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Summary 

The concept of directly spiking samples of the solution with dissolved irradiated nuclear fuel 
for later dilution and measurement of the isotopic contents of uranium and plutonium has 
been developed successfully. Large sized dried spikes (LSD) have become a fundamental 
part of the fissile material control of irradiated nuclear fuel. In the frame of providing these 
spikes to the nuclear industry, a new set of LSD Spikes for the determination of uranium and 
plutonium by isotope dilution mass spectrometry in solutions of spent fuel from reprocessing 
plants has been prepared and certified for uranium and plutonium isotopic contents. The 
methodology followed was comparable to that of previous batches. The solution, made by 
dissolution of the starting materials in nitric acid, was dispensed directly into individual 
penicillin vials. However in this campaign an automated system was introduced to dispense 
and weigh the majority of vials. At the same time the system was validated by comparing the 
results with those of the traditional syringe dispensing and substitution weighing. 

This new batch of large size dried spikes contains ca. 50 mg of uranium (235U abundance = 
19.1%) and ca. 1.8 mg of plutonium (239Pu abundance = 97.8%) in each individual vial, 
covered with a light layer of organic material (cellulose acetate butyrate) as stabilizer. 

The U and Pu amount content was certified based on values from mass metrology of the 
validated automated system or from the manual weighings. Verification of the amount 
contents of the spike was done by IDMS at IRMM. The values measured for the batch 
solution and of the dried covered spikes agreed well with those calculated from the weights 
of starting materials dissolved and the weights of the final solution.  

Introduction 

The series IRMM-1027k Large Size Dried (LSD) Spikes is being prepared to fulfil the existing 
requirement for reliable and traceable spikes in fissile material control of dissolved nuclear 
fuel. The amount content of the spikes is such that no dilution of a typical sample of 
dissolved fuel is needed before measurement by Isotope Dilution Mass Spectrometry (IDMS) 
using a single LSD spike. Because each spike is certified for amounts of plutonium and 
uranium in the vial, the only quantitative step needed at the reprocessing plant laboratory is 
to weigh as accurately as possible an aliquot of the dissolved fuel solution onto the spike and 
ensure complete mixing of spike and sample. 

The plutonium component is highly enriched in 239Pu and is used to measure the Pu content 
in the fuel. Approximately 1.8 mg Pu is contained in each LSD spike. The uranium 
component is a mixture of two uranium source materials, natural uranium and a highly 
enriched uranium component. These materials are mixed to arrive at a final enrichment of 
just under 20% in 235U, which means for accountability purposes the uranium is classified as 
‘low enriched’.  

High purity metals are chosen as starting materials. For this campaign it was decided to use 
CETAMA MP2 plutonium metal and uranium metals EC NRM 101, CRM-116 as in most 
previous batches.  This allows the isotopic contents of the LSD spike to be certified from the 
certificates of the metals (chemical purity and isotopic content), the weights of the metals and 
the solution. As a result the values of the uranium and plutonium isotopic contents of the final 
certified spike solution have low uncertainties which are directly traceability to the SI via the 
masses of the starting materials. 

A single large volume of batch solution is made up; the first 192 were dispensed and 
weighed manually, the rest up to 1200 units by the automated system, into a number of 
penicillin vials. The solution in each vial is dried down and then covered with a light organic 
coating dried onto the spike material. The coating (cellulose acetate butyrate, CAB) was also 
used for previous batches. It provides a fixed layer to hold the dried spike material on the 
base of the vial, dissolves quickly in warm nitric acid and has no significant effect on the 
subsequent IDMS measurements. 
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Following the experience of previous series, in particular IRMM-1027e, 1027f, 1027g, 1027h, 
1027i and 1027j, the isotopic contents of the batch solution and of a set of individual spike 
vials after drying are measured by isotope dilution to verify the values from the mass-
metrology of the starting metals dissolved and the weight of the final solution. 

 

Dissolution of standard materials 

Pu Metal Cetama MP2 

The metal standard is delivered in a flame-sealed vial with a certified mass of Pu metal. Four 
ampoules of MP2 were required for the preparation of this LSD spike. Each vial was cut 
open, the Pu removed with tweezers, weighed and placed in the 3 L borosilicate flask (see 
next paragraph). The total amount of Pu, calculated to obtain a solution of ca. 0.7 mg 
plutonium per gram solution when dissolved in 3 kg nitric acid, was weighed at IRMM. The 
results from the weighin of metal agreed well with the CETAMA certified mass of the MP2 
metal. 

Uranium metals EC NRM 101, CRM-116 

Approximately 48.8 g EC NRM 101 (natural uranium) metal was etched with 1 M HNO3 as 
recommended on the certificate to remove surface oxides, rinsed with de-ionised water then 
acetone and finally dried. The metal was accurately weighed and added to the flask 
containing the Pu solution. The same was done with 12.0 g NBL CRM-116 enriched uranium. 
The masses of the uranium were calculated so as to yield a solution of ca. 20 mg uranium 
per gram solution with an enrichment of ca. 19.8% in 235U. 

Making up the batch solution 

The dissolution was carried out entirely in a 3 L long-necked borosilicate flask that had been 
cleaned in the IRMM MCL (Medium-Clean Chemistry Laboratory). All weighings were carried 
out as accurately as possible, with reference to a set of calibrated weights traceable to the 
international kilogram prototype at BIPM, Sèvres. The necessary corrections for air buoyancy 
effects, taking into account the ambient pressure, temperature, humidity and the density of 
the material were made. 

The weighed Pu metal was transferred into the flask. Concentrated nitric acid and a few 
drops of conc. HF were added and the flask was warmed to about 90° C to dissolve the Pu. 
The dissolution was controlled visually and took several weeks to be complete. After cooling 
the solution was kept under controlled conditions to ensure complete Pu dissolution before 
the uranium was added. The uranium dissolved quickly and completely within a few days.  

The complete dissolution of the metals and the solution homogeneity was ensured by 
allowing the solution to stand for at least 8 weeks after the starting materials had been 
adjudged to be completely dissolved. 

After making up the solution to the prescribed mass of 3.1 kg, the solution was left for 
another 4 weeks to homogenise with occasional swirling by hand. 

 

Measurement of isotopic abundances in the batch solution 

A plastic syringe (50 mL) was filled from the batch solution and from this syringe 6 aliquots of 
1 g were weighed into a set of glass vials. These were then spiked with 5 g each of IRMM-
046b double spike (233U+242Pu) for isotope dilution mass spectrometry (IDMS). One extra vial 
containing ca. 1 g of solution was not spiked and was processed for measurement of isotopic 
ratios. 
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The chemical procedure prior to mass spectrometry as detailed in [1] was employed. A 1 M 
HNO3 solution of uranium and of plutonium separated from the spiked and unspiked solutions 
were prepared for measurements of the isotopic ratios by TIMS.   

The isotopic ratios of the uranium were measured on the Finnigan Triton and those of 
plutonium on the Finnigan MAT 262, following IRMM Quality Management procedures PR-
077 for uranium and PR-075 for plutonium. The mass-spectrometers were calibrated for 
mass-fractionation by measuring IRMM-184 uranium isotopic reference material and IRMM-
290 plutonium isotopic reference material during the procedure. 

The measured ratios compared to the calculated values from the certificates are listed in 
Table 1 for uranium and Table 2 for plutonium. The certified ratios for uranium are taken from 
the Triton measurements and are compared to the ratios calculated from the mixing of the 
two metals and their certified isotopic abundances. The certified ratios for Pu are taken from 
the recertification of MP2 at IRMM (2007) as in the IRMM certificate in Annex 3 and decay 
corrected to 22 August 2007 date of verification measurements. 
 

Table 1: Isotopic amount ratios of uranium in the batch solution. Values from certificates and metrological 
weighing are compared with abundances calculated from measurement of isotopic ratios in a sample of 
the batch solution. Expanded Uncertainties are given in brackets (coverage factor k=2). 

 n(234U)/n(238U) n(235U)/n(238U) n(236U)/n(238U) 

Calculated value 0.002 514(10) 0.237 382(54) 0.001 033 8(32) 

Measured/Certified value 0.002 513 6(11) 0.237 407(77) 0.001 035 42(69) 

 
Table 2: Isotopic amount ratios of plutonium in the batch solution. Values from the certificate are 
compared with certified values calculated from measurement of isotopic ratios in a sample of the batch 
solution. Expanded Uncertainties are given in brackets (coverage factor k=2). 

 n(238Pu)/n(239Pu) n(240Pu)/n(239Pu) n(241Pu)/n(239Pu) n(242Pu)/n(239Pu) 

Certified value 0.000 030 68(29) 0.022 431 3(51) 0.000 230 5(30) 0.000 075 71(78) 

Measured value 0.000 033 4(22) 0.022 428 6(45) 0.000 229 6(12) 0.000 076 0(18) 

 

Verification of U and Pu amounts in the batch solution 

The series of 6 spiked solutions described above together with the vial containing the 
unspiked sample were heated to dryness, then chemically conditioned and the U and Pu 
fractions separated by the standard ion-exchange method (Work Instructions: 042 'Spiking, 
isotopic exchange and preliminary separation for mixtures of uranium and plutonium'; 041 
'Separation and purification of uranium for measurement of isotopic ratios by TIMS'; 035 
'Separation of Pu for TIMS measurements of isotopic ratios for IDMS or for isotopic 
abundances'). 

For the plutonium, a magazine was loaded with one filament for each blend; the remaining 
positions were filled by IRMM-290 standards. The plutonium was measured on the MAT 262 
(Work Instruction: 115 'Pu isotopic measurements in total evaporation using the MAT 262'). 
The uranium measurements were carried out on the Triton (Working Instruction 149 
'measurement of uranium isotopic ratios by the TIMS TRITON'). One filament per blend was 
loaded; the remaining positions per magazine were loaded with the unspiked sample (6x) 
and IRMM-184 U isotopic reference material. The Triton measurements were carried out 
using the Modified Total Evaporation technique. The method is also described in detail in [2]. 

The results of these IDMS measurements are given in Table 3 and Table 4 and shown in 
Figs. 1 and 2 compared with the U and Pu amount contents as calculated from the masses 
of the dissolved metals and solutions, taking into account the certified chemical purities of 
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the starting materials and making corrections for isotopic decay. There was good agreement 
between the isotopic amounts of U and Pu measured by IDMS and those calculated from the 
masses of the starting materials and the final solution.  

Aliquots of the solution were subsequently dispensed into penicillin-type vials. 

 

Aliquoting of batch solution 

The solution in the flask was re-weighed and adjusted for the small evaporation losses during 
the time the verification of the batch measurements were done. Prior to dispensing, the vials 
were cleaned (Working Instruction 071 ' Cleaning of glass penicillin vials for storage of LSD 
spikes), pre-engraved with the reference material name (IRMM-1027k) and an individual 
running number starting at 0001.  

Manual aliquoting 

Aliquots of the solution of about 2.5 g were transferred into penicillin-type vials using a 
commercial, manually operated dispenser. The first 192 aliquots were dispensed and 
weighed manually into a number of penicillin vials (Working Instruction 185 'Mass 
determination substitution weighing'). Each vial contained ca. 1.8 mg Pu and 50 mg U. 
Metrological weighings were carried out on an analytical balance (Mettler AT261 Delta 
range). The amount dispensed into the vial was measured by weighing the empty vial and 
weighing after adding the solution.  

Automated system aliquoting 

The automated system to produce LSD spikes has been installed in collaboration with 
Nucomat, a company with a recognized reputation in design and development of integrated 
automated systems. The major components of the system are a robot, two balances, a 
dispenser and a drying unit fitted into a glove box [3].  

The robot is software driven and designed to control all movements inside the glove-box, to 
identify the penicillin vials with a barcode reader, to dispense the LSD batch solution into the 
vials and to weigh the amount dispensed. The weighing section is equipped with a semi-
analytical balance (Sartorius TE124S) and a 5 kg balance (Sartorius TE6101) to monitor the 
mass of the mother solution during dispensing and to verify overnight losses by evaporation. 

The system functionality has been evaluated and the performance validated by comparing 
the results from a series of samples dispensed and weighed by the automated system with 
the results by manual substitution weighing. A number of known sources of discrepancy 
needed to be corrected for. They involve a correct calibration of the balance, adjustment for 
the modified weighing pan, compensation of evaporation effects during the time elapsing 
between Nucomat and mass metrology service weighing, compensation for the assumed 
object density to make a direct readout from a balance comparable with the result of a 
substitution weighing,  

After applying the proper correction factors to the data from the automated system balance 
no significant difference was observed between the two. However, an additional component 
of uncertainty of 3·10-4 is introduced in the uncertainty budget for the certified weights 
provided by the automatic system. 

The LSD spike solution was weighed into the vials over a period of about 5 days (Working 
Instruction 299 'LSD automated system equipment manual'). Batches of 48 vials were 
prepared and kept in a Perspex holder that fitted into a plastic box and each box was closed 
and stacked with the others ready for drying.  The boxes with the penicillin vials were 
transferred into one of the drying glove-boxes for the next processes: drying and covering 
with CAB. 
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Drying solutions and addition and drying of CAB 

The solutions were dried by gentle heating on a thermostatically controlled hot-plate at 
approx. 55° C. When the solutions had dried (typically 4-5 days continuous heating), about 
0.7 mL of a 10% cellulose acetate butyrate (CAB) solution in acetone was added, the 
solution allowed to evaporate at room temperature for two hours and then heated at approx. 
50° C for up to two hours to dry completely. 

Two separate glove-boxes were used for the drying allowing up to 48 samples per week to 
be dried and covered with CAB. The vials containing dried samples were stacked horizontally 
and inspected regularly. If the material appeared to have flowed even slightly in the vial the 
vial was heated again to remove the last traces of solvent. The vials containing the dried 
material covered with CAB were closed with an iso-versilic stopper and an aluminium cap. 
The vials were then labelled and sealed in PVC packages for storage. 

Drying, coating with CAB layer and packing were carried out over a period of several months.  

Verification of U and Pu amount content in selected vials 

After drying and CAB covering were complete, three series of six vials were randomly 
stratified chosen for verification measurements. The first series of six was selected from the 
vials manually dispensed, series 2 and 3 were selected from the vials delivered through the 
automated system. To each of these, 5 g of IRMM-046b spike was weighed in and the 
standard IDMS procedure and the working instructions above were used for the 
measurement of U and Pu amount content in the spikes. The uranium isotopic ratios 
n(235U)/n(233U) were measured on the Triton, using the same procedure that was used for the 
batch solution verifications and the plutonium ratios n(239Pu)/n(242Pu) were measured on the 
MAT 262. 

The results of the verification measurements described above are given in Table 3 and Table 
4 and shown in Figs. 1 and 2. These measurements gave values that agreed well with the 
values for uranium and plutonium amount content calculated from the amounts of dissolved 
metals and solution.  
 

Table 3: Amount content of uranium in mol·g-1. Values from certificates and metrological weighing are 
compared with values calculated from measurement of samples of the batch solution and from vials. 
Expanded Uncertainties are given in brackets (coverage factor k=2). 

Certificate Batch  Vials series A Vials series B Vials series C 

8.174 56(74) · 10-5 8.174 8(44) · 10-5 8.170 1(47) · 10-5 8.167 0(60) · 10-5 8.168 7(42) · 10-5

 
Table 4: Amount content of plutonium in mol·g-1. Values from the certificate and metrological weighing 
are compared with values calculated from measurement of samples of the batch solution and from vials. 
Expanded Uncertainties are given in brackets (coverage factor k=2). 

Certificate Batch  Vials series A Vials series B Vials series C 

2.956 7(13) · 10-6 2.958 7(47) · 10-6 2.956 3(47) · 10-6 2.955 9(49) · 10-6 2.956 3(46) · 10-6
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Measured and calculated Uranium content
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Figure 1: ‘Metrological’ concentration of uranium in IRMM-1027k (from the weights of metals and solution) 

compared with the measured values by IDMS. 
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Figure 2: ‘Metrological’ concentration of plutonium in IRMM-1027k (from the weights of metals and solution) 

compared with the measured values by IDMS. 
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Conclusion 

A new series of LSD spikes for IDMS determinations of uranium and plutonium contents in 
solutions of spent nuclear fuel from reprocessing plants has been prepared. 

An automated system for the production of LSD spikes has been successfully taken into 
operation. The system was validated and proven to deliver reference materials with the same 
quality as those produced manually. 

The certification of the spike is based on the metrological data, the certificate of the base 
materials and the verification measurements. The final certification values are established by 
mass-metrology of the metals and the solutions. 

The verification of the certified values from the mass-metrology was accomplished by IDMS 
measurements on the batch solution and individual vials. The agreement was satisfactory.  

The materials prepared are commercially available from IRMM, Geel as reference material 
IRMM-1027k for application in the nuclear safeguards measurements of uranium and 
plutonium in input solutions. 
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Annex 1: Certificate of uranium metal: EC NRM-101 
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Annex 2: Certificate of uranium metal: NBL CRM-116 
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Annex 3: Certificate of plutonium metal: Cetama MP2 
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Annex 4: Certificate of plutonium metal: isotopic abundances IRMM 
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Annex 6: Mass Metrology certificates: verification measurements  
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Annex 7: Certificate of IRMM-1027k 
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