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Abstract
The IRMM-1027 Large-sized dried (LSD) spikes are certified reference materials applied to measure the uranium and plu-
tonium content of dissolved fuel solutions using isotope dilution mass spectrometry. High quality starting metals of uranium 
and plutonium are dissolved to produce a stock solution, which is dispensed into individual vials and dried down. The present 
spikes are mixtures of typically 50 mg 20% enriched U and 2 mg enriched 239Pu as dried nitrates, conditioned in an organic 
substance for stability. Each vial of an IRMM-1027 LSD spike comes with certified masses of uranium (235U and 238U) and 
239Pu and isotopic composition with associated uncertainty. This article will discuss major developments since the produc-
tion of the first batch of LSD spikes and will reflect on the current preparation and certification approaches.
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Introduction

By signing the Treaty on the Non-Proliferation of Nuclear 
Weapons (NPT) and the EURATOM Treaty, all non-nuclear 
weapon states have to declare their fissile materials and 
comply with safeguards agreements [1, 2]. Nuclear safe-
guards aims at the verification of the non-diversion of fis-
sile material from its intended and declared peaceful use. 
This involves the quantitative determination of the uranium 
and plutonium contents at different stages of the fuel cycle, 
in particular in the dissolver solution of irradiated nuclear 
fuel at reprocessing plants. Safeguarding reprocessing plants 
poses a challenge to safeguards authorities because of their 
size, high material throughput and the requirement for a high 
level of detection probability of diverted material.

Isotope dilution mass spectrometry (IDMS) has been 
applied as a reliable analytical technique for accountancy 
measurements of uranium and plutonium contents in dis-
solved fuel when high accuracy is needed. A well-charac-
terised spike is needed to achieve this high level of accu-
racy [3–6]. Such spikes are chosen preferentially with a high 
enrichment of an isotope that is not the main isotope of the 
element being measured. 233U and 242Pu (or even 244Pu) are 
commonly applied in IDMS analysis of nuclear materials 
when the concentration of the sample is suitable for han-
dling in a radiochemical laboratory. However, due to the 
high radioactivity associated with the dissolver solution, 
dilution steps would be required to levels suitable for these 
spikes under typical glove-box conditions.

The use of much larger spikes applied directly to the dis-
solved nuclear material was proposed to obviate the need for 
a dilution of the dissolved fuel solution [7–13], even though 
this required the use of spike isotopes that are present in the 
sample to a greater or lesser extent (235U and 239Pu). These 
spikes contain milligram rather than microgram quantities 
of nuclear material and are in the dried form, the so-called 
large-sized dried (LSD) spikes. The main advantage of 
using LSD spikes is that the dilution of a sample of a dis-
solved nuclear fuel solution is no longer required, therefore 
simplifying the weighing process and reducing the overall 
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uncertainty of the measured amounts of plutonium and ura-
nium. Another advantage is to be able to use highly enriched 
and pure certified reference metals of 235U and 239Pu as start-
ing materials. They are readily available in contrast to the 
more rare isotopes, 233U and 242Pu, and so enable a spike 
production on a larger scale.

The Joint Research Centre (JRC) of the European Com-
mission (EC) has been providing LSD spikes, the well-
known IRMM-1027 series, to the safeguards community 
since 1991 (i.e. IRMM-1027a batch). They have been 
applied at the on-site laboratories at the European reprocess-
ing plants in La Hague and Sellafield and in industry world-
wide. The present spikes contain about 50 mg U and 2 mg 
Pu embedded in an organic matrix for stabilisation. The 
uranium component in the spike is enriched to just under 
20% in 235U, the maximum enrichment at the time that could 
be delivered and handled at the reprocessing plants. The 
Pu component has a 239Pu abundance of about 98%. About 
1000 units of IRMM-1027 LSD spikes are produced annu-
ally and certified in compliance with the ISO 17034 and ISO 
Guide 35 [14, 15]. Spikes containing 235U and 239Pu have 
been successfully utilised in IDMS for safeguards inspec-
tions and in accountability measurements for operators at 
the reprocessing plants [9, 10, 16–20]. The extensive use 
of LSD spikes over the past years has shown that IDMS, 
applying these spikes routinely, provides accurate results 
with measurement uncertainties below the target values as 
required by the safeguards authorities. The international tar-
get values (ITV-2010) are uncertainties to be considered in 
judging the reliability of the measurement results of fissile 
materials, which are subject to safeguards verification. They 
represent the estimates of the state of the practice and should 
be achievable under the conditions normally encountered in 
a typical industrial laboratory or during actual inspections 
[21].

The present paper will summarise the main developments 
and improvements of the IRMM-1027 LSD spikes over the 
years, and look at the present production of the LSD spikes 
at the JRC Geel. The second part of the paper will focus on 
the characterisation methodology, by looking particularly at 
the homogeneity and stability aspects. Finally, some consid-
erations for the future use of LSD spikes will be discussed.

Historical developments

The suggestion to use large-sized spikes was made more 
than 30 years ago. The intention was to remove a major 
source of uncertainty in the measurement of uranium and 
plutonium content in dissolved fuel by providing a spike for 
IDMS in which the concentrations of the U and Pu were high 
enough to eliminate the need for a preliminary large dilution 
of the highly active dissolved fuel solution. Dilution steps 

were difficult to carry out under normal working condition in 
hot-cells and were associated with potential sources of errors 
and risks of contaminating diluted samples.

The JRC Geel first investigated the development of 
large-sized spikes in metal form. They were produced by 
crucible-less induction melting techniques in an inert argon 
atmosphere [22, 23]. The initial spikes were either binary 
or ternary U–Pu alloys but suffered from poor homogeneity 
of Pu in the alloy and solubility problems. In the following 
years, the metallic spikes were optimised by producing them 
as two separate metallic pieces, enriched uranium (19.5% 
235U) and a binary alloy of plutonium/gadolinium (6% Pu). 
This improved the homogeneity of the Pu component, the 
weak point of the previous metallic spikes [7]. The metallic 
spikes had some advantages as they were simple to use when 
placed in a sealed vial and the dissolution in the fuel solution 
occurred readily. However, controlling the required degree 
of homogeneity of the plutonium metal alloy was difficult 
and a deterioration was found in the uranium metal over a 
period greater than 6 months, even when stored in an inert 
gas, from slow diffusion of air into the vial causing surface 
oxidation. Moreover, producing them in large quantities was 
technically difficult.

Over the years, the number of samples that needed to 
be analysed for safeguards purposes increased due to larger 
throughput of the reprocessing plants and as the require-
ments for more accurate accountability measurements with 
smaller uncertainties became stricter. Consequently, the 
demand for large-sized spikes also increased. This led to 
further developments aimed at more straightforward prepa-
ration procedures, and more homogeneous and accurately 
certified spikes [21, 24, 25].

In the mid-1980 s the development of metallic spikes was 
paralleled by the development of large-sized spikes, con-
taining 235U and 239Pu as dried nitrate salts. The initial idea 
of these large-sized dried (LSD) spikes came from Masao 
Takahashi of the Nuclear Materials Control Centre (NMCC, 
Japan). The main advantage compared to metallic spikes was 
their simpler preparation from primary reference materials, 
while ensuring better homogeneity and traceability.

LSD spikes are prepared by dissolving highly enriched 
and pure uranium and plutonium reference metals in acid, 
dispensing weighed amounts of the solution into penicillin 
glass vials and drying. The starting materials of uranium and 
plutonium are mixed to arrive at a ratio of uranium to plu-
tonium in the dried spike of approximately 25–30 to 1. This 
ratio was selected after discussion with users of the spikes at 
the start of the LSD program, as being suitable for the meas-
urement of the dissolved fuel [13, 26]. At the beginning, 
uranium oxides were used as starting materials to prepare 
IRMM-1027 LSD spikes. To ensure the stoichiometry of 
 U3O8, the oxides were ignited in an open furnace at 800 °C 
for one hour and cooled in a desiccator prior to use. The 
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uranium oxides were eventually replaced by uranium met-
als, with the preparation of the batch IRMM-1027f in 2002.

As the spikes were in a dried nitrate form, it was not 
easy to maintain their integrity over longer periods (e.g. 
6 months). Dried nitrate material tends to crystallise over 
time and forms a loose, powder-like material in the vial with 
the obvious risk of spike loss upon use. In order to overcome 
this problem, an organic stabilising substance was applied 
on top of the dried nitrates to fix the spike material to the 
bottom of the glass vial, thus guaranteeing its stability dur-
ing shipment.

The first few batches of IRMM-1027 LSD spikes were 
prepared with tetrahydrofuran (THF) as a protective organic 
coating [11, 13, 27]. THF yielded stable complexes with 
uranium and plutonium, but the preparation required a long 
drying procedure and the coating was not easily dissolved 
in warm nitric acid. In addition, THF is suspected to have 
carcinogenic effects [28].

Therefore, other organic substances based on cellulose 
esters were investigated [29]. Cellulose acetate butyrate 
(CAB) was chosen as an alternative for THF. In CAB, the 
hydrogen atoms of the hydroxyl groups are replaced by 
acetyl  (CH3CO) and butyryl  (C3H7CO) groups. Derivatives 
of CAB are characterised by a degree of substitution of the 
hydroxyl groups and have different properties depending on 
this degree. CAB has good characteristics such as solubil-
ity in many organic solvents, sufficient mechanical strength 
and good adherence to glass, minimal moisture uptake and 
a reasonable resistance to radiolysis. Moreover, it dissolves 
readily in warm nitric acid, leaving no residue and has no 
significant effect on the IDMS analysis.

The first chemical treatment of IRMM-1027 LSD spikes 
used CAB-17 with a 17–19% butyryl content (17–19 g/100 g 
butyryl content). It provided a sufficient stability for a short-
term storage, but a longer shelf-life could not be guaran-
teed. Cracks and flaking of the organic covering material 
appeared, which could potentially lead to loss of the spike 
material when opening the vial. Further research was under-
taken to tackle certain critical factors such as the condition-
ing of the glove-box air intake and stringent temperature 
tuning during evaporation and coating application. This 
optimised procedure improved the stability and durability 
of spikes to about two years.

Over the years, further investigation was necessary in 
order to meet customers` needs for spikes with a prolonged 
shelf life beyond two years. CABs with higher butyryl con-
tents were studied to find the optimal polymer grade and a 
longer-lasting layer. The objective was to look for a butyryl 
degree that was strong enough to provide a robust layer, 
but at the same time would not influence the dissolution 
in nitric acid. The CAB-35 with 35–39% butyryl content 
(35–39 g/100 g butyryl content) was chosen as the best 
candidate in terms of mechanical stability and resistance to 

radiation [30, 31]. It has been applied for the preparation of 
the IRMM-1027m series onwards [32–34].

A further improvement to the production of large-sized 
dried spikes was established in 2007 with the introduction 
of an automated system to replace the laborious manual 
dispensing of the U/Pu mother solutions into individual 
penicillin vials [35]. It was designed to control all the move-
ments inside the glove-box, from the identification of the 
vial with a barcode reader to dispensing and weighing the 
requested amount of the batch solution. This was a signifi-
cant improvement because prior to this, skilled technicians 
had to dispense and weigh each individual spike manually 
to achieve the required accuracy. This operation took several 
weeks and, consequently evaporation corrections to the mas-
ter batch solution were necessary. With the implementation 
of the automated system, the time to dispense and weigh 
the whole amount of the batch solution into vials has been 
reduced to 5 days. It also reduced considerably the exposure 
of personnel to ionising radiation.

The most recent improvement occurred in 2017 when 
JRC Geel and JRC Karlsruhe engaged in an exploratory 
research project to develop new types of coatings and spikes 
with different U/Pu ratios [36]. Among the tested materi-
als, carboxymethyl cellulose (CMC) has shown promising 
results [37, 38]. CMC is similar in structure to CAB but this 
cellulose derivative is functionalised with carboxymethyl 
groups. A protocol similar to the THF spike preparation is 
used and involves the use of a nitric acid solution. Upon dry-
ing, instead of a polymer film (CAB), a foam is produced in 
which the uranium and plutonium dried nitrates are homoge-
neously embedded. This foam dissolves almost instantly in 
hot nitric acid and has a high capacity for larger amounts of 
nuclear material. Furthermore, spikes prepared to date with 
CMC material remain stable for more than 4 years. The out-
come of the exploratory research has been published in the 
open literature and the executive summary of the project is 
available on the EU Science Hub [36, 39, 40]. CMC coating 
has been implemented from the IRMM-1027t batch onwards 
[41, 42]. While developing the CMC matrix coating, the 
CAB-35 matrix was also improved by adding a plasticizer, 
dioctyl-phthalate (DOP) which made the embedding film 
less brittle and delayed cracking and flaking. For the IRMM-
1027t to the IRMM-1027v LSD spike batches, both CMC 
and CAB-35/DOP were used as stabilising matrix. An over-
view of IRMM-1027 LSD developments and improvements 
over the years is shown in Fig. 1.

Present production of spikes

The IRMM-1027 LSD series are prepared on an annual 
basis, as follows: plutonium metal (MP2, Commission 
d`Establissement des Methodes d`Analyse, France), 
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enriched uranium metal (CRM 116-A, New Brunswick 
Laboratory, USA) and natural uranium metal (EC NRM 101, 
European Commission, Belgium) are used as the starting 
materials to prepare a single stock solution. The plutonium 
and the enriched uranium metals are cleaned prior to use by 
electro-polishing [43] and etching, respectively, to remove 
surface oxidation products.

The plutonium metal is weighed and dissolved in a 3 
L quartz flask with 20 mL 6 mol  L−1 hydrochloric acid. 
After the addition of about 200 mL of 8 mol  L−1 nitric acid, 
enriched and natural uranium metals are weighed and added 
to the plutonium solution (enrichment < 20% 235U). The 
uranium metals dissolve readily by applying gentle heat-
ing. Finally, a solution prepared from deionised water and 
concentrated nitric acid is added to adjust the concentration 
of the nitrate solution to about 6 mol  L−1 and to arrive at Pu 
and U mass fractions of about 0.8 mg  g−1 and 20 mg  g−1, 
respectively. The exact concentrations are determined by the 
weighing of the flask containing the U/Pu solution.

Electro-polishing and the dissolution of Pu metal in 
6 mol  L−1 HCl was introduced in 2016. The previous pro-
tocol using 8 mol  L−1 nitric acid (and a few drops of 1 mol 
 L−1 HF) for dissolution of Pu did not dissolve the Pu metal 
completely in all batches. In a few cases, undissolved par-
ticles remained at the bottom of the flask. This happened 
unexpectedly and was not observed in other batches. Con-
sequently, the plutonium content obtained from the mass 

of the weighed Pu metal could not be verified by IDMS 
successfully.

Aliquots of about 2.5 g of the U/Pu solution are dispensed 
and weighed into individual vials by the automated system 
[35]. The weighing is performed on an analytical balance 
(Sartorius TE124S, Göttingen, Germany). A calibrated object, 
consisting of a vial containing a mass standard, is weighed at 
regular intervals during dispensing to check the performance 
of the balance. The nitrate solution in the vials is evaporated to 
dryness at maximum 55 °C. The humidity in the glove-box is 
maintained below 20–25% (relative humidity). After the solu-
tion has dried, the organic matrix is applied. As mentioned 
above, two organic materials are currently used. For the CAB/
DOP procedure, 0.7 mL of solution (10 g CAB-35, 2 g DOP 
and 100 g acetone) is added, evaporated first at room tempera-
ture and then heated to about 45 °C to dry completely.

For the CMC procedure, 10 g of low viscosity CMC sodium 
salt is added to 90 g of 2 mol  L−1 nitric acid solution at 60–70 °C 
under continuous stirring. After the dissolution of the CMC is 
completed (usually 2–3 h), the solution is cooled. 1.5 mL of this 
solution is added to the dried nitrates and heated up to about 
52–54 °C to evaporate the nitric acid solution. Once all the nitric 
acid had evaporated, the CMC foams are produced. Vials are 
closed with a stopper and an aluminium cap and sealed in a PVC 
bag. Chemical treatment (evaporation and matrix application) 
is carried out in well-controlled glove boxes. The preparation of 
IRMM-1027 LSD spikes is shown in Fig. 2.

Fig. 1  IRMM-1027 LSD spike developments and improvements (1991–2021)



337Journal of Radioanalytical and Nuclear Chemistry (2021) 330:333–345 

1 3

Certification methodology

Material characterisation

Characterisation is the process of determining the prop-
erty values of a reference material. IRMM-1027 LSD 
spikes are characterised for the masses of 239Pu, 235U and 
238U per unit and for the n(234U)/n(238U), n(235U)/n(238U), 
n(240Pu)/n(239Pu), n(241Pu)/n(239Pu) and n(242Pu)/n(239Pu) 
amount ratios. The characterisation is established by gravi-
metric preparation from the starting materials and verified 
by independent measurements. This allows the certified 
values and their associated uncertainties to be calculated 
from the values of the purity and the isotopic composition 
of uranium and plutonium in the starting materials, and the 
masses of starting metals, batch solution and dispensed ali-
quots of solution into each individual unit [44]. As a result, 
low uncertainties on the assigned values can be obtained. 
The masses are determined by accurate weighing and cor-
rected for air buoyancy [45–47]. The masses of 235U, 238U 
and 239Pu are determined using the equations below.

mUCRM116A,mUEC101 mPuMP2,mUsol, maliquot are the masses 
of the U CRM 116-A, U EC 101, Pu MP2 metals, the nitrate 
batch solution and the dispensed aliquot [g], respectively; 

(1)m239Pu =
mPuMP2 ⋅ �PuMP2

msol

⋅ w239PuMP2 ⋅ maliquot

(2)m235U =

mUCRM116A ⋅ �UCRM116A + mUEC101 ⋅ �UEC101 + mUMP2

msol

⋅ w235Usol ⋅ maliquot

(3)m238U =

mUCRM116A ⋅ �UCRM116A + mUEC101 ⋅ �UEC101 + mUMP2

msol

⋅ w238Usol ⋅ maliquot

�UCRM116A , �UEC101 and �PuMP2 are the purities (e.g. mass frac-
tions) of the U CRM 116-A, U EC 101 and Pu MP2 metals 
[g  g−1], respectively; mUMP2 is the U mass in Pu MP2 [g] (U 
impurities, ingrowth). The w235U

 , w238U
 and w239Pu

 are the 
isotope amount fractions (e.g. abundances) of 235U, 238U and 
239Pu in the nitrate batch solution, respectively.

As mentioned earlier, due to incomplete dissolution of 
Pu metal in a few cases, some batches of IRMM-1027 LSD 
spikes had to be characterised by IDMS to assign the certi-
fied values.

Confirmation measurements

Confirmation measurements for the U and Pu amount 
content are carried out by IDMS on aliquots of the batch 
solution to verify the values established by the gravimetric 
preparation. A mixed 233U/242Pu spike CRM, such as IRMM-
046b or IRMM-046c is used. The isotopic abundances (i.e. 
ratios) of both elements are measured in unspiked samples 
by thermal ionisation mass spectrometry (TIMS). This is 
particularly important to check the mixing and dissolution 
of the two uranium starting metals (i.e. EC 101 and CRM 
116-A). Furthermore, the amount contents of the U and Pu 
are also measured by IDMS in randomly selected vials to 

confirm that there was no change in the isotope amount con-
tents before and during dispensing, drying and application 
of the organic matrix.

Fig. 2  Preparation of IRMM-1027 LSD spikes
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For the IDMS, the spiked and unspiked samples are evap-
orated to dryness and the oxidation states of plutonium and 
uranium adjusted to Pu(IV) and U(VI), respectively. The 
sample solution is passed through an anion exchange col-
umn (Bio-Rad AG1-X4, 100–200 mesh, Bio-Rad, Hercules, 
USA) [48, 49]. Uranium is eluted with 8 mol  L−1  HNO3 and 
plutonium with 0.35 mol  L−1  HNO3. This separation proce-
dure is performed three times to avoid isobaric interferences 
between 238U and 238Pu in the isotopic measurement. The 
purified solutions are evaporated, re-dissolved in 1 mol  L−1 
 HNO3 and loaded on zone refined rhenium filaments (double 
configuration). Isotopic measurements are performed by the 
total evaporation (TE) method on a Triton TIMS (Thermo 
Fisher Scientific, Bremen, Germany) [50–54]. In this 
method, the evaporation filament is heated up to maintain 
a steady intensity and isotopic ratios are measured until the 
entire sample is consumed (total evaporation). In this way, 
mass fractionation effects in the ion source are minimised. 
Isotopic standards (Pu IRMM-290b/A3, U IRMM-074/10) 
are measured to correct for these mass fractionation effects 
and to ensure the traceability to the International System 
of Units (SI). Quality control (QC) samples are measured 
to check the performance of the mass spectrometer and the 
IDMS method [55].

Homogeneity assessment

From 2013 on (IRMM-1027o), the preparation and certifica-
tion of IRMM-1027 LSD spikes is performed in compliance 
with ISO 17034 and ISO Guide 35 [14, 15]. By aligning the 
certification with these standards, additional measurements 
have been included in the certification process, in particular 
to assess the homogeneity and stability of the spikes.

The assessment of between-unit variation (heterogeneity) 
is required to ensure that the assigned certified values are 
valid for all produced units within the stated uncertainty. 
Homogeneity is assessed in the final product (i.e. dried 
spikes) and for all the measurands for which the material 
is characterised. In the IRMM-1027 series, the measurands 
are the masses of 235U, 238U and 239Pu and the U and Pu 
isotope amount ratios. Units for homogeneity assessment are 
selected using a random stratified sampling scheme cover-
ing the whole batch. The number of selected units depends 
on the total number of the produced units, usually between 
10 and 15. The 235U, 238U and 239Pu amount contents in the 
selected units are determined by IDMS.

Quantification of between-unit variations (i.e. uncertainty 
contribution, sbb) is accomplished by analysis of variance 
(ANOVA) using SoftCRM [56, 57], which is one of the 
recommended statistical approaches of the ISO Guide 35 
to estimate the homogeneity. It is important to note that it 
is not required from the ANOVA test to show equivalence 
between all units (CI = 95%), a “modicum of heterogeneity is 

acceptable” [58]. It is required, however, that the calculated 
relative uncertainty contribution associated with inhomoge-
neity remains below a certain threshold, which is typically 
0.05% for the IRMM-1027 batch. Only if this requirement 
is fulfilled, shall the LSD batch be considered homogeneous 
and fit for the intended use.

The homogeneity of the U and Pu isotope amount ratios 
was tested in the IRMM-1027p and IRMM-1027q batches 
[33, 34]. Variations in the isotope ratios between different 
vials are not to be expected. Any change could only stem 
from a contamination with plutonium and uranium of a dif-
ferent isotopic composition, from the isotope fractionation 
or from an incomplete dissolution/mixing of the uranium 
metals. These effects are avoided by carrying out the chemi-
cal treatment in separate glove boxes and keeping the drying 
temperature below 60 °C.

Stability assessment

Stability testing is necessary to establish conditions for stor-
age (long-term stability) as well as conditions for dispatch 
to customers (transport or short-term stability) [14, 15]. The 
term “stability” in this context does not refer to radioactive 
decay.

The physical stability of the IRMM-1027 series LSD 
spikes is directly linked to the integrity of the organic matrix 
(CAB/DOP or CMC). Parameters such as the radiation, the 
acid residuals, humidity and temperature, light, physical 
shocks and mechanical stress cause degradation of the sta-
bilising matrix over time. This leads to formation of cracks, 
flaking and a potential loss of material upon opening the 
vial. The results of these stability studies have been pub-
lished elsewhere [30, 31, 37, 39].

With regard to the transport stability, a modified isoch-
ronous study was applied. The test samples containing 
blank CAB/DOP and CMC matrix were stored at 4 °C and 
60 °C for one week at each temperature (Tref = 18 °C) [41] 
and inspected visually. No deterioration of the CAB/DOP 
appeared in any of the test samples. For the CMC foams, 
further maturation and discoloration could be observed, but 
the integrity of the CMC foam remained intact [36, 41]. 
This has demonstrated that no degradation is to be expected 
during the transport of the spikes to the customers. It was 
assumed that the presence of uranium and plutonium in the 
matrix would not have significantly affected the stability of 
the CAB/DOP or CMC spike during transport.

Apart from the physical stability of the spikes, one must 
demonstrate that the stability of the assigned certified values 
is guaranteed for the duration of the certificate`s validity. 
This study is usually carried out over an extended period 
(e.g. 2 years) prior to the release of the reference material. 
However, as the IRMM-1027 LSD spikes are produced on 
an annual basis, a different approach had to be taken. The 
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long-term stability of assigned values was demonstrated 
based on the measurement results of IRMM-1027m LSD 
over a period of four years after certification in the con-
text of the inter-calibration of spike CRMs [48]. Moreover, 
the stability of the IRMM-1027 series LSD spikes is also 
studied after the release of the material as part of the post-
certification stability monitoring.

Results and discussion

Confirmation measurements

The results on the assigned values of more recent batches of 
IRMM-1027 spikes are discussed in this section.

235U and the 239Pu content measurements in IRMM-
1027s, IRMM-1027t and IRMM-1027u are shown in Figs. 3 
and 4, respectively. Individual results are expressed as the 
relative difference (bias) from the assigned (certified) value. 

Each data point represents an independent measurement 
result (e.g. chemical treatment, replicate measurements) of 
the selected unit or an aliquot of the batch solution.

It can be seen from Figs. 3 and 4 that all verification 
results are in good agreement with the certified value within 
measurement uncertainties. There was no significant differ-
ence observed between the results of the nitrate solution 
(circles) compared to the selected LSD units with CAB 
(squares) and CMC (triangles). Somewhat higher differences 
were observed for the 235U content in the nitrate solution 
compared to the vials of IRMM-1027 s. This small differ-
ence may be intrinsic to the IRMM-046b spike used in IDMS 
analysis. All other results were obtained using IRMM-046c 
spike. The other exception is the 239Pu content in the nitrate 
solution compared to the units of IRMM-1027u. The same 
spike ampoule was used for all four aliquots in the IDMS 
measurement. Therefore, this slight difference (~ 0.05%) 
might be due to the ‘ampoule-to-ampoule’ variance of the 
spike, IRMM-046c.

Fig. 3  Results of the verification 
of the 235U content in selected 
IRMM-1027 LSD expressed 
as the relative difference (bias) 
from the certified value (CAB 
vials – brown squares, CMC 
vials – green triangles, batch 
solution – empty circles). Error 
bars represent the associated 
relative expanded uncertainty 
(k = 2). Red dotted lines show 
the relative expanded uncer-
tainty (k = 2) of the certified 
value for the respective batch
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-0.15%
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0.05%

0.15%

0.25%

Bi
as
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Fig. 4  Results of the verifica-
tion of the 239Pu content in 
selected IRMM-1027 LSD 
spikes expressed as the relative 
difference (bias) from the certi-
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The uncertainties of the 239Pu measurement results are 
consistent among the different batches. From the IRMM-
1027t batch on, a quality control (QC) sample is measured 
together with the samples, under the same operating condi-
tions [55]. For the 235U measurement results, IRMM-1027u 
has slightly larger uncertainty compared to the IRMM-1027s 
and IRMM-1027t because of an additional uncertainty com-
ponent coming from the QC sample. Generally, the measure-
ment uncertainties of the 239Pu results are larger than of the 
235U results. The reason for this is the larger uncertainty of 
the Pu IRMM-290b/A3 isotopic standard applied for mass 
fractionation correction. Figures 3 and 4 also show that the 
results for the 235U and 239Pu amount contents of the IRMM-
1027u are lower than the certified values, however within the 
measurement uncertainties. The reason for this observation 
could not be found despite thorough investigation.

The results of n(235U)/n(238U) isotope ratio are shown in 
Fig. 5. The measured values for the n(235U)/n(238U) ratio 
are systematically higher than the certified values, (except 
the IRMM-1027s solution), but, for the majority of the 
results, within measurement uncertainty. The results of 
the respective QC sample did not show this observation; 
therefore, a measurement error could be excluded. The rea-
son could be explained by a possible contamination with 
enriched uranium during the sample preparation prior to the 
measurement.

The verification results have demonstrated that the dis-
pensing by an automated system and subsequent drying of 
the nitrate solution is well under control, and that the appli-
cation of CAB/DOP and CMC organic matrices have no 
significant effect on the IDMS results. These results sup-
port conclusions already observed in the previous batches 
of IRMM-1027 LSD spikes [17].

JRC Geel, JRC Karlsruhe, operating the EURATOM on-
site laboratories, and the IAEA, operating the IAEA on-site 
laboratory, are engaged in mutual verification of mixed ura-
nium/plutonium LSD spikes in the frame of the European 

Commission support programme task to the IAEA [17]. 
These external verification measurements are valuable and 
highly appreciated as they support the certified values and 
thus underpin that the IRMM-1027 series is fit for purpose 
for fissile material accountancy and control. Some of these 
external verification results are published in [17].

Stability measurements

The stability of the assigned values of the IRMM-1027 
series LSD spikes has been monitored using (ID)-TIMS 
as part of the post-certification stability study since 2013. 
Several units of the respective batch are measured for the U 
and Pu amount contents and for the U and Pu isotope ratios 
for the duration of the certificate`s validity (3 years for LSD 
batches until IRMM-1027s and 5 years from IRMM-1027t 
onwards). The results for the 235U mass fraction in IRMM-
1027o are shown in Fig. 6.

It can be seen from Fig. 6 that the assigned values for 
the 235U mass fraction could be verified within uncertainties 
and, therefore, the stability could be demonstrated success-
fully, even beyond the three years of the certificate` validity.

The compatibility between the stability result (ystab) and 
the certified value (ycert) can also be quantified by the nor-
malized deviation (En score) [59]

where u(ystab) is the standard uncertainty of the results of the 
stability measurement and u(ycert) the standard uncertainty 
of the certified value. An absolute value of En less than 2 
means that there is no significant difference between the 
two values ystab and ycert demonstrating stability. The results 
of the stability monitoring of the respective LSD batch are 
summarised in Table 1.

(4)
En =

ystab − ycert
√

u2
(

ystab
)

+ u2
(

ycert
)

Fig. 5  Results of the verifica-
tion of the n(235U)/n(238U) 
isotope ratio in selected IRMM-
1027 LSD expressed as the 
relative difference (bias) from 
the certified value (CAB vials 
– brown squares, CMC vials – 
green triangles, batch solution 
– empty circles). Error bars 
represent the associated relative 
expanded uncertainty (k = 2). 
Red dotted lines show the 
relative expanded uncertainty 
(k = 2) of the certified value for 
the respective batch
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These results confirm that the assigned certified values 
could be verified within measurement uncertainties for the 
majority of the results, except for the n(235U)/n(238U) ratio, 
where in some cases the En score was higher than 2. Detailed 
examination of the results showed that the measured ratios 
were higher than the certified values. A similar deviation 
has been observed in previous batches of LSD spikes (see 
also Fig. 5) [17]. En score larger than 2 could be due to the 
somewhat small (and possibly underestimated) uncertainty. 
Therefore, it was concluded that there is no long-term stabil-
ity problem with the n(235U)/n(238U) isotope ratio and it is 
rather the consequence of the slight positive bias between 

verification and the gravimetrically certified values that per-
sists since the time of preparation.

Assigned values and uncertainties

The uncertainties associated with the certified values were 
estimated in accordance with the Guide to the Expression of 
Uncertainty in Measurement GUM and ISO Guide 35:2017 
[15, 44]. They consist of contributions due to characteri-
sation (purity, isotopic composition, masses of the metals, 
solution and dispensed aliquots) and contributions from the 
between-unit heterogeneity assessment. The uncertainties 
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Fig. 6  235U mass fraction in IRMM-1027o as a function of time (t = 3.3 years). Red straight and dotted lines show the certified value and its 
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Table 1  Results of the stability 
monitoring (En score) for the 
IRMM-1027 LSD spikes

Batch LSD Year 239Pu content 235U content n(240Pu)/n(239Pu) 
ratio

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

IRMM-1027o 2012 0.67 0.63 0.08 1.01
2013 1.69 0.22 0.68 1.89
2014 0.26 0.75 0.65 1.74
2015 2.29 0.88 0.23 2.36
2016 0.62 / / /

IRMM-1027p 2013 1.16 1.04 0.51 1.48
2014 1.82 0.65 0.27 0.76
2015 1.01 1.17 0.02 0.23
2017 / / 0.97 1.13

IRMM-1027q 2014 0.49 0.88 0.34 0.63
2015 1.76 1.35 0.43 0.71
2017 1.63 1.51 0.24 0.98

IRMM-1027r 2015 0.4 1.36 1.16 0.63
2017 1.85 1.61 1.23 1.96
2019 0.23 0.93 0.12 2.27

IRMM-1027s 2017 0.33 0.49 0.57 1.74
2019 0.55 0.05 0.46 2.8
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due to possible degradation during transport and long-term 
storage were found to be negligible (ults = 0 and usts = 0). 
The contributions were combined to estimate the expanded 
uncertainty of the certified value as:

where UCRM is the expanded uncertainty of the certified 
value, that corresponds to a level of confidence of about 
95%, k is the coverage factor, uchar is the combined stand-
ard uncertainty of the characterisation study and ubb is the 
estimated uncertainty associated with the heterogeneity. An 
overview of relative standard uncertainties of the certified 
values in various IRMM-1027 batches are shown in Fig. 7. 
Relative standard uncertainties are shown for comparison 
with the ITV 2010 values.

It can be seen from Fig. 7 that earlier batches had higher 
uncertainties of the certified values, in particular for the 
mass of 235U and 239Pu content and the n(240Pu)/n(239Pu) iso-
tope ratio. The reason for this was the different starting mate-
rials used for the preparation and the fact that these materials 
were not certified for isotopic composition. Consequently, 
isotopic abundances had to be measured on mass spectrom-
eters and corrected for mass fractionation. At that time, dif-
ferent mass spectrometers and methods were used compared 
to nowadays. Since the batch IRMM-1027f, the metals U 
EC 101, U CRM 116 (CRM 116-A) and Pu MP2 certified 
metals with smaller uncertainties on the purity and isotope 
ratios have been used. As a result, uncertainties lower than 
0.04% were obtained, with the exception of IRMM-1027g 
and IRMM-1027s, where the assignment of the values was 
based on the IDMS. Since IRMM-1027o, the uncertainty 
from the homogeneity assessment has been included in the 

(5)UCRM = k ⋅

√

u2
char

+ u2
bb

overall uncertainty. This led to a small increase in the uncer-
tainties of the masses of 235U, 238U and 239Pu.

These uncertainties are acceptably small, and enable lab-
oratories using these spikes to achieve their measurement 
results with uncertainties below the ITVs-2010. The ITV-
2010 target values for plutonium and uranium by IDMS are 
0.18% or 0.28% (expressed as relative standard uncertainty) 
for glove-box and hot-cell conditions, respectively. They 
take into account actual practical experience and should 
be achievable under routine measurement conditions. The 
current issue of the International Target Values (ITV-2010) 
represents the sixth revision of the Target Values for the 
uncertainty component in destructive analytical methods, 
first issued in 1979 to the safeguards authorities of EUR-
ATOM and of the IAEA by the Working Group on Tech-
niques and Standards for Destructive Analysis (WGDA) of 
the European Safeguards Research and Development Asso-
ciation (ESARDA) the ESARDA/WGDA.

Future considerations

The accuracy of IDMS measurements depends not only on 
the quality of the spikes but it is also limited by the intrinsic 
precision of the IDMS (i.e. error magnification factor) [5, 
13]. Spikes for IDMS must be of suitable size and isotopic 
composition in order to reach the required accuracy. The 
ratio between spike and sample (spike to sample ratio) can 
affect the uncertainty of the measurement result, particularly 
if this ratio is not optimised for the sample to be analysed 
[5, 13].

The present composition of IRMM-1027 LSD spikes 
is suitable for the measurement of a wide range of typical 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

1027a 1027b 1027c 1030 1027e 1029a 1027f 1027g 1027h 1027i 1027j 1027k 1027m 1027n 1027l 1027o 1027p 1027q 1027r 1027s 1027t 1027u 1027v

]
%[

ytniatrecnu
dradnats

evitaler

235U mass 238U mass 239Pu mass n(235U)/n(238U) ra�o n(239Pu)/n(240Pu) ra�o

Fig. 7  An overview of relative standard uncertainties in batches of LSD spikes (IRMM-1027a to IRMM-1027v)



343Journal of Radioanalytical and Nuclear Chemistry (2021) 330:333–345 

1 3

dissolved fuel. At the same time, the fulfilment of regula-
tory and policy rules regarding the U and Pu amounts and 
the 235U enrichment limitation (< 20% 235U) had to be 
ensured. From these perspectives, the IRMM-1027 LSD 
series is a compromise. For the measurement of mixed oxide 
(MOX) fuels, another type of LSD spike with a ratio 1:1 U/
Pu (20 mg U and 20 mg Pu) ratio was produced only once 
(IRMM-1029a) [12].

Since 2008, bi-annual meetings are held between the LSD 
spikes producers and users to discuss current status, future 
needs and improvements of LSD spikes. Recently, LSD 
spikes with different U/Pu ratios and 235U enrichments have 
been requested, for an example a spike with 235U enrich-
ment level up to 80%. This would allow LSD users at repro-
cessing plants to reduce further the uncertainties of their 
IDMS measurements. Another example is an LSD spike 
with natural U only for analysis of high-enriched samples 
(> 90% 235U).

Another issue for LSD producers to consider in the future 
is the availability of starting metals with suitable purity and 
small uncertainties. The present LSD spikes require con-
siderable amounts of high quality metals, especially of Pu 
metal for which the global supply is limited and not easily 
guaranteed in the future. Shipments are also becoming more 
difficult due to stricter regulations.

An “alternative LSD spike” has been proposed by Roger 
Wellum in 2008. This proposal relies on a 235U spike alone 
with measurements of Pu being carried out on the diluted 
sample. In this approach, the uranium content in the origi-
nal fuel solution is determined using a 235U LSD spike. A 
small sample of the fuel solution is diluted and the U and Pu 
contents in the diluted sample are measured by IDMS after 
spiking with small spikes (e.g. 242Pu, 233U). The dilution fac-
tor is calculated from the 238U concentration in the original 
and the diluted fuel solutions. From the Pu concentration 
in the diluted sample and the established dilution factor, 
the Pu content in the original solution can be determined. 
The advantage of this concept is that no large (milligram) 
amounts of 239Pu are needed for the spike, and thus, the con-
sumption of the 239Pu metal is reduced. On the other hand, 
a greater selection of liquid spikes is needed to measure the 
diluted samples accurately. Guaranteeing the availability of 
233U spikes could be a particular challenge when choosing 
this approach.

Conclusions

EURATOM safeguards have the status of European law 
(Chapter VII of the EURATOM Treaty) and include verifi-
cation of the nuclear material accountancy of nuclear facility 

operators. The IRMM-1027 LSD spikes are tailor-made ref-
erence materials developed and optimised for the measure-
ment of the uranium and plutonium content in dissolved fuel 
solutions by IDMS. They have been supplied to EURATOM 
safeguards and partners from industry for 30 years, meeting 
the JRC’s support as established in the EURATOM Treaty. 
They are produced in compliance with ISO 17034. A special 
emphasis was given over time to the stability and homogene-
ity assessment, and the corresponding uncertainty contri-
butions were included in the combined uncertainty of the 
reference material. These uncertainties are fit for safeguards 
purposes, as acknowledged by LSD spike users. In recent 
years efforts have been made to extend the stability of LSD 
spikes and thus, the validity of the material’s certificate.

By providing measurement quality control tools, such as 
the IRMM-1027 LSD spike series, the JRC is directly con-
tributing to the effectiveness of nuclear safeguards systems, 
supporting operators in their accountancy and the authorities 
in meeting the challenge to achieve the required high level 
of detection probability [59].
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