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Abstract. In order to support research in Nuclear Forengls, European Commission - Joint
Research Centre Institute for Reference Materiald Bleasurements in Geel (IRMM,
Belgium)and the EC-JRC Institute for Transuranium Elementsarlsruhe (ITU, Germany)
joined efforts to produce the first ever uraniurference material certified for the production
date. IRMM-1000 has been prepared from a low-eedchranium solution after complete
separation of thorium decay products at a well-kméwme. Such a CRM is indispensable to
establish the accurate age of a nuclear materiag ugalidated mass spectrometric or
radiometric methods. This paper describes the paépa of IRMM-1000 and first steps
towards the certification of this reference malea certified for the production date based
on the®*°Th/”**U radiochronometer. The IRMM-1000 was produceddmpliance with 1SO
Guide 34 and will be available beginning of 2015uimts of two sizes, 20 mg for mass
spectrometric methods and 50 mg for radiometrichocs.

1. Introduction

Nuclear forensics is a relatively young science,ictvhdevelops and applies thorough,
interpretative and comparative (radio-) analyticedthodologies to investigate the origin and
intended use of nuclear or other radioactive maltémiercepted from illicit trafficking. The
parameters to be investigated are inherent to tleemal and range from isotopic
composition, microstructure, chemical impuritieslecay products [1-3].

Among these parameters, the elapsed time sincerttriction of the material, commonly
referred to as the "age" of the material, is meadior nuclear materials. Indeed, during its
production, the nuclear material is chemically fied from impurities, which includes the
removal of radioactive decay products or daughtetides (typically decay products from U
and Pu for nuclear materials), thereby "zeroing"ithtial amount of daughter nuclides in the
nuclear material at the time of separation. Theeefassuming that the parent—daughter
separation was complete and allowing the ingrowtthe daughter nuclides in the sample,
the elapsed time since the last separation (ieeatfe of the material) can be determined by
measuring the parent-daughter ratio later in thepda according to the equations of
radioactive decay [4-5].
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Unlike other characteristic parameters, this agdefmaterial- i.e. the time elapsed since the
last chemical separation of the daughter nuclides fthe mother radionuclide - does not
require comparison samples or reference data ftargretation. It is a self-explaining
parameter and supports without ambiguity the idieation of the origin of unknown material
or helps to verify the source of intercepted nucteaterial. However, up to now, no certified
reference material exists for validation of measweet procedures to determine accurately
the age or the production date of a nuclear m&téAge determination” has been based so
far on historical data, archives and on the detestion of the aforementioned combined
parameters for the characterisation of nuclear madte

As a consequence, the European Commission - JesgdRch Centre Institute for Reference
Materials and Measurements, IRMM in Geel (Belgiuaryd the EC-JRC Institute for
Transuranium Elements, ITU in Karlsruhe (Germaimyngd efforts to produce the first ever
uranium reference material certified for the prdduc date (IRMM-1000) to answer the
emerging need expressed by communities involveddtional or international nuclear
forensics, security and safeguards programmesufdr a reference material [2-3]. Reference
materials are a prerequisite for method validat®ach validated methods in combination
with correct propagation of uncertainties are regpiwhen characterising intercepted nuclear
material, establish its origin, and identify perpsirs and their network as well as providing
evidence to bring them to justice [6].

Two parent/daughter pairs are generally used terohhe the age of a highly enriched
uranium material?>U/=°Th and**U/*'Pa [7-8]. However, the lack of a suitable isotopic
tracer and the challenging processing currentlygmea broader application of th8U/?'Pa
iIsotope ratio as an efficient chronometer for U-dgéng. Another constraint on the use of
these radiochronometers is the low concentratiordaighter products, and therefore it
requires a very sensitive measurement techniquén ag Thermal lonisation Mass
Spectrometry (TIMS) or High-Resolution InductiveGoupled Plasma Mass Spectrometry
(ICP-MS) [7-8].

In this paper, we describe first the productiortto$ reference material from low-enriched
uranium after the complete separation of f#ffdh decay product from its mother nuclide
234, thereby using th&‘U/?*°Th as radiochronometer for the determination ofptfegluction
date. Then, we present the characterisation andgeneity study carried out according to
ISO Guide 34 and ISO 17025 to establish the reterealue (i.e. the production date) and its
uncertainty (according to ISO/IEC Guide 98-3) toggafinal certification and distribution as
IRMM-1000.

2. Principle of uranium age-dating

The age of a uranium material can be calculate ftee ratio of the measuréfTh and®U
amount contents. Consequently, for the confirmaéind homogeneity studies carried out in
the context of the certification of the IRMM-10Q8%; presented in the next sections, the 'target
value' was the age of the material estimated frben rheasurements of the thorium and
uranium amount contents in the uranium referenaemaaat a certain time.

The method used to determine the two concentrati®rizased on Isotope Dilution Mass
Spectrometry (IDMS). In IDMS, a known amount of iantope (ideally not present in the
sample) of the element of interest, called spiké&raxer, is introduced in the sample and the
ratio of the blend is then measured [9]. Thereféoe the *°Th determination &**Th spike
was used and féf%U, a?*U spike was added to the uranium fractions.



The simplified IDMS equation used to calculate #mount content of the analyte in the
sample is then expressed as follows:

C(Analyte sample X ) = ((EYB :EB)) x rr:“ x R, xC(SpikeY) Equation 1

Where K is the amount ratio in the unknown sample tie amount ratio in the spikeg fthe
amount ratio in the blend (spiked sample) amd ny are respectively the masses (in g) of
unknown sample and of spike used for the measurearah C (Spike, Y) is the amount
content of the spike.

That, for instance, gives the following equation tioe >*°Th determination, with R Ry, Re
equal to the amount rati@®>°Th)/n(**Th) in the sample, spike and blend respectively:

(o= m) = ((EB :IZB )) * nn;lY xR, x(C*Th), Equation 2

Note that to determine the production date/time ladt purification of the daughter
radionuclide from the parent nuclide, the followiagsumptions are made: firstly, that there is
disequilibrium between the two radionuclides, seitpihat the daughter nuclides have been
completely removed after the last separation (assz®d by the separation factor) and thirdly,
a closed system is assumed with a constant cootehe parent nuclide (i.e. no variation in
the?**U content in the time frame of the analysis). Thene based on these assumptions the
equations of the radioactive decay can be simgdléied the age can be then determined using
the measured amount ratio mf*°Th)/n(***U) in the sample and the following equation [8,
10]:

_ n(*Th) « AZTh-12U

t= ; x|n| 1
AP —270Th n®0) AP

j Equation 3

wheret is the age of the uranium sample (in year$fU andA?*°Th are the respective decay
constants of**U and®*°Th based on their half-live§{,= 245.5 (1.2)-1Da andTy,= 75.38
(0.3) -16 a,k = 2, respectively [11]) withh= In2/T; /,.

The amount contents of Th and U and the final agdraceable to the Sl and their combined
standard uncertainties were determined by idengfyand quantifying the sources of

uncertainties for IDMS according to the ISO/BIPMi@uto the Expression of Uncertainty in

Measurement (GUM).

3. Selection of material, preparation and characterisaon

The uranium age dating reference material IRMM-10@8 prepared from a mixture of low-

enriched uranium dioxide pellets of three differengin: one natural uranium (from Sweden)
and two slightly enriched uranium (at ~ 6% from Hklastan and at ~ 3% from Germany),
resulting in a relative mass fraction(***U)/m(U) of 3.6% in the base material. The mother
solution used for the separation contained aboug 20 uranium in 3 M HN@ from which

an aliquot containing about 6 gram of uranium wseduo produce the reference material.

Most of the instrumental methods and analyticalcpdures for the preparation and
purification of a uranium reference material (UsiF§VA resin) and associated and ICP-
MS measurements have been fully describe8jrfor a (highly enriched) uranium-based



radiochronometry reference material. Therefore, rtteghodology is only briefly described
here and the preparation steps and measurementsgateghted when different from the
method used i8], hence relevant for the production of the IRMM-1000

Note that one chemical separation of the uraniurtenz requires a full day of laboratory
work from the evaporation of the sample, subsequdiasolution and weighing, the
chromatography to separate Th from U with interragmy-spectrometric measurements of
the recovered fractions, and finally evaporatiothef sampl€8].

The separation of the thorium from the slightlyielmed uranium bulk matrix was done by
extraction chromatographic separation applying TE¥Sin, in a "sandwiched-column”
containing silica-gel, thereby allowing as well {@tactinium separation from the uranium
material. However, the certified production datelRMM-1000 has been established after
complete separation of thorium decay products,ethi®mo guaranteed complete separation
from the Pa daughter. This means that when usiegP&/U chronometer, the certified
reference value of IRMM-1000 can be used as ingheatalue.

The separation was carried out in four consecusgaration steps, and for each step the
solution was divided into 16 aliquots and loadedlénseparate extraction chromatography
columns Fig.1).

U0, (3.6% 233U)
6 g U in total

1 mg 232Th
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Figure 1 Four-step chemical separation using TEVA resin of the thorium from the uranium base
material to ensure efficient Th removal from the uranium matrix (U/Th separation factor > 10).

In order to ensure homogeneity of the sample througthe whole process, the uranium
eluates from the sixteen columns were combined atieh separation step, measured/by
spectrometry and evaporated overnight.

As the final separation factor and uranium recovargy very important to determine the
thorium/uranium separation efficiency (i.e. the gbeteness of the U/Th separation) and
qguantify the effective recovery of uranium, measugats of the recovered U fractions (four
batches A, B, C and D) were performed usyrgpectrometry between each of the chemical
separation using the well-resolvggheaks of the short-livet?*Th (Ty,= 24.1 days) and the
239U (at 185.7 keV) respectively [7].



Moreover, a naturaf*’Th tracer (1 mg of a Custom Claritas Standard vaithotal Th
concentration of 1000 +ug/g, k=2) was added to the solution before the secondiclad
separation in order to determine later on by ICP-#& residual thorium in the reference
material after the last chemical separat{fig.1). Then, the procedure of chromatography,
weighing and/-spectrometry was repeated as described above.

The fourth and last chemical separation correspundo the "production date", i.e. the
reference value of the material, was carefully réed as dd/mm/yyyy and time. After this
separation, the final purified solution was aliqeebinto cleaned PFA vials: altogether 108
units containing about 20 mg of uranium and 53sundntaining about 50 mg of uranium
were prepared. The aliquots were evaporated andirkegolid form in the capped and sealed
vials.

Table 1 summarises the results obtained from the diffeyameasurements (between each
separation and after the final separation) for tin@nium recoveries using tHfé>U and
separation factors using tR&Th. These resultsTa@ble 1) proved that the ‘target value' was
reached, with an overall U recovery of 83.7% + 0.@#®ative standard uncertainty) and a
cumulative U/Th separation factor (i.e resultingnfr the four successive separations) better
than 2.77 x 10+ 0.93 x 10 (standard uncertainty) attesting of the effectjuahtitative
recovery of uranium in the final reference mateaiatl of the efficiency of the separation of
Th from the uranium material.

The completeness of the removal of thorium from ithigal uranium material was further
confirmed by the measurements of the Th amounteocbnand isotope ratio by mass
spectrometry using ICP-MS and tfféTh tracer that had been added to the uranium sample
after the first separation. Based on this measungntiee final (cumulative) U/Th separation
factor was found to be higher than 1.81%, Hut still fulfilling the 'target value' with thium

in the purified solution being less than 0djg uranium.

Note that other impurities in the final U matenare measured as well by the ITU Analytical
Services but were identified to be insignificant ioee determination of the age.

Table 1 Summary of the uranium recoveries (based on y-peak of 2°U) and separation factors based on
y-peak of *Th and on ICP-MS measurements of the total Th (traced with ??Th) for each of the four
chemical separations and total separation factors (cumulative, i.e. from steps 1 to 4). Reported
uncertainties are standard uncertainties.

Separation steps U recoveriestU) SF from Th/U SF from total Th
1 95.0+0.4 % 714 £ 126 714 + 126
2 94.9+0.4% 22+4
3 96.2+£0.5% 24 +4 25366
4 94.4+0.4 % 75+ 12
Cumulative 83.7+0.3% 2.8x10+ 0.9x10 1.8x10

2 Note that for the first step no separation factor can be calculated based on “*Th since it is only
introduced in the sample after the first step. It is therefore assumed to be equal to the separation
factor based on the y~determination of the U/Th ratio.

Based onthe cumulative U/Th separation factofaple 1) and the known initial
n(>°Th)/n(***U) amount ratio in the uranium base material, aesidual amount of*°Th
present after the last chemical separation can diena&ed. This can be done from
measurements by ICP-MS of th&**°Th)/n(***U) amount ratio in the purified uranium
material directly after the last separation, b #mount of*°Th is often too close to the
detection limit to be accurately measured. Thegefby applyinggq. 3, the residuaf*°Th in



the reference material can be expressed as a titchevas found to be less than 1.3 hours in
IRMM-1000.

Finally, the uncertainty on the production dateoaf uranium age-dating reference material
includes the uncertainty on the date of the laginghal separation (i.e. the time interval
bracketing the exact time of the last elution offidm the U material ) and the uncertainty
coming from the residual thorium measured in thalfpurified uranium material. The elution

of thorium lasting about 3 hours, the uncertaimytize last elution time of the Th from the U

material was estimated to be 1.5 hours in ordectmunt for the whole thorium elution time.

Finally, the combined standard uncertainty inheterthe production of the reference material
was estimated to be 0.08 daksX).

4. Confirmation measurements of the certified referene value

After ingrowth of Th in the U reference materiahfiomation measurements were carried out
following ISO Guide 34 to assess if the measuredla@gresponded to the known production
date. This confirmation step consisted of the asialgf 6 randomly selected 20 mg out of the
161 IRMM-1000 units. The 6 randomly selected 20 ungs (referred as A, B, C, D, E, F)
were first dissolved. The expected U concentraitiotihese samples was ~ 10 mg/ml of total
U and should correspond to an amount of ~ 1 p§*@th per sample 7 months after the
production of IRMM-1000. Subsequently, aliquots everepared gravimetrically and by
dilutions from the 2 ml dissolved samples in orttemeasure the U isotopic composition
using TIMS, the U concentrations by ICP-MS (and ti®rium isotope ratios and
concentrations with ICP-MS. For the isotope dilntmeasurements,?aU spike was used to
determine the uranium amount content, whereas tffereht natural Th spikes{€Th) were
used to determine the thorium amount con{&ht With each of the 6 units, a procedural
blank (using 2 ml concentrated HMOand an unspiked sample were prepared as well.
Procedural blanks were measured before each measotreeries and amount contents in the
samples were corrected for the respective braakdilanks. The unspiked samples were
measured with each corresponding measurement sereder to establish,Rin the IDMS
equation Eqg. 2).

After evaporation, the thorium and uranium fracsiomere recovered in 4% HNQo be
measured with the double-focusing magnetic se@®-MS, Element 2. The detailed mass
spectrometric parameters and corrections applied flle measurements of the
n(Z°Th)/n(***Th) andn(***U)/n(**U) amount ratios are described[&).

Based on thé&*’Th and®*®U amount contents determined by IDMS applyitgy 1-3 the ages
from the six selected units and their associatgzheded uncertaintie<2) were calculated
according to ISO/BIPM using the GUM Workbench Seaite[12]. The calculated age values
reported inFig.2 were then compared with the known elapsed timedst the production of
the reference material and the last chemical séparearried out for this study. The date of
the separation of the first batch A was taken asréfierence date hereafter referred to as the
"known age". Since the reference value, i.e. trecegroduction date of IRMM-1000, cannot
be revealed yet, the age values, calculated in, dagspresented in this study normalised to
the known ageKig.2).

A good agreement of the calculated ages per sungts, the average age and the known age
was establishedF{g.2); successfully confirming the completeness of skparation of the
thorium from the uranium during the production loé uranium reference material. Note that



the associated uncertainty of the known a§ey.p) combines the uncertainty on the
production date as given in the previous secti@n,d.08 dayskE1), and the uncertainty of
the reference time of the Th/U separation for 8tigdy and is therefore of 0.21 daysZ).
Finally, the uncertainties on the calculated agd® tinto account the performed replicate
measurements (standard deviation), thereby reguhiran expanded uncertainty of 4.6 days
(k=2) on the calculated average age.
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Figure 2 Final ages obtained for the 6 units selected for the characterisation study (blue), their
average (red) and the known age based on the reference value (burgundy) with their expanded
uncertainties (k=2).The age values are here normalised to the known age.

5. Homogeneity study

The homogeneity study took place about 14 monthker dfie production of the reference
material. For the homogeneity test, 10 units (2@ing and 5 of 50 mg uranium units) were
randomly selected among the whole batch of IRMMELOthe 20 mg uranium samples were
referenced from A to E and the 50 mg uranium sasnijpten F to H.

The randomly selected units of 20 mg and 50 mgiunanin dry form, were first dissolved
and subsequently the same measurement proceduresappglied as for the confirmation
measurements described in the previous sectiontog#ther 10 units/series of 3 replicates
were prepared together with an unspiked sample gatth series and 8 procedural blanks,
resulting in a total number of 48 samples to besuesl for the homogeneity study.

The chemical separations were performed for eaghatlat consecutive dates. Therefore, the
separation for the first series of samples is dersd as the reference date for the comparison
of the final results. The thorium fractions wereased with HR-ICP-MS in a randomised
order as follows: I, D, B, J, C,H, F, G, A, E.

Applying Eq 1-3 on the determined®’Th and?**U amount contents, the 30 ages for the
selected units and their associated expanded anués k=2) were calculated according to
ISO/BIPM using the GUM Workbench Softwaf&2]. The results from the homogeneity
study for the calculated ages per selected unitv@dlQes) are presented Kig. 3 in the

chronological order of the ICP-MS measurements. dlexlap of the average age value with



the known age, as well as with all the individugd aalues confirmed the homogeneity of the
complete IRMM-1000 batch.

The final evaluation of the homogeneity was cared using an ANOVA Single Factor
analysis (analysis of variance) on the 30 age gal8€rh replicates x 10 units). No trend was
observed in the results related to the chronoldégioder of the analysis and measurements

(Fig.3).

The ANOVA analysis allows the separation of the hodt variation $.,) from the
experimental averages over the replicates measum@uke unit to obtain an estimation for the
real variation between units,f). The relative standard uncertainty for methodeegability
(sw) was 0.43%. The absolute expanded uncertaintyitigggirom the homogeneity study
was 7.8 dayskE2). This uncertainty will be the major componehthee expanded uncertainty
of the reference value of IRMM-1000.
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Figure 3 Calculated ages obtained for the 10 units selected for the homogeneity study (blue), their
average (red) and the known age based on the reference value (burgundy) with their expanded
uncertainties (k=2). The age values are here normalised to the known age.

6. Conclusion

Combining the complementary capabilities of two JRE&titutes enables the conception,
preparation and certification of the first ever nitem reference material certified for its
production date. The release of this new referameg¢erial, IRMM-1000 responds to a
demand expressed by the Nuclear Forensics Intenatlechnical Working Group (ITWG)
and laboratories in the field. The results from wWeefication and homogeneity studies both
confirmed the completeness of the chemical separat thorium from uranium in IRMM-
1000, and were fully consistent with the date ef tthemical separation. Moreover, these two
studies demonstrated the accurate characterisaftibws material and the reference value as it
will be given on the reference material certificeteld/mm/yyyy + daysk=2).

This new reference material is certified for thedurction date in uranium age-dating and can
be used in applications such as nuclear forensézsrity and safeguards using ti&J/~°Th
parent/daughter paiPrior to the release of IRMM-1000, first the loregrh stability study
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needs to be finalised during summer 2014 and ségdhd result reporting for the Regular
European Inter-laboratory Measurement Evaluati@mgamme (REIMEP-22) called "U Age
Dating - Determination of the production date afranium certified test sample" and based
on this material needs to be closed [13]. The foedtreference material IRMM-1000 should
be available in 2015.
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