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Abstract
A highly-enriched 244Pu isotope dilution reference material has been prepared and characterized for metrologically traceable 
measurements of very small quantities of plutonium. The amount of plutonium in samples associated with nuclear safeguards 
and nuclear forensic measurements can be significantly less than 1 ng. Accordingly, the ability to quantify the amount and 
isotopic composition of plutonium from a single mass-spectrometric analysis is particularly desirable. The highly-enriched 
244Pu reference material, described here, will minimize the magnitude of spike corrections necessary to obtain accurate 
information on plutonium isotopic composition from isotope dilution measurements.

Keywords  Plutonium · Reference material · Isotope dilution mass spectrometry · Nuclear safeguards · Nuclear forensics · 
Traceability

Introduction

Highly-enriched 244Pu makes an ideal isotopic spike for plu-
tonium amount measurements by isotope dilution mass spec-
trometry (IDMS). The 244Pu nuclide has the longest half-life 
of the plutonium isotopes (8.0 × 107 a [1]) and occurs at very 
low abundance in nature [2] or as fallout from nuclear testing 
[3]. Similarly, plutonium produced in commercial, research, 
or weapons production reactors has little to no 244Pu. This 
is due to the necessity for abundant 242Pu, long irradiation 
times, and high neutron fluxes to generate the 244Pu nuclide 

in proportions that are significant relative to other plutonium 
isotopes [4].

To date, there have been two 244Pu certified reference 
materials available to the analytical community for IDMS 
measurements, Certified Reference Material (CRM) 131 
[5] and IRMM-042a [6]. CRM 131 can be obtained from 
the NBL Program Office of United States Department of 
Energy (US DOE) and is comprised of approximately 
1 mg of plutonium enriched to a 244Pu atom fraction of 
0.97895 n(244Pu)/n(Pu). A unit of IRMM-042a is a nitric 
acid solution containing 1 µg of 0.9793 n(244Pu)/n(Pu) plu-
tonium that is available from the European Commission’s 
Joint Research Center, Geel. While these reference materi-
als are suitable for plutonium amount measurements, the 
relatively high abundances of other plutonium isotopes 
(e.g. > 0.013 n(242Pu)/n(Pu) for both materials) limits the 
utility of these CRMs for some nuclear safeguards and 
nuclear forensic measurement such as environmental 
samples taken as part of a nuclear safeguards inspection 
or interdicted uranium materials analyzed for plutonium 
content and isotopic composition. The absolute amount of 
plutonium in these types of samples is likely to be minute 
(frequently less than 1 ng) and can vary from sample to 
sample by an order of magnitude or more [7]. Adding an 
enriched 244Pu isotopic spike to a sample during prepara-
tion will allow a single mass spectrometric measurement 
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to provide information on the amount of plutonium and 
the plutonium isotopic composition. Thus, eliminating the 
need to split a sample prior to spiking in order to perform a 
separate isotopic composition analysis. There is, however, 
the potential to inadvertently over-spike small and highly 
variable safeguards or nuclear forensic samples. If a 244Pu 
spike has a significant proportion of other plutonium iso-
topes, the correction applied to over-spiked samples will 
result in large uncertainties for the isotopic composition.

To assure that plutonium safeguards measurements can 
be made with a high degree of accuracy and precision, the 
International Atomic Energy Agency (IAEA) initiated a 
project to produce a plutonium isotopic tracer with a 244Pu 
enrichment of greater than 0.999 n(244Pu)/n(Pu) [8]. For 
this project, the US DOE provided the IAEA with 0.5 g 
of “FP-33″ plutonium that had a 244Pu atom fraction of 
approximately 0.17 n(244Pu)/n(Pu). The IAEA worked 
closely with the Russian Research Institute of Experi-
mental Physics (VNIIEF) where two rounds of electro-
magnetic separation were performed on the FP-33 material 
to prepare a small quantity of plutonium (slightly less than 
900 µg) enriched to greater than 0.99 n(244Pu)/n(Pu) [9]. 
This plutonium was then transferred to Lawrence Liver-
more National Laboratory (LLNL) for production of a new 
reference material.

The production project for the 244Pu reference material 
(referred to here as 244Pu Spike) was planned by LLNL in 
collaboration with staff at the United States National Insti-
tute for Standards and Technology (NIST). LLNL also per-
formed the initial analyses, purified the starting material, 
created the reference material units, and prepared characteri-
zation analysis samples. Mass spectrometry measurements 
for plutonium assay and isotopic composition were then 
performed by LLNL, by the US DOE Los Alamos National 
Laboratory (LANL), and by the Commissariat à l’énergie 
atomique et aux énergies alternatives (CEA) in France. 
This publication provides the measured attribute values 
for the 244Pu Spike; a description of preparation, produc-
tion, and characterization activities; and a discussion of the 

metrological traceability and uncertainty evaluation for the 
attribute values.

Reference material production

This project was planned and executed to assure that the 
244Pu Spike reference material would be fit-for-purpose by 
minimizing the potential for unit-to-unit variability and 
contamination of the highly enriched starting material. One 
potential source for unwanted variability is differential con-
tamination resulting in a heterogeneous plutonium isotopic 
composition for the units. Plutonium in the environment is 
primarily anthropogenic fallout from atmospheric nuclear 
weapons testing and occurs at very low concentrations 
[10]. The LLNL facility where the reference material was 
prepared has a history of plutonium handling and analysis. 
Accordingly, there is potential for a slightly elevated pluto-
nium background that could result in differential contamina-
tion of the 244Pu Spike. To minimize this possibility, project 
activities were performed in a dedicated low-contamination 
work space that was specifically refurbished for this pro-
ject; all labware and production equipment was cleaned for 
ultra-trace low-contamination work; and only high-purity 
reagents (sub-boiling distilled acids, deionized water, etc.) 
were used for project activities. Area swipes were taken and 
analyzed to quantify plutonium background in the laboratory 
work space and plutonium processing blanks for separation 
chemistry and instrumental analyses were performed regu-
larly. These measurements indicated plutonium background 
that was below detection limits (critical level for 239Pu, Lc, 
was 2 fg for the lab swipes) or at levels too low to alter the 
reference material within the resolution of measurements 
made for the project.

The highly enriched 244Pu starting material for the project 
was received at LLNL in two volumetric flasks labelled FP-
33-2-A and FP-33-2-B (Fig. 1). A residue of unknown mate-
rial was observed in the sample containers during an initial 
examination, so it was determined that a careful purification 

Fig. 1   Front and back images 
of containers for the FP-33-2-A 
and FP-33-2-B plutonium as 
shipped to LLNL. The flasks 
also contained unknown mate-
rial assumed to be a residue 
associated with the recovery of 
the plutonium after enrichment 
in the electromagnetic separator
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of the plutonium would be necessary. Preliminary isotopic 
analyses of plutonium in the two flasks indicated that the 
materials were isotopically identical, therefore the contents 
were combined into a single solution and prepared for puri-
fication. The combined plutonium was dissolved in 2 mL of 
9 mol L−1 HCl (Seastar Chemicals, Inc., British Columbia, 
Canada)1 with 15 µL of concentrated HNO3 added to the 
solution (Seastar Chemicals, Inc., Canada). This plutonium 
solution was loaded onto a PolyPrep column (Bio-Rad, Cali-
fornia, USA) that was previously prepared with a 1.8 mL 
resin bed of BioRad AG1x8 (100-200 mesh) anion exchange 
resin. The column was rinsed with 9 mL of 9 mol L−1 HCl to 
remove elements not adsorbed onto the resin. Then the plu-
tonium was eluted in 19 mL of a 12:1 mixture of 9 mol L−1 
HCl and distilled HI (Sigma-Aldrich, Massachusetts, USA). 
Finally, the column was stripped using 25 mL of a mixed 
solution of 0.1 mol L−1 HCL and 0.01 mol L−1 HF (Seastar 
Chemicals, Inc., Canada) to remove U, Fe, and any small 
fraction of remaining Pu. The three collected solutions 
were converted to nitrate and analyzed by inductively cou-
ple plasma mass spectrometry (ICP-MS) to determine the 
efficiency of the plutonium recovery and to verify that the 
plutonium isotopic composition had not been altered. These 
analyses indicated that 99.97% of the plutonium was recov-
ered and that any plutonium contamination introduced to the 
material during the purification processing had not resulted 
in a resolvable change to the 244Pu isotopic composition.

The purified plutonium was dried and then prepared as 
a relatively concentrated solution by dissolving the plu-
tonium using 10 mL of a mixed solution comprised of 
4 mol L−1 HNO3 and 0.01 mol L−1 HF. Another 10 mL of 
the 4 mol L−1 HNO3 and 0.01 mol L−1 HF solution was 
added to the container and a semi-quantitative measurement 
of plutonium concentration was performed by ICP-MS. An 
aliquot of the concentrated solution, equivalent to 25 µg to 
30 µg of Pu, was transferred to a 1 L fluorinated ethylene 
propylene (FEP) bottle for preparation of the 244Pu reference 
material “stock” solution. The aliquot was diluted with 1 L 
of a mixed 4 mol L−1 HNO3 and 0.05 mol L−1 HF solution 
to a plutonium concentration of approximately 20 ng g−1. 
The stock bottle was then capped and hand shaken for 1 min 
to homogenize the solution. Shaking was repeated multiple 
times over the course of several weeks prior to dispensing 
of the solution to unit containers.

Before dispensing the stock solution, unit contain-
ers (30  mL FEP bottles) were cleaned for ultra-low 

contamination clean chemistry by washing the containers 
with Citranox detergent (Alconox Inc., New York, USA), 
rinsing with deionized water, and fluxing on a 120  °C 
hotplate with a mixed solution of 1 mol L−1 HNO3 and 
0.05 mol L−1 HF for 24 h. The containers were then emp-
tied, allowed to dry in a HEPA-filtered laminar flow hood, 
labelled with numbers corresponding to the fill order, and 
weighed on a calibrated XPE105 electronic balance (Met-
tler-Toledo, LLC, Ohio, USA). The 244Pu Spike reference 
material units were produced by aliquoting the stock solu-
tion using a Hamilton MicroLab 600 dispenser (Hamilton 
Company, Nevada, USA). The dispenser was outfitted with 
a new 5 mL dispensing syringe and new product transfer 
tubing (i.e., intake and dispensing tubing). Before the 244Pu 
stock solution was dispensed, 50 mL of 4 mol L−1 HNO3 and 
0.05 mol L−1 HF solution was run through the apparatus (10 
dispensing cycles) then the uptake tubing was transferred 
to the stock solution and 20 mL of solution was dispensed 
prior to filling the first reference material unit. A total of 
190 aliquots of the stock solution (5 mL each) were then 
dispensed to the unit containers during a single work ses-
sion (≈ 3 h). After filling, the reference material units were 
capped and reweighed. The average dispensed mass of solu-
tion for the production run was (5.6217 ± 0.0024) g (k = 2) 
with a standard deviation of only 0.0008 g and a maximum 
range in solution mass of 0.0037 g. Two 15 mL aliquots of 
the stock solution were dispensed between units #90 and 
#91. These larger aliquots, referred to as samples “A” and 
“B”, were prepared as characterization samples to assess 
laboratory-to-laboratory measurement variability.

The reference material units were prepared for packaging 
by adding approximately 0.025 mL of a 1 mol L−1 H3PO4 
solution (Merck KGaA, Darmstadt, Germany) to each unit as 
a fixative for the plutonium in the unit bottle. The solution in 
the units was then dried in a heating block (set to a tempera-
ture of 120 °C) within a Class-100 HEPA filtered exhausting 
fume hood. After drying, the plutonium is entrained in a vis-
cous film formed from the phosphoric acid at the bottom of 
the unit bottle. Once the units had cooled to room tempera-
ture, they were capped and sealed by wrapping the top of 
the bottle with polytetrafluoroethylene (PTFE) tape which, 
in turn, was wrapped with vinyl tape to prevent loosening 
of the cap or unravelling of the PTFE tape. Sealed unit bot-
tles were then individually packaged in heat-sealed sleeves.

Characterization analysis

A schematic of the characterization and verification scheme 
for this project is illustrated in Fig. 2. The main compo-
nents of the analysis scheme are IDMS measurements of 
the molality of 244Pu in the stock solution (mol g−1), as 
dispensed to the sample units, and measurement of the 

1  Certain commercial equipment, instruments, software, or materials 
are identified in this paper to foster understanding. Such identifica-
tion does not imply recommendation or endorsement by the National 
Institute of Standards and Technology, nor does it imply that the 
materials or equipment identified are necessarily the best available for 
the purpose.
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plutonium isotopic composition of the reference material 
by multi-collector mass spectrometry.

Molality of Pu in the stock solution

The molality of plutonium in the stock solution was 
measured on randomly selected reference material units. 
Measurements were made using 3 different IDMS reverse-
spikes (Table 1) including a solution prepared from a 
plutonium metal assay and isotopic reference material, 

CRM 126-A [11], which was used for the primary molal-
ity measurements. Verification IDMS measurements were 
made in parallel with the primary measurements using a 
plutonium assay and isotopic standard solution, IRMM 
086 [12]. Following these measurements (approximately 
6 months after initial IDMS measurements), a third set of 
IDMS analyses were made using a highly enriched 242Pu 
isotopic spike, CRM 130 [13]. These later measurements 
were made to assess an apparent bias between values for 
molality of plutonium indicated by the primary and veri-
fication measurements.

Fig. 2   Schematic of 244Pu Spike 
unit production and charac-
terization process. Arrows 
in the schematic indicate the 
transfer of material. Heavy solid 
lines indicate transfer of 244Pu 
solution. Double lines indicate 
direct dispensing of the stock 
solution and lighter solid lines 
indicating transfer of reverse-
spike solutions

Author's personal copy
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A 0.25 g piece of CRM 126-A Pu Assay and Isotopic 
Standard with a 239Pu atom fraction of 0.94 n(239Pu)/n(Pu) 
was prepared for quantitative dissolution in accordance 
with the CRM certificate recommendations and dissolved 
in a nitric acid solution. Two quantitative dilutions were 
performed at LANL before a 20 g aliquot of the second 
dilution was packaged and shipped to LLNL. A single 
quantitative dilution using a solution of 4 mol L−1 HNO3 
and 0.05 mol L−1 HF (CRM 126-A Dilution 1) was per-
formed at LLNL to obtain a reverse-spike solution with 
a plutonium concentration in the same range as the 244Pu 
Spike stock solution. All masses for preparation of the 
CRM 126-A and the other IDMS reverse-spikes were 
determined from multiple measurements on calibrated bal-
ances that were checked with certified weight sets prior to 
weighing and were corrected for air buoyancy based on 
laboratory-specific conditions.

Dilution of the IRMM 086 reference material was nec-
essary to prepare the reverse-spike solution for IDMS 
analysis. The CRM unit was comprised of a screw-cap 
glass ampoule containing approximately 22 µmol of 0.97 
n(239Pu)/n(Pu) plutonium in 5 mL of a 5 mol L−1 HNO3 
solution. The IRMM 086 solution was transferred from the 
original ampoule to a 1 L FEP bottle and approximately 1 
L of a mixed 4 mol L−1 HNO3 and 0.05 mol L−1 HF solu-
tion was then added to bottle. To achieve an appropriate 
concentration for characterization of the stock solution, a 
6 g aliquot of the diluted IRMM 086 solution was trans-
ferred to a 250 mL FEP bottle and 250 mL of a 4 mol L−1 
HNO3 and 0.05 mol L−1 HF solution was added to create 
IRMM 086 Dilution 1.

A third IDMS reverse-spike solution was prepared 
by adding approximately 30 mL of a 4 mol L−1 HNO3 
and 0.05 mol L−1 HF solution to a new unit of CRM 130 
(which is composed of 1  mg of 0.999 n(242Pu)/n(Pu) 
enriched plutonium as a dry nitrate in a 30 mL FEP bottle). 
A 2.9 g aliquot of the CRM 130 solution was transferred 
to a 1 L bottle and diluted with approximately 1 L of a 
4 mol L−1 HNO3 and 0.05 mol L−1 HF solution to create 

CRM 130 Dilution 1 at a concentration appropriate for 
spiking the 244Pu stock solution.

Aliquots of the IDMS reverse-spikes were added to 18 
randomly selected units of the 244Pu Spike (6 units for each 
reverse-spike). Additionally, an aliquot of the CRM 126-A 
Dilution 1 was added to the “A” analysis sample and IRMM 
086 Dilution 1 was added to the “B” analysis sample. The 
masses of the reverse-spike aliquots were carefully measured 
by difference on the 5-place XPE105 balance using dispos-
able HDPE pycnometers (CANUS Plastics, Ottawa, Canada) 
with capillary tips; allowing for highly reliable solution mass 
measurements with minimal potential for bias due to evapo-
ration. After spiking, the A and B solutions were subdivided 
into three equal volumes. The subsamples of A and B and 
the reference material units prepared with CRM 126-A Dilu-
tion 1 and IRMM 086 Dilution 1 reverse-spikes were then 
distributed among the three mass spectrometry laboratories 
for plutonium isotopic analysis. The reference material units 
prepared with CRM 130 Dilution 1 were analyzed at LLNL.

Pu isotope amount ratio measurements

Measurements of the plutonium isotopic composition for 
the 244Pu Spike and the IDMS samples were performed by 
mass spectrometry facilities at LLNL, LANL, and CEA. 
In addition to the mixed IDMS samples, each laboratory 
was provided with an unaltered unit of the 244Pu Spike for 
the plutonium isotopic composition measurements (Unit 
52 for LLNL, 90 for LANL, and 171 for CEA). All three 
laboratories made measurements on magnetic-sector multi-
collector inductively coupled plasma mass spectrometer 
(MC-ICP-MS) instruments. A single facility, LANL, made 
additional isotopic composition analyses using a total evapo-
ration method on a multi-collector thermal ionization mass 
spectrometer (MC-TIMS). Separations were performed on 
the isotopic composition samples to remove ingrown 241Am 
prior to analysis. Replicate analyses were performed for both 
IDMS and isotopic composition and mass spectrometers 

Table 1   Details for the 
plutonium reference materials 
and final reverse-spike dilutions 
used for this study

The table indicates the form and assay or amount of the original reference materials and the molality of 
plutonium in the diluted solutions prepared for IDMS analyses. The cited uncertainties are expanded uncer-
tainties (k = 2). All values are decay corrected to a reference date of 8 March 2017

Material ID Form Plutonium assay/amount/molality

CRM 126-A Pu metal (0.99842 ± 0.00026) g g−1

CRM 126-A Dilution 1 HNO3–HF solution (0.72910 ± 0.00061) nmol g−1

IRMM 086 Pu in HNO3 solution (0.0091714 ± 0.0000054) g g−1

IRMM 086 Dilution 1 HNO3–HF solution (0.42838 ± 0.00029) nmol g−1

CRM 130 #287 242Pu as dried nitrate (4.2826 ± 0.0030) µmol
CRM 130 Dilution 1 HNO3–HF solution (0.36270 ± 0.00032) nmol g−1

Author's personal copy
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were calibrated using certified reference materials. Table 2 
is a summary of the instruments, methods, and calibrations 
used for plutonium mass spectrometric measurements per-
formed at the three laboratories.

Results

The results for the 244Pu Spike isotopic composition 
measurements are summarized in Table 3 and individual 
analysis results are shown in Fig. 3. All three analysis 

laboratories made multiple mass spectrometry meas-
urements of the n(239Pu)/n(244Pu), n(240Pu)/n(244Pu), 
n(241Pu)/n(244Pu), and n(242Pu)/n(244Pu) ratios. The meas-
urement data are variable but consistently show that the 
244Pu material is highly enriched, having a 244Pu atom 
fraction of greater than 0.9998 n(244Pu)/n(Pu). Analysis 
of Variance (ANOVA) performed on the data sets indi-
cate that there is a laboratory-to-laboratory bias at a 95% 
level of confidence for MC-ICP-MS measurements of each 
isotopic ratio (F statistics ranging from 5.3 to 25 for an F 
critical of 4.7).

Table 2   Summarized mass spectrometer analysis conditions for isotope dilution mass spectrometry (IDMS) and plutonium isotopic composition 
(IC) measurements of the 244Pu Spike reference material

CRMs for calibration and QC measurements that were not previously cited, are described in [14–18]. IAEA 8745-01 is not a CRM but has a 
Certificate of Isotopic Composition from IRMM specifying the metrologically traceable uranium isotopic ratio values for the material (SMS 
7259, 30 May 1997)

Laboratory LLNL LANL CEA

Instrument (s) Nu-Plasma HR MC-ICP-MS Neptune Plus MC-ICP-MS Neptune MC-ICP-MS
IsotopX Phoenix MC-TIMS

Detection system  
(IDMS measurements)

244Pu and 239Pu on Faraday cups 241Pu on axial ion counter
239Pu, 240Pu, 242Pu, 244Pu on Fara-

day cups

244Pu and 239Pu on Faraday cups

Detection system  
(IC measurements)

244Pu on Faraday cup
239Pu,240Pu,242Pu,241Pu on ion 

counters

MC-ICP-MS: 244Pu on Faraday cup
239Pu,240Pu,242Pu,241Pu on ion 

counters

244Pu on Faraday cup
239Pu,240Pu,242Pu,241Pu on ion 

counters
MC-TIMS: 244Pu on Daly detector
239Pu,240Pu,242Pu,241Pu on ion 

counters
Introduction System Cetac Aridus II MC-ICP-MS:ESI Apex Omega Scott Double Spray Chamber

MC-TIMS:Resin bead on Re fila-
ment

Mass Bias CRM CRM 137 IDMS: CRM 128
IC: CRM U005-A

IDMS: IRMM 186
IC: IAEA 8745-01

Quality control CRM CRM 138, CRM 126-A, and 
IRMM 086

CRM 137 and CRM 138 CRM 137 and CRM 138

Corrections applied Detector Baseline,
Instrument Background,
Detector Gains, Mass Bias

Detector Baseline, Instrument 
Background, Detector Gains, 
Mass Bias, Detector dead time

Detector Baseline, Instrument 
Background, Detector Gains, 
Mass Bias

Table 3   Summarized data for plutonium isotopic composition measurements of the 244Pu Spike reference material

LANL-I and LANL-T refer to MC-ICP-MS and MC-TIMS measurement data respectively. Values are averages of replicate measurements for 
laboratory/method-specific data sets. Numbers in parentheses are standard deviations corresponding to the last two digits of isotopic ratio values. 
All reported values are decay corrected to a reference date of 8 March 2017

Sample ID Laboratory/Method n(239Pu)/n(244Pu) n(240Pu)/n(244Pu) n(241Pu)/n(244Pu) n(242Pu)/n(244Pu)

52 LLNL
(N = 5)

0.00001138 (20) 0.00003895 (55) 0.000000850 (28) 0.0000989 (16)

90 LANL-I
(N = 3)

0.00001196 (04) 0.00003929 (06) No Data 0.00009720 (23)

90 LANL-T
(N = 2)

0.00001135 (07) 0.00003854 (21) 0.000000980 (42) 0.00009626 (41)

171 CEA
(N = 2)

0.00001152 (05) 0.00003934 (04) 0.000001203 (06) 0.00009862 (03)

Author's personal copy
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For information purposes, LLNL performed duplicate 
n(238Pu)/n(244Pu) isotopic ratio measurements by alpha 
spectrometry. These measurements yielded an average value 
of 6.45 × 10−7 with a 0.11 × 10−7 combined standard uncer-
tainty (k = 1). LANL measured the n(238Pu)/n(244Pu) isotopic 
ratio by ion counting on a TIMS instrument using a method 
that effectively minimizes the potential for 238U isobaric 
interferences [19]. These measurements indicated an aver-
age n(238Pu)/n(244Pu) value of 8.09 × 10−7 with a 0.32 × 10−7 
combined standard uncertainty (k = 1). The higher measured 
ratio for the TIMS data is consistent with biases observed 
for this analysis method when measuring < 1 fg quantities of 

238Pu (TIMS sample loads for this project contained approxi-
mately 0.3 fg of 238Pu).

The measurement results for molality of 244Pu in the 
stock solution are provided in Table 4 and shown in Fig. 4. 
IDMS measurements using the CRM 126-A Dilution 1 
and the CRM 130 Dilution 1 reverse-spikes have mean 
values that are essentially indistinguishable but there is 
a consistent bias (− 0.34% relative) between the IRMM 
086 Dilution 1 reverse-spike results and the other two 
data sets. ANOVA performed on measurements results 
for molality 244Pu made with the CRM 126-A Dilution 1 
indicate a statistically significant laboratory-to-laboratory 

Fig. 3   Plutonium isotope 
amount ratio data for individual 
measurements. Error bars 
are expanded uncertainties 
(k = 2) as reported by the analy-
sis laboratories. For some meas-
urement result the error bars 
are smaller than the symbols. 
The solid lines represent mean 
attribute values calculated for 
each isotope amount ratio and 
the dashed lines delineate an 
expanded uncertainty envelope 
(k = 2) for the mean value. All 
values are decay corrected to a 
reference date of 8 March 2017

Author's personal copy
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difference (F statistics of 7.9 for an F critical of 5.14) 
whereas data for IRMM 086 show a similar pattern of 
variability but do not indicate a significant difference 
between the data sets (F statistic of 4.75 for an F critical 
of 5.14). This pattern of between-laboratory variability is 
also reflected in the distribution of the result from both 
the A and B test samples (i.e., individual IDMS solutions 
split for analysis at all three laboratories). The verifica-
tion IDMS measurements using CRM 130 Dilution 1 were 
made under repeatability conditions, as defined in [20], 
and have relative standard deviation of 0.065%. These 
data appear to decrease with fill number, but the magni-
tude of this trend is smaller than the uncertainties for the 
individual measurements and the trend is not reflected 
in molality measurements results for the other IDMS 
reverse-spikes. 

Discussion

A high-quality reference material is required to be stable 
and homogeneous and to have specified attribute values 
that have been verified, are metrologically traceable, and 
have appropriate measurement uncertainties [21]. The 
244Pu Spike project was planned and executed specifically 
to meet these requirements. A detailed discussion of the 
measurement results, attribute value determinations, and 
measurement uncertainties for the 244Pu Spike is provided 
below.

Table 4   IDMS measurement 
data for characterization and 
verification of the molality of 
244Pu in the reference material 
stock solution

Sample ID numbers correspond to the filling order of the reference material units. The uncertainties cited 
in parenthesis are expanded uncertainties (k = 2). Reported isotope amount ratio values are decay corrected 
to a reference data of 8 March 2017

Sample ID Analysis 
laboratory

244Pu Stock solution (g) Spike aliquot (g) Measured ratio 
n(239Pu)/n(244Pu)

Molality 
of 244Pu 
(nmol g−1)

Reverse-Spike: CRM 126-A Dilution 1
Unit 5 LANL 5.6209 (16) 2.07420 (51) 2.8969 (32) 0.08729 (18)
Unit 15 CEA 5.6213 (16) 1.53382 (51) 2.1394 (48) 0.08740 (23)
Unit 78 LLNL 5.6214 (16) 3.04628 (52) 1.249 (14) 0.08739 (32)
Sample A LLNL 16.8674 (45) 3.40817 (52) 1.5849(36) 0.08736 (23)

LANL 1.5857(18) 0.08732 (17)
CEA 1.5826(40) 0.08749 (27)

Unit 113 CEA 5.6237 (16) 0.81327 (51) 1.1335 (23) 0.08744 (22)
Unit 139 LANL 5.6219 (16) 1.10551 (51) 1.5430 (16) 0.08733 (18)
Unit 173 LLNL 5.6220 (16) 0.52538 (51) 0.7323 (19) 0.08745 (27)
Reverse-Spike: IRMM 086 Dilution 1
Unit 3 CEA 5.6211 (16) 3.93867 (52) 3.3694 (53) 0.08711 (17)
Sample B LLNL 16.8667 (45) 2.90445 (52) 0.8286 (12) 0.08705 (17)

LANL 0.82862 (95) 0.08705 (17)
CEA 0.8274 (18) 0.08718 (23)

Unit 91 LANL 5.6223 (16) 2.40068 (51) 2.0549 (22) 0.08704 (17)
Unit 96 CEA 5.6220 (16) 1.76787 (51) 1.5115 (21) 0.08715 (17)
Unit 100 LLNL 5.6224 (16) 2.40684 (51) 2.0602 (52) 0.08704 (25)
Unit 165 LLNL 5.6222 (16) 1.69146 (51) 1.4459 (21) 0.08716 (17)
Unit 172 LANL 5.6224 (16) 1.00296 (51) 0.8588 (11) 0.08701 (18)
Reverse-Spike: CRM 130 Dilution 1
Unit 4 LLNL 5.6206 (16) 0.99150 (51) 0.7314 (10) 0.08750 (15)
Unit 64 LLNL 5.6201 (16) 1.57811 (51) 1.1654 (21) 0.08740 (18)
Unit 98 LLNL 5.6222 (16) 0.86219 (51) 0.63666 (95) 0.08738 (16)
Unit 121 LLNL 5.6218 (16) 2.36513 (51) 1.7470 (27) 0.08735 (16)
Unit 135 LLNL 5.6220 (16) 1.25228 (51) 0.9249 (13) 0.08736 (15)
Unit 180 LLNL 5.6221 (16) 2.18823 (51) 1.6164 (23) 0.08734 (15)
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Stability

The stability of the 244Pu spike reference material is con-
sidered to be indefinite in that temporal changes are not 
anticipated to increase uncertainties of the characterized 
attribute values or diminish the usefulness of the refer-
ence material units for a period that significantly exceeds 
the planned lifetime for the production run (20 a). The 
244Pu nuclide has a half-life of 80 Ma, so changes in the 
amount of 244Pu in a unit due to radioactive decay will 
be indiscernible over the course of decades. The relative 
proportions of the other plutonium isotopes to 244Pu will, 
however, change significantly over useful life of the spike 
but these changes are predictable, easily corrected for, and 
not detrimental to the utility of the 244Pu Spike.

The 244Pu Spike units were prepared by dispensing 5 mL 
of an acid solution into 30 mL FEP bottles. The molality 
of plutonium in the aqueous solution in these units could 
change significantly due to evaporation over a relative short 
period of time (weeks to months). Accordingly, every ref-
erence material unit was dried-down after it was carefully 
weighed, resulting in the plutonium being entrained within 
a viscous H3PO4 film on the bottom of each container. The 
advantage of providing the plutonium amount as an abso-
lute quantity is that any changes to the form of the material 
within the primary container (such as hydration or desic-
cation of the H3PO4 film) will not alter the characterized 

attribute value. In this form, it is anticipated that the 244Pu 
Spike units will remain fit-for-purpose provided that the 
units are properly stored and handled, and appropriate decay 
corrections are applied to the characterized plutonium iso-
tope amount ratios.

Homogeneity

Heterogeneous reference material units would significantly 
diminish the utility of the 244Pu Spike reference material. 
The stock solution dispensed to the 244Pu Spike units was 
thoroughly mixed to assure homogeneity and was dis-
pensed in a single 3 h period to minimize the opportunity 
for changes during handling. As described in the Reference 
Material Production section, considerable effort was taken 
to prevent differential contamination with extraneous plu-
tonium prior to and during unit production. The plutonium 
blank measurements performed in association with this pro-
ject indicate that these efforts were successful.

To verify that the reference material is homogeneous, 
measurements of the molality of 244Pu were made on 20 
separate samples, including 18 reference material units and 
2 special samples. The resulting data is adequate to assess 
measurement variability for the production run. The data do 
not, however, have the resolution necessary to distinguish 
between-unit heterogeneity due to the inherent difficulty of 
analyzing the relatively small amounts of plutonium material 

Fig. 4   Characterization and verification measurement data for the 
molality of 244Pu in the 244Pu Spike stock solution. Error bars are 
expanded uncertainties calculated for individual measurements 
(k = 2). The solid line represents the mean attribute value calculated 
for the molality of 244Pu and the dashed lines delineate an expanded 

uncertainty envelope (k = 2) for the mean value. As specified in the 
legend, the shape of the data markers indicate which laboratory per-
formed the mass spectrometry measurements. Note that the unit num-
bers correspond to the unit filling order
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in each unit (≈ 120 ng). To appropriately assess unit-to-unit 
homogeneity, multiple high-precision analyses for individ-
ual sample unit are necessary to constrain the magnitude of 
measurement repeatability. Small samples are not conducive 
to multiple high-precision measurements due to limits on the 
types of measurement techniques that can be applied, the 
duration of analyses, and signal intensities during measure-
ments. Two larger samples (A and B) were prepared, but 
these were distributed specifically to assess laboratory-to-
laboratory variability in the measurement results for molality 
of 244Pu. The six units of the 244Pu Spike that were ana-
lyzed under repeatability conditions (CRM 131 Dilution 1 
reverse-spike samples) provide data to assess within labo-
ratory measurement variability in addition to the replicate 
samples analyzed using the CRM 126-A and IRMM 086 
reverse-spikes. Within-laboratory variability for measure-
ments of the molality of 244Pu is consistently smaller (0.03 to 
0.07% RSD) than the between-laboratory variability for the 
distributed A and B samples (0.10 and 0.08% RSD respec-
tively). This observation is also consistent with the ANOVA 
performed on the CRM 126-A reverse-spike data which 
shows that there is a statistically significant laboratory-to-
laboratory bias between IDMS measurements. Accordingly, 
the molality of 244Pu in the solution dispensed to the refer-
ence material units appears to be homogenous within the 
resolution of the measurement data and heterogeneity, if any, 
is smaller than the observed laboratory-to-laboratory vari-
ability which is specifically incorporated into the uncertainty 
budget for the 244Pu Spike.

Isotope amount ratio data are usually a sensitive indica-
tor of contamination or heterogeneity, however the purity 
of 244Pu material and the relatively small quantities of plu-
tonium available for analysis made high-precision isotopic 
ratio measurements difficult. For example, the within-labo-
ratory variability for the n(239Pu)/n(244Pu) ratio as measured 
on a single sample unit, ranges from 0.5 to 1.5% RSD and 
the method-to-method bias for analyses of a single sample 
(LANL data) is almost 5%. Considering the limited resolu-
tion of measured isotopic ratios for low abundance pluto-
nium isotopes, the detection of heterogeneity in the 244Pu 
Spike would only be possible in the unlikely event of gross 
contamination.

As previously noted, the molality of plutonium for 
measurements made with the CRM 130 spike appears 
to decrease systematically with fill order. Yet the mag-
nitude of this decrease is smaller than the measurement 
uncertainties and no correlation of molality of plutonium 
with the fill order is observed for either the CRM 126-A 
or the IRMM 086 reverse-spike samples analyzed at any 
of the three mass spectrometry laboratories (Fig.  4). 
Accordingly, the trend observed in the CRM 130 Dilu-
tion 1 samples is likely to be happenstance or is related 
to preparation of the IDMS samples (sample spiking was 

performed in ascending order). Considering the ambigu-
ity of the evidence for a fill-order dependent trend and the 
relatively small magnitude of the variability, no additional 
uncertainty component was applied to the data.

Traceability

In order to establish the traceability of the characterized 
attributes for the 244Pu Spike to the SI it is necessary to 
demonstrate that “the result can be related to a refer-
ence through a documented unbroken chain of calibra-
tions, each contributing to the measurement uncertainty” 
[21]. The attributes characterized for this material are the 
244Pu amount and the n(239Pu)/n(244Pu), n(240Pu)/n(244Pu), 
n(241Pu)/n(244Pu), and n(242Pu)/n(244Pu) isotope amount 
ratios. Figure 5 is a schematic showing how the charac-
terized values for the 244Pu amount and plutonium isotope 
amount ratios can be tied directly to the mole through cali-
brations using reference materials that were either certi-
fied or originally characterized by the National Institute 
of Standards and Technology, the Institute of Reference 
Materials and Measurements (IRMM) or by New Brun-
swick Laboratory (the DOE organization maintaining 
nuclear material standards for the USA).

Measurements of plutonium isotope amount ratios were 
made by MC-ICP-MS and, for one laboratory, by TIMS. 
Reference materials certified for isotope-amount ratios 
were used to correct measured isotope amount ratios for 
mass bias and for detector intercalibrations (i.e. secondary 
electron multipliers, Daly detector, Faraday cups). Mass 
spectrometer calibrations were verified by quality control 
measurement of certified reference materials, including 
CRM 138, CRM 137, CRM 126-A, and IRMM 086.

Isotope dilution mass spectrometry is a primary method 
for determination of molality assuming that input variables 
are appropriately constrained [22, 23]. The primary vari-
ables for the IDMS measurements of the 244Pu stock solu-
tion are the measured plutonium isotope amount ratios, the 
plutonium molality of the reverse-spike, and masses of the 
reverse-spike and sample aliquots. All weighing operations 
were performed on calibrated balances that were checked 
before and after project activities using certified weight 
sets; a certified plutonium assay and isotopic standard, 
CRM 126-A, was used as a reverse-spike; and the meas-
ured plutonium isotope amount ratio measurements are 
traceable through instrument calibrations using certified 
reference materials. Therefore, the resulting molality 
measurement for the 244Pu Spike stock solution is trace-
able. Using the mean mass value for aliquots of the stock 
solution dispensed into each unit container allows for a 
traceable amount of substance to be specified for the refer-
ence material.
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Verification

The measured molality of 244Pu for the 244Pu Spike stock 
solution was verified by making independent measurements 
under reproducibility conditions, as defined in [20]. The 
mean 244Pu stock solution measurement results are essen-
tially identical for samples spiked with CRM 126-A or CRM 
130. This verification is robust considering that the pluto-
nium IDMS spikes were prepared from substantially dif-
ferent starting materials (0.93 atom fraction 239Pu metal vs 
0.999 atom fraction 242Pu nitrate) that were used in separate 
measurement campaigns (preparation of CRM 130 IDMS 
spike, preparation of the IDMS samples, and the mass spec-
trometry analyses were performed 6 months after the CRM 
126-A IDMS analyses).

Measurements of the 244Pu Spike using the IRMM 086 
reverse-spike do not verify the CRM 130 and CRM 126-A 
IDMS data but have an average relative bias of − 0.34% 
from the. The most likely explanations for this bias are that 
the IRMM 086 unit procured for this project was slightly 
more concentrated than the certificate value or there was a 

misstep during reverse-spike preparation. There is no inde-
pendent evidence of an issue with either the IRMM 086 
unit or the reverse-spike preparation, but it is notable that 
units of IRMM 086 were prepared in screw-top ampoules 
approximately 10 a prior to use in this project. Evaporative 
loss through the seals of a screw-top closure is plausible. 
Evaporation of only 17 µL of solution from the CRM unit 
over the course of a decade would result in a 0.34% increase 
in the plutonium concentration of the solution which could 
fully account for the observed bias in the IDMS data.

The reproducibility of the plutonium isotopic composi-
tion of the 244Pu Spike was assured by using measurement 
data from three independent laboratories (4 different instru-
ments) to define the characterized attribute values. Labo-
ratory-to-laboratory variability is observed for the isotope 
ratio measurements, but the measurements are reasonably 
consistent and some degree of measurement variability was 
anticipated considering the extreme isotopic ratios (< 1:10 
000 for all plutonium isotopes relative to 244Pu). The mean 
values calculated for data from the 3 laboratories incorporate 
uncertainty components for both within-laboratory/method 

Fig. 5   Reference material trace-
ability schematic
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and between-laboratory/method variability along with vari-
ous systematic uncertainty components (see proceeding 
section).

Attribute values and measurement uncertainty

Attribute values for the 244Pu Spike reference material were 
determined for the amount of 244Pu in a unit and for plu-
tonium isotope amount ratios (Table 5). The molality of 
244Pu in the stock solution dispensed to the unit containers 
was characterized for this study with the intent of providing 
unique amount values for each unit. After the unit weighing 
was completed, it was observed that the maximum differ-
ence between masses for the aliquots of the stock solution 
is 0.0037 g which is 0.066% relative to the average mass of 
the dispensed solution. This relative difference is similar 
in magnitude to the relative standard deviation of the stock 
solution molality analyses (i.e. 0.069%) and represents only 
a small proportion of the total measurement uncertainty (see 
Table 6). Accordingly, the difference in amount of plutonium 

per unit is considerably smaller than the uncertainty for each 
unit resulting in a single average value for amount of 244Pu 
being applicable to every unit of the reference material pro-
duction run. Unit-specific container masses will be provided 
to users to further facilitate accurate calculations of molality 
of 244Pu during preparation of the 244Pu Spike for use. 

Uncertainty models for the characterized attributes 
were developed in accordance with the requirements of 
the ISO Guide for the Expression of Uncertainty in Meas-
urement [24] and NIST Technical Note 1297 [25]. The 
GUM Workbench software [26] was used to calculate the 
final attributes values and prepare uncertainty budgets. 
The uncertainty for the 244Pu amount per unit (Table 6) is 
dominated by the Type-B evaluated uncertainty estimated 
for the IDMS isotopic ratio measurements (RMassSpec: 
including blank corrections, background corrections, 
measurement repeatability, and cup efficiencies) and the 
Type-A evaluated component representing between-lab-
oratory variability (NVarB) of the IDMS data, as derived 
from ANOVA. The Type-A evaluated within-laboratory 

Table 5   Attribute values and 
uncertainties for the 244Pu Spike 
reference material

A coverage factor (k) of 2 was applied to the combined standard uncertainties to obtain expanded uncer-
tainties with an approximately 95% confidence level. The reference date for the listed values is 8 March 
2017

Characterized Attribute Value Uncertainty Relative 
uncertainty 
(%)

244Pu Amount per Unit (mol) 0.4912 × 10−9 0.0013 × 10−9 0.26
Isotope Amount Ratio n(239Pu)/n(244Pu) 0.00001152 0.00000031 2.7
Isotope Amount Ratio n(240Pu)/n(244Pu) 0.00003893 0.00000041 1.1
Isotope Amount Ratio n(241Pu)/n(244Pu) 0.00000096 0.00000020 21
Isotope Amount Ratio n(242Pu)/n(244Pu) 0.0000977 0.0000010 1.0

Table 6   Uncertainty budget summarizing significant uncertainty components contributing to the combined standard uncertainty for the amount 
of 244Pu (N244Pu) in each unit of the 244Pu Spike

The relative combined standard uncertainty (bold) is calculated from the listed uncertainty components summed in quadrature
Assessment Type “A” denotes evaluation by statistical methods; “B” denotes evaluation by other methods

Uncertainty 
component

Description Assess-
ment 
type

Relative standard uncertainty 
(%) of contributing component

NVarW Standard uncertainty of within-laboratory measurement variability A 0.015
NVarB Standard uncertainty of between-laboratory measurement variability A 0.041
RCRM Average standard uncertainty derived from certificate values for mass spectrometry 

calibration CRMs
B 0.033

RMassSpec Estimated standard uncertainty of mass spectrometry measurements B 0.093
MAliquot Uncertainties associated with the measured masses of sample and spike aliquots for 

IDMS measurements
B 0.011

MUnitAve Full range of solution weights dispensed to units and evaporation correction factor B 0.018
CC126-A Combined standard uncertainty for concentration of CRM 126-A dilution used in 

IDMS measurements
B 0.043

N244Pu Relative combined standard uncertainty (%) k = 1 0.12
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variability (NVarW) for the molality of 244Pu, the Type-B 
evaluated uncertainty components for the average mass 
of the stock solution dispensed to the units (MUnitAve), the 
mass of IDMS aliquots (MAliquot), the certificate values 
for the mass spectrometry calibration CRMs (RCRM), and 
the concentration of the CRM 126-A Dilution 1 reverse-
spike (CC126-A) also contributed to the overall uncertainty. 
Other potential components did not contribute signifi-
cantly (< 0.01% relative standard uncertainty) to the 
overall uncertainty for the characterized amount of 244Pu 
per unit. These included uncertainties for the plutonium 
isotopic compositions of the 244Pu Spike and the CRM 
126-A reverse-spike.

The characterized plutonium isotope amount ratio 
values for the 244Pu Spike were calculated as the mean 
value of the isotope amount ratios measured by the three 
laboratories. The combined uncertainties for the char-
acterized plutonium isotope amount ratios (Table 7) are 
dominated by Type-A evaluated uncertainty components 
representing the between-laboratory variability (RVarB), 
as derived from ANOVA, for the respective measure-
ment data sets. The Type-A evaluated component rep-
resenting the with-laboratory variability (RVarW) for the 
isotope amount ratios, the Type-B evaluated uncertainty 
estimate for the mass spectrometry measurements pro-
cess (RCorr: which includes blank corrections, background 
corrections, measurement repeatability, and detector 
intercalibrations), and the mass spectrometry calibration 
CRMs (RCRM) also contribute to the overall uncertainty. 
Uncertainty components for decay correction of the pluto-
nium isotopic measurements to a common reference date 

(δdecay) represent a minimal contribution to the uncer-
tainty for the characterized n(241Pu)/n(244Pu) ratio and are 
insignificant for the other isotopic ratios.

Conclusion

Measurement results for the molality of 244Pu in the stock 
solution used to produce the 244Pu Spike reference material 
units are consistent, traceable, reproducible, and indicate 
that the solution was homogeneous. The variability in the 
mass of solution dispensed to each unit container was rela-
tively small for the entire production run allowing a single 
amount value to be assigned to the 244Pu Spike units. The 
plutonium isotope amount ratio measurement results are 
variable due to the very low abundances of the other plu-
tonium isotopes relative to 244Pu and the limited size of the 
analyzed samples. Nevertheless, the uncertainties resulting 
from this variability do not impair the utility of the spike. 
The highly-enriched 244Pu Spike will enable precise meas-
urements of the amount and isotopic composition of pluto-
nium to made from a single mass spectrometric analysis. 
Accordingly, the 244Pu Spike is a suitable IDMS reference 
material for use in measurements frequently performed for 
nuclear forensics and nuclear safeguards.
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Table 7   Uncertainty budget summarizing the significant components contributing to the combined standard uncertainty (RComb) for character-
ized plutonium isotope amount ratios of the 244Pu Spike

The relative combined standard uncertainty (bold) is calculated from the listed uncertainty components summed in quadrature
Assessment Type “A” denotes evaluation by statistical methods; “B” denotes evaluation by other methods

Uncertainty 
component

Description Assess-
ment 
type

Relative standard uncertainty (%) of contributing components

n(239Pu)/n(244Pu) n(240Pu)/n(244Pu) n(241Pu)/n(244Pu) n(242Pu)/n(244Pu)

RVarW Standard uncertainty of within-laboratory 
measurement variability

A 0.30 0.15 1.04 0.16

RVarB Standard uncertainty of between-laboratory 
measurement variability

A 1.3 0.47 10.3 0.46

RCRM Average standard uncertainty derived from 
certificate values for mass spectrometry 
calibration CRMs

B 0.06 0.06 0.06 0.06

RCorr Estimated standard uncertainty of mass 
spectrometry measurements

B 0.28 0.09 1.07 0.15

δDecay Standard uncertainty associated with decay 
corrections for measured values

B 0.00 0.00 0.03 0.00

RComb Relative combined standard uncertainty (%) k = 1 1.5 0.53 10.4 0.51
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