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Development and comparison of high accuracy thermal
lonization mass spectrometry methods for uranium

Isotope ratios deter mination in nuclear fue

Alexandre QuemétAlexandre Ruds Vincent Daliet and Cédric Riviér
'CEA, Nuclear Energy Division, Research Department of Mining and Fuel Recycling

“Onsite Laboratory Team, Nuclear Material Laboratory, Office of Safeguards Analytical
Services, Department of Safeguards, International Atomic Energy Agency, Tokyo
Regional Office, Seibunkan Bldg, 9F, 1-5-9 lidabashi, Chiyoda-ku, Tokyo 102-0072,
Japan

Abstract

This study presents the development and the cosgranf high accuracy methods for
uranium isotope determination by thermal ionizatroass spectrometry. Two methods
for uranium minor isotope ratio determination wex@mpared in term of accuracy,
analysable quantity, analysis time and versatility total evaporation and the classical
method with multi-dynamic sequences. The mathemlatiorrection of the abundance
sensitivity and the detector calibration within ttlassical method helps decreasing the
uncertainties and the biases compared to the @gtgdoration method. This comparative
study was conducted within the framework of theI2MWuclear Material Round Robin”

participation organized by the International Atorigergy Agency.
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I ntroduction

Uranium is the most essential element of the nudlea cycle. It is present at different
steps with different isotope composition: in uraniumine (natural uranium), in the
enrichment process (depleted and enriched uraniummihe fuel fabrication (enriched
uranium), in power reactor and in the reprocesgingcess (reprocessed uranium).
Accurate measurements for uranium isotope and otrat®n are necessary in the
nuclear field [1-3]. Knowing the isotope compositiand uranium concentration is also
of prime interest for safeguards and forensics gsep: the®>®U isotope abundance
indicates the enrichment level of the nuclear nigtethe >**U isotope abundance
determination provides information on the mateoiain and finally, theé”>®U isotope is

a marker of uranium origin (natural, fallout fromatear test or accident) [1,2,4,5].

One of the reference techniques for the isotop® nateasurement is the Thermal
lonization Mass Spectrometry (TIMS) [6]. Two TIMS easurement methods are
commonly used: the classical and the total evajoranethod [6-8]. In the classical
method, the different isotopes are collected imétéd period of the sample evaporation
and the isotope ratios are mathematically correofetthe isotope fractionation. Isotope
fractionation comes from an evaporation differetegween the light and the heavy
isotopes, causing a bias on measured isotope .ratidise total evaporation method (TE
method), the isotopes are collected during therergample evaporation. Thus, this
method is barely affected by the isotope fractimmatind is a reference technique for
major isotope ratio determinations lik8U/*U [1,2,7].

The analyses of thg*U/?*®U and®**U/?*U isotope ratios can be more complicated. First,
weak signals close to the detection limit make esteumeasurements difficult. The most
commonly used detector for isotopic analysis by $IM the Faraday cup coupled to a
10" Q current amplifier. This detector is highly stablelping reaching a high accuracy
measurementi.e. measurement trueness and precision). Howeverd#iection system

is not adapted for weak signals. The developmenthef 13° and 16°Q current
amplifiers helps improving the Faraday cup senigitiy1,9]. When the isotope
abundance becomes even lower, it is necessar\etother types of detectors such as the
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Secondary Electron Multiplier (SEM). The SEM impesv dramatically the TIMS
sensitivity [1,2]. However, the low stability of éhSEM makes low uncertainty
measurements difficult [1]. The abundance sensitiid another cause of bias for the
minor isotope ratios measurement: it is the coatiiim of the major isotope peak tailk(
233U or ?*%) to the minor isotope detectiong 2**U or 2%). The retardation filter
associated with the SEM decreases the abundansiiggnby 2 orders of magnitude,
improving the measurement bias [1,2]. It is alssgide to correct the abundance
sensitivity with a mathematical correction. In ticase, different measurement sequences
can be dedicated to the abundance sensitivity me@asmt. Also, abundance sensitivity
measurement requires the use of the classical whethmother possibility to overcome
the isotope fractionation and correct the peaknils the Modified Total Evaporation
method (MTE). This method consists in interruptitige total evaporation process
regularly to perform corrections and signal optiati@an [10]. This method has the
benefits of both the total evaporation method teroeme the isotope fractionation and

the classical method to apply corrections usingss\sequences.

ATALANTE is a nuclear facility of the French Alteative Energies and Atomic Energy
Commission dedicated to research on the spentanuitiel reprocessing process and the
management of long-lived radioactive waste. The AANTE analysis laboratory is
devoted to elemental, isotopic and physico-chenmaoalyses and nuclear measurements
applied to samples of medium and high activitytfee ATALANTE R&D programs. In
order to evaluate the laboratory performances angutrantee the result reliability for
the uranium isotope ratio and concentration deteation in diverse physico-chemical
forms such as pellets or dissolution solutions, [Hi®oratory participates to different
Round Robin Test (RRT). The present study focuseshe “2017 Nuclear Material
Round Robin” organized by the International Atoraitergy Agency (IAEA) which aims
at determining the uranium isotope ratio and mesgion in nuclear materials. The total
evaporation method using different detectors arel dlassical method using multi-
dynamic sequences for the minor isotope ratios ureagent are compared in terms of

accuracy, simplicity of use and analysis duration.
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Experimental

Materials, reagents and certified reference mdseria

All solutions were prepared using polypropylenakk except for the uranium solutions,
which were prepared in PFA vials. 3 mét land 8 mol [* nitric acid solutions were
prepared by diluting high purity nitric acid (MetcKuprapur) with deionized water
(resistivity: 18.2 M2.cm). A high precision scale (Mettler-Toledo, WX2B5) was used

to prepare all solutions. Weighings were repeatdelaat twice.

Analytical method validation for the uranium isotodetermination was performed on
the U015 Certified Reference Material (CRM) proddBy the National Institute of

Standard and Technology (NIST). The isotope contjposof this CRM and the RRT

sample are similar. This solution is certified foe ***U/?%U (0.00008634(92), k = 2),

23U/73%8U (0.015565(16), k = 2) arfd®U/*®U (0.0001666(10), k = 2) isotope ratios.

Sample preparation

Each participant of the “2017 Nuclear Material RouwRobin” received a uranium oxide
pellet (UQ) of about 5 g in a 20 mL HDPE vial (hereafter redd to as RTT sample).
The RTT sample is a uranium fuel pellet fabricatedrazil with a uranium isotope
composition close to a low enrichment uranium oxjlet before irradiation in
Pressurized Water Reactor [11]. The TIMS requireskiag with liquid samples. Thus,
the first preparation step was the dissolution e pellet. It was weighed and about
15 mL of 8 mol L nitric acid was added. This solution (pellet +initacid) was heated
at 135 °C in a PFA vial until complete dissolutiohhe pellet dissolution solution
(hereafter referred to as RRT solution), which haduranium concentration about
250 pg p*, was diluted with 3 mol T in order to obtain solutions of concentration

suitable for isotopic analysis: about 4 pgiand 1 pg pt.
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Thermal lonization Mass Spectrometer

The Thermo Fisher Triton TIMS used for the expentseand the deposit technique were
previously described in detail [12]. The TIMS isuggped with 9 Faraday cups (all are
movable except the central denoted C) which cacobpled to 18" Q current amplifiers
(9 are available and hereafter Faraday cups couwyitedl0"* Q amplifiers are referred to
as FC 11) or a ¥0Q current amplifier (1 is available and hereafteFaraday cup
coupled with a 15 Q amplifier is referred to as FC 12). 4 Faraday canespositioned in
low masses (noted L1 to L4) and 4 Faraday cupp@stioned in high masses (noted H1
to H4). The TIMS is also equipped with one fixedalete dynode Secondary Electron
Multiplier located behind the central Faraday ctpréafter referred to as SEM). The
SEM is combined with a high abundance filter (RPQ fRetarding Potential
Quadrupole). The SEM calibration was performed giie method described in [12].

Isotopic analysis methods

The total evaporation method

The TE method applied in the present study wasribestin details in previous work for
the 2°U/*®U major isotope ratio measurement [1,2,8,12]. Thantty of uranium
deposit was 1 pg. This uranium amount allows theumate determination of the
23U/2% isotope ratio in compliance with the Internatibfarget Value (ITV) [1,2]. The
238" jon beam target intensity was measured using & Fexclusively that was fixed
at 15 V whereas thé°U" ion beam was measured either by FC 11 or FC 12.

For the method validation, 6 measurements wereopedd using the FC 11 and the
U015 CRM. Afterwards, for the RRT sample, ffaU/?%U isotope ratio analyses were
performed using different detector configuratioBsanalyses were performed using the
FC 11 to collec®®U and®*®U isotopes, and 5 analyses were performed usin§he&2

to collect?®*U and the FC 11 to colle®. In fine the reported isotope ratio was the

average of all the measurements.
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The /2% and?*U/%%U isotope ratios were also acquired on the U015 GRM the

TE method at the same time as /U isotope ratio measurements. 3 analyses were
performed using the FC 12 to collect & isotope and the SEM to collect th&U
isotope and 3 analyses were performed using th&2R6 collect thé*®U isotope and the
SEM to collect thé*'U isotope.

Classical method with multi-dynamic sequences

The TE method is an accurate and simple analytiegihod for major isotope ratio
measurements (typicallj*®U/?*%U isotope ratio) [7]. However, the TE method has
limitations for the minor isotope ratios measureteehecause these measurements
require other corrections such as: the SEM caliimathanges in the peak centering and
focusing during the filament heating, or peak tgjlcorrections [6]. Hence, the classical
method is more adapted for minor isotope ratioerdgnation €g. *>U/***U and
238U/7%% isotope ratios) because it allows the applicatiboorrections through different
measurement sequences [2]. On the other hand, ldssical method is affected by
isotope fractionation, as it is its main causehef ineasurement bias, and requires another
mathematical correction. In the present study, wagplying the classical method, the
isotope fractionation was corrected using an irglenormalization established from the
major uranium isotope ratio. This isotope ratieg( 2>°U/**®U isotope ratio) was

previously determined using the TE method for majotope ratio determination.

A classical multi-dynamic method (hereafter refdrie as CMD method) was developed
to measure theU/”%U and /U isotope ratios. This method includes 4
measurement sequences performed one after the otherder to apply several

corrections and collect all of the uranium isotofksble 1).

In the first sequence, the magnetic field was seatollect the’*®U isotope on the SEM.
The other detectors (Faraday cups) were positiaoembllect all of the other uranium
isotopes: thé*¥U isotope was collected on the FC 12 (L2 cup),?he (L1 cup) and
238U (H2 cup) isotopes were collected on a FC 11.d4a fime of 1 s was applied and the

measurement was performed with 5 integrations sf #he idle time is necessary to

7
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avoid any drift due to the different time respongdhe different detectors (the SEM is
faster than the FC 11 and the FC 11 is fasterttmai®C 12).

In the second sequence, the magnetic field wasfraddo collect thé>*'U isotope on the
SEM. The H1 cup, not used in sequence 1, was positito collect th€*U on a FC 11.
This step was dedicated to the real-time SEM/F@rioalibration. It was calculated
using the”**U/?*U isotope ratio in order to avoid any signal fluation and decrease the
uncertainty. The inter-calibration was performedcbynparing thé**U/?*U isotope ratio
measured in sequence 1 using FC 12 and FC 11 éfii%/***U isotope ratio measured
in sequence 2 using SEM and FC 11. An idle timé& sfwas applied. The measurement
was performed with 5 integrations of 4 s in orderobtain a good estimation of the
SEM/FC inter-calibration.

In the third sequence, the magnetic field of the@efield was modified so that the SEM
was set at 235.7 ami.g 2*°U - 0.35,%°U mass being about 236.05 amu) for tailing
contribution measurement. It was measured clostreipeak in order to make the linear
interpolation more accurate. This step measuredanallel the tailing contribution at
mass®*U — 0.35. The Faraday cups used in this sequence tve same as in sequence
1. The signal intensities measured during sequ8neere weak compared to the signal
intensities in sequence 1. An idle time is necgssarensure that the Faraday cups
response return to their background level before mhmeasurement in sequence 3,
especially for the FC 12 which has the longestaasp time. Then, Faraday cups used in
sequence 3 had an inaction time of 26 s beforeantegy measurement. This time
corresponds to the idle time of the sequence 3 §hd the sequence 2 total measurement
time when the Faraday cups used in sequences 3 wede not collecting any signal (we
recall that the idle time of sequence 2 is 1 s amsurement time of sequence 2 is
4x5s).

In the fourth sequence, the magnetic field was frextito collect at the central detector
mass 236.4, corresponding f&’U + 0.35 € 236.05 + 0.35). This step measured the
tailing contribution at mas$“U + 0.35 and>® + 0.35. The measurement of sequence 3
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and 4 was performed with 2 integrations of 4 s,clhis sufficient to have a good

estimation of the peak tailing contribution.

While using the CMD method, the uranium depositiia was about 4 pug. After
introducing the filaments inside the TIMS sourdee tbeginning of the method was
identical to the TE method: ionization and evagorafilament heating, peak centering,
ion focusing and electronic baselines measurenpmsto data acquisition. Contrary to
the TE method, where the sequence started straitgrt the electronic baselines, the
CMD sequences started when the desired intensitth®®**U* ion beam (between 10
and 50 mV on the FC 12 in sequence 1) was obtaifleekse intensities were chosen in
order to perform the SEM/FC inter-calibration withyood accuracy: a minimufi‘u*
ion beam intensity of 1x1t} A was reached, corresponding to a significant aigf
10 mV or higher on the FC 12 (sequence 1). Thisadiglso corresponded to about
62 500 cps on the SEM (sequence 2), which is losugh for the’>*U isotope intensity
to not saturate the detector and reduce signifigatstlifespan (the recommended signal
in the SEM is < 1 000 000 cps). The evaporaticemignt temperature was controlled to
keep the ion beam intensity constant during the somemnent, by increasing the
evaporation current when necessary. Each measutreroersponded to 6 blocks of 10
cycles. Each cycle corresponded to the acquisitibnthe 4 measurement sequences
presented in the Table 1. The baseline, the “peakec’ and the lens optimization were
performed every 2 blocks. After each block, the Efieps 10*Q connected to the
Faraday cups rotated for permitting each Faradag tm connect to each used amplifier

during the analysis.

Among the different fractionation laws (linear lawower law, exponential law or
Rayleigh law), the exponential law was found taloe best approach for many elements
[10,13,14]. It was then used for the isotope fawdtion correction (Eg. (1)).

M\’ 1
Reorr = Rimeas X <_l> ( )

M;
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Where p is the normalization factoreRis the?>*U/?%U or 27U corrected isotope
ratio. Rneasis theZ*U/?%U or %U/28% measured isotope ratio in the sequence 1 and M

and M are the molar masses of the isotope involvederigbtope ratio.

The normalization factor was obtained using Eg. (2)

(235U
ln 235U cert
(=0),..) @)
meas
M235U
in <M238U)
Where 22U/%%8U)ceris the?®U/%8U certified isotope ratio for the U015 CRM or thatio
measured using the TE method for the RRT sampfaU/C®U)meas is the 2>U/28U

isotope ratio measured in sequence zsiland Mg, are the molar masses of tHaJ

and®*U isotopes.

The*U/?™ isotope ratio ((234/238),), corrected from the peak tailing and the isotope
fractionation, is then given by Eq. (3):

(234) 3 (234) 1<233.7+234.4) M23a\? @)
238/ .0y \\238/, ... 2\ 238 © 238 /))\M2ss,

The (234/238)casisotope ratio is th&*U/**®U isotope ratio measured in sequence 1. The

233.7/238 ratio corresponds to the signal measoinetthe L2 Faraday cup in sequence 3
over the signal of®U in sequence 1. The 234.4/238 ratio correspondtheosignal
measured on the L2 Faraday cup in sequence 4 beesignal of*®U in sequence 1.

Mass, and Mhsg, are the molar masses of tH&'U and ?*U isotopes. p is the

normalization factor obtained from Eqg. (2).

The 2%U/%%%U isotope ratio ((236/238),) corrected from the peak tailing, the SEM/FC

inter-calibration gain and the isotope fractionati® given by Eq. (4).
(236) 1 <236> 1 <235.7 N 236.4) M236,\P @)
238/ .0,y G\\238/,..s 2\ 238 = 238 Ma23sy

10




245
246
247
248
249

250

251
252
253
254

255
256
257
258

259
260
261
262
263
264

265
266

267

268

Where G is the SEM/FC inter-calibration gain. TI286/238)eas isotope ratio is the
239U/2% isotope ratio measured in sequence 1. The 23B7&tio corresponds to the
signal measured on the SEM in sequence 3 overighalf “*®U in sequence 1. The
236.4/238 ratio corresponds to the signal measorethe SEM in sequence 4 over the

signal of**®U in sequence 1. Mg, and Mg, are the molar masses of théU and***U

isotopes. p is the normalization factor obtainedrfriEq. (2).

The SEM/FC inter-calibration gain was calculatethgsEq. (5). It includes the peak
tailing correction from thé*U* and**®U* ion beams to th&**U* beam detection on the
FC 12. No peak tailing correction was applied te 8EM since the RPQ energy filter
helps decreasing the peak tailing by 2 orders afntade [4,10].

234 234
(_)52 o (m)ﬂ (5)

5
COWMCIRSIC. 285

Where S1 and S2 are isotope ratio measured in seguk or 2, respectively. The

233.7/238 ratio corresponds to the signal measoinetthe L2 Faraday cup in sequence 3
over the signal of®U in sequence 1. The 234.4/238 ratio correspondtheosignal
measured on the L2 Faraday cup in sequence 4 lwsignal of**U in sequence 1.

The 20 and U/ corrected isotope ratios were calculated durimghe
measurement cycle. After the end of the measure(henafter the 6 blocks of 10 cycles)
a statistical test rejecting the values outsideatherage plus or minus twice the standard
deviation was applied twice for both isotope ratidsound 7 % of the values were
rejected. The™U/?*U and ?*U/>®U corrected isotope ratios were obtained by the

average of the non-rejected values.

For the method validation, 4 analyses were perfdrorethe U015 CRM. For the RRT

sample determination, 5 analyses were performed.

11



269

270

271
272

273
274
275

276
277

278
279

280
281

Results evaluation and uncertainties estimation

Bias, or trueness, was calculated using Eq. (6).

Z — cert
Bias (%) = ———X 100 (6)

Where Z is the experimental value and cert is #ference value of the CRM used to

evaluate the method trueness or the RRT assigried.va

According to the NF T 90-210 norm, Eq. (7) was usedletermine if the analytical
method has a statistically significant bias [15}hle normalized bias (NB) is lower than

2, the method is considered having no statisticafipificant bias.

|Z — cert]|

] 7
\s? +u§ert )

NB

Where s is the standard deviation of the differapsurements andeHis the CRM or

assigned value uncertainty with a coverage fadtkr=al.

The precision of the different methods was evalliaiecalculating the Relative Standard

Deviation (RSD) of all the measurements.
The isotope ratio measurement uncertainties esomatas described in previous work

[12]. The isotope ratio (R) uncertainty (u) at K was estimated using Eq. (8).

u?(R)  u*(x)  u®(trueness) u?(cert)
(R)2 &2 (trueness)®  (cert)?

(8)

u(trueness) _ Maximum bias on CRM

(9)

trueness V3

12
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The first term of Eq. (8) includes the uncertaifitgm the random effects and is given by
the RSD of all the measuremernitg.(the precision). The second and third terms tate in
account the systematic effectse( the measurement trueness of the method). The
measurement trueness is calculated using Eq. (9)satetermined with the U015 CRM

because of its isotopic properties close to the R&WMple.

Results and discussion

Comparison of isotope measurement methods for mswmope ratio
determination

The CMD method was compared to the TE method ubied-C 12 (“TE FC 12”) as well
as the TE method using the SEM (“TE SEM”) for the¢edmination of thé*U/238U and
239U/% minor isotope ratios of the U015 CRM. The resates presented in Fig. 1.

TE method using FC 12

Using the TE method, the signals measured on thelE@ere 13 mV for*U* and

25 mV for?®U*. These intensities are very weak in comparisothéosignal measured
for 2%®U* (15 V). The theoretical Faraday cup detectiontlicain be estimated as 3 times
the quadratic sum of the standard deviation ofitttenson Nyquist noise and the Poisson-
noise (about 0.4 mV for a FC 12) [16,17]. The miismtope signals are about 30 times
(for the®**U™) and 60 times (for th€°U*) higher than the estimated detection limit of the
FC 12. The TE FC 12 method showed a bias of 2.Gh@&64.11 % for thé*U/~*%U and
23U/7% ratios, respectively. Despite the high&t intensity (25 mV) compared to the
234 intensity (13 mV), the bias for tH&%U/2%U (4.1 %) is significantly higher than the
ZU/7% (2.1 %). The low signal intensity is thereforet tloe only reason for a higher
bias. The presence of tA®U major isotope, closer to tHé°U than to the’*U isotope,
explains the bias difference because of peak ggifisues. The RSD for th&U/**U and
239U/7% isotope ratios were similar and about 1 %. Unthe normalized bias observed
for the U/ isotope ratio (1.8), the normalized bias for ti%)/% isotope ratio

13



308 was equal to 3.3 showing that the method has afismt bias for the>®U/?*%U ratio.
309 The uncertainties were estimated to 4.3 % for A8/?%®U ratio and 6.8 % for the
310 2*%U/%¥U ratio, with a major contribution from the systeinarror (Table 2).

311 TE method using SEM

312 The SEM improves the sensitivity in comparisonhe EC 12: the measured signals were
313 78000 cps for thé*U isotope and 150000 cps for tff&U isotope. These intensities are
314  much higher than the SEM dark noise (below 10 copat minute). In comparison to the
315 TE FC 12 method, the bias greatly decreased (0.46r ¥he?*U/***U ratio and 0.18 %
316 for the®*®U/?U ratio). This improvement can be due to the betétector sensitivity and
317 to the fact that the SEM is equipped with a RPffithat provides a bias reduction for
318 the minor isotope ratio determination. In order fiod the best contributor to the
319 improvement of the measurement trueness, 3 additiamalyses under the same
320 analytical conditions except that the RPQ filterswet used were performed using the
321 TE method with the SEM to collect tf&U (Fig. 1.b). The measurement trueness was
322 degraded without the RPQ filter: the bias was highan 5 %, while a bias below 0.2 %
323 is obtained with the RPQ filter. The normalizedsbt@mputed without RPQ filter shows
324 the method has a significant bias (NB > 2). T#e)/?*®U ratios determined using the TE
325 FC 12 method and the TE SEM method without RPQ@rfilvere all higher than the
326 certified values (Fig. 1). This is obviously dueth® peak tailing effect of®U as the
327 abundance sensitivity is about “l@vithout RPQ filter for the Triton TIMS. These
328 observations show when reducing the peak tailingtrdmution using the RPQ energy
329 filter is the main cause of the measurement trueeimaprovement. On the other hand, it
330 can be noticed that the use of the RPQ filter redube ions intensity by about 5 %. This

331 loss is negligible compared to the benefit obtaioedhe measurement trueness.

332 However, the observed RSD for tHéU/?%U and®*®U/***U obtained with the TE method
333 using the SEM and the RPQ filter (Fig. 1) are h{gtL % for the***U/***U ratio and
334 2.1 % for the?*U/*®U ratio). The poor repeatability is explained bg BEM instability

335 during the measurement. The SEM calibration cay sagnificantly during an analysis

14
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without any predictable trend [1]. Despite the Skigtability, the estimated uncertainty
(2.8 % for the®U/U ratio and 5.0 % for thé*U/?®U ratio) slightly decreased
compared to the TE FC 12 method (4.3 % for t#&)/**®U ratio and 6.8 % for the
23%U/7%% ratio). The relative contribution of the main erinty sources (Table 3)
shows that the total uncertainties are mainly duthé precision (55 % for tHe*‘U/~%U
ratio and 71 % for thé%U/*®U ratio). The method shows no significant bias oth

isotope ratios: the normalized biases are below 2.

CMD method

The biases obtained using the CMD method are e@qudl.28 % for the>*U/?%U ratio
and 0.19 % for the*®U/?*U ratio (Fig. 1 and Table 3). The observed RSD e t
ZU/2% and 2% are equal to 0.05 % and 0.08 %, respectively. fidrenalized
bias calculated for both isotope ratios were be@wshowing the method has no
significant bias. The CMD method improves the measent trueness by decreasing the
abundance sensitivity influence using the RPQ rfitembined with a mathematical
correction. The CMD method also improves the preniglue to a “real time” SEM
calibration. The impact of the SEM fluctuation et minimized. The method’s internal
normalization helps maintaining a good measuremaentiracy and correct the isotope
fractionation. Different parameters influencing tts®tope fractionation, such as the
deposit quality, are compensated by the internatnabzation. The uncertainties were
estimated to 1.2 % for tH&'U/?®U ratio and 0.72 % for th&°U/?®U ratio. The main
sources of uncertainty f6f'U/*% and®*®U/?% isotope ratios confirm the significant
improvement of the precision and the measuremeeinass when applying the CMD
method (Table 2): the measurement trueness (11r%hé3>‘U/>% ratio and 23 % for
the 2*U/%®U ratio) and precision (1 % for tH&'U/?®U ratio and 5 % for th&*U/~*%U
ratio) are minor contributors to the total uncertai The main contribution is the CRM
uncertainty. The lowest uncertainties are obtaineith the CMD method:
Uk=2)=4.3%, 2.8% and 1.2 % for tAi8U/***U isotope ratio using TE FC 12, TE
SEM and CMD methods, respectively, dddk = 2)= 6.8 %, 5.0 % and 0.72 % for the
23U/2% isotope ratio using TE FC 12, TE SEM and CMD roe#) respectively.
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Methods comparison

These 3 methods have different assets in termaafsis time, simplicity, trueness and
repeatability. The TE FC 12 method is the simpdest the most straightforward method:
no inter-calibration gain is required between twample analyses as the Faraday cups are
very stable and all the isotope ratios of an eleén@ajor and minor isotope) are directly
obtained. However, this method needs to take imimownt the method bias in the
uncertainty calculation. The application of thisthwa is easily transposable to another
element assuming that the number of minor isotolpesot exceed the number of FC 12.

An analysis using the FC 12 takes generally betv2®eto 60 minutes.

The TE SEM method is rather simple also. The samaplaysis itself has the same
duration as the TE method with FC 12 (between 2@®Qominutes). However, the

SEM/FC inter-calibration gain is required befored after each sample analysis. This
explains the longer total analysis time (each totdibration gain takes about 20
minutes). The method gives directly all the isotoggos of an element (major and minor
isotope). Depending on the number of SEM deteciweslable in the instrument, the

analysis might require several runs. Also, this hndtcan be easily transposable to

another element.

The CMD method is the most complex one. Howevecedhe file for thé>*U/?%U and
239U/7% ratios computation is created, the method caredsily used put in routine
analysis. The method requires bigger sample am@ldut 4 pug) than the TE method
(less than 1 pg) in order to keep a high signahduthe entire analysis that lasts about 90
minutes. Also, this method requires the resultstbers analyses: tH&U/?®U isotope
ratio determination with a high accuracy methoéie lthe TE method, is needed to
perform the isotope fractionation correction of f%)/%*%U and#*®U/**® ratios, which
increases the overall analysis time. This methatdkdicated to the situation where high
accuracy minor isotope ratio determination is neags The method can be transposable
to enriched uranium. However, for depleted uraniuhe ***U/*®U isotope ratio is
generally too low to perform both the measureménhe”**U/?**U isotope ratio and the
SEM/FC inter-calibration in the same method. Indet® SEM/FC inter-calibration
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requires a minimum signal of 10 mV with the FC Insidering that for depleted
uranium, the>*U/?% isotope ratios are below 2x10the signal with FC 11 for thé®U
isotope measurement would exceed its maximum [H@itV). So, for depleted uranium
using the CMD method, th&U/*®%U and U/?"% isotope ratios are not directly
accessible. These minor ratios could be obtaingidectly using the measurements of the
23U/2%U and®U/”*U isotope ratios and by knowing th®U/?%U isotope ratio. In this
case, the CMD method would need adjustment: thernat normalization would be
performed with the measurement of tf&U/*U as the®*®U isotope would not be
collected. In a more general point of view, the CMiethod needs adjustments for each
element to be measured. The analyzed element nedds/e a minimum of 3 isotopes:
one major isotope, one minor isotope needing a umeawnt with the SEM and an
“‘intermediate” isotope allowing the in situ SEM/R@ter-calibration. This last isotope
needs a significantly lower abundance comparetig¢ariajor isotope and a significantly

higher abundance compared to the minor isotope.

The CMD method shows also some similarities with theasurement sequence of the
MTE method [10]. The main difference between theBvAnd the CMD methods comes
from the isotope fractionation correction: totalaperation for the MTE method or
internal normalization for the CMD method. The Mirtethod is the reference method in
order to have the lowest uncertainties. Howevee, €MD method presents some
advantages compared to the MTE method. The prihagbzantages is a shorter analysis
time: the CMD method take about 90 min comparedh® 3-5 hours for the MTE
method. The CMD method is also simpler to configaréhe TIMS software. The CMD
method is directly configurable in the TIMS soft@awithout the requirement of an

external script [10].

Method validation

The results for the method validation on the UOBRAMCare summarized in Table 2. The
CMD method shows lower bias, better repeatabilitg ancertainty compared to the TE
method for theé>U/?*®U and®*®U/?*%U isotope ratios measurements. The CMD method
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displayed no significant bias (normalized bias belo 2). These results validate the
230/28% and®®U/?%U isotope ratios determination using the CMD method

The result obtained for th&°U/***U is in good agreement with the certified valueeTh
bias obtained is equal to 0.03 % and the RSD i2 @%0The normalized bias is equal to
0.62, showing that the method leads to no sigmfitéas. The uncertainty is estimated to
0.16 % (k =2) and is in compliance with the saBegurequirements given by the ITV
(0.28 %, k = 2) on this range of uranium isotopsenposition [18]. It should be noticed
that the first five experiments were performed befdhe RRT sample isotope
measurement and the last one after the RRT saraptepe measurement (see next
section), ensuring that the instrumental perforrearsc satisfactory during the whole
measurement series. These results validat& &3 isotope ratio determination using
the TE method.

Isotope ratio measurement in the uranium pellet

The RRT sample was analyzed as an unknown sampieever, at the end of the study,
the results were compared to the RRT assigned vatuerder to evaluate the developed

methodology.

The method developed and validated using the UCRBI @vas applied. Thé*U/?3%u
ratio measurements with the FC 11 or the FC 12tfier U detection show no
significant bias: biases are below 0.1 % and threnabzed biases are below 2 (Table 4).
The measurements seem to demonstrate that theipre@ slightly better using the FC
12 (RSD = 0.03 %) than using the FC 11 (RSD = 06

The results obtained for the*U/*®U (bias = 0.27 %)2U/**U (bias = 0.07 %) and
23U/2% (bias = 0.93 %) isotope ratios are in good agezemwith the assigned values
provided by IAEA (Table 4). The RSD are similarttee ones obtained for the U015
CRM and are lower than 0.1 %: 0.07 %, 0.04 % af8 & for the>U/?*U, 2*°U/2%
and /2% isotope ratios, respectively. THEU/?*®U isotope ratio uncertainty is
estimated at 0.15 % (k = 2) and is in compliancthwhe ITV (0.28 %, k = 2) for this
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type of enriched uranium [18]. The relative conitibn, expressed in percent, of the
main uncertainty sources for the uranium isotopiesaletermination is given in Table 2.
The three uncertainty sources considered for*tilg/**®U isotope ratio determination
have a similar contribution: U015 CRM certified tigpe ratio (41 %), precision (31 %)
and method trueness (28 %). TAEU/*®U isotope ratio uncertainty is estimated at
1.13% (k=2). The uncertainty associated with @M isotope ratio is the main
uncertainty source in the final uncertainty (87 %fe uncertainties associated with the
method bias (11 %) and the precision (2 %) haveimated impact on the final
uncertainty. Thé*U/*®U isotope ratio uncertainty is estimated at 0.7%k% 2). In the
same way as th&U/?%, the final uncertainty mostly comes from the CRddtope

ratio uncertainty (72 %).

The methodology developed to perform uranium iset@io with high accuracy showed

no significant bias: all the normalized biaseslaveer than 2.

Conclusions

This study shows the possibility of the TE and BBID methods for determining
uranium isotope ratios with low uncertainties. TFe method allows to reach the ITV
requirements for th&*U/?*® major isotope ratio. One of the methods for ZHe)/*%U

and ?*U/*®%U minor isotope ratios determination was the ctagsinethod using multi-
dynamic sequences. This classical method allowshenatical correction of the
abundance sensitivity and calibrating the SEM deteshile the method is running. An
internal normalization using tH&U/**®U major isotope ratio was used to overcome the
isotope fractionation. The CMD method decreaseshihs, the repeatability and the
estimated uncertainties compared to the TE metloodufanium minor isotope ratios

determination, which is also an interesting featardorensic analysis applications.

Another application of the accurate determinatibthe pellet isotope composition is the
uranium content determination with high accuracygissotope dilution, a method that

will be presented in future.
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480 Table
481 Table 1: Summarized description of one cycle of@MD method
Cups L2 L1 C H1 H2  Number of Measurement Idle time
Detectors FC12 FC11 SEM FC11 FC 1dntegrations  time (s) (s)
Sequencel #U #uy By 28y 5 4 1
Sequence 2 By Bu 5 4 1
Sequence 3 233.7 234.7 235.7 237.7 2 4
Sequence 4 2344 2354 236.4 238.4 2
482
483
484  Table 2: Relative contribution (%) of the main uraimty sources for th&U/?**U and
485 %7 isotope ratios measurement with the TE methodguisie FC 12 (TE FC 12) or
486  the SEM (TE SEM) and with the CMD method (CMD), dadthe®**U/***U isotope
487 ratio with the TE method (TE) for the U015 CRM ahd RRT sample (RRT)
Relative contribution (%
Isotqpe Sample  Method o )
ratio Precision  Meas. trueness  Cert.
U015 TE FC 12 21 73 6
2342, U015  TE SEM 55 31 14
U015 CMD 1 11 88
RRT CMD 2 11 87
S~ U015 TE 13 36 51
RRT TE 29 29 42
U015 TE FC 12 12 87 1
—_— U015  TE SEM 71 27 2
U015 CMD 5 23 72
RRT CMD 5 23 72
488
489
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490

491 Table 3: Isotope ratios obtained on the U015 CRIhwie TE method (TE) and the
492  CMD method (CMD). Cert. corresponds to the CRMified value,U¢: corresponds to
493 the CRM certified value uncertainty (k = 2) addorresponds to the total uncertainty

494 (k = 2). NB corresponds to the normalized bias.
Isotope ratio Py 20/ 20/
Method CMD TE CMD
Cert. 0.00008634  0.015565 0.0001666
Results 0.00008610  0.015570 0.0001669
RSD (%) 0.05 0.02 0.08
Bias (%) -0.28 0.03 0.19
NB 0.53 0.62 0.61
Ucert (%) 1.07 0.10 0.60
U (%) 1.13 0.16 0.72
495

496 Table 4: Isotope ratios obtained with the TE methsidg the FC 11 (TE FC 11) or the
497 FC 12 (TE FC 12) and with the CMD method (CMD) ba RRT uranium pelletUas va.

498 corresponds to the assigned value uncertaintydkandU corresponds to the total
499 uncertainty (k = 2). NB corresponds to the norneibias
Isotope ratio  ZU”U Uy 2P
Method CMD CMD TE TE TE

FC 11 FC12  Average
Assigned value  0.0001708  0.00002§8  0.019645 0.(5.968.019645

Results 0.0001713 0.00002604 0.019658 0.019659 965®L
RSD (%) 0.07 0.08 0.06 0.03 0.04
Bias (%) 0.27 0.93 0.06 0.07 0.07
NB 0.56 0.24 0.94 1.5 1.2
Uass val. (%) 0.94 7.8 0.08 0.08 0.08
U (%) 1.13 0.72 0.18 0.15 0.15
500
501
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Fig. 1: 2%/%%U (a) and®®U/?U (b) isotope ratios measurement on the U015 CRilll (f
diamonds) with the TE method using the FC 12 (TELRLand the SEM (TE SEM) and
with the CMD method (CMD). Empty diamonds with erbars represent the series
average with its estimated uncertainties at k & 2orresponds to the total uncertainty
(k = 2). NB corresponds to the normalized bias. flitidine (-) corresponds to the

certified value and the dotted line (...) represéistsincertainty at k = 2
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