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Abstract

The measurement ofn(235U)/n(238U) isotope amount ratio in a set of representative uranium samples with enrichment levels ranging from
0.5 to 20.0 wt.% of235U was carried out by thermal ionization mass spectrometry using the traditional and the total evaporation methods. The

f uncertainty
ertainties in

feguards

ctor

ted
ion

ffect
ving
fol-

pe

pro-
mples
uncertainties of the measurement results were evaluated according to the recommendations of the ISO guide to the expression o
in measurement. They were then compared to the requirements of the IAEA international target values for measurement unc
safeguarding nuclear materials.
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1. Introduction

Thermal ionization mass spectrometry (TIMS) is regarded
as one of the most precise and accurate techniques for iso-
tope amount ratio measurements. It has long been used for
the determination of isotope composition and when isotope
dilution is applied, the concentration of uranium samples.

However, the measured isotope ratios always deviate from
the isotope ratios of the sample. The reason for this deviation
is mainly due the mass discrimination effect[1], which takes
place in the sample evaporation, but also in the extraction,
transmission and ion detection processes. The lighter iso-
topes are preferentially evaporated and extracted compared
with the heavier isotopes of the element. This phenomenon
is temperature dependent and is a function of mass[2].

As it is experimentally extremely difficult to assess the
contribution of each source of mass discrimination individu-
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ally, the overall effect is accounted for using a single fa
as defined below[3]

K = Kevap× Kextr × Ktrans× Kdet (1)

whereK is the overall mass discrimination factor,Kevap, Kextr,
Ktrans and Kdet are the mass discrimination factors rela
to the evaporation, ion extraction, ion transmission and
detection processes, respectively.

The approach to correct the mass discrimination e
using a set of isotope reference materials (IRMs) ha
different certified isotope amount ratios is based on the
lowing equation[4]:

Ki = Ri/ri (2)

whereKi is the mass discrimination factor,Ri the certified
isotope amount ratio for the IRM andri the measured isoto
amount ratio for the IRM used.

In practice, the average value for several IRM samples
cessed is calculated and then applied to correct the sa
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analyzed, as described below

Kav =
i=n∑

i=1

Ki/n (3)

Rc = Kav × rs (4)

whereKav is the average mass discrimination factor,Rc the
corrected isotope amount ratio for the sample andrs the mea-
sured isotope amount ratio for the sample.

Uranium isotope amount ratio measurements are usually
carried out in TIMS using either the traditional or the total
evaporation method. The difference between these methods
is that the former just uses a small part of the sample and the
latter uses the entire sample deposited onto the filament.

In the classical or traditional method, the isotope ratio
is changing during the measurement due to the preferential
evaporation of lighter isotopes[1]. The measurement is per-
formed in just a limited period of the sample evaporation and
all parameters such as sample size, chemical form, filament
material and temperature, heating pattern and analysis time
should be tightly controlled to reproduce the same fractiona-
tion behaviour. This is an important condition for applying the
K-factor obtained from measurements of the reference mate-
rials to correct the measurements of the sample in a proper
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Besides TIMS, several other mass spectrometry tech-
niques can perform reliable uranium isotope ratio measure-
ments with precisions in the range of 0.50–0.01%[9]. For
instance, laser ionization mass spectrometry (LIMS), reso-
nance ionization mass spectrometry (RIMS), glow discharge
mass spectrometry (GDMS), spark source mass spectrome-
try (SSMS), secondary ion mass spectrometry (SIMS), gas
source mass spectrometry (GSMS) and inductively coupled
plasma mass spectrometry (ICPMS)[10]. In spite of that,
TIMS, GSMS and ICPMS techniques are recognized to pro-
vide measurements results with the highest precision[11].

The GSMS technique relies in the very efficient elec-
tron impact ion source, which enablesn(235U)/n(238U) iso-
tope amount ratio measurements with precisions of less than
0.01%[11]. However, just samples in the form of gas can
be introduced in the inlet system. This is the case of ura-
nium hexafluoride (UF6), the compound used in the uranium
isotope enrichment process.

The ICPMS technique, which relies on instruments having
an ICP ion source, has presented a great instrumental devel-
opment in the last two decades with the utilization of different
sample introduction, ion separation and ion detector systems
[12]. A study compared the performance of three important
instrument configurations[13] and showed that the sim-
plest instrument version, the quadrupole inductively coupled
plasma mass spectrometer (ICP-QMS), provided measure-
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The total evaporation method first introduced

omkowski[5] combined the total evaporation of the sam
ith multiple ion collection and simultaneous integration

he ion signal from each isotope. Thus, this method is b
n idea that if all atoms present in the sample are evapo

onised and collected, no bias should be introduced in
easurement.
In further developments of the total evaporation met

(235U)/n(238U) isotope amount ratio measurement res
ere reported in which small deviations from certified va
ere found in the range of 0.01–0.04%[6]. It was claimed

hat the method was insensitive to sample size and d
rocedures and, above all, did not require the use of IRM
orrect for the mass discrimination effect.

The influence of the experimental parameters was
nvestigated and it was shown that the method could be
ven for very small samples sizes (1 ng), that the sa
rying procedure did not exert a great influence but m

han 30 scans was really needed to get accurate measu
esults[7].

Finally, recognizing the presence of a small residual bi
ery precise measurements, with relative standard dev
R.S.D.) below 0.01%, a modification of the classical t
vaporation method has been proposed, applying a corre
actor for the residual mass discrimination effect[8]. The
auses of this residual mass discrimination were report
e the time-dependent drift in isotope ratios in combina
ith changes in the ionization efficiency and ion transmis
uring the measurement.
t

ents results with precisions in the range of 0.10–0.35%
agnetic analyser single collector instrument (HR-ICP
recisions values around 0.05% and the multi collector in
ent (MC-ICPMS) precision values around 0.02%.
Analytical laboratories worldwide are now being as

o be accredited as an impartial demonstration to the p
hat they carry on their tasks accordingly. Many accredita
odies use the ISO 17025 standard[14] for the accreditatio
rocess of calibration and testing laboratories. In this stan

here is a requirement for applying a procedure to eva
he uncertainty of measurement.

Therefore, the first goal of this work is to measure
(235U)/n(238U) isotope amount ratio in a set of samples
IMS using the traditional and the total evaporation m
ds. The evaluation of the measurement uncertainties
e carried out using the ISO GUM[15], as required b

SO 17025. The second goal is to verify the complia
ith the requirements of the international target values
easurement uncertainties (ITV 2000)[16], as set up b

he nuclear materials safeguards authority, the internat
tomic energy agency (IAEA).

. Experimental

.1. Instrumentation

Isotope amount ratios were measured using a therma
zation mass spectrometer model MAT 262 manufacture
innigan MAT (Bremen, Germany). The sample maga
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has 13 positions where the rhenium double filaments were
assembled. A set of electrostatic lenses is used to extract
and collimate the ions accelerated at a 10 kV voltage. The
instrument has a 90◦ magnetic sector with 23 cm radius with
asymmetric and extended geometry design that gives a mass
dispersion of 64 cm radius sector. The multi-collector sys-
tem is assembled with six Faraday cups coupled to a 1011�

resistor each. The235U+ and238U+ ion-beams were collected
simultaneously in the static configuration mode. Although a
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/�m) is higher than 500 at 10% valley definition and
the abundance sensitivity is 2.0× 10−6 at 237 u. The data
acquisition uses HP Basic software running in a Microsoft
Windows platform.

2.2. Materials

Isotope reference materials IRMM 183, 184, 185, 186 and
187 produced by the European Commission Institute for Ref-
erence Materials and Measurements (EC-JRC-IRMM, Geel,
Belgium) were used to measure the mass discrimination
effect in the spectrometer during the sample analyses.

A set of samples ranging from 0.5 to 20.0 wt.% of235U
originally in the form of uranium hexafluoride (UF) were
fi MS).
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Table 1
Experimental parameters used in the TIMS measurements

Parameter Method applied

Traditional Total evaporation

Number of blocks 10 1
Number of scans per block 5 50
Integration time (s) 8 4
Delay time (s) 4 4
Sample size (�g) 5 0.2

100 mV signal intensity required for focusing and peak cen-
tering routines. The temperature in this filament was kept
constant at about 2000◦C throughout the measurement pro-
cess to provide a stable ionization condition. Then a current
of 1.5–2.0 A was carefully and slowly set for the evaporation
filament to generate a 5.0 V signal intensity for238U+. After
some stabilization time, routines for focusing, peak centering,
zeroing and drift checks were carried out without changing
the filaments currents.

For the total evaporation method, the same procedure was
applied to the ionization filament. But for the evaporation
filament, the current was initially set to around 1.0 A to gen-
erate a small signal intensity for238U+. The current was then
increased carefully to generate a signal necessary for focus-
ing and peak centering routines, typically about 100 mV. Then
the measurement started and the238U+ signal intensity soon
reached about 7.0 V, a value that provided a good signal to
noise ratio without any possible problem of amplifier satu-
ration. The evaporation current was constantly increased to
keep this intensity level throughout the measurement pro-
cess. The analysis ended when the intensities fell below the
preset value of 10 mV, when the sample on the filament was
extinguished.

The experimental parameters used in this work are pre-
sented inTable 1.

The multi-collector system in TIMS always measured the
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a hich
6
rst analyzed by gas source mass spectrometry (GS
hey were then converted to uranyl nitrate (UO2(NO3)2) to
llow the measurements by TIMS.

Samples and isotope reference materials were prepa
M HNO3 at the concentration of 5.0�g/�L for the tradi-

ional and 0.20�g/�L for the total evaporation method. A
n aliquot of 1.0�L was loaded onto the filaments, appr

mately 5.0�g of uranium was deposited for the traditio
ethod and 0.2�g for the total evaporation method.

.3. Procedure

The filaments used in this work were made of zone-refi
henium because of the high ionization efficiency and
ow uranium background featured by this material. They w
reviously degassed under high vacuum for 3 h.

A set of five filaments was assembled in the filam
oading device. Then a sample drop (1.0�L) was carefully
eposited onto the filaments and the heating current
et in three consecutive steps: 0.5 A for a period of 3
.0 A for 60 s and 1.5 A for 10 s. In this way the depos
UO2(NO3)2) sample was converted into UO3, a much mor
efractory compound that only evaporates at a higher tem
ture.

The analysis of each sample started with the typical
ration routines for the instrument comprising magnet m
aseline and amplifier gain calibration. The baseline
easured at 233.5 u.
For the traditional method, an electric current was s

he ionization filament to generate for187Re+ approximately a
ignal intensities for all uranium isotopes, which allowed
ral ratios to be automatically calculated. Nevertheless
ork was just focused in then(235U)/n(238U) isotope amoun

atio because this is the value of major concern for the
uards of nuclear material and consequently for the
000 document. The measurement ofn(234U)/n(238U) and
(236U)/n(238U) isotope amount ratios is more complex a
equire several corrections to provide accurate measure
esults. For this reason, an experimental work using d
nt mass spectrometers and monitoring all uranium iso
atios was carried out recently and the data will be publis
oon.

. Results and discussion

The uncertainty of all measurement results was evalu
ccording to the recommendations of the ISO GUM, w
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has been adopted in many fields of the measuring science
including the chemical measurement.

This new approach recognises that the uncertainty of a
measurement result is composed by several components that
can be grouped in two categories: those evaluated by statis-
tical methods (Type A) and those evaluated by other means
(Type B). It was very common practice in the past to report
the uncertainty of a measurement as just the repeatability
of many observations (Type A), which in many cases led to
small but unrealistic uncertainty values.

The ISO GUM also requires the statement of a mathe-
matical model for the measurement to transform the set of
repeated observations into a measurement result. Other quan-
tities that can influence the result can be included in this
model. In this work, the evaluation of the uncertainty was
carried out in practice with the help of the dedicated software
GUM Workbench Pro 2.3.6.[17].

For the traditional method, 24 filaments containing the
reference materials IRMM 183–187 were processed, which
enabled the determination of theK-factor according to Eqs.
(2) and (3). The uncertainty of theK-factor considered both
the uncertainty of the IRMs and the uncertainty of the
measured isotope amount ratio. Thus the average mass dis-
crimination factor (Kt) was calculated as 0.99765± 0.00079
(0.080%,k = 2). The standard deviation (S.D.), standard com-

bined uncertainty (uc) and the expanded uncertainty (U) of
this experimental data were calculated according to the ISO
GUM and are presented inTable 2.

For the total evaporation method, 42 filaments contain-
ing the reference materials IRMM 183–187 were processed
and following the same procedure applied to the traditional
method, the average mass discrimination factor (Kav) was
calculated as 0.99971± 0.00018 (0.018%,k = 2).

In order to provide a comparison of performances, theK-
factors experimentally obtained are presented inFig. 1 for
traditional and inFig. 2for the total evaporation method.

Based on the data and figures presented, it is clear that
the average mass discrimination factor provided by the total
evaporation has a lower relative uncertainty value (0.018%)
than that provided by the traditional method (0.080%).

The application of the correction for the mass discrim-
ination effect in the traditional method was carried out by
means of Eq.(4). The average of six isotope ratio measure-
ments for each sample was multiplied by the average mass
discrimination factor (Kt) as presented inTable 3.

In this work the GSMS technique was selected to provide
the reference values for then(235U)/n(238U) isotope amount
ratios based on two facts. First, it is the technique, which
provides the measurement results with the smaller uncertain-
ties, as it will be shown below. Second, the reliability of this

T
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1 459
1 068
1 562
1 661
1 345
1 777
1 025
1 991
2 937
2 558
2 908
2 939
2 646

A
S
u
U
U

T

able 2
RMM isotope reference materials used, certified, measured isotope a

umber IRMM Certified isotope ration(235U)/n

1 184 0.0072623 (11)
2 185 0.0200552 (30)
3 186 0.0307711 (46)
4 187 0.0473250 (70)
5 183 0.00321570 (80)
6 184 0.0072623 (11)
7 184 0.0072623 (11)
8 185 0.0200552 (30)
9 184 0.0072623 (11)
0 185 0.0200552 (30)
1 185 0.0200552 (30)
2 186 0.0307711 (46)
3 187 0.0473250 (70)
4 187 0.0473250 (70)
5 187 0.0473250 (70)
6 187 0.0473250 (70)
7 186 0.0307711 (46)
8 187 0.0473250 (70)
9 185 0.0200552 (60)
0 187 0.0473250 (70)
1 187 0.0473250 (70)
2 186 0.0307711 (46)
3 186 0.0307711 (92)
4 187 0.0473250 (70)
verage
.D.

c (k = 1)
(k = 2)
(%)

he combined standard uncertainties (uc) are presented in parenthesis (k = 1). The
ratio measurements and calculatedK factors for TIMS using the traditional meth

Measured isotope ration(235U)/n(238U) K

0.0072887 (44) 0.99
0.020055 (12) 1.00
0.030836 (19) 0.99
0.047468 (28) 0.99
0.0032306 (19) 0.99
0.0072770 (44) 0.99
0.0072740 (44) 0.99
0.020087 (12) 0.99
0.0072784 (44) 0.99
0.020135 (12) 0.99
0.020065 (12) 0.99
0.030939 (19) 0.99
0.047293 (28) 1.00
0.047533 (29) 0.99
0.047486 (28) 0.99
0.047637 (29) 0.99
0.030840 (19) 0.99
0.047313 (28) 1.00
0.020057 (12) 0.99
0.047355 (28) 0.99
0.047535 (29) 0.99
0.030800 (18) 0.99
0.030790 (18) 0.99
0.047493 (28) 0.99
0.99765
0.00195
0.00040
0.00079
0.080

expanded uncertainty (U) was calculated usingk = 2.
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Fig. 1. Mass discrimination factor plus expanded uncertainty (k = 2) for the
measurements carried out by TIMS using the traditional method.

Fig. 2. Mass discrimination factor plus expanded uncertainty (k = 2) for the
measurements carried out by TIMS using the total evaporation method.

measurement has been demonstrated in several international
inter-comparison programmes involving the most important
nuclear laboratories around the world[19,20].

The reference values provided by GSMS and the results
provided by both TIMS methods are presented inTable 4.

Table 3
Measured isotope amount ratios, average mass discrimination factor (Kt) and
corrected isotope amount ratio for sample 4 using TIMS with the traditional
method

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

Kt Corrected ratio
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 uncertainties (uc) are presented in parenthesis (k = 1)
and the expanded uncertainty (U) is calculated withk = 2.

Fig. 3. Isotope amount ratio plus expanded uncertainties (k = 2) provided
by GSMS, TIMS traditional and uncorrected total evaporation methods for
sample 2.

The values in parenthesis represent the combined standard
uncertainties (uc) (k = 1) and apply to the last digits of the
measurement results. It is important to note that the isotope
amount ratio values presented inTable 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 (k = 2) 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 inTable 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 (uc). The sec-
ond observation is that the total evaporation method without
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 given inFigs. 3 and 4.

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

F
b s for
s

ig. 4. Isotope amount ratio plus expanded uncertainties (k = 2) provided
y GSMS, TIMS traditional and uncorrected total evaporation method
ample 4.
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Table 4
Measurement results for then(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 (uc)

Sample GSMSn(235U)/n(238U)
(reference values)

TIMS n(235U)/n(238U)
(traditional method)

Deviation, % (k = 2) TIMS n(235U)/n(238U)
(total evaporation)

Deviation, % (k = 2)

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 parenthesis (k = 2).

Fig. 5. Deviation from reference values plus expanded uncertainties (k = 2)
for TIMS traditional method 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 seen
in Table 4and inFigs. 5 and 6.

Nevertheless, the average mass discrimination value
obtained using the total evaporation method (Kav = 0.99971
± 0.00018) revealed that there was still a small residual mass
discrimination effect. A correction was applied by means of
Eq.(4) and the final results are presented inTable 5.

The results presented inTable 5shows that the correc-
tion applied only slightly changed the isotope amount ratio
values and its standard combined uncertainties. The values
of uncertainties increased for all samples as one more cor-

F (
f ction
f

Fig. 7. Deviation from reference values plus expanded uncertainties (k = 2)
for TIMS total evaporation method after the mass discrimination correction
for the five samples of the set.

rection operation was added to the uncertainty budget of the
samples. Finally it shows that the deviation values remained
insignificant within the stated uncertainties.

The application of such correction did not change signif-
icantly the measurement results, as it can be easily checked
comparingFigs. 6 and 7. But since a bias was detected in the
measurements of the reference materials IRMM 183–187, it
has to be corrected and the measurement uncertainty revalu-
ated as it was done in this work.

Thus in the light of the current knowledge there is no hint
of other additional effects that could have been affecting the
measurements carried out using the total evaporation method.
Therefore the mathematical model proposed here is believed
to represent well the real measurement process.

It is of great interest to see if the uncertainty values for the
methods described meet the requirements of the international
safeguards system managed by the IAEA. The ITV 2000
lists several analytical techniques used in nuclear safeguards
as well as its target uncertainties. This document was first
published in 1983 last updated in 2001[16].

The target values are defined as measurement uncertainties
to be considered in judging the reliability of analytical tech-
niques to be applied in safeguarding nuclear fissile materials.
They are very important to the analyst because they present a
goal to be reached in routine measurements. Thus the analyt-
ical instrumentation and the procedures selected must allow
t y”, as
t

ig. 6. Deviation from reference values plus expanded uncertaintiesk = 2)
or TIMS total evaporation method before the mass discrimination corre
or the five samples of the set.
he achievement of the “target measurement uncertaint
his concept is now being expressed[18].
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Table 5
Measurement results for then(235U)/n(238U) isotope amount ratio provided by GSMS and TIMS using total evaporation method with uncorrected and corrected
data for the mass discrimination

Sample GSMSn(235U)/n(238U)
(reference values)

TIMS n(235U)/n(238U) (total
evaporation, uncorrected data)

Deviation, % (k = 2) TIMS n(235U)/n(238U) (total
evaporation, corrected data)

Deviation, % (k = 2)

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 parenthesis (k = 2).

Table 6
Requirements for standard uncertainties in the ITV 2000 document

Material 235U abundance Standard uncertainty

Systematic,us (%) Random,ur (%) Combined,uc (%)

Depleted uranium <0.3 wt.%235U 0.5 0.5 0.71
U 0.3% <235U < 1% 0.2 0.2 0.28
Low enriched uranium 1% <235U < 20% 0.1 0.1 0.14
High enriched uranium >20 wt.%235U 0.05 0.05 0.07

Table 7
ITV 2000 requirements for combined standard uncertainties (uc) and the
values determined using TIMS traditional and the total evaporation methods
with data corrected for mass discrimination
235U abundance ITV 2000,

uc (%)
Traditional,
uc (%)

Total evaporation,
uc (%)

0.3% <235U < 1% 0.28 0.06 0.02
1% <235U < 20% 0.14 0.05–0.07 0.02–0.04

The uncertainty requirements for uranium measurements
carried out by TIMS are defined in the ITV 2000 according
to the235U abundance range of the sample as presented in
Table 6.

The IAEA safeguards document is developed in such a
way to preserve the use of terms like systematic (us) and
random (ur) components of the uncertainty, although this ter-
minology is avoided in the ISO GUM. It is stated in ITV 2000
that the combination of these two components results in a
value equivalent to the combined standard uncertainty (uc)
as defined by the referred guide. It also allows the inclusion
of an uncertainty component related to the sampling process,
which has not been done in this work.

The measurement results presented inTables 4 and 5were
expressed as isotope amount ratios and were converted to iso-
tope abundances for comparison with the ITV values. The

comparison between the experimentally determined com-
bined standard uncertainties produced by the traditional and
the total evaporation methods and the safeguards require-
ments as given in ITV 2000 are presented inTable 7.

The data presented inTable 7clearly demonstrates that
both methods described in this work comply with the IAEA
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
also means that the analytical instrumentation and procedures
used are fit to the declared purpose.

As there were no samples in the set with abundances lower
than 0.3% and higher than 20.0 wt.%, no conclusions could be
drawn for these categories. Nevertheless it seems reasonable
to expect that the requirements can also be easily met.

Finally the ISO GUM makes a recommendation concern-
ing the expression of the uncertainty associated to a mea-
surement result. The uncertainty value must be presented as
expanded uncertainty (U) which is obtained by multiplying
the combined standard uncertainty (uc) by a coverage factor
(k), usually 2. Therefore the final measurement results for
then(235U)/n(238U) isotope amount ratio provided by TIMS
using the traditional and the total evaporation method are
presented inTable 8. The values in parenthesis are expanded
uncertainties (U) (k = 2) and applies to the last digits of the

Table 8
Final results for then(235U)/n(238U) isotope amount ratio provided by TIMS usi for mass
discrimination

Sample TIMSn(235U)/n(238U)
(traditional, corrected data)

U, % (k = 2)

1 0.0053481 (69) 0.13
2 0.0072454 (89) 0.12
3 0.024222 (26) 0.11
4 0.035445 (42) 0.12
5 0.25423 (35) 0.14

T
he values of the expanded uncertainties (U) are in parenthesis (k = 2).
ng traditional and total evaporation methods both with data corrected

TIMS, n(235U)/n(238U) (total
evaporation, corrected data)

U, % (k = 2)

0.0053544 (21) 0.039
0.0072556 (34) 0.047
0.0242273 (12) 0.049
0.035470 (21) 0.059
0.254205 (20) 0.077
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measurement results. The relative expanded uncertainties
values (U%) are also presented.

4. Conclusions

This study confirmed the fact thatn(235U)/n(238U) isotope
amount ratio measurements using thermal ionization mass
spectrometry can be performed accurately using either the
traditional or the total evaporation methods described in this
work.

Measurements carried out using the traditional method
provided isotope amount ratios with relative expanded uncer-
tainties in the range of 0.11–0.14% and with the total evap-
oration method uncertainties in the range of 0.039–0.077%
for samples having 0.50–20.0 wt.% of235U. The measured
isotope amount ratios of both methods were corrected for the
mass discrimination effect.

A mass discrimination effect could still be detected in the
total evaporation measurements but it was much less pro-
nounced than that found when the traditional method was
employed.

The total evaporation method proved to be a more reliable
analytical method because it consistently provided isotope
ratio measurements results with combined standard uncer-
tainties two to three times lower than the traditional method.
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