
Vol.:(0123456789)1 3

Journal of Radioanalytical and Nuclear Chemistry (2021) 327:1305–1316 
https://doi.org/10.1007/s10967-020-07593-9

Preparation and characterisation of uranium and plutonium quality 
control samples for isotope dilution mass spectrometry measurements 
and uncertainty estimation

Célia Venchiarutti1  · Rožle Jakopič1 · Carmel Hennessy1 · Kalman Toth1

Received: 16 November 2020 / Accepted: 31 December 2020 / Published online: 25 January 2021 
© The Author(s) 2021

Abstract
This paper presents the preparation, characterisation and validation of two quality control (QC) samples for the measurement 
of plutonium and uranium contents by isotope dilution mass spectrometry (IDMS). These two QC samples were then used 
at the JRC-Geel G.2′s laboratory to monitor the performance of IDMS measurement results in line with the ISO 17025 and 
ISO 17034. The QC samples were prepared from two certified reference materials, namely the NBL-126 (Pu) and CRM 
116-A (U). The values for the 235U and 239Pu amount contents of the QC samples were assigned based on the gravimetric 
preparation of the solutions and verified by independent IDMS measurements. Their use as part of a broader in-house spike 
inter-calibration campaign, notably during participations in proficiency tests, is also highlighted. Finally, using these two 
IDMS QC samples, a detailed approach to the IDMS uncertainty evaluation, according to the Guide to the expression of 
uncertainty in measurement (GUM, 2008) is presented on various examples.
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Introduction

The JRC-Geel G.2 has a long-standing experience in produc-
tion and certification of isotopic nuclear reference materials 
and providing reference measurements in support to Nuclear 
Safeguards and Nuclear Security. They are produced apply-
ing state-of-the art analytical procedures and in compliance 
with international guidelines [1–3].

The ISO/IEC 17,025 [1] requires laboratories to evalu-
ate the measurement uncertainty of their results [4, 5]. For 
many years, the uncertainty evaluation has been an impor-
tant aspect in the certification process at JRC-Geel G.2 to 
provide fit-for-purpose and reliable certified reference mate-
rials (CRMs) to users. The fundamental role of CRMs is to 
establish traceability of a measurement result to a primary 
unit, as defined in the SI system. Furthermore, measure-
ment results with appropriately estimated uncertainties 

allow meaningful comparison of the results (comparability) 
amongst each other or against a reference value.

The concept of “uncertainty” as a quantifiable attribute is 
relatively new and was introduced by GUM in 1993 (Guide 
to Expression of Uncertainty in Measurement) [6]. However, 
error and the error analysis have long been part of the prac-
tice of a measurement science. Uncertainty is a parameter 
associated with the result of a measurement that character-
ises the dispersion of the values that could reasonably be 
attributed to the measurand (VIM) [7]. It is a measure of the 
“quality” of a measurement result.

The GUM [6], often referred to as a bottom-up approach, 
represents a standardised way of expressing uncertainty in 
measurements. The measurement method is described by a 
model equation where all input quantities comprising the 
final measurement result are stated. To each input quantity, 
an uncertainty is assigned either through experimentation 
(e.g. measurement, Type A) or via other sources (e.g. expert 
knowledge, published data, material certificates, Type B), 
and combined by using the law of propagation of uncertain-
ties to obtain one combined standard uncertainty [6].

The GUM  Workbench© [8] is a software developed by 
Metrodata GmbH (Germany) and in use for many years 
at the JRC-Geel G.2 for the calculation of measurement 
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results and their uncertainty estimation. It offers the pos-
sibility to determine an uncertainty budget [7], which pro-
vides a valuable feedback to the analyst. It identifies the 
dominant components of the combined standard uncer-
tainty for the measurand and allows for better understand-
ing, management and improvement of the measurement 
process. Furthermore, it enhances the transparency in the 
uncertainty calculation [9].

In order to ensure the provision of reliable reference 
materials and reference measurements, stringent quality 
assurance (QA) and quality control (QC) regimes need to be 
implemented by laboratories. These include regular partici-
pation of a laboratory in external quality assessments such 
as proficiency testing (PT) and inter-laboratory comparison 
(ILC) to monitor and demonstrate its performance. In addi-
tion, laboratories need to have internal QA/QC procedures 
in place to ensure continuous monitoring of the performance 
of analytical procedures. One way to apply this is through 
analysis of quality control (QC) samples [10–12].

The (certified) reference materials provided by the JRC-
Geel G.2 are applied mainly in mass spectrometry for instru-
ment calibration, method validation and quality control. 
Isotope Dilution Mass Spectrometry (IDMS) is commonly 
applied for accurate measurements of uranium and pluto-
nium content in many applications [13–16].

In this paper, we describe the preparation and characteri-
sation of two QC samples for the measurement of uranium 
and plutonium contents by IDMS. Two high purity certified 
metals were selected as source materials for the gravimetric 
preparations. Furthermore, the evaluation of uncertainties 
for the IDMS measurements according to the GUM will be 
discussed. A few examples of the assignment of the uncer-
tainties associated with QC samples, other CRM materials 
and QC charts, will be presented.

Experimental

Source materials and spike CRMs

U and Pu certified reference metals from the New Brun-
swick Laboratory Program Office (NBL PO, USA) [17] were 
selected for the preparation of the U and Pu QC solutions:

• CRM 126/NBL 126 (239Pu), a metal piece of ca. 1 g, cer-
tified for Pu purity (99.962(18) g kg−1) and 239Pu abun-
dance (n(239Pu)/n(Pu) = 97.925(18) At %) as of October 
1, 1985 [18]

• CRM 116-A (235U), a metal piece of ca. 1 g, certified for 
U amount content (0.99945(14) g U g−1 metal), isotope 
amount ratios and abundances (e.g. n(235U)/n(U)) as of 
October 31, 2013 [19, 20]

The following spike materials and proficiency test sam-
ples were used in IDMS analyses:

• KRI-RM2-662–2004 (hereafter referred to as Pu KRI-
RM2) 242Pu spike with a mass fraction of 94.20(08) 
μg 242Pu  g−1 solution (May 24, 2004) and KRI-
RM1-650–2008 (hereafter referred to as U KRI-RM1) 
233U spike with a mass fraction of 0.9885(07) mg 
233U g−1 solution (July 01, 2008) from V.G. Khlopin 
Radium Institute, Russia.

• EQRAIN 15U and EQRAIN 16U certified test samples 
with 238U mass fraction from CEA/CETAMA, France. 
The CEA/CETAMA (French Commissariat à l’Energie 
Atomique et aux Energies Alternatives, de la Direction 
de l’Energie Nucléaire) organises regularly proficiency 
testing, known as EQRAIN (Assessment of the Qual-
ity of Analysis Results in the Nuclear Industry) for the 
analysis of U or Pu amount contents in nitrate solutions 
[21].

• IRMM-046c mixed 233U/242Pu spike mixed 233U/242Pu 
spike with certified amount contents of 233U and 242Pu of 
4.4627(10) µmol g−1 solution and 0.35491(15) µmol g−1 
solution, respectively, from JRC Geel, Belgium.

All the uncertainties given in parenthesis for each CRM 
described above, applied to the two last digits and corre-
spond to the expended uncertainties with a coverage factor 
k = 2.

Metrological weighing

Weighing was performed by the substitution method [22, 
23]. The mass is determined through comparison with 
mass standards (calibrated certified weights) by bracketing 
the weighing of the “unknown sample (U)” with the mass 
standards (S) of a similar mass as the one of the unknown 
sample. The so-called SUUS weighing scheme (also known 
as ABBA) was used and the sequence was repeated twice 
in order to achieve the uncertainty requirements. The bal-
ance was therefore used as a comparator and consequently 
any linearity effects and drift during the weighing sequence 
were cancelled out. Temperature, air pressure and relative 
humidity were recorded during weighing to correct for the 
air buoyancy.

Preparation of U and Pu QC solutions

To remove surface oxidation products prior to weighing, the 
NBL 126 and CRM 116-A metals were cleaned by chemical 
etching (CRM 116-A) and by electro-polishing (NBL 126) 
according to instructions on the respective metal certificates 
[17, 24].
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The uranium metal was transferred to a 500 mL glass 
flask containing about 200 mL of Suprapur® 8 M  HNO3. 
The solution was heated on a hot plate at ca. 120 °C for 2 h 
to dissolve the uranium metal. After the metal had dissolved, 
additional 8 M  HNO3 was added to obtain about 350 mL of 
solution with a mass fraction of approximately 3 mg U g−1. 
The plutonium metal was dissolved in a 1 L glass flask by 
adding 20 mL Suprapur® 6 M HCl. The Pu metal dissolu-
tion was rapid (within 10 min) without any heating required. 
About 500 mL 8 M  HNO3 was added to obtain a solution 
with a mass fraction of approximately 1.5–2 mg Pu g−1. 
These concentrations were selected as suitable for spiking 
of the wide range of safeguards samples analysed in our 
laboratory. Both solutions were homogenised for a few days 
by periodic swirling by hand.

As solutions stored in flasks will evaporate over time, 
aliquots were dispensed into quartz ampoules with a PTFE 
screw-cap (tight for high vacuum until  10–6 mbar). A total of 
36 units of each QC sample were prepared, each containing 
about 4 mL of solution in 8 M  HNO3. The remaining solu-
tions in the flasks were stored under weight control.

Spiking and chemical treatment

Blends using various spikes were prepared by metrological 
weighing as described above [23]. Masses of the spikes and 
samples in the blends were in the range of 0.5–3 g to opti-
mise the IDMS measurements (e.g. to obtain spike-to-blend 
ratios between 1 and 10) taking into account the availability 
of the spike material and the number of required replicates 
[25].

Isotopic equilibration (homogenisation) of the spike and 
sample was achieved prior to separation by performing a 
redox (reduction–oxidation) step in which the oxidation state 
of plutonium and uranium was adjusted to Pu (IV) and U 
(VI), respectively [26]. Blend solutions were evaporated to 
near dryness and re-dissolved in 200 µL of 2 M  HNO3. Then, 
50 µL of 1.25 M  FeCl2 and 100  µL of 1 M  NH2OH∙HCl 
were added to reduce all plutonium in solution to Pu(III) 
while the uranium was kept in U (VI). 100 µL of 1 M  NaNO2 
was then added to oxidise the Pu (III) to Pu (IV). Finally, ca. 
450 µL of concentrated  HNO3 was added to obtain a solution 
(of less than 1 mL) in 8 M  HNO3.

The separation (purification) was carried out by passing 
the sample solution through pre-conditioned anion-exchange 
columns (Bio-rad AG®1 × 4, 100–200 mesh,  Cl− form). The 
sample was added then the column was first washed with 
a few mL 8 M  HNO3 to remove the majority of the metal 
ions (e.g. iron from redox) before the uranium was eluted 
with 10 mL 8 M  HNO3. The plutonium was eluted from 
the column with 10 mL 0.35 M  HNO3. This purification 
procedure was repeated for samples spiked with a mixed 
233U/242Pu spike (e.g. IRMM-046c) to remove the residual 

uranium in the plutonium fraction that could interfere in 
the mass-spectrometric measurements (e.g. the 238U on the 
238Pu signal) [27].

IDMS measurements

The purified fractions were evaporated and re-dissolved in 
1 M  HNO3 to obtain Pu and U solutions of approximately 
50 ng µL−1 and 100 ng µL−1, respectively. 1 µL of these 
solutions was dried onto degassed zone-refined rhenium 
filaments (double filament configuration) for mass spec-
trometric measurements. Isotope ratio measurements were 
performed on a Triton Thermo Fischer Scientific (TIMS, 
Bremen, Germany) using the total evaporation (TE) method 
[28–31].

In the TE method, the evaporation (sample) filament is 
heated up to maintain a steady intensity and measured until 
the entire sample is consumed. The signals of each isotope 
are integrated over the entire measurement period. In this 
way, the mass fractionation effects are minimised. A small 
fractionation effect can still be observed depending on the 
sample loading, sample amount and heating procedure. 
This was corrected by measuring together with the samples, 
isotopic reference materials, IRMM-290b/A3 and IRMM-
074/10 for Pu and U, respectively.

The U and Pu contents in blends were determined using 
the following general IDMS equation [15]:

cx is the element amount content of the "unknown" sample 
[mol g−1], Cy is the element amount content of the spike 
[mol∙g−1], mx is the mass of the sample [g], my that of the 
spike [g], and Rx, Ry and Rb are the isotope amount ratios of 
the sample (unspiked) [mol∙mol−1], the spike and the blend, 
respectively. The Σ(Ri)x and Σ(Ri)y are the sums of all isotope 
amount ratios in the sample and spike, respectively.

Results and discussion

Verification measurements of QC solutions

The amount contents [mol  g−1] of 235U and 239Pu of the QC 
solutions were determined using the equations below:

(1)cx = cy ⋅
my

mx

⋅

Ry − Rb

Rb − Rx

⋅

Σ(Ri)x

Σ(Ri)y

(2)c235U =
mUCRM116A ⋅ �UCRM116A

MU ⋅ mUsol

⋅ f235U ⋅ fUevap

(3)c239Pu =
mPuNBL126 ⋅ �PuNBL126

MPu ⋅ mPusol

⋅ f239Pu ⋅ fPuevap
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mUCRM116A , mPuNBL126, mUsol, mPusol are the masses of the U 
CRM 116-A, Pu NBL 126 metals and the nitrate solutions 
[g], respectively; �UCRM116−A and �PuNBL126 are the purities of 
the U CRM 116-A and Pu NBL 126 metals [g  g−1], respec-
tively; MU and MPu are the molar masses of U and Pu [g 
 mol−1]. The f235U and f239Pu are the isotope amount fractions 
(e.g. abundances) of 235U and 239Pu in the solutions, respec-
tively and fUevap and fPuevap are the evaporation factors of the 
uranium and plutonium solutions, respectively. The values 
from gravimetric preparation of U and Pu QC solutions are 
shown in Table 1.

The masses of the metals and the solutions were deter-
mined by substitution weighing and corrected for air buoy-
ancy (as described previously in the section Metrological 
Weighing). Mass standards of class E2 (calibrated against 
class E1 standards) were used. The traceability of the masses 
from the substitution weighing to the SI is established 
through the class E1 mass standards, certified by the Belgian 
metrology institute (FOD Economie, Kwaliteit en Veilig-
heid, Metrologie). The major uncertainty contributions in 
substitution weighing come from the mass standards (cali-
bration certificate), repeatability of the weighing sequence 
(SUUS) and the balance. Other contributions, such as the 
density of the air, metal and solution are negligible.

The values for the purity of the metals, the abundances 
and associated uncertainties were taken from the metal cer-
tificates. Atomic masses of the isotopes and half-lives for 
decay correction were obtained from the literature [32–34]. 

The evaporation factor (fevap) was determined by monitoring 
the weight of the flask before the dispensing of the solution 
into ampoules.

The individual uncertainties of all the input quantities 
were combined using the software GUM  Workbench© [8] to 
result in one combined standard uncertainty (uc). A cover-
age factor of k = 2 (95% confidence interval) was applied to 
obtain the expanded uncertainty (U = k∙uc). An example of 
the uncertainty budget for the gravimetric preparation of the 
U QC solution is shown in Table 2.

Verification measurements of QC solutions

Since only the 239Pu atom fraction was originally certified 
in NBL-126 metal and the Pu isotope ratios were given as 
informative values only (i.e. without uncertainties), meas-
urements of isotope ratios of the Pu QC solution were 
performed on a purified aliquot by TIMS. The results of 
the Pu isotope ratios are summarised in Table 3.

The isotope ratios measured in the Pu QC solution 
agreed with the values from the certificate and with the 
results published by Byerly et al. [18]. The exception was 
the n (238Pu)/n (239Pu) ratio, where a higher value was 
obtained in the TIMS measurement. This was most likely 
due to isobaric interferences with residual 238U in the Pu 
fraction caused by insufficient purification of the uranium 
impurities present initially in the NBL 126 CRM metal. 
However, it was verified using both the full IDMS equa-
tion (Eq. 1 [15]) and a simplified IDMS equation for the 
isotope of interest only [30], that the n (238Pu)/n (239Pu) 
ratio had no influence on the IDMS results of the 239Pu and 
Pu amount and mass contents. Most of the IDMS results 
for 239Pu amount contents, presented in this paper, were 
then determined using the simplified IDMS equation [30].

Verification measurements of the 239Pu amount con-
tent in the Pu QC solution (before dispensing) were car-
ried out by IDMS using two 242Pu spike materials, the Pu 
KRI-RM2 and the mixed 242Pu/233U IRMM-046c spike. 
The latter has been successfully used in various projects, 
including the certification of IRMM-1027 series LSD 

Table 1  Amount contents and mass fractions of 235U and 239Pu in QC 
solutions

(a) Expanded uncertainties (k = 2) are shown in parenthesis (b)Values 
given for reference date of October 17, 2018 (c)Mass fraction was 
obtained using the equation γ = c∙M.

Gravimetric  values(a)

c (235U) [µmol  g−1 solution] 12.8155(51)
c (239Pu) [µmol  g−1 solution] (b) 7.0927(20)
γ (235U) [mg  g−1 solution] (c) 3.0122(12)
γ (239Pu) [mg  g−1 solution] (b), (c) 1.69553(49)

Table 2  Simplified uncertainty 
budget for the 235U amount 
content of the U QC solution

(a) as determined from weighing and measurements (JRC-Geel G.2 laboratory’s data) (b)as from certificate 
of CRM 116-A material (NBL certificate)

Quantity Value Standard uncertainty Unit Type A/B Contribution

mU
(a) 1.1392700 35·10–6 g B 2.4%

msol
(a) 352.4300 0.0200 g B 8.3%

ηU
(b) 0.9994500 58.3·10–6 g  g−1 B 8.8%

MU
(b) 235.1857200 55·10–6 g  mol−1 B 0%

f235U
(b) 0.932547 19.0·10–6 mol  mol−1 B 0.9%

fevap(a) 1.00037 350·10–6 B 79.5%
c235U 12.8155·10–6 2.53·10–9 mol  g−1 sol
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spikes (Large Size Dried spike) [24, 35, 36], the verifica-
tion of the IAEA LSD SAL (Safeguard Analytical Labora-
tory) [37] and in external proficiency testing (IAEA Round 
Robin and the CEA/CETAMA EQRAIN). The Pu KRI-
RM2 was used to verify the 239Pu amount content of the 
QC sample since it was successfully used as well by the 
IAEA-NML (Nuclear Material Laboratory) in verification 
measurements of the IRMM-1027r LSD spike [37].

The IDMS results for the Pu QC solution in the origi-
nal flask (before dispensing) are shown in Fig. 1. They are 
expressed as the relative difference (bias in %) from the 
assigned value of the gravimetric preparation.

A good agreement between all IDMS results was 
obtained. The second data set (with Pu KRI-RM2 spike, in 
2018) showed a slightly higher bias (a relative difference 
of + 0.15%) from the gravimetric value when compared to 
the other results. The reason for this observation could not 

be found. Such a positive bias when using the Pu KRI RM2 
spike, was also observed during the verification measure-
ments of the IRMM-1027r LSD spike [37]. Nevertheless, 
the agreement between the gravimetric value and the IDMS 
results using the two different spikes was fit for purpose for 
a QC sample to verify the Pu amount content in the solu-
tion. It can be observed that all uncertainties were in the 
same range.

Measurements of the U isotope ratios of the U QC 
solution were similarly carried out and are summarised in 
Table 4. All the measured U isotope ratios agreed with the 
values from the certificate.

Verification of the U amount content in the U QC solu-
tion in the original flask (before dispensing) was per-
formed using two uranium certified test items, namely 
EQRAIN 15U (R056) and EQRAIN 16U (T050) in the 
scope of the EQRAIN proficiency tests (PT) by CEA/

Table 3  Results of the isotope 
amount ratio measurements of 
the Pu QC solution

(a) Reference date for all values in Table: October 17, 2018 (b) NBL-126 metal certificate values decayed 
from October 1, 1985 to reference date (c)Byerly et al. (2016) [18] values decayed from October 28, 2013 to 
reference date. Expanded uncertainties (k = 2) are shown in parenthesis

TIMS values this  study(a) Certificate  values(b) Byerly et al. 
 values(c) (2016)

n (238Pu)/n(239Pu) [mol  mol−1] 0.0000342 (27) 0.0000126 0.0000200(15)
n (240Pu)/n(239Pu) [mol  mol−1] 0.020920 (08) 0.020953 0.020920(09)
n (241Pu)/n(239Pu) [mol  mol−1] 0.0000340 (11) 0.0000322 0.0000349(01)
n (242Pu)/n(239Pu) [mol  mol−1] 0.0000082 (21) 0.0000102 0.0000101(01)
n(239Pu)/n(Pu) [%] 97.9436(08) 97.9425(01) 97.9446(09)

Fig. 1  Deviations of IDMS 
results to the 239Pu gravimetric 
value in Pu QC solution. Error 
bars show the relative expanded 
uncertainties (k = 2) of the 
measurement results. Red dotted 
lines show the relative expanded 
uncertainty (k = 2) of the gravi-
metric value set as the reference 
of 0% (red line), in the different 
dispensed aliquots from the 
original flask (before dispensing 
in ampoules). Due to the change 
in the evaporation correction for 
each set of measurements, the 
uncertainties associated with the 
gravimetric value became larger 
with time



1310 Journal of Radioanalytical and Nuclear Chemistry (2021) 327:1305–1316

1 3

CETAMA, as well as the external 233U spike, U KRI-RM1. 
This latter was also used as spike and inter-linked with the 
second ampoule of EQRAIN 16U at JRC-Geel G.2 (T100 
ampoule) and at the IAEA-NML.

In Fig. 2, it can be seen that the IDMS results with 
EQRAIN 15U (R056) and EQRAIN 16U (T050) con-
firmed the QC sample gravimetric value. However, a 
positive bias was obtained when verifying the U amount 
content of the QC sample with the U KRI-RM1 spike. A 
similar positive bias, although smaller (i.e. + 0.05%), was 
observed both at JRC-Geel G.2 and at the IAEA-NML 
when using this spike on the second set of EQRAIN 16U 
(personal communication).

Among the U QC samples analysed with IRMM-046c 
spike, two IDMS results were in agreement within the uncer-
tainties with the gravimetric value, whereas the two first 
measurement results (as shown in Fig. 2) did not agree with 
the rest of the IDMS results. Both results have similar biases 
but are much lower than the other results. Moreover, it can 
be observed that the measurement uncertainties of IRMM-
046c results are smaller (by a factor of two to three) com-
pared to the other spikes used in this verification.

In general, these IDMS results agreed well within uncer-
tainties among one another and with the gravimetric value 
(Fig. 2) and therefore considered fit for purpose for a QC 
sample to verify the U amount content in the solution.

Finally, both QC samples were verified successfully with 
the JRC-Geel G.2 CRM, IRMM-046c, with the proficiency 
test items (with the EQRAIN 15U and EQRAIN 16U) and 
the external Pu and U KRI-RM-2 and -1 spikes, respec-
tively. However, with the KRI-RM-1 and -2 spikes some 
slight positive biases were observed in the IDMS results 
(Figs. 1 and 2), also when inter-linked with IRMM-1027r 
[37] and the most recent EQRAIN 16U. These IDMS results 
and spike CRMs will be part of the continuous in-house 
campaign on inter-linking JRC-Geel G.2′s and external spike 
CRMs, during which possible biases will be investigated.

Uncertainty in IDMS measurements

An example of the uncertainty calculation for the determi-
nation of the 235U amount content by IDMS in the U QC 

Table 4  Results of the isotope amount ratios measurements of the U 
QC solution

(a) as measured by TIMS/TE on June 24, 2020. Expanded uncertain-
ties (k = 2) are shown in parenthesis.

Certified values TIMS values this 
 study(a)

n (233U)/n (235U) [mol/
mol]

0.0000003863(86) n.a

n (234U)/n (235U) [mol/
mol]

0.0115836(97) 0.0115893(20)

n (236U)/n (235U) [mol/
mol]

0.0094713(77) 0.0094716(59)

n (238U)/n (235U) [mol/
mol]

0.051277(41) 0.051264(19)

Fig. 2  Deviations of IDMS 
results to the 235U gravimet-
ric value in U QC solution. 
Error bars show the relative 
expanded uncertainties (k = 2) 
of the measurement results. Red 
dotted lines show the relative 
expanded uncertainty (k = 2) of 
the gravimetric value, set as the 
reference of 0% (red line), in 
the different dispensed aliquots 
from the original flask (before 
dispensing in ampoules). Due 
to the change in the evapora-
tion correction for each set of 
measurements, the uncertainties 
associated with the gravimetric 
value became larger with time
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solution using IRMM-046c spike is given below. The gen-
eral Eq. (1) for IDMS can be rearranged to determine the 
235U amount content rather than the total U amount content 
as follows [30]:

cX (235U) is the amount content [mol  g−1] of the 235U; 
cy(233U) and Ry(

233U∕235U) are the 233U amount content and 
the isotope amount ratio of the spike, respectively; mx and my 
are the masses of the sample and the spike [g], respectively; 
Rx(

233U∕235U) and Rb(
233U∕235U) are the isotope amount 

ratios of the sample and the blend, respectively; K is the 
mass bias correction factor [mol mol−1].

The use of the simplified Eq. (4) is advantageous because 
not all the isotopes ratios need to be known or measured. 
Other equations are possible depending on the spike used 
and how the ratios are expressed [30].

The blend ratio (Rb) is determined by replicate measure-
ments, usually between three and four per blend. The vari-
ability, i.e. the standard uncertainty associated with the mean 
is incorporated into the uncertainty estimation as Type A.

Corrections for mass fractionation are applied to the 
isotope ratios. This is determined by repeated measure-
ments (between four and six replicates) of a standard with 
a well-characterised and known isotopic composition (e.g. 
IRMM-074/10), which is measured together with the sam-
ples under the same conditions (e.g. approximately the 
same amount and ratio as in the samples). The isotopic 
standards are measured before and after the samples (i.e. 
bracketing).

The calculated K-factor 
(
K =

Rcert

Rmeas

)
 is used to correct 

for mass fractionation for the equivalent isotope ratio in 
the samples. The uncertainty associated with the mass 
fractionation consists of two components, the repeatability 
of the measurement of the isotopic standard (Type A) and 
the uncertainty of the certified isotope ratio from the cer-
tificate (Type B). An additional uncertainty component 
(δTE) (on an input quantity value of zero) associated with 
the total evaporation method is introduced as described in 
Richter et al. [38]. This accounts for possible deviations 
due to different effects from solution preparation or run-
ning conditions between a sample and the standard used 
for mass fractionation correction.

The amount content, cy(233U) the isotope ratio of the 
spike CRM ( Ry(

233U∕235U) and their associated uncertain-
ties are taken from the spike CRM certificate (Type B).

In our case for the U QC solution, the isotope ratio of 
the sample ( Rx(

233U∕235U) and associated uncertainty were 

(4)cx
(
235U

)
= cy(

233U) ⋅
my

mx

⋅

Ry(
233U∕235U) − Rb(

233U∕235U) ⋅ K

Rb(
233U∕235U) ⋅ K − Rx(

233U∕235U)
⋅

1

Ry(
233U∕235U)

obtained from the certificate of CRM 116-A as described in 
Table 4 and, therefore treated as Type B components.

Uncertainties associated with the weighing were dis-
cussed in the previous section.

The uncertainty budget for the determination of the 235U 
amount content in the U QC solution using IRMM-046c 
spike is shown in Table 5.

All individual uncertainty components were combined 
using GUM  Workbench© [8]. A coverage factor of k = 2 
(confidence interval of 95%) was applied for the calcula-
tion of all the expanded uncertainties. However, different k 
values can be applied depending on the effective degrees of 
freedom and the desired confidence interval.

In Table 5, it can be observed that for an IDMS measure-
ment result for uranium, the major component to the com-
bined standard uncertainty comes from the spike amount 
content (cy, IRMM-046c), followed by the measured blend 
ratio Rb. The ID-TIMS uncertainty δTE contributes as well, 
but to a lesser extent, followed by the contribution of the 
isotopic standard (R074/10,meas, R074/10 cert) used for the cor-
rection of mass fractionation.

Another example of the uncertainty budget for the deter-
mination of 239Pu in the Pu QC solution using the IRMM-
046c spike is shown in Table 6. In this example, the domi-
nant component of uncertainty comes from the isotopic 
standard R290b/A3,cert, followed by the uncertainty of the 
amount content of the spike (cy).

In Fig. 2, the IDMS measurement results of 235U amount 
content of the U QC solution with the EQRAIN 15U (R056) 
on four blends are represented. These blends are measured 

Table 5  Uncertainty budget for 235U amount content by IDMS with 
233U spike (IRMM-046c)

(a) Relative expanded uncertainty (k = 2).

Quantity Unit Type A/B Contribution 
QC1

Contribution 
QC4

mx g B 4.5% 11.7%
my g B 1.1% 2.2%
cy mol  g−1 B 35.6% 35.9%
Ry mol  mol−1 B 0% 0%
Rx mol  mol−1 B 0% 0%
R074/10, cert mol  mol−1 B 7.1% 7.1%
R074/10,meas mol  mol−1 A 9.8% 6.9%
Rb mol  mol−1 A 29.3% 23.6%
δTE B 12.6% 12.7%
cx mol  g−1 sol 0.038%(a) 0.037%(a)
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under repeatability conditions. Performing measurements on 
several independent blends enables the analyst to evaluate 
the between-blends variability and to check for any possible 
inconsistency. If the measurement process is under control, 
there should not be any (significant) difference between the 
blend IDMS results.

There are different ways to check the between-blend effect 
under repeatability conditions. In our laboratory, we apply 
the approach of consistency check as described by Kessel 
et al. [39]. In this approach, a numerical equivalence check is 
done on the results of the blends by comparing the difference 
(noted ε) of each single blend value with the arithmetic mean 
value of the blends to the combined standard uncertainty of 
this difference u(ε), as shown in Eq. (5).

where � = |Yi−
−

Y |, with Yi the single blend value, 
−

Y  the 
arithmetic mean value of all the blends and u(�) = u

(
Yi−

−

Y

)
 

the standard uncertainty of the difference (ε).
All blends must meet this condition. If the test fails, there 

is an implication of an unknown effect between the blends. 
In this case, to cover for the possible between-blend effect 
and thereby enabling the condition to be met, an additional 
term (δ) is introduced to each blend value, with an expected 
value of zero and a standard uncertainty (noted u(δ)) identi-
cal for all blend values.

An example of the use of this consistency check and 
of the additional term for between-blend effect (δ) on the 
uncertainty budget for the 235U amount content in the four 
blends of the U QC solution using the EQRAIN 15U (R056) 
is shown in Table 7.

In this example, an additional uncertainty u (δ1-4) of 1.20 
×  10–9 was added to each blend value to cover the possible 
between-blend effects (total contribution to uncertainty on 
235U amount content of 2%). As observed already in Table 5, 
the largest uncertainty contribution came from the spike  (cy), 

(5)|�| ≤ k ⋅ u(�) (usuallyk = 2)

followed by the isotopic standard for mass fractionation cor-
rection (R074/10,meas and R074/10, cert) and the δTE.

It can be seen that reducing the uncertainty of IDMS 
results will, in many cases be limited by the uncertainty 
of the spikes and isotopic standards for mass fractionation. 
Further improvement, can be achieved by performing double 
IDMS, which means additional in-house spike preparation 
and characterisation [13, 40].

Quality control (QC) charts

Control charts [12] were established using the IDMS QC 
samples to monitor the performance of the Pu (e.g. 239Pu) 
and U measurements (e.g. 235U) under intermediate meas-
urement conditions (i.e. changes with time, changes of 
instrument calibration and of operators within the labora-
tory, etc.) in compliance with ISO 17,025 [1]. In Fig. 3 and 
Fig. 4, two examples of QC charts for the 239Pu and for the 
235U IDMS respectively are shown.

Since their validation, both IDMS QC samples have 
been measured on a regular basis (almost every two–three 
months) in various projects, in particular in certification 
campaigns and in external quality assessments (e.g. PT, 
ILC). They underwent the same analytical procedures as the 
other samples, including weighing/spiking, chemical treat-
ment and isotope measurements, but at different intervals 
of time over a long period (i.e. under intermediate measure-
ment conditions).

In Fig. 3, the blue line represents the tolerance limit of 
0.1% of the control charts for the relative difference between 
the measured and the assigned (gravimetric) value. This tol-
erance limit was chosen based on the evolution of the JRC 
Geel’s IDMS results in external PT and ILC over the years. 
If some data points would fall outside this tolerance limit of 
0.1%, the IDMS analyses of the sample(s) concerned would 
be repeated and possible causes investigated [12].

The RSD of all the IDMS data for the Pu QC sample 
(before and after dispensing, Fig. 1 and Fig. 3) is 0.054% 

Table 6  Uncertainty budget for 
239Pu amount content by IDMS 
with 242Pu spike (IRMM-046c)

(a) Relative expanded uncertainty (k = 2)

Quantity Unit Type A/B Contribution QC1 Contribution QC4

mx g B 1.8% 2.2%
my g B 0.1% 0.2%
cy mol  g−1 B 13.4% 14.0%
Ry mol  mol−1 B 0% 0%
Rx mol  mol−1 B 0% 0%
R290b/A3, cert mol  mol−1 B 74.8% 78.5%
R290b/A3,meas mol  mol−1 A 1.9% 1.6%
Rb mol  mol−1 A 5% 0.3%
δTE B 3% 3.2%
cx mol  g−1 sol 0.12%(a) 0.11%(a)
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Table 7  Uncertainty budget for 
235U amount content (IDMS 
with EQRAIN 15U, 238U spike)

(a) Ry ratio of the EQRAIN 15U was determined by TIMS on one aliquot (not provided by CEA/CETAMA).

Quantity Value Standard uncertainty Unit Type A/B Contribution 
(%)

mx1 2.00560 5.00 ×  10–5 g B 0
mx2 1.99231 8.50 ×  10–5 g B 0.1
mx3 2.01373 8.00 ×  10–5 g B 0
mx4 2.01425 7.00 ×  10–5 g B 0
my1 0.68806 8.00 ×  10–5 g B 0.8
my2 0.47460 8.50 ×  10–5 g B 1.8
my3 0.50229 8.00 ×  10–5 g B 1.4
my4 0.49463 8.50 ×  10–5 g B 1.6
RB1 0.08008382 6.48 ×  10–6 mol  mol−1 A 0.4
RB2 0.11191274 8.35 ×  10–6 mol  mol−1 A 0.4
RB3 0.10724388 4.73 ×  10–6 mol  mol−1 A 0.1
RB4 0.10880240 6.82 ×  10–6 mol  mol−1 A 0.3
cy 5.1124 ×  10–4 5.00 ×  10–10 mol  g−1 B 62.4
Ry (a) 7.35 ×  10–5 1.15 ×  10–6 mol  mol−1 A 0
Rx 3.8632 ×  10–7 4.30 ×  10–9 mol  mol−1 B 0
R074/10, cert 1.000259 7.50 ×  10–5 mol  mol−1 B 5.0
R074/10,meas 1.000247 1.27 ×  10–4 mol  mol−1 A 14.5
δ1 0.0 1.20 ×  10–9 B 0.5
δ2 0.0 1.20 ×  10–9 B 0.5
δ3 0.0 1.20 ×  10–9 B 0.5
δ4 0.0 1.20 ×  10–9 B 0.5
δTE 0.0 1.00 ×  10–4 B 9.0
cx 12.8215 ×  10–6 4.30 ×  10–9 mol  g−1 sol

Fig. 3  Quality control chart for the 239Pu amount content (in μmol 
 g−1) by IDMS in Pu QC sample using IRMM-046c spike. The cir-
cled data point represents an IDMS measurement performed on a QC 
solution before the dispensing. Error bars show the expanded uncer-

tainties (k = 2). The red dotted line represents the relative uncertainty 
(k = 2) of the gravimetric value. Blue line represents the tolerance 
limit of 0.1% (see text for details)
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(i.e. the tolerance limit corresponds here to ca. 2xRSD), 
while the RSD of all the IDMS data for the U QC sample 
(before and after dispensing, Figs. 1 and 4) is 0.035% (i.e. 
the tolerance limit corresponds here to ca. 3xRSD).

It can be seen in Fig. 3 that all the Pu IDMS results fall 
within the tolerance limit of 0.1%, with two Pu IDMS results 
showing only a − 0.002% and a 0.004% bias from the gravi-
metric value. The average relative difference (bias) of all 
the results of all the analysed QC samples from the assigned 
value is − 0.031% (Fig. 3). Therefore, although there might 
be a slight negative bias arising from the Pu IDMS meas-
urement of this QC sample using the IRMM-046c spike, all 
uncertainties associated with the Pu IDMS results are in the 
range of 0.11–0.12% (k = 2), as also observed in Table 6, and 
are therefore fit for purpose.

The control chart for 235U IDMS is shown in Fig. 4. 
Uncertainties associated with the U IDMS results are in 
the range of 0.030- 0.037% (k = 2), as also observed in 
Table 5. The average relative difference from the assigned 
value is − 0.063%, with the majority of the results below the 
assigned value, but all within the tolerance limit of 0.1%. 
This may indicate the presence of a small systematic bias in 
the U IDMS results over time (intermediate measurement 
conditions). The source has not yet been identified and there-
fore could not be directly corrected for. However, this slight 
bias is already partly covered by the current uncertainties, 
since some of the U IDMS values overlap within the uncer-
tainties with the gravimetric value (Fig. 4).

These uncertainties are also much smaller when com-
pared to those of the Pu results (Fig. 3), which is mainly 
due to the smaller certified uncertainties for the spike (U 
amount content in IRMM-046c) and isotopic standard 
(IRMM-074/10) used for the U IDMS. Indeed, for the Pu 
IDMS, the isotopic standard is the dominant component to 
the uncertainty, and the uncertainty of the IRMM-290b/A3 
(rel. U = 0.10%, k = 2) is ca. 6 times larger than the uncer-
tainty of IRMM-074/10 (rel. U = 0. 015%, k = 2).

These observations have also been apparent from the JRC 
Geel’s U IDMS results during external PTs and ILCs. There-
fore, the uncertainties associated with U IDMS measurement 
might be underestimated. To account for these observations 
(smaller/underestimated uncertainties, possible small sys-
tematic bias), the first approach, described in this study, was 
to introduce an additional component of uncertainty in the 
IDMS budget on the U amount content based on the standard 
deviation of the U QC sample IDMS results.

For this purpose, a one-factor ANOVA (analysis of vari-
ance) was done on all the individual replicates of the eleven 
analysed U QC samples (i.e. 3 for each U QC sample). A 
between-QC variability of 0.034% and a within-QC vari-
ability of 0.010% were found. The between-QC standard 
deviation was then similar to the RSD of 0.035%, i.e. the 
spread of all the IDMS data for the U QC sample (before and 
after dispensing). Therefore, it was decided to use the RSD 
of the U IDMS results of the QC sample as additional uncer-
tainty to account for possible unknown effect on the U IDMS 
measurements under intermediate precision conditions. In 

Fig. 4  Quality control chart for the measurement of the amount con-
tent (in μmol  g−1) of 235U by IDMS using IRMM-046c. The circled 
data point represents an IDMS measurement performed on a QC 
solution before the dispensing. Error bars show the expanded uncer-
tainties (k = 2). The red dotted line represents the relative uncertainty 

(k = 2) of the gravimetric value. The error bars (black symbols) rep-
resent the uncertainty including the additional uncertainty on IDMS 
QC results. Blue line represents tolerance limit of 0.1% and the blue 
dotted error bars, the additional uncertainty (see text for details)
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the case of the U QC samples, this resulted in a final aver-
aged relative expanded uncertainty of 0.08% (k = 2) on the U 
amount content results, as reported in Fig. 4. This approach 
was then applied to a series of recent U IDMS measurements 
at JRC-Geel G.2 to make the uncertainty associated with U 
IDMS method more fit for purpose.

On the other hand, the JRC-Geel G.2 is investigating 
other ways of estimating the uncertainty of IDMS results, as 
for instance, performing the propagation of distributions of 
the uncertainty using the Monte Carlo Method (MCM) [41].

Conclusion and outlook

Through several examples of IDMS measurement results 
for the 239Pu and 235U amount contents, this paper gives 
insight on how IDMS measurement results and associated 
uncertainties are currently determined at the JRC-Geel G.2 
using the software  GUMWorkbench© and based on the ISO 
“Guide to the Expression of Uncertainty in Measurement". 
This paper also highlights that the uncertainties of the Pu 
and U IDMS measurement results are dominated and there-
fore, quite often limited, by the uncertainties of the spikes 
used for isotope dilution and the uncertainties of the isotopic 
standards used for mass fractionation correction.

Moreover, two newly prepared IDMS QC samples for U 
and Pu were successfully validated and these results were 
integrated within the continuous inter-calibration scheme 
of spike CRMs from JRC-Geel G.2 and external CRMs 
(e.g. KRI RM, NBL CRMs) or proficiency test items (e.g. 
EQRAIN, IAEA-SAL) carried out in the laboratory in order 
to assure and guarantee the quality and conformity of the 
produced U and Pu certified reference materials.

These IDMS QC samples are now used to establish con-
trol charts to monitor regularly the IDMS results and iden-
tify possible errors, biases and/or outliers. They show, for 
instance, that the uncertainties on the U IDMS measurement 
results were likely underestimated, as also apparent from 
JRC-Geel G.2′s performance results in external PTs (e.g. in 
EQRAIN circuits from CEA/CETAMA). Using the results 
from the control chart of the U QC sample, an additional 
uncertainty component for the U ID-TIMS measurements 
was determined, leading to a better estimate of the combined 
standard measurement uncertainty on the U amount content.

The JRC-Geel G.2 is therefore currently using the RSD 
of the analysed U QC samples as an additional uncertainty 
to make the uncertainties associated with the U IDMS 
measurement results more fit for purpose. Consequently, 
the typical current uncertainties for Pu and U amount con-
tents determined by ID-TIMS at JRC-Geel G.2 are of around 
0.12 and 0.08% (k = 2), respectively, and remain fit for pur-
pose. However, other ways of estimating the uncertainty that 
might further optimize the IDMS method are currently being 

investigated, such as the Monte Carlo Method (MCM) for 
the validation of the GUM Uncertainty Framework (GUF).
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