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Abstract:

A new Thermal lonization Mass Spectrometer (TIMB3lgtical procedure was developed to measure vigth h
accuracy the zirconium isotope abundance and ctratimm without molybdenum correction in nuclear
samples. A zirconium selective separation using WAEolumn was used before the TIMS measurement in
order to remove all possible isobaric interferen@de, Y, Nb and Ru) in the solution. The separadetiition
was then deposited onto a filament previously caggd for 4 hours to reduce the molybdenum tracéken
filament. Then, the filament was introduced inte TIMS source and was maintained for 4 hours atreent of

5 A (ionization filament) and 1.2 A (evaporatiolafnent) in order to eliminate all molybdenum trgcesent in
the filament and in the sample. This methodolodgvedd the zirconium isotope abundance determination
without using the molybdenum interference correctguation. The analytical results obtained withagural
solution after separation is in good accordancé wie reference values: bias lower than 0.16 %Her%zr,
917r, %zr and**Zr isotope abundance, and a bias of ~0.8 % fomih®r isotope ¥Zr) were observed. This
zirconium abundance determination methodology v&esl won three nuclear samples. Then, the calibrafien
%17r spike solution was performed by reverse isotdipetion using a SPEX standard zirconium solutidhe
zirconium concentration determination was then qrened on the three nuclear samples by isotopeidatilut
using the SPEX standard zirconium solution and’tAe spike solution. The final uncertainties werdraated

to be lower than 1 %.

1. Introduction

Determination of zirconium concentration and iset@bundance is important for different applicatiesnsh as
life science [1], geology [2—-6], environment [7frénsics [8] or nuclear field [9-13]. In nuclearphgations,
zirconium is used as a construction material inearcreactors [14] and is a fission product: thdigactive®*zr
isotope is produced mainly by nuclear fission @nimm-235 in nuclear fuel. During the treatment esad/cling
of spent nuclear fuel, the first step is the shepwhere the fuel rods are cut into small piecéss $tep involves
the separation between the spent fuel and the idgddaterial, made of zirconium alloy which hasoavl
solubility in a nitric acid media [15]. The disstihn of the spent fuel is effective in hot nitricie media. The
apparition of dissolution fines, in particular afnium and molybdenum, can clog the dissolverrduthe
dissolution process or affect the extraction pred26,17]. Thus, the accurate zirconium isotopelysis is
required to determine its origin (construction miafeor fission product) and to understand the eacprocesses
undertaken. Also, the accurate determination of Zineonium concentration is of prime interest foaste
management.

Several studies for zirconium isotope measuremene theen reported in literature. They are mainlg tw
principal techniques used for this kind of measwemmultiple collector-inductively coupled plasmaass
spectrometer [2—4,9,10] (MC-ICP-MS) and thermaization mass spectrometry [1,2,5,6,8,18-20] (TIMS).
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TIMS is a reference technique for isotope measunéffzl—23]. TIMS allows reaching isotope ratio witlgh
measurement trueness and precision. Another adyawofathe TIMS is the possibility to perform contration
determination with low uncertainty, better than 1 #anks to the use of isotope dilution [2,19]. Quiethe
major difficulty of zirconium measurements by TIMSthe low ionization efficiency of zirconium due its
high ionization potential (6.84 eV) [2]. Also, TIM&alysis requires an isobare pure fraction ofefleenent of
interest. Zirconium is mostly interfered by molybden. This is the reason why some separation methads
been developed in order to extract or eliminate th@ybdenum [24-30]. Some TIMS studies corrected
mathematically the molybdenum interference by aarfarence correction equation [1,8,12,18]. Newaebs in
the nuclear industry, the molybdenum isotope abmcglds generally unknown and vary from a sample to
another making the use of the interference comraguation difficult.

This paper presents an analytical procedure degdldpr the zirconium isotope abundance and coragorr
determination using TIMS for nuclear samples canitej a high amount of zirconium. After a brief degtion

of the separation procedure on UTEVA resin, a tiadlescription of the methodology developed toambt
accurate zirconium isotope abundance without mapldh interference correction equation is reporidue
results obtained with a SPEX solution are discusseticompared with previous data found in thedii@e. The
procedure was then applied to three nuclear sanmiplesder to determine the non-natural isotope dhune.
Also, the®'Zr spike solution preparation and calibration aiscassed. The zirconium concentrations in three
nuclear samples were determined by isotope dilutimrder to obtain the best accuracy.

2. Experimental
2.1.Materials, reagents and samples

All solutions were prepared using polypropylenaskis except for the zirconium solutions, which werepared
in PFA vials.

4 M and 8 M nitric acid solutions were prepared dijgting high purity nitric acid (Merck, Suprapuwith
deionized water (resistivity: 18.2@%icm).

For the separation protocol, a (4 M /0.1 M) HC,0, mixture was prepared by diluting high purity ridtri
acid with deionized water and by weighing oxalidatihydrated (Fluka). A (7 M/ 1 M) HN§HF mixture was
prepared by diluting high purity nitric acid anddngfluoric acid (Merck) with deionized water. A N6 Al®*
solution was prepared to complex the fluoride pmese some nuclear samples before the separatibis T
solution was prepared by dissolving aluminium nérgMerck) with deionized water. The UTEVA resin
(Triskem) (100 — 150 um particle size in 2 mL p@ged columns) was used in the separation protacol
order to obtain a pure zirconium fraction.

A high precision balance (Mettler-Toledo) was usegrepare all the solutions.
2.1.1. Standard solutions

High purity zirconium and molybdenum standards wesed to prepare the simulated solutions (sectibr3B
They were prepared from single element ICP SPEXitisol (1000 mg.[! +0.5 %, k=2) diluted with
appropriate amounts of 8 M nitric acid solution afedonized water in order to obtain a final solntiat 4 M
nitric acid.

For the first series of test of zirconium isotopEmposition (section 3.1.1 and 3.1.2), a solutior aty.p
(+ 10 %, k = 2) was prepared by evaporating 50®@fithe SPEX solution at 1000 mg‘land then redissolving
it with 100 pL of 4 M nitric acid.

2.1.2. Preparation of the enrichér solution

The zirconium spike solution was prepared by disagla®'Zr enriched (95.30 %) non-radioactive Zrgbwder
provided by Eurisotop. The Zspowder was dissolved in a (7 M / 1 M) HMOHF mixture heated at 120 °C in
a PFA vial during 2 hours. The solution was agiadering the entire dissolution process. Once ibgotlition

2



was achieved, the solution was diluted in ordemkbdain a HNQ@ concentration of 4 M and a zirconium
concentration around 10 ud.¢this solution is hereafter referred to%&r spike solution). The concentration of
this ®Zr spike solution was then determined with highumacy by isotope dilution.

2.1.3. Particularity of the nuclear samples

The developed methodology was applied to threeeandamples to determine the zirconium isotope ddmoe
and concentration. These samples came from theldiss of solids obtained in the dissolvers durithg
reprocessing of spent nuclear fuel.

These three samples, received in liquid form, waiheted with 8 M HNQ and deionized water in order to
obtain a zirconium concentration around 100 rifgatith a HNQ, concentration of 4 M. Sample 1 was the most
challenging in terms of separation: the Mo/Zr carication ratio was close to 2.5. Zr of sample 1 essentially

a fission product. Sample 2 had a Mo/Zr concemtnatatio close to 0.03. Finally, the ratio was elas 1 for
sample 3. Zr of sample 2 and 3 was essentiallyed$tom the construction material. The other majements

in the samples were Na and B. U, Pu and some Iaidids were also present in lower quantities. An-{@ES
analysis showed the samples were free other pessit#rfering elements for the zirconium isotopalgsis
such as yttrium (< 25 mg}) and ruthenium (< 1 mg}).

2.2.Separation procedure

The zirconium isotopes to consider &tar, *Zr, %zr, ®zr, **zr and®zr. Zirconium is potentially interfered by
the molybdenum isotop€dMo, *Mo and®*Mo, the radioactive yttrium isotop8Y, the niobium isotop&Nb
and the ruthenium isotop&Ru. High accuracy zirconium isotope measurementd IS require a sample
preparation to remove isobaric interferences. Tthese a separation step conducted on a UTEVA colwas
necessary. The operating procedure developedsmitiik is summarized in Figure 1.

The fluoride present in the sample was neutralizgdhe addition of a small quantity of Al(molar ratio
Al/F = 1). 5 mL of the zirconium sample at a cortcation of about 100 mg:t.(500 pg) was directly loaded on
the column, previously conditioned with 5 mL of 4WMNO;. During this feeding step, the zirconium was fixed
on the UTEVA resin. The column was then washed vithmL of 4 M HNQ in order to eliminate all
interfering elements. Finally, the zirconium wastet! with 5 mL of (4 M /0.1 M) HN@H,C,0, mixture. This
solution was evaporated and redissolved with 100fuHNO; 4 M in order to obtain a Zr concentration around
5 pg.uLlt (= 20 %, k = 2). 1 L of this solution was therpdsited onto the filament.

2.3.Instrumentation

Isotope measurements were performed on a Thernemt8i Triton Thermal lonization Mass Spectrometer
equipped with a glove box. The analyzer is a lowohation magnetic field (resolution around 400).eTh
instrument used for the experiments is equipped witmovable Faraday cups with high-ohmic resistors
(10" Q). The Faraday cups were positioned to collecstheirconium isotopes present in nuclear sam@6s (
91, 92, 93, 94 and 96) and one non-interfered mejotope of molybdenum (95) in order to control the
molybdenum contamination. The measurements welieeddan multi-collection mode. Intercalibrationiga of

the faraday cup detectors were measured daily lutomated process. The gains were extremely statiiea
repeatability lower than 0.001 %.

A double Re-filament configuration was used to oointndependently the evaporation and the ionizatio
temperature. These filaments, provided by ATES obtained from a 99.995 % pure Re metal. 1 puL aftem
was deposited onto the filament previously outghsgdter deposition, the sample was dried with & A.
current. Then the current was progressively in@édsom 0.5 Ato 2 A in 10 s and was maintained atfor 5

s.

2.4. TIMS analysis



Two different TIMS analytical procedures were uded the zirconium measurement. The total evapomatio
method was used for the concentration determindtjoisotope dilution and to certify tHéZr spike solution.
For the isotope composition determination of thelear samples, a modified classical method was @yept
the zirconium procedure.

2.4.1. Total evaporation method

The TIMS total evaporation method was developeadrder to overcome the mass fractionation by catgcall
the ionized isotopes of the whole sample [31].

The method employed in this study was previouslgcdbed and was transposed to zirconium [21]. “Peak
center” (mass calibration and ion beam centerintfpégndetector) and lenses optimization were redlimeng the
major zirconium isotope®Zr* for the SPEX solutions isotope determinations ane nuclear samples
concentration determinations ofZr* for the enriched®Zr spike solutions isotope and concentration
determinations. The zirconium isotop&r* or 'Zr* target intensity was adapted depending on theysisallt
was typically of 7.5 V of*Zr* for °Zr spike solution isotope composition and conceiumadetermination, 4 V

on zr* for the SPEX solution isotope composition deteation, 3.5V for samples 2 and 3 concentration
determination and 1V for sample 1 concentratiotemhgination. Data acquisition was ended when the
evaporation filament current reached a maximumevalu6.5 A and the ion beam intensity decreasedchdova

10 mV signal.

The total evaporation method was employed to meather molybdenum non-interfered isotope rati@s/*°zr

and %*zr/°°Zr for the concentration determination by isotopkitibn. It was also employed for the isotope
abundance determination of the SPEX solution andHe certification of thé'Zr spike solution in which the
molybdenum contamination isotope abundance wagaiatua this case a molybdenum interference coiwact
was necessary. The molybdenum isotope compositiggiagred was the one proposed by Wieser et De Laeter
[32].

2.4.2. Modification of the classical method: the zirconipnocedure

In the classical method, the different isotopesamiéected in a limited period of the sample evapion. The
isotope ratios are then corrected for mass fraation, the main cause of measurement bias [31h33])sing an
internal or external normalization. Mass fractiomat was corrected using the mass fractionationofact
determined for the non-interfered isotope rdtier/*°zr with a SPEX solution analyzed in the same camakt
The reference values considered were the one peblisy Nomurat al. (Table 1) [18].

The classical method employed in the laboratorywsgiba bias between 1.9 and 25 % for the threefémest
isotope ratid?zr/°°zr, %zr/*®zr and®zr/*°zr. Zirconium is mostly interfered by molybdenumgurities present
in the separated solution and in the filament. irterference correction equation, generally usegravious
studies [1,8,12,18], was not relevant for the naicleamples isotope analysis due to the presenocelaiown
molybdenum isotope composition. To minimize theeefffof molybdenum impurities, a methodology was
developed (hereafter referred to as the zirconiuotedure). The major modifications were improvimg t
outgassing of the filaments and adding a delayrbefioe measurement. 5 ug of the Zr analyte wassgitepo
onto a filament outgassed for 4 h at 4.5 A (befeaching 4.5 A, the current increased at 2.0A/rmm high
vacuum chamber (< 5xfOmbar). Then the filament with the deposit was iitegkin the TIMS turret. After
reaching a high vacuum in the TIMS source, theziatndn filament and the evaporation filament wesathd to
a filament current of 5 A and 1.2 A, respectivety, 10 min. These filament currents were then maieth for 4
hours. During this phase, the zirconium was nopevated and the molybdenum impurity eventually @nésn
the sample was eliminated [8]. Then, the ionizafilament current was adjusted to 5.5 A. Next, ¢élsaporation
filament was heated up to obtain the major zircomisotope {°Zr* or Zr") ion beam of 10 mV. “Peak center”
and an optimization of the lens were realized. drézation filament temperature was adjusted ineorth
obtain a cumulated signal on all the zirconiumasgets of 1 V. Electronic baselines were then medspirier to
data acquisition. The evaporation filament was rletd to keep the ion beam intensity constantingyeasing
the evaporation current when necessary. Each naasut corresponded to 7 blocks of 15 cycles. Egclec



included 5 integrations with an integration timelo$ for each isotope. An idle time was fixed at. 1A “peak
center” was realized after each block.

2.5.1sotope dilution

The zirconium concentration was determined by getdilution. The equation for the concentration
determination of a sample with a major isotoperrefbas Y is:

_ mr o Ms o ®r )= Cr
[ZT']S - [Zr]'r X s X mr S (s 1_(Y/X)Mixx(X/Y)S (1)

Where T refers to the tracer used with a majoojgetx, Mix refers to the sample-tracer mixture &kfers to
the sample; m are the masses involved in the n@ixtMr are the atomic weights, (X) and (Y) are thetape
abundances of each major isotope, X/Y and Y/X lagggotope ratios.

2.6.Results evaluation and uncertainties estimation

Bias, or measurement trueness, was calculatedctiatfollowing formula:

Bias(%) = % x100 ©)

Where Z is the experimental value aweflis the reference value given by Nometal. [18].

The precision of the different method and analysis evaluated by computing the Relative Standardafien
(RSD).

Due to the small volumes of nuclear samples auail&dr analysis, only one or two independent sefmara
were realized. The precision evaluation given iy RED was not representative in this case. Thdtsesere
compared using the relative difference (% diff\vietn the two values expressed in percentage:
. [V1—V3|
% dif f = = X 100 3)

2

Where \; and \, were the results obtained for the two separations.

The uncertainty estimations of the isotope ratind sotope abundances were calculated taking iotoumt
different uncertainty components: the uncertairftthe natural zirconium isotope reference valueSlomuraet

al. [18] used for the isotope fractionation correctiand the method bias calculation, the repeatability
uncertainty, the method bias and the molybdenuntofgo abundance uncertainty when the molybdenum
interference correction equation was used [32]. Tingertainty due to the bias, which could not kseased for
the nuclear samples and tH&r spike solution, was estimated in regard of ttas lobserved for the experiments
involving natural zirconium. All the uncertaintytesations were expressed at k = 2.

The uncertainties in the concentration of zirconivas estimated by combining the uncertainties feach term
in equation (1) [34].

3. Results and discussion

3.1.Zirconium isotope abundance determination methagpoloalidation on natural isotopic
composition samples (SPEX solutions).

In order to validate the methodology, the followiegperiments were performed: natural zirconiumapet
determination using the total evaporation method #re zirconium procedure. The zirconium proceduas
then tested after separation on Mo/Zr simulatedti&ni. The results are summarized in the TabledLiarthe
Table S1 in the supplementary materials.



3.1.1. The total evaporation method

In order to confirm the natural zirconium referencalue and the total evaporation method using the
molybdenum interference correction equation, 8oijget compositions were determined in three different
sessions over three months. The values obtaineid gmod agreement with the reference value of Naratal.

[18] (Table 1 and Table S1 in the supplementaryenies). The biases obtained were lower than Ofbr9the
four major isotopes®Zr (0.06 %),%Zr (0.07 %),°%*Zr (0.01 %) and“Zr (0.07 %). A higher, but still acceptable
bias (0.38%) was observed for the minor isotSge

3.1.2. The zirconium procedure

Seven measurements with the zirconium procedure wealized in three different sessions over onetimon
(Table 1 and supplementary materials Table S1). RB® and the bias showed results similar to the one
obtained by the total evaporation method. The edton of the relative uncertainty (k = 2) for thauf major
isotope abundancé’zr, Zr, zr and®'Zr) was between 0.21 % and 0.52 %. The bias andepeatability
represented the major component in the final uagest. A degradation of the relative uncertaintyireation
was observed for th&Zr isotope (1.52 %, k=2). The degradation of thaskind the repeatability explained this
increase. It is important to note that, comparethéototal evaporation method, the zirconium procedllowed

a significant decrease of the molybdenum interfeeeDuring the measurement phase, o signal was
lower than 1 mV for all the measurements of thislgt

The values obtained using the zirconium procedueeira good agreement with the reference value aed t
uncertainties are acceptable in comparison togfezence zirconium isotope determination methodchvis the
total evaporation method using the molybdenum fatence correction equation (Table 1 and TablerSthe
supplementary materials).

3.1.3. SPEX zirconium isotope composition after the setargprocedure

Three solutions were prepared to simulate the gitco and the molybdenum present in the nuclear EEmp
The final matrix was 5 mL of 4 M HNO The zirconium and molybdenum concentrations @etypely
100 mg.L* and 350 mg.L respectively) were chosen to be the most unfaverahse that we observed in the
analyzed nuclear samples: the Mo/Zr concentrattin was equal to 3.5.

Three independent separations were realized usiegptocedure described in section 2.2. After sejoara
evaporation and redissolution, 1 pL of the solutimmund 5 pg of Zr) was deposited onto an outgbenent
and analyzed with the zirconium procedure. The oulogy is summarized in the Figure 2.

The RSD, the bias and the uncertainty estimatitwesved results very close to the one obtained byditet
analysis of the SPEX solution with the zirconiunoqgadure (Table 1 and Table S1 in the supplementary
materials). The results obtained on the simulated-nadioactive solutions validated the methodologgd to
determine the zirconium isotope composition inrtbelear samples.

3.2. Spike solution calibration

After the dissolution of the ZrOpowder enriched i'Zr isotope (section 2.1.2), tHéZr spike solution was
diluted. The zirconium isotope composition of te@ution was carefully measured and its conceoinatvas
determined by reverse isotope dilution using a SB&Xdard solution.

3.2.1. Isotope composition ofZr spike solution

The %Zr spike isotope abundance was certified by thal tevaporation method using the molybdenum
interference correction equation. The results ammsarized in the Table 2 and Table S2 in the supphtary
materials. 12 independent measurements were maddhm/course of a month in groups of three measemes

at a time.The values obtained are in good agreement withctréfied values. The repeatability and the
uncertainty estimation were close to the one obthior the natural SPEX solution analysis.



3.2.2. Concentration of th&Zr spike solution

From a SPEX solution at 987.1 + 4.9 |if.g diluted solution was prepared in 4 M HN@he concentration of
this solution was 9.022 + 0.046 pg.gThe values obtained by Nomueh al. [18] were considered for the
isotope composition of this SPEX solution (Table 1)

Six mixtures of the™'Zr spike solution and the diluted SPEX solution ev@repared with a high precision
balance and the respectiV&r/*°Zr ratios were determined by TIMS with the totahperation method. The
spike concentration was analyzed during two differeessions. The relative standard deviation o$eth&ix
mixtures was better than 0.20 % (Table 2). Theli®sbtained for thé'Zr spike solution concentration was
9.189 * 0.055 pgh(k=2).

3.3.Zirconium isotope abundance and concentration ohitt@tion in three nuclear samples
3.3.1. Zirconium isotope abundance

The protocol summarized in the Figure 2 was empldgedetermine the zirconium isotope compositiothia
three nuclear samples. The Table 3 summarize®#udts obtained for the three nuclear samples.

Due to a lack of volume for the sample 1, only saparation was performed. The zirconium in the $amas
separated using the separation procedure (seers&cfl). Two isotope determinations of the singlpasation
solution were performed by the zirconium proceddi@ble 3). During all the measurement the intenaitynass

95 was very small (< 0.1 mV) indicating that bdtle themical separation and the zirconium procedioged

to minimize the presence of molybdenum. The difiese between the two determinations was better than
0.14 %. The relative uncertainties estimations iabth for the isotope abundance were between 0.2h&6
0.36 % and were similar to the ones obtained 8PE&X solution.

Two independent separations were realized on timplsa2 leading to two independent isotope detertiina
with the zirconium procedure. The good separatficiency was verified by measuring the intensityneass 95
(< 0.6 mV). The isotope abundances obtained withttfo independent separations were close to onthemo
the difference was lower than 0.25 % for all thetapes except for th&Zr isotope (1.44 %). The relative
uncertainty estimations obtained for the isotopenalance were lower than 0.70 % for tgr, **zr, “°zr and
%7r and was equal to 1.36 % for tff&r. These uncertainties estimations were clos@eémnes obtained with a
SPEX solution for which the isotope abundancerislar. The relative uncertainty estimation of #i&r isotope
abundance was higher (3.18 %) due to a largerrdiit® between the two independent separationsesuil of
the weak abundance of this isotope.

As for sample 2, two independent separations lddvéoindependent isotope determinations with theoziium
procedure for the sample 3. Tfo intensity remained weak:(1L mV) confirming the separation efficiency.
The isotope abundance obtained with the two inddgminseparations were similar: the difference voaget
than 0.30 % for the isotopes from 90 to 94 and slatly higher for the isotope 96 (0.57 %). Thetdpe
abundance uncertainties were similar to those étsior the SPEX solution.

3.3.2.  Zirconium concentration determination by isotopletéin

The tracer used for the concentration determinatibrthe sample 1 was the diluted SPEX solution at
9.022 + 0.046 ug: previously prepared (section 3.2.2). First, thmsie was diluted using a high precision
balance in order to obtain a zirconium concentratimse to 40 pg:y Then, two mixtures of the diluted sample
1 and the SPEX solution were prepared. The mixtuae prepared in order to obtain a isotope raﬁ%ﬁr(QOZr
and 93Zr/gOZr) close to 1. First attempts showed the presendeteiferences in small quantity at mass 90,
probably due to the presence of yttrium traces.rdfbee, after two mixture preparations, the sepamat
procedure was realized (section 2.2). Thent8g°°Zr and®*zr/°°Zr ratios were determined by TIMS with the
total evaporation method and were both considenedrdler to obtain the final concentration (Table Bhe
individual results obtained with th&zr/*°Zr and®zr/°°Zr ratios are presented in Table S3 in the suppi¢ang
materials.



The RSD obtained for the four results (two for e&diope ratio) were equal to 0.03 %. The valuenfbior
sample 1 was 41.460 + 0.311 H§.6k=2). Uncertainty in the zirconium concentratioas estimated to be
0.75 % (relative uncertainty with a coverage factbk=2). The major source of uncertainty was theautainty
of the SPEX diluted solution concentration. Theitlal values, and the final uncertainty estimatabtained
using both isotope ratios'Zr/*°Zr and **Zr/°°Zr) were very close to one another: the difference fun t
individual concentration value was equal to 0.08T#4ble S3 in the supplementary materials).

Due to the fact that the isotope composition of glam2 and 3 were close to natural zirconium, theetr used
in these cases was tA&r spike solution (see section 3.2). First, the gamwere diluted in order to obtain a
zirconium concentration near to 10 pi§.ghen, three mixtures of the sample and e spike solution were
prepared. The mixture was prepared in order tohreac isotope ratio close to 1. TA&r/*zr ratio of the
mixture was determined by TIMS with the total eviagtion method. The results are presented in Table 4

For sample 2, the RSD obtained for the three miéguneasurements was 0.10 %. The value found fgpleain
was 9.4672 + 0.074 pg'g(k=2). For sample 3, the RSD obtained for the eéhnsixtures measurements was
0.22 %. A zirconium concentration of 13.027 + 0.1dgtg" (k=2) was found.

The relative uncertainty estimations obtained Far Zr concentration in nuclear samples 2 and 3 wquml to
0.78 % and 0.87 %; respectively. The uncertaintythef **Zr spike solution determined in the laboratory
accounted for 65 % of the total uncertainty.

4. Conclusion

This study presents an alternative TIMS analytin@thod to perform high accuracy zirconium isotope
abundance measurements on nuclear samples. Die pogsence of non-natural molybdenum in such sssnpl
a new methodology without the molybdenum interfeeercorrection equation was employed. A chemical
separation step combined with the developed methggo(zirconium procedure) reduces considerably the
molybdenum present during the TIMS analysis. Theulte obtained on simulated solutions are in good
agreement with the reference values publisheddadititrature. Hence, the validated methodology agdied to
three nuclear samples. The nuclear zirconium isotdqundance was then determined with low unceytaint

In order to determine the zirconium concentratigthviigh accuracy, &'Zr spike solution was prepared and
calibrated by reverse isotope dilution using a SREXdard Zr solution. The zirconium concentrati@s then
determined in the three nuclear samples by isatiipion using the SPEX standard Zr solution or ¥z spike
solution. The TIMS method combined with the isotajleition offers the possibility to determine zirdom
concentration in nuclear samples with an uncestastimation (k=2) better than 1 %.
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Table

| sotope ratio
Reference 17r°%zr 927v1°%zr “7r1°°zr %7r1°%zr
Nomuraetal. [18]  0.21814(22) 0.33324(13) 0.33779(21) 0.054%0(9
This study — TE 0.21785(45) 0.33304(79) 0.33734(157  0.05416(50)
This study — ZP 0.21818(38) 0.33440(155)  0.33976(26  0.05514(98)
This study — Sep 0.21787(48) 0.33361(64) 0.33794(98  0.05486(63)
| sotope abundance
Reference s 17y 927y %zr %zr
Nomuraetal. [18]  51.452(9) 11.223(12) 17.146(7) 17.380(12)  99(B)

This study — TE 51.483(75) 11.215(17) 17.146(25) .367(60)  2.788(22)
This study— ZP  51.348(146)  11.203(29) 17.171(37) 7.446(91)  2.831(43)
This study — Sep 51.433(66) 11.206(27) 17.158(25) 7.381(41)  2.822(31)

Table 1: Comparison of the isotope ratio and isotap abundances using total evaporation method (TE)
with those from zirconium protocol (ZP), and the ziconium protocol after separation of an initial soltion
containing Mo at 3.5 Mo/Zr ratio (Sep). Expanded ucertainties at the 95 % level of confidence are stad

(k = 2). The isotope abundances are stated as at@arcent.

| sotope abundance
Reference 90 91 92 94 96
Analysis 2.26 95.30 1.86 0.52 0.06

certificate
This study - TE 2.266(12) 95.335(81) 1.813(10)

0.526(4)  0.060(1)

Concentration

Mean (ug.d) 9.189
RSD (%) 0.18
U (%) 0.59

Table 2: Comparison of the isotopic composition meaured by TE and concentration with certified values
Relative uncertainties at the 95 % level of confidece with a coverage factor of k =2 are indicated. fie

isotope abundances are stated as atom percent.
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z¢ 1zr 927y 97¢ %zr %zr

Sample 1

Mean 4.034 16.407 17.723 19.432 20.861 21.543

% diff 0.14 0.09 0.11 0.03 0.04 0.11

U (%) 0.35 0.29 0.26 0.28 0.24 0.36
Sample 2

Mean 50.657 11.218 17.249 0.318 17.459 3.099

% diff 0.11 0.02 0.02 1.44 0.25 0.06

U (%) 0.34 0.26 0.20 3.18 0.68 1.36
Sample 3

Mean 48.621 11.397 17.324 1.082 17.639 3.937

% diff 0.12 0.09 0.10 0.30 0.18 0.57

U (%) 0.34 0.32 0.28 1.49 0.58 1.77

Table 3: Zirconium isotope abundance, relative diffrence between the two determinations (% diff) and
relative uncertainty estimation, U (%), at k = 2 fa the three nuclear samples. For sample 1, two depits
of the same separation solution have been analyzeBor sample 2 and 3, two independent separation

solutions have been analyzed. The isotope abundascere stated as atom percent.

Sample 1
Concentration (ug:H 41.460
RSD (%) 0.03
U (%) 0.75
Sample 2
Concentration (ug:H 9.4672
RSD (%) 0.10
U (%) 0.78
Sample 3
Concentration (ug:H 13.027
RSD (%) 0.22
U (%) 0.87

Table 4: Zirconium concentration in ug.g* for the three diluted nuclear samples. The unceriaty

estimations (U) are expressed at k = 2.
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Figure

AlNO)s [HNOZ =4 M

[HNO, =4 M +
3) [H,C,0,]=0.1M

N———

[ Zr, Mo, Y, Nb, Ru, [HNQ] = 4 M

UTEVA
Pre-packed
2 mL column

1)
+ 3)

Mo,Y, | @ .
Nb, Ru '

Figure 1:Diagram of the separation procedure for Zrpurification
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Matrix adjustment of the sample?
4 M HNO; — Zr = 100 mg.L*

Y

Separation procedure (figure 1)

Y.
Evaporation of the elution
solution

Y
Redissolution with 100uL of
HNO;4 M

Y

Deposit of 1 uL onto a filament
outgassed for4 hat4,5 A

Insertion of the filament
into the TIMS

\4

Maintaining current filament for |
4 hat5A (ioni) and 1,2 A (eva)

4 I
Analysis by the classical method
with a cumulated signal on all the
zirconium isotope of 1V

. J

Figure 2: Procedure for the zirconium isotope measement after a separation applied to nuclear sampke
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