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This paper gives an overview of the Plutonium Isotopic Determination Inter-comparison 
Exercise by the ESARDA Working Group on Techniques and Standards for lion-Destruc
tive Analysis. 

R. J.S Harry is the former convener of the ESARDA Working Group on Techniques and 
Standards for Non-Destructive Analysis. 

ABSTRACT 
PIDIE (Plutonium Isotopic Determination Inter-comparison Exercise) is one of the projects 
of the ESARDA Working Group on Techniques and Standards for Non-Destructive Ana
lysis. PIDIE is placed against the historical background of the general development of 
international standards. Its results are also reviewed in the linht of the original purpose of 
the project. 

Sets of seven sealed Pu samples of different isotopic composition, each containing 0,45 
grammes, were sent to the nine participating laboratories for three separate determinations 
of the unknown isotopic composition. Afte. wards separate small samples taken from the 
same batches were analysed by mass-spectrometry, in order to have reference values for 
the evaluation of the results. 

The aim was to t ;st the y-spectrometry methods for measuring Pu isotopic ratios in a large 
range of isotopic composition, to investigate error sources and, if possible to improve the 
knowledge of y-emission probabilities. An additional question was to examine the possible 
improvement of such measurements using reference samples. 

No important bias has been observed in the results of this inter-comparison. The apparent 
improvement in the precision and accuracy of the results seems to arise from both better 
equipment and more elaborate spectrum evaluation methods. 
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1. HISTORICAL BACKGROUND OF PIDIE 

1.1 Gamma-spectrometry measurement of Pu isotopic 
composition in the ESARDA NDA WG 

When in 1975. the ad-hoc meetings within ESARDA of specialists were replaced by more 
structured meetings of Working Groups, the ESARDA Working Group on Techniques and 
Standards for Non-Destructive Analysts (NDA WG) made a survey of non-destructive 
measurement techniques applied and under development in the research and development 
(R&D) programmes of the members. A report was produced on the practical applications 
of NDA 111. To review existing measurement requirements and to review R&D on non-de
structive measurement of isotopic composition of Pu. a one-day working session on 
'Gamma-spectroscopic measurement of Pu-isotopic composition' was convened on 26 
April 1977 at the Netherlands Energy Research Foundation ECN, Petten, Nederland |2]. 

At that meeting the plant operators explained their various needs for: 

• very accurate (relative uncertainty smafler than 0,1 %) isotopic composition data (on 
feed material) for which only mass-spectrometry measurements could be used and 

• less demanding measurement situations where y-spectrometry could suffice for quick 
measurements on material in the pressing and sintering stages (relative uncertainty 
smaller than 1%). and 

• very approximate isotopic composition measurements on the waste streams (relative 
uncertainty smaller than 10%). 

The relevant R&D of the NDA WG members was also presented and discussed. 

At that time the IAEA (International Atomic Energy Agency) launched an inter-comparison 
exercise on the peak evaluation of y-spectra [3]. The NDA WG therefore decided to 
concentrate the co-operative efforts for the y-spectrometry measurements of Pu on actual 
performance and possible improvements. 

For the inter-comparison of the measurement capabilities of y-spectrometry of Pu isotopic 
composition there were three basic approaches, which obviated the need to transfer Pu 
containing material between the different participating organizations: 

• each laboratory analysed samples of the same reference materials which were already 
present in these laboratories; 

• spectra measured by one laboratory were exchanged for independent evaluations; 

• measurement equipment and staff came to one selected location where samples were 
available for the measurements. 

Looking back into history, it appeared that PIDIE followed the most difficult route, not so 
much due to the work involved in the preparation of the samples, but because of the new 
rules that emerged for international transfer of Pu material, even for the 3,15 grammes per 
set of seven PIDIE samples. The rules of the international convention for physical protec
tion, which define the lower limit for the more strict application of physical protection 
measures at 15 grammes of Pu [4), had not yet become 
effective. 
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1.2 Inter-comparison on NBS-SRMs 

An immediate start was possible for the inter-comparison based on measurements of Pu 
Certified Reference Materials (CRMs) NBS-SRM 946.917. and 948 already present in the 
laboratories for mass-spectrometry. These CRMs had been supplied by the MBS (United 
States of America. Department of Commerce. National Bureau of Standards, which 
changed name on 23 August 1988 to National Institute of Standards and Technology. 
NIST). For the isotoptc ratio evaluation it was agreed that all participants should use a 
common set of nuclear data. 

At the next meeting of the NDA WG on 5 April 1978 at ECJREX in Saluggia the preliminary 
results were discussed, in order to compare the evaluation methods, spectra (on punched 
cards) were distributed amongst the ESARDA participants, the IAEA, the Bulgarian 
Academy of Sciences. Los Alamos Scientific Laboratory, and Mound. This inter-compari
son experi-ment was concluded in July 1981 with the publication of the final report [5]. 

The report of the inter-comparison gave a re-evaluation of the ratios of the ^-emission 
probabilities which were used to determine the ratios of two nuclides. The corrections of 1 
to 2% cannot directly be ascribed to one of both y-emission probabilities. Similar values of 
the correction were reported by others. An in depth comparison of mass- and y-spectro-
metry measurements of Pu isotoptc RMs confirmed these results and recommended the 
value of 9,32-10'6 photons/disintegration as the best value of the remission probability for 
152,7 keV photons of 238Pu [6]. The inter-comparison report also remarked that the 
isotopes with minor abundances of the SRMs were not specified with sufficient accuracy. 
Betier data became available in 1987 when new data on these SRMs (SRM 946 and 948 
were ascribed the new code numbers NBL CRM 136 and 138) were supplied [7]. 

Table 1. Performance on NBS-SRM from the 198J inter-comparison.Throughout PIEAE 
alt atomic abundance values are normalized to P,which is the total of the 
abundances of the nuclides 236Pu to 2*lPu. 

isotopic ratio ! standard deviation 
; 

238Pu/P | 1.5-2.5% 
1 

239Pu/P 1,5-2.5% 

240Pu/P 3.5-5.5% 

The performance determined in this first ESARDA inter-comparison can be summarized 
by the values for the standard deviation (1 o ) as follows: 

From these results the NDA WG concluded that an inter-comparison on a wider range 
of isotopic compositions should be performed in order to improve the data base of 
y-emission probabilities. PIDIE was announced in the final report of this first inter-compari
son. The samples were to be ready for distribution in the course of 1981. 
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1.3 Inter-comparison on Pu-oxide in cans 

An inter-comparison with teal plant material, by ̂ -measurements and neutron coincidence 
measurements was performed at Belgonucléaire in DesseJ, België. Participants moved 
their own equipment to Dessd. Cans containing kilogramme amounts of P11O2 input 
material were measured and the results were compared to the plant declarations. The 
neutron coincidence measurement part of the experiment was reported and published 
(with other relevant work) in a paper at the first Annual ESARDA-Symposium in BrussH 
in 1979 [8]. 

The f spectrometry results deviated significantly due to inhomogeneity of the isotopic 
composition in the cans. Mass-spectrometry at SCK-CEN confirmed these inhomogene-
ities of 10% to 16% difference in the 239Pu to 24 lPu ratio. Other than internal reports (9), a 
comprehensive report on this 'failure' has never been produced. 
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2. DEVELOPMENT OF PIDIE 

2.1 The PIDIE sample fabrication 

It was intended to get more different isotopic compositions and to extend the range below 
the 75% 2>9Pu of the MBS SRM-947. In July 1978 ÜKAEA Harwell received an offer for five 
batches of homogeneous material, with isotopic compositions ranging from approximately 
94% to 76% 239Pu, resulting from different (presumably MAGNOX) reactor histories and 
not due to blending. From the light water reactor cycle two other batches were provided 
by KfK with 69% and 65% 239Pu respectively. 

The sample containers were designed in 1981, Figure 1. and produced by UKAEA AERE 
Harwell. Each sample contains a P11O2 pressed pellet encapsulated in a welded stainless 
steel container. The mass of Pu in each sample is about 0,45 grammes. A small amount 
of each batch of PUO2. was reserved for the PIDIE DA exercise on the mass-spectrometry 
analysis of Pu and additional a-spectrometry for ^ P u and * 4 I Am determination after the 
y-inter-comparison. This arrangement of samples and references would give unbiased 
results (blind test). 

The fabrication of the fifteen sets of seven samples was somewhat delayed but the major 
obstacle that delayed the final dispatch of the samples until the second half of 1987, 
beginning 1988, was due to the newly imposed 'end use' guarantees, which became 
necessary for export licences. 

During the long period of delay the Commission of the European Communities (CEC), 
Joint Research Centre (JRC), Geel Establishment. Central Bureau for Nuclear Measure
ments (CBNM) made separately from PIDIE sets of four pilot samples of 6,65 grammes 
P11O2 each, for f-spectrometry, of which sets of three samples are still commercially 
available under number CBNM-27I, [10]. 
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Figure I. Ooss-sectiona I view of the PiDIE samples 
A: Stainless sleet plug, B: Stairless steel base, 
C: Pressed PuO^peftet, D: Window: 0,33 - 0,50 mm. 
All sizes are given in mm. 
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2.2 The PIDIE questionnaire 

The first proposal for PIDIE was to perform 'a co-ordinated experiment, rather than a 
comparison experiment, with the intention to provide laboratories with material which can 
be used as a basis to refine and improve y-spectrometry' (11 J. ft is a 'measurement method 
evaluation' project. 

Previous inter-comparisons had shown that a considerable effort is spent on an inter-com
parison by all participants, and in particular by the final evaluators. All steps of the PIDIE 
inter-comparison should therefore be carefully prepared including its final evaluation. The 
questionnaire had to guide the measurements, the spectrum evaluation and reporting of 
the results. This was thoroughly discussed in 1962 in the NDA WG. The evaluation of the 
results was performed by the Commissariat a I'Energie Atomique. Office des Rayonne-
ments lonisants. Département des Applications et de la Mêtrologie des Rayonnements 
lonisants. Laboratoire de Métrologie des Rayonnements lonisants (LMRI). 

Automatic procedures for calculation were already in use in the daily practice of some 
participants. Hence the installed calculation codes could not be adapted to the initial 
request of PIDIE to use the recommended nuclear data. It was accepted that different sets 
of nuclear data were used. 

In the 1986 review of die carefully defined questionnaire a request was included to 
determine the improvement obtained by the use of the CBNM pilot samples. The small size 
of the PIDIE-sampies and the practical wish to avoid real coincidences in die counter made 
it less attractive to study the effects of high counting rates with the PIDIE samples dose to 
the detector. 
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3. DEVELOPMENTS IN THE FIELD OF 
INTERNATIONAL STANDARDS 

3.1 ESARDA activities and international standards 

The Treaties of Rome, setting up the European Communities define the role of the CBMM 
for the establishment of nuclear standards for the European Community 112]. The NDA 
WG has always recognized this special position of CBNM. This point was of particular 
interest when the NDA WG was developing the project to produce CRMs (131, for 235C1 
abundance determination by •y-spccuornetry [14]. (15|. It was an international endeavour 
in close contact with the safeguards authorities, including, in die beginning, die (IS Nuclear 
Regulatory Commission. CBNM and MBS co-operated on the fabrication and the certifica
tion of the CRMs. The NDA WG supplied the initial ideas, the technical specifications, and 
the relevant expertise on the f-spectrometry measurement technique, which has been 
reported in the users' manual [161. 

The role of these standards in the metrology system has been explored together with the 
procedure to get the CRMs made and officially certified by the competent bodies. For 
safeguards use it was important to get them internationally recognized and easily identifi
able and verifiable by the application of a safeguards sealing system. Measurements 
calibrated according to a clearly described procedure, using these CRMs, are in practice 
directly traceable to the SI units {17]. 

These points and the ESARDA role in relation to the established structures for providing 
CRMs was described in an invited paper at the ESARDA annual symposium in Edinburgh 
(18). For the IAEA the subject of traceability and calibration of NDA measurements 
together with the different types of reference materials was dealt with in an Advisory group 
held in 1977 119]. 

in 1982 the fourth ESARDA annual symposium in Petten, Nederland, was devoted to the 
many aspects of the subject, under the title 'Harmonization and Standardization in Nuclear 
Safeguards' (20]. The participants of that meeting will remember the sometimes provoca
tive papers and the many fundamental discussions which occupied much of the meeting 
time. 

3.2 Common standards for Pu NDA and mass-spectrometry 

The co-operation between ESARDA, CBNM, and NBS on the uranium oxide standard 
project was an example for the investigation of the possibility of a similar project on 
plutonium. On 4 and 5 March 1980 a first international meeting was convened at NBS [21 ]. 
For good measurement traceability it was concluded that combined CRMs for mass-spec -
trometry and NDA should be produced from the same batches of nuclear material. 

The mass-spectrometry of Pu revealed an urgent need for so-called synthetic CRMs, made 
by mixing carefully weighed amounts of separated isotopes in order to make the measure
ments by mass-spectrometry really traceable. In the NDA field the formulation of the 
demands for CRMs lacked a coherent view on their use. Could the measurement technique 
not be based on 'first principles', i.e. on accurate nuclear data and a good physical model? 
Pu CRMs with a high content of 24 ,Pu will in a few years accumulate much * 4 , Am which 
emits photons of different energies, which increasingly disturb the spectra. Regular 
chemical separation from Am of the batch Pu for NDA whould destroy the joint character 
of Jie batch. 

A following meeting at the IAEA in Vienna on 8 and 9 April 1981 (22/ posed specific 
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questions with regard to the NDA CRMs. These questions concerned the definition of an 
infinite thickness, use of a mixture of uranium and 3 0 \ Pu. maximum size of micro-spheres 
of PU oxide as the material for the CRMs. specifications and design of sample containers, 
and special uses of the CRMs for catorimetry or neutron coincidence counting. 

The NDA part had to defer concrete answers until a better and more coherent view could 
be given on the real requirements. It was expected that PIDÖE would help to give answers 
and define die need for CRMs for NDA. The idea to have joint batches of Pu for DA and 
MDA CRMs was deferred. 
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4. DEVELOPMENTS IN THE NDA FIELD 

4.1 Review of the status of the technique 

h October 1983 the IAEA organized an Advisory Group Meeting, which was fully devoted 
to the single î sue of the NDA determination of the isotopic composition of Pu [23}. The 
subject became important for safeguards for the verification of the toto! mass of Pu by the 
neutron coincidence counting (FiCC) technique. A good knowledge of all Pu isotopes and 
241 Am is required because the NCC-result is representative only for the even Pu nuclides. 
It is also necessary for the calculation of the correction for the a, n-reaction rate as part of 
the neutron multiplication correction. 

The report of that Advisory Group Meeting gives a complete review of the y-technique and 
practical recommendations for its future implementation. The performance of the y-spec-
trometry har been specified for medium and high bum-up Pu using measuring times of 500 
s and detector counting rates about 40 thousand per second and a pulse throughput of 50% 
(see Table 2). By using longer counting times, the systematic sources of uncertainty will 
become the dominating factor, thereby making it difficult to achieve an overall uncertainty 
of better than about 0,5 - 1%. 

The use of higher counting rates became a real possibility due to new developments in 
electronic equipment, such as time variant filters and opto-electronic feedback [24]. At the 
NDA WG meeting on 1 April 1981 at ECN, Petten, Nederla.id this development was 
presented by Dr G. White, one of the principal investigators of these new techniques. The 
higher counting rates without loss in energy resolution formed an important improvement. 
The electronic detector-characteristics remained the limiting factor. A disadvantage may 
be that the new electronics require direct fitting to a specific detector. 

Table 2. Performance for medium and high bum-up Pu given in 1963 for measurement 
times of 500 s. 

, standard deviation 
isotopic ratio , 1 

medium bum-up ! high bum-up 

'Pu/P 2 -3% I 1,5-2,5% 

'Pu/P j 0,5-1% J 1,1-1,6% 
-—_. . ,—_. ,—. . . , _ 

'Pu/P i 3 - 5 % 4 -6 % 

4.2 Intrinsic calibration 

The different photons of one nuclide are emitted with their specific y-emission probabilities. 
The ratio of the corresponding peak areas obse ved in the y-spectrum should have the 
same ratio as the emission probabilities influenced by the difference in absorption and the 
difference in the detector efficiency for these energies. Hence it is possible to derive a 
relative detection efficiency curve by combining information from different peaks in the 
y-spectrum originating from one nuclide. 

This method has been described for th* determination of uranium enrichment and isotopic 
ratios from other types of spectra in a paper at the IAEA safeguards symposium in 1975 
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125]. The method achieved widespread use for determination of isotopic ratios in MOX and 
Pu (and its currently used name, intrinsic calibration) from the article by T.N. Dragnev [26 J. 
Wider application of the principle also extended the range of calibrations to measurements 
of sources with physical characteristics differing from the calibration samples. This reduced 
significantly the demands for truly representative, plant specific, reference materials. A 
recent iAEA Advisory Group confirmed this development [27J. 

4.3 Improvements by adjustments of ratios of y-emission 
probabilities 

For the application of the intrinsic calibration method, it is essential that the y-emission 
probabilities (and the decay constants) are accurately known, use of literature values 
resulted in some biases in the determination of the isotopic composition. The procedures 
to evaluate the peak areas from spectra can contribute to this effect. Nevertheless the 
judicious adjustment of y-emission probabilities improved the measurement results. Dif
ferences compared to mass-spectrometry were reduced to one per cent or less [28]. 

4.4 Measuring and analysing the low energy part of the 
spectrum including the X-rays 

The low energy part of the Pu y-spectra, contains a complex of X-ray and y-peaks and the 
intrinsic calibration has to accomodate the discontinuity at the K-absorption edge of 
121 keV. If this region can be evaluated correctly, the high counting rates in this region 
allow a short counting time. At the ninth Annual ESARDA Symposium in London, in 1987, 
the new computer code MGA2 was presented, which performs this quite complex evalu
ation with remarkably good results (29). 

The Euratom Safeguards Directorate tested the claims of the above mentioned paper on 
more than 300 items in 10 facilities. It reported the substantial improvement in the 
accuracies to 1% or better for most nuclides of all types of Pu containing material, with 
counting times of 10-20 minutes [30]. The measurements are sensitive to the proper 
letting of the pole zero correction on the amplifier and any other phenomenon which may 
cause peak shape distortion. Even with counting rates as high as 20 thousand per second 
very good results have been obtained. 

4.5 PERL\ 

b the framework of the Safeguards and Fissile Material Management Programme of the 
CEC JRC the PERLA (PERformance LAboratory) has been set up in the Ispra Establish
ment [31]. The basic aim of PERLA is to bridge the gap from laboratory development to 
application of safeguards instruments and techniques in an industrial environment. For this 
purpose it has established an inventory of accurately characterized samples, repre
sentative of the fuel cycle. The characterization accuracies for the DA determination of the 
isotopic composition have been reproduced in Table 3 as an example of the uncertainty 
values which might be expected from the PIDIE DA inter-comparison results. 

The wide range of PERLA samples from the fuel cycle allows a thorough testing of the 
cakulational modelling of the physical phenomena, based on a sufficiently accurate 
knowledge of the nuclear constants. As described in the paragraph on intrinsic calibra
tion, such calculations allow for a significant reduction in the number of physical standards 
needed. But the models have to be tested in truly representative conditions. 
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5. RESULTS OF PIDIE 

5.1 Some general points 

On 27 and 28 April 1989, a meeting was convened in Paris to discuss the results of the 
PIDIE and the draft of a preliminary report, which was presented at the ESARDA Sympo
sium in Luxembourg (32]. The NDA WG decided to consider the MDA part of the PIDIE as 
closed at the time that the samples for the PIDIE DA exercise (mass-spectrometry analysis 
of Pu and additional a-spectrometry for a a P u and 2 4 , Am determination) were released. 
PIDIE is a real 'blind test' to determine the possibilities of y-spectrometry for Pu isotopic 
composition measurements at that time, i.e. end 1988. The participants were: 

ANMCO, 
CBNM and SCK/CEN, 
ECN, 
ENEA. 
IAEA, 
JRC-lspra, 
LANL, 
LLNL, 
LMRJ. 

Harwell, 
Mol. 
Petten, 
Cassaccia, 
Wien, 
Ispra, Va., 
Los Alamos, NM, 
Livermore.CA, 
Gif-sur-Yvette, 

united Kingdom, 
België, 
Nederland, 
Italia, 
Österreich, 
Italia. 
Ü.S.A.. 
Ü.S.A.. 
France. 

Eight participants delivered their NDA results in time for inclusion in the preliminary report, 
the ninth delivered the results before closing time, these results will also be included in the 
final report, which is not yet finalized [33]. Some participants gave results of different 
methods of evaluation. In total fifteen sets of results are available for final evaluation. For 
the PIDIE DA exercise six sets of results are now available, but a few more are expected 
soon, and will be included in the final report. The PIDIE DA results are the reference values 
for the NDA comparison. However, for DA an abundant supply of sample material of all 
seven botches still remains. 

In the presentation all atomic abundance values are normalized relative to P, which is the 
sum of the abundances of the nuclides 238Pu to 24 ,Pu. The reference date for decay 
correction is 1 January 1988. 

5.2 DA results 

There are stiil some results of PIDIE DA expected, which will be included, and they may 
change the final data slightly. Therefore the data of the DA part should be treated as 
intermediate results. A statistical analysis of the DA results has been made by the Authority 
Nuclear Material Control Office, (ANMCO) at Harwell |34]. 

In view of the relatively small number of participants to PIDIE DA (six), there is a low 
confidence level associated with the external standard deviation derived from the devia
tions between the laboratories. The uncertainties declared by the participants show quite 
large differences. Missing uncertainty values from two participants should be included for 
a better evaluation. Further it was noted that: 

• the quoted uncertainties for 238Pu may be too high; 

• the quoted uncertainties for 239Pu by one participant may be systematically too high; 

• the quoted uncertainties for 2 4 ,Am for PfDIE samples 4 - 7 may be too low. 

In the comparison of the DA results of PIDIE in Table 3 the averages of the results of the 
DA analyses have been used and the uncertainty given is based on the assumption that 
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the standard deviation, which is reduced by this averaging, is a good indicator for the total 
uncertainties in this average result, i.e. the systematic component of the uncertainty has 
been neglected. 

5.3 NDA results 

PIDIE NDA was performed during 1988. Participants determined the atomic ratios for the 
seven samples from three measurements per sample. Counting time needed to be long 
enough to obtain a random uncertainty component on 240Pu of less than 5% at the 68% 
confidence level, after corrections. The reference date for decay correction is 1 January 
1988. The atomic abundances were presented as the abundance ratio relative to P, P being 
the sum of the abundances of the nuclides 238 to 241 of Pu. 

Most of the detectors used had a resolution better than 600 eV F.W.H.M. at 125 keV and 
better than 700 eV at 208 keV. Generally a Cd absorber of 1 to 2 mm thick was used and 
sometimes a Cu absorber. The sample amount of Pu limited the counting rates, the highest 
value was about 9000 per second. 

In the PIDIE NDA evaluation, letters have been attributed as follows to the types of Pu 
spectrum evaluation methods used: 

A - uses mainly X- and y-peaks in the 94 keV to 104 keV region, 

BCD - use peaks in the 120 keV to 500 keV region, of which: 

B - uses nuclear data of ref. [36J, or ref. |37], 

C - uses corrections derived from the CBNM Pilot samples, and 

D - uses other nuclear data. 

One of the main sources of uncertainty is due to the determination of 240Pu abundance by 
the only photon energy at 160 keV, which is not very intense and is disturbed by 
interferences. 

In Table 4, on the next page, the intermediate PIDIE NDA results are summarized together 
with the PIDIE DA values and the percentage values of the uncertainty indicators v(x) and 
S(x). The results still to be included change the final data only slightly. The indicator v(x) 
is the coefficient of variation of the average value of the results of the participants. The 
indicator 5(x) is the average of the relative uncertainties reported by the participants, 
divided by the square root of the number of results averaged. Due to the small number of 
participants using the same type of evaluation (only 2, for type A.C, and D), the internal 
standard deviation has not been calculated. In general (cases B and total) the 5(x) was 
close to v(x). 
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6. CONCLUSIONS AND FUTURE DEVELOPMENTS 

Table 3 Comparison of the expected uncertainties of the Pu isotopic composition speci
fications of the PERLA samples /35/, with the uncertainties calculated as ex
ternal standard deviation of the average PtDIE DA results, i.e neglecting syste
matic uncertainty components. 

PIDIE DA | 
isotopic ratio h 

238Pu/P 

239Pu/P ; 

240Pu/P 
; 

24,Pu/P 

PERLA 

0,5 % 

0,05% 

0.1 % 

0,3 % 

standard deviation 

PIDIE DA 

0,3 -1,8 % 

0.004-0,04% 

0,02 -0,05% 

0,1 -0.8 % 

6.1 Mass-spectrometry data 

The results of PIDIE NDA were compared with the results of six sets of data of PIDIE DA 
as reference. The external standard deviations of the average values of the DA data are 
only a guide on the reproducibility (see Table 3). but they are used as an indication of the 
total uncertainty. The systematic component of the uncertainty has been neglected. 

Remarkable improvements in the technique of mass-spectrometry, which enable the 
elimination of isotopic fractionating and the effect of poor knowledge of the collector gains, 
result in a reproducibility claim of < 0,02% [38], and accurate and reproducible results have 
been obtained with an accuracy of 0,01%. These developments may help to provide more 
accurately characterized samples as a measurement basis for the NDA improvement. At 
present systematic uncertainties of 0,5 to I % should be taken into account for NDA, mainly 
due to uncertainties in the nuclear data. 

6.2 Conclusions on NDA from PIDIE 

6-2.1 Average of all NDA evaluation methods 

There is a good agreement between the data of PIDIE P.'DA and PIDIE DA on Pu. Differences 
of several per rent between the values for 24lAm for the first three PIDIE samples is clearly 
larger than expected. A small bias is suggested by the 24' Pu data, which all tend to be lower 
than the PIDIE DA results. However, the database of the PIDIE results is too small to draw 
such conclusions. The larger number of well characterized PERLA samples, and experi
ments with more measurements, offer a better chance to analyse such bias effects. 

6.2.2 Evaluation including the X-ray region 

For assessing improvements, the results of the two participants who applied this method 
(type A) were compared with the type B evaluation (nine participants). Results of both 
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types are consistent with the DA data and the uncertainties (smaller for type A; for type B, 
the larger individual uncertainties are compensated by the larger number of participants, 
which gives a better average value than for type A provided that there is no systematic bias 
common to all type B results). Comparison of all Pu and Am data shows that only 6 data 

Table 4. Results of the PIDIE exercise from mass-spectromy and y-spectrometry 
n = number of results, x = the average uaiue of the results, 
o(x) * the coefficient ofuariations of the average value, 
viz. s(x)/x, with s(x) ^ V-: standard deviation of the average value. 
h(x) = the average of trie relative uncertainties given per results divided by Vn~. 

Sample, 
ratio 
Pu/P 

Mass-spectr. re
sults 

(atom %) 

x v(»| 
(%) (%) 

Sample 
1 
239 
239 
240 
241 
«'Am 

Sample 
2 

238 
239 
240 
241 
«'Am 

Sample 
3 

zm 
239 
240 
241 
«'Am 

0.0111 1.8 
93,8212!0.004 

5.9699 0.05 
0.197810.8 
05295 1.4 

; 

0,0226 1.3 
89.4634; 0.0045 
10.0712 0.04 
0,4428 0.23 
0,263610.5 

! 

0.0474 0.4 
84.8340:0.005 
14,1285 0.03 
0,9901 0.21 
0,626411.3 

Samplet 
4 
236 
239 
240 
241 
«'Am 

Sample 
s 
z» 
239 
240 
241 
«'Am 

Sample 
5 
230 
239 
240 
24« 

«'Am 

0,1094 0.5 
78.2371 0.008 
19.8165 0.02 
1,8368 0.13 
1,575010.9 

| 

1 
0,133210.5 

76,5022'0.011 
21.3015,0,03 

2.0634 '0.12 
1,7498 1.2 

0,9691 
66.8903 
24,7031 

5,4378 

0.3 
0.007 
0.02 
0.13 
1.7 

Gamma-ray spectometry results (or: 

All J TypeB j TypeA ' TypeC j TypeO 
(n-15) ! (n-9) ! (n-2) (n«2) j (n-2) 

x v(x)j«(x)j x i v(K) !6(x) j x 5(x) x J5(x)i x iS(x) 
( % ) ( % ) • ( % ) ( % ) ( % ) ( % ) ( % ) < % ) ( % ) ( % ) • ( % ) ! ( % ) ! 

1 ! : : : • ! ! 
0,0110122 

93.882 0.06 
5.909 0.9 
0,1970 0.44 
0,2200 1,2 

1,4 0.0110 
0,09 93,941 
0.7 j 5.850 
0.21 ; 0.1962 
0.6 ! 05204 

i 
' 1 

0.0232'1.0 
89,558 J0.07 

9.971 10.6 
0.4424:0,39 
0.251511.4 

0.0477; 0.7 
84,813 10,11 
14.149 10.7 
0,9869 0.22 
0.6061 0.8 

15 I 0,0230 
0.11 89.572 
0.5 9.957 
0,23 1 0,4412 
0,6 j 05522 

0.9 
0.11 
0.5 
058 
0.6 

0,0472 
84.855 
14.111 
0.9848 
0.6059 

3.4 2,1 1 0.011612.0 | 0.0101 
0.06' 0,12 '93,835 '0.04 '93.900 
1.0 i 0.9 ; 5.960 j 0.37 i 5.895 
0.6 10,21 I 0.19681053] 0,1970 
1.6 f 0.7 | 0.2256 J 0.27 j 0.2239 

1.4 
0.10 
0.9 
0.37 
2.0 

0.9 
0.18 
1.1 
0.31 
15 

I ! 
1,6 
0,12 
0,8 
0.31 
0,7 

1,2 
0,14 
0,8 
0.40 
0,7 

0.0231115 
89.475 0,22 
10.075 i058 
0.4423 i 0.21 
055821052 

i 

0,0484 1,1 
84,800 0,11 
14.155 J0.33 
0.9880! 0.24 
0,6155 0,29 

! i i ! ! 
I i f • 

0.1090 0.36 i 0.7 0,1083! 0.40 
78.292 :0.14 [0.13:78.372 0.21 
19,768 0,54) 0.44 19,694 10.8 

1,830 0.31 ; 0,23 1.825 0.40 
1.562 10.9 {0.49 1.562 1.2 

l 

0,1320 
76,452 
21.354 

2,061 
1.736 

0.9656 
69.095 
24,543 

5.397 
3,864 

0.44 
0.18 
0,7 
0.31 
0.9 

0.44 
0.28 
0.8 
0.6 
0 9 

• 

0.0232 
89,625 
9.910 
0.4392 
0.2529 

0.0480 
84.705 
14.265 
0.9860 
0,6045 

0,8 : 0,1109 0,9 < 0.1091 
0,16!78.205 :0.30 78.015 
0.6 19,850 0,34120.050 
0,31 1.837 0,26 1.882 
0.5 I 1.575 0,26! 1.564 

! I I 
0.6 0.1314 0.6 [0,7 0.1365 
0.13 76.577 ! 056 10,19 76.375 
0.46 21.234 0.9 ,0.6 21.115 
054 : 2.059 10.43 10,32 : 2.072 
0.49! 1.733 15 ;0,5 1.755 

I 

0.6 ' 0.9598 
0.28 P ^ l 
0.8 24,421 
0,41 5.368 
ft 7 a«fi7 

| 

0.7 !o,8 ! 0.9755 
0.40 i 0,37 68.655 
15 M.O 24,935 
0.8 :0.6 ! 5.440 
1,1 .0,8 i 3 877 

0,8 I 0.1298 
0.10 76.050 
0.35 121.775 
0.23 I 2.042 
058 | 1.730 

0.5 
0,23 
0,5 
0.42 
0,4,1 

0.9685 
69,225 
24,425 

5.382 
,_3ja65_ 

2.5 0.0113 
0.46 193.645 
1.4 6.140 
0.6 05006 
2.4 0.2086 

24 
0.41 
U 
2,4 
2.4 

2,3 
0.35 
1.3 
0.5 
2.8 

0.0242 
89.510 
10.010 
0.4513 
05402 

C.0489 
84.745 
14500 
0.9965 
0.5990 

i 

5.0 
0.28 
2.8 
1.0 
2.8 

4.8 
0.37 
2.3 
1.0 
3.0 

3.9 
0.42 
1.0 
1.0 
2.7 

25 0.1101 j 3,2 
0,43 78.295 0,46 
1,5 119.735 11,6 
0.6 i 1.850 !1,1 
2.5 | 1.548 12,6 

I 
2.2 
0,38 
1.4 
0.6 
2,4 

2.3 
0.9 
2.0 
0.9 
2.7 

0.1338 
76.370 
21.410 

2.081 
1.732 

0.9790 
68.705 
24.815 
5.497 

3.0 
0.5 i 
1,6 
1.1 
2.6 

3.6 
1.1 
35 
18 

-3.1. 1 

out of 35 data are 'worse'. Compared to B, the differences between DA and NDA for A are 
reduced by a factor 0,6 (except for 238Pu, which differences are 2 times larger). 
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6.2.3 Measurements including an additional Pb absorber 

For testing the efficiency-energy calibration, participants were also invited to measure 
samples 2 and 6 with an additional absorber degrading the efficiency for low energy peaks 
(a 0,3 millimetre thick sheet of lead was suggested). The results for type B, C and D did 
not significantly alter, no results on type A have been reported for these additional 
measurements. 

6.2.4 Corrections based on CBNM sampies 

Measurement of the accurately characterized CBNM pilot samples enabled two partici
pants also to give corrected results. These two data sets showed no improvement for 238Pu 
results. The DA NDA differences were reduced by a factor of three for the other three Pu 
nuclides, for Am the difference reduced by a factor of two. 

6.2.5 Corrected nuclear data sets 

Two participants used the type D evaluation, based on adjusted nuclear data. Comparison 
with the type B evaluation shows improvements mainly for the two highest sample 
numbers for the Pu nuclides 239 to 241 and for Am. 

6.2.6 Isotopic correlations to determine 242Pu 

The P1DIE material originated from different types of fuel cycles. This may partly explain 
that for the eight cases in which isotopic correlations for calculation of the 2*2Pu abundance 
were used, the coefficient of variation of the results was 20 per cent Improvement of the 
isotopic correlations used also seems necessary. 

6.2.7 General conclusion on the NDA results 

A single determination of the 239Pu/P ratio was improved to a standard deviation of the 
order of 0,2% for the lew sample numbers, and to 1,5% for the highest sample number. The 
uncertainty obtained for the other nuclides has on the average not improved. However, 
individual methods indicate improvements, but the small number of results does not allow 
definitive detailed conclusions. Improvements are most clearly noted for the type A 
evaluation. The relatively short measurement time needed for the type A method is not 
apparent from the tables. 

In summary it has to be stressed that the number of participants needs to be larger for a 
detailed statistical evaluation of the many variables. The improvements obtained in the 
course of time are clear. An open discussion between the participants about details of the 
techniques and the nuclear data used, will enable further improvements. 

6.3 PIDIE samples as new reference materials 

PIDIE started as a 'Measurement method evaluation' experiment Since the PIDIE DA data 
become available, the samples can be used as characterized samples with well defined 
isotopic composition data. This is an upgrading of the samples material as described, for 
example, in the IAEA Advisory Croup on Physical Standards for NDA, ref {19|. The PIDIE 
samples are suitable for a 'Measurement Method Evaluation' and therefore help to enlarge 
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Table 5. Comparison of the uncertainties of the average values for PIDIE DA, the aver
age of all results of PIDIE NDA, and the average of the absolute differences be
tween the two corresponding values of DA and NDA (Abs.D.). indicating a 
significant difference for Am. 

isotopic ratio 

^Pu/P 

^Pu/P 

240Pu/P 

241Pu/P 

PIDIE DA 

0.3 -1,8 % 

0,004-0,04% 

0.02 -0,05% 

0,1 -0,8 % 

PIDIE NDA 

0,4 -2.2% 

0,06-0.3% 

0,5 -0.9% 

0,3 -0,6% 

Abs.D 

0,4 -2.7% 
i 
1 

0,02-0.5% 

0,1 -1.1% 

0.1 -0,8% 

the basis for testing measurement equipment and spectrum evaluation procedures, fitting 
well, for example, into the set of PERLA samples. 

6.4 Mew reference materials for NDA of Pu isotopic 
composition 

It was comparatively simple to define CRMs for uranium enrichment measurements. A 
single peak (with only very minor interferences) can be measured, and the infinite 
thickness geometry eliminates the need for accurate nuclear data. A straightforward 
calibration and measurement procedure was defined. Measurement precision in the order 
of 0,1 % was demonstrated before the international standards project for the uranium CRMs 
started (14]. 

For the determination of plutonium isotopic ratios from the y-spectrum, complexes of 
partly overlapping peaks from different nuclides have to be analysed. The area calculated 
for smaller peaks that are located very near to larger ones has to be corrected very carefully 
fcr the tailing of the large peak. Therefore the calculational methods are more sensitive to 
external factors including: 

* a good modelling of the intrinsic efficiency of the detector based on accurate nuclear 
data on y-emission probabilities and decay constants; 

* counting rate effects of the amplifier chain and 

* a proper adjustment of the electronics, i.e. integration time constants and pole zero 
setting. 

The time has come to reconsider the plans for Pu isotopic reference material for NDA. 
Recent improvements in mass-spectrometry may also support this development. The 
CRMs will at first be used by the few developers who test their codes. If these codes come 
into routine use there remains a need for good measurement quality assurance which could 
be based, for example, on the use of a source of another nuclide. 

Alternatively, code validation and improvements can also be based on adjustments made 
after measurements on accurately characterized samples, representative for the routine 
safeguards situations, such as in PERLA. Probably both approaches, CRMs and charac
terized samples, will be used in the future. 

The traceability of the measurement system is assured by the use of CRMs in the calibration 
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process. How often the calibration is needed depends on the quality of the equipment and 
the means to assure continuously the quality of the measurements. The day by day quality 
assurance does not need the CRMs. 

6.5 Conclusion 
PIDIE has produced the originally requested result, namely to establish the 1988 'state of 
the art' for the y-spectrometry determination of the isotoptc composite ,\ of Pu. Improve
ments in precision and accuracy seems to come both from better equipment and from 
more elaborate methods (for example, the procedure using the low-energy region of the 
Pu spectra). PIDIE samples can be considered as well characterized samples for the Pu 
isotoplc composition. The different types of evaluations applied have given an indication 
of the obtainable improvements. PIDIE resulted in a better understanding of the methods 
and the needs for future improvements. 
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