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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 in Geel, Belgium (formerly known as
the "Institute for Reference Materials and Measments" 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 IRMI@29P, a uranium micro particle reference material. The
project was a collaboration between the Forschungszentrum Jilich (FZJ) GmbH, Germany, and the
International Atomic Energy Agency (IAEA), Austria.
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Abstract

This report describes the certification of the IRMI@29P, a uranium micro particle reference material.

This certification project was a collaboration between the International Atomic Energy Agency SBES,
Austria), the Forschumsgentrum Jilich GmbH (FZJ, Germany) and the Joint Research Centr&éaR@nit
G.2).

The material was produced in compliance with ISO/IEC 17034:2016 [1] and certified in accordance with ISO
Guide 35:2006 [2]. Betweennit homogeneity was quantified andtability during dispatch and storage were
investigated in accordance with ISO Guide 35:2006 [2]. Uncertainties of the certified values were estimated in
compliance with 1ISO/IEGuide98-3:2008 (the Guide to the Expression of Uncertainty in Measurem@hiM)

[3]. In order to achieve "fit for purpose" isotope ratios for particle analysis, the base material {R33@RIwas
prepared by mixing of two uranium nitrate solutions, which were prepared by hydrolysis and nitration of
pm\i dph ¢ s\ ag p Cerification oft tReAutafiium>iddtbiie tgmposition was done by Thermal
lonisation Mass Spectrometry (TIMS) using the Modified Total Evaporation (MTE) method.

Production of the uranium particles was done at the FZJ using a dedicated method based onmpodysis
of droplets generated with a vibrating orifice aerosol generator (VOAG).Verification measurements of the base

njgpodij i Vi _ Ykmj ™~ nn ~jiomjg h> \npm h i orSBASvia oc"

Multi Collector Inductively CouplePlasma Mass Spectrometry (MCPMS). In addition to the isotopic
composition, the uranium amount and mass per particle is certified by Isotope Dilution Thermal lonisation
Mass Spectrometry (HFIMS) and confirmed by IPIGICPMS performed at IAE2GAS.

Moreover, the certified values were established using new published values for the atomic masses and
applying a 2digit rounding rule.

The materials are intended for the calibration of instruments and methods, quality control purposes, and the
assessment ®method performance for isotope mass spectrometry on uranium particles. As with any certified
reference material, they can also be used for validation studies.

The following values were assigned to the IRNBRIP:

TRIURANIUM OCTOMMBRTICLE

Isotopeamount ratio

Certified valued Uncertainty?
[mol/mol] [mol/mol]
n(*U)h(=8V) 0.00034083 0.00000019
n(®%U)h(*8U) 0.033902 0.000012
n(®eU)h(*8U) 0.00003021 0.00000012
Isotope amount fraction
Certified value? Uncertainty?
[mol/mol] [mol/mol]
n(®*U)h(U) 0.00032953 0.00000018
n(*=U)h(U) 0.032778 0.000011
n(*U)h(U) 0.00002921 0.00000012
n(®eU)h(U) 0.966863 0.000011
Isotope mass fraction
Certified value? ¥ Uncertainty?
[o/d] [0/d]
m*U)m(U) 0.00032412 0.00000018
m(®°U)m(U) 0.032378 0.000011




m(***U)m(U) 0.00002897 0.00000012
mE#U)m(U) 0.967269 0.000011
Molar mass
Certified value® ¥ Uncertainty?
[9/mol] [g/mol
M(U) 237.950848 0.000034
Uranium amount per particle
Certified value Uncertainty?
[fmol] [fmol]
n (V) 15.1 2.6
Uranium mass per particle
Certified value Uncertainty?
[pg] [pg]
m (U) 3.58 0.63
Number of uranium atoms per particle
Certified value Uncertainty?
N(U) 9.1-10 1.6-10

1) The certified values are traceable to the International System of units (SI)RMMO074.

2) The uncertainty is the expanded uncertainty with a coverage fakter2 corresponding to a level of
confidence of about 95 % estimated in accordance with ISO/IEC Guiedg @iide to the Expression of

Uncertainty in Measurement (GUM:1995), ISO, 2008.

3) These values are calculated using the isotope amount ratios and therefaeable to the SI. The
calculation ofn(U),m(U) and M(U) includes the contributions from the isotop&sl,*°U,2*U and?8U.

4) These values are calculated using the values listed below fidaing et al., The AME 2016 atomic mass

evaluation, ChinesPhysics C Vol. 41, No. 3 (2017) 030003:
M@3U) = 234.0409504 + 0.0000024 gmol* (k = 2)
M@35U) = 235.0439282 + 0.0000024 gmol* (k = 2)
M@38U) = 236.0455662 + 0.0000024 gmol* (k = 2)
M@38U) = 238.0507870 + 0.0000032 gmol* (k = 2)




1 Introduction

1.1 Background

Environmental samples are used by national and international safeguards authorities to verify the absence of
undeclared nuclear material and/or activities in nuclear facilities under safeguards [4, 5] Nuclear security
authorities also use envirmmental samples for evidence collection in cases of border interdictions of nuclear

material, and seizures or discoveries of nuclear material in the public domain [6]. Environmental sampling

makes use of pieces of cotton cloth, called swipes, to wipe stefaof interest. The dust collected on these

swipes may contain micrometesized particles of actinides or other elements of interest. The majority of
environmental samples collected for safeguards purposes are taken from bulk handling facilities atahé fr

end of the nuclear fuel cycle (e.g., uranium conversion plants, uranium enrichment plants and uranium fuel
fabrication plants), therefore uranium particles are the most often investigated type of particle. In addition to

the 2%U abundance in uraniumagticles, the minor isotope abundance ratio€3*U)h(**U) andn(***U)h(*%8U)

of uranium in particles may provide additional information to safeguards authorities about equipment or

plant design and irradiation history, and may also help to evaluateingxand decay scenarios. Major and
hdijm pm\idph dnjoj k"’ m\odjn di "igdmjih > io\g n\hkg"
Jaad”" ja N\a bp\m_n <ilVgtod”~\g N mgd” " n #NB<N$ di N
Laborabries (NWAL) [7].

Considering the potential consequences of particle analyses in nuclear safeguards, these measurements are
subjected to a rigorous quality management system. The reliability and comparability of measurement results
of isotope ratios in uraium particles need to be guaranteed and monitored via the correct use of reference
materials and quality tools. Laboratories involved in particle analysis have a continuous need for quality
control reference materials at the particle level [8].

Therefor, a collaborative project was launched involving the European Commission's Joint Research Centre,
Unit G.2 (JRGeel, Belgium), the IAERGAS (Austria) and the Forschungszentrum Julich Institute for Nuclear
Waste Management and Reactor Safety (FZW&:Kulich GmbH, Germany) to produce monodisperse,
spherical micrometresized uranium oxide particles.

One of the batches of monodispersed micromesized uranium particles was selected for certification at
JRCGGeel according to the 1ISO 17034:2016 [1] a0 Guide 35:2006 [2], and is the subject of this report.

Due to the narrow particle size distribution and the technique used to produce the spherical particles-(spray
pyrolysis of a monodisperse aerosol generated using a vibrating orifice aerosol gemgraach particle
contains approximately the same amount of uranium. Therefore, this material was selected as a suitable
candidate for certification for uranium amount per particle according to the ISO 17034 and ISO Guide 35.
Prior to its release, the camdite reference material IRMM329P was the test item in the NUSIMEP
Nuclear Signatures Intelaboratory Measurement Evaluation Programme [9].

1.2 Choice of the material

Following recommendations from the IAEA regarding the preferred isotopic compositiqrafticle reference
materials, suitable uranium solutions were prepared at JB@ in Geel. This was achieved at JBQ by
mixing two solutions of lowenriched uranium (LEU) material derived from uranium hexafluoride (UF6) from
the JRGG.2 stock of UF@naterials. For IRMM329P, two solutions derived from IRM823 and IRMMD29

were mixed. The mixing of the solutions was not performed strictly using the classical gravimetrical approach
for which the accurate knowledge of the uranium concentrations andimgixoroportions between the two
solutions would have to be known. The mixing proportions were only based on estimates from the
concentrations and mixing proportions. The isotopic composition of the base solution mixture, called IRMM
2329, was characterisedy TIMS using the standardised MTE (modified total evaporation) method [10, 11]
and subsequently verified by an external laboratory (IAEBAS) using two different techniques, TIMS/MTE
and MGICPMS.

The candidate reference material for certification, kel IRMM2329P, consists of spherical uranium oxide
micro particles with a mean particle diameter in the micromesize range. The particles are characterised by



a high degree of sphericity and a narrow particle size distribution. Such particles allobefter control of the
uranium amount per particle, which is one of the certified property values of IRANRDP.

The average diameter in the micrometsized range was selected to reflect typical samples collected on
nuclear safeguards swipe samples [8}€l particles are easily measurable by the current state of practice
particle mass spectrometric techniques but also provide a challenge for stditthe-art techniques to further
reduce the measurement uncertainty.

The particles are distributed onto gladiée carbon disks, which allows the samples to be measured directly
by various techniques (e.g. SIMS) but also allows the easy transfer of particles onto different substrates (e.g.
by micromanipulation). The particles consist of triuranium octoxide (U3@8¢h ensures that the chemical
properties of the particles remain stable over a long period of time [12, 13].

Finally, the uranium isotope amount ratios in IRN28R9P represent lowenriched uranium (LEU), with a
n(*®U)h(**8U) ratio, that can be measureldy the commonly applied techniques.

1.3 Design of the CRM project

The IRMM2329P material has been produced, and certified for the uranium isotope amount ratios
n(234U),h(238U),n(235U),h(238U) andn(236U),h(238U).

The IRMM2329P uranium micro particles wer produced at the Forschungszentrum Jilich GmbH from
uranium solutions, prepared at JR&eel G.2 by mixing uranium solutions derived from; O&ttified reference
materials.

Based on evaluation and control of environmental conditions and production presgs® change of the
uranium isotope amount ratios from the solutions to the particles is expected during the production. However,
the uranium isotope amount ratios in the base solution (mixture) called IRA3RP were first measured for
characterisation atJRG G.2 using TIMS/MTE. Then, the isotopic composition was verified atSBES by
TIMS/MTE and MICPMS. Subsequently, the integrity of the uranium isotope amount ratios in the produced
particles was verified by process control measurements usingIRRMS performed at the IAEBGAS.

In addition to the uranium isotope amount ratios, the uranium amount per particle in HR28R9P was also
certified. The uranium amount per particle was determined at-IR€ by isotope dilution with TIMS (IDMS),
utilising the 233U spike IRMM58 to establish traceability to the SI. Additionally, the uranium amount per
particle was externally verified by IDMS using MZPMS at the IAEBGAS.



2 Participants

Project management and evaluation, processing of base solution, hemeity study, stability study and
characterisation have been performed at the European Commission, Joint Research Centre, Directorate G
Nuclear safety and Security, G-=Standards for Nuclear Safety, Security and Safeguards in Geel, Belgium.

The prodution of the particles and the preparation of particles on the gldgse carbon disks (processing) was
performed at Forschungszentrum Jilich GmbH, Institute for Energy and Climate Researdh, NEilear
Waste Management and Reactor Safety in Jilich, Gamyn

The verification measurements in the context of the IRMBRIP certification, for the uranium isotope
amount ratios in the base solution and in the particles and the uranium amount per particle, were performed
at the International Atomic Energy Agencffice of Safeguards Analytical Services, Nuclear Material
Laboratory and Environmental Sample Laboratory (NML and ESL) in Seibersdorf, Austria.



3 Material processing and process control

3.1 Origin of the starting material

The IRMM2329P particles were producefrom a base solution, the IRMEB29, which was prepared at the
JREG.2 by mixing solutions obtained from IRMM3 (Annex 3 and IRMMI29 (Annex 2, which are two
solutions with certified uranium isotope amount ratios. The IRRB29 solution was characterised for the
isotopic composition sing TIMS/MTE [10, 11] and a measurement certificate was issdaethéx 3. The
uncertainties of the certified ratios of IRMIZI329 include an additionatomponent for the maximum possible
inhomogeneity between different units of the material. This was already introduced and calculated for the
certification of the uranium hexafluoride reference materials series IRPM-029, which was also
performed using TMS on uranyl nitrate solutions [14, 15].

In order to comply with the ISO 17034:2016, for the certification of the isotopic composition of the IRMM
2329 solution, external verification measurements were performed at the S using TIMS/MTE and
MGICRMS. As shown in Table 1, the results were in good agreement with the values on the measurement
certificate, which can therefore be used as certified values for the IRRB@9 solution. The verification
measurement results are compared with the certified was in Table 1.

Table 1. Results with expanded uncertainty=2) of the certified isotope ratios for IRMH2329 solution and results of
verification measurements performed by the IABSGAS.

n(234U),h(238U) n(ZSSU)Ih(ZSBU) n(ZBBU)h(ZSSU)
Certification gng/ﬂz gﬁi‘gf 4
Measurement by ' 0.00034083(19) 0.033902(12) 0.00003021(12)
for mass bias
JRCG.2 X
correction)
TIMS/MTE (using
IRMM184, Annex 5 0.00034075(41) 0.033894(13) | 0.00003019(33)
for mass bias
Verification correction), by IAEA
Measurements by
IAEASGAS MGICPMS (1ppb
sample solution,
using IRMMD25, 0.0003411(29) 0.033904(24) 0.00003025(22)
Annex §for mass
bias correction)

3.2 Processing
The flowscheme for the production of IRMEB29P is as follows in Figure 1:

The IRMM329 base solution was prepared by mixing of IRMIZ3 with IRMMO029 as described above. All
of the base materials are uranium hexafluoride (yFwhich were converted to uranyl rite (UQ(NQ).) by
hydrolysis of the gaseous Wkn diluted nitric acid, i.e.

5& ¢ (/ ¢( /o5 ./ o( &

The n(NQ)/n(U) ratio of the solution was adjusted to around 10 using nitric acid (Suprdpuvhich was
required to convert the solutions to particlg13].

The prepared IRMI329 solution was shipped to FZJ, where the solutions were used to produce micrometre
sized triuranium octoxide particles. Detailed information about the particle production process is given in [12,
13 and 16].

The solution was fst diluted withultrak pm> r\ o™  m #, 3)- H3)~h$ \i _ “oc\lijg
EMSUREMerck KGaA, Germany) to a uranium content of around 125hgrgl a water to ethanol volume
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ratio around 1. This prepared solution was then fed into a vilmg orifice aerosol generator (VOAG, model
3450, TSI Inc., USA) at a volume flow rate of 2.59 [{L-Bhe VOAG was operated using a gotshted orifice
with a diameter of 20 um oscillating with a frequency of 69 kHz. Under the given conditions, a liguidgs
formed, which broke up into monodisperse droplets.

The generated droplets were carried with a prleaned supply of compressed air through a drying column
and a 200 mm long aerosol heater (Pressurized air heater, Dekati Ltd., Finland). The sowerés and
ethanol) within the droplets evaporated and resulted into formation of uranyl nitrate precursor particles. The
aerosol heater was set to 500 °C, at which temperature the uranyl nitrate precursor particles were
decomposed and partially reduced solid triuranium octoxide micro particles.

After passing through the aerosol heater, the partidearing flow was passed through a 500 mm long air
cooled stretch. The particles were then extracted from the partlmdaring stream by means of a singlstage
inertial impactor onto a 25.4 mm (1 inch) diameter quartz disk. For each material, 14 quartz disks were
produced over a course of two subsequent days.

The quartz disks were transferred into an ethasfdled bottle, which was ultrasonicated to detaclparticles
from the quartz disks into the ethanol. The stability of the produced particles in an ethanol suspension was
previously demonstrated [13, 17].

Aliquots of the produced suspension were distributed by pipette onto 25 mm diameter dilessarbondisks,
which were gently heated to dryness tbomogeneouslydeposit the particles onto the substrate. Before
packing, the disks were shortly heated using a heating plate at 350 °C to evaporate all volatile residues.

Figure 1. Flowrscheme of the production of uranium micro particles IRNBRIP from the two IRMM certified reference
materials with the certification and verification measurements related to the uranium isotope amount ratios and the
uranium amount per particle.

7

. /
- TIMS/MTE |

ot

' IRMM-023 | |
A _d L ) .
Hydrolysis H Mixing —» IRMM-2329 ~—>»  Dilution
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~ IRMM-029 /‘
b e A4
i Particle
! MC-ICPMS f;" production
Fz) | TIMS/MTE | v
Transfer into
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Finally, 110 units of IRMA2329P were produced using the procedure described above. An {R328P unit
consists of ca. 15000 monodisperse uranium particles of micrometieed diameter, distributed onto a 25
mm diameterglasslike carbon disk

3.3 Process control of the IRMM -2329P patrticles production

Prior to the production of the particles from the diluted solutions, a test run was performed at FZJ using the
intended solution and parameters. The produced particles were examined by using a scanning electron
microscope (SEM). Once the presence of spherical particles had been confirmed, the particle production
started. During the production, an optical particle sizer (OPS, model 1110, TSI Inc., USA) provided an online
measurement of the (estimated) particle couand particle size distribution.

The final produced particles were investigated by SEM before dispersion over thelitassarbon disks and
after dispersion, a number of randomly selected samples were investigated by SEM to provide an estimate of
the particle morphology and size distribution and the number of particles present on the samples.

Figure 2. SEM images of a carbon planchet covered with IRRBA9P particles. The picture on the left shows the full
glasslike carbon planchet (magnification x10Jhe right picture (taken at FZJ) gives a more detailed view of the uranium
particles present (magnification x500).

— lmm  JRC 1/4/2018
20.0kV LED 1LDF WD 14.8mm 16:32:48

Based on these studies, it was found that the units of IRMBRIP contained approximately 15000 particles
per unit. Althoughquantification of the particle size proved difficult, the particle diameters was found to
range between 1 and 2 pum with a relative standard deviation of the most frequented population of about 3.4
% (indicative values for particle diameter and standard @sdion, not certified).

In addition to the main particle population, approximately 4 % of the particles contained double the amount
of uranium compared to the main particle population (see sectib®.2). Such particles are likely produced by
the fusion of two droplets or particles during the particle production [12].

12



4 Homogeneity

A key requirement for any reference material aliquoted into units is eglémce between those units. In this
respect, it is relevant whether the variation between units is significant compared to the uncertainty of the
certified value, but it is not relevant if this variation between units is significant compared to the armallyti
variation. Consequently, ISO 17034 [1] requires reference material (RM) producers to quantify the between
unit variation. This aspect is covered in betweanit homogeneity studies.

The withinunit inhomogeneity does not influence the uncertainty ofetleertified value when the minimum
sample intake is respected, but determines the minimum size of an aliquot that is representative for the
whole unit. Quantification of withiunit inhomogeneity is therefore necessary to determine th@nimum
sample intale.

4.1 Between-unit homogeneity

The betweerunit homogeneity was evaluated to ensure that the certified values of the IRRBA9P are
valid for all produced units of the material, within the stated uncertainties.

4.1.1 Uranium isotopic composition

As shown below irsection 6.1 about the characterisation and process control measurements, the isotopic
composition of the particles was verified to be in agreement witte certified composition of the solution.
Therefore no betweenunit homogeneity study for the uranium isotopic composition of the particles was
deemed necessary.

4.1.2 Uranium amount per particle

The betweerunit homogeneity study for the uranium amouras derived from the mean uranium amount
content of 10 dissolved particle;n IRMM2329P was performed on a set of six unitwith the numbers 16,

20, 51, 69, 78, 102 which were selected from a random stratified sampling scheme. The number of units
correspondgo the approximate cubic root of the total number of produced test items (110 units), rounded up
and increased by 1, as the units were also intended to be used for the characterisation studies.

From unit no. 16 fifty particles were transferred onto fivaférent carburised single Rhenium filaments (10
particles per filament),using micromanipulators installedinder an optical microscope. The same particle
transfer was also applied from the units no. 20, 51, 69, 78 and 102. This resulted in five aliquertsipit and
30 filaments with 10 particles on each filament.

After transfer, 3 pL of a2%3U spike (IRMM58, Annex 7§ was added volumetrically using a calibrated pipette
(Annex 8. Then, 2 pL of 3 mol-t HNG (Suprapur®) was added in order to dissolve the particles and the
filament was heated using a current of 0.4 A to evaporate the solvent.

The measurements of the filaments were performed by TIMS (Triton), during vifich?°U and?®U were
measured sibsequently using the ion counter detector. The degree of homogeneity between the uranium
from the spike and from the particles was assessed by observation of tif&U)h(**U) ratio during the
course of the measurementn case of significant changes adrifts of the n(*3U)h(*%U) ratio during the
measurements the results of that measurement were excluded from the overall evaluabae.to the limited
number of positions of a turret, the prepared aliquots were divided over three turrets and were ftrere
analysed under intermediate precision conditiorfSor each turret a procedural blank was measured
Additionally four quality control samples prepared from IRMD23 micro particles were analysed.

The measurements were performed in a randomized manttedetect possible trends in the analytical and
unit production sequences.

13



The amount of uranium present on the filameft,) was calculated using the GUM Workbench softwaaad
applyingthe IDMS equatiofEquation 1)The complete IDMS results for the uranium amowftten dissolved
particles per filamenin IRMM2329P are presented il\nnex 9

& ——t—t¢ Equationl

in whichR, Rcand R, are the n(*3U)h(**®U) isotope amount ratios of the spike, sample and blaedpectively.

The isotope amount ratio of the spike (IRMM8) was taken from the certificate Annex 73, the isotope
amount ratio of the sample was taken from the certified value of the IRNBRIP particles (sectiory.1,
Annex 3 and the isotope amount ratio of the blend was measured BWMS Annex & )R\ 4 _R are the

sums of isotope amount ratios of the sample and spike respectively apds the amount of uranium added

to the blend, which was calculated based on the certified isotope amount content, the transferred volume and
the density of the spike, calculated in accordance to Sakurai and Tachin®&]ri [1

The uranium amounbf ten dissoled particles per filamentvas calculated by subtracting the amount of
uranium measured in the procedural blank analysed with each TIMS t@fenex 9. Finally the calculated
uranium amount in each aliquot was divided by the number of transferred partidf@anex 9 to determine
the uranium amounper particle

Due to anincompletemixing of the spike with the sample on individual filaments, indicated by significant
changes ofthe measuredn(®2U)h(**8U) ratios duringthe TIMSmeasurementgwhere?®U is originating from
IRMMO058 spike and?*®U mainly from IRMM2329P particles) 14 of the prepared aliquots were rejecteth
fact, almost a complete turret of results was rejected and a new turret for units no 20, 69 and 102 was
prepared (see Figure 3jesulting in a total of 31IDMSmeasurements.

The analyses were performedn three turrets, and therefore under intermediate measurement precision
conditions. To exclude any intermediate precision effects on the betwedh homogeneity, the obtained
results were normalised to the averageof the regective turrets. The normalised data did not show any
significant p = 95 %) trends in either the order of analysiEigure4) or the order of produébn. Using Grubb's
test, no significant§ = 95 %) outliers were detected in any of the analytical results or the unit meakiso,
the obtained results show a normal distribution, based on visual inspection of quanténtile plots and
prepared histogrens.

Figure 3. Aliquoting of 10 particles per filament from units 16, 20, 51, 69, 78, 102 onto 30 filaments

UNITS UNITS
selection [ - - - - -
#16 #51 #78 #20 #69 #102
Transfers
10 particles l l l l l l l l l l l
per filament ll ll il l ll l
N ﬁ% L % ﬂwnlﬂ !
1 r "4
Loading on \ } }
TIMS Turret | Y
31 filaments of
10 particles 4 out of 15 kept 15 out of 15
each ot ey s fept s
results measurement
results
Turret 1 Turret 2 Turret 3
30/11/2017 14/12/2017 09/01/2018

1 GUM Workbench, Programme GUM workbench 2.4, Metrodata GmbH, 2009, Weil am Rhein, Germany
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Figure 4. Normalised uranium amount as derived from the mean uranium amount content of 10 dissolved particles
(IRMM2329P) in analytical sequencwith their average (black line) and linear regression line (red line). The different
symbols represent the different three turrets.
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Analytical sequence

Quantification of betweerunit homogeneity was performed by analysis of variance (ANOVA), which separates
the betweenunit variation &y,) from the withintunit variation &.,). The latter is equivalent to the combined
method intermediate precision and the possible withinit inhomogeneity (i.e. here within the planchet).

Evaluation by ANOVA requires mean values per unitchvfollow at least a unimodal distribution and results
for each unit that follow unimodal distributions with approximately the same standard deviations. The
distribution of the mean values per unit was visually tested using histograms and normal protyapitts.

Too few data are available for the unit means to make a clear statement of the distribution. Therefore, it was
checked visually whether all individual data follow a unimodal distribution using histograms and normal
probability plots. Only minoraViations from unimodality of the individual values were observed, and do not
significantly affect the estimate of betweetunit standard deviations.

It should be noted thaty, and s, are estimates of the true standard deviations and are therefore subjec
random fluctuations. Therefore, the mean square between uniS{weey can be smaller than the mean
squares within units N1S.inin), resulting in negative arguments under the square root used for the estimation
of the betweenunit variation, wherea the true variation cannot be lower than zero. In this cas%,], the
maximum inhomogeneity that could be hidden by method repeatability, was calculated as described by
Linsinger et al. [19, 20]53%’] is comparable to the limit of detection of an analg&l method, yielding the
maximum inhomogeneity that might be undetected by the given study setup. Method intermediate precision

(Swb), betweenunit standard deviationg,) and sj’/"]were calculated as:

i 0"Y Equation2

'H“H ‘" H'H'I I. H'q—ﬁﬂl [ Equati0n3
o Mg Equation4
HH . b 7 q
KQdocdi mean of squares withirunit from an ANOVA
K@ o, i mean of squaresetweenrunit from an ANOVA
I, mean number of replicates per unit
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0Zdocdi degrees of freedom oMSitin

The results of the measurements are shown Amnex 10 The results of the evaluation of the betweamit
variation are summarised ifmable 2. The resulting values from the above equations were converted into
relative uncertainties.

Table 2. Results of the betweemnunit homogeneity study of the uranium amouas derived from the mean uranium
amount content of 10 dissolved particlesThe quantityunom relis calculated by combiningub,reland Ssbo el

% Unom,rel
Sub,rel Shb,rel S] D] 'm
[%]
[%] [%] [%]
IRMM2329P 55 55 1.3 7.8

The homogeneity study showed no outlying unit means or trends in the production sequens‘fé’.] #ais the
limits of the study to detect inhomogeneity and the value af, is larger than sj’”’], Sw is adopted as
uncertainty contribution to account for potéal betweerunit inhomogeneityFinally, he within-unit standard
deviations,, and the betweenrunit standard deviatiorsy, were added in quadrature to calculate the combined
uncertainty of the homogeneity studyabelled asunom.

4.2 Within -unit homogeneit y and minimum sample intake

The withirunit homogeneity is closely correlated to the minimum sample intake. Due to this correlation,
individual aliquots of a material will not contain the same amount of analyte. The minimum sample intake is
the minimum amount of sample that is representative for the whole unit and thus should be used in an
analysis. Using sample sizes equal or above the minimum sampékeguarantees the certified value within

its stated uncertainty.

4.2.1 Uranium isotopic composition

Basal on the thoroughevaluation and control of environmental conditionsiring the production processes
the uranium isotopic composition can be considel@ing homogeneous throughout the unit and no minimal
sample intake needs to be considered.

4.2.2 Uranium amount per particle

During the particle production by means of a sprpyrolysis method, a number of particles are produced
containing double the amount of uranium compared to the main particle population, i.e. the certified value
[14]. SEM analysis perfornteat JRGGeel has shown that about 4.0 % of the IRMA829P particles contain
double the amount of uranium. The possible selection of this kind of partidesntributingto the within-unit
inhomogeneity. Therefore, a minimal number of particles to belgsad needs to be taken into accoumue

to the existence of particlexontairing double the amount of uraniumwith a samplesizeindependent
fraction of about 4.0 %, thewithin-unit inhomogeneitydoes not diminish even if a very large number of
particlesis taken as a sample. But a minimal sample intake can be calculatea waythat the within-sample
inhomogeneitywould have a negligible impact on thgombined uncertainty of thecertified uranium amount

per particle

For the uranium amoungs derivedfrom the mean uranium amount content of 10 dissolved particles
IRMM2329P, the largest uncertainty contributida given bythe uncertainty of the homogeneity studyhom Of
7.8%.This would lead to a maximum permissible uncertainty due to the withinit inhomogeneityuup,max Of
26 % (k=1) and a maximum combined uncertainty of the certified valugimma0f 8.7 % K = 1).
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Monte-Carlo simulations were performed am = 10° sets of N particles each, wher®& was varied from 1 to

30. For each set oN particles, the mean uranium amount per particle of the set was calculated, based on a
random selection of particles containing either onge=<96.0 %) or twice |§ = 4.0 %) the amount of uranium,
which was taken randomly from a Gaussian distribution witle average of distributiorp = 15.1 fmol (kcry

and the variance of distributiomj= ucrvmax Figure 5shows the obtained distributions of the mean uranium
amount per particle, based on the random selection dfparticles with a probability of 4.0 % toedect a
particle with double the amount of uranium.

Figure 5. Histograms of 10° sets of 1 (left), 10 (centre) and 30 (right) randomly selected particles.

10 15 20 25 30 35 40 14 16 18 20 22 24 14 15 16 17 18 19 20
Mean U amount per particle / fmol Mean U amount per particle / fmol Mean U amount per particle / fmol

For each simulation consisting of sets df particles, the fraction of results falling within th&gm+ 2Ucrm,max
range was counted, i.e. the fraction of results which would fall witthia 95.45 % confidence intervalith a
negligible effect due to the withirunit inhomogeneity.

Based on the pdormed simulations, it was found that at leasiO particles need to be selected to obtain
results with a negligible impact from the withianit inhomogeneity. The minimal sample intake for the
uranium amount per particle for IRMRB29P is set to 10 particles, unless the applie@nalytical method
such as LGSIMS, FTIMS or LAMGICPMSjs capable ofeither identifying orselectively excludinghe
particles containing double the amount of uraniunm that case the minimal sample intake would be 1
particle.

Figure 6. Fraction of means within two times the maximum permissible uncertainty including witimih inhomogeneity
from the certified value.
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5  Stability

Stability testing is necessary to establish the conditions for storage (ltewgn stability) as wellas the
conditions for dispatch of the materials to the customers (shtetm stability). During transport, especially in
summer time, temperatures up to 60 °C can be reached and stability under these conditions must be
demonstrated, if the samples are tbe transported without any additional cooling.

5.1 Short-term stability study

5.1.1 Uranium isotope amount ratios

As the uranium isotopic composition is independerit the temperature, there is no impact from the
transportation on the uranium isotopic composition. Therefore, no sterrn stability study was performed
for the uranium isotope amount ratios in the particles.

5.1.2 Uranium amount per particle

Stability studies ér the uranium amount per particleas derived from the mean uranium amount content of
10 dissolved particlesof IRMM2329P, were carried out using an isochronous design. In this approach, two
units of IRMM2329P were selected using a randomly stratifie¢leeme. Before storage, two aliquots (two
filaments) were prepared from each unit, after which the unit was stored for a particular length of time at
two different temperature conditions. After defined periods of time, the units were shortly removed fram th
controlled temperature conditions to prepare two more aliquots (two more filaments per unit), before the
units were stored back under controlled temperatures.

For the shortterm stability study, one unit was stored at 4 °C and the other at 60 °C folZ,and 21 days.

Note that at the end of the 2iday storage, three aliquots (three filaments) were prepared instead of two.
Finally, the 18 aliquots (18 filaments) were measured by-TIMS in a similar way as described in section
4.1.2 At the end of the isochronous storage, the prepared aliquots were analysed simultaneously under
repeatability conditions.

The data were evaluated individually for eatbmperature. The results were screened for outliers using the
single and double Grubbs test on a confidence level of 99 %, no outliers were fdanaddition, the data

were evaluated against storage time, and regression lines of the uranium amount pdicfgaversus time

were calculated to test for potential increase/decrease of the uranium amount per particle due to shipping
conditions. The slopes of the regression lines were tested for statistical significance. None of the trends was
statistically signficant at a 95 % confidence level for any of the temperatures. The results of the sienn
stability measurements are shown iinnex 11

As a conclu®n, the uncertainty from the short term stability study doesonly reflect an uncertainty due to
a possible inhomogeneitywithin or between planchets, which is already taken into accoumyt the
homogeneity studyas described abovelhus there is no micertainty contribution to be considered from the
short-term stability.

The material can be dispatched without further precautions under ambient conditions.

5.2 Long-term stability study

5.2.1 Uranium isotope amount ratios

Data from the certification and monitorgp program for various types of uranium CRMs have demonstrated
that the uranium isotopic composition remained stable owv&rtimeframe of 30 years and the relative
uncertainty of then(®**U)h(3®U) isotope amount ratio due to lorterm stability for a shelflife of 10 years
can beconsidered negligible compared to the uncertainty due to characterisgdfp Also, it is known that
all uranium isotopes have the same physical properties, excepttiier half-life. As the halflives’ of 234U
(245.5-10 a), Z°U (704-10 a), *°U (23.43-106 a) and?®U (4.468-16 a) are much longer than the intended

2 DDEPBIPM (accessed: 22 February 2018) http://www.nucleide.org/DDEP_WG/DDEPdata.htm
18



shelf life of the material, no significant effect due to radioactive decay is expected on the uraniwtoie
amount ratios. It can therefore be concluded that the stability effects on the uranium isotope amount ratios
are negligible. The particle reference material IRMBRIP will also be placed under the JRG&2el G.2 regular
stability monitoring programa further verify the stability

5.2.2 Uranium amount per particle

Due to the physical properties of uranium, no change of the uranium amount per particle R3@BP) is to

be expected during the storage of the material. It was demonstrated that specific pargobduction process
yields particles consistingf UsOs [12], which is considered to be one of the most stable uranium spef2e$
Consequently, ntong-term instability of the uranium amount per particle is expected to occur. Also, previous
investigatbns have demonstrated that no degradation of LR micro particles occurred[23, 24], which are
expected to have a lower degree of stability compared tDkJmicro particles.

However, after certification, the material will be included in the JRC's reggitility monitoring programme
(postcertification monitoring according to ISO Guide [29), to control its further stability.
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6 Characterisation

The material characterisation is the process of determining the property value(s) of a reference matérél.
material characterisation was based on a primary isotopio method of measurementombined with a
primary direct method (gravimetry)25], and confirmed by an independent method. A primary method of
measurement (also called "primary reference methadtlie International Vocabulary of Metrology (\JI[26])

is a method that does not require calibration with a standard of the same measurand and does not depend on
a chemical reactioh Such methods are of highest metrological order and often yield results with low
uncertainties. Howevett, is nevertheless prudent to demonstrate absence of bias or gross errors by use of an
independent method of lower metrological order.

6.1 Uranium isotope amount ratios in IRMM -2329P

The certification of the isotopic composition of the IRMI@29 base solution was also applied to the IRMM
2329P particle reference material after soalled "process control measurements" (PCM) had been performed
successfully. fie PCM measurements were designed in a way to control the entire processing of the base
solution, including the particle production using the base solution and also the process of dissolving the
particles back into a nitrate solution. The PCM measureme@ftthe uranium isotope amount ratios in the
IRMM2329P particles were performed by MICRMS at IAEASGAS. There, the particles were leached from
the sample planchets either by complete soaking of the IRRIB29P planchet in HNSor by adding a drop of
HNQ to the particlebearing side of the planchet (dreleaching).

Three units of IRMA329P were analysed using theomplete soaking method and three other units using
the dropleaching. The IRMIUR25 certified reference material was used as standard for maactionation
correction and calibration of the ion counters during the MEZPMS measurements

The MGICRVS measurements were performed under repeatability conditiolgparently, smaltifferences
were found between the measured(>**U)h(**U) ratios ofthe IRMM2329 base solution and the solutions
obtained by leaching the IRMRB29P particlesusing the two methods Such an alteration of the isotope
amount ratiocouldpossiblybe induced during the particle production, either

1. due to a uranium blank assdated with the blank planchet without any particles on it.

2. byacross"ji o\ hdi \odji amjh °2ajm dbi» k\mod~g n ji oc
isotope amount ratios of individual particles, but only on the isotope amount ratios of ttalturanium
material on the planchet, for example during leaching experiments.

The two above mentioned sources of possible alterations were excluded by systematic analyses of the
surfaces of several planchets. The surfaces of blank planchets were firgtlysed with the Automated
Particle Measurement (APM) screening procedure at theSINES instrument at the IAEA laboratories, where

no uranium background was observed. Secondly, the surfaces of blank planchets were analysed by leaching
with HNQ with subsegient ICPMS analysis at FZJ, and also using this technique no uranium was found on the
surfaces of the planchet.

Furthermore, the APM screening procedure at theSIMS instrument at the IAEA was applied to screen

planchets with IRMA2329P particles on thepm ? pmdi b oc* \Vi\lgtn'  n 2R °aj m’
enrichments other than the main population, which enrichment is in agreement with the base solution, were

found.

After firstly excluding a possible contamination of the blank planchet prior to theipkr production using two

different methods, and secondly also excludingacrdsg i o\ hdi \ odj i rdoc °ajm dbi » Kk
no further explanation was found for the observed small differences for the measun@éPU)h(**U) ratios

from the base solution.

On the other hand, the leaching method introduced here for the purpose of the process control measurements
of the isotope ratios, in combination with high sensitive and high precisionl@R®MS measurements of small
size samples (superior copared to TIMS), is not a method that will be applied by the users of this particle

3 A primary method is "a method having the highest metrological qualities, whose operation(s) can be completely described and
understood and for which a complete uncertgirstatement can be written in terms of S| units. A primary ratio method measures
the value of a ratio of an unknown to a standard of the same quantity; its operation must be completely described by a
measurement equation
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reference material. This method was chosen specifically for this project in order to achieve high precision
verification measurements of the isotope ratios of IRMA329P ushg a mass spectrometric technique, which

is independent on the typical particle mass spectrometric techniques such as SIMBMSTand LAMG
ICPMS. These are the techniques, which will be applied by the customer and which will then be calibrated
using ths new particle reference material. But as a consequence of the observed differences, special handling
instructions have to be given, as explained below.

The results of the MEICPMSmeasurements on the leached particles are presented in detail in Figur¢ 7.
shows the relative differencesf the measuredn(***U)h(**U) isotope ratis of the two IRMM2329 solutions,
which were obtained by leaching IRMM29P particles from the planchets by attacking with BN by either
100% #° ~j hk g’ oor 4580\ f_dnij tk » Bpf'the Sucfate,whichbare giverrelative to the 2SUFEU
isotope ratios of the base solution measured using the same technique, in this caseCHNS These
differences are plotted versus the fraction of the planchet surface which waseked by the HN©acid for
leaching for the twomethods The results indicate abias of the n(3°U)h(*38U) ratio from the samples which
were entirely soaked (100% of the sampleyhich isapproximatelytwice as large aghe bias measured with
the dropleachingtechnique (ca45% of the surface covered with HNDTherefore the bias is proportional to
the surface attacked with nitric acid.

Figure 7. Relative Difference of measurea(**°>U)h(*8U) isotope amount ratio of the IRMEB29 solutions, which wre

obtained by leaching IRMI2B29P particles from the planchets, from the ratios of the base solution measured also by

MGICPMS. The error bars are given as combined standard errors, they do not include common uncertainty components
related to the mass kas correction and reference materials used for it.
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The extrapolation of the relative difference in thg?*U)h(*®U) isotope ratios versus the attacked surface
towards the surface actually covered by the about 15000 particles with about A3 diameter per particle

on the planchet- which is about 0.002% relative to the total surface leads to an extrapolated relative
difference for the n(?®U)h(*®U) isotope ratios of (0.00074+0.029)%, which is negligible. The extrapolation
yields a negligile difference of (0.0012+0.029)% even in the case, that a squareng® x 20mm area is
taken into account for each particle, which represents an upper limit for the surface area typically rastered
with the primary beam during microbeam measurements by &&I1S.

The extrapolation to the hypothetical case that only the total particle's surface area (or the area rastered
during SIMS analyses) and none of the impurities of the surrounding surface were dissolved by the acid, is
therefore leading to the conclusiothat the n(*U)h(**8U) isotope ratio within the leached particles is in
agreement with the values for the base solution measured with the same technique IGFBAS, see Table 3).
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This was already found to be in agreement with the certified ratio for theesb solution (seélablel), which
can therefore be used for the certification of the particles.

Table 3: Results of process control measurements by-MZEMS at the IAEASGAS. The extrapolated major ratio
n(*®U)h(?®U) is marked (*). For the minor ratios minor isotope ratif8*U)h(?%U) andn(***U)h(**U) no extrapolations
had to be performed (**), see text below for further explanations.

n(234U)Ih(238U) n(ZSSU)h(238U) n(236U)1h(238U)

Leached

| i Particles using
Complete soaking | mcICcPMS 0.033879(10)
(100% surface (1ppb sample 0.0003403(18) ) 0.00003020(15)
leached) solution, (-0.081% vs base solution)
calibrated using
IRMMO025)

Leached

leachi Particles using
Drop leaching MGICPMS 0.033894(10)
(45% surface (1ppb sample 0.0003405(20) ) 0.00003020(19)
leached) solution, (-0.037% vs base solution)
calibrated using
IRMMO025)

Leached
Particles using
MCICPMS
Extrapolated (1ppb sample (**) 0.033906(13) (*) (**)
solution,
calibrated using
IRMMO025)

Base solution
by MGICPMS
Base solution for (1ppb sample
comparison solution,
calibrated using
IRMMO025)

0.0003411(29) 0.033907(10) 0.00003025(22)

The process control measurements of the minor isotope ratig®*U)h(**8U) and n(***U)h(*8U) for the
leached particles did not show any significant relative differences relative to the base solution, which is due to
the much larger measurement uncertainties compared to thecadled "major" ration(*°*U)h(*8U). De to

the very close agreement for the minor isotope ratios with the base solution values no extrapolation had to be
performed. As a conclusion, the major ratio€*°*U)h(**8U) as well as the minor ratios(***U)h(***U) and
n(=U)h(**U) obtained by theprocess control measurements are in agreement with the certified values for
the base solution. The results of the process control measurements bylGRBAS at the IAEBGAS are
summarised inTable3.

The employed method for the process control measurements by leaching particles from the planchets with
subsequent MECPMS measurements was especially designed for the verification of thepsoratios within

the IRMM2329P particles. This method does not represent the typical way of handling or using this particle
reference material. Following the observations of the process control measurements, the use of the IRMM
2329P particle referencematerial for isotope ratio analyses is restricted to the application of particle
measurement techniques, such as{SEMS, FITIMS, TIMS with micnmanipulation and LAMGICPMS, which
only affect a maximum surface area of 20m x 20nm around the particles tde analysed.
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6.2 Uranium amount per particle

The determination of the uranium amount per particle in IRMBRIP was based on isotope dilution mass
spectrometry (IDMS) using the IRMMI8 spike £U) carried out at JRGeel G.2 and externally verified by
the IAEASGAS Environmental Samples Laboratory, using CRM995 and CRMArd IBMCGICPMS.

6.2.1 Determination measurements by ID -TIMS

A detailed description of the analyses is given in sectibi.2 as the characterisation of the material was
based on the analyses performed for the homogeneity assessment.

The complete IBTIMS results and calculations using the software GUM Workbench for the characterisation
study are presented iAnnex 9 Based on the 31 replicate measurement data performed byTIMS for the
homogeneity study, a mean uranium amount per fide of 15.052 fmol, i.e. 18° mol (rounded to 15.1 fmol,
equivalent to a mass of 3.58 pg) was calculated. Full uncertainty budgets were established in accordance with
the 'Guide to the Expression of Uncertainty in Measurement' [3].

As the replicate measrements were performed under intermediate precision conditions, the relative
uncertainty of the mean uranium amount per particle (0.053 %as combined with the relative intermediate
precision uncertainty (4.0 %), which mainly consists of the uncertawoftyhe transferred volume and the
density of the spikglAnnex 9. The combined standard uncertainty for the characterisationhisrefore 0.595
fmol (or 0.14 pg (k = 1), which corresponds to a relative combined standard uncertainty oP4.0

6.2.2 Confirmation m easurements ID-MGICPMS

The uranium amount per particle in IRMA29P as determined by HTIMS was confirmed by external
verification measurements performed at the IABSGAS using HMGICPMS&). These measurements were
carried out on 10sub-samples froman IRMM2329P unit, provided by JRGeel G.2, and consisting of 5
aliquots containing a single U particle each and 5 aliquots containing 5 particles egub. procedure was
especially designed for MECPMS measurements at IABSGSASOnNce at IAEASGAS, thesamples were first
screened for any potential contamination and to determine the amount®8t spike to be usedysing one
sample with a single U particle and one with 5 U particles. TheMIBICPMSneasurements were performed
on the 8 remaining suksamples/aliquots using uranium spikes at IABSAS(NBS995 and CRMIL1A)..
Procedural blank samples were also measured together with the U particlesamiples and the U IDMS
measurement results were corrected for the blank contribution. A full uncetyabudget was established in
accordance with the 'Guide to the Expression of Uncertainté@asurement' [3].

Measurement results for U amount per particle in IRMBRIP using M@CPMSare presented inFigure 8.
Finally, only7 sub-samples were used for the IDMS calculatiorsnce one measurement result with U
particleswas considered as outlier
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Figure 8 Verification measurement results of the U amount per particle usingMBICPMS compared to the {IDMS
reference valueand its final uncertainty K = 2) as given inTable 6
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7 Value assignment

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

The assigned uncertainties consist of uncertainties relating to characterisatigg, (section 6), potential
within-unit and betweenunit inhomogeneies, combined and expressed as..m (section 4.1), potential
degradation during transporti, (section5.1), and potential degrad#on during storage,uys (section5.2).
These different contributions were combined to estimate the relative expanded uncertainty of the certified
value Ucry With a coverage factok given as:

Oyt Ot vy Equation5

7.1 Uranium isotope amount ratios

The certified values of the uranium isotope amount ratios for IRIM829P werederived from the TIMS/MTE
measurements in the IRMI329 solution, with confirmation by the TIMS/MTE and-NIBMS verification
measurements at IAESGAS. The uranium isotope amount ratios in IRRBZ9P are given in mol-m3dl

From the certified values fothe 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:

. 'ﬁ T= il
B nnon LI O il

= N 10 Equation6

Moreover, the molar masof the uranium can be calculated by multiplication of the isotope amount fractions
with the molar mass of the respectivisotope:

)

IR B. nnn = A%AQ itd f Equation?

For the calculation of the uranium molar mass, the molar mass of the individual isotopes of uranfift,(
54,238 and?®U) have been taken from the most recent atomic mass evaluation (AME2[283).

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:

O °H 730 % Equation8

Thecertified andcalculated derived values related to the uranium isotopic composition for IRA3RBP are
summarised inTable and inAnnex 12

Table 4: Certified andderivedvalues and their uncertainties related to the uranium isotopic composition of IRA3RDP.

Certified values Ucrn(*) Ucrmre(*)
nE3*U)h(*#U) [mol-mot] 0.00034083 0.00000019 0.056 %
nE=U)h*#U) [mol-mol] 0.033902 0.000012 0.036 %
nE%*U)hE*U) [mol-mol] 0.00003021 0.00000012 0.40 %
nE*U)h(U) [mol-mot] 0.00032953 0.00000018 0.055 %
n@U)h(U) [mol-mot] 0.032778 0.000011 0.034 %
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nE*UYh(U) [mol-mot] 0.00002921 0.00000012 0.41 %
nE*U)h(U) [mol-mot] 0.966863 0.000011 0.0017 %
M(U) [g-mot] 237.950848 0.000034 0.000021 %
mE*U)m(U) [g-d] 0.00032412 0.00000018 0.056 %
mE=U)m(U) [g-d] 0.032378 0.000011 0.049 %
mE*U)m(U) [g-d] 0.00002897 0.00000012 0.41 %
mE®U)m(U) [g-d] 0.967269 0.000011 0.0017 %

*) ExpandedK= 2) and rounded uncertainty.

7.2 Uranium amount per particle

The certified value of the uranium amount per particle in IRMBRIP was determinecbased on isotope
dilution mass spectrometry (IDMS) measurements and is given in fmol. A full uncertainty budget was
established in accordance with the "Guide to the Expression of Uncertainty in Measurement" [3] and can be
found inAnnex 9

The uncertainty related to degradation during letgrm storage was not yet determined and therefore not
considered for the current certification. In case the regular postmonitopnggram would reveal unexpected
significant changes of the uranium amount per particle over time, an uncertafatythe longterm stability
has to be taken into account when the validity period of the certificate is extended.

Because of the sufficient nuilvers of the degrees of freedonof the combined uncertainty, a coverage factor
k = 2 was applied, which corresponds tocanfidenceinterval of 95 %.The various uncertainty contributions
together with the certified value and expanded relative uncertaiblym .are summarsedin Table4.

Table 5: Certified values and their uncertainties for the uranium amount (in fmol) per particle of IRA@ROP. The
quantity Unom relis calculated by combiningswb,rer@and Wsbb,rel

Unom rel

Certified value Ucrm.{t)

uchar,rel

IRMM2329P 15.1 fmol

® ExpandedK= 2) and rounded uncertainty.

4.0 % 7.8 % 17 %

From the certified value of the uranium amount per particle, the uranium mass per particle can be derived by
multiplication of the certified value by the molar mass of the uraniumi, = 237.950848(34) g-mal, as
described in sectioff.1 and Table.

Furthermore, the number of uranium atoms per partidan be derived by dividing the uranium amount per
particle by Avogadro's constahtNa = 6.02214086(14)10% mol*.

Table lists all the certified valuesand their expanded uncertainties, all given with a coverage fatof 2.

4 The NIST Reference on Constants, Units, and Uncertainty (accessed 22/02/2018). https://physics.nidiigtoufadialue?na
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Table 6: Certified values and their uncertainties related to the uranium amount per particle of RAGRP.

Property value Certified value Ucr(Y) Ucrm re()
Uranium amount peparticle 15.1 fmol 2.6 fmol 17 %
Uranium mass per patrticle 3.58 pg 0.63 pg 17 %
Number of uranium atoms per particle 9.1:1C0 1.6-1C0 17 %

ExpandedK = 2) and rounded uncertainty.
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8 Metrological traceability and commutability

8.1 Metrological traceability

Traceability of the obtained results is based on the traceability of all relevant input factors. Instruments were
verified and calibrated with tools ensuring traceability to the International System of units (SI).

The certified values for thairanium isotope amount ratios of IRMRB29P are traceable to the International
System of Units (SI) via the certified values of the certificate of the IRIIR4.

The certified values for the uranium amount per particle for IRMBRIP are traceable to the ISvia the
certified values of the certificate of the IRMIU58.

8.2 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 identithede '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[28] recommendghe use of the followingdefinition 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 deés 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 certifiedigahb determine whether a bias
does not exist in calibration, nor can the CRM be used as a calibrant.

The IRMM2329P uranium particles were produced from synthetiticro particles produced via a spray
pyrolysis procedure employing a thermal treatment toprove stability. The analytical behaviour will be the
same as for typical uraniunmicro particles.

This reference material is tailemade to be usedby the nuclear safeguards community as calibrant, QC
sample and reference material mainly for mass spectretry analysis.
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9 Instructions for use

9.1 Safety information

The IRMM2329P contains lowlevel radioactive material in exempted quantities. The planchet should be
handled with great care and by experienced personnel in a laboratory suitably equipped feafaéhandling
of low-level radioactive materials.

9.2 Storage conditions

The material should be stored in a dry environment at room temperature. Some silica bags should be placed
with the material to optimise its storage. Care should be taken to identify tlagtiple bearing surface and to
prevent any crossontamination onto the sample surface.

Please note that the European Commission cannot be held responsible for changes that happen during
storage of the material at the customer's premises, especially foeoned units.

9.3 Preparation and use of the material

However, it is recommended to pay attention as to the correct side on which the particles are deposited when
manipulating the planchet and placing it back into its case.

9.4 Minimum sample intake
The minimal samfe intake with regard to the isotope amount ratios of IRMN29P is 1 particle.

The minimal sample intake for the uranium amount per particle in IRRBA9P is 10 particles, unless the
analytical method is capable of discriminating between particles whielong to the major particle population
and particles containing double the amount of uranium per particle compared to the major particle population,
in which case the minimal sample intake is 1 particle.

9.5 Use of the certified values

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

The use of IRMA2329P as calibrant for isotpe ratio measurements using mass spectrometric techniques
such as L&SIMS, FITIMS, TIMS with michmanipulation and LAMGICPMSis restricted to small surface
areas below a square of 20m x 20nm around the particles.

9.6 Use as a calibrant

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

Comparing an analytical result with the certified value

A result is unbiased if the combined standard uncertainty of measurement and certified value cdkers
difference between the certified value and the measurement result (see also ERM Application Note 1,
WWW.ermcrm.org).

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

1. >\'g”pgVo” oc” V] njgpo™ _daa m i ]  Ofme. i h ™\ h°

2. Combine the measurement uncertaintyu.ag with the uncertainty of the certified value ugry:
0 ) 0
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3. Calculate the expandedincertainty (J;) from the combined uncertaintyuf) using an appropriate
coverage factor, corresponding to a level of confidence of approximately 95 %.

4. D aneas¥q U= then no significant difference exists between the measurement result and the certifiedeyal
at a confidence level of approximately 95 %.

9.7 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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Uchar
Ucrm

UcRM,max

Ucrm
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VIM
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dz
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Standard uncertainty of the longerm stability

Standard measurement uncertainty
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Degrees of freedom

Certified value
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Annex 1.

Certificate of IRMM -023

EURCPEAN COMMISSION
JOINT RESEARGH GENTRE

Diractorate G - Muclear Salety and Security
6.2 - Standards for Nuclear Satety, Sacurity and Safeguards Unit

CERTIFIED REFERENCE MATERIAL

IRMM-023
CERTIFICATE OF ANALYSIS
URANIUM HEXAFLUORIDE
Isotope amount ratio
Certified value " Uncertainty
[malmal] [molimaol]
n(=*Uyin(*EU) 0.00033850 0.00000011
nEEU)n(=U) 0.0338814 0.0000054
= U)n(*=EU) 0.0000001153 0.0000000017
Isotope amount fraction (x 100)
Certified value Uncertainty
[malmol] [malmal]
(= Uin(U) 0.032827 0.000010
n=EU) n(U) 3.27603 0.00051
n(*EU)/n(U) 0.00001115 0.00000016
n(*EU)n(U) 96.69113 0.00051
|zotope mass fraction (x 100)
Certified value ¥ Uncertainty
lofg] l9/g]
m{=*U)ym{U) 0.032288 0.000010
m(E=U)m(U) 3.23601 0.00050
m(Ze Uy m(L) 0.00001106 0.00000016
m{Z**U) m{U) 96.73160 0.00050
Malar mags
Certified valug ¥ Uncertainty
[g/mol] [g/mol]
M{L) 237.950065 0.000016

All follpwing pages sew sn inlegl pard of the cerflizala,
Page 1ol 3
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1) The cerified values are traceable 1o the International Systermn of units (S1) via IFRMM-3638a,

2} The uncadainty is the expandad uncerainly wilh a coverage factor k = 2 cormespending 1o a level of
confidence ol aboul 95 % estimated In accordance with ISQVIEC Gukde 98-3, Guide to the Expression of
Uncartainty in Measuremant (GUM:1885), 150, 2008,

3) These values are calculated wsing the isotope amownt ratios and therefore traceable to ﬂ'm 5. The
calculation of n{U), m{U) and ML) includes the contibutions fram the iselopes U, ®5U,*5U and **1.

4) These values are calculated using the values listad below from Wang ef al, The AME 2016 afomic mass
evalualion, Chinese Physics C Vel. 41, No. 3 (2017} 030003
ML:NLI]- 2340409504 « 0.0000024 g- rrlor {k=2)
U} = 2350439262 + 0.0000024 g- mial* k=2)
H: ) = 2960455662 + 00000024 g-mol” [k=2)
WY = 238 0807870 + 0.0000032 g-mol” (k=2

This seriheate e valld {ar 10 yeare.

Former date of the cerification: 08/08/2014,
Geel, revised

<7
N Dr. Arjan Plompen

27 AUG. 20 European Commission
Joint Resaarch Centre
Directorate G — Nuclear Safety and Security
G.2 - Standards for Muclear Safety, Securily and
Safeguards Linit
Retieseweg 111
B-2440 Ges|, Balgium

A lallwing pages are an inlegral par of tha canilicala.
Page 2 of
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DESCRIPTION OF THE MATERIAL

IRMM-023 Is & uranium hexafluoride [UF;) |satople Reference Maledal as cerified above. It is
supplied in monel ampoules.

AMALYTICAL METHODS USED FOR CERTIFICATION

The uranium hexafluoride gas was hydrofised and converted into uranyl nitrate solution. The certified
values for this solution were established by Thermal lonisation Mass Spectrametry (TIMS) using the
Modified Total Evaporation and Double Spike techniques (according 1o ASTM C1832 and ASTM
C1871, respectively). Confirmation measurements were pedformed on uranium hexafiuorida in
gaseous form using Gas Source Mass Spectrometry (GSMS).

SAFETY INFORMATION

The IAMM-023 contains radicactive material. The ampoule should be handbed with great care and by

experienced personnel in & lsboratory suitably equipped for the safe handling of radicactive
matarials,

INSTRUCTIONS FOR USE AND INTENDED USE

This reference materal is intended to be used as a calibrant for isolope mass spectromeatry
rmeasurements. Prior to use, il s recommended to cool the ampoule with a dry ice-ethanal mixture at
about -70 "C and evacuate the ampaule under vacuum (pressure below 1x10% mbar). For safety
raasons, the vacuum lina should be connected to a cold trap.

STORAGE

The ampaule shoukd be storad at room temperature.
However, the European Commission cannol be hekd responsible for changes that happen during
storage of the material at the customer's premises, especially of opened samples.

LEGAL MOTICE

Meither European Commission, its subsidianes, its contractars nor any person acting on their behalf,
{a) make any warranty or representation, express or implied that the usa af any information, malerial,
apparatus, method or process disclosed in this document does not infringe any privately cwnad
intellactual property rights; or

{b) assume any liability with respect ta, or for damages resulting from, the use of any information,
material, apparaius, method or process disclosed in 1his document save lor loss or damage arising
solaly and directly from the negligence of Joint Research Ceantre of the Eurapean Commission,

NOTE

The cerification report for the IRMM-019 to IRMM-029 serias is available on the intarnet

[hitpsormre.ec.europa,eu J. A papar copy can ba abtained from the Joint FAesearch Cenire on
request.

Euvropean Commission = Jaint Research Centra
Diractarals G — Nuclear Safety and Secuwrily
3.2 - Standards for Nuclaar Salety, Sacurity and Saleguaids Uit
Raliesawag 111, B - 2440 Gesl (Baigium)

Page 3003
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Annex 2. Certificate of IRMM -029

EUROPEAN COMMISSION

JOINT RESEARCH CENTRE
- g.?‘-?.ﬂfés"ﬁf ﬂlf:?mﬂ g::gf.m and Salequards Unit
CERTIFIED REFERENCE MATERIAL
IRMM-029

CERTIFICATE OF ANALYSIS

URANIUM HEXAFLUORIDE
Isotope amount ratio
Certified value " Uncertainty
[molmel] [mokmaol]
n(=U)in(*EU) 0.00084444 0.00000037
A= U)in(** L) 0.044052 0.000013
Al U)in(**®U) 0.0105563 0.0000022
Isotope amount fraction (x 100)
Certified value ¥ Uncertainty &
[molmol] [molimal]
n(Z#* Uy nu) 0.080007 0.000035
n{FEU) L) 4.1737 0.0012
n{=*U)n(U) 1.00017 0.00021
=) niU) 94,7461 0.0012
Isotope mass fraction [x 100)
Certified value ™ *! Uncertainty
[9/a] (o/g]
m{*#* Uy miU) 0.078709 0.000034
m{*= Uy m(U) 4,1236 0.0012
m{***U)/m(U) 0.89237 0.00021
m{=EUy m(U) 94.8054 0.0012
Maolar mass
Certified value ** Uncertainty %
[g/mol] [gfmol]
M{U) 237 802026 0.000036

Al folicwing pasges are &n inlegeal par of 1he cediheala
Page 1of 3
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1) The r.arlﬁad valses are traceable 10 1he International Syslerm of units (S1) via IRMM-G74710.

2} The uncertainty |s the expanded wncertginty with a coverage factor & = 2 correspending 1o a level of
confidance of about 95 % estimaled in accordance wilh ISQNEC Guede 98-3, Guide to the Exprassion of
Uncertainty in Measuremant (GLUM: 1985}, 150, 20048,

3) These values are calculaled wsing the |sotope emount retios and tharafu:a traceable 1o “?1?. 5l The
calculation of (L), miU) and ML) ncludes the conrbutions from the izotopas U, 50, ™0 and *"0.

4) These values are calculated using the values Bsted below from Wang ef al, The AME 2018 aformic mass
evalualion, Chirese Physics © Vol 41, No. 3 (2017 030003:

MEHU) = 234.0408504 = 0.0000024 g-mal” (k=2

ML) = 2350439262 2 0.0000024 gmal” (k=2)

M) = 236,0455662 + 0,0000024 gmel " (k= 2)

ME®U) = 236.0507870 + 0.0000032 gmal ' (k= 2)

This cortilicate le valld for 10 yoars.

Farmer date of the cenification: 06/08/2014,

Geel, revised P o
signodi =7~} |/ L—"
Dr. Arjan Plompen

European Commission
2 7 M"Er w08 Joint Reseanch Centre
Directorate G — Muclear Safety and Sacurity
(3.2 - Standards for Muclear Salety, Security and
Safeguards Linit
Retiaseweg 111
B-2440 Geel, Belgium

Al following caoes & & inleoesl pad ol 1he cafilicala
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DESCRIFTION OF THE MATERIAL

IRMM-029 s & uranium hexafluonde (UF;) Isotopic Relarance Material as cerified above, It is
supplied in maonel ampoules,

ANALYTICAL METHODS USED FOR CERTIFICATION

The uranium hexalluoride gas was hydralised and converted inte urany nitrate sclufion. The certified
values for this solution were established by Thermal lonisation Mass Spectrometry [TIMS) using the
Meodified Total Evaporation tachniqua [according to ASTM C1832). Confirmation measurements

were performed on uranium hexafluoride in gaseous form using Gas Source Mass Spectrometry
(GSMS).

SAFETY INFORMATION

The IRMB-028 contains radicactive material. The ampoule should ba handled wilh greal cans and by

axparienced personnel in a laboralory suitably equipped for the safe handling of radioactive
materials.

INSTRUCTIONS FOR USE AND INTENDED USE

This referance materal is intended to be wsed as 8 calibrant for isolope mass spectrometry
measuraments. Prior io use, i is recommanded 1o cool the ampeule with a dry ice-ethanal mixture at
about -70 *C and evacuate the ampoule under vacuum (pressure below 1x10% mbar]. For safety
reasons, the vacuum lina should be connacted to a cold trap.

STORAGE

The ampoule should be stored at room temperature.
However, the European Commission cannet be held responsible for changes that happen during
storage of the material at the customer's premises, especially of opened samples.

LEGAL NOTICE

Meither European Commission, its subsidianes, its contractors nor any person acting on their behalf,

{g) make any warranty or representation, axprass or implied that the use of any informailen, malerial,
apparatus, method or process disclosed n this decument does net infringe any privately owned
intellectual propery rights; ar

(b) assurne 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
sclaly and directly frem the negligence of Joint Research Cantre of the Eurcpean Commission.

NOTE

The cerilication repoart for the IRMM-019 to IRMM-020 series is available on the intermet
{httpesflerm jre ae suropa @ ). A paper copy can be obtained from the Joint Ressearch Centre on
raquest,

Eurapaan Gommission - Joint Fassanch Comire
Direciorate G — Mushkaar Salety and Security
G.2 - Blandards for Muclear Salaty, Secuiity and Salegusards Unit
Fetioseweg 111, B - 2440 Geel (Balgium)

PMege 2 old
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Annex 3. Measurement Certificate for IRMM -2329

EUROPEAN COMMISSION
JOINT RESEARCH CENTRE
- Directorate G - Nuclear Safety and Security

Unit G.2 - Standards for Nuclear Safety, Secunity and Safeguards (SN3S)

Certificate of Reference Measurement #3867
Customer
Company/institute JRC
Division UnitG2
Retieseweg 11
Address 2440 Geel
Belgium
‘Requestor JRC-G.2
Sample Information
Sample type Uranium nitrate solution for particle production
Sample reference IRMM-2329
Date of receipt of sample(s) | 04/04/2017
JRC sample identification 27004
Condition of sample Uranium nitrate solution, 2mg U / mL

| Measurement Results

Analyte | Result | unit | Method
n(**U)/n(***U)  0.00034083(19) mol / mol TIMS/MTE
n(®*U)n(*®U)  0.033902(12) mol / mol TIMSMTE
n(ZU)n(™®U)  0.00003021(12) mol / mol TIMS/MTE

= Derived Quantities
[ Motarmass  237.950844(34) |
Amount fraction (x100) Mass fraction (x100)
n(***U)mV) 0.032053(18) | m(**U)/m{U)  0.032412(18)
n(=*Uyn(V) 3.2778(11) mU)m(U)  3.2378(11)
nF=*U)/n(U) 0.002921(12) m{Z*U)/m(U)  0.002897(12)
n(**E11)/n(L1) 96.6863(11) mEEU)im(U)  96.7268(11)

This repont may only be reoroduced In full and with the writien consent of the requestar.
Rasuits relate only to No feedback within 4 waeks constittes acceptance of tha roport.
Potential mple rasts may be dastroyed aner this period.

Page 1082 F-D-00377vd
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Uncertainties:

All uncertainties indicated are expanded uncertainties U = k-u. where u, is the combined
standard uncertainty calculated according to the ISO/BIPM guide’. They are given in
parentheses and include a coverage factor k=2. They apply to the last two digits of the
value. The values certified are traceable to the Sl. The traceability to Sl is established
through IRMM-074 Uncertainties include an extrapolated contribution for homogeneity,
as described in’.

Analytical measurement procedure:
« Sample preparation has been accomplished by J. Truyens
Mass spectrometric measurements have been accomplished by S. Richter
Analytical method/technique used ; TIMS/MTE
The atomic masses, used in the calculations, are™:
The half-lives used in the calculations are: NF/A
The mass spectrometer was calibrated using IRMM-074
Quality control samples used were IRMM-075/1 and IRMM-075/2

Date of analysis (dd/mmvyyyy) 27/04/2017

Date of internal analysis report 14/06/2017
(dd/mm/yyyy)

Certification date normalised to (reference | 27/04/2017 at 12:00 h
date)

| Backup Files and Raw Data |
| Folder:

"G:\JRC.G.2\Nuclear Safeguards\Nuclear\Particles\Certification U Particle RM IRMM-
2329-2330\TIMS MTE Measurements of Base Solutions IRMM-2329-2330"

Data Files:

"T170424 MTE IRMM-2329-SEM-2330-SEM-FAR.xls"

“Calculation homogeneity extrapolation-2 - applied for IRMM-2329-2330.xIs"
*IRMM-2329.SMU"

Annexes |
Copy of Intemal Analysis Report (2 pages)

JRC G.2 Unit Head: Prof. Dr. W. Mondelaers
g
Signature and date: L _ _A/ S

T TY LT

Ralerances:

1 international Organisaton for Standardisation, Guide to the Expression of Uncartainty in Measwements, BISO, ISBN
92-87-10188-8, Geneva, Switserland 1893

2 Mille, 8., Richter, 5., Hennassy, C., , J., Jacobsson, U, et al, "Certification of uranium hexafluoride
raferance materals for isotopic eomposmon' lrumamml Ccmfnmu on Isotopes, Chicago, Aug. 24-29, 2014, J
Radioanal Nucl Chem, Vol 305, 2015, pp, 255-266

3 G. Audiand AH. Wapstra, me?mm:mnswsuﬁon Nuclear Physics A 729(2003) 337-676

Aetigseweg 111, B-2440 Geol - Belgium, Tolophone: (33-14) 871 211, hitp:/femm jrc ec.ouropa. eu
Page 2012
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Annex 4.

Certificate of IRMM -074 series

CERTIFICATE

ISOTOPIC REFERENCE MATERIAL IRMM-074

The lsotopic Reference Matenal IRMM-074 is a set of mixtures of uranium isotopes 23‘3U,
23U and **U with molar ratios certified as follows:

Code Number

Molar |sotope Abundance Ratio

LU= 0.025% (relative)

[l ) 1/ V)
U= 0.025%(relative)

U = 0.015%(relative)

IRMM-074/1
IRMM-074/2
IRMM-074/3
IRMM-074/4
IRMM-074/5
IRMM-074/6
IRMM-074/7
IRMM-074/8
IRMM-074/9
IRMM-074/10

1.026 85

0.207 993
00102288
0.003 073 58
0.001 030 &1
0.000 307 778
0.000 102 603
0.000 030 801 1
0.000 0081587
0.000 001 018 86

1.027 11

0.308 072

0.010 231 4
0.003 074 37
0.001 030 88
0.000 307 858
0.000 102 629
0.000 030 809 1
0.000 008 160 8
0.000 001 01513

1.000 254
1.000 258
1.000 259
000 259
000 259
1.000 259
1.000 259
1.000 259
1.000 259
1.000 259

[ —ry

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

NOTES

1. This Isotopic Reference Material is traceable to the international 51 unit for
amount of substance - the mole - via synthetic mixtures prepared at IRMM.
Measurements calibrated against these lsotopic Reference Materials will,
therefore, also be traceable to the S1 unit system.

46
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T.

IRMM-074 page 2
The uncertainties as specified in the table can be considered as expanded
uncertainties L where k=2. The value of the standard unceriainty can
therefore be derived: u. =L - 05
The uncerfainties given are supported by calculation of the combined
uncertainty following the I1SOMGLUM recommendations’ and are based on
measured values of the isctopic enrichments, the weights of oxides and
solutions, and of the impurity levels. The uncertainties were also confirmed
through comparison measurements made on samples of IRMM-072, IRMM-199
and CRM-U-500 (DOE/MEL).

Yalues for molar isotope abundance ratios are valid for June 2005,

The Isotopic Reference Material IRMM-074 consists of a set of 10 units. Each
unit consists of approximately 0.2 mg uranium as uranylnitrate in 2 mL 1 M
nitric acid solution in a sealed quartz glass ampoule.

The atomic masses, used in the calculations, are®

233y- 233.039 627 0(60) g-mol™
2341)- 234 040 944 7{44) g-mol™
238y- 235,043 922 2(42) g-mol™
23¥Yy- 236.045 561 0{42) g-mol™
23¥- 238.050 783 5(44) g-mol™

The vial should by opened with great care and by experienced personnel in a

lahoratory environment suitably equipped for the safehandling of radicactive
materials.

Full details on the cerification procedure can be found in the Certification
Report EUR 22270 EN .

Chemical purification of the ***U30s *°U30s and ***Us0, starting materials was
performed by R Eykens.

Weighing and preparation of the Isotopic Reference Material was performed by
F Hendrickx and B Eykens. Characterization of the enriched isotopes from which the
set was prepared and verification measurements on the mixtures, were performed by
S Richter on samples prepared by F Kehoe and A Alonso Mufioz. The ampoulation
of this Isotopic Reference Material was accomplished by G Van Baelen and
A Verbruggen.

The overall coordination leading to the establishment, certification and issuance of
this lsotopic Reference Material set and of the preparation and issuance of the
certificate was performed by A Verbruggen.

B-2440 GEEL P Taylor R Wellum
July 2006 Head IRMM Safeguards Coordinator

|sotope Measurements Unit

" International Organisation for Standardisation, Guide to the expression of Uncertainty in Measurement,
BI50, ISBH 92-67-10188-8, Geneva, Switserand, 1983

? 5. Audi and A H. Wapstra, The 1983 atomic mass evaluation, Mucl Phys ASEGE (1883) 1-65.

a Verbruggen, A. Alonso, R. Eykens, F. Hendrickx, F. Kehoe, H. Kdhn, 5. Richter, G. Wan Baelen,
R.Wellum, Preparation and certification of IRMM-074, a new set of uranium isctope mixtures for calibration of
mass spectrometers, Report ELUR 22270 EN

0772008
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Annex 5. Certificate of IRMM -184

EUROPEAN COMMISSION

JOINT RESEARCH CENTARE
“ Diclorate G — Nuclsar Saaly and Sacurily
(3.2 - Stardards lor Nugiear Salety, Securty and Safequards Unit

CERTIFIED REFERENCE MATERIAL
IRMM - 184

CERTIFICATE OF ANALYSIS

Uranium in n_Itrir.: acid solution

lzolope amount rabos
Cartiied valua Uncertairty ¥
[malimal] [rralimei]
(™ Un Uy < 0,000000002 f
A Upn ) 0.000053138 0.000000032
AEE M) 00072623 0.0000022
A APy 0.00000012446 0.00000000053

"' The cerbfied values are traceable o the Intemational Sysiem of unifs (S1).

 The uncartainty is the expandad uncerainty with a coverage factor k = 2 comagponding to a level of configence
of about 85 % estimated in accordance with ISOAEC Guide 88-3, Guide to the Expression of Uncerainty in
Measurament (GUM:1995), 150, 2008

There is no minimum sample intake to be taken into account

The certificate is valid for 3 years, the validity may be extended after further tests an the stability of
thir material ara carried out,

The certificate is 8 revision of the original certificate of 1387, which was revised in 1993, 1999 and

2005.
Geel, September 2018 AH 18 SEP. 201
' Signed: _Ff
salll
Dr. Arjan Plompen
Eurcpean Commigsion
Joint Resaarch Centre

Directorate G — Nuclear Safety and Security

(5.2 - Standards for Muclear Salety, Security and
Safeguards Unit

Retieseweg 111

B-2440 Geel, Belgium

Page T al3
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The fallowing values were assignad (continued):

Isotopic mass fractions (-100)
Walue ¥ Uncersinty *
[3'g] [ofg]
m{*EUpm{U) < 0.0000002 r
m*E U] 00051668 0.0000032
m= Uy 0.71191 0.00021
m=Eimi L) 0.000012253 0.000000052
i UymiU) 0028289 0.00021
= Isotopic amaunt fractions {-100) )
Value ¥ Uncertainty *
[malimol] [mokmal]
A= Upn(U) < 0.0000002 / |
T V) 0.0052752 0.0000032
AP LR 0.72008 0.00021
A=) 0.000012358 0000000052
w Ui 0027376 0.00022
Molar mass
Value ™ Uncertaingy ™
[mal) [g/mol]
u 1 2380260935 0.0000079

" The denved cerified values are calculafed from the cerified uranium Isclope amownt ratios and the alomc
massas sccording 1o G, Audi et al. (The 1993 stomic mass evalualion, Nuclear Physics, ASGS, 1-65, 1993},

* The: uncedainty is the expanded uncerainty with a coverage factor k = 2 corresponding 16 @ level of corfidence
of about 85 % estimated in accordance with ISOVIEC Guide B8-3, Guide to the Expression of Uncertainty in
Measurement (SN 1996), 150, 2008.

DESCRIPTION OF THE MATERIAL

The IRMM-184 is & uranium isctopic Certified Reference Material (CRM) supplied with [sotopa
amount ratios as certified above. IRMM-184 comes in @ flame-sealed glass ampoule containing
about 0004 mal uranium in 5 mL of nitric acid solution. The concentration of nitric acid is 5 moi L

ANALYTICAL METHODS USED FOR CERTIFICATION

The certified n***Uiin**U) ratio was established by mass spectrometric measurements using the
MATS11 mass spectrometer. The cerified n™™UNn™ ) and A= UNn*=U) ratios were measured
using the Triten thermal ionisation mass spectrometer,

Compared o the last revision in 2005, the uncertaintes for the n(*™=Uyn(**U) ratics were updated
according to the recommendation from ASTM C1232, section 14.6.4, by adding a relative unceriainty
contribution of 0.4 % (k = 2) for the use of the secondary etectron multiplier for measuring U,

SAFETY INFORMATION

The IRMM-184 contains radicactive material. The ampoules should be handled with great care and
by expenenced perscnnel in a laboratory suitably equipped for the safe handing of radioactive
materials.

INSTRUCTIONS FOR USE AND INTENDED USE
The material is used for calibration of mass spectrometers,

Paga ol 3
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STORAGE

The vials should be stored at + 18 *C ¢ § °C
However, the European Commession cannot be held responsible for changes that happen during
siorage of the matenal at the custormer's premises, especially of opened samples.

LEGAL NOTICE

Meither European Commissian, its subsidiaries, iis contraciors nor any person acting on their behalf,

(a) maka any warranty or representation, express or implhed that the use of any information, material,
apparatus, maethed or process disclesad in this document does not infringe any privately owned
intebactual property rights; or

(b) assume any liability with respect o, or for damages resulting from, the use of any infarmation,
material, apparatus, meathod or process disclosed in this document save for [0S or damage arnsing
solely and directly from the negligence of Joint Research Centre of the Europaan Commission.

Eurcpean Cammission = Joint Research Caning
Directorate G = Muckear Salety and Security
G2 = Standards for Nuclear Salely, Security and Safeguards Unit
Retiggeweg 111, B - 2440 Geal (Beigium)

Page 20l 3
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Annex 6.

Certificate of IRMM -2025/025

EURGPEAN COMMISSION
JOINT RESEARCH CENTRE
- Dérectorata G — Muclaar Salety and Security
5.2 - Standards for Muclear Salety, Securily amd Safeguards Uit
CERTIFIED REFERENCE MATERIAL
IRMM-2025
CERTIFICATE OF ANALYSIS
URANYL NITRATE SOLUTION
Isotape amount ratio
Certified value "' Uncertainty @
[mokmol] [melimeol]
AEEUY AR 0.000122452 0.000000090
n{F=EUN (=) 00204356 0.0000055
N 2B =) 0.00014B8386 0.000000083
Isotope amount fraction (x 100)
Certified valug ¥ Uncertainty @
[molimal] [molimaol]
AU n(U) 0.0119968 0.0000088
A*EUYR(U) 2.00210 0.00053
A U RU) 0.0145375 0.0000081
e V)Y (Y]] 97.97136 0.00053
Isotope mass fraction (x 100)
Certified valug ¥ Uncertainty @
[a/g] [o/g]
mi# Uy miU) 0.0117977 0.0000086
mP=U) miU) 1.97732 0.00052
mE*EU N miu) 0.0144188 0.0000081
mP UYL 97.99646 0.00052
Molar mass
Certified valug #¥ Uncertainty 2
[g/mol] [g/mol]
MU} 237.989814 0.000016

Al folicwing pages are an integesl pan of the canilicals
Page 1cf 3
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1) The cenilied values are racaabls (o e Inematicnal Syabern of unis (31) via IRMM-0T4/10.

2} The vncedainly |5 the expanded uncertainly with a coverage factor k = 2 corresponding 1o a leved of
confidence of about 85 % estimated in accordance with ISOVIEC Gudde 98-3, Guide to the Expression of
Uneertaimty in Measurement (GUM:=1995), IS0, 2008,

3) These values are calculaled using the isoclope amount ratios and therefore tracesble to the 5l The
calculation of n{U), m{U) and M{U) includes the contributions from the isotapas “*0, #5024 and *#0.

4] These valves are calculated using the values listed below from Wang ef al, The AME 2018 afomnic mass
evalvation, Chiness Physics C Vel 41, No. 3 (2017) 030003:

ML) = 234,0409504 & 0.0000024 gmeol’ (k=2

MEPU) = 2360439282 « 00000024 gmol’ (k=2)

B :U] = 236,0455662 = 0,0000024 gl (k= 2)

M) = 238.0507870 £ 0.0000032 g-mel” [k=2)

This certificate is valid for 10 years.

Gesl, 27 AUG. 2018 .
i

Dr. Arjan Plompen

Europsan Commission

Joint Aeseanch Centre

Diractorate G = Nuclear Safety and Security

3.2 - Standards for Muclear Safaty, Security and
Safeguards Uni

Retasawag 111

B-2440 Gesl, Belgium

Al followenyg pages am an inlegml part of the cerdficals,
Fage 2ol d
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DESCRIPTION OF THE MATERIAL

IRMAM-2025 s a uramy nitrate solufion Isotopic Reference Material as cerified above. It is supplied
in quartz screw-cap ampoules. The uranium concentration is about 2 mg U / g solution in 5 mL 18
HHO,.

AMALYTICAL METHODS USED FOR CERTIFICATION

# sample of about 1 gram of the uranium hexaflueride gas reference material IRMIA-025 was
hydrolised and convered into uranyl nitrate solution, which was named IRMM-2025. The ceriified
izatopie compoesition for this solution were established by Thermal lonisation Mass Spectrametry
[TIMZ) using the Modified Total Evaporation (MTE) technigue according to ASTM Cig32.
Confirmation measuraments were performed on the uranium hexafluoride gas reference material
IRMM-025 using Gas Source Mass Spactrometry (GSMS).

SAFETY INFORMATION

The IBMM-2025 contains radioactive matarial. The ampoule should be handled with greal care and
by experienced personnel in a laboratory sutably equipped for the safe handling of radioactive
materials,

INSTRUCTIONS FOR USE AND INTENDED USE

This reference material is imended to be used as a calibrant for isolope mass specirometry
measurements.

STORAGE

The ampoule should be stored at room temperature in &n upright pasition,
Howsver, the European Gommission cannot be held responsible for changes that happen during
storage of the malerial at the eustemer's premises, especially of opanad samples.

LEGAL MOTICE

Meithar European Commissian, 15 subsidiaries, its coniraclors nor any parson acting on their behall,

{a) make any warranty of representation, express or implied that the use of any informalion, matenal,
apparatus, method or process disciosed i this document does not infringe any privately owned
intellectual propery rights; or

{b) assume any liahility with respect 1o, or for damages resulting from, the wse of any informaion,
matarial, apparatus, method or process disclosed in this documant save for loss or damage arising
solely and directly from the negligence of Joint Research Centre of the Eurapean Commissian.

MOTE

The cerification repart for the IAMM-2019 to IRMM-2029 seres is avallable on the internel
(https:ferm jre.ec.aurspa.eu). A paper copy can be obtained fram the Joint Ressarch Centre on
request.

European Commission — Joim Resaarch Cantre
Diratiomnie G - Nuche Safely and Securfy
.2 - Standards for Nuclear Safaty, Security and Safaguards LUni
Aatiesewiag 111, B - 2440 Geal (Belgum)

Pagn 3of 3
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Annex 7.  Certificate of IRMM -058

CERTIFICATE
SPIKE ISOTOFIC REFERENCE MATERIAL IRMM-058

9.013(12) - 1072 mol (**V) - g™ (solution)

The Spike Isotopic Reference Matenal is supplied with an isctope amount content of
233 certified as above.

The amount of other uranium isofopes present are related to the #**U content through
the following certified amount ratios:

mZ4UNn(2*RU) 0.000 352 4(14)
mZEUNnFRU) 0.000 004 124(29)
mZEUNn**U) - 0.000 D00 043 4(14)
mZEUNn(E3*U) 0.000 010 43(21)

This corresponds to an isotopic composition with the following abundances :

amount fraction (-100) Mass fraction {-100)
n(EFEUn(U) 99.963 32(14) m=EUNmU) 99 963 14(14)
nE=Un(U) 0.035 22(14) m{®#U)m(U) 0.035 37(14)

n(**5U)n(U) 0.000 412 3(29)  m(Z5U)m(U) 0.000 415 8(29)

n(=EUynU) 0.000 004 34{14) m{**U¥m{U) 0.000 004 40{14)

n(=2UyniU) 0.001 043(21) m{ZEUNmiuU) 0.001 065(21)
The molar mass of the uranium in this sample is 233.040 040 4(62) g-mol™

From the certified values, the following amount content and mass contents are derived:

0.016(12) - 102 mol (U) - g (solution)
2100 4(29) - 10° g (**u) - g (solution)
2101 2(29)-10% g (U} - g™ (solution)

0501
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IRMM-DSE page 2

NOTES

1.

All uncertainties indicated are expanded unceriainties U = k-u: where u: is the
combined standard uncertainty estimated following the ISQO/BIFM Guide to the
Expression of Uncertainty in Measurement. They are given in parentheses and
include a coverage factor k=2. They apply to the last two digits of the value. The
values certified are traceable to the Sl.

. The Spike |sotopic Reference Material IRMM-058 comes in a flame-sealed quartz

ampoule containing about 0.05 nmel uranium in 5 mL of a chemically stable nitric
acid solution.

The molar masses, used in the calculations, are’

23 :233.039 627 0 (60) g-mol”
24| . 234 040 944 T (44) g-mol”
25 235043 922 2 (42) g-mol”!
28 :236.045 561 0 (42) g-mol”
28 . 238.050 783 5 (44) g-mol”

. The ampoule should be handled with great care and by experienced personnel in a

laboratory environment suitably equipped for the safe handling of radicactive
materials.

Using this Spike Isotopic Reference Material, the 2**U (or ***U) content in an
unknown sample can be determined by Isotope Dilution, through a measurement of
the isotope amount ratio @ = n*FPUNN*E0) in a blend. It should be computed
with the aid of the following equation which enables an easy quantification of the
uncertainty sources in the procedure ;

RF})-RBY 1 md)

:“LT,X] = i . X :TLT’}-
d R(B)-R(X) R(I) m(X) o )
- RIE)-R(B) 1+RX) md) .

I{L:A}_ R(B)-R(XI 1+ R 'm{.ﬁ."}'dL'H
where:
R(X) = amount ratio n(***UYn(***U) in the unknown sample material X
R(T) = amount ratio n{***U)n{***U) in the spike material ¥
mi A = mass of the unknown sample used in the measurement
m(I) = mass of the sample of spike solution used in the measurement
o™U.X) =  amount content of #°U - kg™ sample material
¢ ®™U.F) = amount content of U - kg™ spike solution
. X} = amount content of U - kg™ sample material
¢ T) = amount content of U - kg™ spike solution.

3. Audi and AH. Wapstra, The 1883 atomic mass evaluation , Nucl Phys A5G (1883) 1-85.
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IRMM-0SE page 3

6. This Spike |sotopic Reference Material is traceable to the 31 system in the shortest
possible way. Measurements calibrated against these lsotopic reference Materials
have therefore the potential of being traceable to the 51

The isotopic measurements were performed by A Alonso-Mufioz and H Kihn by
Thermal lonisation Mass Spectrometry and calibrated by means of synthetic uranium
isotope mixtures prepared by W Lycke. Chemical preparation of the samples for
isotopic measurements was performed by F Kehoe.

Metrological weighings required in the preparation and certification were performed by
F Hendrickx and R Eykens. The ampoulation of this Spike Isotopic Reference Material
was accomplished by G Van Baslen, A Held and R Eykens.

The overall co-ordination leading to the establishment, cerification and issuance of
this Spike Isotopic Reference Matenal was performed by A Verbruggen.

B-2440 GEEL P Taylor R Wellum
May 2001 Head IRMM Safeguards Coordinator
|sotope Measurements Unit
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Annex 8.  Certificate of pipette calibration

Good practice

guide 69 Pipette calibration (Eppendorf 1ul 104331)

Pipette calibration (Eppendorf 1pl 104331)

Author: European Commission

Calibration of a pipette in complience to 150 8655-6:2002 and the NPL Good Practice Guide 89,

Ten aliquots of water are transferred into a pre-weighed vial, which is reweighed after each aliquot. The
transferred volume is calculated based on the weight increase due to the addition of the aliquots,
commected for evaporation/drifis and the volume displacement, using the so-called Z-factor.

Within this GUM Workbench file, the Z-factor is reclaculated uzing the density of water and air estimated
from the emvironmental conditions during the calibration (temperature, ambient pressure and relative
humidity). This approach would be more accurate than selecting the relevant factor from the provided
table and also accounts for the relative humidity. The density of the air and water are calculated according
to the following literature: - Water: Kells equation. Jones §.E., Harris G.L_, "ITS-90 Dengity of water
formulation for volumetric standards calibration”, J. of Res. of the Mat. Inst. for Stand. And Tech. 57
(1992) pp 335-340 - &ir: EURAMET CG18:21011 Annex &1.2

Pipette: Eppendorf Mominal volume: 1 i
Seral number: 104331
Tips: Eppendorf epT LP.S. 20pl L dualfilter
Date of analysiz: 24 November 2017
Lab: 206 Balance: XP56, 2011 00172 87
Basis of adjustment: Ex (20 °C)
Model Equation:
{ Dengity of Water and Air }
by =tar
P =999 85308 + 5.32693E-2 * i, - B.523820E-3 * t,"2 + 6.04324BE-5 * t,°3 - 3.821216E-T *t,"4 +
B,
Pgr = 0348444 * py - hgy * ( 0.00252 * 15, - 0.020582 ) )/ { 27315 + 15 ) + Gpgs

{ £ comection factor }

Zesctor = 1/ ( Py~ Par

{ Mean pipet volume }

Vet = Zraor * | Manguot - Mear + B
List of Quantities:

Quantity Unit Definition
M et Weight of transferred aliquots
Mo Weight correction for evaporation
Mg Relative humidity
Dair Ambient air pressure
tar Temperature of air
tw Temperature of water
Pair Density of air
Dw Density of water
P Correction factor (inverse density)
Oga Uneertainty of weighing

Date: 03/22/2019
Ver: 1.0

File: PipetCalibration. SMU Page 1 of4

Generated with GUM Workpench Pro Version 2.4.1.458
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Good practice Fipette calibration (Eppendorf 1l 104331)

guice &9
Quantity Unit Definition
Bpgr Uneertainty of air density function
By Uneertainty of water density function
R — L Mean transferred volume
Mgt Type A summarized

Mean: 0.000839
Standard Deviation of the Mean: 0.000033
Degrees of Fresdom: 8

Mean weight of the ten transfermed aliquots (i.e. my - My ). The data should be entered as "Type A
summarized” with a "Standard” uncertainty evaluation, where the standard uncertainty is the standard
deviation of the measured weights of aligucts and degrees of freedom is the number of repetitions minus
2 (10-8=8).

Mg Type B rectangular distribution
Walue: 0
Halfwidth of Limits: 0.000001

Comection factor for evaporation or posaible drifiz. AFter weighing ten aliquots, the vial is stored for an
equal duration after which the weight is recorded. The change of weight is subtracted from the cbtained
results.

Halfwidth=>5gg / 10 *2 accounting for bwo measurements averaged over 10 points.
by Type A

Method of observation: Direct
Number of observations: 2

Ma. Observation
1 405
2 KL

Arithmetic Mean: 39,600
Standard Deviation: 1.3
Standard Uncertainty: 0.900

Par Type &
Method of observation: Direct
Number of observations: 2

Ma. Obszervation
1 1007 &
2 1008.2

Arithmetic Mean: 1007.900
Standard Deviation: 0.42
Standard Uncertainty: 0.300

Date: 03222018

- e
Ver- 1.0 File: PipetCalibration. SMLU Page 2 of 4

Gererabed with GUM Workbench Pro Version 2.4.1.458
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Good practice
guicke &9

Pipette calibration {Eppendorf 1l 104331)

By

Type A
Method of observation: Direct
Number of ohservations: 2

Ma. Observation
1 26
2 217

Arthmetic Mean: 21.6500
Standard Deviation: 0.071
Standard Uncertainty: 0.0500

Type B rectangular distribution
Value: 0
Halfwidth of Limits: 0.000005

A number of scale divisions depending on balance used

Bt

Type B normal distributicn
Walue: 0

Expanded Uncertainty: 0.0002
Coverage Factor: 1

Type B normal distribution
Value: 0

Expanded Uncertainty: 0.001
Coverage Factor: 1

Interim Results:

Cluantity Value Standard
Uncertainty
ty 21.6500 0.0500
Par 1.186741 473107
Pu 097 8482 0.0112

Uncertainty Budgets:

Facinr Cormrection factor (inverse dengity)
Quantity Value Standard Digtribution | Sensitivity Uncertainty Index
Uncertainty Coefficient Contribution
hge 39,600 0.900 nomal -120-10 00107 | 00 %
Par 1007 500 0.300 nomnal 12107 360107 0.1 %
tyr 21 6500 0.0500 normal 220-10°7 11-107° 99.0 %
Bpar 0.0 200-10° normal 1.010° 200-10°- 0.0 %
By 0.0 1.00-10°% nomal _1.0010F -1.0-107% 08 %
Zecor | 1.0033497-107 11.1-107
Daﬁgﬁfﬁzn 19 | File: PipetCalibration. SMU Page 2 of 4

Generated with GUR Workbench ProVersion 2.4.1.458
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Good practice . I \
guide 69 Pipette calibration (Eppendorf 11 104331)
Veipete! Mean transferred volume
Quantity Value Standard Distribution | Sensitivity Uncertainty Index
Uncertainty Coefficient Contribution
Mgt 839.0-10° 330-107 normal 1.04107 33-10°L | 992%
Mg 0.0 577-10° | rectangular | -1.0-107% 580107 L | 00%
hae 39,600 0.900 normal o710 88-10°L | 00%
Par 1007 900 0.300 normal 1.0:10°"2 300-10"°L | 00%
tyr 21.6500 0.0500 normal 190-10° 9310“L | 00%
Bea 0.0 28910% | rectangular 1.0:07% 28410°L 08 %
By 0.0 200-10° normal 840-107" 170-10°L | 00%
By 0.0 1.00-107% normal -sap-10 ™ 84010 L | oD%
Vogete B41.8:107 L 3324107 L
Results:
Quantity Value Expanded Coverage Coverage
Uncertainty factor
Vet 842107 L 79107 L 237 95% (t-table 95.45%)
920.0-10°°
880.0-10°
840.0-107° i
500.0-107%
760.0-10°°
\"rP‘I:»EﬂJE-
Daﬁgﬁﬁzn 19 | File: FipatCalibration. SMU Page 4 of4
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—— The following samples were rejected:

Annex 9.  Certification of uranium amount per particle in IRMM  -2329P

ID-TIMS results for certification of U amount per particle in
IRMM-2328F

ID-TIMS results for certification of U amount per particle in IRMM-2329P

Author: European Commission

Measurement of the total amount of uranium contained in a single micrometre diameter-sized particle by
1D~ TIMS.

Ten particles (IRMM-2328F) are transferred from the orginal sample onto a carburized single TIMS
filament using micromanipulators ungerthe optical microscope. The particles are dissolved in HNO,
followed by volumetric addition n;__g _?Ll spike (IEMM-058). The blend is dried at 0.4 A b-Efg;.‘ -
measurement, during which the = UM U and Uisotope ratios are measured. The iy
isotope ratio is used in combination with the |IDMS equation te obtain the uranium mass of single particles.

As the addition of the spike causes the major factor to the combined uncertainty of the uranium mass,
mostly due to the transfemed volume and spike density, the uncertainty due to the spike is added as a
separate factor to the combined uncertainty of all acceptable measurements. The relative standard
uncertainties due to within-homogeneity (s, ) and between- unit homogeneity (s, ). which were calculated
using SoftiCRM, were taken into accoun t in final uncertainty budget of the cerlified values.

Element Uranium

Spike: IRMM-058 (L)

Sample: IRMM-2320F (Z8U)

Measurements: T171130, T171214 & T180100
Assumptions:

- Mumber of particles: 10 particles (optical microscope)
- Mass fractionation factor: 1

- 2Un(*BU) in sample: 0

-T1711230: A1, B3 & C3
-T171214: A1, A2, A3 A5 B2. B3, B4, B5, C2, C4 & C5
-T180108: -
Model Equation:
{Conversion of isotope ratios }
Raayzs¥ = Razapma¥ { Rugomt,
Razazma¥ = Ranugma¥ { Rogomt,
Rasgma¥ = Razsoma¥ { Ragomt,
Rzzgoas¥ = Ruspaay / Rmanain
{Sum of the isotope ratios}
IRy = Ragymeg® + Rpngmae® + Roasmae® + Rogmas* + Rosgmas®
IRy = Ruapag¥ * Roaymsl + Roagres¥ + Rasspus¥ + Pazgmeal
{Maolar mass of sample}
E‘ﬁ= ( Ragapag® " Moz + Rapymag " Moy + Foggnas ™ Mags + Roggrag® ™ Mg + Rpganag " Mg )/
IRy
{ Amount of U added with the spike }

Cy = Woml { Kooy " oy " Gz
n, =const{ g, " M, "V J;

Date: 021142020
Ver.- 2

File: IRMMZ320P_Uamount certification_final SMU Page 1 of 28
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ID-TIMS results for certification of U amount per particle in
IRMM-2328F

{ Uranium in blanks }

Meiank | = ( Raazzaey - Ryank }/{ Poome? - Roaapaex } " IR/ IR, " g
Mojanse = | Razazze¥ - Roane? | Rogne? - Ragagee } " IR IR, "o
Mojans™ = | Razazze¥ - Roan® 1 Rogne® - Raaee } " IR IR "0

{ Uranium amount per particle}

Forl Pieng Mpiark) = (| Razzizasl - Fiieng 1 Roiena - Flzagmee )" IRy T IRy " Ny - Mggne J TN " Sy

Mrymostez = il Rromozirz Moo 1

Mrymostez = fal Promsirz: Mooamd 1

TimosiFs = el Promosirs: Moo 1
m. (R n 1)

Timosiss = fal Plromostes. Moo K
m =f.l R n 1)k

Trmote=1 = fal Plrooises. Moam1 K
m =l R n 1k

Trmissz = el Promisre Moo 1
m. (R n 1)

Timisss = Tml Prooisrs: Moo 1
m. (R n 1)

TITR1ERs Tk Proroises Moane ! S
m (Rt n 1)

Timore=1 = fal Plrororers. Moamd K
m =l R n 1k
Mriroresz = ol Rrororerz. Moaned K

TiTOrERs  Tmk MroroTeFs Moo !
m. (Rt n 1)
Mryrorzss = fml Rrmorees Moo 5
Mrzroszes = fml Przroeses Moo -
Mrzrozo=1 = fol Rrzrozors. Noem 1
Myzrinz=1 = ol Rrzranzes. Moame? 1
Mozrizes = fml Frzrimee: Moo -
Morarsze1 = fml Pramoeses: Moo -
Moriroszez = fml Pramossez Moo
Mrsmoss=s = fol Rramoesra. Moam 1
Mrzmossss = fol Rraroesra. Moamd 1
Moiroszes = fml Pramosses: Moo
Meraraaoet = ful Prrarozoes: Moo -
Meraraooez = ful Pramozoez Moo -
Mrzrazoez = fol Rrarooora. Moamd 1
Myarazo=s = fol Rrarooors. Moamed 1
Meraraooes = ful Pramozoes Moo -
Mearimzer = fal Prarsnzes: Moo 1
Merarimzez = fal Prarszrz: Moo 1
Mrarimz=z = ol Rraranzra. Moamd 1
Mrarimz=s = ol Rraranzra. Moaned 1
Merarimzes = fal Prarsnzres: Moo 1

Ninyr = 3vErage] Myyme . Mrrmsies: Mrmosire: Mrimosirs: Mrimomers: Mrimosrz Mrimoters: MriTmers
M moresr: Mrmoresz: Mrimoesse: Mrimoeess: Mrzroesre: Mrzmzors: Mrzriozres Mhzrioera: Mrzmmese-

Diate: 0271152020
Ver.-2

File: IRMMZ320P_Uamount certification_final SMU

Page 2 of 28

63

Generated with G Workbench Fro WVersion 2414528



ID-TIMS results for certification of U amount per particle in

IRMM-2328P

M1 roret: Mrimarerz: MriTorare Mriorars: MraTosera: Mremzors Mramoeen Mremicrs Mraiosse
Myatossez: Mramossrs: Mrarossrs: Mrzresgrs: Mratazors, Mrameors Mratoeors Mrsmames Mratozoes
Mrariazer: Mrarioerz: Mrariess. Mraricere: MraToers):

{ Combination of uncertainty }
bng = ¢, "N, * WV /eonet n, ),

By B

M COMBINED=N,py, * BNy
My Combined=n_, combmned* M, * C,;
Pigine = Fepge * Mg * By * Bty

M = Nor * M, Gy
Mory = Ngan / Gy * N,

List of Quantities:

Quantity Unit Definition

C, fmolmol | Conversion freem mal to frmal

C, mlL/L Conversion from | to ml

Cy pgifyg Conversion from fg to pg

Gy malll  |Uranium concentration of spike

M a3 gimal Malar mass of U-233

Mase gimal Malar mass of U-234

Moz afmal Molar mass of U-235

L afmol Molar mass of U-236

My almaol Molar mess of U-238
My Ta18F: fmel Uranum mass per particle for turret 1, sample 16, filameant 1
[ T frnod Uranium mass per partiche for turret 1, samphs 16, filament 2
Mhraroiere frmol Uranium mass par particle for turral 1, sample 16, filament 4
Mty To16Es fmol Uranium mass per pariicle for turrat 1, sample 18, filament 5
My To51F2 frevaal Uranium mass per particle far turret 1, sample 51, filament 2
My Tas1Fa fmal Uranium mass per particle for turret 1, sample 51, filament 3
M7 Tes1F4 frmal Uranium mass per particle for furret 1, sample 51, filament 4
MyTesiFs frme Uiranium mass per particle for turret 1, sample 51, filament 5
MyyraraFs frniod Uranium mass per particke for turret 1, sample 78, filament 1
My ra7E2 frmal Uranium mass par partche for turmet 1, sampla 78, filament 2
My ToreEe frmal Uranium mass par particla for turret 1, sample 78, filament 4
(P P— fmal Uranium mass per particla for turret 1, sample 78, filament 5
Mrarozest frml Uranium mass per particle for twrret 2, sample 20, filament 1
Mramoesrd frrol Uranium mass per particle for turret 2, sample 89, filament 4
MramiaeEt fmol Uranium mass per particle for turret 2, sample 102, filament 1
Miyariczfa frmod Uranium mass per particle for turret 2, sampla 102, filament 3
Miyryroz00 frmol Uraniym mass per partiche for turret 3, samphe 20, filameant 1

Date 3:‘[-’0%1'2020 File: IRMM2320P_Llamount certification_final SMLU Page 3 of 28
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1B-TIMS results for certification of U amount per particle in

IRMM-2325P
Quantity Unit Definition
Mamaoses fmil Uranium mass per particle for turret 3, sample 20, filament 2
[ S—— el Uranium mass per particle for turrat 3, sample 20, filarment 3
[ el Lirgnium mass per particla for turret 3, sample 20, filament 4
| S—— il Uranium mass per particle for turret 3, samgle 20, filamant 5
[ aem— fmil Uranium mass per particla for turret 3, samole 69, filamant 1
[ em—. fmel Uranium mass per particke for turred 3, sample 69, filament 2
[ rem— frmel Uranium mass per particke for furret 3, sample 69, filament 3
MhrsTnages frmel Uranium mass per particle for turret 3, sample 89, filamant 4
MyTo8ms frmal Uranium mass per particle for turret 3, sample 89, flamant 5
370271 frmal Uranium mass per particle for furref 3, sample 102, filament 1
L fmal Uranium mass per particle for turret 3, sample 102, filament 2
[ P — fmal Uranium mass per particle for wret 3, sample 102, filament 3
Mirareazra frmal Uranlum mass per particle for wret 3, sample 102, filament 4
Mirarsozes frmal Uranium mass per partiche for twrret 3, sample 102, filament 5
Mepyar fmal Average uranium mass per particle
M, g'mal Malar mass of sample
M Muriber af particles
M, Muriber of abguats of spike added
[ — mal Amaount of uranium in blank 1
Meyarid mal Amaount of uranium in blank 2
| — ] mal Amount of uranium in blank 3
ny mal Ampount of uranium added with spike
Rzzamas¥ L-233/U-233 ratio of spike
Rigaypmas¥ 1J-23441)-233 ratio of spike
Roazmaa¥ U-235/10-233 ratio of spike
[ — U=2360J-232 ratio of spike
Faspaaa¥ U-238/U-233 ratio of spike
Rasseaanlf U-233/1-238 ratio of spike
Raseaanl U-234/U-238 ratio of spike
Faasasalf U-235/U-238 ratio of spike
Raanzanl U-236/U-238 ratio of spike
L — L-238/U-238 ratio of spike
L T U-233/U-238 ratio of sample
[ — L-234/U-238 raba of sample
Ryagizagk Ll-235/U-238 ratio of sample
RyagizaeX L-236/U-238 ratio of sampla
RyaniaaX LJ)-238/U-2348 ratio of sample
R Measured 233/238 ratio for blank 1
”‘*'ﬁ'ﬁmm File: IRMM2328P_Uamount cerification_final SMU Page 4 of 28
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ID-TIMS results for certification of U amount per particle in
IRMM-2320P

Quantity Unit Definition

L — Measured 233/238 ratio for blank 3
Froroess Measured 233238 ratio for turret 1, sample 16, filament 1
Rriroeses Measured 233238 ratio for turret 1, sample 18, filament 2
Rroroesee Measured 233/238 ratio for turret 1, sample 18, filament 4
Froroeses Measured 233/238 ratio for turret 1, sample 18, filament &
Frorosie Measured 233/238 ratio for turret 1, sample 51, filament 2
Frirozies Measured 233/238 ratio for turret 1, sample 51, filament 3
Frirozies Measured Z33/238 ratio for turret 1, sample 51, filament 4
Frirozies Measured Z33/238 ratio for turret 1, sample 51, filament 5
Fororomes Measured 233238 ratio for turret 1, sample 78, filament 1
Frroress Measured 233238 ratio for turret 1, sample 78, filament 2
Forroress Measured 233238 ratio for turret 1, sample 78, filament 4
Forerorees Measured 233/238 ratio for turret 1, sample 78, filament 5
Frroaass Measured 233/238 ratio for turret 2, sample 20, filament 1
Frrpese: Measured 233/238 ratio for turret 2, sample 68, filament 4
Frrinze Measured 233/238 ratio for turret 2, sample 102, filament 1
Rrrinzm Measured 233/238 ratio for turret 2, sample 102, filament 3
Rraroagr Measured 233/238 ratio for turret 3, sample 20, filament 1
oo Measured 233/238 ratio for turret 3, sample 20, filament 2
Frargaos Measured 233/238 ratio for turret 3, sample 20, filament 3
Frargaoee Measured 233238 ratio for turret 3, sample 20, filament 4
Frargaaes Measured 233/238 ratio for turret 3, sample 20, filament &
Frarness Measured 233/238 ratio for turret 3, sample 69, filament 1
Frarpess Measured 233/238 ratio for turret 3, sample 69, filament 2
Fraroesss Measured Z33/238 ratio for turret 3, sample 88, filament 3
Frarossss Measured Z33/238 ratio for turret 3, sample 88, filament 4
Firarpesss Measured 233238 ratio for turret 3, sample 69, filament 5
Frarame Measured 233238 ratio for turret 3, sample 102, filament 1
Frarimee Measured 233238 ratio for turret 3, sample 102, filament 2
Frarime Measured 233/238 ratio for turret 3, sample 102, filament 3
Frarimoee Measured 233/238 ratio for turret 3, sample 102, filament 4
Frerinzes Measured 233/238 ratio for turret 3, sample 102, filament 5

W L Volume of spike aliquots
Wop¥ miol’g U-233 content of spike
Xoa¥ U-233 amount fraction in spike
Fy afmlL Density of spike
IR, Sum of isotope ratios of sample
IR, Sum of isotope ratios of spike
Date 1:531 121'2'.'}'2':' File: IRMMZ320P_Uamount certification_final SMU Page 5 of 28
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ID-TIMS results for cartification of U amount per paricle in

IRMM-2329P
Quantity Unit Definition
ER, Sum of isotope ratios of spike
Ny, mol”’ Avogadro's number
ng Uncertainty contribution due to spike additon
Bty Uncertzinty contribution due to batwean-botthe inhomogeneity
i . Uncertainty contribution due to shart-larm instability

Mg Comined fmol Average uranium amount per particle with combined uncertainty for
characterisation study

Mg COMbined Fg Average uranium mass per particle with combined uncertainty for
characterisation study

Moamt frnol Uranium amount per parbicle of certified particles
Mg s Pa Uranium mass per paricle of cartified particles
Momm Mumber of atoms per particle

G.: Constant

Value: 110" fmolimal
Canversion from mel to fmal, constant

G, Constant
Value: 1-10% mLiL

Conwersion fram | to ml, constant

c,: Constant
Valse: 1107 paitg

Canversson from fg to pg, constant

M Type B normal distribution
Valwe: 2330396344 gimol
Expanded Uncerainty: 0.0000024 gfmol
Coverage Facior 1

Walue and uncertainty from AMEZ06 Chinese Physics © 41 (2017) 030003
https:/fwww-nds. isea orglamde/

M., Type B normal distribution
Value: 234 0409504 g/mal
Expanded Uncertainty: 0.0000012 gimol
Caverage Faclor. 1

Value and uncartainty from AMEZ2016 Chinese Physics C 41 (2017) 020003
hitps ifwww-nds aea orglamde!

M, Type B normail distribution
Walue: 2350439282 gimal
Expanded Uncertginty: 0.0000012 g/mal
Coverage Factor: 1

Walue and uncertainty from AME2016 Chinesa Physics C 41 (2017) 030003
hitps:/fwww-nds. isea. orglamde!

Date: 02032020
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IRMM-2325F

ID-TIMS rasults for certfication of U amount per particle in

M, Type B narmal distribution
Value: 236 0455662 gimal
Expanded Uncertainty: 0.0000012 g/mal
Coverage Factar: 1

Value and uncertainty from AME2016 Chinese Physics C 41 (2017) 030003

hitps: fwwew-nds iasa arglamde/

M-, Type B normal distribution
Waiue: 238 0507&7T0 gfmal
Expanded Uncertainty: 0.0000016 gimal
Coverage Factor: 1

Value and uncartainty from AMEZ2016 Chinese Physice C 41 (2017) 030003

hllps.iiwww-nds iaea. onglamdc!

M: Constant
Value: 10

Mumber of analysed particles, taken as constant

M,: Constant

Walue 3
Murmber of transferred aliquots of spike, taken as constant
[P Congtant

Walue: 1

2337233 ratio is constant (=1)

L Fep——F Type B normal distribution
Value: 00003524
Expanded Uncertalnly: 0.0000014
Coverage Factor. 2

Isotope amount ratio from cerificate of spike (IRMM-058)

L T Type B normal distribution
Value: 0.000004124
Expanded Uncertaimty: 0000000029
Coverage Factor 2

Isctope amount ratio from certificate of spike (IRMM-058)
Raamizaay: Type B normal distribution
Valug: 0.0000000434

Expandad Uncertainty: 0.0000000014
Coverage Factor, 2

Isotope emount ratio from cerificate of spike (|IRMM-058)
Ryt Type B normal distribution
Walue: 0.00001043

Expanded Uncartainty: 0.00000021
Coverage Factor: 2

Isotope amount ratio from cerificate of spike (IRMM-058)

Ragoagh Constant
Value: 1

238238 ratio is constant (=1)

Date: 2032020

Ver: 7 Fike: IRMM23296_Uamount cerification_final MU
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ID-TIMS resulis for certification of U amount per particle in
IRMM-2328P

Rz Canstant
Valua: 0

L-233/U-2 38 |sotope ratio of sample taken as constant =0, as not given on certificate

RngzaaX: Import
Filename. IRMM23I2%P_isatopics CWe smu
Symibol: Ryyyag
Isclopea ratio from certificate of IRMM-2329 (base solufion) #3867
Ryaspsak: Impart
Filename: IRMMZ2329P_isotopics_C\Ve.smu
Symbol: Raawza
The “* | isatope amount ratio of the sample has been taken from the measurement certificate #3867
L — Irmpart
Filename: IRMM2329P_isatopics_CWe smu
Symbel: Rygags
Isotope ratio from cerificate of IRMM-2329 (base solution) #3867
L PE— Constant
‘ahue: 1
238/238 ratic s constant {=1)
Ryan: Type B normal disiribution
Value: 7T

Expanded Uncertainty; 2
Coverage Factor: 2

Measured isotope rafio taken fram Internal test report #4055

Ryt Type B normal disinbution
Value: 57
Expanded Uncertainty: 4
Coverage Factor: 2

Measured isotope ratio taken from internal test report #4055

Rours Type B normal distribution
Valua: 28
Expanded Uncertainty. 2
Coverage Factor. 1

Measured isotope ralo taken from internal test report #4055

Rrioies1t Type B normal distribution
Walue: 015449
Expanded Uncertainty: 0.00045
Coverage Facior 2

Measured isofope ratio taken from intermal test repart #4055

Rryromrs Type B normal distribution
Value: 0.13837
Expanded Uncertainty: 0.00033
Coverage Factor 2

Measured isotope rafio taken from internal test report #4055

Diabe: 02032020

Ver.- 2 File: IRMM23297_Uamount cesificalion_final SMU Page B of 28
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IRMM-2325P

|C-TIMS results for certfication of L) amount per particle in

Rrirossrat Type B normal distribution
Vake: 0.13402
Expanded Uncertainty: 0.00035
Coverage Factor: 2

Measured isotope ratio taken from internal best report #4055

Rriroqars: Type B normal distribution
Value: 017375
Expanded Uncertainty: 0.00074
Coverage Facior: 2

Measured isolope ratio taken from internal test report #4055

Ry romieat Type B normal distribution
Value: 0.16348
Expanded Uncertainty: 0.00041
Coverage Factor: 2

Measured isotope ratio taken from internal test report #4055

Rrimosirat Type B normal distribution
Value: 015850
Expandad Uncertainty: 0.00061
Coverage Facion: 2

Measured isctope ratio taken from internal test report #4055

Rrirosirst Type B normal distribution
Walue: (.15669
Expanded Uncartainty: 0.00069
Coverage Faclor. 2

Measured isotope ratio taken from intemal lest report #4055

Rrymosirs: Type B nomal distribution
Value: 017027
Expanded Uncertainty: 0 00088
Coverage Factor: 2

Measured isatope ratio taken from internal test report #4055

Rrimozeri’ Type B normal distribution
Value: 014574
Expanded Uncertainty: 0.00023
Coverage Factor: 2

Measured isotope ratio taken from internal tast report #4055

Rryrozars’ Type B normal distribution
Value: 014352
Expanded Uncertainty: 0.00048
Coverage Factor: 2

Measured isotope ratio taken from internal test repart #4055
L Type B normal distribution
Valug; 014932

Expanded Uncertainty: 0.00035
Coverage Factor: 2

Measured isotope ratio taken from internal test report #4055

Date: 0200372020
Var.: 2

File: IRMM2326P_LUamount cartification_final SMU

Page 9 of 28
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1D-TIMS results for certification of U amount per particle n

IRMM-2329F

Ry rozees®

Typa B normal distribution
‘alue: 014474

Expanded Uncartainty: 0.00046
Cowverage Factor. 2

Measured isotope ratio taken from internal test report #4055

Rrzrozors”

Typa B mosmal distribution
‘alue: 0.1760

Expanded Uncariainty: 0.0012
Coverage Factar: 2

Measured isctope ratio taken from internal test report #4085

Rramesarat

Type B normal distribution
Walue: (. 1462

Expanded Uncartainty: 0.0022
Coverage Factor: 2

Measured isctope ratio taken from internal test report #4055

Ryzricers’

Type B normal distribution
Walue: 0.1612

Expanded Uncertainty: 0.0022
Coverage Factor: 2

Measured isctope ratio taken from internal test report #4055

Rz

Type B normal distribution
Value: 017040

Expanded Uncertainty. 0.00088
Coverage Facior: 2

Measured isotope rato taken from internal test report #4055

Rramomeet

Type B normal distribution
Value: 017624

Expanded Uncertainty: 000086
Coverage Facior 2

Measured isotope ratio taken from internal test repert #4055

RT!TIIIEN ZI‘

Type B normal distribution
Walue: 017178

Expanded Uncertainty: 0.00075
Coverage Faclor 2

Measurad isotope ratio taken fram internal test report #4055

Rrarozors’

Type B normal distribution
aklue: 019024

Expanded Uncartainty: 0.00034
Coverage Factor- 2

Measured isotope rafio takan from internal test report #4055

Rrarezors

Type B normal distrbution
Value: 0.19101

Expanded Uncertainty: 0.00081
Caoverage Factor: 2

Measured isctope ratio taken from internal test report #4055

Cate: 020372020
Ve 2

File: IRMMZIZOP_Uameount cerificaton _final SML

Page 10 of 28
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IRMM-2328F

ID-TIMS results for certification of U amount per particle in

Rrargagrst Type B normal distribution
Value: 0.1843
Expanded Uncertainty: 0.0011
Coverage Factor: 2

Measured isctope ratio taken from internal test report #4055

Rrargeorst Type B normal distribution
Value: 016801
Expanded Uncertainty: 0.00080
Coverage Factor: 2

Measured isotope ratio taken from internal test report #4055

Riarossez Type B normal distributian
Value: 0168050
Expanded Uncertainty: 0.00054
Coverage Factor. 2

Measured isotope rafio taken from intermal test report 24055

Rrarpapes: Type B normal distribution
Value: 0,15317
Expanded Uncertainty: 0.00058
Coverage Factar: 2

Measured isclope ratio taken from internal tesi report #4055

Ryarooars: Type B normal distrioution
“alue: 015847
Expanded Lincertainty: 0.00074
Coverage Factor 2

Measured isotope ratio taken from internal test report #4055

Rramaors: Type B normal distribution
Value: 016186
Expanded Uncarginty: 0.00059
Coverage Factor: 2

Measured isolope ratio taken from internal test report #4055

Rryrers’ Type B normal distribution
Value: 015596
Expandad Uncartainty: 000080
Coverage Factor: 2

Measured isotope ratio taken from internal test report #4055

Ryyrigzest Type B normal distribution
Value: 016231
Expanded Uncertainty: 0.00050
Coverage Factor: 2

Measured isotope ratio taken from internal test report #4055
Reraricora” Type B mormal disinbution
Valus: 016483

Expanded Uncerainty: 0.00060
Coverage Facior 2

Measured isotope ratio taken from internal test report #4055

Date: 0202020
Var.: 2

File: IRMM2328F_Uamount cestification_finsl SMU

Page 11 of 28
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ID-TIMS results for certification of U amount per particle in
IRMM-2328F

Rsrigoess Type B normal distribution
Value: 018401
Expanded Uncertainty: 0.00052
Coverage Faclor: 2

Measured isctope ratio taken from intemal test report #4055

Raragoest Type B normal distribution
Value: 016828
Expanded Uncertainty: 0.00053
Coverage Faclor: 2

Measured isoctope ratio taken from intemal test report #4055

v Imnport

Filename: PipetCalibration_CWe SMU

B]"ITI baol: l'-'lﬁm
Uncertainty of aliquot volume taken from pipetie calibration of the used pipet.
Calculated in external GUM Workbench file

Wiaa¥: Type B normal distribution
Value: 8.013107" melig
Expanded Uncertainty: 0.012-107" molig
Coverage Faclor: 2

U-233 amount content taken from cerlificate of spike (IRMM-058)

b Type B normal distribution
Value: 0.8996332
Expanded Uncertainty: 0.0000014
Coverage Faclor: 2

U-233 amount fraction taken from cerlificate of spike (IRMM-058)
fyl Imnport

Filename: DensityHNO3 . smu
Symbol: g
Density of spike [IRMM-058) calculated according to Cauchetier 1885 (FR) & Sakurai 1886 (EM). assuming
2.1 mg/g U in 1 mollL HNO,.
Calculated in external GUM Workbench file
M,: Type B normal distribution
Value: 6.022140857 107 mol!

Expanded Uncertainty: 0.000000074+10™ mal™
Coverage Factor: 1

Avogadro's constant taken from NIST

hitpsiphysics.nist.gov/cgi-binfcuuwValue?na

[ Imiport from Excel
Filename: Homogeneity U amount per particle_IRMM23229F_Soft CRM.xls
Worksheat: ANOWA

Value Cell: 16 =1.0000
Standarduncertainty Cell: D8 = 0.0550

Between-bottle inhomogeneity calculated using ANOVA single factor analysis in M5 Excel.
File: Homogeneity U amount per particlegyycinspSoftCRM xls

Date: (2072020

Ver: 2 File: IRMMZ320P_Uamount certification_final SMU Page 12 of 28
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IRMM-2328F

ID-TIMS resuls for certification of U amount per particle in

B

Import fram Excal

Filename: Homogeneity U amount per particke_IRMMZ329F _SoRCRM xls

Worksheat: ANCVA
Value Cell: 18 = 1.0000
Standarduncertainty Cell: F& = 0.0550

File: Homogeneity U amount per paricle qyusasgeSeitCRM xds

Interim Results:
Quantity Value Standard
Unicartainty

g, 9.3152:10°° malilL 1941077 moliL
M, 237 9608465 gimol 16.910° gimel

[— 95877 985

[T 33 787 0.347

Rogsrzsal 0.39540 422107

L— 4.1811-10° 79.1'10°
IR, 1.03427303 6.00:10"
IR, 85912 966

Dale: 020032020

ar.: 2

Fite: IRMM2329P_Uamount cartification_final SMU

Page 13 of 28
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ID-TIME results for certification of LI amount per parbicle in
IRMM-2329P
Uncertainty Budgets:
[ T Average uranium mass per particle
Quantity Value Standard | Distribution | Sensitivity Uncertainty | Index
Uncertainty Coafficient | Contribution
C, 1010 fmalimal
C, 1000.0 mLIL
N 10.0
N, 30
Ryaamaa¥ 1.0
Rogea¥ | 352.400710° 70010 normal -15 -1110% fmol | 0.0%
Roggeaay |  4.1240-10° 14,810 narmal -15 220107 fmol | 0.0 %
Ragaeny | 434007107 T00-107% narmal -15 -1110% fmal | 0.0%
[T— 10.430-10° 108107 narmal -15 -1.6-10% fmel | 0.0 %
L — 1.0
| 0.0
Rosaz® | 3408250107 83.0-10" normal 15 14107 fmal | 0.0%
Ropsme* |  0.033090200 6,000 narmal 15 B7-10% fmal | 0.0 %
[T 30.2070-10" 62.0-10" normal 15 o00-10" fmol | 0.0 %
- 1.0
ETR 77.00 1.00 normal 180-10° 160-10° fmod | 0.0 %
R 57.00 2.00 normal a710°® 190-10% fmal | 0.0 %
Ruiard 28.00 200 normal not valid! 30107 fmel | 145 %
Ravtoneey 0.154490 245-10" nomal 33 -810-10" fmol | 1.0%
RriToiees 0.138370 16510"° normal 21 -680°10" fmol | 0.7 %
CE—— 0,134020 180-10"® nofmal 44 79010 fmol | 1.0 %
Rrirmises 0.173750 310 normal 26 -95010" fmol | 1.5 %
Rrrerosies 0.163480 20510° normal 28 -500-10" fmol | 0.6 %
[N 0.159500 510" normal EX 54010 fmol | 1.4 %
FiriTosirs 0155680 510" normal 132 11107 fmel | 1.9%
Ryrrosirs 0.170270 44510% normal 27 420" tmel | 23%
Ryirarert 0.145740 11510% normal a7 42010 fmal | 0.3 %
Ryvarsrs 0.143520 240-10* normal -38 B10:10% fmal | 13%
Rrsrormra 0.148320 17510 nomal 35 20107 fmel | 05 %
Ryvrorars 0.144740 230-10" normal 37 860107 fmal | 1.2%
Ryzroamey 0176000 00107 nammal 25 A510%fmol | 37 %
Rezmoasra 0.14820 1.10:107 narmal 37 40107 fmal | 26.0 %
Rozriczet 0.16120 1.10°107 normal 30 33107 fmol | 176 %
Ryariazes 0170400 440107 narmal 27 42107 fmal | 23 %
[C— 0178240 43p10" narmal 25 41107 fmal | 18%
nm:mm File: IRMNZI290_Uamount cerification_final SMuU Page 14 of 28
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ID-TIMS resiilts for cartification of U amount per particle in
IRMM-2328F
Quantity Value Standard | Distribution | Sensitivity Uncertainty | Index
Uncertainty Coefficient | Contribution
3 F—— 0171780 ars-1o® normal 27 -1.0107 fmal | 1.6 %
2 S— 0195240 17010 normal 20 -340-10" fmal | 0.2 %
RtaTozora 0191010 405-10™ normal 22 -B70-10" fmal | 1.2 %
S 0.184300 55010 narmal 23 42107 fmod | 2B%
Restose 0.16E010 4p0-10® narmal 28 4110  fmol | 2.0%
Rorsmosees 0.160500 270-10° narmal a0 -B20°10% fmod | 1.1 %
Rysrosses 0.153170 200-10% narmal 33 97010" fmol | 1.5 %
[ 0.159470 aro-10° nomal -3 4107 fmol | 21 %
I 0.161860 205107 normal -3.0 -880-107 fmol | 12%
Rysrinars 0.155960 400-10 nermal 32 4.3107 fmal | 2.7 %
Rystiners 0.162310 260107 normal 30 -74010% fmal | 08 %
Rrsrioses 0,164830 30010 normal 28 87010% fmal | 1.2 %
E— 0.164010 260-10° narmal 29 760-10% fmal | 09 %
Ryaricars 0. 168280 265-10% narmal .28 730-10% fmal | 0.9 %
W 8418107 L 3.2107°L 0.0 0.0 fmod 0.0 %
Wopy | 2.0130010 " mallg|  &.00-107"° nommal 0.0 0.0 fmal 0.0%
molig

Xoaa¥ 0950533200 700:10° normal 0.0 0.0 fmal 0.0 %
Py 103316 gimL  |2.04-107 g/mL 0.0 0.0 fmal 0.0 %

Pichar 15.05168 fmel | 781107 fmod

D““’fﬂ?ﬁ'zm File: IRMM2328P_Uamount cerfification_final SMU Page 15 of 28
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ID-TIMS results for certification of U amount per particle in

IRMM-7329P
nwh'l: Amount of uranium in blank 1
Quantity Value Standard | Distribution| Sensitivity | Uncertainty | Index
Uncertainty Coefficient Contribution
C; 1000.0 mLAi
M, 30
R zsaz3¥ 10
Rosona¥ | 3524007107 7o0- 10" normal 2000 | -22010% mol | 0.0%
Roseaall 41240107 14,5107 normal 320107 | 4610% mal | 0.0%
Rgssaasl 43400107 70010 nomal -3zo10™ | 22010 mol | 0.0%
Rossmast 1043010 10510 narmal 25407 | 28107 mal | D0%
Rasuasa¥ 1.0
T 0.0
Ropugx | 3408250107 83.0-10" normal 300" | 2810 mal | 0.0%
Rosaan® | 0.03390200 6.00-10 normal 310-10™ | 18107 mal | 0.0%
Rowaag® | 30.2070-10° 62.0-10° nomal | 310107° | 180" mal | 0.0%
Rasanan® 1.0
Rugams? 77.00 1.00 normal 410" | 4110 mol [100.0 %
W Ba1E 107 L 332107 L 0.0 0.0 mol 0.0%
Wopy | 90130010 molig| 600107 nermal 0.0 0.0 maol 0.0 %
mialig
Kona¥ 0909533200 Foo-10°* normal 0.0 0.0 mal 0.0%
Py 103315 giml | 2.04-107 giml 0.0 0.0 mol 0.0%
Moars] | 31562107 mal | 4.10°10™ mal
Bn: Uneartainty contribution due to splke addition
Quantity Value Standard | Distribution | Sensitivity Uncartainty Inchex
Uncertainty Coefficient | Contribution
Cy 1000 0 miiL
N, 3.0
W 8418107 L 33207 L 1.2-10° 0.039 987 %
Wogad | B013000107 molig [ 600107 normal 110-10° &70°10° 0.0 %
maklg
Kol 0899633200 700-10° normal -1.0 700107 | 00%
2 103315 gimL | 204107 gimL 0.97 20107 0.2 %
ﬁnp 1.0000 0.0345

Intermediate-precision uncertainty, including the factors from the pipetied volume, spike concentration and
spike dansity.

Drate: 020302020

Ver. 2 File: IRMM23290_Liamount cedification_final SMU Page 16 of 28
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ID-TIMS results for carification of U armount pér particla in
IRMM-2328F
N eCombined: Average uranium amount per particle with combined uncertainty for
characterisation study
Quantity Value Standard | Distribution| Sensitivity | Uncertainty | Index
Uncertainty Coefficient | Contribution
c, 1.0-10" fmalimol
Cy 1000.0 mLiL
N 100
M, 3.0
Rasyzaal 1.0
Ropema¥ | 252.400-10° 7o0-10*® normal -15 -1110" tmal | 0.0%
— 4.1240-10° 14.5-10% normmal -15 -220-10° fmol | 0.0 %
[—— 43400107 Toori0™ narmal -15 11107 fmal | 0.0 %
Raoagrans 1043010 105107 narmal -15§ 16107 fmol | 0.0 %
Razmzasy 1.0
Rzxagag® 0o
Rosgae | 340.8250-10° g3.0:10°" normal 15 1410 fmol | 0.0%
Rsagmset 0.03350200 6.00-10° normal 15 B710" fmol | 0.0 %
Raamset |  30.2070-10° 62.0°10° normal 16 80010 fmol | 0.0%
RasnzaX 1.0
a1 77.00 1.00 normal 160-10° 160-10° fmal | 0.0 %
Rijani2 57.00 2,00 narmal g7-10® 180-10% fmal | 0.0 %
R 26.00 2.00 narmal nat valid! 30107 fmol | 0.0%
Rrimaiasi 0154400 24510" normal 33 B1010° fmol | 0.0 %
 T—— 0138370 165-10° nofmal 4.1 530107 fmal | 00 %
CH— 0.134020 180107 nomal A4 TO0-10° fmal | 0.0 %
Rriroiars 0.173750 370 10° narmal 26 560107 fmol | 0.0%
TR 0.163430 205-10° nomal 28 £00-10% fmel | 0.0%
Rriosira 0.159500 305-10° normal 3.1 -940°10" fmol | 0.0 %
[T— 0158630 345-10°" normal 3.2 1,110 fmal | 0.0 %
— 0170270 44510" normal 2.7 210" fmal | 0.0 %
[N 0.145740 11510° narmal 37 42010 fmal | 0.0%
Rryrozarz 0.143520 240:10° normal -38 -910-10° fmol | 0.0 %
Rrerorara 0.149320 175107 narmal 3.5 20107 fmal | 0.0%
Firyrorars 0.144740 23010° normal 3.7 -860-10% fmal | 0.0%
C— 0.176000 B00-10° nammal 25 15107 fmol | 0.0%
Riysrasees 0.14820 110107 Rl a7 4.01107 fmol | 0.0%
N 0.16120 110107 normal a0 33107 fmal | 0.0%
[ 0.170400 44010° normal 2.7 -1.2107 fmal | 0.0 %
[[I— 0.176240 430107 normal 25 -1.1107 fmol | 0.0%
Rrarozora 0171780 375107 narmal 2.7 100107 fmol | 0.0 %
D“'E’W”m File: IRMM23255_Uameunt certification_final SMU Page 17 of 28
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ID-TIBS resulis for certification of U amount per particle in
IRMM-2328P
Quantity Value Standard | Distribution | Sensitivity Uncertainty | Index
Unicertainty Coefficient | Contribution
[CH— 0198240 170-10" normal 2.0 34010 fmol | 0.0 %
Rraroages 0,191010 405-10" nommal 2.2 87010 fmol | 0.0 %
Rraroages 0.184300 550-10" normal 23 213107 fmal | 0.0 %
Rratoeges 0.188010 400-10° narmal 28 07 fmol | 0.0%
Rrraroagez 0.160500 270-10°® Rermal 30 820010 fmad | 0.0%
[ 0.153170 290-10" Rafmal -33 G0-10% fmol | 0.0 %
Rramoagrs 0.150470 a7o-10® harmal 3.1 A0 fmel | 00%
Rraroagrs 0.161860 20510° narma| 30 #80-10" fmel | 0.0 %
Rerarsnzrs 0.155960 40010° narmal 32 3107 fmel | 0.0%
[CE— 0.162310 25010 normal 3.0 740-10% fmel | 0.0 %
Rysrizars 0.164830 300-10° narmal 29 B70:10% fmel | 0.0%
[CT— 0164010 280-10° normal 2.4 7B0-10% fmal | 0.0 %
Rosrpsars| 0168280 26510° normal 2.8 73010% fmol | 0.0%
v B41.810° L 3320t L 18 10° 0.5 fmal | 99.7 %
waasy | 8.0130010 mokg| 6.001107° normal 1.7-10" 0.010fmel | 0.0%
molig
Haga¥ 0.999633200 70010 narmal -15 110" fmed | 0.0%
Py 103315 g/mL | 2.08107 gimL 15 0.030fmol | 02%
Mgy COM 15052 fmal 0.585 frnal
bined
Daba.::::t.lim File: IRMMZI28P_Uamoun! cerification_final SKMU Page 18 of 28
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ID-TIMS results for certification of U amount per particle in
IRMM-2329P
mcombined: Average uranium mass per particle with combined uncertainty for
characterisation study
Quantity Value Standard | Distribution| Sensitivity Uncertainty | Index
Uncertainty Coefficient | Contribution
G, 1.0-10™ fmolimol
Cs 1000.0 mLiL
[ 1.0:107 paifg
Mgy 23302063440 2.40-10° normal 0.0 0.0 pg 0.0 %
g/mod gfmal
M, 234 04085040 1,200 narmal 5.0-10" 6.010"pg | 00%
g/mof gimal
Mg 236 04352820 1.2010% narmal 4g0-10° s00-10™ pg | DO%
gémal gimol
Mazs 236 04566620 1,20010° narral 440107 53010 pg | DO%
g/mal gimal
Mass 23805078700 1.60°10% normal 0.015 2310%pg | 00%
gimol gémal
M 10.0
N, a0
Rasassy 1.0
Rapqusey | 352.400°10° 700-10 normal 386 2510%pg | 0O%
Raqgos¥ 41240410 14,5107 narmal Y 52-10%pg | DO%
Rz 43 40010 T00-107 nofmal Y -2510%pg | DO%
Rasazaaf 10.430° 10" 10810 normal T 3010 pg | 0.0 %
Rzsamasl 1.0
Razazssk 00
Rogaoie¥ | 3408250107 g3 10" narmal 34 3201107pg | DO%
Rassmae®|  0.03350200 600107 normal 34 21107pg | 00%
Ry | 30.2070-10° 62,0107 narmal 34 210-10%pg | DO%
Rspiaant 1.0
Ryl 77.00 1.00 normal 3g-10" 38-10° pg 0.0 %
B2 57.00 200 normal 23100 45107 pg 0.0 %
Regand 28.00 2.00 narmal notvalid! | 72010°pg | 00%
Rrirotsrs 0.154450 245-10° narmal -0.78 490-10%pg | 0.0%
Rritomez 0138370 16510 narmal -0.98 A6010%pg | 00%
[ — 0.134020 180-10° normal -0 8010  pg | 00%
[ — 0,173750 aroo”® normal 062 23010 pg | 00%
Rrimosira 0.163450 20510 normal £0.70 14010  pg | 0.0%
[ —— 0158500 050" nerrmal 0.73 22007 pg | 00 %
Rrmasirs 0.156680 34510" normal 0.76 280107 pg | D0%
Rirsrosies 0.170270 44510°° normal 0,64 280107 pg | 00%
D‘“:wm Filg: IRMMZIZEP_Uamaoamt cerification_final SMU Page 19 of 28
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I0-TIMS results for certification of U amount per particle in
IRMM-Z3207
Cuantity Value Standard | Distribution | Sensitivity Uncertainty | Index
Uncertainty Coefficient | Contribution
[T— 0145740 115-10" normal 0,68 100107 pg | 0.0%
Riyymarars 0143520 240:10°® narrmal 0.91 220110%pg | 0.0%
Roriqarers 0149320 17510 normal 084 A50110%pg | 0.0%
Ry rarars 0.144740 33010* normal 088 20010%pg | 0.0%
SN 0176000 &00°10° normal 06D 36010%pg | 00%
Ripztosses 0.14820 110107 narmal 087 960107 pg | 0.0%
[T 016120 110107 narmal 072 Te010%pg | 0.0%
PoroTmra 0.170400 440109 narmal 064 28010%pg | 0.0%
Ryatozors 0.176240 430-10° narmal 0.60 -26010"pg | 0.0%
Rersrgsrs 0171780 375-10° narmal 063 24010° pg | 0.0 %
Rearasces 0199240 17010 narmal £0.47 a0 pg | D0%
CE— 0181010 40610 normal -0.51 21010%pg | 0.0%
[ 0.164300 55010 normal -0.55 -30010% pg | 0.0%
CE— 0.188010 apg1o™ normal 066 26010%pg | 0.0%
Rrsosses 0.160500 2710 normal 072 -200-10% pg | 0.0%
Riysrasess 0163170 2a0 10 nomal 080 -23010% pg | 0.0 %
[C— 0168470 arp1o® normal -0.73 27010%pg | 00%
Riysrasers 0161850 29510" nomal 071 -21010%pg | 0.0%
Riparsases 0.155960 400-10" nemal 0.77 -310-10%pg | 00%
Riparonses 0.162310 250-10" normal 0.71 A80"10%pg | 0.0%
[ — 0.164830 a00-10™ normal 068 21010 pg | 0.0%
R 0184010 260-10° normal 068 A80"10%pg | 0.0%
Rogrimaes 0.168280 265-10° Rl -0.B5 AT010%pg | 00%
W g41.810°L 33.2-10° L 430" 0.14 pg 69,7 %
Weog¥ | 20120010 " melig| 600107 nermal 400107 2.4-107 pg 0.0 %
malig
Kzagf 0.999633200 Foo-10® normal 36 2510%pa | 0.0%
Py 1.03315g/mL | 2.04-10° grmL 35 7.110%pg | 02%
M GO 3.5682 pg 0142 pg
mibined
Dﬂtﬁ:ﬁ"?im“ File: IRMMZ3288_Liamount certification_final SMU Page 20 of 28
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IB-TIMS results for certfication of U amount per particle in
IRMM-2325P
Mgt Uranium amount per particle of certified particles
Quantity Value Standard | Distribution | Sensitivity Uncertainty | Index
Uncertainty Coefficlent | Contribution
c, 1.0-10" fmolmod
Ca 1000.0 mLiL
] 100
N, 3.0
Ragazal 1.0
[ T— 352 400107 Fo0-10 normal -15 11410 tmal | 0.0 %
Rosszaal 4124010 14.5-10" narmal 15 -22010% fmal | 0.0 %
Ronszasl 43.40010° To0107"* narmal 15 1110 fmal | 00 %
Raasas¥ 10.430-10" 105107 narmal 15 AE10" fmal | 0O%
Rzaagaay 1.0
Ryqamuek 0.0
Flagamx | 240.8250-10% 83010 normal 15 14107 fmol | 0.0%
Rogwzae®|  0.03380200 6.00-10% normal 15 87107 fmol | 0.0 %
Ropoe® | 30.2070-10° g2.0-107 normal 15 900-10% fmol | 0.0%
— 1.0
Riari 77.00 1.00 normal 160-10° 160-10" tmal | D0 %
Riiani? 57.00 2.00 narmal 710" 180-10% tmal | DO %
[T 28.00 2.00 narmal not valid! 30107 fmol | DO%
Rriroiers 0.154450 245-10" narmal -33 81010 fmol | 0.0 %
Rrsroisrs 0.138370 165-10" narmal -4.1 -68010° fmol | 0.0 %
LI 0.134020 18010 normal 4.4 -780-10° fmol | 0.0 %
[CE— 0.173750 370" normal 26 960-10" fmol | 0.0 %
Ryirosiea 0163480 205107 normal 28 600107 fmal | 0.0 %
[CH—— 0.159500 305107 normal 31 54010" tmol | 0.0 %
Rriroses 0156590 345107 norral 32 41107 frmol | 0.0 %
[ 0.170270 445-10° narmal 27 4.2:10% fmol | 0.0 %
[T 0.145740 115-10" narmal a7 -420107 fmal | 0.0 %
Rysmarsrs 0143520 24010 normal -38 910107 fmal | 0.0%
Rrimorora 0.149320 17510 normal 3.5 62010° fmel | 00 %
[ — 0,144740 230107 normal 3.7 86010 fmel | 0.0 %
CE— 0,178000 s00107 normal 25 4510 tmol | 0.0%
[T— 0.14620 110107 normmal a7 4010 fmol | 0.0%
| — 016120 1.10-10™ normal -0 -13107 fmal | 0.0 %
— 0170400 440-10°° narmal 27 -1.2107 fmal | 0.0 %
Rramosers 0.176240 430-10° narmal 2.5 -1.1107 fmol | 0.0 %
[N 0.171780 37510 normnal 2.7 21,0107 fmel | 0.0 %
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ID-TIMS results for certification of U amount per particle in

IRMM-2329P
Quantity Value Standard | Distribution | Sensitivity Uncertainty | Index
Uncertainty Coefficient | Contribution
Rramanra 0.199240 170-10% narmal 2.0 -340°10* fmol | 0.0 %
R ramoanea 0.191010 405-10° narmal 21 870°10% fmol | 0.0 %
Frasozoes 0.184300 55010° normal 223 -1.310% fmol | 0.0%
[ E— 0.188010 40010° normal 28 -1.1-10% fmad | 0.0 %
R ramoases 0.160500 270-10° narmal -3.0 82010° fmol | 0.0%
Rorameaars 0153170 200-10™ narmal 33 97010 fmol | 0.0%
Rorarosars 0158470 37010 narmal 31 11107 fmel | 0.0 %
Royaroaars 01615660 205-10™ normal -3.0 88010 fmal | 0.0%
[T 0.155960 400-167 narmal 3.2 A4.3107 fmol | 0.0%
[T 0.162310 250-10° narral 3.0 7404107 fmel | 0.0%
Rysrimrs 0.164830 300-10° normal 2.9 870107 fmal | 0.0 %
Rysrimrs 0.164010 260-10° normal 2.9 760:10° fmal | 0.0 %
[ T— 0.168280 26510 narmal 28 -730-10% fmol | 0.0 %
v 8418107 L aazoiL 1&-10" 0.5% fmol | 205%
Wapy | 98.01300110 molig|  &.00-10™" normal 1.7-10" 0.010fmel | 0.0%
molia
- 0.999633200 Fo0-10 normal 15 110" fmo! | 0.0%
Py 1.03315 g/mL 2 o410 a'mL 16 0.030 fmel 0.0 %
By 1,0000 0.0550 15 083 fmal | 30.7 %
[ - 1.0000 0L055E0 15 0.83 frrual 39.7 %
N 15.05 frmal 1.31 fmodl
Uranium amount per particle, the main certified value
M.SHZ'??EHED Fila: IRMM2329P_Uamount cerificafion_final SMU Page 22 of 28
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ID-TIMS results for certification of U amount per particle in
IRMM-2325P
Mgt Uranium mass per particle of certified particles
Quantity Value Standard | Distribution | Sensitivity Uncertainty Index
Uncertainty Coefficient | Contribution
G, 1.0:10" fmalimal
C, 1000.0 mLiL
Cy 1.0-10” pgifg
[T 233.03963440 240710 nermal 0.0 0.0 pg 0.0 %
gimal gimal
Mz, | 23404095040 1.20-10° normal 5.0:10" 6010"pg | 0.0%
g/mod gfmol
Mys 235.04392820 1.20+10" narmal 4a0-10°" 50010 pg | 00%
gimiol aimol
My, 238, 04556620 1.20-10" narmal 440107 530-10"pg | D.0%
gfmal gimol
Maze 238.05078700 1.60-10° normal DD15 2310'pg | 00%
afmal gfmal
N 10.0
N, an
Raganas¥ 10
Rysezaay | 352.40010° 700-10" narmal 36 -2510%pg | 0.0%
Rosszaf | 4.1240°107 14,5107 narmal 36 5210%pg [ 0.0%
Ao | 43400107 700-1072 normal -36 2510%pg | 00%
Ragamaad 10.430-10° 10810" nermal 36 -380-10%pg | 00%
Rzsaras¥ 1.0
RazameX 0.0
Rosamegh |  340.8250-107 83.010" narmal 34 32010%pg | 00 %
[T 0.03390200 §.0010" narmal 34 2110%pg | oo%
Risgasg |  30.2070'10° 82,0107 nomnal 3.4 2100%pg | 0.0%
Rasarane 1.0
Rimeis] 77.00 1.00 normal 3g10" 310%pg | 00%
Risiaric2 57.00 2.00 nefrmal 230" a0 pg | 00%
Reigned 28.00 2.00 normal nat valid! 720-10%pg | 0.0 %
[ 0154480 245107 normal -0.78 -19010%pg | 0.0%
I 0.138370 165-10°° normal -0.98 180107 pg | 0.0 %
Rimoisrs 0.134020 18010° narmal -1.0 A9010%pg | 0.0%
Rysmoners 0173750 arog* nemal 062 -23010%pg | 0.0%
Rritosies 0.163480 20810°" nomal 070 -140-10%pg | 0.0%
S S—— 0.158500 305107 normal 073 22010%pg | 0.0 %
RrsTimira 0,156590 345107 narmal 076 26010%pg | 0.0%
- T 0170270 445-10" normal -0.64 20010%pg | 0.0%
Ryiraras: 0 145740 115-10° narmal -0.88 -10010% pg | 0.0%
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ID-TIME results for certification of U amount per partiche in
IRMBM-2329F
Quantity Value Standard | Distribution | Sensitivity Uncertainty | Index
Uncertainty Coefficient | Contribution
Rrirorara 0.143520 240-10° normal <091 220110 pg | 0.0 %
R 0148320 17510° normal -0.84 -50-10%pg | 00 %
Ryyrerars 0.144740 230-10° nermal 0,89 20010%pg | DO%
Rrzrozoet 0.176000 600-10° normal 060 -360-10%pg | 0.0 %
R rroscrs 0.14820 1104107 narmal D87 960-10%pg | 00 %
Rozricart 016120 140107 narmal 072 790-10%pg | 00 %
[ N—— 0.170400 440-10° naral 064 28010%pg | 00 %
[CE—— 0176240 430-10° narmal 080 260-10%pg | 00 %
[ 0171780 37510° narmal 083 240-10%pg | 00 %
Forsozees 0198240 17010° narmal 047 a0 10%pg | 0.0%
[ E— 0.191010 405 10° narmal -0.51 210-10%pg | 0.0%
[CT—— 0164300 550107 narmal -0 55 -30010%pg | 0.0%
[FE— 0168010 400107 normal 066 -260110%pg | 0O%
[TE— 0.160500 27010 narmal 0.72 -200-10%pg | 0.0%
Rrsmpees 0153170 29010 naormal -0.80 -230110% pg 0.0 %
[TE— 0159470 aro-10* narmal 073 -27010%pg | 00%
[— 0151860 285107 narmal 071 -210110%pg | 0O %
S 0.155860 400107 normal 0.77 -31010%pg | 0.0 %
Reysriases 0.152310 250010" normal 0.7 -180-107pg | 00 %
Rysrioses 0.154830 200+10" narmal -0ED -21010% pg | 0.0 %
Reysrinars 0.154010 260+10" narmal -0E9 -180-10°pg | 00 %
Reysrinses 0.158280 26510" rarrmal -0Es8 -A7010%pg | 0.0 %
W a41.810°% L 2320%L 4310 0.14 pg 0.5 %
woy | 90130010 meli | 6.00107° nofrmal 400+ 107 24107pg | 0.0 %
mually
Hzaa¥ [ 909633200 700+10" normal -3.6 2510 pg 0.0 %
P, 1.03315gimL  |2.04107 g/mL 35 71-10%pg | 0.0%

i A 1.0000 0.0550 16 020 pg 397 %

B 1.0000 0.0550 36 020 pg 39.7 %

MR 3682 pg 0313 pg
Lranium mass per particles, derived from the uranium amount per particle and the malar mass (derved
fram certified isotopic composition)
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ID-TIMS results for certification of U amount per particle in
IRMM-2328P
Meana Mumber of atoms per particle
Quantity Value Standard | Distribution | Sensitivity Uncertainty | Index
Uncertainty Coefficient Contribution
[ 1.0:10" fmolimol
C; 1000 0 mLiL
N 10.0
N, 3.0
Rasazagy 1.0
Rowzsa¥ | 252.400-10" 7o0-10" normal 810" -E300 0.0 %
Rpssmsay | #.1240110° 14.5-10% narmal 9.110* 130 00%
Rpaamaall 43 400-10° 700107 narmal -g.110° 6.3 0.0 %
Roanmas 10.430-10° 105-10™ normal 9110 950 0.0 %
Rospzaal 1.0
Rzgage 0.0
Ropqose | 240.825010° 93.0-10” normal g.8-10° 820 0.0 %
[T 0.03380200 .00-10" normal B.8-10° 53000 0.0 %
Raggeae¥ | 30.2070-10° g2.0-10% marrrial g.8-10° 540 0.0 %
Rasmzae® 10
Rigank ] 77.00 1.00 narrmal BE000 26000 0.0 %
a2 §7.00 2.00 narmal 58000 120110° 0.0 %
Reiam 28.00 2.00 nermal not valid! 1.810° 0.0%
[ 0.154450 24510°° normal -2.0-10° -490-10° 0.0 %
Rrimotsra 0.138370 185107 normal 2,510 41g-10° 0.0 %
Rrsrorara 0.134020 180107 narmal 2.610° 470107 00%
SR 0.173750 aro-10® normal -1.6°10° -580°10° 0.0 %
R 0163490 205107 normal 1.8-10° -360°10° 0.0 %
S 0.159500 30510 nermal -1.8-10° 570-10° 0.0 %
- — 0.156690 34510 normal -1.9-10° 680107 0.0%
Rerrosies 0.170270 445107 normal -1.6-10" 730107 0.0%
R momee 0.145740 1510 normal 22410 -280-10° 0.0 %
Rryrarars 0.143520 240-10® normal 23107 550-10° 0.0 %
Rriorara 0149320 175:10° normal 2110° -aroe? 00 %
[ S— 0.144740 230-10" Rl -2.310° -520010° 0.0 %
S 0.176000 800-10™ mesrrmal -1.5-10° 820 10° 0.0 %
Rrstosers 0.14620 110107 normal 2210 2.4-10° 0.0 %
T 016120 1.10-107 normal 1810 2.0-10° 0.0 %
Frarenzrs 0.170400 440107 narmal 1610 F20-10° 0.0 %
Firarnoge: 0176240 430 107 normal 1510 -B50-10° 0.0 %
Rrstasars 0171780 710" normal 18107 80010 0.0 %
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ID-TIMS results for certification of U amount per particla in
IRMM-2325P
Quantity Value Standard | Distribution | Sensitivity Uncertainty Inchax
Uncertainty Coefficient | Contribution
Ryamusara 0199240 17010™ normal -1.2:10" 200107 0.0 %
Rramaors 0191010 40510™" normal -1.310 520107 0.0 %
Reyymsors 0.184300 550:10" normal -1.410° -770°10° 0.0 %
Rpamose 0.468010 400-10" normal 27107 -&7010° 0.0 %
Ryqrossra 0.180500 2700107 normal -1.8:10° -500-10° 00 %
Roqroeara 0.153170 290-10" narmal 2.010° -580-10° 0.0 %
[ 0 158470 370-10" normal -1 810® -690-10° 0.0 %
Rramoess 0161860 285-10" Rl -1.810° 53010 0.0 %
I 0,155980 400-10" normal -1.410° -780-10° | 0.0%
[ T— 0.162310 250:10° narmal -1.810° -45010° | 00%
Rorarioges 0,184230 20010 narmal 17107 520-10° 0.0 %
C— 0.164010 260-10° narmal 1810 460-10° 0.0 %
Rersriaars 0.166280 265107 narmal A.710° -440°10° 0.0 %
W B41.8-107 L 332107 L 11-10°" 360-10° 205 %
Wy | 9.01300107° molig| &00-107" narmal 1.0410%" B.010° 0o %
melig
Kona¥ 0.880633200 700107 narmal -8.110° -B300 0.0 %
Py 103315gmL 204107 gmL B.810° 1810° 0.0 %
N, |60z21408570-10°" | 7.40-10™ narmal 1510 110 0.0 %
mal”’ mal”

B, 1.0000 0.0550 8.110° s00-10" 38.7%
Bty 1.0000 0.0550 g.1-10° 500-10° 39.7 %

Mg §.084-10" 79110

Amount of uranium atoms per paricle, derived from the uranium amount per particle and Avogadro’s
canstant.
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