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Foreword

The Directorate G "Nuclear Safety and Security”, Unit G.2 "Standards for Nuclear Safety, Security and
Safeguards’ (SN3S) at the European Commission's Joint Research Centre (JRC) in Geel, Belgium (formerly known
as the "Institute for Reference Materials and Measurements" IRMM), provides a wide range of nuclear Certified
Reference Materials (CRMs) to safeguards authorities and the nuclear industry.

This report describes the certification of the IRMM-2030, a uranium nitrate solution isotopic reference material
with an isotope amount fraction n(2*°U)/n(U) of 6 %, commonly called a °U enrichment of 6 %. The project was
a collaboration of JRC-G.2 with Urenco/Germany and the Analytical Services Laboratory of the JRC-G.II.8 Unit in
Karlsruhe/Germany.
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Abstract

This report describes the certification of the IRMM-2030 uranium nitrate solution reference material, certified
for the uranium isotopic composition. The certified values and their uncertainties were assigned following 1SO
17034 [1], ISO Guide 35 [2] and the Guide to the Expression of Uncertainty in Measurement [3].

This certification project was a collaboration between the Joint Research Centre’s Unit G.2 in Geel/Belgium, the
Urenco facility in Gronau/Germany and the Analytical Services Laboratory of Unit JRC-G.I1.8 of the Joint Research
Centre in Karlsruhe/Germany.

The IRMM-2030 reference material has been prepared in order to provide a uranium nitrate solution isotopic
reference material with an isotope amount fraction n(>**U)/n(U) of 6 %, commonly called a ?**U enrichment of
6 %, in response to a need expressed by nuclear industry. This reference material is particularly needed at
enrichment facilities such as Urenco/Germany that typically enrich 2*°U between 3 %and 5 % but are aiming to
enrich uranium up to 6 %. The material was also requested by the International Atomic Energy Agency (IAEA)
as a reference material for quality control (QC) purposes.

For the preparation of IRMM-2030, two already characterized uranium base materials were mixed to achieve a
235 enrichment within limits specified by the requestor. The first material was a previously characterized UFe
material named UREU502648 with a #*°U enrichment of about 4.9 %. The UFs material was hydrolysed and
converted to a uranyl nitrate solution. The second base material is a solution prepared from the certified
reference material NBL U500 with a *°U enrichment of about 50 %. By the use of this highly enriched second
base material, the lower 234U, 2*°U and 2*®U abundances of the first base material were increased to achieve the
specified 2**U, *°U and 2*®*U abundances for IRMM-2030 simultaneously in one mixing step.

The isotopic composition of the base solution IRMM-2030 was measured and certified using the TIMS/MTE
method at JRC-G.2 in Geel. After dilution and dispensing into screw-cap quartz ampoules, the isotope ratios
were verified for three randomly stratified chosen ampoules internally at JRC-G2 in Geel. The Analytical Service
Laboratory at JRC-G.II.8 in Karlsruhe verified independently another set of three randomly stratified chosen
ampoules.

The isotopic reference material IRMM-2030 with an enrichment of 6 % for 2*°U is part of a systematic program
of JRC-G.2 to supply isotope reference materials to the safeguards community and to partners and
stakeholders. IRMM-2030 can also be considered as an extension of the IRMM-2019-2029 uranium solution
reference materials [4, 5] with 2>°U enrichments from 0.16 % - 5.0 % towards a 23°U enrichment of 6 %. These
reference materials are intended for the calibration of instruments and methods, quality control purposes. As
with any certified reference material, they can also be used for validation studies.



The following values were assigned to IRMM-2030:

URANIUM NITRATE SOLUTION IRMM-2030
Isotope amount ratio
Certified value ¥ Uncertainty 2
[mol/mol] [mol/mol]
n(*U)/n(**8V) 0.00052968 0.00000023
n(*3U)/n(**8V) 0.062659 0.000020
n(#eU)/n(#38U) 0.000066513 0.000000027
Isotope amount fraction
Certified value ¥ Uncertainty ?
[mol/mol] [mol/mol]
n(**U)/n(U) 0.00049817 0.00000022
n(>U)/n(U) 0.058931 0.000018
n(#&U)/n(U) 0.000062556 0.000000025
n(#8U)/n(U) 0.940508 0.000018
Isotope mass fraction
Certified value 34 Uncertainty 2
[g/al [g/a]
m(#*U)/m(V) 0.00049015 0.00000021
m(**5U)/m(V) 0.058231 0.000018
m(#*%U)/m(V) 0.000062076 0.000000025
m(#*8U)/m(V) 0.941217 0.000017
Molar mass
Certified value 34 Uncertainty ?
[g/mol] [g/mol]
M(U) 237.871466 0.000053

1) The certified values are traceable to the International System of units (SI) via IRMM-074/10.

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), 1S0O, 2008.

3) These values are calculated using the isotope amount ratios and therefore traceable to the SI. The
calculation of n(U), m(U) and M(U) includes the contributions from the isotopes 2**U, 23°U, 2*6U and 28U.

4) These values are calculated using the values listed below from M. Wang, W.J. Huang, F.G. Kondev, G.Audi, S.
Naimi, “The AME 2020 atomic mass evaluation’, Chinese Physics C 45(3): 030003-1 - 030003-512 (2020):

M(*%U) = (234.0409503 + 0.0000024) g / mol (k = 2)
M(*3U) = (235.0439281 + 0.0000024) g/ mol (k = 2)
M(#*%U) = (236.0455661 + 0.0000024) g / mol (k = 2)
M(#38U) = (238.0507869 + 0.0000032) g/ mol (k = 2)



1 Introduction

The Directorate G "Nuclear Safety and Security", Unit G.2 "Standards for Nuclear Safety, Security and
Safeguards"' (SN3S) at the European Commission's Joint Research Centre (JRC), Geel in Belgium (formerly known
as the "Institute for Reference Materials and Measurements" (IRMM)), provides a wide range of nuclear certified
reference materials (CRMs) to the safeguards authorities and the nuclear industry. This is an obligation under
the Euratom treaty, where the need for isotope standards is explicitly mentioned, acknowledging their
importance for the measurements of nuclear materials. For accurate mass spectrometric measurements in
nuclear material accountancy and nuclear safeguards, suitable CRMs are needed to validate measurement
procedures and to calibrate instruments.

The suggestion to prepare IRMM-2030 originates from stakeholder's communications and feedback.
Particularly, the enrichment company Urenco/Germany expressed the need for IRMM-2030 in support to satisfy
their legal obligation towards license application for a uranium “enrichment” (i.e. (n(*>>U)/n(U)) of 6 %, and which
will be in the remainder of the document referred to as a #>°U enrichment of 6 % . A licence for an authorized
235 enrichment of 6 % is considered to be beneficial for enrichment facilities for two main reasons. Firstly, it
is important to demonstrate compliance with regulations, and secondly it seems to be often more economical
to use a 6% enriched material as a blending partner to produce a customer specified material witha 4% -5 %
enrichment. According to the IAEA, several enrichment facilities have a license for a 2>*U enrichment up to 6 %.
As a consequence, the IAEA receives safeguards samples for analysis with more than 5 % enrichment for 23°U
coming from these facilities, and for that reason the IAEA also expressed a strong interest to JRC-Geel to receive
such a reference material for quality control purposes.

Therefore, following the needs from the nuclear industry and the IAEA, the IRMM-2030 has been prepared
according to specifications given by Urenco/Germany and confirmed by the IAEA. The specifications were given
by ranges for the isotope mass fractions of 24U, 23U and 23®U as shown in Table 1.

Table 1. Specification for mass fractions of 23U, 23°U and 26U for IRMM-2030.

m(#*U)/m(U), % m(#*3U)/m(U), % m(#**U)/m(V), %
Lower Limit 0.0440 5.700 0.0020
Average 0.0518 5.825 0.0060
Upper Limit 0.0595 5.950 0.0100

Calculations at JRC-Geel showed that these specifications could be realized by a two component mixture,
consisting of an available uranium material with a mass fraction of about 4.9 % 2*°U and rather low isotope
mass fractions for 2**U and 23®U, and the well-known reference material U500 from NBL. The NBL 500 with a
mass fraction of about 50% 2*°U appeared to be the best choice as the second base material in order to increase
the mass fractions of 234U, 2*°U and 23®U simultaneously into the specified ranges.

The characterization of the isotopic composition was achieved by mass spectrometric measurements using the
standardized TIMS/MTE method [6, 7, 8], and using the gravimetrically prepared reference materials IRMM-
074/10[9] and IRMM-075/1 [10] as a calibrant (i.e. reference material for calibration purposes) and for quality
control (QC) purposes, respectively. The certificates of the IRMM-074 and IRMM-075 series are given in Annex
1

In addition to the sample with a total uranium mass of 1 g ordered by Urenco/Germany, a set of 90 screw-cap
quartz ampoules was filled with a diluted solution with a mass fraction of about 2 mg/g, which will be available
for sale. IRMM-2030 constitutes an extension of the IRMM-2019-2029 uranium solution reference materials
[4, 5] towards a %*°*U enrichment of 6 %.



2 The Preparation of IRMM-2030

The new reference material IRMM-2030 was prepared by mixing two base materials. The first was a UFe
material named UREU502648 (also internally known as BC02967) with a 2*°U mass fraction of about 4.9 %
and rather low mass fractions for the minor isotopes 2**U and 2*¢U. The isotopic mass fractions are shown in
Table 2 and Annex 2. The second base material is the reference material US00 from NBL with a 2**U mass
fraction of about 50 9%, the mass fractions are also given in Table 2 and Annex 2.

Table 2. Isotopic mass fractions for the base materials UREU502648 and NBL CRM U500 used for IRMM-2030.
Uncertainties are given in brackets with a coverage factor of k =2 and apply to the last two digits of the measurement

result.
m(2**U)/m(U) m(**5U)/m(U) m(#5U)/m(U) m(#8U)/m(V)
UREU502648 0.00038569(14) 0.048414(12) 0.000046497(23) | 0.951154(12)
NBL U500 0.005126(8) 0.49383(50) 0.000754(3) 0.50029(50)

The first component for the mixture, the UFs material named UREU502648, was hydrolysed and converted into
a uranyl nitrate solution. The solution was dried under a heat lamp as much as possible without taking the risk
that dried parts of the nitrate could start flaking and being released from the bottom of the beaker. Neither the
exact stoichiometry nor the exact uranium mass of the uranyl nitrate is known. The dried nitrate was weighed
and dissolved in nitric acid towards an estimated lower limit for the mass fraction of 90 mg/g.

The second component was 1 g of uranium from NBL U500 in the form of UsQOgs. The oxide was dissolved
volumetrically by adding about 8 mL of concentrated HNOs. The mass fraction of U for the NBL CRM U500
solution was also estimated to be about 90 mg/g, but not accurately known. Images of the two components
used for the preparation of IRMM-2030 are shown in Figure 1 below.

Figure 1. The two components used for the preparation of IRMM-2030. From the left to right: drying of UREU502648
(also internally known as BC02967) under a heat lamp, dried uranyl nitrate of UREU502648, NBL U500 packaging, opened
NBL U500 vial, dissolving NBL U500 inside a fume hood.

The solutions for the two components UREU502648 and NBL U500 with about similar mass fractions were
mixed with a ratio of about 44 for the mass of UREU502648 versus the mass of NBL U500. The mixture is
labelled “Urenco S7” and has a uranium mass fraction of about 90 mg/g as well. The mixing process was
performed carefully in seven consecutive steps to avoid exceeding the specified target values for the isotope
mass fractions. A small portion of NBL U500 solution was added into the UREU502648 solution at each step
followed by a subsequent determination of the isotopic composition by TIMS/MTE, as it was not possible to
derive the isotopic composition of the mixture using the known mixing proportions. Therefore it was decided to
perform a direct characterization of the isotopic composition for the mixture by TIMS/MTE at each mixing step.
In addition, the determination of the total uranium mass fraction for the mixture, as requested by the customer
and needed for the further processing of IRMM-2030, was performed by IDMS/TIMS using the 23°U spike IRMM-
054 (certificate presented in Annex 1).



3 Characterization

The final mixture “Urenco S7” of the two components UREU502648 and NBL CRM U500 with a mass fraction
of about 90 mg/g was divided into seven subsamples and dispensed into quartz screw-cap ampoules, with two
of the subsamples designated for the customer (Urenco/Germany), one ampoule for TIMS/MTE measurements
of the isotopic composition, one ampoule for IDMS/TIMS measurements, one ampoule for further dilution and
dispensing of IRMM-2030, and two ampoules for archiving.

The characterization of the major ratios n(***U)/n(**8U) and the minor ratios n(*>*U)/n(?*8U) and n(***U)/n(*8V)
was performed at JRC-Geel using the TIMS/MTE method according to [6, 7, 8]. The gravimetrically prepared
reference materials IRMM-074/10 [9] and IRMM-075/1 [10] were used as a calibrant for the mass fractionation
correction and for quality control (QC) purposes, respectively. The MTE method has been recently upgraded at
JRC-Geel for the use of Faraday cup amplifiers with 10'* Q resistors in order to reduce the signal-to-noise ratio
for measurement of the minor isotopes *U and #®U, leading to lower uncertainties for the minor ratios
n(#*U)/n(**8U) and n(**®U)/n(**8U) [11]. The upgrade of the method requires longer integration and waiting times
for the measurement of the minor isotopes and an improved control of the instrument mass calibration. The
details of the upgraded MTE method and QC measurement results using the IRMM-075 series are described in
[11] and in the draft revised version of the ASTM C1832 standard document, which is expected to be released
in 2021.

The determination of the mass fraction of the sample “Urenco-S7” was achieved by IDMS/TIMS/MTE using the
235 spike reference material IRMM-054. The result is not certified, but a report of the analysis has been issued
to Urenco/Germany. Since a relative uncertainty of about 0.5 % was considered sufficient by the customer and
also for the further processing at JRC-Geel, i.e. dilution and dispensing of IRMM-2030 into screw cap vials, only
one blend of a fraction of the “Urenco-57” sample with the spike IRMM-054 was deemed necessary. The result
of the IDMS was a value for the mass fraction of 97.93(30) ma/g (k = 2) for the “Urenco-57” sample, the
calculation is shown in Annex 3.

As a consequence, a factor of about 49 was calculated for the dilution of one subsample of “Urenco S7” towards
a mass fraction of 2 mg/g and subsequent dispensing into 95 quartz screw-cap vials to be used as reference
material IRMM-2030. For process control measurements of the isotopic composition, three ampoules were
randomly selected. The results for the isotopic composition measurements of the original mixture “Urenco-S7”
and the three selected vials are shown in Table 3. The results for the three vials are in agreement with the
results for the isotopic composition of “Urenco S7”, but were not included for the calculation of the certified
isotopic composition following the initial planning. The isotopic composition of “Urenco S7” is subsequently used
for the certification of IRMM-2030.

Table 3. Isotope ratios for mixture “Urenco S7”of UREU502648 versus NBL CRM U500, determined using the TIMS/MTE
method according to ASTM C1832. The number of replicate TIMS/MTE measurements (n) is given. Uncertainties are given
with a coverage factor of k = 2 and apply to the last two digits of the measurement result.

Sample n(®*4U)/n(*8U) n(®*>U)/n(*8U) n(#%U)/n(**8V)

Urenco S7 (n = 13) 0.00052968(23) 0.0626595(20) 0.000066513(27)
Ampoule 7 (n = 3) 0.00052966(27) 0.062643(24) 0.000066526(43)
Ampoule 43 (n = 3) 0.00052549(37) 0.062643(30) 0.000066486(30)
Ampoule 78 (n = 3) 0.00052966(46) 0.062666(35) 0.000066580(84)

Measurements of the gravimetrically prepared reference material IRMM-075/1 were performed for QC purposes
at JRC-Geel in particular for the measurement of n(*®U)/n(?*8U) ratios using the new 10> Q amplifiers for
measuring 23¢U. The results are shown in Figure 2. The data go beyond those already been published in [11],
and confirm the accuracy of the n(?*®U)/n(?*8U) ratios for the certification of “Urenco S7” and IRMM-2030.



Figure 2. QC measurements for the n(**®U)/n(?*8U) ratios for IRMM-075/1 using the new 10** Q amplifiers.
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In order to comply with I1SO 17034 [1], external verification measurements of the isotopic composition were
performed by an experienced laboratory (Analytical Services Laboratory of JRC-GII.8 in Karlsruhe/Germany). The
results are shown in Table 4 and are in agreement with the isotopic composition shown for “Urenco S7” in Table
3.

Table 4. Isotope ratios for IRMM-2030 measured by the Analytical Services Laboratory of JRC-GII.8 in Karlsruhe/Germany.
The number of (successfully) measured replicates using TIMS is given (n). Uncertainties are given in brackets with a
coverage factor of k = 2 and apply to the last two digits of the measurement result.

Sample n(*U)in(*U) | nC*U)in(*U) |  n(***U)in(***V)

Ampoule 8 (n = 4) 0.00052954(43) | 0.062643(18) | 0.00006648(22)
Ampoule 41 (n = 3) 0.00052943(45) | 0.062632(19) | 0.00006644(19)
Ampoule 67 (n = 2) 0.00052944(60) | 0.062636(22) | 0.00006649(37)

Average of all individual (successful)
replicate measurements for the ampoules | 0.00052948(22) | 0.062638(19) | 0.000066468(61)
8, 41, 67 (total number n = 9)

Relative Difference (%) of average from

- 0 - 0 - 0
“Urenco 57" (Table 3) 0.037(60)% 0.034(44)% 0.07(10)%




4 Homogeneity Assessment

A key requirement for any reference material aliquoted into units is equivalence between those units. ISO 17034
[1] requires reference material (RM) producers to quantify the between-unit variation. This aspect is covered in
between-unit homogeneity studies.

A homogeneity assessment was considered unnecessary due to the homogeneous nature of the isotopic
composition of the uranium nitrate solutions. Evidence for this is the certifications of the series IRMM-019-029
and IRMM-2019-2029, in which the uncertainty contribution from the homogeneity test was demonstrated at
the level of the measurement uncertainty and the expected trends with the values of the isotope ratios [4, 5].

10



5 Stability Assessment

5.1 Short-term stability study

The IRMM-2030 reference material consists of uranium nitrate solution isotopic reference materials in HNOs
(c = 1 mol/L) contained in screw-cap quartz ampoules. Since the isotopic composition is independent of the
temperature, there is no impact from transportation on the uranium isotopic composition. Therefore no short
term stability study was performed and the materials can be dispatched without further precautions under
ambient conditions, respecting fissile and radioactive material transport reqgulations.

5.2 Long-term stability study

A long term stability assessment is considered to be unnecessary, due to the stable nature of the uranium
isotope ratios in uranium nitrate solutions. This has been demonstrated in the course of the certification of the
IRMM-019-029 and IRMM-2019-2029 series [4, 5], where no significant trends were observed for isotope ratios
over a time period of 10 years. Therefore, the validity of the certificate is given for 10 years.

11



6 Value assignment

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

Usually the assigned uncertainties consist of uncertainties relating to characterisation, uaar (section 3), potential
within-unit and between-unit inhomogeneities, combined and expressed as unm (Section 4), potential
degradation during transport, u:, (section 5.1), and potential degradation during storage, uys (section 5.2). These
different contributions were combined to estimate the relative expanded uncertainty of the certified value (Ucwm)
with a coverage factor k given as:

Uerm =k - \/ufhar +Uf o + Uk, + Ul Equation 1

As explained before in sections 4 and 5, no assessment of the homogeneity nor of the stability were deemed
necessary for the highly enriched uranium nitrate solutions. Therefore the uncertainties Unom, U and uys are
considered zero. Consequently, only the uncertainties from the characterization us. have to be taken into
account for the certification of the uranium isotope amount ratios in IRMM-2030. The uncertainty budgets for
the certified isotope ratios are shown in Table 5.

Table 5. Uncertainty budgets for the certified isotope ratios of IRMM-2030. Uncertainties are given in brackets with a
coverage factor of k=2 and apply to the last two digits of the measurement result.

n(*U)/n(**)u n(***U)/n(***)u n(***U)/n(***)u
Certified ratio 0.062659(20 0.00052968(23) 0.000066513(27)
Relative Uncertainty contribution (in %)
IRMM-074, certified n(**>U)/n(**&)U 26.2 237 7.1
IRMM-074, measured n(***U)/n(**&)U 34 3.0 09
IRMM-2030, measured n(***U)/n(**8)U 296 268 80
IRMM-2030, measured n(>**U)/n(**8)U 95
IRMM-2030, measured n(**®U)/n(**8)U 73.0
External uncertainty for MTE [4, 5] 409 37.0 11.0

6.1 Uranium isotope amount ratios, isotope amount fractions, isotope mass
fractions and molar mass

The results of the characterization of the uranium isotope amount ratios for the IRMM-2030 reference material
are presented within section 3 in Table 3 (sample “Urenco S7”). These results are assigned as the certified
values. The uranium isotope amount ratios are given in mol/ mol.

From the certified values for the uranium isotope amount ratio, the isotope amount fractions can be derived by
dividing the isotope amount ratios for the various isotopes by the sum of the isotope amount ratios:

(X=(234,:235,:236,:238) U)/n(ZSSU)

n(*U)/n(U) = Equation 2

Li=(234,235,236,238) ( 'U)/n(**%0)

Moreover, the molar mass of the uranium in the material can be calculated by multiplication of the isotope

amount fractions with the molar mass of the respective isotope:
M(U) = ¥i_234:235236:238 1 'U)/n(U) - M( 'U)

For the calculation of the uranium molar mass, the molar mass of the individual isotopes of uranium (?*4U, 25U,
236y and 2*8U) have been taken from the most recent atomic mass evaluation (AME 2020, [13]).

Equation 3

12



Finally, the isotope mass fractions for the different uranium isotopes can be calculated by multiplication of the
isotope amount fraction with the isotope molar mass, followed by division by the molar mass of the uranium
in the material:

(x:(234:235:236:238)U)/n(u).M( )

m(*U)/m(U) = Equation 4

M(U)

The certified and calculated derived values related to the uranium isotopic composition for IRMM-2030 are
summarised in Table 6. The calculation of the certified isotope amount fractions, isotope mass fractions and
the molar mass is shown in Annex 4.

The isotope mass fractions m(®*U)/m(U), m(*>*U)/m(U) and m(***U)/m(U) of IRMM-2030 are well within the
requested limits presented in Table 1. Therefore it can be concluded that the applied mixing procedure was
successful.

Table 6. Certified Values for IRMM-2030. Uncertainties are given in brackets with a coverage factor of k = 2 and apply to
the last two digits of the measurement result.

n(***U)/n(***V) n(**U)/n(***V) n(**U)/n(***V)
IRMM-2030 0.00052968(23) 0.062659(20) 0.000066513(27)
n(***U)/n(U) n(**U)/n(U) n(**U)/n(U) n(**®U)/n(V)
IRMM-2030 0.00049817(22) 0.058931(18) 0.000062556(25) |0.940508(18)
m(***U)/m(U) m(*°U)/m(U) m(*°U)/m(U) m(**U)/m(U)
IRMM-2030 0.00049015(21) 0.058231(18) 0.000062076(25) |0.941217(17)
Molar Mass (g/mol)
IRMM-2030 237.871466(53)
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7 Metrological traceability and commutability

7.1 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).

The certified values for the uranium isotope amount ratios of IRMM-2030 are traceable to the International SI
via the certified n(**>U)/n(**8V) isotope ratio of the certified reference material IRMM-074.

7.2 Commutability

Many measurement procedures include one or more steps which select specific 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 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 [12] 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 to be used by the nuclear safeqguards community as calibrant, QC sample
and reference material mainly for mass spectrometry analysis.

14



8 Instructions for use

8.1 Safety information

The IRMM-2030 reference material contains low-level radioactive material. The ampoules should be handled
with great care and by experienced personnel in a laboratory suitably equipped for the safe handling of
radioactive materials. The a-activity of each unit of IRMM-2030 is about 1300Bq.

8.2 Storage conditions

The material should be stored at room temperature in an upright position. However, the European
Commission cannot be held responsible for changes that happen during storage of the material at the
customer's premises.

8.3 Use of the certified values

The main purpose of these materials is to assess method performance for mass spectrometry, i.e. for checking
accuracy of analytical results and for calibration. As any reference material, they can be used for establishing
control charts or validation studies.

8.4 Use as a calibrant (i.e. reference material used for calibration purposes)

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

A result is 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.orq).

When assessing the method performance, the measured values of the CRMs are compared with the certified
values. The procedure is summarised here [14]:

1. Calculate the absolute difference between mean measured value and the certified value (Ameas).
2. Combine the measurement uncertainty (Umeas) With the uncertainty of the certified value (ucrwm):
Up = y/Useas + UM -

3. Calculate the expanded uncertainty (Ua) from the combined uncertainty (us) using an appropriate coverage
factor, corresponding to a level of confidence of approximately 95 %.

4. If Ameas < U, then no significant difference exists between the measurement result and the certified value,
at a confidence level of approximately 95 %.

8.5 Use in quality control charts

The materials can be used for quality control charts. Using CRMs for quality control charts has the added value
that a trueness assessment is built into the chart.
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Annex 1. Certificates of reference materials, IRMM-074, IRMM-075, IRMM-054
EUROPEAN COMMISSION
s JOINT RESEARCH CENTRE
‘ ‘} Directorate G — Nuclear Safety and Security
2 G.2 — Standards for Nuclear Safety, Security and Safeguards Unit
CERTIFIED REFERENCE MATERIAL
IRMM - 074
CERTIFICATE OF ANALYSIS
Uranium in nitric acid solution
Certified isotope amount ratios”
[mol/mol]
Code number n(*uyn(*u) n*Uyinu) n(**U)n(**V)
U =0.025 % (relative) ¥ | U =0.025 % (relative)” | U=0.015 % (relative)?
IRMM-074/1 1.02685 1.02711 1.000254
IRMM-074/2 0.307993 0.308072 1.000258
IRMM-074/3 0.0102288 0.0102314 1.000259
IRMM-074/4 0.00307358 0.00307437 1.000259
IRMM-074/5 0.00103061 0.00103088 1.000259
IRMM-074/6 0.000307778 0.000307858 1.000259
IRMM-074/7 0.000102603 0.000102629 1.000259
IRMM-074/8 0.0000308011 0.0000308091 1.000259
IRMM-074/9 0.0000081587 0.0000081608 1.000259
IRMM-074/10 0.00000101886 0.00000101913 1.000259

"' The certified values are traceable to the International System of units (SI). The reference date for the certified
values is June 2005.

2 The uncertainty () is the relative 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:19895), 1SO, 2008.

There is no minimum sample intake to be taken into account.

The certificate is valid for 10 years; the validity may be extended after further tests on the stability of
the material are carried out. The certificate is a revision of the original certificate of 2010.

(A=

Geel, September 2019
Signed:

Dr. Arjan Plomw SEP, 2019

European Commission

Joint Research Centre

Directorate G — Nuclear Safety and Security

G.2 - Standards for Nuclear Safety, Security and
Safeguards Unit

Retieseweg 111

B-2440 Geel, Belgium

Page 1 of 2
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DESCRIPTION OF THE MATERIAL

The IRMM-074 is a uranium isotopic Certified Reference Material (CRM) supplied with isotope
amount ratios as certified above. The IRMM-074 consists of a set of ten units, each containing
approximately 0.2 mg uranium as uranyl nitrate in 2 mL of nitric acid solution in a sealed quartz glass
ampoule. The concentration of nitric acid is 1 mol-L™".

ANALYTICAL METHODS USED FOR CERTIFICATION

The certified values were established by gravimetric mixing of highly enriched 2°U, 2*U and *®u
starting materials and verified by thermal ionisation mass spectrometry (TIMS).

SAFETY INFORMATION

The IRMM-074 contains radioactive material. The al;npoules should be handled with great care and
by experienced personnel in a laboratory suitably equipped for the safe handling of radioactive
materials.

INSTRUCTIONS FOR USE AND INTENDED USE

The material is intended for the verification and correction of non-linearities of the entire mass
spectrometer measurement system.

STORAGE

The vials should be stored at + 18 °C + 5 °C.
However, the European Commission cannot be held responsible for changes that happen during
storage of the material at the customer's premises, especially of opened samples.

LEGAL NOTICE

Neither European Commission, its subsidiaries, its contractors nor any person acting on their behalf,

(a) make any warranty or representation, express or implied that the use of any information, material,
apparatus, method or process disclosed in this document does not infringe any privately owned
intellectual property rights; or

(b) assume any liability with respect to, or for damages resulting from, the use of any information,
material, apparatus, method or process disclosed in this document save for loss or damage arising
solely and directly from the negligence of Joint Research Centre of the European Commission.

NOTE

A technical report on the preparation and certification of IRMM-074 is available on the internet
(https://crm.jrc.ec.europa.eu/). A paper copy can be obtained from JRC - Geel on request.

European Commission — Joint Research Centre
Directorate G — Nuciear Safety and Security
G.2 — Standards for Nuclear Safety, Security and Safeguards Unit
Retieseweg 111, B - 2440 Geel (Belgium)

Page 2 of 2
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EUROPEAN COMMISSION
JOINT RESEARCH CENTRE

L Directorate G — Nuclear Safety and Security
ctied G.2 - Standards for Nuclear Safety, Security and Safeguards Unit

CERTIFIED REFERENCE MATERIAL
IRMM - 075

CERTIFICATE OF ANALYSIS

Uranium in nitric acid solution

Isotope amount ratios
n(Z*U)n(**U)
Code number
Certified value " Uncertainty ?

[molfmol] [mol/mol]
IRMM-075/1 1.04433 - 10 3.7-10°
IRMM-075/2 1.14160 - 10°® 40-10°
IRMM-075/3 1.04093 - 10°® 36107
IRMM-075/4 1.13742 - 107 40 10"
IRMM-074/5 1.06519 - 10°® 75 10"
IRMM-075/6 1.0885 - 10° 6.3 10

"7 The certified values are traceable to the International System of units (SI). The reference date for the
certified values is May 6, 2006.

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), 1SO, 2008.

There is no minimum sample intake to be taken into account.

The certificate is valid for 10 years; the validity may be extended after further tests on the stability of
the material are carried out.

The certificate is a fevision of the original certificate of 2007.

Geel, September 2019 —

Signed: | 1 8 SEP' zmn

Dr. Arjan Plompen

European Commission

Joint Research Centre

Directorate G — Nuclear Safety and Security

G.2 — Standards for Nuclear Safety, Security and
Safeguards Unit

Retieseweg 111

B-2440 Geel, Belgium

Page 1of 2
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DESCRIPTION OF THE MATERIAL

The IRMM-075 is a uranium isotopic Certified Reference Material (CRM) supplied with isotope
amount ratios as certified above. The IRMM-075 consists of a set of six units, each containing
approximately 1 mg uranium as uranyl nitrate in 1 mL of nitric acid solution in a sealed quartz glass
ampoule. The concentration of nitric acid is 1 mol-L™.

ANALYTICAL METHODS USED FOR CERTIFICATION

The certified values were established by gravimetric mixing of highly enriched **U and "™U starting
materials and verified by thermal ionisation mass spectrometry (TIMS).

SAFETY INFORMATION

The IRMM-075 contains radioactive material. The ampoules should be handled with great care and
by experienced personnel in a laboratory suitably equipped for the safe handling of radioactive
materials.

INSTRUCTIONS FOR USE AND INTENDED USE

The material is intended for the verification and correction of non-linearities of the entire mass
spectrometer measurement system.

STORAGE

The vials should be stored at + 18 °C £ 5 °C.
However, the European Commission cannot be held responsible for changes that happen during
storage of the material at the customer's premises, especially of opened samples.

LEGAL NOTICE

Neither European Commission, its subsidiaries, its contractors nor any person acting on their behalf,

(a) make any warranty or representation, express or implied that the use of any information, material,
apparatus, method or process disclosed in this document does not infringe any privately owned
intellectual property rights; or

(b) assume any liability with respect to, or for damages resulting from, the use of any information,
material, apparatus, method or process disclosed in this document save for loss or damage arising
solely and directly from the negligence of Joint Research Centre of the European Commission.

NOTE

A technical report on the preparation and certification of IRMM-075 is available on the internet
(hitps:/lcrm.jrc.ec.europa.eu/). A paper copy can be obtained from JRC - Geel on request.

European Commission — Joint Research Centre
Directorate G — Nuclear Safety and Security
G.2 — Standards for Nuclear Safety, Security and Safeguards Unit
Retieseweg 111, B - 2440 Geel (Belgium)

Page 2 of 2
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EUROPEAN COMMISSION
JOINT RESEARCH CENTRE

'.‘ *.‘ Directorate G - Nuclear Safety and Security
it G.2 - Standards for Nuclear Safety, Security and Safeguards Unit
CERTIFIED REFERENCE MATERIAL
IRMM - 054
CERTIFICATE OF ANALYSIS
Uranium in nitric acid solution
Isotope amount content
Certified value " Uncertainty %
[umel/g solution] [umol/g solution]
28y 3.9543 0.0012
Isotope amount ratios
Certified value " Uncertainty ?
[mol/mol] [moi/mael]
n(**uyin(**u) 0.010684 0.000020
n(**U)in(**V) 0.004490 0.000010
n{FUyn(0) 0.058065 0.060034

" The certified values are iraceable to the International System of units (SI).

? 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), 1SO, 2008.

There is no minimum sample intake to be taken into account.
The certificate is a revision of the original certificate of 1999.

The certificate is valid for 3 years; the validity may be extended after further tests on the stability of
the material are carried out.

Geel, August 2019 =

Signed: /, ) 9-0- 20/7
- — /

Dr. Arjan Plompen

European Commission

Joint Research Centre

Directorate G — Nuclear Safety and Security

G.2 - Standards for Nuclear Safety, Security and
Safeguards Unit

Retieseweg 111

B-2440 Geel, Belgium

Page 1 of 3
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The following values were assigned (continued):

Isotopic mass fractions (-100)
Value ® Uncertainty 9
[a/g) [a/g]
m(#U)m(U) 0.9906 0.0020
m(Z3=U)m(U) 93.1138 0.0070
m(ZeU)m(U) 0.41984 0.00098
m(23#U)/m(U) 5.4758 0.0054
Isotopic amount fractions (-100)
Value ¥ Uncertainty 4
[mol/mol] [mol/mal]
n(4U)/n(U) 0.9955 0.0020
n(23U)/n(U) 93.1760 0.0068
n{z3U)/n(U) 0.41834 0.00098
n(2%eU)/n(U) 5.4102 0.0052
Amount content
Value @ Uncertainty 4
[Wmol/g solution] [umol/g solution]
U 4.2440 0.0013
Mass fraction
Value ® Uncertainty 4
[mg/g solution] [mgfg solution]
u 0.99818 0.00030
285y 0.92944 0.00028
Molar mass
Value ¥ Uncertainty 4
[g/mol] [g/mol]
U 235.20081 0.00015

3) The derived certified values are calculated from the certified amount content of ?3U, uranium isotope amount
ratios and the atomic masses according to G. Audi et al. (The 1993 atomic mass evaluation, Nuclear Physics,
AB565, 1-65, 1993).

4 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.
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DESCRIPTION OF THE MATERIAL

The IRMM-054 is a uranium spike Certified Reference Material (CRM} supplied with an isotope
amount content of ***U and isotope amount ratics as certified above. A unit of IRMM-054 consists of
a flame-sealed glass ampoule containing about 5.9 mg uranium in 5 mL of nitric acid solution. The
concentration of nitric acid is about 5 mol-L™".

ANALYTICAL METHODS USED FOR CERTIFICATION

The certified values were established by gravimetric preparation and verified by isotope dilution mass
spectrometry (IDMS). The isotope ratio measurements were performed on a Thermal lonisation
Mass Spectrometer and calibrated by means of syntheic uranium isotope mixtures.

SAFETY INFORMATION

The IRMM-054 contains radioactive material. The ampoules should be handled with great care and
by experienced personnel in a laboratory suitably equipped for the safe handling of radioactive
materials.

INSTRUCTIONS FOR USE AND INTENDED USE

This spike Certified Reference Material (CRM) is used as a calibrant to determine the uranium
amount content by isotope dilution mass spectrometry (IDMS).

STORAGE

The vials should be stored at + 18 °C £ 5 °C.
However, the Eurcpean Commission cannot be held responsible for changes that happen during
storage of the material at the customer's premises, especially of opened samples.

LEGAL NOTICE

Neither European Commission, its subsidiaries, its contractors nor any person acting on their behalf,

(a) make any warranty or representation, express or implied that the use of any information, material,
apparatus, method or process disclosed in this document does not infringe any privately owned
intellectual property rights; or

(b) assume any liability with respect to, or for damages resulting from, the use of any information,
material, apparatus, method or process disclosed in this document save for loss or damage arising
solely and directly from the negligence of Joint Research Centre of the European Commission.

European Commission — Joint Research Centre
Directorate G — Nuclear Safety and Security
G.2 - Standards for Nuciear Safety, Security and Safeguards Unit
Retieseweg 111, B - 2440 Geel (Belgium)

Page 3of 3
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Annex 2.

Certificates of base materials, UREU502648, NBL U500

EUROPEAN COMMISSION

JOINT RESEARCH CENTRE

Directorate G — Nuclear Safety and Security
Unit G.2 - Standards for Nuclear Safety, Security and Safeguards (SN3S)

UREU502648
Certificate of Reference Measurement
Customer iy 0
Company URENCO Deutschland GmbH
Division Department of Chemistry
Roentgenstrasse 4
Address D - 48599 Gronau
Gemany
Requestor R. Lammers
Sample Information
Sample type(s) Uranium Hexafluoride (UFs) samples contained in P10 Tubes
Date of receipt of | 23/02/2017 and 11/04/2017
sample(s)
Customer sample(s) 1S-Cylinder: UREU502648
identification P10: UREU409401 and UREU419904 provided to JRC-Geel
Condition of sample(s) Uranium Hexafluoride (UFg)

Measurement Results

Analyte Result' Unit Method®
n(®*U)/n(**U)  0.00041244(15) mol / mol TIMS/MTE
n(**U)/n**U) 0.051551(13) mol / mol TIMS/MTE
n(**U)/n(**UJ)  0.000049300(25) mol / mol TIMS/MTE

Derived Quantities
Molar Mass 237.901774(37)

Amount fraction (x100) Mass fraction (x100)
n(*U)/n(V) 0.039205(14) m(**U)/m(U)  0.038569(14)
n(>**U)/n(V) 4.9002(12) m*U)ym(U)  4.8414(12)
n®®U)/n(U)  0.0046862(24) | m(**U)/m(U)  0.0046497(23)
n(*U)/n(U)  95.0559(12) m(eU)m(U)  95.1154(12)

This report may only be reproduced in full and with the written consent of the Laboratory.
Results relate only to samples analysed. No feedback within 4 weeks constitutes acceptance of the report.

Potential sample rests may be destroyed after this period.

Page 1 of 2 F-D-00377v3
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Notes:

i Uncertainlties are given as expanded (k=2) uncertainties according to the ISO Guide to the
EmrmonofUnoenamty (GUM,), corresponding to an approximate 95% confidence interval)

Measurement method: "Modified Total Evaporation® (MTE), see related publications:
2 1.) Richter, S., H Kihn, Y Aregbe, M Hedberg, J Horta-Domenech, K Mayer, E Zuleger, S
Badrger, S Boulyga, A Kopf, J Poths, K Matthew, J. Anal. At. Spectrom., 2011, 26,550.

2.) ASTM C1832
Date of analysis (dd/mm/yyyy) 31/07-26/09/2017
Date of intemal analysis report (dd/mm/yyyy) 03/10/2017

Certification date normalised to (reference date) 03/10/2017at 12:00 h

Backup Files and Raw Data

All results of mass spectrometric measurements for this request are stored in
“G:\JRC.G.2\Nuclear Safeguards\NucleanTRITON DATA - SHARED\URENCO 2017", in
the following way:

For sub-samples 00VCN12BB533 (UREU409401) and 00VCN22BB802 (UREU4193904):
"T170807 Urenco 2017 MTE-Turret-2.xis"

For the averages, labelled UREU502648:

"EXTENDED of T170807 Urenco 2017 MTE-Turret-2.xls"

For isotope amount fractions, isotope mass fractions and the molar mass:

"UREU502648 - Urenco 2017.smu"

The Internal Test Report is stored in:

"G:\JRC.G.2\Nuclear Safeguards\NucleanTRITON DATA - SHARED\URENCO 2017" and
filed as:

“ Internal Test Report 4020- Urenco 2017 - F-D-00376rev04.doc"

The External Test Report is stored in:

"G:\JRC.G.2\Nuclear Safeguards\NucleanTRITON DATA - SHARED\URENCO 2017" and
filed as:
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& / New Brunswick Laboratory

U.S. Department of Energy

Certificate of Analysis
CRM U500

Uranium Isotopic Standard
10 mg Uranium as I:;D3

i Bsyy w6y, u8ys
Atom Percent: 0.5181 49.696 0.0755 49.711
Uncertainty:  =0.0008 +0.050 +0.0003 +0.050

Weight Percent: 0.5126 49.383 0.0754 50.029

This Certified Reference Material (CEM) is primarily intended for the calibration of mass spectrometers used to
perform uranmum 1sotopic measurements. The specific purpose of this 1sotepic standard is for the determination of
mass discrimination effects for uranivm isotopes being measvred vnder similar analytical conditions. Each uwnit of
CPM U500 consists of approximately 10 milligrams of uraninm. in the form of highly purified U;Og, contained in a
glass bottle.

The mndicated vncertainties for the isotopic composition of the CRM are 95% confidence intervals for a single
determination. This term can be defined as an approximate two-sigma limit, where sigma is the standard deviation
of the measurements data obtained from the material. The uncertainties include allowances for inhomogeneity of the
material as well as analytical error.

This CRM was originally issued in 1970 by the National Burean of Standards (NBS) as Standard Reference Material
(SEM) U-500. The measurements made at WNBS leading to the certification were performed by E. L. Garner. L. A
Machlan, M.S. Richmond and W.E. Shields. In 1987, the technical and administrative transfer of NBS Special
Nuclear SEMs into the NBL CEM Program was coordinated by the NBS Office of Standard Reference Materials
and N. M. Trahey, NBL.

The certified 1sotopic abundance values were determined using a solid-sample thermal ionization mass spectrometer
equipped with a Faraday cup detection system. The measured > U/ 20U values were cmrected for mass
diserimination effects b}' intercomparison with 5)'uthet1c calibration mixtures of similar U levels, prepared from
high-purity B3 and U separated isotopes. The ~ 25U/5% value for this standard, 0.9997, is known to at least
0.1%.

The U7 and ®*U abundances were determined at NBS by isotope dilution mass spectrometry using high-purity By
as the spike.

NOTE: NBS Special Publication 260-27 presents further details of the measurements made at NBS which provided
the basis for the certification. and is available from the NBS Office of Standard Reference Materials

March 30, 2008 Jon Neuhoff, Director
Argonne, Illinois www.nbl.doe gov New Brunswick Laboratory
Pagelof 1

(Editorial revision of Certificate dated October 1. 1987)
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Annex 3. IDMS of mixture “Urenco S7”.

U IDMS Urenco ST with IRMM-054 spike

U IDMS IUrenco S7 with IRMM-054 spike
Author: Jakopic

Author:S Richter

simplified equation spike 23“E'U, sample 2E'BU, ratio Z*U™U for IDMS equation

certificate IRMM-054: 3.9543 E-06 (12) molig solution

1 blend (weighing certificate): E3943

date of IDMS analysis: 23/07/2020, T200723 MTE - Urenco 57 IDMS 1A

|A data: Internal Test Report 4706- Urenco 2017 - F-D-00376rev04

the atomic masses according Wang et al. (The AME 2016 atomic mass evaluation (Il). Tables, Graphs
and References, Chinese Physics C, Vol. 41, No. 3, 2017).

Model Equation:

i isotope IDMS
equation }

fezasu(my,my, Ry J=cpss " my/m 5 (R, -Rp )[Ry -Razsimazu,) " (11R,);
Casu=Teoasu(My, My, R ) Fegemuncer

i amount content and mass fraction
calculations }

¢y =Caasuffaaau

w=cy ™ My;

i mass fractionation correction, K ~factor

235072380 }

R:',z 1.IrRD54,

i molar mass of uranium in the sample——row-———- 1

My = Maagy-foasux + Massu-faasue + Masgy faasux + Mzsgufasaus

i amount fractions in the sample————mm——————- 1

foa4ux = RosamasudIRy;
foasux = RossmasudZRy;
Foagux = Rasszsaud ZRu;
foagux = 1ZRy;

IRy = Roupssux + Rossmasux + Rosamsau + 15

Date: 12/03/2020 | File: U IDMS Urenco S7 with 054 spike_235-238 ratio. SMU Page 10f 5
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U IDMS IUrenco ST with IRMM-054 spike

List of Quantities:

Quantity Unit Definition
Caagy molfg measured mean amount content of ~-U, sample
cy molig amount content of U in sample
Rasamazy, | molimol  [amount ratio Rassfasgy in sample
Rassmagy, | molimol  |amount ratio Rogslssg, in sample
Raszpazy, | molimol  [amount ratio Rosglasgy in sample
fanaun molimol |amount fraction of ~*U sam ple
faasux mol/mol | amount fraction of 2*°U in sample
Taagus mol/mol | amount fraction of “*°U in sample
faagux molimol |amount fraction of ~**U in sample
My g/mol maolar mass of uranium in sample
Maaayy g/mol atomic mass for “*U
Maaz g/mol atomic mass for U
Mzzz g/mol atomic mass for 2°U
Maszy g/mol atomic mass for 22U
Cpsg molig amount content of 2°U in spike IRMM-054
TRy molimol | sum of ratios for U in sample
R, molimol [reversed “**U**U amount ratio in the spike IRMM-054
Rpss molimel | certified “*U/~°U amount ratio in the spike IRMM-054
m,, g mass of sample
m, g mass of spike
Ry mol/mol | ameount ratio Raas/o35, In spike IRMM-054
Yu a/g mass content of U in sample
Festemuneert| Molimol | External Uncertainty
Raagrmapuy: Type B normal distribution
Value: 0.00052968 molimaol
Expanded Uncertainty: 0.00000023 mol/mol
Coverage Factor: 2
Raasimany: Type B normal distribution
Value: 0.062659 molimaol
Expanded Uncertainty: 0.000020 molimol
Coverage Factor: 2
Raagimani: Type B normal distribution

Value: 0.000066513 molimol
Expanded Uncertainty: 0.000000027 mol/mol
Coverage Factor: 2

Date: 1270372020

File: U IDMS Urenco S7 with 054 spike_235-238 ratio. SMU

Page 2 of 5

Generated with GUM Workbench Pro Wersion 2.4.1.458
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U IDMS lUrenco ST with IRMM-054 spike

Mazq: Type B normal distribution
WValue: 234 0409504 g/mol
Expanded Uncertainty: 0.0000024 g/mol
Coverage Factor: 2

the atomic masses according Wang et al. (The AME 2016 atomic mass evaluation (ll). Tables, Graphs
and References, Chinese Physics C, Vol. 41, No. 3, 2017).

Mazz e Type B normal distribution
WValue: 2350439282 g/mol
Expanded Uncertainty: 0.0000024 g/mol
Coverage Factor: 2

the atomic masses according Wang et al. (The AME 2016 atomic mass evaluation (ll). Tables, Graphs
and References, Chinese Physics C, Vol. 41, No. 3, 2017).

Mazz e Type B normal distribution
WValue: 236 0455662 g/mol
Expanded Uncertainty: 0.0000024 g/mol
Coverage Factor: 2

Wang et al., The AME 2016 atomic mass evaluation, Chinese Physics C Vol. 41, Ne. 3 (2017) 030003

Moo Type B normal distribution
WValue: 238 0507870 g/mol
Expanded Uncertainty: 0.0000032 g/mol
Coverage Factor: 2

the atomic masses according Wang et al. (The AME 2016 atomic mass evaluation (ll). Tables, Graphs
and References, Chinese Physics C, Vol 41, No. 3, 2017).

Cysy Type B normal digribulion
Value: 3.9543-10™ mollg
Expanded Uncertainty: 0.0012-107 molig
Coverage Factor: 2

IRMM-054 certificate

Ryea: Type B normal distribution
Walue: 0.058065 mol/mal
Expanded Uncertainty: 0.000034 mol/imol
Coverage Factor: 2

IRMM-054 certificate

m,: Type B normal distribution
Value: 0.47600 g
Expanded Uncertainty: 0.00010 g
Coverage Factor: 2

m,: Type B normal distribution
Value: 546178 g
Expanded Uncertainty: 0.00002 g
Coverage Factor: 2

Ry: Type B normal distribution
Value: 0.178626 mol/mal
Expanded Uncertainty: 0.000048 molimol
Coverage Factor: 2

Date: 12/03/2020 | File: U IDMS Urenco S7 with 054 spike_235-238 ratio. SMU Page 3of 5
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U IDMS IUrenco ST with IRMM-054 spike

FEm';WU"aerl:

Additional Uncertainty to take care of the fact that only 1 blend was measured instaed of several

Interim Results:

Type B normal distribution

WValue: 1 mol/mol

Expanded Uncertainty: .3 %

Coverage Factor: 2

Quantity Value Standard
Uncertainty
IR, 1.0632552 mol/mal 10.0-10° mol/mol

Uncertainty Budgets:

Yot mass content of U in sample
Quantity Value Standard | Distribution| Sensitivity Uncertainty | Index
Uncertainty Coefficient | Contribution
Roaspasy, | 529680107 115-10 normal 0.091 10-10%g/lg | 00%
mol'mol mol/mol
Raasnasyy | 0.0626590 molimel | 10.0-107 normal 0.94 94-10°glg | 04%
mol/mol
Raasinasisy 66.5130-10° 13.5-10® normal 0.091 1.210%glg | 0.0%
mol/mol mol/mol
Masa 234 04095040 1.20:10° normal 21010 250-10" glg | 0.0 %
g/mol g/mol
Moz, 235.04392820 1.20-10° normal 24-10° 2910 glg | 0.0%
g/mol g/mol
Maasy, 236.04556620 1.20-10° normal 26-10™ 31107 glg | 00%
g/mol g/mol
My, 238.05078700 1.60-10° normal 390:10° 620-10 glg | 0.0%
g/mol g/mol
Cosa 3.954300-10° £00°107"2 normal 25000 1510°gig | 1.0%
mollg molfg
Ry | 0.0580650 molimol | 17.0-10° normal -0.018 -300-107 g/g | 0.0%
molimol
m, 0.4760000 g 50.010°%g normal -0.21 -10-10°glg | 05%
m, 54617800 g 100107 g normal 0.018 180-10°glg | 0.0%
R, 0.1786260 molmol | 24.0-10° normal -0.85 20110°glg | 19%
molimol
Festemuncers| 1.00000 mol/mol 1.50-10° normal 0.098 150:10°glg | 963 %
molimol
" 0.097930 g/g 150-10° gig
Date: 12032020 | File: U IDMS Urenco S7 with 054 spike_235-238 ratio SMU Page 4 of &
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U IDMS IUrenco ST with IRMM-054 spike

Results:
Quantity Value Expanded Coverage Coverage
Uncertainty factor
Coagy 387.2:10° malg 031 % 2.00 manual
(relative)
cy 411.7-10™ molfg 1.3-10° molig 2.00 manual
fouauy | 498.17-10™ molimol 220-10°* 2.00 manual
mol/mol

Taasus 0.058931 mol/mol 18-10° mol/mol 2.00 manual

foasux | 62.556+10° molimol | 25-10° molimol 2.00 manual

faaaun 0.940508 mol/mol 18-10° molimol 2.00 manual

My 237 871466 g/mol 53-10°° g/mol 2.00 manual

R, 17.222 mol/mol 0.010 mol/mol 2.00 manual

T 0.09793 g/g 300-10° a/g 2.00 manual
368 4-10°H
387.8-10°
387.2-10°
386.6-10"
386.0-10°

Casu
Date: 12/03/2020 | File: U IDMS Urenco S7 with 054 spike_235-238 ratio. SMU Page S of 5
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Annex 4. Calculation of isotope abundance fractions, isotope mass fractions and molar
mass for IRMM-2030

Urenco S7

Urenco S7

Measurements performed using TIMS/MTE, according to Method Working Instruction:
IMS-JRC.G-C1.1-WIN-0059 v1.0

All results of mass spectrometric measurements for this request are stored in "U:\Nuclear
Safeguards\Nuclear\TRITON DATA - SHARED\URENCO 2018". Filename: "EXTENDED T200717-23-27
MTE - Urenco S7 - F-D-00528 Revision 02.xlsm"

Model Equation:

{ final ratios of sampl }

My = Masayfossu * Mazaufaaan * Massy faasu + Massy fazeu + Massyfosay;
f233u = Raszrzasu/ZRy;

fa34u = Roasreasu/ZRy;

f2asu = Rasszasu/ZRU;

f2360 = Razgrzasu/ZRy;

fasgu = 1/ZRy;

N .
IRy = Roszpasu + Rozsnasu * Rozseasu *+ Rasenzau + 1

Wazzu = faszay Masay/My;
Wazay = Fozay Moz y/My;
Wassy = fazsy Maasu/My;
Wazsu = 360" Mazsu/My;

Wasgy = fazay Maagy/My;

List of Quantities:

Quantity Unit Definition

Rosapssy | Mol/mol  |isotope amount ratio Nyza/N,sg of U

Rosapagy | mol/mol  |isotope amount ratio nNyz,/ngsg of U

Ra3sp3eu | mol/mol  |isotope amount ratio nyzs/nasg of U

Rasem3sy | Mol/mol  |isotope amount ratio Nysg/N,ag of U

My g/mol molar mass of U
fa3u mol/mol |isotope amount fraction of 2**U in U
foaqu mol/mol |isotope amount fraction of 2*U in U
foas0 mol/mol |isotope amount fraction of “*Uinu
foa6u mol/mol |isotope amount fraction of ***U in U
fazgu mol/mol |isotope amount fraction of 22U in U
Woaay mol/mol |isotope mass fraction of 2Uinu
Wazay mol/mol |isotope mass fraction of ***U in U
Waasy mol/mol |isotope mass fraction of **°U in U
Wasgu mol/mol |isotope mass fraction of Z5Uin U
Wasgy mol/mol |isotope mass fraction of ***U in U
Date: 10/08/2021 |File: T200717-23-27 Urenco S7.smu Page 10of 3
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Urenco S7

Quantity Unit Definition
Maaay g/mol atomic mass for 23U
Moy g/mol atomic mass for 2*U
Mas, g/mol atomic mass for >>°U
Myaay g/mol atomic mass for *%U
Mgy g/mol atomic mass for 22U
IRy mol/mol |sum of isotope ratios for U
R,az0550¢ Type B normal distribution

Value: 0 mol/mol
Expanded Uncertainty: 0 mol/mol
Coverage Factor: 2

Roa40380° Type B normal distribution
Value: 0.00052968 mol/mol
Expanded Uncertainty: 0.00000023 mol/mol
Coverage Factor: 2

R,a5/0350" Type B normal distribution
Value: 0.062659 mol/mol
Expanded Uncertainty: 0.000020 mol/mol
Coverage Factor: 2

Ruzg03a0t Type B normal distribution
Value: 0.000066513 mol/mol
Expanded Uncertainty: 0.000000027 mol/mol
Coverage Factor: 2

M., Type B normal distribution
Value: 233.039627 g/mol
Expanded Uncertainty: 0.000003 g/mol
Coverage Factor: 1.0

The mass of the isotope is read from \Sim_server\gumwork\wizards\ELTABLE.CSV.

Maayt Type B normal distribution
Value: 234.0409503 g/mol
Expanded Uncertainty: 0.0000024 g/mol
Coverage Factor: 2

Meng Wang et al (2021), The AME 2020 atomic mass evaluation, Chinese Phys. C 45 030003

M5t Type B normal distribution
Value: 235.0439281 g/mol
Expanded Uncertainty: 0.0000024 g/mol
Coverage Factor: 2.0

Meng Wang et al (2021), The AME 2020 atomic mass evaluation, Chinese Phys. C 45 030003
M. : Type B normal distribution
Value: 236.0455661 g/mol

Expanded Uncertainty: 0.0000024 g/mol
Coverage Factor: 2.0

Meng Wang et al (2021), The AME 2020 atomic mass evaluation, Chinese Phys. C 45 030003

Date: 10/08/2021 |File: T200717-23-27 Urenco S7.smu Page 2 of 3
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Urenco S7

Mg Type B normal distribution
Value: 238.0507869 g/mol
Expanded Uncertainty: 0.0000032 g/mol
Coverage Factor: 2.0

Meng Wang et al (2021), The AME 2020 atomic mass evaluation, Chinese Phys. C 45 030003

Interim Results:

Quantity Value Standard
Uncertainty
IRy 1.0632552 mol/mol 10.0°10® mol/mol
Results:
Quantity Value Expanded Coverage Coverage
Uncertainty factor
My 237.871466 g/mol 53107 g/mol 2.00 manual
foaau 498.17-10° mol/mol 220-10°® 2.00 manual
mol/mol
faasu 0.058931 mol/mol 1810 mol/mol 2.00 manual
360 6255610 mol/mol  [25-10° mol/mol 2.00 manual
foasu 0.940508 mol/mol 18:10 mol/mol 2.00 manual
Wosay | 490.15:10°° mol/mol 210°10°° 2.00 manual
mol/mol
Wazsy 0.058231 mol/mol 18:10°° mol/mol 2.00 manual
Wosey | 62.076:10° mol/mol  [25-10™ mol/mol 2.00 manual
Woasu 0.941217 mol/mol 17-10°® mol/mol 2.00 manual
Date: 10/08/2021 |File: T200717-23-27 Urenco S7.smu Page 3 of 3
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GETTING IN TOUCH WITH THE EU
In person

All over the European Union there are hundreds of Europe Direct information centres. You can find the address of the centre
nearest you at: https://europa.eu/european-union/contact en

On the phone or by email

Europe Direct is a service that answers your questions about the European Union. You can contact this service:
- by freephone: 00 800 6 7 8 9 10 11 (certain operators may charge for these calls),

- at the following standard number: +32 22999696, or

- by electronic mail via: https://europa.eu/european-union/contact en

FINDING INFORMATION ABOUT THE EU

Online

Information about the European Union in all the official languages of the EU is available on the Europa website at:
https://europa.eu/european-union/index _en

EU publications

You can download or order free and priced EU publications from EU Bookshop at: https://publications.europa.eu/en/publications.
Multiple copies of free publications may be obtained by contacting Europe Direct or your local information centre (see
https://europa.eu/european-union/contact en).
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