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Abstract

A new multi-isotope plutonium standard for isotopic ratio measurements with Accelerator
Mass Spectrometry (AMS) was created by gravimetric mixing of different single-isotope
standards provided by IRMM (Pu-239, Pu-240, Pu-242, Pu-244). This standard material has
been measured at the AMS facilities at Canberra (Australia), Cologne (Germany), Caserta
(Italy), Sevilla (Spain) and Zurich (Switzerland). Additionally, the material was characterized
using a Neptune MC-ICPMS (multi-collector inductively coupled plasma mass spectrometry)
at the joint Cologne-Bonn isotope facility. The results of this laboratory intercomparison are
presented and consensus values for the isotope compositions of the standard material are

proposed.

1. Introduction



Accelerator Mass Spectrometry (AMS) is commonly applied to the plutonium isotopes #°Pu,
240py, 241py and 2*2Pu. Another isotope, 2*®Pu, is also of interest in environmental applications,
but is difficult to measure by Accelerator Mass Spectrometry (AMS) due to the interference
from isobaric 2%8U. Plutonium measurements by AMS are frequently used to identify the
sources of observed Pu contaminations in various contexts (see e.g. [1], [2]). Therefore,
reliable standards with a well-known isotope composition are required for AMS calibration and
normalization.
Currently, two established multi-isotope Pu standards have been employed for the
normalization of Pu AMS measurements; i) the primary standard UKAEA No. UK 5/92138 [3]
and ii) a secondary standard prepared at the Centro Nacional de Aceleradores (CNA) [4]. Due
to the growing numbers of Pu AMS applications, the stocks of the existing primary standard
are declining and this material is not available any more for new AMS facilities. Anticipating
this limitation, the secondary CNA standard was produced in 2009 and later calibrated against
the UKAEA primary standard [5]. It was originally intended for in-house measurements, so it
was not produced with the aim of being used at different AMS labs and it was calibrated for
the Pu isotopes 2*°Pu, 2*°Pu and 2%2Pu, but never for 2*Pu.
However, over the last few years, 2**Pu came into the focus of research activities in the field
of astrophysics [6][7][8]. Therefore, a new multi-isotope standard, covering the AMS relevant
mass range of Pu isotopes from 239 to 244, has been prepared. It was characterized in a first
round-robin exercise by the AMS laboratories at the University of Cologne, the ETH Zurich,
and at the Australian National University, Canberra. The preliminary results of the measured
isotope composition showed good agreement with the gravimetrically determined nominal
ratios [9]. Additional measurements of this Pu standard have now been performed, including
two additional AMS facilities, the CNA Seville, Spain [10] and University Luigi Vanvitelli - Centre
for Isotopic Research on the Cultural and Environmental Heritage (CIRCE), Italy [11] and a
MC-ICPMS (Multi-Collector Inductively Coupled Plasma Mass Spectrometry) measurement
(University of Cologne, Germany). The goal of these measurements was
i. to establish a new standard material containing the isotopes 2°Pu, 24°Pu, 242Pu
and ?**Pu like the original UKAEA standard,
ii. to characterize this standard at least as precisely as the CNA standard, for
which the uncertainties of the given isotope ratios are in the range of 2.1 to
2.4 % (1 o), and,
iii. to obtain sufficient reference material for the next decades, i.e. an amount that
is sufficient for more than 100’000 single measurements, .i.e. > 10'° atoms per

isotope.



In this paper, we report and analyze the results of the AMS round-robin exercise and the MC-
ICPMS measurements. Finally, we propose a consensus value (CV) in order to establish the

material as a new Pu standard material.

2. Experimental and Results

2.1 Gravimetric mixing

The isotopically-enriched plutonium CRMs (certified reference materials) IRMM-081a, IRMM-
083, IRMM-43, IRMM-42a have been obtained from JRC IRMM (Joint Research Centre
Institute for Reference Materials and Measurements). A new multi-isotope plutonium standard,
containing the isotopes 239240.242.244p was prepared at the University of Cologne by gravimetric
mixing and dilution of these CRMs. The estimated uncertainty of this gravimetric approach is
low with respect to the uncertainty of the certified isotopic ratios of the used Pu CRMs. For
calculation of the isotope composition, the certified values of all minor Pu isotopes of each
CRM have been taken into account [9]. The calculated isotope composition of the new

standard material is given in Table 1.

Table 1: Pu isotope composition of the new standard as calculated from the gravimetric
mixing (1o uncertainties).

239Pu/242Pu 240Pu/242Pu 240pu/239pu 244PU/242PU

gravimetric | 1.0508+0.0033 | 1.0582+0.0034 | 1.0070+0.0010 | 0.1038+0.0004

Although it was assured that these calculated compositions are very precise, the goal was to
establish a consensus value not only based on this calculated value, but also on actual results
of characterizing measurements of the standard material. Therefore, the isotope composition
was verified by a round-robin between five AMS facilities, as well as by an independent
measurement utilizing MC-ICPMS.

Detailed Information concerning the source material for the multi-isotope Pu standard, its
subsequent preparation and the target preparation procedure for AMS measurements can be
found in [9].

2.2 MC-ICPMS measurements

In order to determine the isotope composition of the Pu-standard by MC-ICPMS, two different
sample solutions were measured with Pu isotope concentrations of approximately 5 pg-g™* for
the main isotopes (?%°240242py) and 50 pg g*, respectively. For the sample solution with a

weight equivalent of 50 ppt, the Pu-standard working solution was used as prepared [9]. For



the preparation of the sample solution with a weight equivalent of 5 ppt, 2.3517 g of this Pu-
standard working solution were transferred in a 30 mL Teflon vial, evaporated to dryness and
re-dissolved in 20.1872 g 0.3 M HNOs. Based on the weighings, the resulting effective Pu
weight equivalents for the main Pu isotopes in the two sample solutions were = 4.5 ppt (4.82
ppt 2°Pu. 4.87 ppt %*°Pu, 4.63 ppt 2*?Pu, and 0.486 ppt 2**Pu) and = 45 ppt (46.2 ppt 2*°Pu.
46.7 ppt 2*°Pu, 44.2 ppt 2*2Pu, and 4.66 ppt 2**Pu), respectively.

The Pu isotope data were acquired using a NEPTUNE MC-ICPMS (ThermoFisher Scientific)
at the University of Cologne. Sample introduction to the argon plasma was via a desolvating
nebulizer system (Aridus Il, Cetac), using a 100ul PFA nebulizer. All measurements were
performed at low-resolution (m/Am = 400) in static mode. For optimization and tuning of the
machine, as well as to correct for the mass discrimination during the measurements, all Pu
measured solutions were spiked with a 5 ppb natural U standard (CRM 112-A, New Brunswick
Laboratory, Argonne, IL, USA). A value of 137.837(15) for the 223U/?*°U isotope ratio was used
for mass bias correction [12] employing the exponential law. Both U and Pu isotopes were
measured simultaneously in Faraday cups employing 10 Q and 10 Q amplifiers, yielding
typical signals of around 30 mV per Pu isotope. The typical operating parameters and the
Faraday detector block setup are given in Table 2 and Table 3. Precision, in terms of a relative
standard deviation, of the measurements was based on the number of measurement cycles
during each sample analysis (see supplemental data). From a comparison of data obtained
measuring the 45 ppt and 4.5 ppt Pu solutions, respectively, it can be concluded that the
possible contribution of 238U tail and 2%8UH* on the signal at mass 239 is smaller than the
external reproducibility (+0.1%, see Table 4).

Table 2: Operating conditions used on the Neptune MC-ICPMS

Radiofrequency power 1200 W
Acceleration voltage -2000 V
Sample cone Nickel
Skimmer cone Nickel X-Cone
Mass resolution Low (m/Am = 400)
Sampling mode 20
Integration time 8,4 s per cycle
Sample flow rate 0.1 mL'min’t
Sample introduction system Cetac Aridus Il
Nebulizer PFA-100
Amplifier 102 Q, 1011 Q
Table 3: The setup of the Faraday collector block.
Cups | L3 | L2 | L1 | Center | HL | H2 | H3

Isotope 235U 238U 239Pu 240Pu 241Pu 242Pu 244Pu
Amplifier ‘ mﬂo‘ mﬂo‘ mﬂo‘ m”Q‘ mﬂo‘ mﬂo‘ 102 Q



The MC-ICPMS results are given in Table 4 (more detailed in supplemental data). The
individual results show reproducibilities of ca. £ 0.05% (2 o), external reproducibilities were

estimates to +0.1% based on multiple measurement of standards at matching intensities.

Table 4: MC-ICPMS results. Note that the given reproducibilities are reported with 2 o
uncertainties while in the later discussion all values will be discussed based as 1 o
uncertainties

239Pu/242pu 240Pu/242pu 240Pu/239pu 244Pu/242pu

MC-ICPMS mean | 1.055+0.001 1.064+0.001 1.012+0.001 0.1040+0.0001

2.3 AMS measurements

Aliquots of the working solution of this material were shipped to the participating facilities. From
this working solution, the preparation of the AMS targets were performed on-site (adding of Fe
carrier, drying, calcinating, mixing with Nb 1:4, pressing). Detailed information about the AMS
instrumentation of the participating facilities can be found in [5],[10],[11],[13], and [14],
respectively.

In each AMS laboratory, 5-10 targets were characterized in 1-3 independent measurements.
The measured ratios were normalized to the UKAEA standard, also measured by each of the
laboratories. The composition of UK5/92138 was corrected for half-life. If a lab reported some
technical problems during a measurement series, the reported results of this specific series
were rejected and not considered for the calculation of the consensus value. In one case (AMS-
1), the results for 2**Pu/?*?Pu were inconsistent showing deviations of + 15 % within the series
and have been omitted. The results of the 7 (6) remaining measurement series are shown in
Figure 1 and Table 2, respectively. For the calculation of the mean values, all AMS results
were taken into account and weighted equally. Although the single series are patrtially deviating
significantly, the mean ratios are in good agreement with the (nominal) values that were
obtained from calculations of the gravimetric mixing. The given uncertainties were calculated

as the standard errors of the mean.
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Figure 1: Pu isotope ratios of the new standard material as calculated from the AMS
measurements (1o uncertainties). The mean values are in good agreement with the calculated

ratios based on the gravimetric data.

Table 5: Pu isotope ratios of the new standard material as calculated from the AMS
measurements. The individual measurement results are given with as the standard error of
the mean; the uncertainty of the mean value was calculated as the standard deviation of the
individual measurement from the mean.

Z9pye42py | 249py/r42py 240py /239py 244py [242py

AMS-1 1.055+0.014 | 1.105+0.014 1.046+0.013 -

AMS-2 1.129+0.015 | 1.075+0.013 0.951+0.012 0.1078+0.0013
AMS-3 1.051+0.013 | 1.063+0.014 1.009+0.013 0.1073+0.0016
AMS-4 1.046+0.007 | 1.050+0.007 1.004+0.012 0.1013+0.0014
AMS-5 1.060+0.015 | 1.054+0.013 0.998+0.014 0.1049+0.0014
AMS-6 1.064+0.024 | 1.098+0.030 1.026+0.014 0.1089+0.0041
AMS-7 1.065+0.021 | 1.084+0.023 1.018+0.015 0.1150+0.0040
mean 1.067+0.028 | 1.076+0.021 1.007+0.029 0.1075%0.0045




3. Discussion

3.1. Comparison of the different methods

When only comparing the gravimetric values with the MC-ICPMS results, the mean relative
difference for the obtained isotope ratios is only 0.36 %. Although the numbers do not all agree
within the 1 ¢ uncertainties, the precision achieved is considered sufficiently reliable in
comparison to the AMS measurements, where typical uncertainties in the range of =£1 % can
be reached. The uncertainties of the AMS results are overlapping with both the gravimetric and

the MC-ICPMS results. All measurements are compared in Figure 2:
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Figure 2: Pu isotope ratios of the new standard material as calculated from the AMS

measurements, MC-ICPMS and gravimetric data, respectively (all 1 ¢ uncertainties).

The uncertainties of the three used methods differ more than one order of magnitude. This is
mainly due the fact that the overall AMS uncertainty is determined by the stability of the used
AMS systems; this is reflected by the fact that the standard error of the mean of all

measurements is higher than the individual uncertainties roughly by a factor of 2. The given



uncertainties for the MC-ICPMS measurements are even smaller than the uncertainties of the
values from gravimetric mixing. This is not surprising, as weighing can — in principle — be
considered as the most precise of the three used techniques, but in the special case of
weighing solutions with high concentrations of radionuclides, resulting electrostatic effects on
the balance have to be mitigated.

Overall, gravimetric, MC-ICPMS and AMS data are consistent within the given uncertainties.
However, although the MC-ICPMS measurements have been repeated several times (see
supplement), their uncertainty might be slightly underestimated as there was no attempt to
measure these values again on a second MC-ICPMS system. The isotope ratios 2*°Pu/?*?Pu,
290Pu/Z%Pu, and 2*Pu/?*?Pu are consistent within 1 ¢ with the gravimetric results, while

240py/239py is consistent within 2 o.

3.2. Derivation of a consensus value

To derive a consensus value for the isotope ratios of the new standard material, several
approaches were taken into account. Generally, the data from the gravimetric mixing are
considered very reliable. The AMS data are in agreement with these values and remarkably
consistent with each other, considering they are obtained from very different machines. As
expected, the uncertainties of the AMS measurements are the highest of the three methods.
The MC-ICPMS data show the smallest uncertainties; however, in contrast to the AMS data,
they were obtained only on one distinct machine.

If the consensus value would be derived from a weighted mean of the three methods, it is clear
that the small uncertainty of the MC-ICPMS results would dominate the overall uncertainty.
However, as this small uncertainty might be slightly underestimated, we decided to calculate
the consensus value of the new AMS standard material “ColPuS” (for Cologne Pu Standard)
as the equally weighted mean of the gravimetric data, the AMS data and the MC-ICPMS data

as given in Table 6.

239Pu/242pu 240Pu/242pu 240Pu/239pu 244Pu/242Pu
gravimetric 1.051+0.003 | 1.058+0.003 | 1.007+0.001 | 0.1038+0.0004
MC-ICPMS 1.055+0.001 | 1.064+0.001 | 1.012+0.001 | 0.1040+0.0001
AMS (mean) 1.067+0.028 | 1.076+0.021 | 1.007+0.029 | 0.1075+0.0045
“ColPus” 1.058+0.008 | 1.066+0.009 | 1.009+0.003 | 0.1051+0.0021
Consensus 0.80% 0.83% 0.27% 2.0%
value




Table 6: Consensus values for the isotopic ratios of the new standard material “ColPuS”. The
consensus value is the equally weighted mean of the three used methods; the given
uncertainty of the consensus value is the standard deviation of the single values from that

mean value.

3.3 Conclusion

In this work, we have characterized a new Pu-multiisotope standard ColPuS for AMS. The
uncertainties of the new standard do not reach the uncertainties of the consumed UKAEA Pu
Standard, but they are at least 2 times smaller than the uncertainties of the CNA standard. The
new standard is characterized for the isotopes 239, 240, 242, and 244 (the latter is not
specified in the CNA standard). The high accordance of the gravimetric and the MC-ICPMS
data indicates that is promising to characterize the present standard material further at different
MC-ICPMS in the future, with the goal to develop it further into a general standard material
with even higher precision.

By including AMS measurements from various institutions into our analysis, we hope to find
wide acceptance of the material and the attributed consensus value within the AMS
community. There is enough standard material available to produce 200°000 AMS cathodes,
assuming the cathodes are loaded with approx. 5 pg Pu (per main isotope) which is distributed

to interested parties in amounts that are below radiologically defined exemption values.
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Supplemental data
MC-ICPMS measurements

Value | Series 1 | Series 2 | Series 3 | Series 4 | Series 5

Raw data

235U raw 0.025054 0.024630 0.024554 0.024326 0.024601
error on 235U (% 1s.e.) 0.29118 0.46774 0.21476 0.29081 0.36213
# of 235U single measurements 20 20 20 20 20
238U raw 3.492124 3.432709 3.422386 3.390927 3.428827
error on 238U (% 1s.e.) 0.28954 0.46811 0.21759 0.29635 0.36434
# of 238U single measurements 20 20 20 20 20
239Pu raw 0.038684 0.038511 0.030114 0.038057 0.038409
error on 239Pu (% 1s.e.) 0.29947 0.46035 2.66635 0.29824 0.30504
# of 239Pu single measurements 20 20 20 20 20
240Pu raw 0.039157 0.038948 0.030495 0.038517 0.038881
error on 240Pu (% 1s.e.) 0.30508 0.46920 2.65825 0.30375 0.30829
# of 240Pu single measurements 20 20 20 20 20
242Pu raw 0.037097 0.036848 0.028864 0.036470 0.036807
error on 242Pu (% 1s.e.) 0.30832 0.47207 2.67697 0.30248 0.31274
# of 242Pu single measurements 20 20 20 20 20
244Pu raw 0.003899 0.003876 0.003037 0.003839 0.003874
error on 244Pu (% 1s.e.) 0.30145 0.46969 2.67068 0.29218 0.32763
# of 244Pu single measurements 20 20 20 20 20
Uncorrected ratios

238U/235U raw ratio 139.390798 139.370362 139.379960 139.386274 139.384833
error on 238U/235U raw ratio (% 1s.e.) 0.00847 0.01163 0.00728 0.01052 0.01137
# of 238U/235U raw ratios 19 20 18 19 19
239Pu/242Pu raw ratio 1.042776 1.045139 1.043593 1.043646 1.043493
error on 239Pu/242Pu (% 1s.e.) 0.02336 0.02627 0.02602 0.02281 0.01768
# of 239Pu/242Pu ratios 20 20 19 19 18
240Pu/242Pu raw ratio 1.055637 1.056988 1.056819 1.056011 1.056168
error on 240Pu/242Pu (% 1s.e.) 0.02096 0.02522 0.02720 0.02066 0.02385
# of 240Pu/242Pu ratios 19 20 19 19 19
244Pu/242Pu raw ratio 0.105075 0.105171 0.105180 0.105311 0.105263
error on 244Pu/242Pu (% 1s.e.) 0.04937 0.04963 0.05568 0.05249 0.06746




# of 244Pu/242Pu ratios 19 19 19 19 20
Mass bias corrected ratios

238U/235U ratio 137.837 137.837 137.837 137.837 137.837
error on 238U/235U ratio (% 1s.e.) 0.015 0.015 0.015 0.015 0.015
# of 238U/235U ratios 19 20 18 19 19
239Pu/242Pu ratio 1.05426 1.05655 1.05505 1.05493 1.05495
error on 239Pu/242Pu (% 1s.e.) 0.02698 0.02999 0.03097 0.02131 0.02449
# of 239Pu/242Pu ratios 20 20 19 19 20
240Pu/242Pu ratio 1.06325 1.06465 1.06452 1.06388 1.06390
error on 240Pu/242Pu (% 1s.e.) 0.02457 0.02859 0.03001 0.01907 0.02483
# of 240Pu/242Pu ratios 20 20 19 18 19
244Pu/242Pu ratio 0.10432 0.10445 0.10443 0.10455 0.10451
error on 244Pu/242Pu (% 1s.e.) 0.05004 0.05446 0.05813 0.05299 0.07137
# of 244Pu/242Pu ratios 19 20 19 19 20
240Pu/238U 0.01127 0.01135 0.00892 0.01135 0.01134
error on 240Pu/238U (% 1s.e.) 0.246382 0.053720 2.788799 0.224175 0.156622
# of 240Pu/238U ratios 18 19 20 19 20




