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Abstract

The measurement af{2*°U)/n(?38U) isotope amount ratio in a set of representative uranium samples with enrichment levels ranging from
0.5 t0 20.0 wt.% of*U was carried out by thermal ionization mass spectrometry using the traditional and the total evaporation methods. The
uncertainties of the measurement results were evaluated according to the recommendations of the ISO guide to the expression of uncertainty
in measurement. They were then compared to the requirements of the IAEA international target values for measurement uncertainties in
safeguarding nuclear materials.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ally, the overall effect is accounted for using a single factor
as defined beloy3]
Thermal ionization mass spectrometry (TIMS) is regarded
as one of the most precise and accurate techniques for ISOK = Keyapx Kextr X Ktrans X Kdet (1)
tope amount ratio measurements. It has long been used for

the determination of isotope composition and when isotope wherex is the overall mass discrimination fact&feyap Kextr,

dilution is applied, the concentration of uranium samples. g, .. and K4t are the mass discrimination factors related
However, the measured isotope ratios always deviate fromtg the evaporation, ion extraction, ion transmission and ion

the isotope ratios of the sample. The reason for this deviationdetection processes, respectively.

is mainly due the mass discrimination effézf, which takes The approach to correct the mass discrimination effect

place in the sample evaporation, but also in the extraction, ysing a set of isotope reference materials (IRMs) having

transmission and ion detection processes. The lighter iso-gifferent certified isotope amount ratios is based on the fol-
topes are preferentially evaporated and extracted compareqowing equatior{4]:

with the heavier isotopes of the element. This phenomenon
is temperature dependent and is a function of nfizlss Ki = Ri/ni )
As it is experimentally extremely difficult to assess the

contribution of each source of mass discrimination individu- wherek; is the mass discrimination factc; the certified

isotope amount ratio for the IRM amgdthe measured isotope
* Corresponding author. Tel.: +32 14 571 949; fax: +32 14 571 863. amount ra_tlo for the IRM used.
E-mail addresses: Olivio.PEREIRA-DE-OLIVEIRA-JR@cec.eu.int, In practice, the average value for several IRM samples pro-
oliviojr@net.ipen.br (O.P. de Oliveira). cessed is calculated and then applied to correct the samples
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analyzed, as described below Besides TIMS, several other mass spectrometry tech-
nigues can perform reliable uranium isotope ratio measure-

i=n ments with precisions in the range of 0.50-0.0[%% For
Ko = ZKi/n 3) instance, laser ionization mass spectrometry (LIMS), reso-
i=1 nance ionization mass spectrometry (RIMS), glow discharge

mass spectrometry (GDMS), spark source mass spectrome-

Rc = Kav X s (4) try (SSMS), secondary ion mass spectrometry (SIMS), gas

source mass spectrometry (GSMS) and inductively coupled
wherekK,y is the average mass discrimination faciy,the plasma mass spectrometry (ICPMRP]. In spite of that,
corrected isotope amount ratio for the sample grtkde mea- TIMS, GSMS and ICPMS technigues are recognized to pro-
sured isotope amount ratio for the sample. vide measurements results with the highest precidith

Uranium isotope amount ratio measurements are usually The GSMS technique relies in the very efficient elec-
carried out in TIMS using either the traditional or the total tron impact ion source, which enable&3°U)/n(238U) iso-
evaporation method. The difference between these methodgope amount ratio measurements with precisions of less than
is that the former just uses a small part of the sample and the0.01%[11]. However, just samples in the form of gas can
latter uses the entire sample deposited onto the filament.  be introduced in the inlet system. This is the case of ura-

In the classical or traditional method, the isotope ratio nium hexafluoride (UF), the compound used in the uranium
is changing during the measurement due to the preferentialisotope enrichment process.
evaporation of lighter isotopg$]. The measurement is per- The ICPMS technique, which relies on instruments having
formed in just a limited period of the sample evaporation and an ICP ion source, has presented a great instrumental devel-
all parameters such as sample size, chemical form, filamentopmentin the last two decades with the utilization of different
material and temperature, heating pattern and analysis timesample introduction, ion separation and ion detector systems
should be tightly controlled to reproduce the same fractiona- [12]. A study compared the performance of three important
tion behaviour. Thisis animportant condition for applying the instrument configuration§l3] and showed that the sim-
K-factor obtained from measurements of the reference mate-plest instrument version, the quadrupole inductively coupled
rials to correct the measurements of the sample in a properplasma mass spectrometer (ICP-QMS), provided measure-
way [2,3]. ments results with precisions in the range of 0.10-0.35%, the

The total evaporation method first introduced by magnetic analyser single collector instrument (HR-ICPMS)
Romkowski[5] combined the total evaporation of the sample precisions values around 0.05% and the multi collector instru-
with multiple ion collection and simultaneous integration of ment (MC-ICPMS) precision values around 0.02%.
the ion signal from each isotope. Thus, this method is based Analytical laboratories worldwide are now being asked
on idea that if all atoms present in the sample are evaporatedjo be accredited as an impartial demonstration to the public
ionised and collected, no bias should be introduced in the that they carry on their tasks accordingly. Many accreditation
measurement. bodies use the ISO 17025 standHrd] for the accreditation

In further developments of the total evaporation method, process of calibration and testing laboratories. In this standard
n(23%U)/n(238) isotope amount ratio measurement results there is a requirement for applying a procedure to evaluate
were reported in which small deviations from certified values the uncertainty of measurement.
were found in the range of 0.01-0.04%. It was claimed Therefore, the first goal of this work is to measure the
that the method was insensitive to sample size and dryingn(?3°U)/n(%38U) isotope amount ratio in a set of samples by
procedures and, above all, did not require the use of IRMs to TIMS using the traditional and the total evaporation meth-
correct for the mass discrimination effect. ods. The evaluation of the measurement uncertainties will

The influence of the experimental parameters was alsobe carried out using the 1ISO GUNL5], as required by
investigated and it was shown that the method could be usedlSO 17025. The second goal is to verify the compliance
even for very small samples sizes (1ng), that the samplewith the requirements of the international target values for
drying procedure did not exert a great influence but more measurement uncertainties (ITV 2000], as set up by
than 30 scans was really needed to get accurate measuremetite nuclear materials safeguards authority, the international
results[7]. atomic energy agency (IAEA).

Finally, recognizing the presence of a small residual biasin
very precise measurements, with relative standard deviation
(R.S.D.) below 0.01%, a modification of the classical total 2. Experimental
evaporation method has been proposed, applying a correction
factor for the residual mass discrimination eff¢8}. The 2.1. Instrumentation
causes of this residual mass discrimination were reported to
be the time-dependent drift in isotope ratios in combination  Isotope amount ratios were measured using a thermal ion-
with changes in the ionization efficiency and ion transmission ization mass spectrometer model MAT 262 manufactured by
during the measurement. Finnigan MAT (Bremen, Germany). The sample magazine
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has 13 positions where the rhenium double filaments were Table 1 .
assembled. A set of electrostatic lenses is used to extracExPerimental parameters used in the TIMS measurements

and collimate the ions accelerated at a 10kV voltage. The Parameter Method applied

instrument has a 90nagnetic sector with 23 cm radius with Traditional Total evaporation
a_symm_etnc and extende_d geometry design t_hat givesamasg " o 10 1

dispersion of 64 cm radius sector. The multi-collector sys- nymber of scans per block 5 50

tem is assembled with six Faraday cups coupled to*AQ®0  Integration time (s) 8 4

resistor each. TH&U* and?38U* ion-beams were collected ~ Delay time (s) 4 4
simultaneously in the static configuration mode. Although a Sample sizekg) 5 02

secondary electron multiplier (SEM) is also available in the

instrument for ion counting measurements, it was not used in

this work. The mass range is from 1 to 280 u, the mass resolu-

tion (m/Am) is higher than 500 at 10% valley definition and 100 mV signal intensity required for focusing and peak cen-
the abundance sensitivity is 20106 at 237 u. The data  tering routines. The temperature in this filament was kept
acquisition uses HP Basic software running in a Microsoft constant at about 200€ throughout the measurement pro-

Windows platform. cess to provide a stable ionization condition. Then a current
of 1.5-2.0 A was carefully and slowly set for the evaporation
2.2. Materials filament to generate a 5.0 V signal intensity f8fU". After

some stabilization time, routines for focusing, peak centering,
Isotope reference materials IRMM 183, 184, 185, 186 and zeroing and drift checks were carried out without changing
187 produced by the European Commission Institute for Ref- the filaments currents.
erence Materials and Measurements (EC-JRC-IRMM, Geel,  For the total evaporation method, the same procedure was
Belgium) were used to measure the mass discrimination applied to the ionization filament. But for the evaporation

effect in the spectrometer during the sample analyses. filament, the current was initially set to around 1.0 A to gen-
A set of samples ranging from 0.5 to 20.0 wt.%%8fU erate a small signal intensity f6#8U*. The current was then
originally in the form of uranium hexafluoride (\JFwere increased carefully to generate a signal necessary for focus-
first analyzed by gas source mass spectrometry (GSMS).ingand peak centering routines, typically about 100 mV. Then
They were then converted to uranyl nitrate (4R0s),) to the measurement started and #8&J* signal intensity soon
allow the measurements by TIMS. reached about 7.0V, a value that provided a good signal to
Samples and isotope reference materials were prepared ifoise ratio without any possible problem of amplifier satu-
1M HNO3 at the concentration of 50g/uL for the tradi- ration. The evaporation current was constantly increased to

tional and 0.2Qug/p.L for the total evaporation method. As ~ keep this intensity level throughout the measurement pro-
an aliquot of 1.QuL was loaded onto the filaments, approx- cess. The analysis ended when the intensities fell below the
imately 5.0ug of uranium was deposited for the traditional preset value of 10 mV, when the sample on the filament was

method and 0.4 for the total evaporation method. extinguished.
The experimental parameters used in this work are pre-
2.3. Procedure sented inTable 1

The multi-collector system in TIMS always measured the

The filaments used in this work were made of zone-refined signal intensities for all uranium isotopes, which allowed sev-
rhenium because of the high ionization efficiency and very eral ratios to be automatically calculated. Nevertheless this
low uranium background featured by this material. They were Work was just focused in thg?25U)/n(*38U) isotope amount
previously degassed under high vacuum for 3 h. ratio because this is the value of major concern for the safe-

A set of five filaments was assembled in the filament- guards of nuclear material and consequently for the ITV
loading device. Then a sample drop (jul) was carefully 2000 document. The measurementn(t>4U)/n(**U) and
deposited onto the filaments and the heating current wasn(*3°U)/n(?38U) isotope amount ratios is more complex and
set in three consecutive steps: 0.5A for a period of 300 s, require several corrections to provide accurate measurement
1.0A for 60s and 1.5A for 10s. In this way the deposited results. For this reason, an experimental work using differ-
(UO2(NO3),) sample was converted into YCa much more ent mass spectrometers and monitoring all uranium isotope
refractory compound that only evaporates at a higher temper-ratios was carried out recently and the data will be published
ature. soon.

The analysis of each sample started with the typical cali-
bration routines for the instrument comprising magnet mass,
baseline and amplifier gain calibration. The baseline was 3. Results and discussion
measured at 233.5 u.

For the traditional method, an electric current was setto  The uncertainty of all measurement results was evaluated
theionization filamentto generate féfRe" approximatelya  according to the recommendations of the ISO GUM, which
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has been adopted in many fields of the measuring sciencebined uncertaintyu) and the expanded uncertainty)(of
including the chemical measurement. this experimental data were calculated according to the ISO
This new approach recognises that the uncertainty of a GUM and are presented rable 2
measurement result is composed by several components that For the total evaporation method, 42 filaments contain-
can be grouped in two categories: those evaluated by statising the reference materials IRMM 183-187 were processed
tical methods (Type A) and those evaluated by other meansand following the same procedure applied to the traditional
(Type B). It was very common practice in the past to report method, the average mass discrimination factay X was
the uncertainty of a measurement as just the repeatabilitycalculated as 0.99970.00018 (0.018%% = 2).
of many observations (Type A), which in many cases led to  In order to provide a comparison of performances Khe
small but unrealistic uncertainty values. factors experimentally obtained are presente&im 1 for
The ISO GUM also requires the statement of a mathe- traditional and irFig. 2for the total evaporation method.
matical model for the measurement to transform the set of Based on the data and figures presented, it is clear that
repeated observations into a measurement result. Other quarthe average mass discrimination factor provided by the total
tities that can influence the result can be included in this evaporation has a lower relative uncertainty value (0.018%)
model. In this work, the evaluation of the uncertainty was than that provided by the traditional method (0.080%).
carried out in practice with the help of the dedicated software  The application of the correction for the mass discrim-
GUM Workbench Pro 2.3.17]. ination effect in the traditional method was carried out by
For the traditional method, 24 filaments containing the means of Eq(4). The average of six isotope ratio measure-
reference materials IRMM 183-187 were processed, which ments for each sample was multiplied by the average mass
enabled the determination of tiiefactor according to Eqs.  discrimination factor K;) as presented iable 3
(2) and (3) The uncertainty of th&-factor considered both In this work the GSMS technique was selected to provide
the uncertainty of the IRMs and the uncertainty of the the reference values for th€?3°U)/n(°38U) isotope amount
measured isotope amount ratio. Thus the average mass disratios based on two facts. First, it is the technique, which
crimination factor K;) was calculated as 0.997650.00079 provides the measurement results with the smaller uncertain-
(0.080%f = 2). The standard deviation (S.D.), standard com- ties, as it will be shown below. Second, the reliability of this

Table 2
IRMM isotope reference materials used, certified, measured isotope amount ratio measurements and &afactatedor TIMS using the traditional method
Number IRMM Certified isotope ratia(23%U)/n(238U) Measured isotope ratig(23°U)/n(238U) K
1 184 0.0072623 (11) 0.0072887 (44) 0.99638
2 185 0.0200552 (30) 0.020055 (12) 1.00001
3 186 0.0307711 (46) 0.030836 (19) 0.99790
4 187 0.0473250 (70) 0.047468 (28) 0.99699
5 183 0.00321570 (80) 0.0032306 (19) 0.99539
6 184 0.0072623 (11) 0.0072770 (44) 0.99798
7 184 0.0072623 (11) 0.0072740 (44) 0.99839
8 185 0.0200552 (30) 0.020087 (12) 0.99844
9 184 0.0072623 (11) 0.0072784 (44) 0.99778
10 185 0.0200552 (30) 0.020135 (12) 0.99604
11 185 0.0200552 (30) 0.020065 (12) 0.99951
12 186 0.0307711 (46) 0.030939 (19) 0.99459
13 187 0.0473250 (70) 0.047293 (28) 1.00068
14 187 0.0473250 (70) 0.047533 (29) 0.99562
15 187 0.0473250 (70) 0.047486 (28) 0.99661
16 187 0.0473250 (70) 0.047637 (29) 0.99345
17 186 0.0307711 (46) 0.030840 (19) 0.99777
18 187 0.0473250 (70) 0.047313 (28) 1.00025
19 185 0.0200552 (60) 0.020057 (12) 0.99991
20 187 0.0473250 (70) 0.047355 (28) 0.99937
21 187 0.0473250 (70) 0.047535 (29) 0.99558
22 186 0.0307711 (46) 0.030800 (18) 0.99908
23 186 0.0307711 (92) 0.030790 (18) 0.99939
24 187 0.0473250 (70) 0.047493 (28) 0.99646
Average 0.99765
S.D. 0.00195
uc (k=1) 0.00040
U ((k=2) 0.00079
U (%) 0.080

The combined standard uncertaintieg) @re presented in parenthesis(1). The expanded uncertaint/ was calculated using=2.



O.P. de Oliveira et al. / International Journal of Mass Spectrometry 246 (2005) 35—42

39

1.01000 0.007270
« K *R
— Kt
1.00600 - K = 0.99765 = 0.00079 (0.080%, k=2) Kt+2s = 0007580
rrrrrrr Kt-2s - {
L i
<] 1.00200 - { Frcinc B R Wt [ e § 0.0072501 Total Evaporation
° I 1’ 1' I ¥ =) GSMS uncorrected
& 0.99800} | L ITL = I LL-T1T 8
X lI‘llei “ 1 LiL 1 E 0.007240(
033400} I J i st Aidrin ) Traditional )
0.99000 . 0 ! . R 4
’ Method applied
0.98600 . . : . . . s .
0 5 10 15 20 25 Fig. 3. Isotope amount ratio plus expanded uncertaintie2] provided

Number of measurements

Fig. 1. Mass discrimination factor plus expanded uncertainty?) for the
measurements carried out by TIMS using the traditional method.
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Fig. 2. Mass discrimination factor plus expanded uncertainty?) for the

measurements carried out by TIMS using the total evaporation method.

by GSMS, TIMS traditional and uncorrected total evaporation methods for
sample 2.

The values in parenthesis represent the combined standard
uncertainties #¢) (k=1) and apply to the last digits of the
measurement results. It is important to note that the isotope
amount ratio values presentedimble 4are the average of six
measurement results for the GSMS and both TIMS methods.

In order to verify the existence of a deviation, the relative
difference between the reference values provided by GSMS
and each TIMS method was calculated and expressed as per-
centage. The expanded uncertainty=@) of the deviation
is indicated in parenthesis and apply to the last digits of the
results.

Some important observations can be made from the data
presented iffable 4 The first one is that all the three methods
provided comparable measurement results within their stated
uncertainties.

However, the GSMS method always provided results with
the lowest standard combined uncertainty)( The sec-

measurement has been demonstrated in several internationaffnd observation is that the total evaporation method without

inter-comparison programmes involving the most important
nuclear laboratories around the wofl®,20]
The reference values provided by GSMS and the results

provided by both TIMS methods are presentedable 4

Table 3

Measured isotope amount ratios, average mass discrimination fEgtan¢l

corrected isotope amount ratio for sample 4 using TIMS with the traditional

method

Number Measured ratio K Corrected ratio
n(235U)/n(238U) n(235U)/n(238U)

1 0.035530 (43) 0.99765 (40)

2 0.035495 (43)

3 0.035497 (43)

4 0.035518 (43)

5 0.035532 (43)

6 0.035598 (43)

Average 0.035529 0.035445

S.D. 0.000038

uc (k=1) 0.000015 0.000021

U((k=2) 0.000042

The combined standard uncertaintigg @re presented in parenthedis(1)

and the expanded uncertainty)(is calculated withk=2.

correction for mass discrimination provided measurement
results with uncertainties two to three times smaller than the
traditional method. Examples of measurement results from
these three techniques are giverrigs. 3 and 4

The measurement results for both the traditional and the
total evaporation methods showed no evidence of a deviation

0.035540
*R
S‘ 0.035500(
2
~
c
= 0.035460 i
m: GSMS Total Evaporation
Q uncorrected
£ 0.035420}
Traditional
0.035380! . . L
0 1 3 4

2
Method applied

Fig. 4. Isotope amount ratio plus expanded uncertaintie2} provided
by GSMS, TIMS traditional and uncorrected total evaporation methods for
sample 4.
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Table 4
Measurement results for th&235U)/n(238U) isotope amount ratio provided by GSMS and TIMS using the traditional (corrected) and the total evaporation
methods (data not corrected for mass discrimination) and its standard combined uncertainties (

Sample GSM%(?3%U)/n(>38U) TIMS n(?3%U)/n(?38U) Deviation, % (=2) TIMS n(?3%U)/n(?38U) Deviation, % k=2)
(reference values) (traditional method) (total evaporation)

1 0.00535473 (85) 0.0053481 (35) 0.12 (13) 0.00535598 (92) —0.023 (47)

2 0.00725430 (80) 0.0072454 (45) 0.12 (13) 0.0072577 (16) —0.047 (49)

3 0.0242320 (21) 0.024222 (13) 0.04 (11) 0.0242344 (55) —0.010 (49)

4 0.0354698 (24) 0.035445 (21) 0.07 (12) 0.035480 (10) —0.029 (59)

5 0.25442 (14) 0.25423 (18) 0.07 (18) 0.254279 (96) 0.056 (133)

The deviation from reference values provided by GSMS is presented with their expanded uncertainties in paren@jesis (

) 2 0,50
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& 040 *a(®) S

3 = 030t
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o 020 g ey
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S L | 2 .o,10}
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£ -020 g 0,200

= = 0,30}

< 0300 s

S -0,40 S 0,40

8 0,50 £ 0,50

g, 1,0E-03 1,0E-02 1,0E-01 1,0E+00 2 LoEs 1,0E-02 - 2331’0501 1,0E+00

n(*3U)n(**V) n(**u)n(**v)

Fig. 5. Deviation from reference values plus expanded uncertaittie®)( Fig. 7. Deviation from reference values plus expanded uncertaitte2)(
for TIMS traditional method for the five samples of the set. for TIMS total evaporation method after the mass discrimination correction

for the five samples of the set.
from reference values. The uncertainty of the deviation was ) )
always larger the deviation value itself, as can also be seenfection operation was added to the uncertainty budget of the

in Table 4and inFigs. 5 and 6 samples. Finally it shows that the deviation values remained
Nevertheless, the average mass discrimination valueinsignificant within the stated uncertainties. o
obtained using the total evaporation methég,( 0.99971 The application of such correction did not change signif-

+0.00018) revealed that there was still a small residual massicantly the measurement results, as it can be easily checked

discrimination effect. A correction was applied by means of comparingrigs. 6 and 7But since a bias was detected in the.
Eq.(4) and the final results are presentedable 5 measurements of the reference materials IRMM 183-187, it

The results presented ifable 5shows that the correc-  has to be corrected and the measurement uncertainty revalu-

tion applied only slightly changed the isotope amount ratio ated as it was done in this work.

values and its standard combined uncertainties. The values Thus in the light of the current knowledge there is no hint
of uncertainties increased for all samples as one more cor-Of other additional effects that could have been affecting the

measurements carried out using the total evaporation method.

£ 050 Therefore the mathematical model proposed here is believed

© saol °s (%) to represent well the real measurement process.

E 0:30_ Itis of great interest to see if the uncertainty values for the

S 0,20/ methods described meet the requirements of the international

§ 0,10} l safeguards system managed by the IAEA. The ITV 2000

g 0,00 f 3 ; I lists several analytical techniques used in nuclear safeguards

T 0,10 i t as well as its target uncertainties. This document was first

E -020 published in 1983 last updated in 20{B].

~: -0,30- The target values are defined as measurement uncertainties

8 -0.40 to be considered in judging the reliability of analytical tech-

2 0,50 nigues to be applied in safeguarding nuclear fissile materials.

[ 1,0E-03 1,0E-02 1,0E-01 1,0E+00 .

o They are very important to the analyst because they present a
n(**uyn(***v) goal to be reached in routine measurements. Thus the analyt-

_ - . ical instrumentation and the procedures selected must allow
Fig. 6. Deviation from reference values plus expanded uncertainties)( the achievement of the “taraet measurement uncertainty”. as
for TIMS total evaporation method before the mass discrimination correction ™ 1ev . . 9 u u Inty”,
for the five samples of the set. this concept is now being expresgéa].
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Table 5
Measurement results for thé?35U)/n(238U) isotope amount ratio provided by GSMS and TIMS using total evaporation method with uncorrected and corrected
data for the mass discrimination

Sample  GSM%(®®U)/n(?8U) TIMS n(235U)/n(?%8U) (total Deviation, % (=2)  TIMS n(?3%U)/n(?38U) (total Deviation, % k=2)
(reference values) evaporation, uncorrected data) evaporation, corrected data)

1 0.00535473 (85) 0.00535598 (92) —0.023 (47) 0.0053544 (10) 0.005 (51)

2 0.00725430 (80) 0.0072577 (16) —0.047 (49) 0.0072556 (17) —0.018 (52)

3 0.0242320 (21) 0.0242344 (55) —0.010 (49) 0.0242273 (59) 0.019 (52)

4 0.0354698 (24) 0.035480 (10) —0.029 (59) 0.035470 (10) 0.000 (61)

5 0.25442 (14) 0.254279 (96) 0.056 (133) 0.254205 (98) 0.085 (134)

The deviation from reference values provided by GSMS is presented with their expanded uncertainties in parenijesis (

Table 6
Requirements for standard uncertainties in the ITV 2000 document
Material 235 abundance Standard uncertainty
Systematicys (%) Randomy; (%) Combinedy (%)
Depleted uranium <0.3wt.%°U 05 05 0.71
u 0.3% <%0 <1% 0.2 0.2 0.28
Low enriched uranium 1% 25U <20% 0.1 0.1 0.14
High enriched uranium >20 wt.%°U 0.05 0.05 0.07
Table 7 comparison between the experimentally determined com-

ITV 2000 requirements for combined standard uncertaintigsdnd the hined standard uncertainties produced by the traditional and
ve_llues determined using TIMS_trac_htl_ona_I and the total evaporation methods the total evaporation methods and the safeguards require-
with data corrected for mass discrimination X X A

ments as given in ITV 2000 are presentedable 7

U abundance TV 2000,  Traditional,  Total evaporation, The data presented ifable 7clearly demonstrates that
uc (%) uc (%) uc (%) . o i
0.3% <23 < 1% 0028 g 06 ; 02 both methods described in this work comply with the IAEA
SN < < (0] . . . . . .
19 <235 < 20% 014 0.05-0.07 0.02-0.04 safeguards requirements. Provided full adherence to the writ-

ten instructions is observed, the quoted measurement uncer-
tainties for nuclear materials can be easily achieved. This
The uncertainty requirements for uranium measurementsalso means that the analytical instrumentation and procedures
carried out by TIMS are defined in the ITV 2000 according used are fit to the declared purpose.
to the 235U abundance range of the sample as presented in  As there were no samples in the set with abundances lower
Table 6 than 0.3% and higher than 20.0 wt.%, no conclusions could be
The IAEA safeguards document is developed in such a drawn for these categories. Nevertheless it seems reasonable
way to preserve the use of terms like systemati) and to expect that the requirements can also be easily met.
random () components of the uncertainty, although thister- ~ Finally the ISO GUM makes a recommendation concern-
minology is avoided in the ISO GUM. Itis stated in ITV 2000 ing the expression of the uncertainty associated to a mea-
that the combination of these two components results in a surement result. The uncertainty value must be presented as
value equivalent to the combined standard uncertaimgy (  €xpanded uncertainty) which is obtained by multiplying
as defined by the referred guide. It also allows the inclusion the combined standard uncertainiy)(by a coverage factor
of an uncertainty component related to the sampling process,(k), usually 2. Therefore the final measurement results for
which has not been done in this work. then(?3%U)/n(%38U) isotope amount ratio provided by TIMS
The measurement results presentethbles 4 and Gvere using the traditional and the total evaporation method are
expressed as isotope amount ratios and were converted to isopresented ifable 8 The values in parenthesis are expanded
tope abundances for comparison with the ITV values. The uncertainties {{) (k=2) and applies to the last digits of the

Table 8
Final results for the(?3%U)/n(?38U) isotope amount ratio provided by TIMS using traditional and total evaporation methods both with data corrected for mass
discrimination

Sample TIMS(35U)/n(238U) U, % (k=2) TIMS, n(%3%U)/n(?38V) (total U, % (k=2)
(traditional, corrected data) evaporation, corrected data)

1 0.0053481 (69) 0.13 0.0053544 (21) 0.039

2 0.0072454 (89) 0.12 0.0072556 (34) 0.047

3 0.024222 (26) 0.11 0.0242273 (12) 0.049

4 0.035445 (42) 0.12 0.035470 (21) 0.059

5 0.25423 (35) 0.14 0.254205 (20) 0.077

The values of the expanded uncertaintiés re in parenthesi € 2).
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