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Abstract

- Josh B. N. Wimpenny' - Tashi Parsons-Davis' - Ross W. Williams' - Richard A. Torres? -

Radiochronometry analyses of two Pu metals were performed using the **’Np—**' Am—2*'Pu, 2*U-"*pPu, ***U-**°Pu, and
236y_249py decay series. For one sample, all radiochronometers yield concordant model dates in 19591960, indicating
that the aqueous processing method used to purify Pu effectively removed U, Am and Np decay products from the bulk Pu.
The second sample yields discordant model dates that are also older than the known production date in 1982. The excess U,
Am and Np present in the sample indicate that the sample was purified during at least two different episodes, using a

combination of aqueous methods and molten salt extraction.
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Introduction

The central goal of a nuclear forensic investigation is to
understand the history of an unknown sample as fully as
possible, in part by identifying signatures that can constrain
when and how a sample was made [1]. The radiometric
model age of a sample of nuclear material is a powerful
predictive signature of a material’s history, provided that
key assumptions about the sample’s history are met. The
core assumption that underlies a model age calculation is
that the sample was fully purified of decay products at
some point during the material’s production. For many
forensic samples it is not possible to know this indepen-
dently. However, applying multiple decay series
chronometers to a sample provides a means to test the
assumption that the material was fully purified of decay
products at some time in the past. For example, concordant
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model ages determined using multiple daughter—parent or
granddaughter—parent nuclide pairs provide a high degree
of confidence that the material was highly pure at the time
that it was produced, and also that the model ages represent
that time of purification [e.g., 2-5]. When measured in an
individual sample, the three U-Pu daughter—parent isotope
pairs (P*U-2%Pu, 2*U-"*Pu, *°U-**Pu) and the
ZNp->*' Am-**'Pu granddaughter—daughter—parent series
that are commonly used in Pu radiochronometry provide
the ability to test this assumption. These isotope series also
provide an opportunity to evaluate purification methods,
which produce signatures in the differential purification of
the decay products, that may have been used to produce the
plutonium sample.

With this study, we have measured actinide decay series
radiochronometers in two samples of Pu metal that were
produced in the United States by production methods that
were in common use at the time. The two samples inves-
tigated were retrieved from storage at Lawrence Livermore
National Laboratory. One sample, Metal-1, was known to
be older, originating in the early 1960s. The other sample,
Metal-2, was younger, and was made into its final form
(from which it was later sub-sampled for radiochronometry
analysis) on the known date of 24-August-1982. In the
1950s and 1960s, plutonium was commonly purified by
aqueous processing methods, including solvent extraction
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and ion exchange, and then converted to metal by fluoride
bomb reduction [6—8]. By the 1970s, additional purification
methods such as molten salt extraction (MSE) and elec-
trorefining (ER) had been developed and were in common
use [6, 9—11]. Therefore, Metal-1 and Metal-2 samples
were likely produced using different purification methods.
The goal of this study is to evaluate the signatures of dif-
ferent plutonium production methods using multiple acti-
nide decay series radiochronometers.

Analytical methods
Sample preparation and purification

All initial sample preparation, dissolution and dilution
activities were performed in a nitrogen-atmosphere glove-
box. Metal samples were cleaned by grinding and elec-
tropolishing (which removes surface oxide), weighed, and
then dissolved in HCI. The starting mass of Metal-1 was
117.4 mg, and the starting mass of Metal-2 was 421.4 mg.
Sample solutions were serially diluted with HNO;3; and
trace HF to obtain dilutions with a concentration of 20 pg
sample/g solution. Ten milliliter of each 20 ppm sample
solution were transferred from the glovebox to a chemical
fume hood suitable for handling lower levels of radioac-
tivity, where subsequent sample preparation was per-
formed. A sample digestion and dilution blank was
prepared alongside the samples in the glovebox and
transferred to the low-level chemical fume hood for anal-
ysis with the samples.

An aliquot of the 20 ppm sample solution was gravi-
metrically diluted to 10 ppb using 2 M HNO; + 0.05 M
HF, and aliquots of this dilution were used for Pu isotopic
composition analysis, as well as Pu and Am concentration
analysis by isotope dilution mass spectrometry (IDMS).
Aliquots of the 20 ppm primary solution were used for U
and Np analyses. Baseline® acids from Seastar Chemicals
were used for sample preparation and purification. Col-
umns for sample purifications were prepared using Bio-Rad
Poly-Prep columns and AG 1-X8 100-200 mesh anion
exchange resin (Bio-Rad), AG MP-IM 100-200 mesh
anion exchange resin (Bio-Rad), TEVA resin (Eichrom
Technologies) or UTEVA resin (Eichrom Technologies).

An aliquot of the 10 ppb dilution for each sample was
weighed and spiked with a **Pu tracer (NIST SRM
4334H) for concentration analysis by IDMS. An unspiked
aliquot was also taken for Pu isotopic composition analysis
by MC-ICP-MS and alpha spectrometry. Plutonium was
purified from the spiked and unspiked aliquots using a two-
column procedure. For the first column, Pu was dissolved
in 8 M HNO;5; + NaNO, and loaded on a 1.4 mL AG 1-X8
anion resin bed. The column was rinsed with 8 M HNO;
and then 9 M HCI. Plutonium was eluted from the column
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using 9 M HCI + HI. For the second column, Pu was
dissolved in 4 M HNO3; 4+ NaNO, and loaded on a 0.6 mL
TEVA-resin bed. The column was rinsed with 4 M HNO;
and then 9 M HCI. The Pu was eluted in 9 M HCI, fol-
lowed by 0.1 M HCIl + 0.005 M HF and then 0.1 M
HCI 4 HI

Aliquots of the 10 ppb dilutions of the two samples
containing approximately 30 ng of Pu were spiked with an
23 Am tracer (NIST SRM 4332D) for Am concentration
analysis by IDMS. Americium was purified using three
stages of anion exchange chemistry. First, the sample was
dissolved in 8 M HNOj; and loaded on a 1.4 mL AG 1-X8
anion resin bed, and Am was eluted with further rinses with
8 M HNOj;. Next, the sample was dissolved in 9 M
HCI + HNOs;, and loaded on a 1.0 mL AG 1-X8 anion
resin bed. The Am was eluted with further rinses with 9 M
HCI. Last, Am was dissolved in a mixture of 3 parts ace-
tone and 1 part concentrated HCI and loaded on a 1.0 mL
AG 1-X8 anion resin bed. The column was rinsed in the
acetone—HC1 solution, and then Am was eluted in con-
centrated HCl.

An aliquot of each sample containing approximately 40
ng of Pu was used for U isotopic composition analysis by
MC-ICP-MS. Aliquots containing 10-20 pg of Pu were
spiked with a ***U tracer for U concentration analysis by
IDMS. Uranium was separated from the bulk Pu sample
using a LaF3 precipitation procedure wherein Pu is incor-
porated into a fluoride precipitate while U remains in the
supernate. The supernate was decanted, dried, dissolved in
4 M HNOs;, and loaded on a 0.6 mL TEVA resin bed.
Uranium was eluted from the TEVA resin with further
rinses with 4 M HNOj;. The final purification of U was
accomplished using a 0.6 mL UTEVA resin bed. The
sample was dissolved in 4 M HNO; and loaded on the
column; the column was rinsed with 4 M HNO3;, 9 M HCl
and 5 M HCI, and then U was eluted in 0.1 M HCI.

Neptunium concentrations were determined by MC-
ICP-MS using an external sensitivity calibration. An ali-
quot of each sample containing approximately 10 pg of Pu
was spiked with a **’Np radiochemical recovery tracer.
The first purification was performed using a 1.5 mL bed of
AG MP-1 anion resin. The sample was dissolved in a
solution of 1 M HNOj-methanol-0.1 M hydroxylamine
hydrochloride and loaded on the column. The resin bed was
further rinsed with HNOjz-methanol-hydroxylamine
hydrochloride, and Np was eluted in 1 M HC1 + 0.5 M
HF. Neptunium was further purified using a 0.3 mL AG
1-X8 anion resin column. The sample was dissolved in 9 M
HCI and loaded on the column. The resin bed was further
rinsed with 9 M HCI and then Np was eluted in concen-
trated HBr. Neptunium recovery was determined through
gamma-spectrometry measurement of the **’Np tracer in
the sample compared with the unpurified tracer in the same
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geometry. Neptunium recoveries were > 95% for both
samples, and the uncertainty associated with Np recovery is
incorporated into the reported uncertainties for Np
concentration.

Sample analysis by MC-ICP-MS and alpha-spectrometry

Plutonium isotopic analyses were performed using a Nu
Plasma HR MC-ICP-MS, with the exception of **®Pu,
which was measured by alpha-spectrometry. Plutonium
analysis by MC-ICP-MS utilized a two-cycle analysis
routine with a mixed collector array, with 239py and >*°Pu
measured on Faraday collectors and 240Pu, 241Pu, 242py and
24Py measured on ion counters. Instrumental mass bias
and detector gain corrections were applied using CRM 137
as a reference standard. Alpha-spectrometry analyses of
238py utilized Ortec ULTRA-AS ion-implanted Si detec-
tors. The **®Pu/**’Pu ratios were calculated using the
background-subtracted integrals of peaks associated with
238Py (5.499 and 5.456 MeV) and **°Pu + **’Pu (5.168,
5.124, 5.157, 5.144, 5.106 MeV), along with the
249py/23Py determined by mass spectrometry. Corrections
were made for decay during counting, although these were
negligible. The Pu blank introduced during sample disso-
lution and purification was negligible relative to the sample
aliquot size, and no blank correction was applied to Pu
analytical results. Plutonium isotopic results are given in
Table 1.

Uranium isotopic analyses were performed using a Nu
Plasma HR MC-ICP-MS, using a static analysis routine
with all uranium masses on Faraday collectors. Uranium
mass bias corrections were made using CRM U010 as a
reference standard. The uranium content and isotopic
composition were measured for a single sample dissolution
and dilution blank (from sample processing in the glove-
box) as well as for two blanks representing the U chemical
purification procedures. These blanks were measured using
a mixed Faraday-ion counter analysis routine on a Nu

Table 1 Plutonium isotopic compositions

Metal-1 Metal-2

Value Exp. Uncert. Value Exp. Uncert.
Z8py2¥Pu 6.67E—05  1.4E—06 8.64E—05 2.2E—06
240pu2¥py 0.06226 0.00033 0.06290 0.00032
24py2¥py 3.766E—04 2.9E—06 8.139E—04 6.2E—06
242py/2¥py 1.985E—04 3.2E—06 3.142E—04 5.0E—06
244py/2¥py nd. n.d.

Expanded uncertainties are 2 x Combined Standard Uncertainty
(approximately 2-sigma). n.d.: not detected. Reference date is
1-March-2016

Plasma II MC-ICP-MS. Total uranium amounts of
approximately 19 ng (Metal-1) and 28 ng (Metal-2) were
purified for analysis. The average blank was 246 &+ 12 pg
U with an isotopic composition as follows:
U0 =50 + 15, ZOU/7U = 0.0141 £ 0.0066,
B4U/A5U = 0.0117 £ 0.0045 (stated uncertainties for
blank values are combined standard uncertainties, k = 1).
The U isotopic results have been corrected for this blank
and the uncertainty associated with the blank correction has
been incorporated into the reported uncertainties. The
blank correction had a negligible effect on the ***U/**°U
and **°U/*°U ratios. The effect on ***U/*°U was sub-
stantial, due to the very low abundance of ingrown ***U in
Pu, and the high relative abundance of 2331 in the labo-
ratory blank. Because of the large blank correction on ***U,
analytical results for **U are presented and discussed only
in general terms. Uranium isotopic results are given in
Table 2.

Americium isotopic analyses were completed using a
Nu Plasma HR MC-ICP-MS, using a static multi-ion
counting routine with **' Am and ***Am measured simul-
taneously on ion counters. Uranium CRM U010 was used
as a reference standard for correction of instrumental mass
bias and also relative detector gains. The Am blank intro-
duced during sample dissolution and purification was
below the detection limit of the analytical method, and no
blank correction has been applied to the Am analytical
results. Americium assay results are presented in Table 3.

Neptunium concentration analyses were completed
using a Nu Plasma HR MC-ICP-MS. An external Np
sensitivity curve was prepared using an in-house Np con-
centration standard. The in-house Np standard was gravi-
metrically prepared from Np metal for which the assay was
determined as 100% — impurities, with the impurities
quantified by ICP-MS. Neptunium concentration standards
and purified Np samples were spiked with **U as an
internal sensitivity tracer. The Np blank introduced during
sample dissolution and purification was below the detec-
tion limit of the analytical method, and no blank correction

Table 2 Uranium isotopic compositions

Metal-1 Metal-2

Value Exp. Uncert.  Value Exp. Uncert.
BAUABU . 0.022833  0.000070 0.027599  0.000080
BOUABU - 0.22771 0.00066 0.22943 0.00066
BUPBU 0.0458 0.0017 0.0227 0.0011

Expanded uncertainties are 2 x Combined Standard Uncertainty
(approximately 2-sigma). Reported values have been corrected for
laboratory blank (see text). Reference date is 1-March-2016
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Table 3 Plutonium, uranium, americium and  neptunium
concentrations

Metal-1 Metal-2

Value Exp. Uncert. Value Exp. Uncert.
g Pu/g sample 0.9702  0.0089 0.9784 0.0083
ng U/g sample 1913.6 8.8 1377.0 5.1

ng *'Am/g sample 4548 60 3155 40
pg 2'Np/g sample 300 10 1358 4.6

Expanded uncertainties are 2 x Combined Standard Uncertainty
(approximately 2-sigma). Reported U concentrations have been cor-
rected for laboratory blank. Reference date is 1-March-2016

has been applied to the Np analytical results. Assay results
are presented in Table 3.

Actinide isotopic compositions
and concentrations

The two samples have similar Pu isotopic compositions.
Metal-1 has a slightly lower **°Pu content (5.858 + 0.074
at.%) than Metal-2 (5.911 4 0.070 at.%), and the abun-
dances of the other minor Pu isotopes are similarly lower in
Metal-1 relative to Metal-2. ***Pu was not detected in
either sample. The **U/**°U and ***U/**°U ratios of both
samples are consistent with the expected isotopic compo-
sition of uranium that has ingrown from decay of pluto-
nium. Metal-1 has a higher relative abundance of ***U
compared to Metal-2. Uranium isotope ratios have been
corrected for the measured laboratory blank, so the ele-
vated *®U in Metal-1 likely reflects a higher proportion of
natural uranium contamination that was introduced to this
sample some time before destructive analysis began. The
potential origin of this excess uranium is discussed in more
detail in the following section.

The samples have Pu assay values of 0.9702 £ 0.0089 g
Pu/g sample and 0.9784 + 0.0083 g Pu/g sample for
Metal-1 and Metal-2, respectively. The U concentrations
are 1913.6 pg/g sample and 1377.0 ug/g sample, the **' Am
concentrations are 4548 pg/g sample and 3155 pg/g sam-
ple, and the **’Np concentrations are 300 pg/g sample and
135.8 pg/g sample in Metal-1 and Metal-2, respectively.
All assay values are determined for a reference date of
1-March-2016.

Multiple plutonium chronometers and material
production history

Model ages were determined using five chronometers,

including four daughter—parent isotope pairs, >**U->*"Pu,
235U—239Pu, 236y_24py  and 24]Am—24]Pu, and the
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237Np—z‘“Pu granddaughter—parent pair. Daughter—parent
model ages were calculated using the following simplified
equation:

=

(1)

o — A
1n[1+R“’ D}

Ap — b Ap

where ¢ is the model age in years, lp and /p are, respec-
tively, the decay constants of the parent and daughter
nuclides in years ™', and R is the measured daughter/parent
atom ratio on a reference date. The model date is calculated
by subtracting the model age from the reference date. In
using this model age equation, it is assumed that the
material was completely free of daughter nuclides on the
model date, so that the entire inventory of daughter nuclide
measured in the sample was produced by radioactive decay
of the parent isotope during time (). It is also assumed that
the material remained a closed system, with neither loss
nor gain of parent nor daughter nuclide, since the time that
the material was purified. If the material was incompletely
purified of daughter nuclides, or if the material was con-
taminated with daughter nuclides since the time of purifi-
cation, then the model age of the sample will be older than
its purification age. The purification of a sample may
precede or be coincident with the production of the mate-
rial into the final form from which it is sampled for
radiochronometry analysis.

The granddaughter—parent model ages are calculated
using the full Bateman [12] decay equation. In contrast to
the daughter—parent decay equation, the granddaughter—
parent decay equation cannot be solved analytically for
time (¢). In practice, the model age is determined from the
measured granddaughter/parent atom ratio by iteratively
solving the Bateman equation for time (#), or through use of
a ‘look-up’ table [e.g., 13]. As with the daughter—parent
model age calculation, the granddaughter—parent model
age is calculated under the assumption that that the mate-
rial was purified of daughter and granddaughter nuclides on
the model date, and that all daughter and granddaughter
nuclides present in the material were produced by
radioactive decay since that time. The following discussion
will consider the case where daughter and granddaughter
nuclides were present in the material at the time it was
formed.

For Metal-1, the measured model dates range from
20-Jan-1959 =+ 223 days (*°U-*°Pu) to 20-March-
1960 + 174 days (**'Am—>*'Pu) (Fig. 1, Table 4). The
model ages are concordant, with the exception of the
M Am=2*"Pu and ***U-?*’Pu model ages; the 235y-23py
model age is resolvable from and older than the
2 Am—>*"Pu model age at the calculated uncertainty lim-
its, although the total difference at the uncertainty limits is
only 15 days, which is a very small time interval relative to
the model ages. The ***U-*"?Pu model age was also
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15-Nov-1961
29-Apr-1961 -
11-Oct-1960
25Mar-1960 -

7-Sep-1959 { @

19-Feb-1959 -

3-Aug-1958 -

15-Jan-1958 -

29-Jun-1957
234U/ 235U/ ZSBU/ 241Am/ 237Np/
238P 239p 240Pyy 241py 241py

Fig. 1 Plutonium daughter—parent and granddaughter—parent model
ages calculated for Metal-1. Error bars represent expanded
uncertainties

calculated, and this chronometer yields an impossibly old
age of > 170,000 years, reflecting the presence of excess
238U in the sample. The initial abundance of ***U in the
sample may be calculated using the following equation:

D,, — Pi(e /" — e=o) Lo

D; = brr (2)

e*).[)[

where ¢ is the known age or assumed model age of the
sample in years relative to reference date; D; is the atoms
of daughter nuclide present in the sample ¢ years before the
reference date (initial daughter); D,, is the measured
daughter atoms on the reference date; and P; is the atoms of
the parent nuclide present in the sample ¢ years before the
reference date, calculated by decay-correction of P,,, the
measured atoms of parent nuclide on the reference date.
The concentration of initial **U in Metal-1 is approx-
imately 70 pg **®U/g Pu, calculated using the **' Am—**'Pu
model date as the reference date; the 2 Am—2*1"Pu model

Table 4 Model ages for Metal-1

date is used as the reference date because it is the youngest
of the measured model dates. Two potential origins for this
238U excess are residual reactor fuel that was incompletely
purified from the plutonium, and environmental uranium
contamination. Environmental uranium is defined by a
natural isotopic composition, and the addition of 70 ppm of
natural uranium to this bulk plutonium material would have
a negligible effect on the **U and **°U contents and
associated chronometers, and would result in a slight
increase in the *>*U-**Pu model age. The amount of initial
25U present in the sample (D;) may be estimated by
assuming that the excess °°U in the sample has a natural
isotopic composition, and a modified ***U-"*Pu model
age may be calculated using an expanded form of the
model age equation that includes a term for initial
daughter:

D,, /p P; (eﬂlpt _ e—iDz) 4 Dief/lDI

Jp—7p
_— = 0 3
Pm P,‘ef/“"t ( )

where D, /P,, is the measured daughter—parent atom ratio
on the reference date, and D; is calculated using Eq. (2).
The model age of the sample, #, is determined through
iteratively solving this expression. Although his approach
yields a younger **U-**Pu model age, it is still slightly
older than the **'Am—**'Pu model age, indicating that
natural U contamination (either in the form of un-ac-
counted for laboratory blank or contamination intrinsic to
the Pu metal) can not be responsible for the minor offset
between the **°U-**Pu and **'Am-**'Pu model ages.
Excess uranium with a >**U/**°U ratio of approximately
2-3 will yield 2>U="*’Pu and **U-***Pu model ages that
are concordant with the **’Am—?*'Pu model age. The
2 Am—2*'Pu chronometer yields the youngest model age,
and represents the maximum (oldest) age of sample
purification.

Metal-1 Daughter/ Expanded Model age Expanded Model date ~ Expanded uncertainty
Parent uncertainty (years) uncertainty (days)

Am—*Pu 13.12 0.23 55.95 0.48 20-Mar-1960 174

BAU2Bpy 0,562 0.013 56.5 1.1 11-Sep-1959 398

HU2¥Pu 0.001643 0.000018 57.08 0.61 30-Jan-1959 223

Boy_24py 0.006009 0.000074 56.71 0.70 15-Jun-1959 257
Granddaughter/Parent

BINp-"*"Pu  0.880 0.032 56.40 0.50 7-Oct-1959 183

Reference date is 1-March-2016. Uncertainties are 2 x Combined Standard Uncertainty (approximately 2-sigma). Model ages are calculated
assuming that the sample was completely purified from daughter and granddaughter decay products on the model date. Model ages are calculated
using the following half-lives. **Pu: 87.7 & 0.1 y [14]; ***Pu: 24,100 £ 11 y [14]; **°Pu: 6561 + 7 y [14]; **'Pu: 14.33 + 0.04 y [15]; >*' Am:
432.6 4+ 0.6 y [14]; 2*U: 245,620 + 130 y [16]; >*°U: 7.0381E+8 + 4.8E+5 y [17]; 2>6U: 2.343E+7 & 6E+4 y [14]; 2'Np: 2.144E+6 y [14]
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The consistency among the calculated model ages of
Metal-1 provides a high degree of confidence in the
interpretation that these represent the time at which the
source Pu used to produce the Metal-1 sample was last
completely purified of decay products. Taken together, this
indicates that the method used to purify the bulk Pu
effectively removed ingrown U, Am and Np. Aqueous
processing methods, such as solvent extraction and ion
exchange, were in common use for plutonium production
in the late 1950s and early 1960s, and were likely used in
the purification of this material [6—8]. Other purification
methods, such as ER and MSE, were not in widespread use
for plutonium production at this time [8]. Aqueous pro-
cessing methods produce highly pure plutonium oxide,
which was then commonly converted to plutonium metal
using fluoride bomb reduction [18]. This conversion pro-
cess does not result in further purification of actinides from
the bulk plutonium, but rather can introduce impurities.
Thus, the radiometric model ages determined for this
sample likely represent the time of aqueous processing
(e.g., PUREX method), and the small amount of natural
uranium contamination in the sample may have been
incorporated in the material during metal production.

The model ages of Metal-2 are 15-20 years younger
than Metal-1, and show a larger degree of variability than
observed in Metal-1 (Fig. 2, Table 5). The model ages span
nearly 7 years (exclusive of uncertainty limits), with model
dates that range from 2-November-1974 £+ 146 days
(*PU-**Pu) to 25-July-1981 + 129 days (**' Am—>*'Pu).
The **®U-**?Pu chronometer yields an impossibly old
model age of > 40,000 years. As with Metal-1, the
youngest model age is recorded by the **'Am—>*'Pu
chronometer. This model age is approximately 6—7 years
younger than the model ages determined with the

3-Jul-1983
24-August-1982
18-Feb-1982 '
6-Oct-1980
25-May-1979 +
10-Jan-1978
28-Aug-1976
16-Apr-1975 + + +
2-Dec-1973
234/ 235/ 236/ 241Am/ 287Np/
238Pyy 289P 240Pyy 241py 241pyy

Fig. 2 Plutonium daughter—parent and granddaughter—parent model
ages calculated for Metal-2. 24-August-1982 is the known production
date of Metal-2. Error bars represent expanded uncertainties
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234U—238Pu, 235U—239Pu, and 2*°U-**Pu chronometers.
The **’Np—>*'Pu chronometer yields an intermediate age,
approximately 2 years older than the **' Am—>*'Pu model
age. Taken together, these model ages indicate that Am
was more completely purified than U and Np from the bulk
Pu at some time between 25-July-1981 (the **' Am—>*'Pu
model date) and 24-August-1982 (the date on which the
sample was made).

Material production records indicate that Metal-2 was
made on 24-August-1982. This date is more recent than
any of the model dates determined for this sample, indi-
cating that the sample contained initial **' Am, ?*’Np and U
at this time. These initial values are calculated as the
concentrations of decay products that are not supported by
radioactive decay of Pu since 24-Aug-1982, using Eq. (2).
This sample contained approximately 200 ng/g initial
21 Am, 26 pg/g initial *’Np, and 280 pg/g initial U rela-
tive to total Pu on 24-August-1982 (Fig. 3).

The initial uranium in Metal-2 had a calculated isotopic
composition  of:  Z*U/**U = 0.0294 & 0.0015 and
20U/23U = 0.221 + 0.015, and an approximate ***U/>°U
of 0.12 (reference date for initial U is 24-August-1982).
Initial uranium in the sample may potentially represent a
mixture of uranium from a range of sources, including
ingrown uranium from plutonium decay, residual uranium
from reactor fuel, and natural uranium from environmental
contamination. The calculated initial uranium isotopic
composition is consistent with a mixture of plutonium from
two sources: natural uranium and uranium produced from
plutonium decay (Fig. 4). Specifically, the decay-produced
uranium component is consistent with uranium that would
be produced by decay of Metal-2 over the 7.5 years
between the average U model date and the known sample
production date. These calculated values are: >**U/**U =
0.03187 =& 0.00090 and *°U/***U = 0.2317 + 0.0030 (k
= 2). The isotopic composition of this uranium component
indicates that the bulk plutonium was initially well-purified
from the reactor fuel uranium, but that it contained a
component of ingrown uranium at the time the sample was
produced; that is, the bulk plutonium was not purified from
uranium at the time of Pu metal production. The compo-
nent of natural uranium contamination is constrained by the
abundance of 2**U, which is not significantly produced by
Pu decay on the timescales involved in the nuclear era, in
samples with low abundances of ***Pu. The uranium iso-
topic results were corrected for laboratory uranium blank,
so this excess natural uranium component is in addition to
laboratory blank. Although it is impossible to rule out a
scenario in which the excess uranium components calcu-
lated for both Metal-1 and Metal-2 reflect a large degree of
sample-to-sample variability in laboratory blank, these
238U excesses would require laboratory blank contributions
to the samples that were 2-3 times greater than the blanks
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Table 5 Model ages for Metal-2

Metal-2 Daughter/ Expanded Model age Expanded Model date Expanded uncertainty
Parent uncertainty (years) uncertainty (days)

2 Am-*""Pu  4.182 0.072 34.60 0.35 25-Jul-1981 129

B4U-P8py 0380 0.010 40.7 1.0 3-Jun-1975 350

PU2¥Pu 0.001189 0.000011 41.33 0.40 2-Nov-1974 146

Boy_240py 0.004338 0.000049 40.98 0.47 10-Mar-1975 171
Granddaughter/Parent

ZINp-"*"Pu  0.1830 0.0066 36.85 0.45 25-Apr-1979 164

Reference date is 1-March-2016. Uncertainties are 2 x Combined Standard Uncertainty (approximately 2-sigma). Model ages are calculated
assuming that the sample was completely purified from daughter and granddaughter decay products on the model date. Decay constants used to
calculate model ages are listed in this table

Fig. 3 Model growth curves of 0.35 ;

Z"Np/**'Pu for Pu that contains
no initial >*’Np or **'Am (blue
dot-dashed line), 200 ppm of

0.30 -

-+ = 237Np ingrowth
237Np ingrowth with initial 241Am
——237Np ingrowth with initial 241Am and 237Np
@ measured 237Np/241Pu

known sample

initial >*' Am (green dashed
line), and 200 ppm initial
21 Am and 26 ppm initial >*"Np
(solid red line). The model age
calculated from the measured
ZNp/**'Pu of Metal-2,
assuming that no initial
daughter or granddaughter
nuclides are present, is

36.85 years, which is older than
known production age of

33.5 years (relative to reference
date of 1-March-2016). When
initial **' Am and 237Np are
included in the decay model, the
accurate Metal-2 model age of
33.5 years is calculated. (Color
figure online)

0.25

0.20 4

237Np/241Pu

0.10 4

0.05 A

0.00 +——

age 33.5years /

l 33.5+0.45y | [ 36.85+0.45y |
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measured as part of this analytical campaign and during
contemporaneous analyses performed in this laboratory.
Thus, it is more likely that the natural uranium contami-
nation resulted from a process that occurred prior to lab-
oratory handling and analysis of the materials.

The observation that the **' Am—>*'Pu model age is the
youngest model age measured for Metal-2 indicates that
the bulk Pu was purified within a year prior to metal pro-
duction using a method that resulted in a higher decon-
tamination factor for Am than for U or Np. The MSE
purification method was developed in the 1960s to remove
ingrown **' Am from older Pu, thereby reducing the gamma
radiation associated with **'Am decay and increasing
worker safety, and came into common use in the 1970s
[7, 19, 20]. During the MSE process, Am is preferentially
oxidized and extracted into a solvent molten salt, whereas

T T T T T T T

25 30 35 40 45

Years

U and Np are not oxidized and remain in the molten Pu
metal [19]. In practice, MSE purification effectively sepa-
rates Am from Pu, but does not significantly purify U or Np
from Pu [J. McNeese, personal communication]. Purifica-
tion by ER also came into common use in the 1970s, and is
used to remove impurities other than Am from bulk Pu [9].
In the ER process, Pu is purified from U and Np, as well as
Am. In general, the relative decontamination for these three
actinides from the Pu metal product is greatest for Am,
moderate for U, and least for Np [21; J. McNeese, personal
communication]. Therefore, the relative model ages for
Metal-2 calculated using the Am, Np and U decay products
are inconsistent with purification by ER, but rather indicate
that MSE was used to remove Am from the bulk Pu prior to
casting.

@ Springer
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Fig. 4 Isotopic compositions of U components in Metal-2. The
isotopic composition of the initial U present in Metal-2 is calculated
on the known sample production date of 24-August-1982. The
isotopic composition of U produced from Pu decay during the
7.5 years between the average U model date and the known sample
production date has the same 2**U/>*>U, but slightly higher >*U/**U,
and substantially lower 2**U/**°U than the calculated excess U. Error
bars on the calculated ingrown U represent uncertainty associated
only with the measured Pu isotopic composition (k = 2). The line
represents mixing between the calculated ingrown U and natural U.
The composition of initial U in Metal-2 is consistent with a mixture
between ingrown and natural U components

Process knowledge of common plutonium metal pro-
duction methods in use in the late-1970s and early 1980s
indicate that Metal-2 likely has a complicated history. At
that time, it was common practice to combine plutonium
from batches with different storage and purification histo-
ries into a single batch during the metal casting process.
Therefore, the model ages measured for Metal-2 represent
an average history of the different plutonium batches that
were mixed at the time of casting. Regardless, the rela-
tionships among the model ages provide signatures of the
key processing methods that were used during the history
of Metal-2. The observation that the three U-Pu model
ages are significantly older than the **' Am—>*'Pu model
age, and that the 2*’Np—>*'Pu model age is intermediate,
indicates that ER was not a key process used to purify the
plutonium prior to casting, but rather that the majority of
the material was purified using MSE to remove Am shortly
before casting. The three concordant uranium model ages
indicate that all of the source plutonium was thoroughly
purified from reactor fuel uranium, using aqueous pro-
cessing methods (e.g., PUREX). The average date of this
purification is 1975, though the purification dates of the
individual batches of source plutonium may have spanned
a larger range.

@ Springer

Conclusions

The use of multiple actinide radiochronometers for model
age-dating Pu metal samples reveals details about the
timing of and purification methods used during Pu metal
production. In Metal-1, the model ages calculated using the
2TNp-2 Am-2*"Py, 2*U-23Py and PU-**Pu decay
series yield concordant model ages, indicating that Np, Am
and U were effectively removed from Pu around late-1959
to early-1960, most likely with an aqueous purification
method. The small amount of initial natural U present in
the bulk Pu, indicated by the calculated ***U-***Pu model
age, was likely introduced during metal production. In
Metal-2, the calculated model dates span a 6-7 year age
range, from 1974 to 1981, all of which are older than the
known sample production date in August 1982. Process
knowledge of plutonium metal production at this time
indicates that the Metal-2 sample likely represents a mix-
ture of plutonium from different sources that were com-
bined during the final stage of metal casting. Although the
material is known to have a complex history, the model
ages nonetheless reveal the key processes that were used to
produce this sample. The three concordant U-Pu model
ages indicate that the source plutonium was effectively
purified from reactor fuel, with an average purification date
of around 1975, and that this older plutonium component
was purified of its ingrown Am, using MSE, in the early
1980s. These results for Metal-1 and Metal-2 indicate that
the actinide series model-ages are potential signatures of
the plutonium purification methods, and that these signa-
tures may aid in identification of the origin of an unknown
material in a nuclear forensic investigation.
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