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Abstract

During 2017-2018 Los Alamos National Laboratory, Lawrence Livermore National Laboratory and the China Institute of
Atomic Energy collaborated in an interlaboratory 2*'Pa/?*3U radiochronometry exercise. The laboratories used different
analytical methods to obtain a consensus model purification date for CRM U010 of December 28, 1958 + 198 days and for
CRM U850 of May 20, 1958 +363 days. These results agree with previously reported model dates using the ***Th/>*U
radiochronometer as well as the production histories of these materials. The concordance of interlaboratory data confirms

the ability of laboratories to make reproducible radiochronometry measurements using distinct analytical approaches.
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Introduction

The aim of a nuclear forensics investigation is to establish
the origin and history of nuclear materials of unknown ori-
gin. This can be achieved through the physical, chemical,
and isotopic analysis of material found out of regulatory
control or with an unknown history [1-5]. Radiochronom-
etry, or the science of age-dating radioactive materials using
parent and progeny isotopes, is a fundamental research area
addressing the ‘when was a material produced or purified’
question within the field of nuclear forensics [6—10].

When a nuclear material is purified during production,
impurities are removed (including progeny isotopes). Fol-
lowing purification, progeny isotopes will be produced at
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a rate governed by radioactive decay (the Bateman equa-
tions). The time elapsed since purification can be calculated
by combining (1) the Bateman equations, with (2) the known
half-lives of the radionuclides in question, and (3) accurate
and precise measurements of the parent-to-progeny ratios
in the present-day material. For the radiochronometric age
to be an accurate representation of the production date a
number of conditions have to be met: (1) there was complete
separation of progeny isotopes from the parent during mate-
rial production, and (2) the sample has remained a ‘closed’
system since production (i.e. no gain or loss of parent or
progeny isotopes except through radioactive decay). In radi-
ochronometry, these conditions are assumed to be true and
the resulting age is termed a model age since purification.

There are many potential radiochronometers applicable
to nuclear materials and ideally, numerous model purifica-
tion dates would be obtained from the same sample using
multiple radiochronometers. If the model ages determined
using different radiochronometers agree (are concordant),
then confidence that the model age of the sample represents
the purification age is increased. If the model ages disagree
(are non-concordant) then this information can be used to
interpret a sample’s process history as well as its maximum
age [7, 9-11].

For uranium materials, 2°Th/?**U is the most commonly
used radiochronometer due to the relatively high abundance
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of the 2*°Th radionuclide and the wide availability of trac-
ers e.g. >Th and ?**Th. Recently, many laboratories have
focused efforts on developing analytical methods to date
nuclear materials using the 2*'Pa/***U radiochronometer.
Protactinium-231 is the daughter of >*U and, depending
on the enrichment and age of the uranium material, can be
present in measurable quantities (pg level). The use of the
21pa/235U radiochronometer is, however, complicated by the
following:

(a) the short half-life (~27 days) of the 233pq tracer ren-
dering each freshly produced tracer obsolete in a few
months;

(b) until recently there were no protactinium standards
against which to calibrate a freshly produced **°Pa
tracer;

(c) there are no reference materials certified for age using
the 23'Pa/**>U chronometer.

Due to the short half-life of 233Pa, the usefulness of each
tracer can be maximized by preparing fresh tracer for each
imminent age-dating campaign. The lack of a protactinium
standard for 2**Pa tracer calibrations (issue (b) above) was
remedied recently when a 2*'Pa Reference Material (NFRM
231pa) was produced by the National Institute of Stand-
ards and Technology (NIST, USA) in collaboration with
Lawrence Livermore National Laboratory (LLNL, USA),
the National Research Council, (NRC, Canada), and the
National Physical Laboratory (NPL, UK) [12]. It is possi-
ble to address the lack of reference materials certified for
Blpy235y radiochronometry [issue (c) above] by the inter-
national nuclear forensics community conducting interlabo-
ratory comparison 2*'Pa/**U measurements. The goal of
these exercises is to obtain consensus 2>'Pa/**3U model puri-
fication dates of commercially available certified uranium
isotopic reference materials as well as those certified for
purification date by the 2*°Th/***U radiochronometer. Inter-
laboratory studies have been conducted using the *°Th/>*U
radiochronometer [6, 8] establishing that reproducible ages
can be obtained by laboratories around the world.

In this paper we report the results of a 23'Pa/** U radi-
ochronometry interlaboratory comparison exercise between
Los Alamos National Laboratory (LANL), LLNL and the
Chinese Institute of Atomic Energy (CIAE). All three labo-
ratories applied the 23'Pa/?**U radiochronometer to age date
certified reference material (CRM) U010 and CRM U850
produced by New Brunswick National Laboratory (NBL) in
the United States. A record of the production of these mate-
rials is available providing known purification dates for each
material [13]. Data reported here are compared to previously
reported results from a >>°Th/?**U radiochronometry inter-
laboratory comparison exercise between these laboratories
for CRM U010 and CRM U850 [8].
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Experimental

LANL, LLNL and CIAE obtained and dissolved CRM U010
and CRM U850 independently. Each laboratory measured
231pa and 23U assay by isotope dilution mass spectrometry
(IDMS) using 2**Pa and 2**U isotopic tracers. Well-charac-
terized tracers are required for accurate and high-precision
measurements and details of the tracers and calibrations can
be found in the following sections. Table 1 contains a sum-
mary of the analytical methods for each laboratory as well
as the half-lives used by each laboratory in the age-dating
equation.

LANL analytical methods
CRM dissolution

Primary dissolutions of U010 and U850 were made by dis-
solving each CRM powder in 8 M HNOj; on a hot plate.
Following dissolution each solution was diluted and HF
added to generate a final solution for storage of between 4 M
HNO;+0.01 M HF and 4 M HNO;+0.05 M HF. The con-
centration of uranium in each primary solution was ~ 728 ug
U/g for CRM U010 and ~285 pg U/g for CRM U850. Two
serial dilutions were made in order to measure ***U concen-
tration. These dilutions were made gravimetrically to yield
a final secondary dilution uranium concentration of approxi-
mately 30 ng U/g for U850 and 3 ng U/g for UO10.

Uranium assay and isotope composition measurements

Aliquots containing ~2 ng of uranium were taken for 23U
assay measurements from the secondary dilution of each
CRM and were traced with 2**U tracer (LANL legacy mate-
rial). The LANL 2**U tracer was calibrated using National
Bureau of Standards (NBS) Standard Reference Material
(SRM) 960. Following tracer-sample equilibration the ura-
nium in CRM U850 was purified using 1 mL of UTEVA
resin where the samples were loaded in 3 M HNO; and the
uranium eluted in 0.1 M HCI. Aliquots containing ~ 50 ng
of uranium were also taken from the secondary dilution to
measure the uranium isotope composition. The samples were
purified using the same chemistry as the uranium assay sam-
ples. To quantify background contamination, process blanks
(4 M HNO;+0.05 M HF) were processed alongside the
samples using the same chemistry. Chemical purification of
uranium aliquots was not performed for CRM U010 due to
the high-purity of the CRM and tracer materials.

Uranium measurements were performed on a Thermo-
Scientific™ Neptune Plus Multi-collector inductively cou-
pled plasma mass spectrometer (MC-ICP-MS) using static
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Table 1 Summary of different methods used by LANL, LLNL, and CIAE

LANL LLNL CIAE
2355
Tracer 23U (legacy material) 23U (legacy material) 23U (IRMMO51)
Tracer calibration material ~ NBS SRM 960 NBS SRM 960 None
Sample chemistry UTEVA UTEVA None
Mass spectrometry ThermoScientific™ Neptune Plus MC-  Nu Plasma HR MC-ICP-MS ThermoScientific™ Element XR
ICP-MS ICP-MS
21p,
Tracer 233pa (from legacy 2*'Np) 233pa (from legacy *'Np) 233pa (from 2*’Np in tributyl phosphate

In-house 2*'Pa solution and »*'Pa refer-
ence material

Tracer calibration material

Tracer production Silica gel
Silica gel
Tracer calibration chemistry  Silica gel

AG1-X8 anion
Silica gel

Sample chemistry

Silica gel
ThermoScientific™ Neptune Plus MC-
ICP-MS

Mass spectrometry

Nuclear data
235U half-life (years)
1Py half-life (years)
233pa half-life (days)

7.04x 108 +0.005x 108 [18]
32,713+ 110 [20]
26.697 +0.004 [22] ¢

waste)
In-house 23'Pa solution and ~ NBL CRM U100
rock standards
AG MP-1 TRU
AG MP-1 TRU
Silica gel Silica gel
Silica gel
Silica gel
Silica gel AG1-X8 anion

AG1-X8 anion
Silica gel

AG1-X8 anion
AG1-X8 anion

AG1-X8 anion
AG1-X8 anion

Silica gel Silica gel
Nu Plasma 3 MC-ICP-MS ThermoScientific™ Element XR
ICP-MS

7.04x 108 +0.005 x 108 [18]
32,760+ 110 [21]
26.967 +0.004 [22]

7.04x10%+0.01 x 10% [19]
32,760+ 110 [19]
26.975+0.013 [19]

multi-ion counting methods. For uranium assay measure-
ments, 23U, 23U, and ?3®U were measured on Faraday
detectors with IRMM 074/1 used for mass bias corrections
and IRMM 074/2 used as a quality control standard. For
uranium isotope composition measurements, 28U and 23U
were measured on Faraday detectors and 2**U and 23U
were measured on full-size secondary electron multiplier
(SEM) detectors equipped with retarding potential quad-
rupole (RPQ) lenses. For U010 uranium measurements,
CRM U200 was used for mass bias and gain corrections
and a separate dissolution of U010 was used as a quality
control standard. For U850 uranium measurements, CRM
U500 was used for mass bias and gain corrections. The
CRMs U930 and IRMM 074/9 were used as quality con-
trol standards. Other corrections applied to the final data
included tailing, acid blank subtractions, and hydride cor-
rections (***U + 'H on mass 2*°U).

Protactinium assay measurements

For protactinium isotope dilution measurements LANL puri-
fied a 2**Pa tracer from ~ 5 mg of *’Np using silica gel (high
purity, 63-200 um particle size). The >*’Np solution was
loaded onto 2 mL of silica gel in 2% HNO; and the 2 Np
was washed from the resin using 2% HNO;. The ***Pa was
then eluted in 2% HNO;+0.01 M HF. This column purifica-
tion was performed twice and the resulting elution screened
using a ThermoScientific™ Element 2 High Resolution
Inductively Coupled Plasma Mass Spectrometer (ICP-MS)
to confirm adequate Np/Pa purification. If necessary, the
silica gel column was repeated until adequate purification
was achieved. The resulting spikes were diluted to a work-
ing tracer concentration of ~ 1 pg ***Pa/g solution in 4 M
HNO,; +0.05 M HF. The ***Pa tracers used in this study
were calibrated using (a) the NFRM 21pg reference material
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and (b) an in-house *!Pa solution, itself characterized by
a 23%Pa spike calibrated using the NFRM 2*'Pa reference
material. Prior to the calibration analytical session, the 233U
present from 233Pa decay was removed using a single silica
gel column purification described above. The 2*'Pa to 2**Pa
ratio was measured by the MC-ICP-MS method described
below. Each tracer was calibrated twice during its lifetime
and the average calibration was used for data reduction. For
sample 2*'Pa assay measurements, aliquots containing ~ 5 pg
of 23!'Pa were taken from the primary solution. This rep-
resented ~ 100 pg of uranium for U850 and ~ 7300 pg of
uranium for U010. These aliquots were traced with~2 pg
of 2*3Pa. Following tracer-sample equilibration the protac-
tinium was purified using a three step process: (1) a column
containing 2 mL of BioRad anion exchange resin (AG1-
X8, 100-200 mesh) where the sample was loaded in 9 mL
HCI with trace HNO; and H;BO; and Pa eluted in 9 M
HC1+0.05 M HF, (2) a column containing 2 mL of silica gel
where the sample was loaded in 2% HNO; with trace H;BO;
and Pa eluted in 2% HNO; +0.05 M HF, and (3) a repeat of
column (2). To quantify background contamination, process
blanks (4 M HNO; 4 0.05 M HF) were processed alongside
the samples using the same chemistry.

All protactinium measurements were performed the same
day of the final column purification to minimize the isobaric
interferences from the decay of >**Pa to *3U. Protactinium
measurements were performed on a ThermoScientific™
Neptune Plus MC-ICP-MS using static multi-ion counting
methods with >*!Pa and ?**Pa measured on full-size SEM
detectors. Faraday detectors are also used to measure 2>>U
(to confirm purification) and 232Th (to monitor hydride inter-
ference at mass 233). As no certified isotopic Pa reference
materials are available, uranium CRM U010 was used for
mass bias and gain corrections and CRM UOO5A was used
as a quality control standard. These CRMs were measured
as described above for uranium isotope measurements. It
was assumed that the instrumental mass bias correction
derived from uranium is appropriate for Pa. Other correc-
tions applied to the final data included tailing and acid blank
subtractions as well as a subtraction of >**Th + 'H hydride
interference on mass 233.

LLNL analytical methods
CRM dissolution

Primary dissolutions of U010 and U850 were made by dis-
solving each CRM powder in concentrated HNO; in pre-
cleaned quartz crucibles on a hotplate at 120 °C for at least
4 h. Following dissolution each solution was diluted and
HF added to generate a final solution for storage of 2 M
HNO;+0.05 M HF. The concentration of uranium in each
primary solution was ~ 1 mg U/g for U010 and~56 pg U/g
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for U850. Two serial dilutions were made gravimetrically in
order to measure 23U concentration.

Uranium assay and isotope composition measurements

Aliquots containing ~40 ng uranium for CRM U010
and ~ 50 ng uranium for CRM U850 were taken for *°U
assay measurements from the secondary dilutions of each
CRM. Each aliquot was traced with ultra-high purity >*3U
(LLNL legacy material). The LLNL 233U tracer was cali-
brated using NBS SRM 960. Following tracer-sample equi-
libration the uranium was purified using 1 mL of UTEVA
resin where the samples were loaded in 4 M HNO; and the
uranium eluted in 0.1 M HCI. Aliquots were taken from
the primary solutions and diluted to approximately 10 ng
of uranium to measure the uranium isotope composition.
The samples were purified using the same chemistry as the
uranium assay samples. To quantify background contamina-
tion, process blanks were processed alongside the samples
through CRM dissolution and chemistry.

Uranium assay measurements for U010 and U850, as well
as uranium isotope composition measurements for U850
were performed on a Nu Plasma HR MC-ICP-MS. Ura-
nium isotope composition measurements for U010 were per-
formed on a Nu Plasma 3 MC-ICP-MS. For uranium assay
measurements, Faraday detectors were used to measure 238,
235U, and 23U, 2**U was measured on an ion counter. For
uranium isotope composition measurements, 23U and 2*>U
were measured on Faraday detectors and 236, 24U, and 22U
were measured on ion counters. In both cases static multi-
ion counting methods were employed with a 10 s integration
time. CRM U010 was used for mass bias and Faraday-ion
counter gain corrections, and the measured isotopic compo-
sitions of U010 and U850 were used for IDMS calculations.
The CRMs 112A, 129A, and U005-A were used as quality
control standards. Other corrections applied to the final data
include peak tailing and acid blank subtractions.

Protactinium assay measurements

For protactinium isotope dilution measurements, LLNL puri-
fied a 2*3Pa tracer from a stock solution containing ~25 mg
23Np using a three column procedure. The 2*’Np solution
was loaded onto a 2 mL AG MP-1 resin column in 10 M
HCI. The **Pa was eluted in 10 M HC1+0.05 M HF and
the 2*’Np was recovered using 1 M HC1+ 0.5 M HF. This
column was repeated using only 1 mL of AG MP-1 resin.
Final purification was achieved by loading the >**Pa tracer
onto 2 mL of silica gel in 5% HNO; and eluting the ***Pa in
5% HNO;+0.1 M HF. Two separately prepared 233Pa tracers
were produced during the course of this study. Final spikes
were screened by MC-ICP-MS to verify final Np/Pa ratios
of <1000. The final tracer solutions were diluted to between
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16 and 28 pg ***Pa/g solution. The >*3Pa tracers used in this
study were calibrated using an in-house ?*!'Pa solution. The
231pa concentration of this in-house solution was previously
measured using a 2**Pa tracer calibrated using the United
States Geological Survey (USGS) BCR-2 rock standard and
the Table Mountain Latite (TML) material that has been
well-characterized by the geological community [14, 15].
Protactinium-233 tracer calibration methods using geologi-
cal materials have been previously described [16, 17]. Fol-
lowing tracer-sample equilibration, the *>*U present from the
decay of ***Pa was removed using a single silica gel column
purification described above. The 2*'Pa to **Pa ratio was
measured by the MC-ICP-MS method described below.

For sample >*!Pa assay measurements aliquots contain-
ing ~6.5-7 pg Pa were taken, which contained ~ 125 pg of
uranium for U850 and ~ 12 mg of uranium for U010. These
aliquots were traced with~2 pg 2**Pa. Protactinium was
purified from the bulk uranium matrix using a three column
procedure. The first column consisted of a 1 mL BioRad
AG1-X8 resin bed. Samples were dried and dissolved in
9 M HCl + trace H;BO; + trace HNO; and loaded onto the
column. Protactinium was eluted with 9 M HC1+0.05 M
HF. The second column was a smaller resin column vol-
ume using the same dissolution, rinsing, and elution solu-
tions. The final column was a 1 mL silica gel (high purity,
75-200 um particle size) column conditioned with 5%
HNO;. The sample was loaded onto the silica gel with 5%
HNO; and protactinium was eluted using 2% HNO;+0.05 M
HF. To quantify background contamination, process blanks
were processed alongside the samples through CRM dis-
solution and chemistry.

All protactinium measurements were performed the same
day of the final column purification to minimize the isobaric
interferences from the decay of ***Pa to ***U. Protactinium
measurements were performed on a Nu Plasma HR MC-
ICP-MS using static multi-ion counting methods with 2*'Pa
and 2**Pa collected on ion counters with a 10—15 s integra-
tion. CRM U010 was used for mass bias and gain correc-
tions, CRM 005-A was used as a quality control standard.
Other corrections applied to the final data include peak tail-
ing and blank subtraction.

CIAE analytical methods
CRM dissolution

Primary dissolutions of U010 and U850 were made by dis-
solving each CRM powder in 6 M HNO; on a hotplate at
90 °C for 24 h. Following dissolution each solution was
diluted and HF added to generate a final solution for storage
of 6 M HNO; +0.05 M HF. The concentration of the ura-
nium in each primary solution was 1-4 mg U/g. Two serial
dilutions were made in order to measure >>>U concentrations.

Uranium assay and isotope composition measurements

Aliquots containing ~3 ug (U850) and ~27 pg (U010) of
uranium were taken for 2*>U assay measurements from the
second dilution. Each aliquot was traced with **U (IRMM-
051). The IRMM-051 233U tracer is certified for >>3U con-
centration by mass, therefore no calibration was necessary.
Following tracer-sample equilibration, no chemical purifica-
tion was performed prior to mass spectrometry due to the
high-purity of the CRM and tracer materials. Similar aliquot
sizes of uranium were also taken for uranium isotope com-
position measurement. Again, no chemical purification of
the sample aliquots was performed. To quantify background
contamination, blank acid samples were processed alongside
the samples through CRM dissolution and chemistry.

Uranium measurements were performed on a Thermo-
Scientific™ Element XR. Dynamic ion counting mode was
used with an SEM detector peak-jumping between each iso-
tope with a 2 min integration time. The method involved
three runs with twenty passes. Twenty lines were used per
peak with the central ten lines used for data calculation. No
abundance filter tune was used. CRM IRMM-199 was used
for mass bias corrections and the Chinese natural uranium
standard reference material GBW04205 was used as a qual-
ity control standard.

Protactinium assay measurements

For protactinium isotope dilution measurements CIAE
purified a 2**Pa tracer from tributyl phosphate waste con-
taining 19.7 mg of >*’Np using a five column purification
with Eichrom TRU resin and silica gel. This more lengthy
purification process was due to the more complex matrix
of the CIAE %'Np material than that used by LANL and
LLNL. The 2’Np solution was loaded onto 1.8 mL TRU
resin in 1 M HNO;+0.1 M NaNO,. The resin was rinsed
with 1 M HNO;+0.1 M HCI to recover the **'Np and then
the 23*Pa was eluted in 3 M HC1+2 M HF. Any residual
2Np was then eluted with high purity water. This column
was then repeated. Following elution from the second col-
umn, the **Pa was reconstituted in 3 M HNO; and loaded
onto a column containing 1.8 mL of silica gel. Any remain-
ing 2’Np was recovered with washes of 5% HNO; and high
purity water. The 2**Pa was eluted in 5% HNO, +0.1 M HF.
This silica gel column was repeated twice to obtain the ***Pa
tracer.

In the absence of a 23!Pa standard CIAE calibrated the
233pa spike using CRM U100. Aliquots of CRM U100 were
taken to contain ~ 58 and ~ 53 pg 2*'Pa and these were traced
with ~70 pg and ~ 100 pg of 2**Pa respectively. Following
tracer-sample equilibration for 1 h the samples were recon-
stituted in 9 M HCI and loaded onto a column containing
1.8 mL BioRad AG1-X8 anion exchange resin. Matrix

@ Springer



710

Journal of Radioanalytical and Nuclear Chemistry (2020) 324:705-714

elements were eluted in 9 M HCI and then Pa was eluted with
9 M HCI+0.05 M HF. This column was repeated with the
subsequent eluted Pa re-constituted in 3 M HNO; and loaded
onto a column containing 1.8 mL silica gel (high-purity,
70-230 um particle size). Matrix elements were eluted with
5% HNO; and high-purity water. Finally, protactinium was
eluted in 5% HNO;+0.05 M HF. The **'Pa to ***Pa ratio
was measured by the ICP-MS method described below.
For sample 2*'Pa assay measurements, aliquots containing
2-15 pg of **'Pa were taken which contained ~ 300 g of
uranium for U850 and 1000 pg of uranium for U010. These
aliquots were traced with picograms of >**Pa. Following
tracer-sample equilibration for an hour the same chemical
purification method was performed as described above for
the 2¥3Pa tracer calibration. To quantify background con-
tamination, blank acid samples were processed alongside
the samples using the same chemistry.

All protactinium measurements were performed within
5 days of the final column purification using a ThermoSci-
entific™ Element XR with the same method and mass bias
standards as described above for uranium.

Radiochronometry

The number of atoms of 2*'Pa and 23U measured by the
isotope dilution mass spectrometry methods described above
were used in Eq. 1 to calculate the model age of CRMs U010
and U850

N,
t= _ In(1-—22x
Aszsyy — Aazip, Nassyy

Aszip, — ﬂz3sU>
6]

Aszsyy

where ¢ is the model age, 4 is the decay constant (derived
from the half life, Table 1) and N is the number of atoms
measured. The model age can be presented as a model
purification date relative to a laboratory reference date.
This model purification date can then be compared to the
known production date of the CRM to assess the validity
of the original model assumptions detailed in Sect. 1. The
uncertainty on these measurements represents a full error
propagation including, but not limited to, components such
as half-life uncertainties, spike calibration uncertainties,
measurement and weighing uncertainties.

Results and discussion

The measured 2*'Pa/**>U atom ratios, resulting model ages,
and model purification dates (with associated uncertainties)
are presented in Table 2. The model purification dates are
shown in Fig. 1. For reference the **Th/***U model purifi-
cation dates reported by LANL, LLNL and CIAE are also
plotted in Fig. 1 [8]. Process blank concentrations for both
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uranium and protactinium for all three laboratories repre-
sent < 0.2% of the aliquot sizes and are therefore insignifi-
cant relative to reported measurement uncertainties.

The 2*'Pa/**U model purification dates calculated by
LANL, LLNL and CIAE for CRM U010 range from Octo-
ber 14, 1957 to June 17, 1959. These model purification
dates are concordant (agree) within analytical uncertainty.
However, all model purification dates from this study, with
the exception of one CIAE data point, are biased younger
than the June 5, 1958 date in the historical record marking
the end of production [13]. CRM U010 is not certified for
radiochronometry but there is a detailed record of produc-
tion published by the NBS and Union Carbide/Oak Ridge
[13]. The recorded production of CRM U010 began on April
16, 1958 and concluded on June 5, 1958 [13]. No details
of the chemical purification procedure are available in the
CRM production history so it is possible that Th and Pa
were purified from the bulk uranium at different times. The
younger (relative to historical record) calculated model ages
measured in this study could result from loss of 2*!Pa or gain
of 2>U over time through CRM handling. Conversely there
may also be a systematic bias in either tracer calibrations or
corrections during mass spectrometry. If systematic biases
were the cause they would need to be consistent across the
diverse range of analytical methods used.

Using the independent measurements reported from each
laboratory, an average, or mean, model purification date can
be calculated. The external uncertainty (k=2) provided for
the mean is calculated as the uncertainty of the mean using
Eq. 2 below:

uncertainty of the mean = x + t<l_£) ) (O’\/]T/) )
),

where N is the number of replicates, t( ) is the 100 ( e )th

1—% 2
percentile of the student’s ¢-distribution corresponding to a
probability @ = 0.05, and v = N, — 1 degrees of freedom.
This calculation provides the uncertainty of the mean of the
replicates at the 95% confidence level. It does not incorpo-
rate the uncertainty on each individual measurements and
therefore represents the variability within the data set. The
calculated average 2*!'Pa/***U model purification date for
CRM U010 is December 28, 1958 + 198 days. This
231pa/235U interlaboratory consensus value for CRM U010
is almost 7 months younger than, but consistent within ana-
lytical uncertainty with, the CRM U010 historical produc-
tion records [13]. As noted by [8], the model purification
dates calculated using the *°Th/?**U radiochronometer are
generally biased older than June 5, 1958 suggesting that per-
haps 2*°Th was not completely purified during the produc-
tion of CRM UO010. However, many of the 230Th/234U model
purification dates reported previously are concordant with
the 23!'Pa/**>U model purification dates within analytical



Journal of Radioanalytical and Nuclear Chemistry (2020) 324:705-714

71

Table 2 Results and calculated model ages and model purification dates for CRM U010 and U850 by CIAE, LANL, and LLNL

Lab Sample Reference date 21pa/35U atom Uncertainty (k=2) Model Uncertainty Model purification Uncertainty
ratio age (k=2, years) date (k=2, days)
(years)?
CIAE U010-1 September 25 6.00x1078 3.7x107° 61.0 3.7 October 14,1957 1364
2018
U010-2 September 25 5.88%x 1078 3.8x107° 60.0 3.8 December 16, 1399
2018 1958
LANL U010-1 September 13 5.831x107% 7.3x10710 59.24 0.74 June 17, 1959 271
2018
U010-2 September 13 5.833%x107% 7.3%1071° 59.26 0.74 June 11, 1959 271
2018
U010-3 September 13 5.838x 1078 7.3%1071° 59.31 0.74 May 24, 1959 271
2018
LLNL U010-1 September 13 5.872%x 1078 3.4x10710 59.66 0.35 January 14, 1959 129
2018
U010-2 September 13 5.889x 1078 3.4x10710 59.84 0.36 November 11, 131
2018 1958
Consensus U010 December 28, 198
model 1958
purifica-
tion date
CIAE U850-1 July 252018 5.85%x1078 1.3x107° 59.0 14 January 26, 1959 496
U850-2 July 252018 5.57x1078 1.1x107° 57.0 1.1 December 4, 1961 405
LANL U850-1 March 16 2017 5.891x1078 6.6x1071° 59.85 0.68 May 11, 1957 247
U850-2 March 16 2017 5.899% 1078 6.8x1071° 59.94 0.69 April 8, 1957 251
U850-3 March 17 2017 5.854x1078 6.5x1071° 59.48 0.66 September 25, 241
1957
U850-4 July 26 2017 5.761x 1078 6.8x1071° 58.54 0.69 January 12,1959 254
U850-5 August 8 2017 5.870x107% 6.8x10710 59.64 0.70 December 17, 254
1957
U850-6 August 172017  5.910x 1078 6.8x10710 60.05 0.70 August 1, 1957 254
LLNL U850-1 May 18 2018 5.932%107% 3.3%x1071° 60.27 0.35 February 8, 1958 127
U850-2 May 18 2018 5.961x107% 3.2x10710 60.57 0.34 October 22,1957 124
Consensus U850 May 20, 1958 363
model
purifica-
tion date

*Each model age is calculated from separate aliquots of an independent digestion of the CRM by each laboratory

uncertainty. Additionally, the calculated mean/consensus
2B9Th/?3*U model purification date of November 12,
1957 +303 days for U010 is concordant with both the known
end of production as well as the consensus 2>'Pa/>*3U model
purification date. The concordant nature of the 2°Th/?4U
and 2>'Pa/*U results thus give confidence that the radi-
ochronometry model assumptions and recorded production
history of CRM U010 are valid.

The interlaboratory model purification dates calculated
for CRM U850 range from April 8, 1957 to December 4,
1961. The calculated model purification dates for CRM
U850 show larger variation between laboratories than the
CRM U010 ?*'Pa/?>*>U model purification dates, which
may result from the calibration methods, materials and

instrumentation used. In the case of CRM U850 not all of the
model purification dates determined by the laboratories are
concordant. There is however, no systematic bias younger
or older within these laboratory data than the recorded CRM
production date range in the historical record. Similarly to
CRM U010, there is a detailed record of production for this
CRM published by the NBS and Union Carbide/Oak Ridge
[13]. The recorded production began on December 3, 1957
and ended on December 31, 1957 [13] but no details on
the chemical purification procedure are available. The cal-
culated mean **'Pa/***U model purification date for CRM
U850 is May 20, 1958 +363 days. This >*'Pa/>*U inter-
laboratory consensus value is approximately 4.5 months
younger than but consistent within analytical uncertainty
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«Fig. 1 Model purification dates calculated for a CRM U010, b CRM
U850. The black symbols are 2*'Pa/?>U model dates calculated in
this study by CIAE, LANL, and LLNL. Gray symbols are 2*Th/>*U
model dates previously reported by [8]. The horizontal dashed lines
represent the start and end dates of production: April 16, 1958 and
June 5, 1958 for U010 and December 3, 1957 and December 31,
1957 for U850 [13]. Error bars represent expanded uncertainties with
a coverage factor of 2. The average model purification dates (circle
data points) are calculated mean/consensus values of the model puri-
fication dates for each radiochronometer. The expanded uncertainty
of this consensus value is calculated using Eq. 2

of the recorded end of production. Similarly to CRM U010,
the CRM U850 model purification dates calculated using
the 2*°Th/***U radiochronometer are biased older than the
known end of production [8]. However, like CRM U010,
many of the reported 2**Th/***U model purification dates
are concordant with the 23'Pa/**U model purification dates,
within analytical uncertainty. Additionally, the calculated
mean/consensus >>°Th/>**U model purification date for CRM
U850 is concordant with the consensus 2*!Pa/**°U model
purification date. Therefore these results give confidence
that the radiochronometry model assumptions and recorded
production history of CRM U850 are also valid. The CIAE
U850-2 result is much younger than other model ages. This
is due to each U850 model date being derived from different
spike calibrations. The lower precision achieved by CIAE is
likely due to the use of a single collector mass spectrometer
compared to the use of multi-collector instruments at both
LANL and LLNL.

Conclusions

The 2'Pa/*33U model purification dates calculated for CRMs
U010 (October 14, 1957 to June 17, 1959) and U850 (April
8, 1957 to December 4, 1961) are generally concordant
between laboratories and agree within analytical uncertainty
with the production histories of both CRMs. The consist-
ency between the measurements from three different labo-
ratories using different tracers, tracer calibration protocols,
purification chemistries and mass spectrometry methods
demonstrates the validity of each laboratory’s methods. The
concordance observed between the 23'Pa/**U model purifi-
cation dates reported by this study and previous **Th/>**U
model purification dates for CRM U010 and CRM U850
increases confidence that both 2*°Th and 2*'Pa decay prod-
ucts were well-purified during the production of both CRM
U010 and CRM U850. Therefore, both CRMs represent
good candidate materials to be used for quality control dur-
ing radiochronometry measurements of unknown uranium
materials for nuclear forensics. Through such international
collaborations, we validate methods and establish that repro-
ducible 2*'Pa/**3U ages can be obtained by laboratories

around the world. This study therefore validates the use of
the 2*!Pa/>*3U radiochronometer to support radiochronom-
etry measurements in future nuclear forensics investigations
and supports the establishment of a global radiochronometry
capability that deters nuclear proliferation.
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