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Abstract – The n(
235

U)/n(
238

U) isotope amount ratio in a set of samples was measured using two modern 

analytical techniques: quadrupole inductively coupled plasma mass spectrometry (ICP QMS) and multi-

collector magnetic sector inductively coupled plasma mass spectrometry (MC ICPMS). The measured 

ratios were compared to the certified ratios provided by the high accuracy gas source mass spectrometry 

(GSMS). The components of the uncertainty were identified and their contribution to the combined 

standard uncertainty was estimated using the recommendations of the ISO-GUM guide. The values of the 

measurement uncertainty and bias were determined and then compared to the International Target Values 

for Measurement Uncertainties in Safeguarding Nuclear Materials. 

 

INTRODUCTION 

 

Uranium concentration and isotope amount 

ratios must be accurately known because it is one 

of the key elements in the nuclear fuel cycle. The 

measurement of its isotope amount ratios 

(n(
234

U)/n(
238

U), n(
235

U)/n(
238

U) and 

n(
236

U)/n(
238

U)) is carried out not just to comply 

with the requirements of nuclear fuel production, 

but also for environmental monitoring, nuclear 

safeguards and nuclear forensics.  

 

The measurement of the n(
235

U)/(n
238

U) isotope 

ratio is deemed as the most important because it 

predicts the number of 
235

U atoms in a sample 

that will undergo a nuclear fission reaction. 

 

The aim of this paper is to evaluate the 

measurement uncertainty and bias of the 

n(
235

U)/(n
238

U) isotope amount ratio in a set of 

samples in the range of 0.5 to 3.5% 
235

U in mass 

using the ICP QMS and MC ICMPS techniques. 

 

The metrological vocabulary used in this text 

was taken from the newest VIM edition
 1
, the 

uncertainty was estimated according to the 

recommendations of the ISO-GUM guide
 2
 with 

the practical help of the GUM Workbench 

software
 3
. 

EXPERIMENTAL 

 

The ICP-QMS instrument was the Elan 6000, 

manufactured by Perkin Elmer (Norwalk, CT, 

USA). It has a quadrupole analyser and a 

secondary electron multiplier, a discrete dynode 

EM (ETP, Ringwood, Australia). The 

instrumental parameters used are presented in 

table 1. 

 

Table 1  ICP-QMS instrument parameters 

ICP ion source  

RF generator frequency  40.0 MHz 

Cooling gas Argon 

Forward RF power  1 150 W 

Reflected RF power  0 W 

Cooling gas flowrate  14.8 L/min 

Auxiliary gas flowrate  1.0 L/min 

Nebulizer flowrate  0.92 L/min 

Sample uptake  1.0 mL/min 

Interface  

Cones Ni 

Spray chamber Quartz cyclonic 

Nebuliser Micro concentric 

Integration  

Dead time 56 ± 3  (k=1) ns 

Dwell time per peak  50 ms 

N
o
 of sweeps per replicate 250 

N
o
 of replicates per sample 6 
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The MC ICMPS instrument was the Nu Plasma, 

manufactured by Nu Instruments (Wrexham, 

North Wales, U.K.). It has an electrostatic 

analyser (ESA) followed by a magnetic sector, 

arrangement known as double focussing Nier-

Johnson geometry. It is equipped with a fixed 

array of twelve Faraday cups (10
11

 Ω resistors) 

plus three ion counters. The central ion counter is 

associated with a retardation filter. Two zoom 

lenses are assembled between the magnet and the 

collector plane allowing the rejection of scattered 

low-energy ions. The instrumental parameters 

used in this work are presented at table 2. 

 

Table 2  MC ICPMS instrument parameters 

ICP ion source  

RF generator frequency  27.12 MHz 

Cooling gas Argon 

Forward RF power  1 300 W 

Reflected RF power  0 W 

Cooling gas flowrate  13 L/min 

Auxiliary gas flowrate  0.75 L/min 

Nebulizer flowrate  0.68 L/min 

Sample uptake  100 µL/min 

Interface  

Cones Ni 

Spray chamber Jacketed cinnabar 

Nebulizer Micromist 

Ion optics  

Acceleration voltage  4 010 V 

Extraction potential 2 000 V 

Resolution 300 

Sensitivity  11 V/µg·g
-1

 

Energy filter setting  

Right  4 010 V 

Left  3 525 V 

Acquisition  

Number of blocks 3 

Cycles per block 10 

Integration time  10 s 

Magnetic delay 2 s 

 

Reagents and samples 

 

The set of four samples were initially in the form 

of uranium hexafluoride contained in glass 

ampoules. They were hydrolysed by the addition 

of ultra pure deionised water (18 MΩ cm
-1

) 

provided by a Milli-Q system manufactured by 

Millipore (Bedford, MA, USA). Then they were 

purified to generate a uranyl nitrate base 

solution. A first aliquot was taken to provide a 

3.0 ngU/mL solution to run the ICP QMS 

measurements and a second aliquot, to generate a 

1.0 µg/ml solution to run the MC ICPMS 

measurements. 

These samples have been formally analysed by 

GSMS in the course of the certification studies. 

Thus, the measurement results presented in table 

3 are considered as the reference values in this 

work. The expanded uncertainties are presented 

between parentheses and apply to the last two 

figures; the coverage factor used was k=2. 

 

Table 3  Certified isotope ratios by GSMS 

Sample n(
235

U)/n(
238

U) 

A 1 0.0053547 (17) 

A 2 0.0072543 (17) 

A 3 0.0242320 (42) 

A 4 0.0354698 (47) 

 

Certified isotope reference materials (CIRMs) 

 

It is very well known that mass spectrometry 

techniques provide measurement results with 

high repeatability; nonetheless, they are affected 

by several factors that result in a bias. For 

ICPMS instruments these factors can be the 

plasma instability, instrumental background, 

procedural blank, counting statistics, dead time 

of the detector and the mass discrimination, the 

most important factor.  

 

A very simple technique to overcome mass 

discrimination is to run the samples and CIRMs 

in the same instrumental conditions, allowing the 

determination of a correction factor. Two 

correcting methods will be compared in this 

work: the traditional or single standard, which 

relies in just one CIRM and the bracketing 

method, which relies in two CIRMs.  

 

The CIRMs used in this work were produced by 

the IRMM
 4
 and are presented in table 4. 

 

Table 4  Certified isotope ratio materials 

CIRM n(
235

U)/n(
238

U) 

IRRM  071 0.0072623 (16) 

IRRM  021 0.0044036 (21) 

IRRM 2079 0.0071505 (24) 

IRRM 2408 0.0197333 (52) 

IRRM 2411 0.0406210 (83) 

IRRM  295 0.0307711 (51) 

 

Instrument calibration 
 

Both ICP QMS and MC ICPMS instruments 

were calibrated before the measurements to 

achieve the best measurement results. A 

comprehensive description of their calibration 

procedures can be found elsewhere
 5
. 
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Measurement procedure 

 

The measurement procedure for ICP QMS and 

MC ICPMS is presented in table 5. It started 

measuring the instrumental background (IB) 

followed by the procedural background (PB) 

using a 2 % nitric acid solution. Then, the first 

CIRM was introduced, followed by the sample 

and the second CIRM. There was always a 

rinsing solution with between every step. 

 

Table 5  Measurement sequence 

Run 1 Run 2 

IB 1 IB 2 

PB 1  PB 2  

IRMM 071 IRMM 071 

Sample A 1 Sample A 2 

IRMM 071 IRMM 071 

  

Run 3 Run 4 

IB 3 IB 4 

PB 4 PB 4 

IRMM 295 IRMM 2411 

Sample A 3 Sample A 4 

IRMM 295 IRMM 2411 

 

RESULTS AND DISCUSSION 

 

The measured isotope ratios by ICP QMS, the 

mass discrimination method used and the relative 

difference or bias between the certified and 

measured isotope ratios are presented in table 6. 

 

Table 6  Measured isotope ratio by ICP QMS, 

mass discrimination correction method used, 

expanded uncertainty and bias 

Sample n(
235

U)/n(
238

U) Mtd U Bias
 

 ICP QMS  % % 

A 1 0.005375 (88) Trad 1.64 + 0.38 

A 1 0.005371 (58) Brac 1.08 + 0.30 

A 2 0.00725 (11) Trad 1.52 - 0.06 

A 2 0.007243 (96) Brac 1.33 - 0.16 

A 3 0.02429 (29) Trad 1.19 + 0.24 

A 3 0.02427 (23) Brac 0.95 + 0.16 

A 4 0.03548 (34) Trad 0.96 + 0.03 

A 4 0.03550 (28) Brac 0.79 + 0.09 

 

This table shows a good agreement between the 

certified and the measured isotope amount ratios. 

However it reveals a bias in the range of - 0.16 to 

+ 0.38 % despite the method applied to correct 

mass discrimination. As the expanded 

uncertainties (U) presented by both methods 

were of same magnitude, the use of the 

traditional method is fully justified for isotope 

ratio measurements carried out by ICP QMS. 

The uncertainty budget evaluation revealed that 

the standard combined uncertainty is composed 

by the following components: ion detector’s 

dead time (dt), instrumental background (ibg), 

certified isotope reference material (cirm) and 

the repeatability of the measurements (repeat). 

The relative contributions of these components 

are presented at table 7 for ratios obtained by the 

traditional or bracketing method. 

 

Table 7  Contribution to the standard 

uncertainty of ICP QMS by the 

traditional and bracketing methods 

Component A 2 A 4 

 Trad Brac Trad Brac 
 % % % % 

dt 0.0 0.0 0.0 0.0 

ibg 0.7 0.6 0.2 0.2 

cirm 0.0 0.2 0.1 0.1 

repeat 99.3 99.2 99.7 99.7 

 

The dominant component in the budget is for 

sure the measurement repeatability, responsible 

for more than 99.0 % of the standard combined 

uncertainty. The reason for this large 

contribution is the instability of the ion beam 

intensity created by the plasma flickering. 

 

The isotope amount ratio measurement results 

for MC ICPMS are presented in table 8 

 

Table 8  Measured isotope ratio by MC ICPMS, mass 

discrimination correction method used, relative 

expanded uncertainty and bias 

Sample n(
235

U)/n(
238

U) Method U  Bias
 

 MC ICPMS  % % 

A 1 0.0053559 (25) Trad 0.047 + 0.02 

A 1 0.0053538 (23) Brac 0.043 - 0.02 

A 2 0.0072537 (37) Trad 0.051 - 0.01 

A 2 0.0072520 (34) Brac 0.047 - 0.03 

A 3 0.024222 (12) Trad 0.050 - 0.04 

A 3 0.024220 (11) Brac 0.045 - 0.05 

A 4 0.0354765 (87) Trad 0.025 + 0.02 

A 4 0.0354688 (90) Brac 0.025    0.00 

 

The results presented show an excellent 

agreement between the certified and measured 

isotope amount ratios. The bias was in the range 

of - 0.05 and + 0.02 % and the measurement 

uncertainty was between 0.025 to 0.051 %. As 

the method used to correct mass discrimination 

did not influence the measurement uncertainty 

and bias, it is also convenient to use the 

traditional method. 
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The uncertainty budget for MC ICPMS 

measurements is presented in table 9. 

 

Table 9  Contribution to the standard 

uncertainty of MC ICPMS by the 

traditional and bracketing methods 

Component A 2 A 4 

 Trad Brac Trad Brac 

 % % % % 

ibg 14.4 11.0 2.7 2.3 

cirm 19.1 22.2 64.9 69.6 

repeat 66.5 66.6 32.3 28.0 

 

In this technique, each component plays a 

significant role in the uncertainty budget. It is 

interesting to note that the CIRM has an 

increasing share in the budget, until it becomes 

the dominant component in sample A 4.  

 

It is important to note that the small bias detected 

between certified (GSMS) and measured isotope 

amount ratios (ICP QMS and MC ICPMS) was 

eventually encompassed by the expanded 

uncertainties involved in the bias calculation. 

 

It is now time to identify the requirements of the 

international nuclear safeguards and compare 

them with the experimental results obtained.  

 

The most accepted technical reference in nuclear 

safeguards
 6
 presents the values for the random 

(ur) and the systematic (us) components of the 

standard uncertainty. The combination of these 

two provides the standard combined uncertainty 

(uc). These values are presented in table 10 

according to the 
235

U enrichment level in the 

sample. 

 

Table 10  Requirements of nuclear safeguards 

 Standard uncertainty 

Range ur us uc 

0.3% <
235

U < 1% 0.2 0.2 0.28 

1% <
 235

U < 20% 0.1 0.1 0.14 

> 20% wt%  
235

U 0.05 0.05 0.07 

 

As the samples are comprised in the range of 1 to 

20 % in 
235

U, the standard combined uncertainty 

(uc) must be at least equal to 0.14 %. 

 

Therefore just the measurements performed by 

MC ICPMS can meet with the stringent 

requirements of international nuclear safeguards.  

CONCLUSIONS 

 

The n(
235

U)/n(
238

U) isotope amount ratio has 

been successfully measured by ICP QMS and 

MC ICPMS. The measurement uncertainty and 

bias were always lower for the latter technique. 

 

The results obtained have shown that mass 

discrimination can be successfully corrected by 

the traditional and bracketing methods; however 

the use of the traditional method is enough to get 

accurate measurement results. 

 

Although some small biases have been detected, 

they were always encompassed by the expanded 

uncertainties. Thus, the metrological equivalence 

of the results provided by the GSMS, ICP QMS 

and MC ICPMS techniques was demonstrated.  

 

In the context of the nuclear fuel cycle, 

n(
235

U)/n(
238

U) isotope amount ratios can be 

measured either by ICP QMS or MC ICPMS 

techniques. Yet just the measurements carried 

out by MC ICPMS can meet the requirements of 

the International Target Values for Measurement 

Uncertainties in Safeguarding Nuclear Materials. 
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