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Abstract  

 

This report describes the preparation and certification of the 242Pu spike reference 

material IRMM-049e, applied for determination of plutonium content in nuclear materials 

by isotope dilution mass spectrometry (IDMS) in nuclear safeguards, nuclear security 

and in the industry. As the stock of IRMM-049d is close to exhaustion, it was decided to 

produce about 90 ampoules of a new spike certified reference material (CRM) IRMM-

049e and, therefore to maintain the provision of the IRMM-049 series of spike CRMs. 

IRMM-049e is the first of the IRMM-049 series produced in compliance with ISO 

17034:2016. 

The amount content of 242Pu in IRMM-049e was characterised on 10 randomly stratified 

selected units by Isotope Dilution – Thermal Ionisation Mass Spectrometry (ID-TIMS) 

using the IRMM-1027o CRM as a spike. The plutonium isotope amount ratios were 

measured using the same 10 selected units by TIMS. The material was finally certified 

for the amount content of 242Pu and the total Pu, the mass fractions of 242Pu and total 

Pu, the Pu isotope amount ratios as well as the plutonium isotope abundances as 

amount and mass fractions, and for the molar mass of Pu in IRMM-049e. 

The certified values were confirmed by ID-TIMS using the IRMM-086 (239Pu spike) and 

verified against the reference value of the external certified test sample Pu EQRAIN-13 

provided by CEA/CETAMA. 

These verification studies were carried out in the frame of the on-going inter-calibration 

campaign using state-of-the art measurement procedures linking together different JRC 

plutonium spike reference materials and also external reference materials to underpin 

the confidence in the use of JRC isotopic plutonium reference materials for safeguards 

verification. 

Between unit-homogeneity was quantified in accordance with ISO Guide 35:2006. No 

stability study was performed for this reference material since the general behaviour of 

this material is well known from past experience. However, a post-certification stability 

monitoring will be done every two years to control its stability after issuance of the 

certificate. 

The uncertainties of the certified values were estimated in compliance with the Guide to 

the Expression of Uncertainty in Measurement (GUM) and include uncertainties related to 

characterisation and possible inhomogeneity. 

The main purpose of this material is for use as a spike isotopic reference material for 

quantification of plutonium in an unknown nuclear sample. IRMM-049e is supplied in a 

screw-cap glass ampoule containing 10 mL nitric acid solution (c = 5 mol/L) with a 

certified plutonium (total Pu) mass fraction of (91.52 ± 0.12) µg/g and a certified 242Pu 

amount content of (0.35828 ± 0.00045) µmol/g.  

Because the IRMM-049e material is a true solution and as such, can be regarded as 

completely homogeneous, there is no minimum sample intake to be taken into account 

for the analysis.  
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The following values were assigned to IRMM-049e: 

 

PLUTONIUM IN NITRIC ACID SOLUTION 

 

Amount content 

Certified value 1) 

[mol/g] 

Uncertainty 2) 

[mol/g] 

242Pu  0.35828 0.00045 

Pu  0.37826 0.00047 

 Isotope amount ratio 

Certified value 1)  

[mol/mol] 

Uncertainty 2)  

[mol/mol] 

n(238Pu)/n(242Pu) 0.0050666 0.0000081 

n(239Pu)/n(242Pu) 0.0022218 0.0000026 

n(240Pu)/n(242Pu) 0.046033 0.000046 

n(241Pu)/n(242Pu) 0.0021930 0.0000023 

n(244Pu)/n(242Pu) 0.00025766 0.00000059 

 

Mass fraction 

Certified value 1) 

[g/g] 

Uncertainty 2) 

[g/g] 

242Pu 3) 86.73 0.11 

Pu 3) 91.52 0.12 

 Molar mass 

 
Certified value 1) 

[g/mol] 

Uncertainty 2) 

[g/mol] 

Pu 3) 241.94417 0.00011 

1) The certified values are traceable to the International System of Units (SI) via the values 
on the respective certificates of the IRMM-1027o and IRMM-290b/A3. The reference date 
for the plutonium amounts and isotope amount ratios is January 1, 2017. 

2) The uncertainty is the expanded uncertainty with a coverage factor k = 2 corresponding 
to a level of confidence of about 95 % estimated in accordance with ISO/IEC Guide 98-3, 
Guide to the Expression of Uncertainty in Measurement (GUM:1995), ISO, 2008.  

3) Atomic mass: M. Wang et al: The AME2012 atomic mass evaluation (II). Tables, graphs 

and references.  

Half-lives: Monographie BIPM-5 Table of Radionuclides, Vol.5 and 241Pu half-life: Wellum R. 
et al. 2009 (JAAS) 
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PLUTONIUM IN NITRIC ACID SOLUTION 

 Isotope amount fraction (x 100) 

Certified value 1) 

[mol/mol] 

Uncertainty 2) 

[mol/mol] 

n(238Pu)/n(Pu) 0.47990 0.00074 

n(239Pu)/n(Pu) 0.21044 0.00023 

n(240Pu)/n(Pu) 4.3601 0.0041 

n(241Pu)/n(Pu) 0.20771 0.00021 

n(242Pu)/n(Pu) 94.7175 0.0050 

n(244Pu)/n(Pu) 0.024405 0.000056 

 Isotope mass fraction (x 100) 

Certified value 1) 

[g/g] 

Uncertainty 2) 

[g/g] 

m(238Pu)/m(Pu) 3) 0.47217 0.00073 

m(239Pu)/m(Pu) 3) 0.20793 0.00023 

m(240Pu)/m(Pu) 3) 4.3260 0.0041 

m(241Pu)/m(Pu) 3) 0.20695 0.00021 

m(242Pu)/m(Pu) 3) 94.7623 0.0050 

m(244Pu)/m(Pu) 3) 0.024618 0.000056 

1) The certified values are traceable to the International System of Units (SI) via the 

values on the respective certificates of the IRMM-1027o and IRMM-290b/A3. The 
reference date for the plutonium amounts and isotope amount ratios is January 1, 2017. 

2) The uncertainty is the expanded uncertainty with a coverage factor k = 2 corresponding 

to a level of confidence of about 95 % estimated in accordance with ISO/IEC Guide 98-3, 
Guide to the Expression of Uncertainty in Measurement (GUM:1995), ISO, 2008.  

3) Atomic mass: M. Wang et al: The AME2012 atomic mass evaluation (II). Tables, graphs 
and references.  

Half-lives: Monographie BIPM-5 Table of Radionuclides, Vol.5 and 241Pu half-life: Wellum 
R. et al. 2009 (JAAS) 
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1 Introduction  

 

1.1 Background 

The JRC-Geel Directorate G – Nuclear Safety and Security, Unit G.2 Standards for 

Nuclear Safety, Security and Safeguards (previously known as EC-JRC-IRMM) has been 

providing solutions of enriched plutonium isotopes for the measurements of nuclear 

materials using state-of-the-art analytical techniques for many years. 

 

The International Target Values for Measurement Uncertainties in Safeguarding Nuclear 

Materials (ITVs) are uncertainties to be considered in judging the reliability of the 

measurement results of analytical techniques applied to industrial nuclear and fissile 

materials, which are subject to safeguards verification. In 2010, the International Atomic 

Energy Agency (IAEA) together with the European Safeguards Research and 

Development Association (ESARDA), international standardisation organisations and 

regional safeguards authorities, published a revised version of the ITVs [1]. The ITVs-

2010 are intended to be used by nuclear plant operators and safeguards organisations 

as a reference of the quality of measurements necessary for nuclear material 

accountancy. 

 

In this context, the most accurate analytical technique mainly used for measuring the 

plutonium content in nuclear materials is isotope dilution mass-spectrometry (IDMS). For 

this purpose, the isotope 242Pu is generally used as a spike since this isotope is usually 

found only as a minor component in plutonium of the nuclear fuel cycle. For more than a 

decade now, JRC-Geel has been providing a series of enriched 242Pu spikes, the so-called 

IRMM-049 series. However, since the last certified spike CRM of the IRMM-049 series 

(IRMM-049d) was approaching exhaustion, it was decided to replace it by preparing a 

new batch called IRMM-049e, to be certified for the first time, according to the ISO 

17034:2016 [2] and ISO Guide 35:2006 [3], as part of the JRC programme to supply 

spike CRMs. 

 

1.2 Choice of the material 

The IRMM-049e material was prepared by a dilution of an aliquot of a 242Pu stock 

solution in nitric acid solution and subsequent dispensing into screw-cap glass ampoules.  

A mass fraction of ca. 0.1 mg Pu/g solution was chosen for IRMM-049e to suit various 

types of plutonium measurements within the Nuclear Security and Safeguards 

communities. 

The original stock solution was prepared by dissolving a plutonium metal of French origin 

with a relative mass fraction m(242Pu)/m(Pu) of ca. 94.6 % in nitric acid solution (c = 5 

mol/L, p.a., Merck, Darmstadt), chemically purified (November 11, 2008) and kept 

under weight control for future use [4]. 

 

1.3  Design of the project 

About 90 units of IRMM-049e were produced and certified according to ISO 17034:2016 

[2] and ISO Guide 35:2006 [3]. The material was characterised for the amount content 

of 242Pu by ID-TIMS with the 239Pu spike CRM (IRMM-1027o), while the plutonium isotope 

ratios were measured by TIMS. Characterisation and homogeneity measurements were 

combined and carried out on 10 randomly stratified selected units out of the whole batch 

produced (89 units). 

The certified value for the 242Pu amount content was additionally confirmed using the 
239Pu spike CRM (IRMM-086) as part of the ongoing inter-calibration of Pu spike CRMs 
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[ 5 ],[ 6 ] and verified using the Pu EQRAIN-13 certified test sample (Q143, second 

ampoule, with a total Pu concentration of 5.3375 ± 0.0064 g/kg) during the 

CEA/CETAMA inter-laboratory comparison. 

 

2 Participants 

The entire project has been carried out at the European Commission, Joint Research 

Centre, Geel, Directorate G – Nuclear Safety & Security, Unit G.2 - Standards for Nuclear 

Safety, Security & Safeguards, Belgium.  

This includes processing of the reference material, the chemical purification and isotope 

ratio measurements for the homogeneity and characterisation studies, including data 

evaluation and value assignment. 

 

3 Material processing and process control 

 

3.1 Origin and purity of starting material 

The original material was prepared from a plutonium metal of French origin with a 

relative mass fraction m(242Pu)/m(Pu) of ca. 94.6 %. This metal had been dissolved in 

nitric acid solution (c = 5 mol/L, p.a., Merck, Darmstadt) to produce the stock solution 

containing about 614 mg 242Pu and then purified to remove the daughter decay products 

[4]. This 242Pu mother solution with a mass fraction of ca. 10 mg Pu/g solution was used 

for the preparation of the previous batch of 242Pu spike CRM, the IRMM-049d, and for the 

plutonium fraction of the IRMM-046c (mixed 242Pu/233U spike), and as well as for the 

preparation of IRMM-049e (Figure 1).  

 

3.2 Processing 

The IRMM-049e units were produced by diluting an aliquot of ca. 10 g of the mother 

solution with 1 L nitric acid solution (c = 5 mol/L), resulting in a mass fraction of ca. 0.1 

mg Pu/g solution. About 10 mL of this solution was dispensed into individual 89 screw-

cap glass ampoules. The amount of total plutonium per ampoule is about 1 mg and a bit 

less than 1 mg for 242Pu. The processing steps are shown in Figure 1.  
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Figure 1 The processing of the IRMM-049e material 

 

 

3.3 Process Control and confirmation 

Estimates of the 242Pu amount content of the mother solution were determined based on 

the weighing of the stepwise dilutions of the mother solution used to prepare the IRMM-

049d, IRMM-046c and IRMM-049e units. The calculated 242Pu amount contents in the 

mother solution from these three reference materials are in agreement within 

measurement uncertainties, hence confirming that there was no contamination or errors 

taking place during the processing of the IRMM-049e units from the initial mother 

solution (Figure 2).  

Figure 2 Comparison of the 242Pu amount contents in mol/g as estimated from the three weighing 
of the stepwise dilutions of the mother solution for IRMM-049e, IRMM-049d and IRMM-046c 

respectively (expanded uncertainties with k=2). 
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4 Homogeneity 

A key requirement for any reference material is the equivalence between the various 

units. In this respect, it is relevant whether the variation between units is significant 

compared to the uncertainty of the certified value. In contrast to that, it is not relevant if 

the variation between units is significant compared to the analytical variation. 

Consequently, ISO 17034 [2] requires Reference Material (RM) producers to quantify the 

between unit variation. This aspect is covered in between-unit homogeneity studies. 

The homogeneity study of IRMM-049e was combined with the characterisation 

assessment, i.e. the same datasets of measurement results of the 242Pu amount content 

by IDMS and of the plutonium isotope amount ratios by TIMS were used for both 

assessments. 

 

4.1 Between-unit homogeneity 

The between-unit homogeneity was evaluated together with the characterisation 

measurements of the material to ensure that the certified values of the CRM are valid for 

all 89 units of the material, within the stated uncertainty. 

For the between-unit homogeneity test, the number of selected units corresponds to 

approximately the cube root of the produced number of units of IRMM-049e, but should 

be at least 10. Consequently, 10 units of IRMM-049e were selected out of the 89 units 

using a random stratified sampling scheme covering the whole batch.  

 

4.1.1 242Pu amount content 

The characterisation of the plutonium amount content of IRMM-049e was established by 

ID-TIMS using the spike IRMM-1027o (see Annex 1) on randomly selected units using a 

random stratified sampling scheme (SNAP): a first series with units # 7, 17, 24, 28 and 

37 and a second series with units # 53, 55, 66, 72 and 81. 

Each of the 10 selected units was split in two aliquots gravimetrically: the one containing 

ca. 60 % of the sample was used for IDMS, the other one containing ca. 40 % of the 

sample was used to measure the isotopic composition or isotope abundance (IA) (Figure 

3). 

The IDMS blends were prepared with the Large-Sized Dried (LSD) spike IRMM-1027o 

(Annex 1), a 239Pu spike CRM for isotope dilution [7]. This spike CRM is suitable as tracer 

for the IDMS measurement of IRMM-049e due to its low uncertainties of the certified 

values, established by a gravimetrical preparation and confirmed by IDMS. Furthermore 

using IRMM-1027o, the certification of IRMM-049e contributes to the on-going inter-

calibration exercise of selected plutonium spikes produced by JRC-Geel on a metrological 

basis applying state-of-the art measurement procedures [5,6]. 

The blends of the IRMM-049e solution with the IRMM-1027o spike were prepared by 

accurate weighing using the substitution method. The following units of IRMM-1027o 

have been selected: 433, 444, 455, 466, 474 (first series) and 578, 599, 610, 615, 620 

(second series) (see in Annex 2). Finally, 10 blends were prepared to have a 

n(239Pu)/n(242Pu) ratio (spike to sample ratio) of ca. 0.3. The scheme for characterisation 

and homogeneity assessment of 242Pu amount content in IRMM-049e by IDMS is shown 

in Figure 3.  
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Figure 3 Scheme of the IDMS analysis for the characterisation of the 242Pu amount content in the 

IRMM-049e 

 
 

The oxidation state of the Pu of the sample blends was adjusted to obtain Pu(IV) in 8 

mol/L nitric acid and the U and Pu were separated by anion exchange method (Bio Rad, 

AG 1X4, 100-200 mesh) [6]. Due to the excess of uranium coming from the mixed U/Pu 

spike IRMM-1027o, extra purification steps were needed prior to the measurement of the 

Pu isotope ratios and hence determination of the Pu amount content (Figure 4). 

Therefore, two additional chemical separations for each blend were performed in order to 

obtain purified Pu fractions and thereby avoid interferences of uranium and also 

americium (due to ingrowth from 241Pu in the starting material) with plutonium during 

the mass spectrometric measurements.  

The purified fractions of Pu were prepared in nitric acid solution (c = 1 mol/L) to obtain a 

solution with a concentration of ca. 50 ng of Pu/µL. One µL of this solution was deposited 

on an evaporation rhenium filament and dried down by passing an electrical current 

through the filament. 

Finally, two TIMS magazines were prepared with three filaments (replicates) for each 

blend (so 30 measurement values in total). The six remaining positions on the 

magazines were filled with the IRMM-290b/A3 plutonium isotopic reference material to 

correct for possible mass fractionation effects in the ion source. The plutonium isotope 

ratios n(239Pu)/n(242Pu) in the blends were measured on the Triton TIMS (Thermo Fisher 
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Scientific, Bremen, Germany) applying a total evaporation technique [8],[9],[10]. Thus, 

the measurement was continued until the sample was completely exhausted in order to 

minimise mass fractionation effects. 

The two sample magazines were measured on 18/07/2016 and 08/08/2016, respectively 

(see input values in Annex 2). 

 

Figure 4 Anion exchange chromatography used to separate and purify the Pu fractions in the 
selected units of IRMM-049e 

 

 

4.1.2 Isotopic composition of plutonium (isotope abundance ratios) 

The isotopic composition of plutonium in the IRMM-049e units was established by 

measuring the n(238Pu)/n(242Pu), n(239Pu)/n(242Pu), n(240Pu)/n(242Pu), n(241Pu)/n(242Pu) 

and n(244Pu)/n(242Pu) isotope amount ratios (IA). The measurements were carried out 

using the Triton TIMS on an aliquot (corresponding to ca. 40 % of the sample) of each 

the 10 randomly selected units (Figure 3). 

Prior to mass spectrometry measurements, a chemical separation was performed using 

the same procedure as described in Section 4.1.1 to obtain the purified plutonium 

fractions. It has been proven from past experience with samples of the IRMM-049 series 

that have been purified twice prior to mass spectrometry measurements [6] that there 

was no residual 241Am stemming from the decay of the 241Pu in the solution.  

Three replicates were measured per sample by TIMS for each series following a similar 

procedure as that described in Section 4.1.1 (so 30 measurement values in total for each 

isotope ratio). The two series of measurements were carried out on different days and 

the measurement results were then decay-corrected to a common date, 01/01/2017 

(see in Annex 3).  

 

4.1.3 Results for the between-unit homogeneity 

For the homogeneity study, the amount content and the isotope amount ratios for the 10 

units were determined. Measurements of the samples were performed in a randomised 

analytical sequence in order to be able to separate a potential analytical drift from a 

trend in the filling sequence. One data point (one value out of the 30 values) for the 
242Pu amount content had to be discarded because the filament broke during heating. 
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Since for the 242Pu amount content, the 10 blends were measured on different 

magazines and different dates (18/07/2016 and 08/08/2016), all the values for the 242Pu 

amount content have been decay-corrected to a reference date, arbitrarily chosen as the 

01/01/2017. These measurements were hence carried out under intermediate precision 

conditions rather than under repeatability conditions, and in a randomised manner to be 

able to separate a potential analytical drift from a trend in the filling sequence. 

Regression analyses were performed to evaluate potential trends in the analytical 

sequence as well as trends in the filling sequence. No trends could be observed in the 

filling sequence or the analytical sequence for the 242Pu amount content and in the 

isotope amount ratios (see Annex 4). Note that one replicate out of the three for unit 

#17 was discarded since the filament broke during the measurement for the IDMS 

determination of the 242Pu amount content. 

The datasets were assessed for consistency using Grubbs outlier tests at a confidence 

level of 99 % on the individual results and the unit means. The homogeneity study 

showed no outlying unit means or trends in the filling sequence. 

Quantification of between-unit inhomogeneity was accomplished by analysis of variance 

(ANOVA), which can separate the between-unit variation (sbb) from the within-unit 

variation (swb). The latter is equivalent to the method repeatability if the individual 

samples are representative for the whole unit [11]. Therefore, the data were checked for 

any significant trends in the filling sequence and between the means using one way-

ANOVA on the samples in analytical sequence order. The data used for the homogeneity 

study (measured amount contents and isotopic ratios for the 10 randomly stratified 

selected units) are shown in Annex 4. 

Evaluation by ANOVA requires that results for each unit follow unimodal distributions 

with approximately the same standard deviations, and that unit means follow at least 

unimodal distribution. Distribution of the unit means was visually tested using 

histograms and normal probability plots. Minor deviations from unimodality of the 

individual values do not significantly affect the estimate of between-unit standard 

deviations.  

Eventually, the results for the plutonium isotope amount ratios (see Annex 4) were not 

taken into account for the homogeneity study. Indeed, the reference material being a 

true solution and since contamination of the samples can be ruled out, there cannot be 

any inhomogeneity in the plutonium isotope amount ratios.  

Moreover, as seen in Annex 4, no heterogeneity was found in the isotope amount ratios 

of all the samples. Therefore, according to ISO Guide 35:2006 [3], it is not necessary to 

include the contribution of the homogeneity for the plutonium isotope amount ratios in 

the certification. 

The results of the statistical evaluations are given in Table 1. 

Table 1 Results of the statistical evaluation of the homogeneity study for the 242Pu amount 
content 

 

Measurand 

Trends* Outliers** Distribution 

Analytical 

sequence 

Filling 

sequence 

Individual 

results 

Unit 

means 

Individual 

results 

Unit 

means 

242Pu amount 

content [µmol/g] 

no no none none normal/ 

unimodal  

normal/ 

unimodal 

*   95 % confidence level 

** 99 % confidence level 
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One has to bear in mind that sbb and swb are estimates of the true standard deviations 

and therefore subject to random fluctuations. Therefore, the mean square between 

groups (MSbetween) can be smaller than the mean square within groups (MSwithin), 

resulting in negative arguments under the square root used for the estimation of the 

between-unit variation, whereas the true variation cannot be lower than zero. In this 

case, u*
bb, the maximum inhomogeneity that could be hidden by method repeatability, 

was calculated as described in [11]. u*
bb is comparable to the limit of detection of an 

analytical method, yielding the maximum inhomogeneity that might be undetected by 

the given study setup.  

Method repeatability (swb,rel), between–unit standard deviation (sbb,rel) and u*
bb,rel were 

calculated as:  

   Equation 1 

 Equation 2 

  Equation 3 

MSwithin  mean square within a unit from an ANOVA  

MSbetween mean squares between-unit from an ANOVA 

  mean of all results of the homogeneity study 

n  number of replicates per unit 

 degrees of freedom of MSwithin  

 

The resulting values from the above equations were converted into relative 

uncertainties. The results of the evaluation of the between-unit variation are 

summarised in Table 2. 

 

Table 2 Results of the homogeneity study for the 242Pu amount content 

Measurand 
swb,rel 

[%] 

sbb,rel 

[%] 

u*
bb,rel 

[%] 

ubb,rel
1) 

[%] 

242Pu amount 

content [µmol/g] 
0.019 0.019 0.0062 0.019 

  1) standard uncertainty 

For the 242Pu amount content, sbb was found above u*
bb, the limit to detect 

inhomogeneity. Therefore, sbb the between-unit standard deviation is used as estimate of 

ubb. 

y 

within

rel,wb

MS
s 

y

n

MSMS

s

withinbetween

rel,bb





y

νn

MS

u
MSwithin

within

*

rel,bb

4
2



y

MSwithinν
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4.2 Within-unit homogeneity and minimum sample intake 

The within-unit inhomogeneity does not influence the uncertainty of the certified value 

when the minimum sample intake is respected, but determines the minimum size of an 

aliquot that is representative for the whole unit. 

The within-unit homogeneity is closely correlated to the minimum sample intake. Due to 

this correlation, individual aliquots of a material will not contain the same amount of 

analyte. The minimum sample intake is the minimum amount of sample that is 

representative for the whole unit and thus can be used in an analysis. Sample sizes 

equal or above the minimum sample intake guarantee the certified value within its 

stated uncertainty [3].  

Quantification of within-unit inhomogeneity to determine the minimum sample intake 

was not needed for IRMM-049e, because the material is a true solution and as such can 

be regarded as completely homogeneous. Therefore, no minimum sample intake should 

be taken into account for the analysis.  

 

5 Stability 

Stability testing is necessary to establish conditions for storage (long-term stability) as 

well as conditions for dispatch to the customers (short-term stability).  

Temperatures up to 60 °C could be reached for regular shipment of reference materials. 

Therefore, stability under these conditions has to be demonstrated. The shipment of 

nuclear material follows the legal requirements related to radioprotection measures for 

transport of radioactive materials. The packing of radioactive material is divided into two 

parts, the packing of the inner package (Type A container) and the packing of the outer 

container according to regulations and respective procedures [12]. From the package 

material specification and the fact that the transport of radioactive material does not 

take longer than one week, the IRMM-049e units packed as described above are never 

exposed to temperatures outside the range of 4 to 60 °C. No significant change in the 

amount content of 242Pu due to evaporation is expected to occur during shipment. The 

plutonium isotope amount ratios are independent on the temperature. 

No dedicated long-term stability study was performed for this reference material since 

the general behaviour is well known from past experience with the predecessors from 

the IRMM-049 and IRMM-046 series. Nevertheless, this reference material will be 

subjected to post-certification monitoring to control its stability. Stability measurements 

will be done on 2 units every two years from the issuance of material certificate. 

Based on the chosen approach no additional uncertainty for short-term and long-term 

stability will be applied.  

 

6 Characterisation 

The material characterisation is the process of determining the property value(s) of a 

reference material. 

The material characterisation was based on the use of IDMS with IRMM-1027o as the 

spike CRM that had been certified by gravimetry, confirmed by ID-TIMS and externally 

verified by EC-JRC-Karlsruhe and the IAEA [7,13]. IDMS has the potential to be a 

primary ratio method of measurement.  

A primary method is "a method having the highest metrological qualities, whose 

operation(s) can be completely described and understood and for which a complete 

uncertainty statement can be written in terms of SI units. A primary ratio method 
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measures the value of a ratio of an unknown to a standard of the same quantity; its 

operation must be completely described by a measurement equation [3, 14]".  

The characterisation of IRMM-049e was also verified as part of the on-going inter-

calibration campaign using state-of-the art measurement procedures linking JRC spike 

reference materials (IRMM-086) and external plutonium quality control certified test 

samples (CEA/CETAMA Pu EQRAIN-13). 

 

6.1 Method used 

The characterisation assessment was combined with the homogeneity assessment, i.e. 

that the same dataset as the one presented in Section 4.1 was used for the 

determination of the uncertainty for the characterisation of the material. Hence, the 

method described in Section 4.1 applies to the characterisation as well. It is a validated 

analytical method and routinely used in Unit G.2 at JRC-Geel. 

 

6.2 242Pu amount content and Pu isotope amount ratios and their 

uncertainties  

The 242Pu amount content in IRMM-049e was determined by IDMS [15] using the 239Pu 

spike (IRMM-1027o), through the measurement of the isotope ratio R(b) = 

n(242Pu)/n(239Pu) in a blend via the following equation: 

    )(
)()(

)()(
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)(
,, 239242 xR
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ym
yPucxPuc 




   Equation 4 

where 

c(242Pu, x): amount content of 242Pu in the IRMM-049e  

c(239Pu, y): amount content of 239Pu in the spike IRMM-1027o 

m(x):  mass of the IRMM-049e 

m(y):  mass of the spike  

R(b):  isotope amount ratio n(242Pu)/n(239Pu) of the blend 

R(x):  isotope amount ratio n(242Pu)/n(239Pu) of the unspiked IRMM-049e 

R(y):  isotope amount ratio n(242Pu)/n(239Pu) of the spike IRMM-1027o 

The masses of the ten selected IRMM-049e (mx) and IRMM-1027o (my) units for IDMS, 

as shown in Annex 2, were determined by substitution weighing. In substitution 

weighing, the mass of a sample is determined through a series of mass determinations 

of an unknown (U) and a reference weight (S). The so called "SUUS" method was 

applied. The uncertainty contributions in substitution weighing of the samples are the 

uncertainties associated with the calibrated weights (certificate), air buoyancy correction 

and the variability of the balance used in "SUUS" method. 

The results of these IDMS measurements for the 242Pu amount content are given in 

Figure 5. 

The certified value for the 242Pu amount content was calculated as the mean value of the 

ten certification measurement results obtained by IDMS using the IRMM-1027o LSD 

spike. A consistency check was carried out according to [16] for the evaluation of the 

uncertainties of the ten individual sample measurements for the amount content of 
242Pu. The detailed IDMS equations and calculations using the software GUM Workbench 

[17] can be found in Annex 2. 
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The certified values for the isotope amount ratios result from the mean of the measured 

values for the ten randomly stratified selected units measured by mass spectrometry 

TIMS. The detailed equations and calculations using the software GUM Workbench [17] 

can be found in Annex 3. 

For all the measurands, full uncertainty budgets were established in accordance with the 

'Guide to the Expression of Uncertainty in Measurement' [18]. 

Figure 5 The 242Pu amount content in mol/g in the 10 units of IRMM-049e measured by IDMS 
using IRMM-1027o as spike CRM (with associated expanded uncertainties k = 2) 

 

The results of the evaluation of the characterisation study are summarised in Table 3. 

 

Table 3 Standard uncertainties of characterisation for IRMM-049e 

Measurand uchar 
1) uchar, rel[%]1) 

242Pu amount content 

[µmol/g] 
0.000214 0.060 

n(238Pu)/n(242Pu) 

[mol/mol] 
4.03∙10-6 0.080 

n(239Pu)/n(242Pu) 

[mol/mol] 
1.28∙10-6 0.058 

n(240Pu)/n(242Pu) 

[mol/mol] 
23.0∙10-6 0.050 

n(241Pu)/n(242Pu) 

[mol/mol] 
1.13∙10-6 0.052 

n(244Pu)/n(242Pu) 

[mol/mol] 
0.29∙10-6 0.11 

      1) Standard uncertainty 
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6.3 Confirmation measurements 

The 242Pu amount content in IRMM-049e was first verified in the framework of the 

plutonium inter-laboratory comparison, EQRAIN-13, organised by the CEA/CETAMA [19]. 

The ampoule Q143 of EQRAIN-13, with a total Pu concentration of (5.3375 ± 0.0064) 

g/kg, was gravimetrically mixed with IRMM-049e into four blends in order to determine 

the total Pu mass content (in g/g) in the EQRAIN-13 ampoule using the 242Pu in IRMM-

049e as spike for ID-TIMS. The IDMS results from these measurements were then 

compared to the reference value provided by CEA/CETAMA. Full uncertainty budgets 

were established in accordance with the 'Guide to the Expression of Uncertainty in 

Measurement' [18]. Figure 6 shows the IDMS results for the total Pu mass content in the 

four blends of EQRAIN-13 (Q143) with IRMM-049e as relative deviation from the 

EQRAIN-13 reference value. Although there is an observed systematic slight deviation 

(≤ 0.1 %) from the given reference value, the IDMS results agree within the 

uncertainties with the reference value, confirming the value for the 242Pu amount content 

and amount ratio n(239Pu)/n(242Pu) from the characterisation of IRMM-049e with IRMM-

1027o. Furthermore, the normalized deviation applied on IDMS results on Pu EQRAIN-13 

is 0.30 % [19] and therefore encompasses this observed deviation of 0.1 %. 

Moreover, JRC-Geel's laboratory performance in EQRAIN-13 was satisfactory (see lab 19, 

by IDMS technique in Annex 5), as expressed by means of z- and - scores to the 

reference value and the standard deviation for proficiency assessment derived from 

participants' results reported with 7 different analytical techniques. This, and the fact 

that the required relative standard uncertainty for plutonium element concentration 

measurements (DA) carried out under glove box conditions using small size spikes in the 

ITV-2010 [1] is 0.28 % (k = 1), provides an external verification for the characterisation 

of IRMM-049e and demonstrates that this spike CRM is fit-for-purpose.  

 

Figure 6 IDMS results for the total Pu mass fraction (in g/g) in EQRAIN-13 (second ampoule, 
Q143) determined using IRMM-049e 

 

 

Moreover, the reference material values to be certified were confirmed by ID-TIMS using 

another CRM, the 239Pu spike, IRMM-086. In September 2016, four units of IRMM-086 

and two units of IRMM-049e were randomly selected and gravimetrically mixed into four 

blends for Isotope Dilution. After the necessary chemical separations/purifications, the 

four blends were loaded on a TIMS magazine, with three filaments (replicates) for each 
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blend and measured using the total evaporation (TE) technique on the TRITON TIMS. 

Figure 7 shows the IDMS results for the 242Pu amount content in mol/g in the four blends 

of IRMM-049e using IRMM-086 as spike CRM, their mean and the certified value of 

IRMM-049e using IRMM-1027o as spike CRM, see also Table 4). This figure shows that 

the results with IRMM-086 overlap and agree within the uncertainties with the final 

certified value of the 242Pu amount content of IRMM-049e. 

Figure 7 IDMS results for the 242Pu amount content [mol/g] in IRMM-049e determined using 
IRMM-086 as spike CRM 

 

 

7 Value assignment 

Certified values are values that fulfil the highest standards of accuracy. Procedures at 

JRC-Geel require generally pooling of not less than 6 datasets to assign certified values. 

Full uncertainty budgets in accordance with the 'Guide to the Expression of Uncertainty 

in Measurement' [18] were established.  

Finally, the assigned uncertainty consists of uncertainties related to characterisation uchar 

(Section 6.2) and potential between-unit inhomogeneity, ubb (Section 4.1)  

These different contributions were combined to estimate the expanded uncertainty of the 

certified value (UCRM) with a coverage factor k as:  

2

bb

2

charCRM uukU    Equation 5 

- uchar was estimated as described in Section 6.2 

- ubb was estimated as described in Section 4.1 

Because of the sufficient numbers of the degrees of freedom of the different uncertainty 

contributions, a coverage factor k of 2 was applied, to obtain the expanded 

uncertainties. The certified values and their uncertainties are summarised in Table 4 and 

Table 5. 

The major component to the expanded uncertainties for the 242Pu amount content and 

isotope amount ratios comes from the standard IRMM-290b/A3 used for the mass bias 

correction during the TIMS measurements, and for the 242Pu amount content, it stems as 

well from the 239Pu spike IRMM-1027o used for the Isotope Dilution. Figure 8 and Figure 

9 show the relative contributions of the main uncertainty components to the overall 
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uncertainties of the certified values for the 242Pu amount content and the 239Pu/242Pu 

amount ratio in IRMM-049e respectively. 

Therefore for the other certified values that are directly derived from the 242Pu amount 

content such as the mass fractions, or from the amount ratios as the abundances in 

mole and mass fractions, the major component to the expanded uncertainties comes as 

well from the standard IRMM-290b/A3 (see as well budgets as reported in Annex 2 and 

Annex 3). 

Figure 8 Uncertainty budget of the major components (as standard uncertainties) on the certified 
242Pu amount content [µmol/g] in IRMM-049e as on 01/01/2017 and calculated in GUM Workbench 

 

Where u_bb represents the uncertainty coming from the homogeneity assessment (i.e. 

0.019 %, k = 1, of certified value), u_standard IRMM 290b/A3 is the uncertainty of the 

IRMM-290/A3 standard (of 0.1 %, k = 2), u_external correction is 0.01 %, k = 1, 

u_spike IRMM-1027o corresponds to the uncertainty of the spike (of 0.06 %, k = 2), 

u_Rb the uncertainty of the ratio in the blend as measured by ID-TIMS and the sum of 

the consistency check correction represents the uncertainty of the delta values [16], 

which is here of 140·10-12 (see also Annex 2). 

Figure 9 Uncertainty budget of the major components (as standard uncertainties) on the certified 
239Pu/242Pu amount ratio [mol/mol] in IRMM-049e as on 01/01/2017 and calculated in GUM 

Workbench 

 

Where u_Runcorr_242/239_a or b are the uncertainties of the measured 242Pu/239Pu on 

the TIMS turrets (F) and (E) respectively (see as well Annex 3). 
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7.1 Certified values and their uncertainties 

 

Table 4 Certified 242Pu and total Pu amount content values and the uncertainties in IRMM-049e 

 
Certified value 

[µmol/g] 

UCRM 
1) 

[µmol/g] 

UCRM
1) 

[%] 

242Pu 

amount 

content 

0.35828 0.00045 0.13 

Pu amount 

content 0.37826 0.00047 0.13 

1) Expanded (k = 2) uncertainty 

 

Table 5 Certified isotope amount ratio values and their uncertainties in IRMM-049e 

 Certified value [mol/mol] 
UCRM 

1) 2) 

[mol/mol] 

UCRM, rel 
1) 2) 

[%] 

n(238Pu)/n(242Pu)  0.0050666 0.0000081 0.16 

n(239Pu)/n(242Pu) 0.0022218 0.0000026 0.12 

n(240Pu)/n(242Pu)  0.046033 0.000046 0.10 

n(241Pu)/n(242Pu)  0.0021930 0.0000023 0.10 

n(244Pu)/n(242Pu)  0.00025766 0.00000059 0.23 

1) Expanded (k = 2) uncertainty 

2) Note that for the isotope amount ratios the contribution of the homogeneity has not 
been taken into account 

Using the certified values listed above for the 242Pu amount contents and the isotope 

amount ratios, the uncertainty budgets for the mass fractions, and the abundance mole 

and mass fractions of Pu isotopes were set up as for the certified values, according to 

the 'Guide to the Expression of Uncertainty in Measurement' [18], and are listed in Table 

6, Table 7 and Table 8 respectively. 

 

Table 6 Certified mass fractions and their uncertainties in IRMM-049e 

 Certified value1) [µg/g] UCRM 
1) [µg/g] UCRM, rel 

1) [%] 

242Pu 86.73 0.11 0.13 

Pu 91.52 0.12 0.13 

  1) Expanded (k = 2) uncertainty 
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The molar mass (g/mol) of plutonium was determined as well using GUM Workbench 

(see Annex 3) and its certified value is (241.94417 ± 0.00011) g/mol, as reported as 

well in the certificate of the IRMM-049e. 

 

Table 7 Certified abundances as mole fractions and their uncertainties for IRMM-049e 

Mole fraction 

(x100) 

Certified value 

[mol/mol] 

UCRM
1)

 

[mol/mol] 

UCRM, rel
1)

 

[%] 

n(238Pu)/n(Pu)  0.47990 0.00074 0.16 

n(239Pu)/n(Pu) 0.21044 0.00023 0.11 

n(240Pu)/n(Pu)  4.3601 0.0041 0.094 

n(241Pu)/n(Pu)  0.20771 0.00021 0.10 

n(242Pu)/n(Pu) 94.7175 0.0050 0.0053 

n(244Pu)/n(Pu)  0.024405 0.000056 0.23 

1) Expanded (k = 2) uncertainty 

 

Table 8 Certified abundances as mass fractions and their uncertainties for IRMM-049e 

Mass fraction 

(x100) 

Certified value 

[g/g] 

UCRM
1)

 

[g/g] 

UCRM, rel
1)

 

[%] 

m(238Pu)/m(Pu)  0.47217 0.00073 0.16 

m(239Pu)/m(Pu) 0.20793 0.00023 0.11 

m(240Pu)/m(Pu)  4.3260 0.0041 0.10 

m(241Pu)/m(Pu)  0.20695 0.00021 0.10 

m(242Pu)/m(Pu) 94.7623 0.0050 0.0052 

m(244Pu)/m(Pu)  0.024618 0.000056 0.23 

1) Expanded (k = 2) uncertainty 

 

8 Metrological traceability and commutability 

 

8.1 Metrological traceability  

Traceability of the obtained results is based on the traceability of all relevant input 

factors. Instruments were verified and calibrated with tools ensuring traceability to the 

International System of units (SI). 
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The Pu amount content value is traceable to the certified values of the certificate of the 

IRMM-1027o LSD spike. 

The Pu amount isotope ratio values are traceable to the certified values on the IRMM-

290b/A3 certificate. 

Material used as second "calibrant" in the overall metrology pyramid. 

 

8.2 Commutability 

Many measurement procedures include one or more steps, which select specific -or 

specific groups of- analytes from the sample for the subsequent whole measurement 

process. Often the complete identity of these 'intermediate analytes' is not fully known 

or taken into account. Therefore, it is difficult to mimic all analytically relevant properties 

of real samples within a CRM. The degree of equivalence in the analytical behaviour of 

real samples and a CRM with respect to various measurement procedures (methods) is 

summarised in a concept called 'commutability of a reference material'. There are 

various definitions that define this concept. For instance, the CLSI Guideline C53-A [20] 

recommends the use of the following definition for the term commutability: 

"The equivalence of the mathematical relationships among the results of 

different measurement procedures for an RM and for representative samples of 

the type intended to be measured." 

The commutability of a CRM defines its fitness for use and is therefore a crucial 

characteristic when applying different measurement methods. When the commutability 

of a CRM is not established, the results from routinely used methods cannot be 

legitimately compared with the certified value to determine whether a bias does not exist 

in calibration, nor can the CRM be used as a calibrant. 

This reference material is tailor-made and is for use as a spike isotopic reference 

material for the IDMS analysis of a wide range of nuclear samples, mainly by the nuclear 

and safeguards communities. 

 

9 Instructions for use 

 

9.1 Safety information 

The usual laboratory safety measures apply for the handling of radioactive/nuclear 

material. 

 

9.2 Storage conditions 

The vials should be stored at + 18˚C ± 5 ˚C. 

The user is reminded to close the vial(s) immediately after taking the sample.  

Please note that the European Commission cannot be held responsible for changes that 

happen during storage of the material at the customer's premises, especially of opened 

vials.  
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9.3 Preparation and use of the material 

This material is ready for use after ampoule opening. Users are cautioned that once the 

ampoule is opened, the amount content of plutonium may be affected by evaporation 

losses.  

The IRMM-049e is intended for use as a spike isotopic reference material for IDMS 

analysis of a wide range of nuclear samples.  

 

9.4 Minimum sample intake 

Because the IRMM-049e material is a true solution and as such, can be regarded as 

completely homogeneous, there is no minimum sample intake to be taken into account 

for the analysis. 

9.5 Use of the certified value 

The main purpose of this material is to assess method performance, i.e. for checking 

accuracy of analytical results and calibration. As any reference material, it can also be 

used for control charts or validation studies. 

 

Use as a spike isotopic reference material 

The uncertainty of the certified value shall be taken into account in the estimation of the 

measurement uncertainty. 

 

Comparing an analytical result with the certified value 

A result can be considered as unbiased if the combined standard uncertainty of 

measurement and certified value covers the difference between the certified value and 

the measurement result (see also ERM Application Note 1, www.erm-crm.org [21]).  

For assessing the method performance, the measured values of the CRMs are compared 

with the certified values. The procedure is described here in brief:  

- Calculate the absolute difference between mean measured value and the certified 

value (meas) 

- Combine measurement uncertainty (umeas) with the uncertainty of the  

certified value (uCRM):  

- Calculate the expanded uncertainty (U) from the combined uncertainty (u) 

using an appropriate coverage factor, corresponding to a level of confidence of 

approximately 95 % 

- If meas  U no significant difference between the measurement result and the 

certified value, at a confidence level of about 95 % exists 

 

Use for quality control purpose 

The certified values can be used for quality control charts. Different CRM-units will give 

the same result, because inhomogeneity was included in the uncertainties of the certified 

values.  
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10 Conclusions 

A new highly enriched 242Pu isotopic reference material IRMM-049e has been prepared 

and certified for the 242Pu plutonium isotope amount content and isotopic composition. 

The IRMM-049e isotopic reference material is supplied in a glass ampoule with screw cap 

seals containing about 10 mL of 5 mol/L nitric acid with plutonium. The content of each 

vial is approximately 1 mg 242Pu. The certified values for amount content have been 

established by isotope dilution mass spectrometry and confirmed as part of the Pu spike 

inter-calibration campaign and verified via participation in the CEA/CETAMA Pu EQRAIN-

13 inter-laboratory comparison. The IRMM-049 series are Isotopic Reference Materials 

applied in nuclear fuel cycle measurements and are part of a systematic JRC-Geel 

programme to supply spike isotopic reference materials of various isotopes at different 

concentrations.  
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List of abbreviations and definitions 

 

ANOVA Analysis of variance 

c Amount of substance concentration 

CEA Le Commissariat à l'énergie atomique et aux énergies alternatives, la 

Direction de l’énergie nucléaire (Alternative Energies and Atomic 

Energy Commission) 

CETAMA Commission d'Etablissement des Méthodes d'Analyse 

CLSI Clinical and Laboratory Standards Institute 

CRM Certified reference material 

DA Destructive analysis 

EC European Commission 

ESARDA European Safeguards Research and Development Association 

EQRAIN Quality Assessment of Analysis Results in Nuclear Industry 

GUM Guide to the Expression of Uncertainty in Measurement 

IAEA International Atomic Energy Agency 

IDMS Isotope dilution mass spectrometry 

ID-TIMS Isotope dilution thermal ionisation mass spectrometry 

ISO International Organization for Standardization 

ITVs International Target Values 

JRC Joint Research Centre of the European Commission 

k Coverage factor 

LSD Large-Sized Dried 

m Mass 

M Molar mass 

MS Mass spectrometry 

MSbetween Mean of squares between-unit from an ANOVA 

MSwithin Mean of squares within-unit from an ANOVA 

n 

N 

Amount of substance 

Mean number of replicates per unit 

p.a. Pro analysis 

rel Index denoting relative figures (uncertainties etc.) 

RM Reference material 

s Standard deviation 

sbb
 Between-unit standard deviation; an additional index "rel" is added 

when appropriate 

SI International System of Units 

swb Within-unit standard deviation; an additional index "rel" is added 
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when appropriate 

TIMS Thermal Ionisation Mass Spectrometry 

u Standard uncertainty  

U Expanded uncertainty 

u*
bb Standard uncertainty related to a maximum between-unit 

inhomogeneity that could be hidden by method repeatability; an 

additional index "rel" is added as appropriate 

ubb Standard uncertainty related to a possible between-unit 

inhomogeneity; an additional index "rel" is added as appropriate 

uchar Standard uncertainty of the material characterisation; an additional 

index "rel" is added as appropriate 

uCRM Combined standard uncertainty of the certified value; an additional 

index "rel" is added as appropriate 

UCRM Expanded uncertainty of the certified value; an additional index "rel" 

is added as appropriate 

u Combined standard uncertainty of measurement result and certified 

value 

umeas Standard measurement uncertainty 

y  Arithmetic mean 

MSwithin  Degrees of freedom of MSwithin 
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 GUM file for 242Pu amount content determination with IDMS Annex 2.
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 GUM file for Pu isotopic ratios determination in IRMM-049e Annex 3.
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 Input data for the ANOVA of the homogeneity assessment Annex 4.

(single values, means and standard deviations of the three replicates 
in analytical sequence order) in analytical sequence order for the 242Pu 

amount content and the Pu isotope amount ratios of IRMM-049e  

242
Pu amount content [mol/g] 

Unit Replicate 1 Replicate 2 Replicate 3 Sample Mean s 

37 3.5822∙10-7 3.5816∙10-7 3.5818∙10-7 3.5819∙10-7 3.10∙10-11 

17 3.5843∙10-7 3.5833∙10-7 / 3.5838∙10-7 7.10∙10-11 

28 3.5847∙10-7 3.5818∙10-7 3.5829∙10-7 3.5831∙10-7 1.46∙10-10 

7 3.5835∙10-7 3.5841∙10-7 3.5837∙10-7 3.5838∙10-7 3.10∙10-11 

24 3.5844∙10-7 3.5837∙10-7 3.5842∙10-7 3.5841∙10-7 3.60∙10-11 

66 3.5819∙10-7 3.5822∙10-7 3.5824∙10-7 3.5822∙10-7 2.50∙10-11 

81 3.5848∙10-7 3.5833∙10-7 3.5831∙10-7 3.5837∙10-7 9.30∙10-11 

53 3.5838∙10-7 3.5838∙10-7 3.5842∙10-7 3.5839∙10-7 2.30∙10-11 

72 3.5829∙10-7 3.5828∙10-7 3.5826∙10-7 3.5828∙10-7 1.50∙10-11 

55 3.5828∙10-7 3.5837∙10-7 3.5842∙10-7 3.5836∙10-7 7.10∙10-11 

 

n(
238

Pu)/n(
242

Pu) [mol/mol] 

Unit Replicate 1 Replicate 2 Replicate 3 Sample Mean s 

37 5.0644∙10-3 5.0612∙10-3 5.0651∙10-3 5.0636∙10-3 2.1∙10-6 

17 5.0676∙10-3 5.0652∙10-3 5.0687∙10-3 5.0672∙10-3 1.8∙10-6 

28 5.0643∙10-3 5.0658∙10-3 5.0676∙10-3 5.0659∙10-3 1.7∙10-6 

7 5.0636∙10-3 5.0629∙10-3 5.0699∙10-3 5.0655∙10-3 3.9∙10-6 

24 5.0536∙10-3 5.0686∙10-3 5.0640∙10-3 5.0621∙10-3 7.7∙10-6 

66 5.0652∙10-3 5.0616∙10-3 5.0633∙10-3 5.0634∙10-3 1.8∙10-6 

81 5.0619∙10-3 5.0650∙10-3 5.0668∙10-3 5.0646∙10-3 2.5∙10-6 

53 5.0620∙10-3 5.0604∙10-3 5.0643∙10-3 5.0622∙10-3 2.0∙10-6 

72 5.0604∙10-3 5.0634∙10-3 5.0603∙10-3 5.0614∙10-3 1.8∙10-6 

55 5.0644∙10-3 5.0620∙10-3 5.0581∙10-3 5.0615∙10-3 3.2∙10-6 
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n(
239

Pu)/n(
242

Pu) [mol/mol] 

Unit Replicate 1 Replicate 2 Replicate 3 Sample Mean s 

28 2.214∙10-3 2.229∙10-3 2.223∙10-3 2.222∙10-3 7.533∙10-6 

53 2.222∙10-3 2.227∙10-3 2.224∙10-3 2.224∙10-3 2.363∙10-6 

81 2.216∙10-3 2.228∙10-3 2.222∙10-3 2.222∙10-3 6.165∙10-6 

24 2.220∙10-3 2.220∙10-3 2.221∙10-3 2.220∙10-3 6.070∙10-7 

66 2.221∙10-3 2.216∙10-3 2.223∙10-3 2.220∙10-3 3.360∙10-6 

17 2.220∙10-3 2.223∙10-3 2.222∙10-3 2.221∙10-3 1.457∙10-6 

55 2.226∙10-3 2.223∙10-3 2.226∙10-3 2.225∙10-3 1.823∙10-6 

7 2.220∙10-3 2.227∙10-3 2.222∙10-3 2.223∙10-3 3.353∙10-6 

72 2.218∙10-3 2.224∙10-3 2.220∙10-3 2.221∙10-3 2.653∙10-6 

37 2.218∙10-3 2.219∙10-3 2.222∙10-3 2.220∙10-3 2.126∙10-6 

 

n(
240

Pu)/n(
242

Pu) [mol/mol] 

Unit Replicate 1 Replicate 2 Replicate 3 Sample Mean s 

28 4.6029∙10-2 4.6030∙10-2 4.6043∙10-2 4.6034∙10-2 8.00∙10-6 

53 4.6044∙10-2 4.6039∙10-2 4.6046∙10-2 4.6043∙10-2 4.00∙10-6 

81 4.6031∙10-2 4.6046∙10-2 4.6031∙10-2 4.6036∙10-2 9.00∙10-6 

24 4.6031∙10-2 4.6029∙10-2 4.6018∙10-2 4.6026∙10-2 7.00∙10-6 

66 4.6015∙10-2 4.6010∙10-2 4.6040∙10-2 4.6022∙10-2 1.60∙10-6 

17 4.6037∙10-2 4.6033∙10-2 4.6023∙10-2 4.6031∙10-2 7.00∙10-6 

55 4.6029∙10-2 4.6037∙10-2 4.6030∙10-2 4.6032∙10-2 4.00∙10-6 

7 4.6034∙10-2 4.6028∙10-2 4.6034∙10-2 4.6032∙10-2 3.00∙10-6 

72 4.6044∙10-2 4.6031∙10-2 4.6032∙10-2 4.6036∙10-2 7.00∙10-6 

37 4.6034∙10-2 4.6031∙10-2 4.6039∙10-2 4.6035∙10-2 4.00∙10-6 
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n(
241

Pu)/n(
242

Pu) [mol/mol] 

Unit Replicate 1 Replicate 2 Replicate 3 Sample Mean s 

28 2.1892∙10-3 2.1994∙10-3 2.1989∙10-3 2.1958∙10-3 5.80∙10-6 

53 2.1954∙10-3 2.1905∙10-3 2.1939∙10-3 2.1932∙10-3 2.50∙10-6 

81 2.1902∙10-3 2.2038∙10-3 2.1929∙10-3 2.1956∙10-3 7.20∙10-6 

24 2.1844∙10-3 2.1920∙10-3 2.1894∙10-3 2.1886∙10-3 3.90∙10-6 

66 2.1902∙10-3 2.1930∙10-3 2.1952∙10-3 2.1928∙10-3 2.50∙10-6 

17 2.1958∙10-3 2.1970∙10-3 2.1976∙10-3 2.1968∙10-3 9.00∙10-7 

55 2.1955∙10-3 2.1916∙10-3 2.1980∙10-3 2.1950∙10-3 3.20∙10-6 

7 2.1923∙10-3 2.1915∙10-3 2.1877∙10-3 2.1905∙10-3 2.40∙10-6 

72 2.1965∙10-3 2.1915∙10-3 2.1884∙10-3 2.1921∙10-3 4.10∙10-6 

37 2.1878∙10-3 2.1929∙10-3 2.1867∙10-3 2.1891∙10-3 3.30∙10-6 

 

n(
244

Pu)/n(
242

Pu) [mol/mol] 

Unit Replicate 1 Replicate 2 Replicate 3 Sample Mean s 

28 2.5787∙10-4 2.5717∙10-4 2.5820∙10-4 2.5770∙10-4 5.00∙10-7 

53 2.5656∙10-4 2.5680∙10-4 2.5611∙10-4 2.5650∙10-4 3.00∙10-7 

81 2.5610∙10-4 2.5808∙10-4 2.5694∙10-4 2.5700∙10-4 1.00∙10-6 

24 2.5556∙10-4 2.5662∙10-4 2.5895∙10-4 2.5700∙10-4 1.70∙10-6 

66 2.5915∙10-4 2.5927∙10-4 2.5726∙10-4 2.5860∙10-4 1.10∙10-6 

17 2.5729∙10-4 2.5760∙10-4 2.5776∙10-4 2.5750∙10-4 2.00∙10-7 

55 2.5842∙10-4 2.5756∙10-4 2.5725∙10-4 2.5770∙10-4 6.00∙10-7 

7 2.6036∙10-4 2.5682∙10-4 2.5835∙10-4 2.5850∙10-4 1.80∙10-6 

72 2.5698∙10-4 2.5699∙10-4 2.5744∙10-4 2.5710∙10-4 3.00∙10-7 

37 2.5767∙10-4 2.6123∙10-4 2.5736∙10-4 2.5880∙10-4 2.20∙10-6 
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 Evaluation of laboratory performances by means of z- and Annex 5.

- scores during the plutonium EQRAIN-13 circuit 
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The laboratory performance of JRC.G.2-Geel (laboratory 19) was evaluated against the 

EQRAIN-13 reference value established at CEA/CETAMA and was found satisfactory, as 

expressed by means of the respective z- and - scores. 
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