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Abstract
A new method for the direct measurement of 237Np/238U ratio in irradiated UO2 pellets by multicollection inductively coupled 
plasma mass spectrometry (MC-ICP-MS) is proposed. It allows the determination of ratios down to 10 × 10–6 mol·mol−1 using 
ion counter and Faraday cup. This approach was validated by intercomparison with the usual two-step-method (Quadrupole 
ICP-MS for 237Np determination and isotope dilution mass spectrometry (IDMS) for 238U). For ratios between 10 × 10–6 
and 100 × 10–6 mol·mol−1, expanded uncertainties (k = 2) varied from 2.75% to 0.81%, twice lower than the uncertainties 
determined by the usual method.
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Introduction

Neptunium is commonly measured in the nuclear field for 
various applications such as radioactive waste management, 
environmental samples or nuclear fuel characterization 
[1–6]. In the field of nuclear fuel characterization, it is of 
great importance to obtain experimental data after irradia-
tion in order to qualify nuclear database and neutronic cal-
culation codes. 237Np has three main ways of production [1, 
7, 8] in the nuclear reactor:

1.	 a (n, 2n) reaction inducing the production of 237Np from 
238U.

2.	 a 236U atom, produced by the reaction of 235U with a 
neutron, generating 237U by neutron capture which then 
becomes 237Np by β-decay.

3.	 237Np can be produced by α-decay of 241Am, produced 
into the reactor.

Insufficient knowledge about the 236U neutron capture 
cross section can therefore lead to uncertainties in the 

back-end of spent nuclear fuel or reprocessed uranium-
recycling studies due to the underestimation of the amount 
of 237Np and by consequence of 238Pu in the spent fuel which 
is produced by neutron capture of 237Np [9, 10].

In order to gain better knowledge of nuclear data of radi-
onuclides, some specific irradiation campaigns have been 
realized in dedicated experimental nuclear reactors. One of 
them was performed in the 1980’s: UO2 pellets doped with 
the 236U isotope were irradiated in the experimental pressur-
ized water reactor Melusine in Grenoble (France) [11–14] 
and stored after irradiation during more than 30 years. 
After irradiation, the measurements of the 237Np/238U ratio 
could help to understand the underestimation of 237Np in 
the spent fuel. In these experimental samples, the predicted 
237Np/238U ratio varied between 10 × 10–6 mol·mol−1 and 
100 × 10–6 mol·mol−1.

Numerous techniques make it possible to measure 
237Np in different matrices as referenced and reviewed in 
[1, 15]. 237Np can be determined by either alpha spec-
trometry [16–18], alpha liquid scintillation with rejection 
of β–γ emitters [19, 20], neutron activation analysis [18], 
high-resolution gamma spectroscopy (HRGS) [18, 21, 
22] or mass spectrometry techniques such as glow dis-
charge mass spectrometry (GDMS) [8], accelerator mass 
spectrometry [23, 24] or inductively coupled plasma mass 
spectrometry (ICP-MS) [6, 16, 17, 21, 25–28]. The latter 
technique has in the last 20 years become more and more 
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utilized due to its rapidity, high sample throughput, and 
low limit of detection (< fg/g) [20, 29] compared to the 
other techniques. ICP-MS can be also hyphenated with 
separative techniques to measure 237Np [30, 31]. Another 
major advantage of the ICP-MS technique, as the other 
mass spectrometric techniques, comes from the absence 
of isobaric interference at the m/z ratio = 237 amu [21].

If in the environmental samples, the main difficulty is 
the chemical separation to eliminate the matrix from the 
237Np fraction [18, 27], in the case of nuclear samples, the 
most challenging point is the presence of high amounts 
of uranium relative to Np. In addition to this, the studied 
UO2 pellets contain an unusual amount of 236U. Therefore, 
in the ICP-MS technique, the peak tail coming from the 
238U isotope or molecular interferences (i.e., 236UH+) can 
lead to inaccuracies if these phenomena are not properly 
corrected [16]. In quadrupole ICP-MS (Q-ICP-MS) tech-
niques, 237Np as well as other elements present in nuclear 
samples can be measured using the external calibration 
curve method or the gravimetric standard addition method 
[6]. The literature has also described the use of multi col-
lection ICP-MS (MC-ICP-MS) without performing meas-
urements in the multi-collection mode [32].

In the Nuclear Isotopic and Elemental Analytical devel-
opment Laboratory (LANIE) of the French Atomic and 
Alternative Energies Commission (CEA) Paris-Saclay, 
the 237Np/238U ratio is precisely determined with a two-
step method: the first step consists in measuring the 237Np 
concentration using Q-ICP-MS; the second is to estab-
lish the 238U concentration using single isotope dilution 
mass spectrometry (IDMS). The latter step requires the 
additional determination of the uranium isotope compo-
sition. This conventional approach was limited for some 
samples analyzed in the present study in relation to the 
significant abundance sensitivity of the Q-ICP-MS tech-
nique: some of the samples had an estimated 237Np/238U 
around 10 × 10–6 mol·mol−1 with as a direct consequence 
the potential difficulties of precisely measuring the 237Np 
in such samples. To overcome this issue, a new method 
was developed on a multi-collection inductively cou-
pled plasma mass spectrometer (MC-ICP-MS). This 
approach, based on a calibration curve, uses a Faraday 
cup to determine 238U and a secondary electron multiplier 
(SEM) equipped with a retarding potential quadrupole 
filter (RPQ) to measure 237Np. In this configuration, the 
SEM allows the measurement of a low signal of 237Np 
and the RPQ filter improves the abundance sensitivity of 
the instrument. This novel method makes it possible to 
analyze relatively low elemental 237Np/238U ratios from 
10 × 10–6 mol·mol−1 to 100 × 10–6 mol·mol−1 without a 
prior chemical separation step and without the need for 
uranium isotope composition determination as is required 
for the IDMS approach.

The aim of the present article was to present the method-
ology used for developing and validating the direct meas-
urement of the 237Np/238U ratio using MC-ICP-MS. After a 
detailed description of the method, also including the instru-
mentation, the analytical condition and the mathematical 
equations, the validation realized in two steps is presented. 
Firstly, a simulated sample gravimetrically prepared with 
certified reference solutions was measured using the new 
approach on MC-ICP-MS and compared to the value derived 
from the certificates. Secondly, a comparison was made 
with the conventional approach (IDMS for 238U measure-
ment + Q-ICP-MS for 237Np measurement) on two samples. 
The results obtained on six UO2 dissolved pellets and a sim-
plified uncertainty assessment model was established and 
discussed.

Experimental

Reagents and reference material solutions

High purity 67–70% nitric acid (PlasmaPURE, from SCP 
Science, Baie d’Urfé, Canada) and ultrapure water (resis-
tivity of 18.2 MΩ cm, Milli-Q system, Millipore, Milford, 
USA) were used to prepare the reagents and clean all the 
materials.

A natural uranium solution produced by the CEA Com-
mission for the Establishment of Analytical Methods 
(CEA-Marcoule/ISEC/DMRC/CETAMA) was selected 
as the reference solution. The concentration of this solu-
tion was 196.21 ± 0.20 g·kg−1 as a result of the Eqrain 15 
interlaboratory comparison circuit organized by CETAMA 
[33]. A fraction of this stock solution was gravimetri-
cally diluted in HNO3 3 M to reach a concentration of 
1149.6 ± 1.8  µg·g−1. A certified reference solution for 
237Np ([Np] = 1.008 ± 0.006 g·L−1) obtained from the CEA 
Marcoule/ISEC/DMRC/CETAMA was gravimetrically 
diluted in HNO3 1 M in order to reach a concentration of 
316.2 ± 2.0 ng·g−1. These two diluted solutions, kept under 
weight control, were used at each analytical session to pre-
pare standard solutions for the calibration curve by Q-ICP-
MS and MC-ICP-MS or for the preparation of simulated 
samples.

From those solutions, a “simulated sample” containing 
a 100 µg·g−1 solution of uranium with a 237Np/238U ratio 
of (28.40 ± 0.19) × 10–6 mol·mol−1 was gravimetrically pre-
pared. This ratio was in the range of the 237Np/238U ratios 
to be determined in the irradiated UO2 pellet samples (see 
next paragraph). The given uncertainty was the expanded 
uncertainty (k = 2) obtained by combining uncertainties from 
the reference solutions and the weights.

For the Q-ICP-MS analysis, a bismuth solution 
(1000  mg·L−1) in HNO3 2% from (SPEX CertiPrep, 
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Metuchen, USA), certified in content, was used to prepare 
an internal standard solution to correct the signal drift.

For isotopic dilution measurements (IDMS) of 238U 
concentration, a 233U spike, called IRMM-040 and certi-
fied by the European Commission—Joint Research Cen-
tre—Geel, formerly Institute of Reference Materials and 
Measurements, was used. This certified reference mate-
rial was gravimetrically diluted at a concentration of 
96.50 ± 0.17 µg·g−1 and its isotopic composition was also 
certified at 233U/U = 98.0430 ± 0.0057%.

UO2‑irradiated pellet samples

The analyzed samples described in this article were 236U 
isotope-doped UO2 pellets. They had been irradiated in 
the 1980’s in the Melusine reactor in CEA Grenoble for 
experimental purposes. After their irradiation cycle, the 
pellets have been stored in the COMIR facility (CEA Mar-
coule) for more than 30 years. Recently, they have been 
dissolved in hot cells in the Atalante Facility (CEA Mar-
coule) in 9 M boiling nitric acid for several hours [34] 
and aliquots of the dissolution solutions were shipped to 
the LANIE. According to the neutron calculation code, 
in 2018, the ratio of interest 237Np/238U varied between 
10 × 10–6 and 100 × 10–6 mol·mol−1 and the ratio 238Pu/238U 
was < 2 × 10–6 mol·mol−1, allowing the direct measurement 
of 238U by MC-ICP-MS without any chemical separation. 
The neutron calculation indicated also that the 236U/238U 

ratios varied between 0.001 and 0.015 depending on the 
studied sample.

Instrumentation and methods

Direct measurement of the 237Np/238U ratio by MC‑ICP‑MS

From the U and Np diluted reference solutions described 
above, Np/U standard solutions were gravimetrically pre-
pared before each experimental session in HNO3 2%. The 
aimed concentration in 238U was around 200 ng·g−1. For 
each standard solution, the appropriate amount of neptunium 
solution was added in order to frame the expected 237Np/238U 
atomic ratio in the analyzed samples (Table 1).

Aliquots of the UO2 samples were diluted in HNO3 2% to 
reach a uranium concentration of 200 ng·g−1.

Direct 237Np/238U ratio measurements were carried out 
on a NEPTUNE Plus MC-ICP-MS (Thermo Scientific, 
Bremen, Germany). The source of this instrument has been 
modified to be surrounded by a glovebox in order to handle 
radioactive samples. The introduction system was composed 
of a 100 µL·min−1 PFA micronebulizer (Elemental scien-
tific, ESI, USA) and a dual quartz spray chamber arrange-
ment (cyclonic + scott) connected to a PC3 Peltier chiller 
(Elemental Scientific, ESI, USA). Operating parameters are 
given in Table 2.

The sensitivity and the signal stability were optimized 
daily on a tune solution containing uranium and were 

Table 1   Experimental setup of 
each analytical session

The upper part of this table gives the concentration of the standard solution used during the analytical ses-
sion and their associated expanded uncertainties (k = 2). The lower part gives the studied samples identified 
with the estimated 237Np/238U ratio analyzed during the session. The asterisk indicates the samples that 
were also analyzed with the Q-ICP-MS + IDMS approach. “Simulated Sample” stands for simulated sam-
ple with a concentration of 28.4 × 10–6 mol·mol−1

Session 1 Session 2 Session 3 Session 4

237Np/238U ratio in × 10–6 mol·mol−1

Etalon 0 0.00 0.00 0.00 0.00
Etalon 1 9.65 ± 0.06 9.65 ± 0.06 9.22 ± 0.06 9.40 ± 0.06
Etalon 2 48.12 ± 0.31 48.12 ± 0.31 23.16 ± 0.15 23.50 ± 0.15
Etalon 3 97.07 ± 0.62 97.07 ± 0.62 45.24 ± 0.29 47.07 ± 0.30
Etalon 4 200.31 ± 1.3 69.73 ± 0.45 70.31 ± 0.45
Etalon 5 92.45 ± 0.60 93.71 ± 0.60
Etalon 6 117.28 ± 0.75
Samples analyzed during the session

Session 1 Session 2 Session 3 Session 4
10 × 10–6 mol·mol−1 X X X
25 × 10–6 mol·mol−1 X X
Simulated Sample X X
40 × 10–6 mol·mol−1 X X
70 × 10–6 mol·mol−1* X
90 × 10–6 mol·mol−1* X
100 × 10–6 mol·mol−1 X
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greater or equal to 0.1 V/ppb during all analytical ses-
sions which represent a 238U signal greater or equal to 
20 V (for 200 ppb).

Analyses were performed at low mass resolution in 
static mode. Faraday cups and the central secondary elec-
tron multiplier (SEM) equipped with a retarding potential 
quadrupole (RPQ) were used (Table 3), and such filter 
reduces the abundance sensitivity by a factor around 100. 
If needed (i.e., if the SEM had not been used for several 
months), a cleanup of the SEM was realized by detecting 
5 mV of 238U for at least 2 h. Intercalibration gains and 
baselines for the Faraday cups were electronically deter-
mined before each analytical session. The reproducibility 
of the electronic gains was better than 20 ppm·day−1. The 
SEM/Faraday cup yield was also determined by measur-
ing a 5 mV 238U signal on the central cup and SEM at 
the beginning and the end of a session. Even if this yield 
was not used for calculation, its value should be greater 
than 80% to ensure that the detector was working in good 
operating conditions. SEM dark noise was also measured 

before the analytical sessions and was always found below 
0.2 cps.

Detector configurations for each analytical step are given 
in Table 3. As shown in this table, uranium isotopes were 
determined on Faraday cups and 237Np on the SEM. The 
cups measuring 234U, 235U and 238U were connected to 1011 
Ω and 236U to 1012 Ω amplifiers.

The analytical sequences were composed of consecutive 
quantifications of blank (HNO3 2%), standard and sample 
measurements. The blank method contained 1 block of 
10 cycles with an integration time of 8 s. The sample (or 
standard) method was divided into 2 blocks of 10 cycles, 
each cycle being analyzed with an integration time of 8 s 
(Table 3).

In order to correct the 237Np/238U raw data, abundance 
sensitivity measurements were performed at the beginning 
and the end of the day by establishing the 237/238U ratio in 
a 200-ppb natural uranium solution. The ion beam at mass 
237 was measured on the SEM and the 238U+ ion beam on 
H1 Faraday cup. The hydride rate was also determined twice 

Table 2   ICP-MS parameters 
during 237Np/238U 
determinations

Neptune plus MC-ICP-MS parameters
RF Power 1100 W
Plasma gas flow rate 15 L·min−1

Auxiliary gas flow rate 1.0 L·min−1

Nebulizer gas flow rate 0.95 L·min−1

Sample uptake rate 0.1 mL·min−1

Nebulizer type 100 µL·min−1 PFA micronebulizer (ESI)
Spray chamber type Quartz dual cyclonic and Scott chambers 

equipped with a PC3 Peltier chiller 
(ESI)

X series Q-ICP-MS parameters
RF Power 1100 W
Plasma gas flow rate 15 L·min−1

Auxiliary gas flow rate 1.0 L·min−1

Nebulizer gas flow rate 0.90 L·min−1

Sample uptake rate 0.4 mL·min−1

Nebulizer type 400 µL·min−1 quartz concentric nebulizer
Spray chamber type Quartz cyclonic spray chamber connected 

to a PC3 Peltier chiller (ESI)

Table 3   Detector configuration on the MC-ICP-MS

L3 L2 L1 C (SEM) H1 Integration 
time (s)

Cycles Block

Np Method/blank Isotopes 234U 235U 236U 237Np 238U 8 s 10 2/1
Amplifiers 1011 Ω 1011 Ω 1012 Ω 1011 Ω

Abundance sensitiv-
ity method

Measured masses/ Isotopes 237.05 238U 16 s 10 1
Amplifiers 1011 Ω

Hydride method Measured species 238U 238UH+ 16 s 10 1
Amplifiers 1011 Ω
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in an analytical session by measuring—in the same natural 
uranium solution—the 238U+ signal on the L1 Faraday cup 
and the 238UH+ species on the SEM.

For the hydride determination, the amplifier con-
nected to L1 had to be a 1011 Ω amplifier to avoid satura-
tion. The methods contained 10 cycles of measurements 
with an integration time of 16 s. The cup configurations 
for abundance sensitivity and hydride methods are given 
in Table 3. Except for one analytical session where the 
value is around 1.3 ppm, the abundance sensitivity was 
established as being below 1 ppm. The abundance sen-
sitivity was systematically higher at the end of the ana-
lytical session as the pressure in the analyzer increased 
during the day but remained quite close to the speci-
fications of the manufacturer (< 1 ppm on the SEM). 
The hydride rate (ie. Ratio 238UH+/238U+) was around 
1 × 10–5—3 × 10–5 (depending on the analytical session) 
and stayed relatively stable throughout the day. These 
values were in agreement with the manufacturer’s recom-
mendation (~ 1 × 10–5).

237Np+ raw data were corrected for the blank, the abun-
dance sensitivity (average of the measurements) and the 
mean hydride rate according the following Eq. (1):

Here:
237Np+

corr. is the intensity of 237Np+ corrected in cps,
237Np+

raw is the intensity of 237Np+ without correction 
in cps,

blk236, blk237 and blk238 are respectively the intensities at 
masses 236, 237, and 238 in the HNO3 2% solution in cps,

the 
(

238UH+

238U+

)

 and the 
(

237

238U+

)

 ratios are respectively the 
mean hydride rate and mean abundance sensitivity measured 
with the 200 ppb U solution at the beginning and at the end 
of the session,

236U+
raw and 238U+

raw are respectively the measured inten-
sity of 236U+ and 238U+ converted into cps.

The measured atomic ratio 237Np/238U is given as Eq. (2):

237Np/238U determination by Q‑ICP‑MS and IDMS 
measurements

In order to validate the new approach proposed in this study, 
the 237Np/238U ratio of several dissolved spent nuclear fuel 

(1)

237Np+corr. =
237Np+raw − blk237 −

( 238UH+

238U+

)

×
(236U+

raw − blk236
)

−
(

237
238U+

)

×
(238U+

raw − blk238
)

(2)
(

237Np

238U

)

measured

=

(

237Np+
corr.

238U+ − blk238

)

samples was quantified by a two-step approach involving the 
237Np determination by Q-ICP-MS and the 238U determina-
tion by IDMS for cross-comparison. This is the reference 
method used in the laboratory to characterize the 237Np/238U 
ratio and it consists in determining the U concentration in the 
spent fuel using isotopic dilution mass spectrometry asso-
ciated with thermal ionization mass spectrometry (TIMS) 
measurements, and in establishing the content of 237Np using 
an external calibration curve by Q-ICP-MS.

In the present research work, this method was only used 
on two of the dissolved pellets (with 237Np/238U around 
70 × 10–6 and 90 × 10–6 mol·mol−1), and these two samples 
were indeed analyzed before the direct measurement method 
was developed. The results obtained at that time were then 
used to validate the MC-ICP-MS method.

Determining the 238U concentration by isotope dilution mass 
spectrometry (IDMS)

According to the simplified isotopic dilution Eq. (3) [35], the 
238U concentration in the sample C238U−Sa

 can be established 
with knowledge of:

1.	 The molar mass (MSa) of each sample. They were quanti-
fied beforehand by Thermal Ionization Mass Spectrom-
etry (TIMS). As those experiments are beyond the scope 
of this article, they are not described here but similar 
experiments can be found in [36] in the case of cerium 
samples.

2.	 The ratio (238U/233U)sp, the molar mass (Msp), the isotope 
abundance in 233U (233U)sp, given in the reference mate-
rial certificate.

3.	 The concentration of uranium CU-sp in the spike, calcu-
lated with the certificate and the dilution data.

4.	 The data coming from Spike-sample mixtures as 
described below.

For each sample, two IRMM-040 spike-sample mixtures 
were prepared in a glovebox through weighing (mSp weight 
of the spike and mSa weight of the sample). The mixtures 
were then dried on a hot plate.

Chemical separation using a 100–200 mesh AG 
1-X4 resin (Biorad, Hercules, CA, USA) was realized on 
the mixtures in a nitric acid medium in order to separate the 
uranium from the matrix and interfering elements (protocol 
described in [37]).

The separated uranium fraction was then diluted in 
order to reach a concentration of 50 ng·µL−1 in HNO3 2% 
to be analyzed by Thermal Ionization Mass Spectrometry 

(3)C238U−Sa = CU−Sp ×
mSp
mSa

×
MSa
MSp

×
(

233U
)

Sp
×

[

( 238U
233U

)

Blend
−
( 238U

233U

)

Sp

]
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(TIMS) using the total evaporation technique [38–41] in 
order to determine the (238U/233U)blend ratio. A 1µL-droplet 
of each mixture was then deposited with a pipet on a 99.99% 
degassed side Re-filament, and the droplet is dried by apply-
ing a current though the filament. Filaments were loaded in a 
nuclearized thermal ionization mass spectrometer Sector 54 
from GV Instruments (Manchester, UK) suitable for to han-
dling radioactive samples, as described previously [42, 43].

Determining the 237Np concentration by a Q‑ICP‑MS external 
calibration curve

This method consists in measuring the 237Np content by an 
external calibration curve.

From the diluted reference material solutions, 6 standard 
solutions were freshly prepared for each experimental ses-
sion in HNO3 2%, and each one contained about 2 ng·g−1 
of bismuth (internal standard) and a variable concentration 
of neptunium (from [237Np] = 0 to 2 ng·g−1). Additionally, 
a CETAMA natural uranium solution of 10 µg·g−1 uranium 
and 2 ng·g−1 bismuth was prepared (matrix solution) to 
determine the abundance sensitivity and hydride rate.

Aliquots of each sample were gravimetrically diluted 
into HNO3 2% and mixed with bismuth solution in order to 
reach a uranium concentration of 10 µg·g−1 and a bismuth 
concentration of 2 ng·g−1. The 237Np concentration was then 
established on those dilutions.

A quadrupole Inductively Coupled Plasma Mass spec-
trometer (ICP-MS) ‘‘X series’’ from Thermo Electron 
(Winsford, UK) was used for these measurements. The 
source of this instrument had been modified and was sur-
rounded by a glovebox to handle radioactive samples as 
previously described in [44, 45]. Sample introduction in the 
plasma was realized via a quartz cyclonic spray chamber 
connected to a PC3 Peltier chiller (Elemental Scientific, ESI, 
USA) and a quartz concentric nebulizer (400 µL·min−1). 
Operating parameters are given in Table 2. Tuning and 
calibration of the instrument were performed before each 
analytical session using a multi-elemental solution contain-
ing indium and uranium at concentrations of about 1 ppb in 
order to obtain a stability better than 2% on the ion beams 
and a sensitivity in the range of 300,000 cps and 500,000 
cps. Oxides and the doubly-charged species rate were kept 
as low as possible (respectively 140Ce16O+/140Ce+ < 3% and 
138Ba2+/138Ba+  < 3%).

Q-ICP-MS makes it possible to determine of 209Bi, 237Np, 
234U, 235U and 236U in each standard solution. Due to the 
high concentration of the 238U isotope in the solutions, it 
was not measured to avoid any risk of detector saturation. 
A dwell time of 40 ms/analyte was selected and 200 sweeps 
were realized in each run. For the standards and samples, 
10 runs per analysis were performed. As less precision was 

required for the blank (HNO3 2%) and for the matrix solu-
tion, only 3 and 5 runs were performed, respectively.

The analytical sequence consisted in analyzing HNO3 2% 
(blank), standard solutions and samples. The natural ura-
nium solution with a concentration of 10 µg·g−1 was also 
examined at the beginning, in the middle and at the end of 
the analytical session in order to establish the hydride rate 
measured at masses 239 (238UH+) and the calculated 238U+ 
ion beam intensity derived from the 234U+ ion beam intensity 
and isotopic composition. This estimation of the 238U+ ion 
beam was necessary, as the 238U+ ion beam was too high 
to be directly measured. The abundance sensitivity of the 
instrument was quantified with masses 237 and estimated 
238U+ ion beam intensity. During the various analytical ses-
sions, the abundance sensitivity was between 1.9 and 3 ppm 
and the hydride rate between 8 × 10–5 and 1.2 × 10–4.

Results and discussion

The results for the samples (UO2 pellets solution and simu-
lated sample) were obtained during four different analytical 
sessions. The 237Np/238U ratio of each standard solution and 
the analyzed samples during those analytical runs are given 
in Table 1. As already mentioned above, standards had been 
prepared in order to bracket the samples to be analyzed in 
the session. Generally, except for the first session where a 
higher range of standards was analyzed, standards with a 
237Np/238U ratio between 0 and 100 × 10–6 mol·mol−1 were 
used. For each measurement (standards and samples), the 
237Np signal intensity was corrected according to Eq. (1) and 
the (237Np/238U)measured was determined using Eq. (2). The 
corrections due to hydride rate (236UH+) and the abundance 
sensitivity represent respectively a number of counts per 
second < 350 cps and between 600 and 2300 cps depending 
on the analytical conditions. The hydride rate contribution 
is at least twice lower than the abundance sensitivity contri-
bution, this latest being the most important correction. The 
contribution of the hydride correction to the total signal on 
mass 237 amu is < 0.5%; the contribution of the abundance 
sensitivity is < 5% depending on the conditions.

In each analytical session, for the standards, a calibration 
curve of the “reference” 237Np/238U ratios (calculated with 
weight and certificates) versus the experimentally obtained 
ratios was plotted. An example of such a calibration curve is 
given in Fig. 1. A linear regression model was used and the 
slope (a) and intercept (b) of the regression line were deter-
mined for each analytical session according to the model. 
Table 4 gives the values obtained for each parameter (a) 
and (b). As shown in the table, in each analytical session, 
the coefficient of determination was R2 > 0.9999 demonstrat-
ing a good correlation between the measured and reference 
values using a linear model.
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Validation of direct measurements by MC‑ICP‑MS

The validation of the method was done in two steps, by 
measuring:

1.	 the gravimetrically prepared “simulated sample” on the 
Neptune Plus and comparing it with the 237Np/238U ratio 
derived from certificates and weight (Fig. 2),

2.	 two samples (237Np/238U ≈ 70 × 10–6 mol·mol−1 and 
237Np/238U ≈ 90 × 10–6  mol·mol.−1), with both the 
new MC-ICP-MS direct method and the classical 
“IDMS + Q-ICP-MS” approach (Fig. 3)

Concerning the simulated sample, as observed in Fig. 2, 
the relative difference between the value measured with 
the MC-ICP-MS and the reference value obtained by 
weighing was around 0.2% for the 1st analytical session 
and 0.4% for the second. The experimental values were 
within the expanded uncertainties of the reference value 
(0.64%), and the method could therefore be validated for the 
30 × 10–6 mol·mol−1 reference solution. It should be noted 
that the represented expanded measurement uncertainties 

(k = 2) were those found when following the model that will 
be discussed in the next paragraph.

Similarly, Fig. 3 represents a comparison of the results 
obtained with the classical method and direct measure-
ments on MC-ICP-MS for two dissolved pellet samples with 
237Np/238U ratios around 70 × 10–6 and 90 × 10–6 mol·mol−1. 
As the “Q-ICP-MS + IDMS” approach was the reference 
method, results are indicated with a bias of 0% (square on 
the figure). For those two values, the expanded uncertainties 
(k = 2) were the combination of the standard uncertainties 
originating from the IDMS method (around 0.2%) for 238U 
determination and the reproducibility from several 237Np 
determinations (around 1.5% -1.75%, k = 1). For the direct 
measurements, differences of 0.8% and 0.65% were observed 
between the reference method (dot on the figure) and the 
new MC-ICP-MS direct approach. The expanded uncer-
tainties of the MC-ICP-MS method calculated according 

Fig. 1   Plot representing an example of a calibration curve used dur-
ing this study. The 237Np/238U calculated using the dilution weight 
and the certificates is plotted versus the measured 237Np/238U ratio. 
The dots are the results of the standard measurements, and the dashed 
line is the linear regression model used to determine the 237Np/238U 
ratio in the sample

Table 4   Parameters of each linear regression for the four calibration 
curves determined during the study

(a) is the parameter representing the slope, (b) is the intercept accord-
ing to the model y = ax + b, and R2 is the coefficient of determination

a b R2

session 1 0.99874 0.06956 1.00000
session 2 0.97968 0.02139 1.00000
session 3 0.89584 -0.15127 0.99998
session 4 0.98410 0.32480 0.99999

Fig. 2   Results obtained by MC-ICP-MS of the 237Np/238U ratio for 
a “simulated solution”: the black line represents the reference value 
derived from certificates and weight. The dashed line corresponds 
to the uncertainties (k = 2) of the reference value. The triangles are 
the results obtained during the 1st analytical session and the circles 
are the results from the 2nd session. The error bars represent the 
expanded uncertainties (k = 2) of the measurements using the model 
given in Eq. 4

Fig. 3   Comparison between the classical “Q-ICP-MS + IDMS” 
method (squares) and the new method by MC-ICP-MS (black dots) 
for two samples (around 70 × 10–6 and 90 × 10–6  mol·mol.−1). The 
indicated values are the bias compared to the classical method. The 
represented expanded uncertainties are given with a coverage factor 
of 2
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to the model that will be described in the next paragraph 
were respectively 0.95% and 0.87% (k = 2). At that point, an 
important advantage of the newly developed method could 
already be noticed: the uncertainties were three times below 
those determined by Q-ICP-MS + IDMS. The observed bias 
was insignificant within the uncertainties wherefore these 
two sets of experiments proved that the new method was 
validated.

Results and uncertainty assessment

Pellet samples were analyzed in different analytical sessions 
(see Table 1) and Table 5 gives the results for each sample. 
The indicated values are averages of several measurements. 
Absolute and relative combined expanded uncertainties 
are also listed with a coverage factor of 2 and the indicated 
relative expanded uncertainties are defined as the maximum 
of the individual uncertainties. For each measurement, the 
standard uncertainties were combined used the following 
model (Eq. 4):

Here:
urel, MRC is the uncertainty of the reference U-Np mixtures 

(urel, MRC = 0.32%).
urel, meas is the relative standard deviation of the meas-

ured 237Np/238U ratio of the sample. This contribution var-
ied between 0.1% and 0.3% depending on the day and the 
analytical conditions.

urel, reg is the uncertainty of the linear regression. This 
uncertainty was determined via excel by calculating the 
impact of the slope and intercept uncertainties on the 
237Np/238U ratio. It depended on the value of 237Np/238U and 
on the conditions of the analytical session. In Fig. 4, urel, reg 
is plotted versus the 237Np/238U ratio, and as can be seen 
the relative uncertainty decreased when the ratio increased. 
Moreover, it was clear that this uncertainty was depend-
ent on the analytical session. It varied between 0.04% and 
0.72%.

urel,lt is an uncertainty parameter linked to the reproduc-
ibility between different analytical sessions. Some measure-
ments were performed on different dates, and the standard 

(4)urel =

√

u2
rel,reg

+ u2
rel,MRC

+ u2
rel,meas

+ u2
rel,lt

deviation between the various measurements is plotted in 
Fig. 5. As observed on this graph, the standard deviation 
did not exceed 0.2. This absolute value was converted into a 
relative contribution and added to the uncertainties.

By combining these contributions using Eq. 4, a relative 
expanded uncertainty (k = 2) varying between 0.81% for 
the samples with the highest 237Np/238U ratio and 2.75% 
for the samples with the lowest 237Np/238U ration was cal-
culated (Table 5). These values were globally equivalent 
to or lower than the expanded uncertainties obtained with 
the usual method which were generally around 2–4%. 
Figure 6 presents two examples of uncertainty budgets: 
one with the budget of the lowest 237Np/238U ratio (around 

Table 5   Results obtained on 
dissolved UO2 pellets

Samples n Value Uabs (k = 2) Unit Urel(k = 2)

10 × 10–6 mol·mol−1 5 18.53 × 10–6 0.51 × 10–6 mol·mol−1 2.75%
25 × 10–6 mol·mol−1 3 24.49 × 10–6 0.53 × 10–6 mol·mol−1 2.16%
40 × 10–6 mol·mol−1 3 40.71 × 10–6 0.59 × 10–6 mol·mol−1 1.45%
70 × 10–6 mol·mol−1 1 73.65 × 10–6 0.70 × 10–6 mol·mol−1 0.95%
90 × 10–6 mol·mol−1 1 92.73 × 10–6 0.81 × 10–6 mol·mol−1 0.87%
100 × 10–6 mol·mol−1 3 98.86 × 10–6 0.80 × 10–6 mol·mol−1 0.81%

Fig. 4   The standard uncertainty (k = 1) for the linear regression ver-
sus the 237Np/238U ratio for the different analytical sessions
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237Np/238U ratio. The black line represents the value 0.2
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10 × 10–6 mol·mol−1) and one with the highest (around 
100 × 10–6 mol·mol−1). The uncertainty budget was quite 
different for the 2 examples. For the higher 237Np/238U-
sample, the biggest contribution to the uncertainty (i.e., 
up to 65% to the final value) was that of the U-Np refer-
ence mixtures and the second main contributor was the 
parameter called ult which represented around 25—30% 
of the contribution. This tendency changed for the lowest 
ratios, for which the main contribution became the param-
eter linked to measuring the external reproducibility (ult) 
(more than 60%), followed by the uncertainty of linear 
regressions. Regardless of the 237Np/238U, the uncertainty 
originating from the measurement itself brought the small-
est contribution.

Conclusion

A new method to directly measure the 237Np/238U atomic 
ratio has been successfully developed and applied on 
real irradiated samples in which the amount of 238Pu was 
negligible. The method made it possible to measure low 

237Np/238U ratios (around 10 × 10–6 mol·mol−1), which could 
not be quantified by the conventional laboratory approach. 
This described method did not require prior chemical 
separation steps and used a MC-ICP-MS equipped with 
Faraday cups and an ion counter detector. It was achiev-
able to measure samples with a 237Np/238U ratio varying 
from 10 × 10–6 mol·mol−1 to 100 × 10–6 mol·mol−1. The 
method was validated by carrying out measurements of a 
simulated solution and by comparing the obtained results on 
two real samples with the more commonly used technique 
“Q-ICP-MS + IDMS”.

The described approach displayed multiple advantages:

1.	 Analytically, since the RPQ improved the abundance 
sensitivity, this direct method allowed measurements of 
atomic ratios close to 10 × 10–6 mol·mol−1 which would 
not be possible with the commonly used technique.

2.	 It suppresses the chemical separation step, reducing the 
number of steps in the glovebox and also the duration of 
radiation exposure for the analysts.

3.	 Knowledge of the isotope composition of uranium is not 
required for such measurements.

4.	 The relative expanded uncertainties obtained were 
between 2.75% and 0.81% for an elemental ratio varying 
between 10 × 10–6 mol·mol−1 and 100 × 10–6 mol·mol−1 
which was lower than or equivalent to the uncertainties 
obtained by the commonly used technique.

Acknowledgements  The authors would like to thank the project man-
agement team, especially B. Roque, A. Rizzo and J.-F. Lebrat, as well 
as the participants in project, including D. Bernard, E. Buravand, T. 
Nicol from the French Atomic and Alternative Energy Commission.

Funding  Open access funding provided by COUPERIN.

Data availability  The authors declare that the data supporting the find-
ings of this study are available within the paper. If needed, any addi-
tional data can be asked to the corresponding author upon reasonable 
request.

Declarations 

Conflict of interest  The authors have no competing interests to declare 
that are relevant to the content of this article.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

Fig. 6   Uncertainty budget on two samples: one with 237Np/238U = 10 
× 10–6 mol·mol−1 and one with 237Np/238U = 100 × 10–6 mol·mol−1

http://creativecommons.org/licenses/by/4.0/


	 Journal of Radioanalytical and Nuclear Chemistry

References

	 1.	 Thakur P, Mulholland GP (2012) Determination of 237Np in envi-
ronmental and nuclear samples: a review of the analytical method. 
Appl Radiat Isot 70:1747–1778. https://​doi.​org/​10.​1016/j.​aprad​
iso.​2012.​02.​115

	 2.	 Morgenstern A, Apostolidis C, Ottmar H, Mayer K (2002) Analy-
sis of 237Np in spent fuel solutions. Radiochim Acta 90:389–393. 
https://​doi.​org/​10.​1524/​ract.​2002.​90.7_​2002.​389

	 3.	 Perna L, Bocci F, de Heras las LA, De Pablo J, Betti M (2002) 
Studies on simultaneous separation and determination of lantha-
nides and actinides by ion chromatography inductively coupled 
plasma mass spectrometry combined with isotope dilution mass 
spectrometry. J Anal At Spectrom 17:1166–1171. https://​doi.​org/​
10.​1039/​b2024​51a

	 4.	 Becker JS, Dietze HJ (1999) Application of double-focusing sec-
tor field ICP mass spectrometry with shielded torch using dif-
ferent nebulizers for ultratrace and precise isotope analysis of 
long-lived radionuclides—invited lecture. J Anal At Spectrom 
14:1493–1500. https://​doi.​org/​10.​1039/​a9017​62c

	 5.	 Becker JS (2003) Mass spectrometry of long-lived radionuclides. 
Spectrochim Acta Part B At Spectrosc 58:1757–1784. https://​doi.​
org/​10.​1016/​s0584-​8547(03)​00156-3

	 6.	 Quemet A, Sevilla JR, Vauchy R (2021) A combined TIMS and 
ICP-MS study for Th0.5Np0.5O2 thorium neptunium mixed oxide 
analysis. Int J Mass Spectrom. https://​doi.​org/​10.​1016/j.​ijms.​2020.​
116479

	 7.	 Kooyman T, Buiron L, Rimpault G (2018) A comparison of 
curium, neptunium and americium transmutation feasibility. Ann 
Nucl Energy 112:748–758. https://​doi.​org/​10.​1016/j.​anuce​ne.​
2017.​09.​041

	 8.	 Heras LAD, Hrnecek E, Bildstein O, Betti M (2002) Neptu-
nium determination by dc glow discharge mass spectrometry 
(dc-GDMS) in Irish Sea sediment samples. J Anal At Spectrom 
17:1011–1014. https://​doi.​org/​10.​1039/​b2024​50k

	 9.	 Baramsai B, Jandel M, Bredeweg TA, Bond EM, Roman AR, 
Rusev G, Walker CL, Couture A, Mosby S, O’Donnell JM, Ull-
mann JL, Kawano T (2017) Radiative neutron capture cross sec-
tion from 236U. Phys Rev 96(2):024619. https://​doi.​org/​10.​1103/​
PhysR​evC.​96.​024619

	10.	 San-Felice L, Eschbach R, Bourdot P (2013) Experimental valida-
tion of the DARWIN 2.3 package for fuel cycle applications. Nucl 
Technol 184:217–232. https://​doi.​org/​10.​13182/​NT12-​121

	11.	 Schweizer J (1999) Historical account of polarized neutrons in 
Grenoble. Physica B 267–268:9–20. https://​doi.​org/​10.​1016/​
S0921-​4526(99)​00002-2

	12.	 Meillon S, Dunstetter F, Pascard H, Rodriguez-Carvajal J (1997) 
Fast neutron irradiated magnetite and haematite investigated by 
neutron diffraction. Journal De Physique IV JP 7:C1-607. https://​
doi.​org/​10.​1051/​jp4:​19971​251

	13.	 Nechtschein M, Kester T (1964) variation avec la temperature 
du signal de resonance paramagnetique electronique de graphite 
polycristallin irradie par des neutrons. Carbon 1:143–145. https://​
doi.​org/​10.​1016/​0008-​6223(64)​90068-5

	14.	 Behne D, Brätter P, Gatschke W, Gawlik D, Klatt S, Rösick U 
(1980) The long-time reactor irradiation of biological material at 
reduced temperature. J Radioanal Chem 60:87–98. https://​doi.​org/​
10.​1007/​BF025​18286

	15.	 Vajda N, Kim C-K (2011) Determination of transuranium isotopes 
(Pu, Np, Am) by radiometric techniques: a review of analytical 
methodology. Anal Chem 83:4688–4719. https://​doi.​org/​10.​1021/​
ac200​8288

	16.	 Guérin N, Langevin M-A, Nadeau K, Labrecque C, Gagné A, 
Larivière D (2010) Determination of neptunium in environmental 

samples by extraction chromatography after valence adjustment. 
Appl Radiat Isot 68:2132–2139. https://​doi.​org/​10.​1016/j.​aprad​
iso.​2010.​06.​021

	17.	 Chen QJ, Dahlgaard H, Nielsen SP, Aarkrog A (2002) 242Pu as 
tracer for simultaneous determination of 237Np and 239,240Pu in 
environmental samples. J Radioanal Nucl Chem 253:451–458. 
https://​doi.​org/​10.​1023/a:​10204​29805​654

	18.	 Benedik L, Trdin M (2017) Determination of low level Np-237 
by various techniques. Appl Radiat Isot 126:208–213. https://​doi.​
org/​10.​1016/j.​aprad​iso.​2017.​02.​005

	19.	 Aupiais J, Dacheux N, Thomas AC, Matton S (1999) Study of 
neptunium measurement by alpha liquid scintillation with rejec-
tion of β–γ emitters. Analytica Chimica Acta 398:205–218. 
https://​doi.​org/​10.​1016/​S0003-​2670(99)​00431-6

	20.	 Ayranov M, Krähenbühl U, Röllin S, Burger M (2009) Sensi-
tivity of DF-ICP-MS, PERALS and alpha-spectrometry for the 
determination of actinides: a comparison. J Radioanal Nucl Chem 
279:475–480. https://​doi.​org/​10.​1007/​s10967-​007-​7297-1

	21.	 Xu N, Tandon L, Gallimore D, Lujan E, Porterfield DR, Colletti 
L, Kuhn K (2013) Dissolution and assay of neptunium oxide. 
J Radioanal Nucl Chem 296:245–249. https://​doi.​org/​10.​1007/​
s10967-​012-​1947-z

	22.	 Gleisberg B, Köhler M (2002) Rapid determination of low 237Np 
activities in uranyl nitrate solutions using extraction chroma-
tography and gamma-ray spectrometry. J Radioanal Nucl Chem 
254:59–63. https://​doi.​org/​10.​1023/a:​10208​85313​232

	23.	 Fenclová K, Nemec M, Prásek T (2023) Determination of pluto-
nium and other actinides by accelerator mass spectrometry. Chem-
icke Listy 117:128–133. https://​doi.​org/​10.​54779/​chl20​230128

	24.	 Buompane R, Gialanella L, Guan Y, He X, Liu Z, Sun S, Tandoh 
J, Terrasi F, Wang H (2019) Accelerator mass spectrometry analy-
sis of 237NP in environmental samples. Radiocarbon 61:1423–
1430. https://​doi.​org/​10.​1017/​RDC.​2019.​67

	25.	 Vance DE, Belt VF, Oatts TJ, Mann DK (1998) Neptunium deter-
mination by inductively coupled plasma mass spectrometry (ICP-
MS). J Radioanal Nucl Chem 234:143–146. https://​doi.​org/​10.​
1007/​bf023​89762

	26.	 Kenna TC (2002) Determination of plutonium isotopes and nep-
tunium-237 in environmental samples by inductively coupled 
plasma mass spectrometry with total sample dissolution. J Anal 
At Spectrom 17:1471–1479. https://​doi.​org/​10.​1039/​b2050​01c

	27.	 Zhang S, Liu Z, Yang G, Zheng J, Pan S, Aono T, Sakaguchi A 
(2023) Rapid method to determine 137Cs, 237Np, and Pu isotopes 
in seawater by SF-ICP-MS. Anal Chem 95:16892–16901. https://​
doi.​org/​10.​1021/​acs.​analc​hem.​3c027​02

	28.	 Kumar M, Adya VC, Rajeswari B, Thulasidas SK, Kadam RM 
(2017) Determination of neptunium using high resolution sequen-
tial ICP-AES. J Radioanal Nucl Chem 313:587–595. https://​doi.​
org/​10.​1007/​s10967-​017-​5313-z

	29.	 Wacker L, Krähenbühl U, Eichler B (2002) Direct separation of 
plutonium by thermochromatography from environmental sam-
ples. Radiochim Acta 90:133–139. https://​doi.​org/​10.​1524/​ract.​
2002.​90.3_​2002.​133

	30.	 Topin S, Aupiais J, Moisy P (2009) Direct determination of 
plutonium(V) and neptunium(V) complexation by carbonate 
ligand with CE-ICP-sector field MS. Electrophoresis 30:1747–
1755. https://​doi.​org/​10.​1002/​elps.​20080​0656

	31.	 Kuczewski B, Marquardt CM, Seibert A, Geckeis H, Kratz JV, 
Trautmann N (2003) Separation of plutonium and neptunium spe-
cies by capillary electrophoresis-inductively coupled plasma-mass 
spectrometry and application to natural groundwater samples. 
Anal Chem 75:6769–6774. https://​doi.​org/​10.​1021/​ac034​7213

	32.	 Yi XW, Shi YM, Xu J, He XB, Zhang HT, Lin JF (2013) 
Rapid determination of 237Np in soil samples by multi-collec-
tor inductively-coupled plasma mass spectrometry and gamma 

https://doi.org/10.1016/j.apradiso.2012.02.115
https://doi.org/10.1016/j.apradiso.2012.02.115
https://doi.org/10.1524/ract.2002.90.7_2002.389
https://doi.org/10.1039/b202451a
https://doi.org/10.1039/b202451a
https://doi.org/10.1039/a901762c
https://doi.org/10.1016/s0584-8547(03)00156-3
https://doi.org/10.1016/s0584-8547(03)00156-3
https://doi.org/10.1016/j.ijms.2020.116479
https://doi.org/10.1016/j.ijms.2020.116479
https://doi.org/10.1016/j.anucene.2017.09.041
https://doi.org/10.1016/j.anucene.2017.09.041
https://doi.org/10.1039/b202450k
https://doi.org/10.1103/PhysRevC.96.024619
https://doi.org/10.1103/PhysRevC.96.024619
https://doi.org/10.13182/NT12-121
https://doi.org/10.1016/S0921-4526(99)00002-2
https://doi.org/10.1016/S0921-4526(99)00002-2
https://doi.org/10.1051/jp4:19971251
https://doi.org/10.1051/jp4:19971251
https://doi.org/10.1016/0008-6223(64)90068-5
https://doi.org/10.1016/0008-6223(64)90068-5
https://doi.org/10.1007/BF02518286
https://doi.org/10.1007/BF02518286
https://doi.org/10.1021/ac2008288
https://doi.org/10.1021/ac2008288
https://doi.org/10.1016/j.apradiso.2010.06.021
https://doi.org/10.1016/j.apradiso.2010.06.021
https://doi.org/10.1023/a:1020429805654
https://doi.org/10.1016/j.apradiso.2017.02.005
https://doi.org/10.1016/j.apradiso.2017.02.005
https://doi.org/10.1016/S0003-2670(99)00431-6
https://doi.org/10.1007/s10967-007-7297-1
https://doi.org/10.1007/s10967-012-1947-z
https://doi.org/10.1007/s10967-012-1947-z
https://doi.org/10.1023/a:1020885313232
https://doi.org/10.54779/chl20230128
https://doi.org/10.1017/RDC.2019.67
https://doi.org/10.1007/bf02389762
https://doi.org/10.1007/bf02389762
https://doi.org/10.1039/b205001c
https://doi.org/10.1021/acs.analchem.3c02702
https://doi.org/10.1021/acs.analchem.3c02702
https://doi.org/10.1007/s10967-017-5313-z
https://doi.org/10.1007/s10967-017-5313-z
https://doi.org/10.1524/ract.2002.90.3_2002.133
https://doi.org/10.1524/ract.2002.90.3_2002.133
https://doi.org/10.1002/elps.200800656
https://doi.org/10.1021/ac0347213


Journal of Radioanalytical and Nuclear Chemistry	

spectrometry. J Radioanal Nucl Chem 298:1757–1761. https://​
doi.​org/​10.​1007/​s10967-​013-​2677-6

	33.	 Crozet M, Roudil D, Rigaux C, Bertorello C, Picart S, Mail-
lard C (2019) EQRAIN: uranium and plutonium interlabora-
tory exercises from 1997 to 2016comparison to ITVs-2010. J 
Radioanal Nucl Chem 319:1013–1021. https://​doi.​org/​10.​1007/​
s10967-​018-​6399-7

	34.	 Crozet M, Rivier C (2013) Impact of dissolution on the uncer-
tainty of spent fuel analysis. J Radioanal Nucl Chem 298:325–
336. https://​doi.​org/​10.​1007/​s10967-​013-​2518-7

	35.	 Vogl J (2007) Characterisation of reference materials by isotope 
dilution mass spectrometry. J Anal At Spectrom 22:475–492. 
https://​doi.​org/​10.​1039/​b6146​12k

	36.	 Beaumais A, Nonell A, Caussignac C, Mialle S, Stadelmann G, 
Janin M, Isnard H, Aubert M, Vercouter T, Chartier F (2022) 
Determination of the Ce-144/U-238 atomic ratio in spent nuclear 
fuel using double spike isotope dilution mass spectrometry. J Anal 
At Spectrom 37:1288–1297. https://​doi.​org/​10.​1039/​d2ja0​0052k

	37.	 Chartier F, Aubert M, Pilier M (1999) Determination of Am and 
Cm in spent nuclear fuels by isotope dilution inductively coupled 
plasma mass spectrometry and isotope dilution thermal ionization 
mass spectrometry after separation by high-performance liquid 
chromatography. Fresenius J Anal Chem 364:320–327. https://​
doi.​org/​10.​1007/​s0021​60051​343

	38.	 Callis EL, Abernathey RM (1991) High-precision isotopic analy-
ses of uranium and plutonium by total sample volatilization and 
signal integration. Int J Mass Spectrom Ion Process 103:93–105. 
https://​doi.​org/​10.​1016/​0168-​1176(91)​80081-w

	39.	 Dubois JC, Retali G, Cesario J (1992) Isotopic analysis of rare-
earth elements by total vaporization of samples in thermal 
ionization mass-spectrometry. Int J Mass Spectrom Ion Process 
120:163–177. https://​doi.​org/​10.​1016/​0168-​1176(92)​85046-3

	40.	 Mialle S, Quemet A, Ponvienne A, Gourgiotis A, Aubert M, 
Isnard H, Chartier F (2012) The use of total evaporation method 
using Channeltron electron multipliers by thermal ionization 
mass spectrometry for europium isotope ratio measurements on 

picogram sample amounts. Int J Mass Spectrom 309:141–147. 
https://​doi.​org/​10.​1016/j.​ijms.​2011.​09.​014

	41.	 Wakaki S, Shibata S, Tanaka T (2007) Isotope ratio measurements 
of trace Nd by the total evaporation normalization (TEN) method 
in thermal ionization mass spectrometry. Int J Mass Spectrom 
264:157–163. https://​doi.​org/​10.​1016/j.​ijms.​2007.​04.​006

	42.	 Isnard H, Aubert M, Blanchet P, Brennetot R, Chartier F, Geertsen 
V, Manuguerra F (2006) Determination of 90Sr/238U ratio by dou-
ble isotope dilution inductively coupled plasma mass spectrometer 
with multiple collection in spent nuclear fuel samples with in situ 
90Sr-/90Zr separation in a collision-reaction cell. Spectrochimica 
Acta Part B-At Spectrosc 61:150–156. https://​doi.​org/​10.​1016/j.​
sab.​2005.​12.​003

	43.	 Chartier F, Aubert M, Salmon M, Tabarant M, Tran BH (1999) 
Determination of erbium in nuclear fuels by isotope dilution 
thermal ionization mass spectrometry and glow discharge mass 
spectrometry. J Anal At Spectrom 14:1461–1465. https://​doi.​org/​
10.​1039/​a9023​18f

	44.	 Favre G, Brennetot R, Chartier F, Vitorge P (2007) Understand-
ing reactions with O2 for 90Sr measurements by ICP-MS with 
collision-reaction cell. Int J Mass Spectrom 265:15–22. https://​
doi.​org/​10.​1016/j.​ijms.​2007.​04.​012

	45.	 Gourgiotis A, Isnard H, Aubert M, Dupont E, AlMahamid I, Tiang 
G, Rao L, Lukens W, Cassette P, Panebianco S, Letourneau A, 
Chartier F (2010) Accurate determination of Curium and Cali-
fornium isotopic ratios by inductively coupled plasma quadrupole 
mass spectrometry (ICP-QMS) in 248 Cm samples for transmuta-
tion studies. Int J Mass Spectrom 291:101–107. https://​doi.​org/​10.​
1016/j.​ijms.​2010.​02.​002

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s10967-013-2677-6
https://doi.org/10.1007/s10967-013-2677-6
https://doi.org/10.1007/s10967-018-6399-7
https://doi.org/10.1007/s10967-018-6399-7
https://doi.org/10.1007/s10967-013-2518-7
https://doi.org/10.1039/b614612k
https://doi.org/10.1039/d2ja00052k
https://doi.org/10.1007/s002160051343
https://doi.org/10.1007/s002160051343
https://doi.org/10.1016/0168-1176(91)80081-w
https://doi.org/10.1016/0168-1176(92)85046-3
https://doi.org/10.1016/j.ijms.2011.09.014
https://doi.org/10.1016/j.ijms.2007.04.006
https://doi.org/10.1016/j.sab.2005.12.003
https://doi.org/10.1016/j.sab.2005.12.003
https://doi.org/10.1039/a902318f
https://doi.org/10.1039/a902318f
https://doi.org/10.1016/j.ijms.2007.04.012
https://doi.org/10.1016/j.ijms.2007.04.012
https://doi.org/10.1016/j.ijms.2010.02.002
https://doi.org/10.1016/j.ijms.2010.02.002

	Direct determination of the 237Np238U ratio in nuclear fuel samples by multicollection inductively coupled plasma mass spectrometry (MC-ICP-MS)
	Abstract
	Introduction
	Experimental
	Reagents and reference material solutions
	UO2-irradiated pellet samples
	Instrumentation and methods
	Direct measurement of the 237Np238U ratio by MC-ICP-MS
	237Np238U determination by Q-ICP-MS and IDMS measurements
	Determining the 238U concentration by isotope dilution mass spectrometry (IDMS)
	Determining the 237Np concentration by a Q-ICP-MS external calibration curve


	Results and discussion
	Validation of direct measurements by MC-ICP-MS
	Results and uncertainty assessment

	Conclusion
	Acknowledgements 
	References


