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Abstract – Measurement quality is crucial for the safety of nuclear facilities and is a primary requirement for fissile 
material monitoring and accountancy. CETAMA (CEA Committee for the establishment of analysis methods), in 
collaboration with CEA and AREVA laboratories, fabricates certified reference materials and organizes interlaboratory 
comparison programs for plutonium and uranium assay in solution. A new plutonium metal measurement standard 
(MP3) is currently being prepared by the CEA and is a subject of cooperative work in view of its certification and use by 
analysis laboratories. U and Pu interlaboratory comparisons are carried out at regular intervals on benchmark samples 
in coordination with working groups from French nuclear laboratories. These programs are supported by international 
cooperation. 
 
 
INTRODUCTION 
 

Control of nuclear materials is based on accurate 
knowledge of the quantities and grades of nuclear 
material present in the facilities and on material 
transfers between facilities. This knowledge is obtained 
by direct nondestructive measurements as well as by 
destructive sample analysis, which has the advantage of 
providing very accurate measurements of the material 
quantities present in solution. 

One of the principal missions of the CEA 
Committee for the establishment of analysis methods 
(CETAMA) is to provide reference materials to meet 
the analytic needs of laboratories in the French nuclear 
sector. Measurement standards of very high quality are 
necessary to perform reliable and accurate plutonium 
and uranium assays during fuel cycle operations. 

At the same time, CETAMA has implemented a 
program known as EQRAIN (from the French acronym 
for “Quality Assessment of Analysis Results in the 
Nuclear Industry”) concerned in particular with 
uranium or plutonium assay in solution. Interlaboratory 
comparisons provide laboratories with an opportunity to 
evaluate their performance, check for possible 
deviations and if necessary implement the necessary 
corrective action. 

 
URANIUM AND PLUTONIUM REFERENCE 
MATERIALS 
 
Contribution of reference materials to the quality 
of analysis results 

The quality of analysis results depends on their 
precision (reproducibility with minimum dispersion) 
and accuracy (closeness to the true value). Precision can 
easily be determined internally by measurements within 
each laboratory. It is much less simple to determine 
trueness, which depends mainly on the following 
factors: the use of separate methods based on different 

principles carried out by different operators; 
participation in interlaboratory comparisons; and 
especially reliance on control assays using reference 
materials as similar as possible to the samples analyzed. 

In the nuclear industry and especially in fuel cycle 
activities, the accuracy of uranium and plutonium 
assays is crucial for ensuring the safety of the facilities 
and optimizing their operation, and for preparing 
precise material flow balances to guarantee fissile 
material accountancy and ensure the absence of any 
losses or diversion. 

Reference materials are used for the development or 
validation of analysis methods, for calibration of 
analysis methods or instruments, and for preparation of 
secondary reference materials. 

 
Types of certified materials 

A distinction is generally made between three broad 
categories of materials: 
– materials with certified concentration(s) of major 
element(s), 
– materials with certified isotopic composition, 
– materials with certified impurities. 

The range of isotopic materials is covered by a small 
number of CETAMA reference materials, but a much 
more comprehensive range of certified tracers is 
available from IRMM (Institute for Reference Materials 
and Measurements: Geel, Belgium) which is specialized 
in this area. 

 
CETAMA materials with certified U or Pu mass 
concentrations 

In this area, CETAMA currently proposes two types 
of materials: OTU1 and MP2. 

OTU1 is triuranium octoxide (U3O8) in the form of a 
25 g powder sample with a mean particle size of 
2.5 µm. The uranium mass concentration guaranteed 
with a 95% probability level for an individual sample 
is: U = 847.74 ± 0.82 g·kg-1. The isotopic composition 
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is that of natural uranium. The certified uranium 
concentration was established by assays performed in 
five laboratories using two different analysis methods. 

MP2 consists of high-purity plutonium metal 
samples conditioned in double glass ampoules 
pressurized to about 0.1 Pa with pure nitrogen (Fig. 1). 
The confidence interval on the certified plutonium 
concentration value takes into account the uncertainties 
on the assay and on the metal heterogeneity. The 
concentration, expressed as a mass fraction and 
guaranteed with a 95% probability level for an 
individual sample, is 99.90 ± 0.04% (as of 12 March 
2001). The certified plutonium concentration is based 
on assays by different laboratories involving three 
different analysis methods (coulometry, titrimetry, 
plutonium balance after assaying all impurities). 

 
Fig. 1. MP2 ingot in glass ampoules 

 
The new MP3 plutonium standard project 

The CEA has initiated the development of a new 
plutonium reference material designated MP3 (Table I) 
to replace the aging MP2 material. The issue is to 
ensure uninterrupted availability and cover French 
(CEA, AREVA) and international (European and 
Japanese laboratories in particular) needs for the next 
twenty years. 

The MP3 material is currently being fabricated by 
CEA Valduc through a series of operations involving 
purification of the metal by a pyrochemical process, 
then melting the material to obtain bars that are cut, 
pickled and conditioned in sealed glass ampoules. 

The desired confidence interval on the plutonium 
concentration allows for the measurement variability 
and sample composition variability. 

The material certification analyses must provide the 
true value of the plutonium concentration with a relative 
confidence interval of less than 0.1%. To meet this 
objective the analysis program calls on the expertise 
and facilities of the analysis laboratories operated by the 
CEA (Atalante, Saclay), AREVA (MELOX, La Hague), 
and IRMM (Geel). 

The benchmark method for accurate plutonium 
concentration analysis in solution is direct determina-
tion by controlled potential coulometry. A second 
method will also be used: photogravimetric analysis 

based on plutonium reduction by Ti(III) followed by 
oxidation by Ce(IV) with photometric detection of the 
equivalent point. Both methods are implemented by the 
nuclear materials metrology laboratory (LAMMAN) in 
Atalante. 

The benchmark technique for determining the 
isotopic composition is thermal ionization mass 
spectrometry (TIMS). 

The policy adopted takes into account the general 
recommendations concerning the certification of 
reference materials [1]. The samples must be selected in 
compliance with general sampling principles [2] to 
ensure the measurements are performed on a 
representative batch. Final certification of the new MP3 
material (plutonium concentration and isotopic 
composition) is expected in 2010. 

 
EQRAIN URANIUM AND EQRAIN 
PLUTONIUM PROGRAMS 
 
Organization of interlaboratory comparisons 

These comparisons provide the laboratories with an 
opportunity to assess their performance in relation with 
their objectives and the requirements of their quality 
systems. Since 1987, the “EQRAIN” program, as it is 
known from its French acronym, has regularly 
organized interlaboratory comparisons concerning the 
elemental analysis of uranyl nitrate solutions (EQRAIN 
U) and plutonium nitrate solutions (EQRAIN Pu). Ten 
EQRAIN U round-robins and nine EQRAIN Pu round-
robins have been carried out to date. 

Table I. Characteristics of MP3 material 

Properties Target values 

Form Plutonium metal ingots 

Isotopic 
composition 

240Pu < 2 at% 239Pu > 97% 
Very low 241Pu content (1) 

Purity Σ impurities < 500 ppm 

Ingot mass > 50% in 300–400 mg range for 
transport of Type A packages 

Number of 
ingots 

> 1000 for MP3 lifetime of 20 years 

Number of 
melts  

1 batch to facilitate certification 
analysis 

Cleaning Electrolytic cleaning 

Conditioning In ampoules, under pure argon 
atmosphere 

Pu content Confidence interval half-width 
<0.1% for 95% probability level 
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Preparation of EQRAIN U and Pu round-robins 

The samples are fabricated and packaged, and the 
benchmark values are determined by LAMMAN, which 
is suitably equipped and uses methods validated for the 
execution and inspection of these operations. It is 
capable of certifying mass concentrations within 0.1% 
(relative). 

Samples for uranium round-robins are prepared by 
dissolution in nitric acid of high-purity triuranium 
octoxide, U3O8 (Agaric OTU1) with a previously 
certified uranium mass concentration. Plutonium 
samples are prepared by dissolution in nitric acid of 
ingots of plutonium MP2 reference materials. The 
uranyl nitrate or plutonium nitrate solutions are 
conditioned in laser-sealed ampoules. 

 
Fig. 2. Ampoule of uranyl nitrate solution 

The uranium or plutonium concentration is verified 
by LAMMAN on sealed ampoules sampled from the 
batch. The deviation between the value calculated from 
the weighed quantities and the valued determined by 
measurement must not exceed 0.1% (relative). 

A set of benchmark samples is provided on request 
to laboratories that assay their uranium or plutonium 
concentration according to a predetermined schedule. 
After analyzing an ampoule, each laboratory reports its 
results to the CETAMA secretariat which then replies 
with the certified reference value. 

 
Interpreting the results 

The total number of results compiled since the 
beginning of the EQRAIN program (792 series of 
measurements for EQRAIN U and 213 series for 
EQRAIN Pu) provides an interesting opportunity to 
obtain information on this type of analysis, especially 
considering the changes observed since 1987 and the 
rank of the principal methods with regard to accuracy 
and precision. For each ampoule analyzed, the 
interpretation of the results is based primarily on the 
difference between the mean value reported by the 
laboratory and the benchmark value, and on the 
confidence interval half-width ∆X on the mean 
laboratory result for a 95% probability level: 

).2/1( at
n

SX −=∆  

where t(1−α/2) is Student’s variable with n−1 degrees of 
freedom for a probability level corresponding to α and 
β risks of 2.5%, and S is the estimated population 
standard deviation for the laboratory results. The 
confidence interval is inferred exclusively from the 
repeatability variance calculated from the individual 
results provided. It does not take into account the 
possible effects of systematic errors. 

 
RESULTS OF EQRAIN URANIUM AND 
EQRAIN PLUTONIUM PROGRAMS 
 
Analysis methods 

The methods routinely used for analysis destructive 
include potentiometry and gravimetric analysis [3] for 
uranium (in particular the Davies & Gray method [4] is 
still widely used), and potentiometry and coulometry 
for plutonium. Nondestructive methods include 
emission spectrometry and X-ray or visible absorption 
spectrometry. At the same time, isotope dilution mass 
spectrometry (IDMS) has been used increasingly since 
1997. The most effective are still the conventional 
chemical balance methods—especially coulometry, 
which is acknowledged as a primary analysis method. 
The trend toward wider use of physical methods was 
confirmed: they provide advanced analytic performance 
(e.g. K-edge) and are advantageous in terms of 
productivity, minimal effluents, and compliance with 
environmental standards. 

 
Accuracy assessment 

The accuracy of the main methods (as implemented 
by the laboratories participating in these round-robins) 
is based on determining the mean deviation of the 
measurements from the benchmark values. The overall 
deviation is estimated by taking into account all the 
results obtained by each laboratory for the various 
round-robins. The results are summarized in Table II. 

Table II. Absolute value of deviation 
from benchmark values (%) 

Trueness assessment of uranium assay methods 
Davies & Gray [3] 0.12 
Mallinckrodt* 0.04 
Potentiometry (other) 0.21 
Gravimetric analysis [4] 0.06 
X-ray fluorescence  0.41 
K-edge [5]** 0.22 
IDMS [6] 0.12 
Absorption spectrometry 0.58 
ICP-AES 0.76 
ICP-MS (and isotope dilution) 0.28 
Density 0.30 
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Table II (cont’d). Absolute value of deviation 
from benchmark values (%) 

Trueness assessment of plutonium assay methods 
Davies & Townsend [7] 0.12 
MacDonald & Savage [8] 0.04 
Potentiometry [9]  0.21 
Absorption spectrometry. [10,13] 0.06 
Direct or indirect coulometry [11] 0.41 
Alpha spectrometry 0.22 
IDMS 0.12 
Potentiometry [12] 0.58 
ICP-AES 0.76 
*Mallinckrodt: Potentiometry: reduction with Pb then 

titration with Ce(IV) 
**K-edge: X-ray absorption measurement at the K-

electron absorption edge 
 

Precision (reproducibility) 
Figures 3 and 4 show the data obtained during the 

EQRAIN Pu and U round-robins in terms of precision, 
with allowance as previously for the results obtained by 
each laboratory during different round-robins. 

 

 
Figure 3. Precision of Pu assay methods 

 

 
Figure 4. Precision of U assay methods 

 
Results 

The results are covered in a summary document 
prepared by CETAMA [14]. Basically, the evaluation 
of the analysis methods used for laboratory round-
robins elicits the following remarks. 
– Despite the different environments (level of radiation 
protection, etc.), the quality of the plutonium assay 
results is generally equivalent to that of the uranium 
assay results. 

– “Chemical” methods (potentiometry, gravimetric 
analysis, etc.) generally provide the best accuracy. 
– Coulometry is the benchmark technique for plutonium 
assay: its metrological qualities should be an incentive 
for wider use by laboratories performing precise control 
assays of plutonium as well as uranium. 
– Gravimetric analysis provides excellent results for 
analysis of pure uranyl nitrate solutions. In view of its 
many advantages we encourage laboratories to employ 
this technique to assay pure U or Pu solutions. 
– “Physical” or “physicochemical” methods are 
increasingly used, and their performance has improved. 
K-edge absorption spectrometry and isotope dilution 
mass spectrometry are capable of reaching measure-
ment quality levels comparable to those of the best 
“chemical” methods. 
– Regardless of the technique employed, the conditions 
under which it is implemented (calibration, analysis 
protocol, qualification of the analysts, etc.) remain an 
essential parameter for ensuring the desired trueness 
and reproducibility of the laboratory results. 

In sum, over the entire period from 1987 to 2005, 
considering all the laboratories and all the techniques 
employed, there has been no appreciable improvement 
or deterioration in the overall quality of the results of 
uranium and plutonium assay in nitric acid solutions. 
Monitoring and controlling uncertainties remains a 
chronic problem area. Mobilizing the laboratories has 
led to progress in this area. One objective is to ensure 
an overall measurement uncertainty on a par with the 
desired accuracy level. 
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