l ea r  s t r u c t u r e  d a t a  maintained by t h e  
Nat iona l  Nuclear Data. Center 
Brookhaven Nat iona l  Laboratory 
( i nc lud ing  ENSDF-'continuous updates ' )  

NUBRA = ENSDF updated by 
J.Blachot and 0 .Be r s i l l on  

1) Masses: 

from MASSTAB, p l u s  updates  by G.  Audi and A.H. Wapstra. 

2)  Exc i t a t i on  Energies:  

from ENSDF+NUBRA when r e s u l t i n g  from gamma-ray energy 
measurements; 

Or ig in  i n  94:95 = " " 

from MASSTAB when r e s u l t i n g  from o t h e r  t h a n  g m a - r a y  
energy measurements. 

Or ig in  i n  94:95 = non blank 



3)  H a l f - l i f e ,  Spin ,  P a r i t y ,  Branching 
from ENSDF + NUBRA upda tes .  

Reference i n  c o l  102:109 
'89 = ENSDF o f  y e a r  1989 

i n c l u d i n g  ENSDF- 'continuous updates '  
'89 92Aa10TJr = ENSDF 1989 + NUBRA upda tes  

f o r  h a l f - l i f e  T a c c o r d i n g  t o  92Aa10 
f o r  s p i n  and  o r  p a r i t y  a c c o r d i n g  t o  r e f e r e n c e  

g i v e n  i n  supplementary  r e f e r e n c e  f i l e  
Code f o r  References  : 

I I d e n t i f i c a t i o n  
M Mass 
E Energy ( isomer)  
T H a l f - l i f e  
B Branching 
J Spin and  p a r i t y  

Reference i n  c o l  88:93 a r e  f o r  d a t a  n o t  y e t  p r e s e n t  i n  ENSDFtNUBRA 
o r ,  i f  f l a g  i n  c o l s  97-100, f o r  d a t a  no t  i d e n t i c a l  i n  NUBASE 

and i n  ENSDF + NUBRA upda tes  

4) I s o t o p i c  Abundances: 
by N.E. Holden CRC Handbook of  Chemistry and Phys ics  

7 1 s t  e d i t i o n  (1990) 11-33. 

APPENDIX : FORMAT 

from MassTab: 
Nubase f i l e  c r e a t i o n  from Nubra 

1: 8 AAA - Z Z Z i  a8  1 a8  c a l c u l a t e d  
9: 9 W a 1  c a 1  "Wn 

1 O : l O  " "  a 1  c a1 " "  
11: 21 Mass f11.4  1 a l l  "-10000# " 
22: 30 m a s s  f9 .4  1 a 9  "9000# " 
31: 36 A E l  m a6 1 a6  c a l c u l a t e d  

37: 46 Exc f10.4  a10 13: 22 
4 7 : 5 4  dE f8 .4  a2 23: 24 + 4 b l ( 1 )  + 2 b l  ( r )  

74: 87 J p i  a 1  4 1 a14 26: 39 
88: 93 Ref a6  1 a6  "Nubra " 
94: 95 O r i g  a2 1 a 2  " " 
96:100 Disc rp .  a 5  a 5  " n 

101:lOl " " a 1  a 1  " "  

from NUBRA 
Nubase f i l e  from Nubra 

102:103 Ensdf a2 r 107:108 Ensdf Reference Year 
104:109 Ref a6 r 109:114 Reference 
110:112 code a 3 r 115:117 Code f o r  r e f e r e n c e  TBEIJ 
113:154 Bra a42 1 65:106 Branching R a t i o  + unc. 

( o r    so topic Abundance) 
- 

155:172 J p i  a 1  8 1 26: 43 1 Spin  a n d  P a r i t y  
173:182 T a1 0 1 44: 53 1 H a l f - l i f e  
183:190 dT a 8 1 54: 61 1 H a l f - l i f e  unc.  
191:192 u n i t  a2  1 62: 63 1 H a l f - l i f e  u n i t  
193:193 " "  a 1  c 64: 64 - I b l  

194:203 Exc f10.4 c 1 3 : 2 2  E x c i t .  Energy o f  Isomer 
204:205 dE a2 r 23: 24 E x c i t .  unc. ................................................................ 

Remark: i f  dE i s  miss ing  i n  Nubra, decimal p o i n t  r e p l a c e d  by "?"  ................................................................. 
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Commissariat 1 1'Energie Atomique. 
CE Saclay, BP52, 91193 Gif-sur-Yvette, France. 
Tel : (33) 1.69.08.52.88 - Fax : (33) 1.69.08.47.73 

Evaluation of Nuclear Decay Data - a brief report on work and projects at LPRI, 
by N. Coursol. 

The Primary Ionizing Radiation Laboratory (LPRI) is one of the primary laboratories 
affiliated with the French National Bureau of Metrology (BNM), which is responsible for 
organizing scientific and technical metrology in France. In this capacity, LPN is in charge 
of the establishment, preservation and improvement of national standards for quantities and 
units of measurement of ionizing radiation. It insures national metrological coordination and 
traceability. It maintains relations with other national laboratories and participates in 
international comparisons, particularly in relation with the Bureau International des Poids et 
Mesures (BIPM). It also insures national metrological coordination with associated 
laboratories as part of accreditation service (FRETAC) or of special networks. 

Owing to its know-how in radiation measurements and to its position within the 
national agency in charge of nuclear research and development (CEA), LPN carries out 
applied research, e.g., for providing special standard sources of radioactivity and for setting 
up dosimetry systems or methods for testing or radioisotope analysis. 

In the framework of its capacity, LPN staff includes specialists in the evaluation of 
non-neutron nuclear data for radionuclides most frequently applied in science and 
technology : radiation protection, nuclear industry, brachytherapy, nuclear medicine, envi- 
ronmental monitoring, . . . . 

The results of this evaluation work have been the source for extensive sets of rec- 
ommended data published in the "Table de Radionucl6ides" (LMRI, 1974-1980; re-edited and 
continued on 1982-1986)[1], or in the decay data library LARA [2]. The evaluation work is 
based on available (literature) experimental and partly also theoretical data. The resulting 
evaluated (and recommended) data are presented in a distinct and easily readable form 
(printed material or computer-based files). 

Amongst these evaluated radionuclides (over 180 nuclides), 38 have been chosen for 
their importance in nuclear medicine, and published as a "medical selection" [3] which gives, 
in addition to the decay data , values of the mean energy emitted per nuclear transformation 
for the .main emissions. All recommended data (half-life, total energy decay, branching 
fractions, energies and emission probabilities and so on), are given with their associated 
uncertainties. The data status and evaluation procedures used by LPRI are given in the 
introduction of the "Table de RadionuclCides". 



A new version written in English and containing some minor modifications with 
respect to the former one is now being undertaken by LPRI and the Nuclear Data Group of 
the Physikalisch-Technische Bundesanstalt VTB, Germany) in the framework of a European- 
cooperation effort. These modifications incorporate international recommendations for 
presentation as for example, the use of the standard deviation instead of the uncertainty at 
99,7 % confidence level which was used before 1986, or for the evaluation procedures used 
to obtain the recommended half-life values (see 161). 

In a parallel evaluation action, a specific computer file for electron emissions ("EME") 
is in preparation at LPN. 

In relation to its evaluation task, LPN staff has participated to previous IAEA 
Advisory group meetings [4] or to Co-ordinated Research Programmes, which aims were to 
promote the improvement of the quality of the nuclear data used in science and technology 
as the CRP on Transactinium Nuclide Decay Data (1978-1985) [S] and those on the 
Measurements and Evaluation of X- and Gamma-Ray Standards for Detector Efficiency 
Calibration (1986-1990) [6]. LPFU is also member of the International Committee for 
Radionuclide Metrology (ICRM), and contributes to Joint Evaluated File (JEF) library on 
decay heat data. 

REFERENCES 

[l] F. Lagoutine, N. Coursol and J. Legrand, Table de Radionucliides, 
ISBN-2-7272-0078-1, LMFU, 1974-1987 

[2] LARA, Bibliothkque de Donnks Nuclhires pour la SpectromCtrie Gamma et Alpha, 
. L P X  ,1990 

[3] F. Lagoutine, N. Coursol and J. Legrand, Table de RadionuclCides - Sklection 
Mdicale, LMRI, 1987 

[4] IAEA Advisory Group Meeting , Uppsala (1984), IAEA TecDoc-336, 1985 

[5] IAEA TecReports series n0261, (1986) 

[6] IAEA TecDoc - 619, (1991) 



1 - PRIMARY IONIZING RADIATION - L P N  

a unit of the French Atomic Energy Commission (CEA) 

one of primary laboratories affiliated with the French 
National Bureau of Metrology (BNM). 

It is in charge of :  

the establisment, preservation and improvement of 
national standards for quantities and units of 
measurement of ionizing radiation. 

the national meuological coordination and uaceability. 

2 - DECAY DATA 
3 - LPRI PARTICIPATION 

In general : evaluation of decay data for radionuclides On previous IAEA Co-ordinated Research Programmes 

applied in science and technology : such as : 

Radiation Protection. Nuclear Industry, 
Brachytherapy, ~ k c l e a r  ~ e d i c i n e ,  
Environmental monitoring, ... C W  on Transactinium Nuclide Decay Data 

(1978-1985) 
(IAEA ~ e c k e ~ o r t s  series n' 261, 1986). 

At present : "Table de RadionuclBides" 
(over 180 nuclides). 

"LARA" library 
(over 300 nuclides, 11000 y-ray transitions). 

"Medical selection". 

In the future : a LPRI - PTB Table 
(a version written in English). 

"EME library 
(electron emission probabilities). 

Advisory Group Meeting, Uppsala, 
(IAEA TecDoc - 336, 1985). 

C W  on the Measurements and Evaluation of X- and 
Gamma-Ray Standards for Detector Efficiency 
Calibration (1986-1990), 
(IAEA TecDoc - 619, 1991). 

LPIU is a member of the International Committee for 
Radionuclide Metrology (ICRM) and contributes to JEF 
IIbrarjtfdecay heat) ,---. -. - --..-. .- . - 
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Decay Data Activities in Sweden 2.11 
to the 

IAEA Specialists' Meeting on the 
Development of an International Nuclear Half-Life 

and Cross-Section Database 
IAEA Headquartes, Vienna, 24-28 October 1994 

H Conde, Department of Neutron R~search, Uppsala University, Sweden 

Swedish activities of relevance for the proposed nuclear decay data and cross-section 
database are on the one hand work on the development of computer based nuclear 
reference data systems and on the other hand on measurements of nuclear decay data. 

The status of the nuclear structure and decay data evaluation effort and the computer 
database development made at the Physics Department, Lund University in collaboration 
with the Isotope Project at Berkeley are presented in Appendix 1. Dr Peter Ekstrom, who is 
in charge of the work at the Lund University, has been appointed as the chairman ot the 
Task Force of the US Nuclear Data Committee for the development of computer 
programs for the handling of nuclear data basis. 

Nuclear decay data (P, y, TI/% B(A)) are measured for neutron-rich nuclei (fission 
products) at the OSMS facility of the Neutron Research Laboratory, Uppsala University, 
Studsvik. The OSIIUS facility contains a mass separator on-line a fission source placed in 
the I MW swimming-pool reactor R2-0. The present research is focused on decay data of 
nuclei in new doubly magic regions and on the development of a radioactive beam. 
Futhermore, fission yield measurements are underway for fast fission of 2 3 8 ~  and 
thermal fission of 233U and is planned for fast fission of 232~h 



I 
Status report: Sweden 

I Nuclear Structure and Decay Data Evaluation in Sweden 
Peter Ekrtrcim, depart me^ of Physics, Lund University, 
SZlvegazan 14, S223 62 Lund, Sweden 

Financial support and personnel 
During the last two years, the funding for the project has been SEK 80000 (about $10000) per 
year. This is sufficient for updating and maintaining the on-line reference system and for some 
database development in collaboration with the Isotopes Project at Berkeley. 

Mass-chain evaluation 
Since the last meeting in 1992, the evaluation of A% has been published 

I The NSR on-Iine 
The local installation of the NSR database is continuously updared with updates from the 
NNDC. The last update was successfilly performed by transferring the update file with FTP 
via Internet. 

The database at present contains 49290 references (primary references from 1975 and 
secondary references from 1989). Although no marketing of the service has been done the lasr 
few years, the number of logins per year is still increasing (1990:278, 1991:200, 1992:385, 
1993:440). This can only Ix interpreted as a confirmation that the users still find it a useful 
sewice. 

Papyrus NSR 

Papyrus NSR is a system for searching the literature database NSR on a PC. The system is 
based on a commercial bibliographic program, Papyrus. It contains more than 130000 
references from 1910 to the present. Papyrus NSR allows indexed searches on keywords, 
authors, year of publication, journal, title, type of reference and keynumber, and un-indexed 
searches on the keyword abstract. 

During the surnmer of 1993, Peter Eksrrom visited the Isotopes Project at Berkeley with 
fnnding from the US Depamnent of Enagy. During this visit the main part of the wark to 
transfer the NSR to Pap-vrus was performed in collaboration with Edgardo Browne. Since 
k e a b e r  1993, a test vmioil of the system has been available on rhe Lund University local 
area network. The CD-ROM version will be released in May 1994. 

- -- 



3. Cross-sections 

3.1 A. Simonits and F. De Corte: 
Reactor-neutron activation analysis based on a dedicated 
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3.3 H. Condk: 
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. . . . . . . . . . . . . . . . .  reference data of interest for the present SM 113 
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Paper presented at the IAEA Specialists Meeting on the Development o/an Internutiom1 Nuclear Decay Data 
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REACTOR-NEUTRON ACTIYATION ANALYSIS 
BASED ON A DEDICATED NUCLEAR DATA LIBRARY 

(The definition of the 16-standardization) 

A. SIMOMTS and F. DE CORTE* 

KFKI Atomic Energy Research Inshtute, Nuclear Chemistry Dept. (RKL) 
H-1525 Budapest 11 4, P. 0. Box 49, Hungary 

*Insritute for Nuclear Sciences (INW), University of Gem 
Proefiuinstraat 86, B-9000 Gent, Belgium 

A new standardization approach utilizing the so-called 16 compound nuclear constants 

was suggested in 1975 for absolute reactor-neutron activation analysis to eliminate many 

inaccuracies introduced by using ambiguous nuclear data. In order that the new method 

could soon be applied competitively in actual analytical work, a cooperation between the 

Activation Analytical Laboratories of the KFKI-AEKI, Budapest and INW, Gent was 
- 

established to determine the k,, and essential related nuclear data (Q,, T,,, E,, etc.) with a 

high accuracy, to develop procedures for monitoring irradiation and measuring parameters 

a, cp, 0, etc.) as well as to share experiences when applying the method. The two 

decade co-operative research has resulted in an expedient data library which now contains 

experimentally determined and/or evaluated nuclear data for more than 120 (n,y) reactions. 

Reliability and accuracy of the method and its database have been checked by analyzing a 

number of standard reference materials. It is to be hoped, that while our effort continues to 

determine nuclear data for reactions not yet covered, the present k,,-library could serve as a 

useful source to an internationally agreed database. 



- 84 - SINGLE COMPARATOR METHOD 
DIRECT METHOD 

Principle: 

NP 

iv =k. 
t,, .S -D.C 

.W'  
N,' 

where 

N, - full-energy peak area of measured y-line 
PJ,, - Avogadro's number 
M - molar mass 
W - element weight 
O - isotope abundance 
y - absolute gamma-ray intensity 
6 - effective (n, y) activation cross-section 
00 - Westcott's total flux 
?. - decay constant 

cp - absolute full-energy peak efficiency 

REACTION RATE CALCULATION 

(HBGDAHL CONVENTION) 

where 

o n  - 2200 d s  cross-section, 
m dE 

I. = 5 a(E).  -, infinitely dilute resonance integral 
E ~ d  E 

Ecd = 0.55 eV. effective Cd cutoff 

0, = n(O,k,J.vo, conventional thermal (subcadmium) 
Ecd 

neutron flux with n(O,EcJ)= b(v)dv . the neutron 
n 

density integrated up to the d d  cutoff 

0, - epithcrmal or intermediate neutron flux per unit 
InE energy interval 

Note: Valid for target isotopes obeying the " I/v-l,~w" up to -5 eV 
(90 % of the 150 analytically imponant n,y reactions) 

where 
S, D and C are the saturation, decay and "measurement" factor 
and * stands for the comparator 

Note: 
d = o o  (g +rs) [Westcott] - neutron specuum dependent 

Principle: 

Measurement: 

Conversion: 

Application: 

where f = +J+= ; Qo = Idoo ; Asp = NJ(tmau'S.D.C.W) 



B I € ) . €  
USE OF THE EFFECTIVE RESONANCE ENERGY 

Definition (by RYVES): 

Application: 
I 

Maxwellian I thermal 

Epitherrnal : f$ ( € 1  - - 

----_ 
-----& > 0 I 

Tabulation: Calculated Er- values for 117 isotopcs 

Principle: 

E,. keV wilh re1 err. ( 5 6 )  
Rwclion NOTE 

Calculation Measurement 

"Zn(n.y)*Zn 515 (0.2) 521 (19) One major reranmcc 

w ~ ~ ( n , y ) " ~ ~  lib (16) No resorunce data 

"Hf(n.y)"'Hf 65 (16) - - 

EXPERIMENTAL R-DETERMINATION 

Methods: 
Cd-covered multi-monitor 

Cd-ratio for multi-monitor 

Bare multi-monitor 

Application: 

Rejerence channel calibration 

" " ~ u  -=3% - "%lo - "".\lo - " ' ~ n  monitor set 

with ,.CD-RATIO FOR MULTI-MONITOR-method 

Routine analysis 

.$ARE TRIPLE MONITOR -method with 

9 4 ~ r  - %zr- I 9 ' ~ u  monitor set 

where 



I 
I 
I 

Mapping of isotopes used - for NAA 

I with respect to their Er and Qo Values 





DETECTOR M K 4  

1 lop C p .  -19525 1 lop Cp.  -O.SL&2 I I op tp  -0.1691 

I . o l w t t o p ~ , . ~ I  . o.t iool lop E,I I -o .s r l s~ top  E,I 





THE MODIFIED WESTCOTT FORMALISM 
IN THE KO-METHOD 

Coriccntration calculation 

II0GDAHL 

f + Q ~ . x ( a )  Ep ,x  

W ESTCW'T (mod) 

T") +r(a) Jm s o , ~ " ( a )  9 
g , ~ , , )  +r(cy) JTTG .  SO,^(^) 



PUBLISHED KO-RELATED NUCLEAR DATA 
COMPILATIONS 

- Q,-measurements for 13 isotopes Moens (1 979) 

- Calculated E,-values for % isotopes Moens (1 979) 

- 16-measurements for 35 isotopes Simonits (1980) 

- 16 and related nucl. data compilation for 80 isotopes De Corte (1 982) 

- Q,-measurements for 57 isotopes Sirnonits (I 984) 

- 16-measurements for 72 isotopes Moens (1 984) 

- Calc. and measured E,-values for 127 isotopes Jovanovic' (1 984) . 

- k, and related nucl. data comp. for 112 isotopes De Corte (1989) 

- k,, and related nucl. data comp. for 122 isotopes De Corte (1991) 

IMPACT OF THE KO-CONCEPT ON 
OTHER FIELDS 

Neutron metrology 
@,/a, and a determinations (De Corte 1979) 

* Epicadmiurn activation analysis 
Converting ko-factors into kO,epi (El Nimr 1981) 

* 235U(n,f) interference correction 
Introducing kofi\\ values 

NAA with 14 MeV neutron generator 
ko-values for (n,p), (n,a) 
reactions (Janczynszy 1985) 

Use of unresolved y-peaks for analysis 
Introduction of ki-values derived from (Erdtmam 1988) 

Yi b.i 

NAA using very short-lived isotopes 

ko-measurements for msec-living isotopes ( ~ 0 t h  1990) 

Quality assurance in classical NAA 
consistency check of standard sets by their (Heydorn 1992) 
calculated b-ratios 

(Lin Xiley 1984) I 
U> 
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3.2 

FROM k, TO A RELIABLE AND CONSISTENT DATA BASE OF o, AND 
ESSENTIAL RELATED ACTIVATION AND DECAY CONSTANTS 

Institute for Nuclear Sciences (INW), Laboratoly of Analytical Chemishy, 
University of Gent, Proeftuinstraat 86, B-9000 Gent, Belgium 
Research Director of the National Fund of Scientific Research 

') Km'I-Atomic Energy Research Institute of the Hungarian Academy of Sciences, 
H-1525 Budapest 114, POB 49, Hungruy 

As outlined at the present meeting by Dr. A. Simonits, ko-factors are composite 
nuclear constants containing molar masses (M), isotopic abundances (8), absolute gamma- 
intensities (y) and 2200 ms-' (n,y) cross sections (a,), also including these data for the 
ultimate comparator ' 9 7 ~ u ( n , y ) 1 9 8 ~ u  [411.8 keV]. Precise and accurate ko-values for [the 
most prominent gamma lines of] 122 (n,y) reactions were obtained as a result of 
measurements, mainly at the INW ~ n d  the KFKI, via ths activation method performed with 
various experimental setups (targets, reactors, Ge detectors, etc.). 

Evidently, kols can easily be converted to corresponding ools by introducing values for 
M, 8 and y (and M, 8,  y and a, for Au). With regard to the quality and applicability of the 
thus created a, data set, it is strongly advisable that: i) the input for y (and for 8 ,  in case of 
less abundant isotopes) is based on an up-to-date and internationally recognized data base; and 
ii) the final a, data base contains (or at least refers to) the input data as well, in order to 
guaranies consistency m d  traceabiiity. Illustrative for this is our presentation given at the 
1988 Conference on Nuclear Data for Science and Technology, Mito, Japan. 

A data base of Io(resonance integrals) can be obtained from this set of 0,'s by 
combination with the set of Qo-values (I,/o, ratios), which are input data when determining 
and applying ko-factors (so as to take into account the contribution of epithermal activation) 
and which were experimentally measured at the INW and ihe KFKI using the Cd-ratio 
method. At present, some of the data in our Qo-library do not originate from experimental 
determination at the INW/KFKI but are taken from former compilations (often containing 
conflicting data). Updating and extension is highly desirable. 

Determination and application of Q, requires correction for a non-1/E epithermal 
neutron flux distribution, and this can be based on the concept of the 1/E1* a~proximation 
and the effective resonance energy Er. The presently available INW/KFKI E;library, as 
published in the 1987 IAEA Handbook on Nuclear Activation Data, was based on calculation 
using the resonance parameter data from BNL 198111984. For cases whzre these data were 
not available [e.g.96~u(n,y)], a method was worked out for experimental Er-determination. In 
general, updating of the existing E, data library is strongly advised and should be based on 
the most recent compilation of evaluated resonance parameter data. 

Our existing data base of o, and essential related activation and decay constants (M, 
8, y, I, and Er) dates from the mid-80's and was mainly released as compilations published 
1c the Journal of Radioanalytical and Nuclear Chemistry Upgrading and extension can be 
performeci'as outlined above. 



&-NAA LIBRARY [I22 (n,y) REACTIONS] 

DO DATA BASE a, DATA BASE 

-SHOULD BE DERlVED FROM UP-TO-DATE AND 

INTERNATIONALLY RECOGNIZED INPUT y 

M : GENERALLY NO PROBLEMS 

8 : CAN BE PROBLEMATIC FOR MINOR ISOTOPES 

I r CF: P. DE BI~VRE, F. DE CORTE, L MOENS, 

A. SMONITS, J. HOSTE, INT. J. MASS 

SPECIROM. ION PHYS., 1983 

- SHOULD ALSO CONTAIN (OR AT LEAST REFER TO) 

TKE INPUT DATA, IN ORDER TO GUARANTEE 

CONSISTENCY AND TRACEABILITY 



SITUATION blID 1980's 

THE CASE IT4yb (n,y)17s~b (rn+g) 

SITUATION MID 1980's 

MYb = 173.04; OIT4 = 31.8?4~ y: BROWNE & FEESTONE, 1986 DE CORTE; SIMONlTS ET AL,  MID 1980's: -1 

ITSy b k, [EXPI y, % *  

I+, keV INW I KFKI 1986 OO, BARN 

113.8 9.42 1r3 1.91 128 

137.7 5.69 lv4 0.117 126 

144.9 1.59 10" 0.332 125 

282.5 1.46 10'' 3.05 125 

396.3 3.12 1v2 6.5 125 

* 12% SYSTEMATIC UNCERTAINTY 

oToT. = 142 BARN; 

osurrnr = 77 BARN 

SIMS & JUHNKE, 1970: 

ACIIVATIN METHOD; 

y3g6 = 6.0% I 
* HEFT,1979: piZiF.1 
[ ACIIVATION METHOD; 1 

THE CASE IT4y b (nry)lTs~ b (m+g) 

SITUATION 1994 
THE CASE IT4yb ( r ~ , y ) ~ ~ ~ ~ b  (rn+g) 

y's FROM MIYAHARA, MATUMOTO & MORI, IJARI, 1994 

DE c'oRTE; SIMONllS ET AL, 1994: w] 
IT4y b Y, % 

[:9:] 1994 
o,, BARN I+, keV 

113.8 [ 1.91 ] 3.857 63.4 

137.7 [ 0.117 ] 0.2188 67.5 

144.9 [ 0332 ] 0.6695 62.0 

282.5 [ 3.05 ] 6.103 62.4 

396.3 1 6.5 1 13.101 62.0 

CF: * MUGHABGHAB & CHRIEN, 1968: 1-1 

* SIMS & JUHNKE, 1970: 1 65 BARN] 

* HEFT,1979: 1 58 BARN 1 



a, DATA BASE 
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PWIKFIU PUBLICATIONS 

* JRNC, 1984 -1985 : (SELECIED CASES) 

* BULL.SOC.CHIM.BELGE, 1986 @OLE OF INPUT DATA) 

* PROCEED. MlTO, JAPAN, 1988 (COMPILATION) 

* PRWEED. MlTO, JAPAN, 1988 (CONSISTENCY) 

* JRNC, 1989 (COMPILATION) 

INW I KFKI Qo-LIBRARY 

* JRNC, 1989 ( 2 PAPERS) (COMPILATION) 

* DATA MOSTLY (BUT NOT ALWIiYS) BASED ON 

CD-RATIO MEASUREMENTS (AT INW, KFK& RISB, 

LNETI, I S ,  ETC) 

TO BE UPDATED AND EXTENDED 

INW I KFKI Er LIBRARY 

* BASED ON CALCULATION USING TEE RESONANCE 

PARAMETER DATA FROM BNL 198111984 

* EXPERMENTAL D-ATION METHOD DEVELOPED 

FOR CASES WHERE NO RF~ONANCE DATA ARE 

AVAILABLE [ EG. 9 6 ~ u  (n,y) ] 

* JRNC, 1987 [ CALC~TLATD E:s ] 

JRNC, 1984 I 1985 [ EXP. DETERM. ] 

CORRECTION FOR NON-1ffi : I 
C 

BASED ON ~ f f i ' ' ~  AND Er CONCEPTS 

CONCLUSION 

- -. 
OUR EXISTING DATA BASE OF o0 AND ESSENTIAL 

RELATED ACTIVATION AND DECAY CONSTANTS (M, 

0, y, I,, AND E,) DATES FROM THE MID-80's AND WAS 

MAINLY RELEASED AS COMPILATIONS PUBLISHED IN 

THE JOURNAL OF RADIOANALYTICAL AND NUCLEAR 

CHEMISTRY. UPGRADING AND EXTENSION CAN BE 

PERFORMD AS OUTLiNED. 

TO BE UPDATED, BASED ON 

THE MOST RECENT COMPILATION OF 

EVALUATED RESONANCE PARAMETER DATA 



3.3 
Report to the 

IAEA Specialists' Meeting on the 
Development of an International Nuclear Half-Life 

and Cross-Section Database 
IAEA Headquartes, Vienna, 24-28 October 1994 

Nuclear Data Standards for Nuclear Measurements 
NEANDCIINDC Nuclear Standards File 

H Cond6, Dept of Neutron Research, Uppsala University, Sweden 

Introduction 

The NEANDC/INDC Standards File co~~sists of status summaries for eighteen 
nuclear data standards and data tabulations. The narrative summaries describe the 
current status of each of the standards and include references to recent relevant 
work and areas of continuing uncertainties. These brief reviews were prepared 
under the auspicies of the OECD/Nuclear Energy Agency Nuclear Data Committee 
(NEANDC) and the IAEA/ International Nuclear Data Committee (INDC) by 
outstanding specialists in the respective fields. The NEANDC was terminated in 
November 1991. The responsibility at NEA for the Nuclear Standards File has 
subsequently been taken over by a Working Party on Experimental Activities under 
the new Committee on Nuclear Science at OECD/NEA. 

The objective of the file is to provide concise and readily usable reference guidelines 
to essential nuclear standards quantities for a variety of basic and applied 
endeavours. 

The large majority of the recommended numerical data for the standard cross 
sections is taken from ENDF/B-VI, produced by the United States Cross Section 
Evaluation Working Group. The reminder of the numerical data is from 
evaluations undertaken by individuals or groups closely connected with the nuclear 
data activities promoted by the NEANDC and INDC. Generally, the numerical data 
tables include quantitative definitions of the data uncertainties and some guidelines 
as to their appropriate usage. 

The 1982 version of the Standards File was published as an IAEA document 
(Technical Reports Series No 227, IAEA, Vienna, 1983) and the 1991 updated version 
was published by OECD/NEA (NEANDC-311 "U", INDC(SEC)-101, OECD/NEA 
1992). 
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Reference-Data-Types and Review Responsibilities 

The standards file consists of tabulated reference values and a status summary for 
eighteen nuclear data standards. The narrative summaries consist of concise statements 
delineating nuclear reference standards judged of importance by the Committee. 

These statements, prepared by selected specialists, outline the contemporary status 
(inciuding shortcomings) and suggest possible avenues toward improvement. The 
statements explicitly support the accompanying numerical tabulations and set forth 
other important nuclear standards not amenable to straightforward numerical 
tabulation. The review responsibility distribution as of 1991/1992 was as follows. 

Responsibil ty 

G Hale/P Young 

P Young/G Hale 
E Wattecamps 
Y Fu/P Young 

197Au(n,y)198~u CBNM F Corvi 

UK/USSR M Sowerby/V Konshin 
235U Fiss Fragm Anistropy CBNM F J Hambsch 

Y Nakayima/Y Kanda 

H Vonach 

H Vonach 

93Nb(n,2n)g2Nb Austria H Vonach 

Neutron Energy Standards Italy C Coceva 

Actinide Half-lives CBNM/IAEA W Bambynek/H Lemrnel 
Thermal parameters France H Tellier 
Low Energy Cross Section 

252Cf Fission Spectrum Germany /IAEA W Mannhart/H Lemmel 

Russia M Blinov 
Australia J W Boldeman 

Neutron Flux Comparison France E Fort/G Grenier 
Gamma-ray Standards France/IAEA J Legrand/H Lemmel 



Besides the recommended thermal cross-sections for the standard reactions 
involving light and medium weight nuclei the recommended values and the status 
summary for "Actinide Half-Lives", "Thermal Parameters for 233U, 235U, 239Pu, 
241Pu" a i ~ d  "X-ray and Gamma-ray Standards" are of particular interest for this 
meeting. Thus, those three entries from the 1991 NEANDC/INDC Nuclear 
Standards File report (NEANDC-311 "U") are given below: 

STATUS OF ACTINIDE HALF LIVES 

W Bamby~rek 
Conrmissio~l of The European Commu~zities, joilrt Research Centre, Geel 

Establishment, Central Bureau for Nuclear Measurements, B-2440 Geel, Belgium 

H Lemmel 
I~zternatiolrnl Atomic Energy Agency, A-1010 Vienna 

The recommended reference half-life data for the major actinides, included in the 
1985 revision of the 1983 INDC/NEANDC Standards File, resulted from an 
extensive international review of transactinium nuclide decay data performed by an 
IAEA Coordinated Research Programme (CRP) from 1978 to 1985. The results of this 
effort were published in the IAEA Technical Report Series No. 261 (1986). The 
complete Iistings, published in this IAEA report, include decay data for a wide range 
of heavy elements of broader interest than that of nuclear standards. 

In the end of 1989, a Specialist's Meeting on the Status and the Requirements of 
Transactinium Isotope Decay Data reviewed the data in  the light of new 
measurements and/or  evaluations. In a number of cases, data have been 
supplemented or replaced by values measured or evaluated by members of the CRP 
and by other groups or inviduals. 

The anticipated updating of the IAEA Technical Report 261 on Decay Data of 
Transactinium Nuclides is delayed. Among the half-life values, specifically 241Pu 
requires updating, in view of recent experiments. A new evaluation may produce a 
value around 14.35 years compared to the presently recommended value of 14.4 + 
0.1 years. 



ACTINIDE HALF-LIVES - Recommended Reference Data 

Nuclide Decay mode Half-life and Uncertainty 
Years 

U-233 Alpha (1.592 f 0.002) E05 
Spont. fission > 2.7 El7 

U-234 Alpha (2.457 f 0.003) E05 
Spont. fission (1.42 f 0.08) El6 

U-235 Alpha (7.037 kO.007) E08 
Spont. fission (1.0 f 0.3) El9 

U-238 Alpha (4.47 f 0.02) E09 
Spont. fission (8.2 If: 0.1) El5 

Np-237 Alpha (2.14 f 0.01) E06 
Spont. fission > 1. El8 

Pu-239 Alpha (2.411 f 0.003) E04 
Spont. fission (8. f 2.) El5 

Pu-240 Alpha (6.563 f 0.007) E03 
Spont. fission (i.16 k0.02) E l l  

Pu-241 Alpha 
Beta 

Pu-242 Alpha (3.75 If: 0.02) E05 
Spont fission (6.77 f 0.07) El0 

Pu-244 Alpha (8.00 f 0.09) E07 
Spont. fission (6.6 +- 0.2) El0 

Cf-252 Alpha (2.73 If: 0.01) EOO 
Spont. fission (8.55 f 0.03) E01 
Total (2.645 f 0.008) EOO 



THERMAL PARAMETERS FOR 2 3 3 ~ ~  2 3 5 ~ ~  239l?uf 241l?u 

H Tellier 
Centre dlEtudes de Saclay, France 

The thermal cross sections of 235U are considered as standard reference data for 
cross section measurements of other nuclides. The thermal neutron data of 233U, 
235U, 239Pu, and 241Pu are correlated, because cross section ratios between these 
nuclides have been measured in addition to some accurate absolute values. The 
values for 2200 m/s neutrons (0.0253 eV) are used for normalization of cross section 
curves at thermal and higher energies. 

The following table shows a comparison of the recommended values of ENDF/B- 
VI and the ones adopted in the recent file JEF-2 
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The ENDF/B-VI values are based on Axton's evaluation. The JEF-2 values are the 
result of an important benchmarking of integral data (mainly keff measurements 
for a high number of thermal neutron critical experiments). That is why we can 
observe little differences between the ENDF/B-VI values and the JEF-2 ones. 

For the nu-bar ratio data the insufficient knowledge of the fission neutron spectra of the 
fissile nuclides used to be a significant source of uncertainties. For 252Cf the fission 
neutron spectrum shape is now better known from Mannhart's evaluation. It would now 
be essential to establish reliable spectrum shapes also for the other fissile nuclides. 
Thereafter one should investigate whether the improved spectrum shapes have a 
noticeable impact on the corrections for the nu-bar ratio experiments. As the 
recommended nu-bar values have errors of 0.15 to 0.2 percent, even small changes in nu- 
bar ratio corrections may have an impact on the thermal parameters. 

X-RAY AND GAMMA-RAY STANDARDS 

J Legrnlzd, A Lorelzz 
Fra~zcelIA EA 

June 1988 

Updated by H D Lemmel, IAEA, Vielzna, Augusf 1992 

The efficiency calibration of gamma-ray detectors requires a precise knowledge of the 
gamma-ray energies and emission probabilities of the calibrant radionuclides. The need 
for an universally accepted base of radionuclide decay data to serve as a standard for th 
efficiency calibration of gamma-ray detectors has become increasingly apparent in th 
course of nuclear measurement intercomparison programmes performed over the pa 
few years. A variety of reference data sets has been developed for this purpose in ma 
gamma spectroscopy laboratories. The formulation and use of a single internationa 
produced and accepted file of carefully evaluated decay data would elimina 
inconsistencies and improve the accuracy of detector efficiency calibrations. 

In 1986, the IAEA initiated a Coordinated Research Programme ('CRP) aimed 
specifically at the production of a single internationally accepted set of x-ray and gamma- 
ray detector calibration data of improved quality to meet the needs of radioactivity 
measurements in fields such as safeguards, dosimetry and fuel management. In 
particular, this programme examines the current status and adequacy of radionuclide 
decay data used for detector efficiency calibration, identifies additional nuclides which 
could be appropriate as calibration standards, and initiates appropriate actions, (i.e. 



required measurements and/or evaluations) to produce the required file of calibration 
data. 

The conclusions of this CRP have been published in IAEA-TECDOC-619 (Sept 1991). The 
recommended values from this report are listed on the following pages. These data are 
also available on a PC diskette by Hartmut Lemmel which can be obtained from the IAEA 
Nuclear Data Section, costfree upon request. 

References 

Work referred to in the lists of Recommended Reference Data was performed in the 
context of the IAEA Coordinated Research Programme on X- and Gamma-ray Standards 
for Detector Efficiency Calibration (1986 - 1989) 

M J Woods, A S Munster, National Physical Laboratory (NPL), Teddington, 
Middelsex, UK and K Debertin, Physikalisch-Technische Bundesanstalt (PTB), 

Braunschweig, Geramany 
K Debertin, Physikalisch-Technische Bundesanstalt (PTB), Braunschweig, 
Germany and M J Woods, A S Munster, National Physical Laboratory (bTPL), 
Teddington, Middelsex, UK 
W Bambynek, CEC-JRC, Central Bureau for Nuclear Measurements (CBNM), 
Geel, Belgium 
F J Schima, National Institute of Standards and Technology (NIST), Gaithersburg, 
Mayland, USA 
Y Yoshizawa, Faculty of Sciences, Hiroshima University, Hiroshima-Shi, Japan 
A L Nichols, AEA Technology, Winfrith Technology Centre, Dorchester, Dorset, 
UK 
T Barta, R Jedlovszky, National Office of Measures (OMH), Budapest, Hungary 
N Coursol, Laboratoire de Metrologie des Rayonnements Ionisants (LMRI), Gif-sur- 
Yvette, France 
R G Helmer, Idaho National Engineering Laboratory (LNEL), Idaho Falls, Idaho, 
USA 
F Lagoutine, Laboratoire de Metrologie des Rayonnements Ionisants (LMRI), 
Gif-sur-Yvette, France 



X-RAY AND GAMMA-RAY STANDARDS - Recommended Reference Data 

Table 1: Half-Lives of Radionuclides Used for Detector Calibration 

Decay --------- Half-life (days)----------- 
Nuclide Mode Value Uncertaintv Exponent Reference 



Table I (cont) 

Decay ------------ Half-life (days)---------- 
Nuclide Mode Value Uncertaintv Exponent Reference 



X-RAY AND GAMMA-RAY STANDARDS - Recommended Reference Data 

Table 2: X-Ray Standards, Energies and Emission Probabilities 

The data uncertainties are standard de;,iations. For the emission probabilities 
uncertainties are noted as last digit uncertainties, i.e. 12.3(4) means 12.3 +- 0.4 and 12.3(14) 
means 12.3 +_ 1.4 

Nuclide Trans E n e r ~ y  - - (keV) Probabilitv 

24-Cr-051 VKa 
24-Cr-051 VKP 
24-Cr-051 VKx 

I 25-Mn-054 CrKa 5.41 0.226(7) 
25-Mn-054 CrKP 5.95 0.030(1) 
25-Mn-054 CrKx 5.41-5.95 0.256(8) 

26-Fe-055. MnKa 
26-Fe-055 MnKP 
26-Fe-055 MnKx 

27-Co-057 FeKa 
27-Co-057 FeKP 
27-Co-057 FeKx 

27-Co-058 FeKa 6.40 0.235(3) 
27-Co-058 FeKP 7.06 0.032(1) 
27-Co-058 FeKx 6.40-7.06 0.267(3) 

30-Zn-065 CuKa 
30-Zn-065 CUKP 
30-Zn-065 CUKX 

34-Se-075 AsKa 
34Se-075 AsKP 
34-Se-075 AsKx 

38-Sr-085 RbKa 
38-Sr-085 RbKP 
38-Sr-085 RbKx 



Table 2 (cont) 

Nudide Trans 

39-Y-088 SrKa 
39-Y-088 SrKP 
39-Y-088 SrKx 

41-Nb-093m NbKa 
41-N b-093m NbKP 
41-Nb-093m NbKx 

48-Cd-109 AgKa 
48-Cd-109 AgKP 
48-Cd-109 AgKx 

CdKa 
CdKP 
CdKx 

50-Sn-113 InKa 
50-Sn-113 InKP 
50-Sn-113 InKx 

53-1-125 TeKa 
53-1-1 25 TeKP 
53-1-125 TeKx 

55-Cs-137 BaKa 
55-0-137 BaKP 
55-Cs-137 BaKx 

56-Ba-133 CsKa 
56-Ba-133 CsKP 
56-Ba-133 CsKx 

58-Ce-139 LaKa 
58-Ce-139 LaKP 
58-Ce-139 LaKx 

Probabili tv 



Table 2 (cont) 

Nuclide Trans Energv (keV) 

63-ELI-152 SmKa 
63-ELI-152 GdKa 
63-ELI-152 SmKP 
63-ELI-152 GdKP 
63-ELI-152 SmKx 
63-ELI-152 GdKx 

63-ELI-154 GdKa 
63-ELI-154 GdKP 
63-ELI-154 GdKx 

79-Au-198 HgKa 
79-Au-1 98 HgKP 
79-Au-198 HgKx 

80-Hg-203 TlLx 
80-Hg-203 TlKa2 
80-Hg-203 TlKal 
80-Hg-203 TlKPl 
80-Hg-203 TlKP2 
80-Hg-203 TlKx 

95-Am-241 N pLl 
95-Am-241 NpLa 

95-Am-241 NpLPrl 
95-Am-241 NPLY 

Probability 



X-RAY AND GAMMA-RAY STANDARDS - Recommended Reference Data 

Table 3: Gamma Ray Standards, Energies and Emission Probabilites 

The data uncertainties are standard deviations. For the emission probabilities 
uncertainkies are noted as last digit uncertainties, i.e. 12.3(4) means 12.3 + 0.4 and 12.3(14) 
means 12.3 k 1.4 

Nuclide Enernv (keV) Probability Reference 



Table 3 (cont) 

Nuclide Energy (keV) Probabilitv Reference 



Table 3 (cont) 

Nuclide Probability Reference 



Table 3 (cont) 

Nuclide Enernv (keV) Probabilitv Reference 

* Indicates daughter in equilibrium with parent radionuclide 
+ Note the close distance to 511.003 keV annihilation radiation 



Contribute to SM on Development of an 
International Nuclear Half-Life an Cross- 
Section Database. 

Obtained results and present or future 
activities, on reference data of interest for 
the present SM, in the framework of ENEA 
Nuclear Data Programme. 

(E. Menapace) 

A. The initiatives are related to the international 
collaboration, namely: 

i) JEF (NEA) Project for a General Purpose 
File (present version JEF - 2.2) including 
cross section and decay data for all relevant 
nuclides for the applications. 

Role of the Scientific Coordination Group 
(SCG) and . E N E A  part ic ipat ion  for the 
critical selection of "best" evaluated data 
from the internally or  internationally 
available evaluations. 



Participation to NEA Working Party for the 
International Evaluation Comparison and 
benefits for the JEF SCG work. 

ii) ENEA-CEA Cooperation for the Innovative 
and Future Reactors, with main regard to 
nuclear parameters for safety, and including 
fuel cycle items with particular regard to 
nuclear burning or transmutation programme 
in advanced reactors for Pu and Minor 
Actinides and long-lived Fission Products. 



In this context nuclear data of interest for 
the present SM were evaluated or critically 
selected with the contributes by E N E A 
Nuclear Data Programme and Laboratory 
specifically for: 

B .  Thermal cross section and r e s o n a n c e  
integrals  ( c a p t u r e  and  f i s s i o n  d a t a )  
evaluated values with main regard to: 

i > Fission Products; 

i i) Burnable Poisons as control 
a b s o r b e r s :  

i i i )  Major actinides; 

i v )  Minor actinides; 

v )  Structural material natural  isotopes,  
with main regard to Fe, Ni, Cr, Zr, Mo, 
Cu. 



C. Specific evaluations performed within the 
ENEA Nuclear Data Programme including 
thermal cross sections and r e s o n a n c e  
integra ls  (radiative capture and fission 
data) concern: 

i )  Gd,  and Hf natural isotopes: 

i i )  Fission Products: 



i i i )  F e  and Cr natural isotopes, 

(Previous evaluat ions of minor act inides 
concerned more isotopes of Pu, Cm for the 
purposes of an IAEA CRP on Actinide Data 
Evaluation). 



D Presen t  o r  p lanned activities. 

According to the terms of the i n t e rna t iona l  
cooperation, as mentioned above, the activities 
regard thermal and resonance region data f o r :  

i > S t r u c t u r a l  ma te r ia l s ,  such as natural 
isotopes of Mg, Y, Ce, W, Nb; 

i i )  Selected Fission Product nuclides, in 
particular I - 1 2 9  ; 

i i i )  Burnab le  Poisons, namely main natural 
isotopes of E r  and Hf (mainly Er-166, 

-167 and Hf- 174, - 176, -177, -178, 
- 1 7 9 ) .  

iv)  Minor  Actinides of relevance such as 
N p - 2 3 7 ,  A m - 2 4 1  and -243 .  



E. Specific data comparison. 

i) S t r u c t u r a l  Mater ia ls  

2 6 - F e  natural isotopes: Capture thermal cross 

NUCLIDE 

2 4 - C r - 5 0  
2 4 - C r - 5 2  
2 4 - C r - 5 3  
2 4 - C r - 5 4  
4 0 - Z r - 9 0  
4 0 - Z r - 9 1  
4 0 - Z r - 9 2  
4 0 - Z r - 9 4  
4 0 - Z r - 9 6  
4 2 - M o - 9 5  
4 2 - M o - 9 7  
4 2 - M o - 9 8  
4 2 - M o - 1 0 0  

sections and resonance integrals adopted from 

(*) Computed value. 

oc (b) 
J E F  MU84 
15.96 15.9k. 2 
.76 .76+. 0 6 

18.22 18.22 1 .5  
.37 .36+. 0 4 
.011 .011+.005 
1.16 1.24_+. 2 5 
.26 .222. 0 6 
.0494 .0499+. 0 0 2 
.0230 .0229_+. 0 0 1 
14.0 14.05. 5 
2.14 2.15.5 
.13 .13+. 0 0 6 
.I98 .199+. 0 0 3  

MU84 = S.F. Mughabghab - "Neutron Cross Sections" Vol. 
1 (1984). 

RIc (b)  
JEF MU84 

7.43 7.8k. 4 
0.47 0.40(*) 
8.63 8.9(*) 
.18 .18+_.04 
.16 0.14(*) 

4.90 5.25.7 
,777 .63(*) 
.368 .23+.01 

5.77 5.32.3 
109.6 109+5 

17.29 14.53. 
7.08 6.95.3 
3.96 3 . 7 5 ~ 1 5  

% 
A b n .  
4 .35  

8 3.7 9 
9 .5  0 
2 . 3 6  

5 1 . 4  5 
1 1 . 3 2  
1 7 . 1 9  
1 7 . 2 8  

2.76 
1 5 . 9 2  
9 .55  

2 4 . 1 3  
9 . 6 3  



ii) Fission Products. 

o c  (b) R I c  ( b )  % 
NUCLIDE JEF MU84 JEF MU84 A b n .  

3 7 - R b - 8 5  .4gg .48*.01 6.36 5 . 4 f . 5  7 2 - 1 7  
3 9 - Y - 9 1  1.4 1.4k.  3  1.67 ------ 
4 0 - Z r - 9 3  1.78 1.3-4 32.96 ------ 
4 0 - Z r - 9 5  .22 ----- 6.12 ------ 
4 1 - N b - 9 5  1.75 < 7  68.8 ------ 
4 3 - T C - 9 9  19-12 2 0 f 1  304.35 340k2  0  
4 4 - R u - 1 0 0  5-80 5.k. 6  8.16 11.2k1.1 1 2 - 6  

4 4 - R u - 1 0 1  3-41 3.4k. 9  111.14 l o o k 2  o 1 7 - 0  
4 4 - R u - 1 0 2  1-30 1.21 k. 0  7  3.21 4 . 2 f . 1  3 1 . 6  
4 4 - R u - 1 0 4  .30 .32k. 0  2  5.80 4.3k.1 1 8 - 7  
4 4 - R u - 1 0 6  ~ 4 6  .146k. 4) 4  5  2.08 2.0f .  6  
4 4 - R h - 1 0 3  146.2 1 4 5 k 2  1033 l l 0 0 k 5  0  1 0 0  
4 4 - P d - 1 0 5  21-83 20.0&3 . 0  9 3 0 7 ~  62.2(*) 2  2 . 3  3  

4 4 - P d - 1 0 7  1-80 1.8k.2(*) 105-7 86.6(*) 

4 4 - P d - 1 0 8  7.35 8 . 3 f .  5  171.9 2 4 4 f 4  2 6 - 4 6  

4 7 - A g - 1 0 9  90.7 9 1 k 1  146.8 1 4 0 0 f  4 8 ( * )  4 8 - 1 7  - 
4 8 - C d - 1 1 1  23-71 24+3 48.35 SO(*) 1 2 . 8 1  

4 9 - I n - 1 1 5  202 202k2 3215 3 3 0 0 k 1 0 0  95e7 , 

5 3 - 1 - 1 2 9  33.9 2 7 f 2  30.59 3 6 k 4  
5 5 - C s - 1 3 3  29-09 2 9 b . 5  438 4 3 7 f 2 6  1 0 0  
5 5 - C s - 1 3 5  9  8.7&1 .5  59.9 6 2 k 2  
5 6 - B a - 1 3 8  -35 .36k.036 .18 .32k .04  7 1 - 7 0  
5 6 - B a - 1 4 0  1-57 1 . 6 f . 3  13.7 13.6k1.4 
5 7 - L a - 1 3 9  8.93 8.93f .04 11.9 ll.8k.8 9 9 - 9 1  
5 8 - C e - 1 4 1  32.7 2 9 k 3  165 ----- 
5 8 - C e - 1 4 2  -90 . 9 5 f . 0 5  1.01 1.15k.05 1 1 . 0 8  
5 8 - C e - 1 4 4  1-13 1 . 0  1 2.72 2 .6 f .  3  
5 9 - P r - 1 4 1  11-48 11.5k. 3  17.92 17 .4 f2 .0  1 0 0  . 
6 0 - N d - 1 4 3  317 3 2 5 f 1  0  125 1 2 8 k 3  0  1 2 - 1 8  

; 5 O - N d - f  4 4  3-58 3 . 6 f .  3  4.16 3.9&.5(*) 2 3 . 8 0  

1 6 0 - ~ d - 1 4 5  41.8 4 2 k 2  231.6 2 4 0 f 3  5  8 - 3 0  



ii) Nuclides related to burnable poisons. 

(O)Eu isotopes are possible candidates as burnable poisons too. 

iii) Minor actinides. 

(b) Of (b) R I c  (b) R I f  (b)  
NUCLIDE 

JEF MU84 JEF MU84 JEF MU84 JEF MU84 

9 4 - C m - 2 4 2  16,s 1655 5,8 < 5  117. 110520 11.6 ---- 

9 4 - C m - 2 4 3  131 13051 0  599 617520 301 215520 1855 1570+_100 

9 4 - C m - 2 4 5  345 36951 7  2143 2145558 114 10158 779 84054 0  
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To the Problem of International Nuclide Chart 
Development 

Golashvil i T. V. , Lbov A. A. , Chechev V. P. 

Abstract' 

The issues resulting in the International Nuclide Chart 
dsvelopra'~t necessity are discussed alcng with the problem of 
different institution's participation in the task irplementation 

Moscow 1994 



Taking into consideration the increasing role of nuclear 
physics and its various applications in different braqches of 
science, technique and technology it is highly efficient to 

. develop the International Nuclide Chart issue involving all 
their basic characteristics. This chart will be based on the 
recent and the mst reliable data established. 

Due to what this standard chart issue intended for all 
round the world users is necessitated. At present there are 
several nuclide charts issued by various countries in different 
periods of tim : for instance, the table issued in Germany ( 

-. 1 1  -1981) in the USA (C31 -1988), in Japan (C21 -1988); 
mreover in ~iance and in Great Britain such tables are at the 
stage of implemntation. The simi lar proton-neutron nuclide ' 
chart has been issued in the Soviet Union - Russia as well ( the 
recent issues are dated to 1982 4 4 3  and 1991 4 5 1  ). 

The chart and nuclide system conparison reveals, that they 
are different in nuclide positioning, that defines their 
relative convenience for users. Sets of isotope's properties and 
characteristics themselves are not equivalent in the charts of 
different countries. As an example we present the cornpar.ison of 
half-life periods for the mst practically important isotopes ( 
see tables 1 and 2). As we m y  see from these table the mst 
appreciable vmiations are obsreved for Ti 44, Fe 59, Co 55. Ge 
68, Nb 93m, Eu 154, Au 195, Dy 165, Rb 86, Lu 177, Rn 222, 
and other elements half-1 ife periods. 

The establishnt of the above International Nuclide Chart 
has been approved at International Conferences (Yul ich, Germmy, 
1991; Wiesbaden, Germany 1992; ICSLi-CODATA, Be i j ing, Chinese 
People's Republic, 1992). The task importance was also confirmd 
by the Task Groups held in Karlsruhe (Germany) in 1991, 1992, 
1993 in Yulich (Germany) in 1991, in Gutlinburg (the USA) in 
1994, in Veinna (Austria) in 1993. 

The obj.ective of t k  work is to estalish the nuclide chart 
with the use of recomnded and standard reference data as the 



mst reliable ones including the, up-to-date and complete 
experimntal dzta not used ear?.ier as well as their cowarison 
with origiml tables and earlier issues. 

All these will enable to have .the most reliable data on 
decay types and properties, energetic nuclide characteristics 
and other properties of particles the mst widely *&ed in 
national .economy, technique, technology and medicine. 

The economical effect from the nuclide chart developmnt is 
conditioned by the data high reliability and completeness and 
specialist's saving of tim for information search 

' 

The chart is to contain t h e  fcllowing characteristisc: 

I. For stable nuclei: 

1. Elemnt symbol ( isotope, nucleus) 
2. Number of nucleons in a nucleus (A) 
3. Z of a nucleus 
4. Isotope spreading (atomic percentage) 
5. Cross sections (n, X ) of isotope forrration A+l in the 

ground and isomeric states (barns) 
6 Nuclide mass through t h e  C 12 scale 
7. Wound nucleus stsrte spin 
8. Magnetic and quadrupole mmnts of a nucleus 

I I. For radioactive nuclei: 

1. Elemnt symbol ( isotope, nucleus) 
2. Number of nucleons in a nucleus (A) 
3. Z of a nucleus 
4. Decay kind ( & .  9+, j3-, IT, sf, p, Cl2 ) 
5. Decay kind prevalence (ratio of decay branches, 

percentage) 
6. Half-life periods 
7.f - ene,rgies (hkv) , boundary and m d i m  
8.3 t etiergies (MeV) , bbundary and medi urn 

. 9.01 energies (&V) of the mst intensive,lines (n (-3) 



10. & energies (key) of the mst intensive 1 ines (n (-4) 
IT 

11. Ehergies of isomric transitions I (keV) 
12. Isomr half-life periods 2r 
13. ' Medium phonon emission energy (keV) 

111. For nuclei with metastable states 
(which coinside with corresponding 
place of stable and radioactive nuclei) 

1. Half-life periods IT 
2. Energies of isomeric transitions I (key) d' 
Special Task Groups may be established in IAEA dealing with 

the above parameters and characteristics as well as with the 
form of the data representation. We think that a horizontal 
isotope positioning is rather preferable within the 
corresponding element, just as it has been done in the Chart 
issued in Karlsruhe, Germy 111. 

Appendix I involves the hkmrandurn and the List of 
institutions and experts of different countries, which approve 
the necessity of the International Nucl ide Chart development. 

Appendix 11 presents the radionuclide region, which m y  be 
primarily inspected by the Russian Working Group. 
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Chinese Nuclear Data Center 4.2 
China Institute of Atomic Energy 
P.O. Box 275(41) ,  Beijing 102413 
People's Republic of China 

Telephone: 9357830. Telex: 222373 I A E  CN. Telefax: 861-9357008 
E-Hail: CIAEDNPQ VXIHEP. IBEP. CERN. CH 

Dr. H. Lemmel 
Nuclear Data Section 
International Atomic Energy Agency 
P. 0. Box 100 
A-1400 Vienna 
Austria September 22, 1994 

Dear Dr. Lemmel, 
Thank you very much for your informing me IAEA Specia- 

lists' Meeting on the Development of an International Nuclear 
Half-Life and Cross-section Database, Vienna, 24-28 October 
1994. 

I am very sorry that I am unable to attend the meeting. 
But I would like to make my contribution to the meeting and 
submit some information about our NSDD evaluation activities: 
1, As you know, NSDD evaluation and update for A=51-56 and 195- 
198 mass chains have been done in China. In future, they will 
continue to be done according to coordination of the NSDD int- 
ernatinal network. Besides, the decay data for over 300 radio- 
nuclides have been updated on the basis of recently measured 
data and evaluated data. But they have not been published. 
2, We will make our contribution to the envisaged ~nternational 
Nuclear Half-Livies and Thermal-Neutron Cross Sections Database 
(International Chart of the Nuclides) for nuclides relating to 
A=51-56 and 195-198 mass number range, which have been assigned 
to China by NSDD International Network. 
3, We agree the data scope end priorities: 

a), decay data: half-livies of ground states and isomers, 
emission probabilities, internal conversion coefficients. 

b), cross section: thermal-neutron cross-sections, resonance 
integrals. 

c), priorities: to start with " 250 radionuclides which are 
listed by the meeting of Decay Data Subgroup of NSDD Network. 
4, We will agree with what the meeting decides. 

Congratulation on the successful meeting. 
With best regards from all of us at CNDC, Beijing. 

Sincerely Yours, 

2Lx.L & w & 2  
Zhou Chunmei 



On the activities of the International Committee for Radionuclide 
Metrology (ICRM) 
G. WinErlcr 
Presently acting president of the ICRM, 
Institut fiir Radiumforschung und Kernphysik, University of Vienna, 
Boltzmanngasse 3, A-1090 Wien, Austria 

The International Committee for Radionuclide Metrology (ICRM) is an association 
of radionuclide metrology laboratories whose membership is composed of delegates of 
these laboratories together with other scientists (associate members) actively engaged in 
the study and applications of radioactivity. It explicitly aims at being an international 
forum for the dissemination of information on techniques, applications and data in the field 
of radionuclide metrology. The ICRM has no membership fee and no paid secretariat or 
other staff. The overall direction of the ICRM is determined by the delegates in General 
Meetings, which convene usually every two years, where organizational guidelines and 
directions for the working programs are agreed upon. The following appointments of 
officers of ICRM serving on the Executive Board were confirmed at the General Meeting 
on 11 June 1993: 

President G. Winkler 1 

Vice-presidents B. R. S. Simpson 2 (succeeded by T. Genka3 on 3 June 1994) 
F. Amoudry 4 

J. M. R. Hutchinson 5 

Past-President P. Christmas 
Secretary H. Schrader 7 

The activities of ICRM are largely the respansibility of its working groups. Each 
group is guided by a coordinator who acts as a center for ideas and communications and 
may organize conferences and workshops. At present there are six working groups with the 
respective objectives and assigned coordinators as follows: 

(1) Alpha-Particle Spectrometry 
(2) Gamma- and Beta-Ray Spectrometry 
(3) Life Sciences 
(4) Low-Level Measurement Techniques 
(5) Non-Neutron Nuclear Data 
(6)  Radionuclide Metrology Techniques 

E. Garcia-Torai'io 
J. M. Los Arcos 8 
D. F. G. Reher 9 

E. Holm lo 

A. L. Nichols 11 
T. Radoszewski l2 

The main areas of interest presently pursued by these working groups are: 
(1) Alpha-Particle Spectrometry: Improvement of peak-fitting programs combined 

with a discussion of the possibilities and limits, use of these programs in isotopic analysis 
(e.g., for Pu isotopes), fitting of low-statistics spectra, performing an intercomparison of 
computer codes that analyze reference alpha-particle spectra, investigation of problems 
encountered in measurements of Pa data, computer simulation of the physical processes 
within the detector and the source that determine the recorded pulse-height distribution. 
development of new measurement systems and of new measurement techniques such as 
time-of-flight spectrometry and bolometer methods, Rutherford-backscattering 
spectrometry as a tool to characterize alpha sources. 



(2) Gamma- and Beta-Ray Spectrometry: Methods of calculating the efficiency of 
Ge detectors (including geometries other than for a point-source) which will lead to the 
standardization of the size of commercial detectors. Low-energ calibration of detectors, 
coincidence-summing corrections, in particular for volume sources, evaluation of peak- 
fitting software with test spectra, and the determination of decision and detection limits in 
spectrometry. 

(3) Life Sciences: Accent is on radionuclide metrology applications in medicine 
such as  calibration of ionization chambers for brachytherapy sources (e.g., 1921r wires), 
developing the metrology for new candidate radionuclides for brachytherapy sources (e.g., 
169Yb), and quality assurance in the use of radionuclide calibrators in hospitals; the 
working-group program should also cover problems encountered in the accurate 
calibration of surface contamination monitors and in radioactivity surveillance of food a ~ i d  
fodder samples. 

(4) Low-Level Measurement Techniques: Low-level measurements of pure beta- 
particle emitters (e.g., 6 3 ~ i ,  9-c, 241Pu) and radionuclides decaying by electron capture 
(e.g., 5 9 ~ i ,  55~e) ,  improving methods for measuring 9 0 ~ r ,  Radon and some Actinides; 
analytical quality control and natural-matrix standards; mass-spectrometric techniques 
including radiochemistry for long-lived radionuclides, which are intended to be also 
covered at the next planned meeting of this working group to be held in Seville, Spain, 
October 2-6, 1995, with the Department of Physics of the University of Seville hosting it. 

(5) Non-Neutron Nuclear Data: Identifying and communicating difficulties and 
anomalies primarily in decay data, taking actions to assist in the resolution of decay-data 
problems (e.g., with 4 1 ~ a ,  3 7 ~ ,  9 4 m ~ b ,  116m1nY 1 z 9 ~ a ,  lg7W, 199Au, 233~a),  to consider 
discrepancies and define the uncertainties, recommending data fitting and data evaluation 
(averaging) procedures; assessment of the available tabulations of internal conversion 
coefficients (ICC) with the goal of recommending specific ICC data and tabulations and 
providing estimates of their uncertainties. 

(6) Radionuclide Metrology Techniques: Accent on liquid-scintillation counting 
and gas counting, continuation of collaboration with the International Bureau of Weights 
and Measures (BIPM) for the purpose of extending the International Reference System 
(SIR) to pure beta-particle and low-energy photon emitters (as already pursued in an 
intercomparison for 1% and 9-c utilizing liquid-scintillation counting employing 
efficiency tracing with 3H or the triple-to-double coincidence ratio method for efficiency 
determination), intercomparison of tritiated water by internal gas counting with the goal of 
creating a standard solution, intercomparison of 6 5 ~ i  and 55Fe measurements using liquid- 
scintillation counting. 

The ICRM held its most recent biennial series of meetings from 7 to 11 June 1993 
at the National Physical Laboratory (NPL), Teddington, UK, under the title ICRM'93. 
These meetings started with a 2%-day Symposium on Radionuclide Metrology and its 
Applications, organized by NPL jointly with all working-group coordinators and the 
ICRM Executive Board. The symposium was attended by some 130 participants from 22 
countries; almost eighty papers were presented. There were contributions on counting 
techniques with increased interest in liquid-scintillation counting, on advances in radiation 
drtection and measurement, on nuclear data, and on standards - in particular 75Se and 
192Ir - and on applications of radionuclides. The symposium proceedings were published 
in Nuclear Instruments and Methods in Physics Research, Section A, Volume 339, Nos.l,2, 
pages 1-41.4 '(1994). This symposium was followed by business meetings of all six 
working g r ~ " ~ s ,  a meeting of the Executive Board, and by the General Meeting of the 
ICRM members which discussed insights into the present status of radionuclide metrology 



as gained from the symposium. Officers were elected as given above. There are around 40 
institutions now represented in the ICRM. 

The next biennial ICRM meetings (ICRM'95) will be held from 15 to 19  May 1995 
at the Ministkre de 1'Enseignement Supkrieur et de la Recherche in Paris, France, at the 
invitation of the Dbpartement des Applications et de la MCtrologie des Rayonnements 
Ionisants CEAlDAMRI/L,PRVSaclay. The meetings will be open to all persons interested. 
They will comprise a Symposium on Radionuclide Metrology and its Applications with the 
following topics: 
Alpha-particle spectrometry, 
Gamma-ray and beta-particle spectrometry, 
Life sciences, 
Low-level measurements, 
Radionuclide metrology techniques (including direct activity measurements), 
Nuclear decay data (measurements and evaluations). 
These topics may include, for example, source preparation techniques, reference materials 
and calibration standards, detector developments, liquid-scintillation counting, internal gas 
counting, surface contamination monitoring and novel methods. 
TIie organization of ICRM'95 is mainly in the hands of Dr. F. Amoudry and Mrne Dr. 
Nelcy Coursol, DAMRVLPRI, BP 52, F-91193 Gif-Sur-Yvette Cedex, France. 

An ICRM Newsletter informing on activities in the member laboratories is issued 
on an annual basis; the most recent ones were issue 8 (Jan. 1994) and issue 9 (Jan. 1995), 
both edited by D.F.G. Reher 9. The ICRM Newsletter is also available to non-members 
upon request. 

It does not seem to be much of a problem to find an agreement on a formulation of 
generally acceptable procedures for data evaluation and in particular for uncertainty 
assessment and furtheron for criteria to be fulfilled for entrees going into the foreseen data 
base [see, e.g., G. Winkler: "Data fitting and evaluatior: techniques for radioactive decay 
data", in Proc. Internat. Symp. on Nuclear Data Evaluation Methodology , 12  - 16  October 
1992, Brookhaven National Laboratory, USA, ed. C.L. Dunford (World Scientific, 
Singapore, 1993) p. 257 - 266; S. Tagesen and G. Winkler: "Troubles, traps and tricks in 
fitting exponential decay data", ibid. p. 267 - 2721. But the formulations should not 
represent a strictly technical recipe in the sense of a stiff inflexible scheme for keying in 
primary data and let a computer program do the rest. The accurate quantitative assay of 
decay scheme data for a particular nuclide may become a very complex and elaborate task, 
comprising several classes of data (e.g. level properties, Q-values, types, energies and 
intensities of radiations emitted, half-lives), often requiring a step by step procedure. It 
often involves the knowledge or beforehand evaluation of several auxiliary data, for which 
experimentally determined values are often not readily available. They often have to be 
calculated or estimated with the help of nuclear or atomic structure theory or eom 
systematics of the relevant properties. Although the techniques of obtaining best values 
have been gradually refined over the years, now taking special advantage of the capability 
of computers permitting more sophisticated and faster analyses than hitherto, no amount of 
statistical sophistication can make bad results any better. Therefore the first and primary 
task is to sort out which data should be included in an evaluation. In this sense any 
evaluation i's subjective. And there may still exist unrecognized errors causing data to be 

. biased. 



The organization that keeps a data base in order - in this case the IAEA Nuclear 
Data Section - should collect the evaluations which must be well documented. A set of 
defined standards have to be fulfilled for an evaluation to be excepted. Agreement should 
be on this standards, but those should not be calculation procedures, i.e. "manipulations" of 
thc existing input data only. A review must be made by experts who should recommend a 
specific evaluation. In this way acceptable data sets could be adopted. 

The member laboratories of ICRM which are actively involved in radionuclide 
metrology and whcre staff members also work on collecting, testing, producing and 
improving radionuclide-decay data by measurements and evaluations, having command of 
the necessary instrumentation, should be well suited to contribute significantly to the 
planned International Nuclear Decay Data Database. Several ICRM-related individuals 
have indeed attended this LAEA Specialists' Meeting. The coordinator of the ICRM Non- 
Neutron Nuclear Data Working Group, in particular, could be one of the persons assisting 
in organizing or nominating a group of people being able and willing to do the review job 
and in distributing the work to be done. But - as often - in individual cases there will exist 
handicaps, such as laboratory policies and lack of man power. The forthcoming 
International Symposium on Radionuclide Metrology and its Applications, as mentioned 
above, is also supposed lo produce valuable input by publications of new decay-data 
studies. 

Addresses: 

Institut fiir Radiumforschung und Kernphysik der Universitat Wien, Boltzmanngasse 3, 
A-1090 Wien, Austria 

2 National Accelerator Centre, Radioactivity Standards and Radiation Safety Division, 
Faure, 7131 South Africa 
Japan Atomic Energy Research Institute (JAERI), Radionuclide Metrology Division, 
Tokai-mura, Naka-gun, Ibaraki-ken, 319-11 JAPAN 

4 CEALPRI Laboratoire Primaire des Rayonnements Ionisants, F-91193 Gif-sur-Yvette 
Cedex, France 

5 National Institute of Standards and Technology (NIST), Radioactivity Group, 
Gaithersburg, Maryland, U.S.A. 
Division of Radiation Science and Acoustics, National Physical Laboratory, Teddington, 
Middlesex TW11 OLW, UK 
Physikalisch-Technische Bundesanstalt, Abteilung 6, Bundesallee 100, D-38116 
Braunschweig, Germany 
Centro de Investigaciones Energkticas, Medioambientales y Tecnol6gicas (CIEMAT), 
Fisica de Radiaciones, Avenida Complutense 22, E-28040 Madrid, Spain 
Commision of the European Communities CEC-JRC, Institute for Reference Materials 
and Measurements (IRMM), Steenweg naar Retie, B-2440 Geel, Belgium 

'0 Radiation Physics Department, Lund University, Lasarettet, S-221 85 Lund, Sweden 
" Environmental and Process Engineering, AEA Technology, 404 Harwell, Didcot, 

Oxfordshire OX1 1 ORA, UK 
l2 Radioisotope Centre, PL-05-400 Swierk-Otwock, Poland 



IAEA Specialists' Meeting on the 4.4 

Development of an International Nuclear Decay Data 
and Cross-Section Database 

Some details and input requirements for the international database 

H.D. Lemrnel 

I plan to design the international database as a PC file which will be available to 
everyone who wants it, either on a PC diskette or as printed output. Specifically, publishers 
of wall charts and handbooks are invited to use it. On the other hand, data evaluators are 
invited to provide input. Preferably, the distribution would be through INTERNET FTP. 

We will have to agree on recognized evaluation procedures which will be the topic of 
subgroups at this meeting. 

To give an example: For a given nuclide only a single half-life measurement may 
exist, which may be old. In most cases one finds the original author's value quoted, with the 
author's original uncertainty. However, we feel that this is not adequate. Experts today know 
better what accuracy the author could have achieved, and we need a re-assessed uncertainty 
estimate to our present best knowledge. 

The first evaluator's law by John Story: 
If there is only one experiment, don't trust it. 

The second evaluator's law by John Story: 
If there are two experiments and both agree, then both may be wrong. 

Two measurements confirm each other only if their methods are sufficiently different. 
Otherwise an increased uncertainty must be adopted. 

These are only some examples. I hope that the subgroups will be able to formulate 
acceptable procedures for data evaluation and uncepainty assessment. 

The international database must have the following features: 

1. Input only when agreed evaluation procedures have been followed, and agreed 
procedures to approve new data. 

2. Origin and evaluation procedures for each value must be documented. The database 
will have a reference for each value. Traditional wall-charts have the default that the 
documentation of the values included, existed usually only as a private card file. We 
offer our INDC report series to document evaluations, if they are not published 
elsewhere. 

3. There will be space for additional notes. Some examples: 

a. "1 979 evaluation reviewed again in 1994. No change required." 
b. Note: "New experimental data require a new evaluation." 

This way I hope that adequate documentation will be provided for all data. 



A system of circular letters will be required for the communication and coordination 
among the participants. 

Attached are two examples. One example for two cases of recommended cross- 
sections, with entries for "Reference" and "Notes". 

For nuclear half-lives a more detailed example is attached. It contains the half-life 
values that had been evaluated by our two coordinated research projects on 

- Transactinide nuclear data, and on 
- X-ray and gamma-ray standards for detector calibration, 
- plus some data that I needed for IAEA internal purposes. 

The data and the "Reference" sections are meant for distribution. The "Notes" sections 
would be distributed only within our cooperation. They are not meant for external 
distribution. 

The PC file of half-lives as it stands now; offers some additional conveniences. 

- it gives absolute uncertainties and per-cent uncertainties, while any style of input is 
accepted; 

- it gives on push-button the half-lives in any desired unit: y, d, h, min, sec; - 
- in all these conversions it gives the correct number of significant digits. 

It should also contain a date column so that one can retrieve all information that has been 
added or changed since a given date. 

So far it has been programmed for half-life data only. But its extension to other data types 
could be done. 
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Sample of a cross-section entry: 

38-Sr-90 (n,gamma) 0.0253 eV 0.015 + 0.004 b 
20°C Maxw 0.015 + 0.002 b 
Res . Int. 0.090 + 0.010 b 

Reference: 
H.Harada et al., J.Nucl.Sci.Techno1. 31 173 (1994), and JENDL-3.2 
(1993). 

Notes: 
New experiment, confirming the value of 0.0140 + 0.0024 b (Maxw) by 
L.A.McVey et al., J.Radio.Chem. 76 131 (1983). This supersedes the 
old experimental value by Zeisel (1966) on which the value of 
0.9 + 0.5 b was based that is given by Mughabhab 1981, and 
in ENDF/B-6, BROND-2, JEF-2, JENDL-3. The new JENDL-3.2 evaluation 
(1993) adopted 0.015 b and obtained 0.090 b for the resonance 
integral. 

Reference: 
H.Harada et al., J.Nucl.Sci.Techno1. 31 173 (1994). 

Notes: 
Supersedes the value of 0.11 + 0.03 b of Stupegia (1960) which was 
given in ENDF/B-6, JENDL-3 and elsewhere. 



IAEA Nuclear Data Section 
Recommended Half-Life Values of Radionuclides 
Date of retrieval: 1994/10/20 
Note: This database is updated in irregular intervals. 
------_____-_______---------------_----_---_-d-------- --------_---_----__----------_-----_---_-------------- 

Nuclide Decay Half-life + Uncertainty Exp. Unit % Uncertainty 
-----____-_ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _  ___-- __---________ 

6-C - 14 j3- 5730 + 40 years (t 0.7%) 
Reference : 
Nucl. Phys. A523 (1991) p.61, F. Ajzenberg-Selove. 

11-Na- 22 EC 950.8 + 0.9 days ( +  0.09%) 
Reference : 
IAEA-TECDOC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Lemme1 (ed.) 

11-Na- 24 J.3- 14.965 2 0.004 hours (2 0.03%) 
Reference: 
IAEA-TECDOC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Lemme1 (ed.) 

19-K - 40 J.3-/EC ( 1.277 + 0.008 ) E 9 years - ( 2  0.6%) 
Reference: 
Nucl. Phys. A521 (1990) p.615, P.M. Endt. 

21-SC- 46 13- 83.79 t 0.04 days (2 0.05%) 
Reference: 
IAEA-TECDOC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Lemme1 .(ed. ) 

24-Cr- 51 EC . 27.706 + 0.007 days (t 0.025%) 
Reference: 
IAEA-TECDOC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Lemme1 (ed.) 

25-Mn-54 EC 312.3 5 0.4 days (2 0.13%) 
Reference: 
IAEA-TECDOC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Lemme1 (ed.) 

26-Fe- 55 EC 999. + 8. days ( +  0.85;) 
Reference: 
IAEA-TECDOC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Lemme1 (ed.) 

27-Co- 56 EC 77.31 + 0.19 days ( +  0.25%j 
Reference: 
IAEA-TECDOC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Lemme1 (ed.) 
Notes: 
To be reviewed. Proposed new value: 77.26 t0.08. (Priv.com. A.L.tliChols 1994) 

27-Co- 57 EC 271.79 + 0.09 days (t 0.038) 
Reference: 
IAEA-TECDOC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Lemme1 (ed.) 

27-Co- 58 EC 70.86 + 0.07 days ( 2  0.1%) 
Reference : 
IAEA-TECDOC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Lemme1 (ed.) 

27-Co- 60 j3- 5 -2718 + 0.0014 years ( 2  0.026%) 
Reference : 
Evaluated by M.K.Woods, K.Debertin, IAEA-TECDOC-619 (1991): X-ray and gamma-ray standards for 
detector calibration, A.Lorenz, H.D.Lemme1 (ed.) 
Notes: 
This supersedes the value of 5.2714 +- 0.0005 y given in Nuclear Data Sheets 48 (1986) p.284, 
P.Andersson et al. 



Nuclide Decay Half-life + Uncertainty Exp. Unit 3 Uncertainty 
I 

----------- ----- ....................... ---- ----- ------------- 

30-Zn- 65 EC 244.26 + 0.26 days ( +  0.11%) 
Reference: 
IAEA-TECWC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Lemme1 (ed. ) 

34-Se- 75 EC 119.64 t 0.24 days ( 2  0.20%) 
Reference: 
IAEA-TECWC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Leme1 (ed. ) 

38-Sr- 85 EC 64.849 + 0.004 days ( +  0.006%) 
Reference : 
IAEA-TECDOC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Leme1 (ed.) 

38-Sr- 90 13- 28.78 + 0.04 years (-1 0.14%) 
Reference: 
Nuclear Data Sheets 67 p.619 (1992), L.P. Ekstrom et al. 
Notes : 
To be reviewed. Proposed new value: 28.64 + 0.16 a. (Priv.com. A.L.Nichols 1994) 
39-Y-88 EC 106.630 + 0.025 days ( 2  0.023%) 
Reference : 
IAEA-TECDOC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Lemme1 (ed. ) 

41-Nb- 93m it 16.13 + 0.14 years ( t  0.8%) 
Reference: 
IAEA-TECWC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Lemme1 (ed. ) 

41-Nb- 94 13- ( 2.00 + 0.25 ) E 4 years ( t  12%) 
Reference : 
Evaluated by H.J.Hoods, K.Debertin, IAEA-TECDOC-619 (1991): X-ray and gamma-ray standards for 
detector calibration, A.Lorenz, H.D.Lemme1 (ed.) 
Notes : 
This supersedes the value of (2.03+-0.16)E4 y given in Nuclear Data Sheets 44 (1985) p.344, 
H.-H.Hueller. 

41-~b- 95 0.- 34.975 + 0.007 days ( t  0.020%) 
Reference: 
IAEA-TECWC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Lemme1 (ed. ) 
Notes: 
To be reviewed. Proposed new value: 35.02 2 0.05 d. (Priv.com. A.L.Nichols 1994) 

43-Tc- 99 13- ( 2.111+ 0.012 ) E 5 years ( +  0.6%) 
Reference: 
Nuclear Data Sheets 48 p.713 (1986), H.H. Huller et al. 
Notes: 
To be reviewed. Proposed new value: 2.113 0.011 E5 a. (Priv.com. A.L.Nichols 1994) 

44-Ru-106 J3- 373.59 + 0.15 days ( 2  0.04%) 
Reference: 
D. de Frenne, Nuclear Data Sheets 53 p.105 (1988), and Nuclear Data Sheets 72 p.11 (1994). 

47-Ag-110 J3- 24.60 + 0.20 sec ( +  0.8%) 
Reference: 
Nuclear Data Sheets 38 p.595 (1983), P. De Gelder et al. - The decay is 99.70% R- and 0.30% IT. 
Notes: 
TO be reviewed. Proposed new value: 24.7 t 0.2 sec. (Priv.com. A.L.Hichols 1994) 

47-Ag-110m J3- 249.76 + 0.04 days ( 5  0.016%) 
Reference: 
Nuclear Data Sheets'38 p.595 (1983), P. De Gelder et al. - Note: The decay is 98.64% b- and 1.36% 
IT. 
Notes : 
T o  be reviewed. Proposed new value: 249.79 ? 0.18 d. (Priv.com. A. L .Nichols 1994) 
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48-Cd-109 EC 462.6  + 0 .7  d a y s  (k 0 . 1 5 % )  
Reference: 
IAEA-TECDOC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Leme1 (ed.) 

49-In-111 EC 67 .313  f 0.012 h o u r s  ( +  0 . 0 1 8 % )  
Reference : 
IAEA-TECDOC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Leme1 (ed. ) 

50-Sn-113 EC 115 .09  + 0 .04  d a y s  ( +  0 . 0 3 % )  
Reference : 
IAEA-TECDOC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Leme1 (ed. ) 

51-Sb-125 B- 2 .7590 + 0.0016 y e a r s  (f 0 . 0 6 % )  
Reference : 
IAEA-TECDOC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Lemme1 (ed. ) 

53-1 -125 EC 59 .43  f 0 .06  d a y s  ( +  0 . 1 0 % )  
Reference : 
Evaluated by K.Debertin and H.J.Hoods, IAEA-TECDOC-619 (1991): X-ray and gamma-ray standards for 
detector calibration, A.Lorenz, H.D.Lemme1 (ed.) 
Notes: 
In Nuclear Data Sheets 7012 (1993) p.268 a value of 59.408 2 0.008 is recommended, evaluated by 
J.Katakura et al. based on the same experimental data as DebertinfHoods. - Note by Lemmel (1994): 
There is not sufficient evidence that the IAEA recommended value should be changed. Is the 
uncertainty of Katakura's value too optimistic? 

53-1 -129 B- ( 1 . 5 7  + 0 .04  ) E 7  y e a r s  (2 2 . 5 % )  
Reference : 
Nuclear Data Sheets 39 p.603 (1983), A. Hashizume et al. 

55-Cs-134 j3- 754 .28  + 0 .22  d a y s  ( +  0 . 0 3 % )  
Reference : 
IAEA-TECDOC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Lemme1 (ed.) 
Notes: 
New experiment: H.P. Unterweger, D.D. Hoppes, F.J. Schima, Nucl. Instrum. a. Methods Phys. Res. 
A312 p.349 (1992): 2.0640 k0.0004 y. Based on this and earlier experiments: Yu.V. Sergeenkov, 
Nuclear Data Sheets 71(3) p.571 (1994), 2.0640 2 0.0010 y. (Compared to the IAEA value of 2.0652 2 
0.0006 y.) 

55-CS-137 j3? . , 30 .17  f 0 .16  y e a r s  ( + . 0 . 5 % )  
Reference : 
Evaluated by K.Debertin, H.J.Hoods, IAEA-TECDOC-619 (1991): X-ray and gamma-ray standards for 
detector calibration, A.Lorenz, H.D.Lemme1 (ed.) 
Notes: 
This supersedes the value of 30.1 +- 0.2 y quoted in Nuclear Data Sheets 59 (1990) p.767. 

56-Ba-133 EC 10 .57  + 0 .04  y e a r s  ( 5  0 . 4 % )  
Reference : 
IAEA-TECDOC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Leme1 (ed.) 

58-C2-139 EC 137 .640  + 0.023 d a y s  ( 2  0 . 0 1 7 % )  
Reference: 
IAEA-TECDOC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Lemme1 (ed. ) 
Notes: 
To be reviewed. Proposed new value: 137.65 4 0.03 d. (Priv.com. A.L.Nichols 1994) 

63-Eu-152 EC/b- 1 3 . 5 1  +, 0 . 0 3  y e a r s  (2 0 . 2 2 % )  
Reference: . . 
Evaluated by K.~ebertin, H.J.Hoods, IAEA-TECWC-619 (1991): X-ray and gamma-ray standards for 
detector calibration, A-Lorenz, H.D.Lemme1 (ed.) 
Notes: 
This supersedes the value of 13.542 +- 0.010 years given in Nuclear Data Sheets 58 (1989) p.153, 
L.K.Peker. 
To be reviewed. Proposed new value: 13.52 2 0.01 a. (Priv.com. A.L.Nichols 1994) 
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N u c l i d e  Decay H a l f - l i f e  + U n c e r t a i n t y  Exp. Uni t  % U n c e r t a i n t y  ----------- ----- --_---_---_-_---------- ---- ----- ------------- 

63-Eu-154 J3- 8 .588  + 0 .008  y e a r s  ( +  0 . 0 9 % )  
Reference: 
Evaluated by K.Debertin, H.J.Woods, IAEA-TECDOC-619 (1991): X-ray and gamma-ray standards for 
detector calibration, A.Lorenz, H.D.Lemme1 (ed.) 
Notes: 
To be reviewed. Proposed new value: 8.593 2 0.004 a. (Priv.com. A.L.Nichols 1994) 
Compare the value of 8.592 +- 0.005 a given in Nuclear Data Sheets 52 (1987) p.50, R.G.Helmer. 

63-Eu-155 J3- 4 .85 +, 0 . 1 4  y e a r s  ( 2  3 % )  
Reference: 
IAEA-TECDOC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Leme1 (ed.) 
Notes: 
! ! ! IAEA-TEWC value to be revised! More accurate value of 4.7611 + 0.0013 y, M .P. Unterweger , 
D.D. Hoppes, F.J. Schima, Nucl. Instrum. a. Methods Phys. Res. A312 p.349 (1992); also adopted by 
C.W. Reich, Nuclear Data Sheets 71 p.737 (1994). 

79-Au-198 B- 64.663 +, 0 .019  h o u r s  (+, 0 . 0 3 % )  
Reference: 
IAEA-TECWC-619 (1P91): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Lemme1 (ed.) 

80-Hg-203 B- 46.595 + 0 .013  d a y s  (+, 0 . 0 3 % )  
Reference: 
IAEA-TECWC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Lemrc-1 (ed.) 

82-Pb-210 a ( 1 . 1 7  + 0 . 1 8  ) E 9 y e a r s  ( 5  1 5 % )  
Reference: 
IAEA Tech. Rept. 261 (1986). 

82-Pb-210 J3- 22 .30 + 0 .20  y e a r s  ( 2  0 . 9 % )  
Reference : 
Nuclear Data Sheets 65 p.225 (1992), E.Browne. 
Notes: 
Same value and error as IAEA Tech. Rept. 261 (1986). 

83-Bi-207 EC 31.55 f 0 . 0 5  y e a r s  ( 2  0 . 1 6 % )  
. . 

Reference: 
Nuclear Data Sheets 70/2 (1993) p.350, M.J.Martin, based on M.P.Unterweger, D.D.HOppeS, 
F.J.Schima, Wucl.I~str.a.Hethods Phys.Res. A312 (1992) p.349. 
Notes: 
This supersedes the IAEA value of 1.16 2 0.07 E4 days = 31.8. t1.9 years recommended in 
IAEA-TECWC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Lemme1 (ed.). , 

84-Po-210 a 138 .40  + 0 .20  d a y s  ( 2  0 . 1 4 % )  
Reference: 
IAEA Tech. Rept. 261 (1986). 
Notes: 
In Nuclear Data Sheets 65 p.243 (1992) E. Browne gives a value of 138.376 +- 0.002 days from a 
calorimetric measurement by J.F.Eichelberger et al., report MLH-1209 (1964). There is no more 
recent measurement. 
Note by Lemmel 1994: The IAEA group reduced the uncertainty to +-0.2 based on the evaluation rule 
that a high accuracy value must be based on more than a single experiment. 

86-Rn-222 a 9 l . 7 6 4  2  0 .007  h o u r s  ( 2  0 . 0 0 8 % )  
Reference: 
IAEA Tech. Rept. 261 (1986) p.155, A.Lorenz (ed.). 
Notes: 
Taken f m m  Nuclear Data Sheets 27 (1979) p.701, K.S.Toth. 
To be reviewed. The claimed high accuracy seems unrealistic. Proposed new value: 91.80 2 0.02 h. 
(Priv.com. A.L.Nichols 1994) 

88-Ra-226 a 
. . 1600.  + 7 .  y e a r s  ( 5  0 . 4 % )  

Reference: 
Nuclear Data sheets 50 p. 238 (1987), Y. A. Ellis-Akovali. 

88-Ra-228 B- 5 .75  + 0 . 0 3  
Reference: 
Nuclear Data Sheets 49 p.151 (1986), H.J.Hartin 

y e a r s  ( +  0 . 5 % )  
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90-Th-228 a 698.2  + 0 . 6  d a y s  ( +  0 . 0 9 % )  
Reference: 
IAEA-TECWC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.LOrenZ, 
H.D.Lemme1 (ed.) 

90-Th-229 a 7340 + 160  y e a r s  ( 2  2 . 2 % )  
Reference: 
IAEA Tech. Rept. 261 (1986) p.25, A. Lorenz (ed.). 
Notes : 
From Nuclear Data Sheets 24 (1978) p.263, K.S. Toth. - Not reviewed since then. 
90-Th-230 a ( 7 . 5 4  + 0 . 0 3  ) E 4 y e a r s  ( +  0 . 4 % )  
Reference: 
Nuclear Data Sheets 69 p.168 (1993), Y.A. Akovali. 

90-Th-231 P- 25 .520  f 0 . 0 1 0  h o u r s  ( 2  0 . 0 4 % )  
Reference: 
IAEA Tech. Rept. 261 (1986) p.25, A. Lorenz (ed.). 
Notes : 
From Nuclear Data Sheets 40 (1983) p.1, H.R.Schmorak, based on H.J.Cabel1 (1958). - Kept unchanged 
in Nuclear Data Sheets 7012 (1993) p.393 

90-Th-232 a ( 1 . 4 0 5  f 0 .006  ) E 1 0  y e a r s  ( +  0 . 4 % )  
Reference: 
Nuclear Data Sheets 63 p.156 (1991), H.R.Schmorak. 

91-Pa-231 a ( 3 . 2 7 6  k 0 . 0 1 1  ) E 4 y e a r s  ( +  0 . 3 % )  
Reference: 
IAEA Tech. Rept. 261 (1986) p.29, A. Lorenz (ed.). 
Notes : 
From Nuclear Data Sheets 40 (1983) p.26, M.R. Schmorak, based on 3 experiments from 1969 and 
older. Kept unchanged in Nuclear Data Sheets 7012 (1993) p.418. 

91-Pa-231 sf > 1.1 E 1 6  y e a r s  
Reference: 
Nuclear Data Sheets 7012 (1993) p.418, M.R.Schmorak. 
Notes: 
Based on a single experiment by Segre (1952). 

91-Pa-233 B- 2 7 . 0 0  + 0 . 1 0  d a y s  ( +  0 . 4 % )  
Reference: 
IAEA Tech. Rept. 261 (1986) p.45, A. Lorenz (ed.). 
Notes: 
From Nuclear Data Sheets 24 (1978) p.289, Y.A. Ellis. - Not reviewed since then. 

L 

92-U -232 a ' 6 9 . 8  +, 0 . 5  y e a r s  ( 2  0 . 7 % ;  
Reference: 
IAEA Tech. Rept. 261 (1986) p.49, A. Lorenz (ed.). 
Notes: 
From the review by N.E. Holden (1984). - Not reviewed since then. 
92-U -232 sf ( 8 2 6 )  E 1 3  y e a r s  ( 2  8 0 % )  
Reference : 
IAEA Tech. Rept. 261 (1986) p.157, A. Lorenz (ed.). 
Notes : 
Uncertainty to be reviewed. Proposed new value: (8 5 3) El3 a. (Priv.com. A.L.Nichols 1994) 

92-U -233 a ( 1 . 5 9 2 0  + 0 . 0 0 2 0  ) E 5 y e a r s  ( 2  0 . 1 3 % )  
Reference: 
1991 NEANDCIINDC Nuclear Standards File, Report NEANDC-311 (1992) p.88, W.BWynek, H.D.Lemme1 
(ed. ) . 
Notes : 
From N.Holden (1984) and IAEA Tech.Rept. 261 (1986). 
To be reviewed. Proposed new value: (1.5925 2 0.0020) E5 a. (Priv.com. A.L.Nichols 1994) 

. . 
92-U -233 ' s f  > 2 .7  E 1 7  y e a r s  
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92-U -234 a ( 2.457 + 0.003 ) E 5 years ( 2  0.12%) 
Reference: 
1991 NEANDCIINDC Nuclear Standards File, Report NEAIIDC-311 (1992) p.88, U.Bambynek, H.D.Lemme1 
(ed. ) .  
Notes: 
Evaluated by A.L.Nichols, IAEA Tech.Rept. 261 (1986). 
Other values: 
n The experimental determination of the 0-235 fission cross-section, which is an important 
reference standard, depends strongly on the 0-234 alfa-decay half-life. The 1991 NEANDCIINDC 
Nuclear Standards File (report NEANDC-311, 1992) does not mention explicitly, what U-234 half-life 
has been used for the evaluation of the 0-235 fission cross-section. Actually, it is based on the 
ENDFIB-6 evaluation which in turn is based on E.J.Axton (European Applied Research Reports 5, 641, 
1984) who used (2.454 k0.006) E5 a, which is not quite the same as the NEANDCIINDC recomended 
value. 
n Y.A.Akovali, Nuclear Data Sheets 71 (1994) p.199 continues to use the value of (2.455 + 0.006) 
E5 a evaluated by N.E.Holden, Pure Appl.Chem. 61, 1483 (1989). 

92-U -234 sf ( 1.42 + 0.08 ) E 16 years ( +  6%) 
Reference: 
IAEA Tech. Rept. 261 (1986) p.157, A.Lorenz (ed.). 
Notes: 
Taken from H.Holden in IAEA TECDOC-335 (1985) p.396. 
To be reviewed. Proposed new value: (1.45 2 0.08) El6 a. (Priv.com. A.L.Nichols 1994) 

92-U -235 a ( 7.038 + 0.005 ) E 8 years ( 2  0.07%) 
Reference: 
Nuclear Data Sheets 69 ('1993) p.383, M.R. Schmorak. 
Notes: 
This new evaluation supersedes the value of 7.037 +- 0.007 recommended in the 1991 NEANDC/INDC 
lluclear Standards File, Report NEANDC-311 (1992) p.88, W.Bambynek, H.D.Lemme1 (ed.) and taken from 
H.Holden (1984) and IAEA Tech.Rept. 261 (1986). 

9 2 1 ~  -235 sf ( 1.0 + 0.3 ) E 19 years ( +  30%) 
Reference: 
Nuclear Data Sheets 69 (1993) p.383, M.R. Schmorak. 
Notes: 
To be reviewed. Proposed new value: (3.5 2 1.8) El8 a. (Priv.com. A.L.Nich01~ 1994) 

92-U -236 a ( 2.342 + 0.003 ) E 7 years ( 2  0.13%) 
Reference: 
Nuclear Data Sheets 63 p.199 (1991), M.R.Schmorak. 
Notes: 
Uncertainty to be reviewed. Proposed new value: (2.342 k 0.004) El8 a. (Priv.com. A.L.Nichols 
1994) 

92-U -237 B-'. ;.. 6.750 + 0.010 years ( +  0.15%) 
Reference: 
IAEA Tech. Rept. 261 (1986) p.73, A. Lorenz (ed.). 
Notes: 
From Nuclear Data Sheets 23 (1978) p.71, Y.A. Ellis. - Not reviewed since then. 
92-U -238 a ( 4.470 t 0.020 ) E 9 years ( 2  0.4%) 
Reference: 
1991 NEANDC/INDC Nuclear Standards File, Report NEANDC-311 (1992) p.88, U-Bambynek, H.D.Lemme1 
(ed. ) .  
Notes: 
To be reviewed. Proposed new value: (4.468 k 0.005) E9 a. (Priv.com. A.L.Nichols 1994) 

92-U -238 sf ( 8.20 + 0.10 ) E 15 years ( 2  1.2%) 
Reference: 
IAEA Tech. Rept. 261 (1986) p.157, A.Lorenz (ed.). 
Notes: 
Taken from H.Holden in IAEA TECDOC-335 (1985) p.396. 
To be reviewed. Proposed new value: (8.27 2 0.30) El5 a. (priv.com. A.L.Nichols 1994) 

92-U -239 13- 23.47 + 0.05 min ( +  0.21%) 
Reference: 
 valuated by A.L. Nichols, IAEA Tech. Rept. 261 (1986) p.77, A. Lorenz (ed. ) . 
Nates: 
Based on Hunt et al., (1969) and older experiments. 
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93-Np-237 a ( 2.140 + 0.010 ) E 6 y e a r s  ( 5  0 . 5 % )  
Reference : 
1991 NEANDCIINDC Nuclear Standards File, Report NEANDC-311 (1992) p.88, H.Bambynek, H.D.Lemmel 
(ed. ) . 
Notes: 
Only a single precise experiment by Brauer et al. (1960), compare IAEA Tech. Rept. 261 (1986) 
p.83. 

93-Np-237 s f  > 1 . 0  E 18 y e a r s  
Reference: 
1991 NEANDCJINDC Huclear Standards File, Report NEANDC-311 (1992) p.88, H.Bambynek, H.D.Lemme1 
(ed. ) . 
93-Np-239 R -  56.40 + 0.10 h o u r s  ( 2  0 . 1 7 % )  
Reference: 
IAEA-TECWC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Lemme1 (ed.) 
Notes: 
To be reviewed. Proposed new value: 2.3565 +0.0004 d, fluclear Data Sheets 66 p.865 (1992), based 
on Abzouzi et al., J.Radioanal.Nucl.Chem. 145, 361 (1990). Is the claimed high accuracy realistic? 

94-Pu-238 a 87.74 + 0.04 y e a r s  ( +  0 . 0 5 % )  
Reference: 
Nuclear Data Sheets 59, 947 (1990) 
Notes: 
Is the claimed high accuracy realistic? If yes, this would 
supersede the value of 87.7 +- 0.3 recommended in IAEA Tech. Rept. 261p.93 (1986) based on 
N.Holden (1984). 

94-Pu-238 s f  ( 4.72  + 0.20 ) E 1 0  y e a r s  ( +  4 % )  
Reference: 
IAEA Tech. Rept. 261 (1986) p.158, A. Lorenz (ed.). 
Notes: 
To be reviewed. Proposed new value: (4.72 f 0.15) El0 a. (Priv.com. A.L.Nichols 1994) 

94-Pu-239 a ( 2.411  + 0.003 ) E 4 y e a r s  ( 2  0 . 1 2 % )  
Reference: 
1991 NEANDCJINDC Nuclear Standards File, Report NEANDC-311 (1992) p.88, H.Bambynek, H.D.Lemme1 
(ed.). 
Notes: 
Evaluated by R.Vaninbroukx, report INDC(NDS)-105 (1979). Compare IAEA Tech. ~ept. 261 (1986) p.99. 
- Also adopted in Nuclear Data Sheets 66 (1992) p.872, Y.A. Akovali. 
94-Pu-239 s f  ( 8 . 0  f 2.0  ) E 1 5  y e a r s  ( +  2 5 % )  
Reference: 
1991 NEANDCJINDC ~uciear Standards File, Report NEANDC-311 (1992) p.88, H.Banbynek, H.D.Lemme1 
(ed.). 
Notes: 
)) No documentation.of evaluation in NEANDC-311. 
u Compare (7.8+-1.6)ElS Druzhinin At.Energija 59 68 (1985), quoted in Nuclear Data Sheets 66 p.872 
(1992). 
)) This value supersedes the earlier value of (5.5+-1.6)E15 by Segre Phys.ReV. 86 21 (1952) which 
was recommended in IAEA Tech. Rept. 261 (1986) p.99. 

94-Pu-240 a 6563. 5 7 .  y e a r s  ( +  0 . 1 1 % )  
Reference: 
1991 NEANDCJINDC Huclear Standards File, Report NEANDC-311 (1992) p.88, H.Bambynek, H.D.Lemme1 
(ed. ). 
Notes: 
Evaluated by R. Vaninbroukx and N. Coursol, see IAEA Tech. Rept. 261 (1986) p.107. 
Uncertainty to be reviewed. Proposed new value: 6563 2 5 a. (Priv.com. A.L.Nichols, 1994) 

94-Pu-240 s f  ( 1 . 1 6 0  + 0.020 ) E 11 y e a r s  ( +  1 . 7 % )  
Reference : 
IAEA Tech. Rept. 26.1 (1986) p.158, A.Lorenz (ed.). 
Notes : 
Taken from  olden in IAEA TECDOC-335 (1985) p.396. 
To be reviewed. Proposed new value: (1.15 2 0.02) Ell a. (Priv.com. A.L.Nichols 1994) 

94-Pu-241 a ( 5 .96  + 0.04 ) E 5 y e a r s  ( +  0 . 7 % )  
Notes: 
To be reviewed. Proposed new value: (5.88 2 ? )  E5 a. (Priv.com. A.L.Nichols 1994) 



Nuclide Decay Half-life + Uncertainty Exp. Unit % Uncertainty "' ----------- ----- ....................... ---- ----- ------------- 

94-Pu-241 j3- 14 .40  + 0 .10  years ( 2  0 . 7 % )  
Reference : 
1991 MEANDC/ItIDC Huclear Standards File, Report HEANDC-311 (1992) p.88, H.Bambynek, H.D.Lemme1 
(ed.). 
Notes: 
14.4+-0.1 From N.Holden (1984), compare IAEA Tech. Rept. 261 (1986) p.115. Same value recommended 
by IUPAP 1989 [Pure a.Appl.Chem. 61 14831. ----- 
Note by Lemmel 1990: A new evaluation is needed! There are some recent experimental data, in 
particular one made in Los Alamos (high resolution spectrometry of the gammas accompanying the 
decay) with the result 14.335 +- 0.040 y. ----- 
Y .A. Akovali, Nuclear Data Sheets 72 p. 195 (1994) recommends 14.35 ? 0.10 y. 

94-Pu-242 a ( 3 .750  + 0 .020  ) E 5 years ( 2  0 . 5 % )  
Reference: 
1991 NEANDCfItmC Huclear Standards File, Report NEAHDC-311 (1992) p.88, H.Bambynek, H.D.Lemme1 
(ed. ) . 
Notes : 
)) No documentation of evaluation in NEANDC-311. 
)) This supersedes the value of (3.735 +- 0.011) E5 a recommended in IAEA Tech. Rept. 261 (1986) 
p.121 based on N.Holden (1984). 

94-Pu-244 a ( 8 .00  + 0 .09  ) E 7 years ( 2  1.1%) 

94-Pu-244 sf ( 6.60 + 0 .20  ) E 10  years ( +  3 % )  

95-An-.-241 a . 432.2 It: 0 . 7  years ( 2  0 . 1 5 % )  
Reference: 
K.Debertin, H. J.Woods, IAEA-TECWC-619 (1991) : X-ray and gamma-ray standards for detector 
calibration, A.Lorenz,'H.D.Lemmel (ed.). - And: Y.A. Akovali, Nuclear Data Sheets 72 p.207 (1994). 
Notes : 
This supersedes the value of 432.7 +- 0.5 y from the earlier evaluation by R.Vaninbroukx in IAEA 
Tech. Rept. 261 (1986) p.127. Both evaluations were based on the same set of experimental data. 

95-Am-242rn a ( 3 . 1 1  + 0.05 ) E 4 years ( +  1 . 6 % )  
Reference: 
Evaluated by A.L. Nichols, IAEA Tech. Rept. 261 (1986) p.135, A.Lorenz (ed.). 

95-Am-242rn sf ( 9 + 3 )  E 11 years ( +  4 0 % )  
Reference: 
Evaluated by A.L. Nichols, IAEA Tech. Rept. 261 (1986) p.135, A.Lorenz (ed.). 
Notes: 
Re-evaluation of the 'experimental value of (9.5+-3.5)Ell y by Caldwell et al. (1967). 

95-Am-242rn total 141 .0  + 2 . 0  years ( 2  1 . 4 % )  
Reference: 
Evaluated by A.L. Nichols, IAEA Tech. Rept. 261 (1986) p.135, A.Lorenz (ed.). 

95-Am-243 a 7365. + 22 .  years ( +  0 . 3 % )  
Reference: 
IAEA-TEZDOC-619 (1991): X-ray and gamma-ray standards for detector calibration, A.Lorenz, 
H.D.Lemme1 (ed. ) 
Notes : 
The 1991 IAEA recommended value of 2.690+-0.008 E6 days (=7365t-22years) differs slightly from the 
value of 7370+-40 given by Y.A.Akovali in Nuclear Data Sheets 66 (1992) p.913; - and from the 
earlier IAEA value of 7370+-15 y evaluated by R.Vaninbroukx in IAEA Tech. Rept. 261 (1984) p.137. 

95-Am-243 sf ( 2 . 0  + 0 . 5  ) E 14  years ( 2  2 5 % )  
Reference: 
Nuclear Data Sheets 66 (1992) p.913, Y.A.Akovali. 
Notes: 
Based on Gvozdev et al., Radiokhimija 8 (1966) p.493. 

96-Crn-242 a 162.94 + 0.06 days 
Reference: 
Evaluated by H.Okashita, IAEA Tech. Rept. 261 (1986) p.141, A.Lorenz (ed.). 
Notes: 
Same value as evaluated by Vaninbroukx (1982) Rept. INDC(HDS)-138. 



Nuclide Decay Half-life + Uncertainty Exp. Unit % Uncertainty ----------- _-___ __-_______________----- ---- ----- ------------- 

96-Cm-242 sf ( 7.05 + 0.09 ) E 6 years ( 2  1.3%) 
Reference: 
Evaluated by H.Okashita, IAEA Tech. Rept. 261 (1986) p.141, A.Lorenz (ed.). 

96-Cm-244 a 18.10 2  0.05 years 
Reference: 
IAEA Tech. Rept. 261 (1986) p.145, A.Lorenz (ed.). 
Notes : 
From the review by N.E.Holden (1984). 
Uncertainty to be reviewed. Proposed new value: 18.10 f 0.02 a. (Priv.com. A.L.Nichols 1994) 

96-Cm-244 sf ( 1.344 + 0.007 ) E 7 years ( 2  0.5%) 
Reference: 
IAEA Tech. Rept. 261 (1986) p.159, A.Lorenz (ed.). 

96-Cm-245 a 8500 + 100 years ( 2  1.28) 
Reference: 
Nuclear Data Sheets 67 p.172 (1992), Y.A. Akovali. 
Notes: 
Uncertainty to be reviewed. Proposed new value: 8500 f 200 a. (Priv.com. A.L.Nich0lS 1994) 

98-Cf-252 a 2.730 + 0.010 years ( 2  0.48) 
Reference: 
1991 NEANDCIINDC Nuclear Standards File, report NEANDC-311 (1992) 

98-Cf-252 sf 85.5 + 0.3 years ( 2  0.4%) 
Reference: 
1991 NEANDCIINDC Nuclear Standards File, report NEANDC-311 (1992) 

98-Cf -252 total 2.645 + 0.008 years ( +  0.3%) 
Reference : 
1991 NEANDCIINDC Nuclear Standards File, Report NEANDC-311 (1992) p.88, H.Bambynek, H.D.Lemme1 
(ed. ) . 
Notes: 
Evaluated by J.R. Smith (1983), see IAEA Tech. Rept. 261 (1986) p.149 where a comment says that 
experimental values are discrepant between 2.636 and 2.651 a. 
Other value: I.A. Kharitonov recommends a value of 2.6473 f 0.0028 a; Yad. Konst. 198714. 




