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alysis of uranium, plutonium, and
americium in post-detonation debris simulants by
RIMS†

Michael R. Savina, * Danielle Ziva Shulaker, Brett H. Isselhardt
and Gregory A. Brennecka

We demonstrate rapid isotopic analysis of trace U, Pu, and Am in solid basalt matrices using resonance

ionization mass spectrometry (RIMS). The samples were intended to mimic post-detonation debris from

a nuclear explosion, in which material from the device is intimately mixed with entrained material from

the environment. Complete isotopic analysis of materials containing ppm to ppb levels of the actinides

was done without separating them from the host matrix, and consumed <100 ng of sample. Measured

isotopic compositions of U, Pu, and Am were accurate to #10% for most isotope ratios except 238Pu,

which was compromised by low concentration and excesses of 238U up to 34 000 : 1. A new method

called “blinking” that takes advantage of the singular ability of RIMS to quantify backgrounds from all

sources rapidly and accurately was developed for the analysis of 238Pu. Using the blinking method we

accurately measured the 238Pu/239Pu ratio on a sample containing 1.4 × 106 atoms of 238Pu at

a concentration of 0.1 ppb in the host material.
Introduction

Mass spectrometry is at present the most accurate and precise
method to determine actinide isotopic compositions, however
the inability to discriminate against isobars means that time-
consuming dissolution and chemical purication is required
prior to instrumental analysis for many elements. For example
U, Pu, and Ammust be separated from one another to break the
isobaric pairs 238Pu/238U and 241Am/241Pu. Further, 238U blanks
in the separation process are nearly always too high to allow
direct analysis of 238Pu, so that a combination of alpha spec-
trometry and mass spectrometry must be used to determine the
238Pu/239Pu ratio.1–3

Several forms of mass spectrometry can discriminate against
isobars at some level. For example, because U, Pu, and Am all
have different volatilities, thermal ionization mass spectrom-
etry (TIMS) can be used to separate them as long as the level of
isobaric interference is not too high. Continuous heating of
samples containing Am, Pu, and U can in principle separate
241Am from 241Pu in many practical samples since the relative
amounts of these two isobars is generally within an order of
magnitude of one another.4,5 The continuous heating method is
also capable of measuring the 238Pu/239Pu ratio in relatively
pure actinide samples in which the 238U/238Pu ratio is up to
uclear and Chemical Sciences Division,

tion (ESI) available. See DOI:

f Chemistry 2023
∼300.4 Solutions of mixed actinides can be analyzed for 238Pu in
inductively coupled mass spectrometers equipped with colli-
sion cells to convert 238U to 238UOx while leaving Pu in the
atomic form. This method has been successfully applied to
measure the 238Pu/239Pu ratio in samples with 238U/238Pu ratios
as high as 4000.6,7 Importantly however, none of these capa-
bilities has so far been demonstrated on samples representative
of post-detonation debris, in which the actinides are present as
trace elements (#ppm) in an environmental matrix and the
238U/238Pu is signicantly higher than 4000.

Resonance ionization mass spectrometry (RIMS) has been
used to measure isotope ratios in mixed actinide samples
without chemical purication, and has demonstrated the ability
to measure 241Pu and 238Pu in both pure standardmaterials and
spent nuclear fuel, including spent fuel particles from the
Chernobyl Exclusion Zone that have signicant environmental
exposure.8–13 While spent fuel is signicantly more challenging
than pure standard materials, its Pu and Am concentrations are
of order percent. Furthermore, spent fuel contains at most a few
percent of non-actinides (excluding oxygen), and these are
restricted to ssion products, whereas post-detonation debris is
overwhelmingly light elements (#Fe) from the immediate
environment of the explosion.

In this work we report RIMS analyses of samples intended to
mimic the challenge associated with debris produced by
a nuclear device, namely the accurate determination of actinide
isotopic compositions at trace levels in environmental matrices.
We apply a previously developed RIMS method12 for the
simultaneous determination of U, Pu, and Am isotopic
J. Anal. At. Spectrom., 2023, 38, 1205–1212 | 1205
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Table 2 Concentrations of actinides (total) in dried samples (ppmw).
The U concentrations include natural U in BCR-2. The Am concen-
trations include decay from 241Pu. The Np concentrations include
decay from the Pu and Am standards

Sample U Np Pu Am

BHVO-2 2.3 0.1 0.65 0.02
BCR-2A 123 0.12 1.1 0.11
BCR-2B 26 0.022 0.23 0.023
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compositions in solid samples of basalt geostandards spiked
with trace amounts of U, Pu, and Am. In addition, we introduce
a new method we call “blinking” for the measurement of
238Pu/239Pu that allows for accurate quantication and correc-
tion of backgrounds associated with 238U and other background
counts arising from light elements in the matrix. We success-
fully applied this method to materials with sub-ppb levels of
238Pu that have 238U/238Pu ratios up to 3.4 × 104.
BCR-2C 7.5 0.006 0.053 0.006
BCR-2D 228 0.22 2.1 0.217
Experimental

Standards

Isotopic standards were used to correct the data for instru-
mental fractionation. Plutonium isotopic standards CRM 126
and CRM 137 were electrodeposited from acid solutions onto Ta
metal stubs and dried. In addition, spent fuel from a pressur-
ized water reactor was electrodeposited onto a Ta stub and used
as a standard for U, Pu and Am. The fuel from a Belgian pres-
surized water reactor (hereaer BR-3) was puried using an
established procedure involving lanthanum uoride co-
precipitation, followed by anion exchange chromatography.14

The puried fractions were analyzed for U, Am, and 239–242Pu by
inductively-coupled plasma isotope dilution mass spectrometry
(ID-ICP-MS). The Pu fraction was further analyzed for 238Pu
using a combination of ID-ICP-MS and alpha spectrometry. The
isotope ratios for all materials in this work were decay-corrected
to their various reference dates.
Samples

Solutions of actinide standards mixed at trace levels with basalt
matrices were prepared as test samples. First, a 1 mL aliquot of
15 mg of the geostandard BHVO-2 (USGS Hawaiian basalt) was
prepared by removing the natural uranium following the Weyer
et al. (2008) procedure.15 The uranium-free matrix was admixed
with 35 ng of U isotopic standard CRM U500 and 10 ng of Pu
isotopic standard CRM 137 in 6 N HCl. Four additional samples
were prepared using 5 mg of the geostandard BCR-2 (USGS
Columbia River basalt) in 1mL aliquots of 6 NHCl. No chemical
separations were performed to remove natural U prior to acti-
nide addition. These were designated BCR-2A, B, C, and D.
Actinide isotopic standards CRMU630 (U), monoisotopic 237Np,
CRM 137 (Pu), and IRMM-0243 (Am)16 solutions were added to
the BCR-2x solutions in the quantities shown in Table 1. This
suite of sample solutions was used in the development of other
analytical methods in addition to the RIMS work presented
Table 1 Amounts of geostandards BCR-2 and BHVO-2 (matrix) and
actinide isotopic standards dissolved in 1 mL 6 N HCl. Actinide
amounts refer to total amounts (i.e. all isotopes)

Sample Matrix (mg) U (ng) Np (ng) Pu (ng) Am (ng)

BHVO-2 15 35 — 10 —
BCR-2A 5 604 0.6 5.7 0.4
BCR-2B 5 124 0.11 1.16 0.08
BCR-2C 5 29.2 0.03 0.27 0.02
BCR-2D 5 1190 1.1 11.1 0.75

1206 | J. Anal. At. Spectrom., 2023, 38, 1205–1212
here. We did not analyze for Np by RIMS, however its presence
allowed us to estimate the ability of RIMS to discriminate
against it. One-microliter aliquots of these solutions were
pipetted onto Ti metal stubs and dried with a hot air gun, to give
∼5 mg of the BCR-2x samples and 15 mg of the BHVO sample.
Titanium was used as a substrate for the samples rather than Ta
because it gave the best results in terms of background noise
and signal levels per unit desorbing laser power (see Discussion
section). The concentrations of actinides in the dried materials
are given in Table 2.
Measurements

All RIMS measurements were made on the LION instrument at
Lawrence Livermore National Laboratory. The RIMS technique
and the LION instrument have been described in detail
elsewhere.17–19 Two different analytical procedures were used in
this work, one for simultaneous U, Pu, and Am analysis which
was used for all isotopes except 238Pu, and one specically for
measuring the 238Pu/239Pu ratio.

The procedure for simultaneous U, Pu, and Am analysis was
described in ref. 12. In brief, a pulsed Nd:YAG laser (1064 nm, 7
ns full width at half-maximum, 1000 Hz) focused to an elliptical
150 × 300 mm spot volatilized material from the samples. The
sample was held at a potential of −200 V so that positive ions
created by the laser pulse were accelerated back onto the
sample. Aer a delay of 1.5 ms, neutral gas-phase atoms of U and
Am were resonantly ionized with pulses from two tunable
Ti:sapphire lasers aligned colinearly ∼1 mm above the sample
surface, and the target potential was raised to 3 kV to accelerate
the U and Am photoions into a time-of-ight mass spectrom-
eter. Aer a further delay of 0.4 ms three lasers tuned to
sequentially excite and ionize Pu were pulsed. The delayed
ionization resulted in delayed arrival of Pu on the detector and
resolved the isobars at m/z 238 and 241.

Laser parameters used in the simultaneous procedure are
given in Table 3. The U RIS scheme is one-color (i.e. it uses only
one laser), and requires 7.2 MW cm−2 to achieve 95% ioniza-
tion. The irradiance was 6.8 MW cm−2 for this study, corre-
sponding to >90% ionization. The laser parameters for the Pu
three-color RIS scheme were similarly set to achieve >90%
ionization. The efficiency of the Am two-color scheme was not
determined. Note that these ionization efficiencies refer only to
the ground-state neutral atoms overlapped by the laser beams;
actinide atoms bound in molecules in the gas phase (e.g., UOx)
This journal is © The Royal Society of Chemistry 2023
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Table 3 Laser parameters for simultaneous U, Pu, Am analysis

Lasera
Wavelength
(nm) Power (W) Diameterbc(mm) Pulse widthb (ns)

Irradiance
(MW cm−2)

U & Am(II) 396.263 0.640 1.34 12.0 6.8
Pu(I) 420.766 0.0035 1.29 10.8b 0.044
Pu(II) 847.272 0.082 1.50 15.5 0.54
Pu(III) 767.530 0.850 1.56 8.8 9.1
Am(I) 426.676 0.042 1.17 34.0 0.21

a The pulse repetition rate for all lasers was 1 kHz. Roman numerals refer to the step in the ionization process. b Full width at half maximum.
c Average of major and minor axes; ellipticities ranged from 1.0 to 1.3.

Fig. 1 RIMS spectrum of sample BCR-2B in the simultaneous analysis
mode. Colored peaks correspond to U, Pu, and Am. Peaksmarkedwith
asterisks are due to non-resonant ion production as explained in the
text.
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or neutral atoms electronically excited by the laser desorption
process will not be ionized. Our previous studies on U show that
these ground-state neutral loss channels are the major factors
in determining the overall detection efficiency of the technique,
which for U detection from solid uranium dioxide ranges from
0.4% to 6.6% depending on how the sample is treated to affect
chemical reduction of the sample surface prior to analysis.20,21

The procedure for measuring the 238Pu/239Pu ratio by
“blinking” two lasers is new. Here a fourth laser tuned to be
0.2 nm off resonance in the second step was added to the Pu RIS
scheme. The on- and off-resonance second step lasers were
operated at 500 Hz and interleaved so that every even laser shot
was on resonance and every odd shot was off resonance. The off-
resonance spectra were subtracted from the on-resonance
spectra to produce the nal result. The pulse widths and M2

values (focusability) of the two second-step lasers were slightly
different, so the powers were adjusted such that the irradiances
were equal within 1%. The laser parameters for the blinking
scheme are given in Table 4. The on-resonance Pu laser tunings
here are slightly different than those used in the simultaneous
scheme. In the simultaneous scheme the lasers are tuned to the
midpoint of the Pu isotopic resonances to minimize fraction-
ation due to isotope shis.22 In the blinking scheme the lasers
are tuned to the 239Pu isotopic resonances, which are close
enough to the 238Pu resonances such that both are well within
the bandwidth of the lasers. The isotope shis between 238Pu
and 239Pu are 2, 5, and 0 pm for the three steps in the RIS
scheme; the laser bandwidths were ∼10 pm (FWHM) for the
rst step and ∼20 pm for the second and third steps. This
results in efficient ionization of 238Pu and 239Pu but less effi-
cient ionization of the heavier Pu isotopes 241Pu and 242Pu since
their resonances are at the edges of the laser bandwidths.
Another difference from the simultaneous procedure is that the
Table 4 Laser parameters optimized for 238Pu

Lasera
Wavelength
(nm) Power (mW)

Repetition
rate (Hz)

Pu(I) 420.762 6.4 1000
Pu(II) ON 847.284 40 500
Pu(II) OFF 847.484 29 500
Pu(III) 767.530 390 1000

a Roman numerals refer to the step in the ionization process; ON and OFF
c Average of major and minor axes; ellipticities ranged from 1.1 to 1.4.

This journal is © The Royal Society of Chemistry 2023
laser irradiances are lowered to minimize backgrounds caused
by photofragmentation of molecules.

Results
Simultaneous actinide analysis

Fig. 1 shows a RIMS spectrum obtained from the BCR-2B
solution (26 ppm total U, 230 ppb total Pu, 23 ppb total Am)
in the simultaneous mode. The colored regions indicate peaks
due to U, Pu, and Am, and show baseline resolution for the
isobars at m/z 238 and 241. Nonetheless there are still non-
resonant contributions to these peaks. Non-resonant produc-
tion of U+ is evident in the peak at 90.76 ms (marked with a star
in Fig. 1), which is due to 235U ions created by the pulse-delayed
Pu lasers. This could be due either to direct ionization of 235U
atoms or photofragmentation of U-bearing molecules such as
Diameterb,c (mm) Pulse widthb (ns)
Irradiance
(MW cm−2)

1.2 22.7 0.024
1.6 13.3 0.306
1.4 12.5 0.309
1.4 11.7 2.2

refer to on resonance and off resonance. b Full width at half maximum.

J. Anal. At. Spectrom., 2023, 38, 1205–1212 | 1207
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Fig. 2 Optical micrograph of sample BCR-2B deposited on a Ti metal
substrate. The desorption laser spots frommultiple analyses are clearly
visible.
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235UOx. The intensity of this peak compared to that of the
resonant 235U implies a relative sensitivity factor (RSF) of 0.2%
for the non-resonant processes compared to resonant U ioni-
zation, however this can vary by a factor of two to three for these
materials owing to differences in the desorbing laser power.
(Samples with lower actinide content require higher laser power
to achieve count rates comparable to those with higher actinide
content.) The non-resonant 235U peak was previously used to
correct the U interference on 238Pu in spent fuel samples.12 In
present case the implied amount of non-resonant interference
is ∼1.5× the expected 238Pu resonant signal which, together
with the variability, renders this method untenable for accurate
quantication.

Likewise, a small peak at 91.27 ms (also starred in Fig. 1) is
due to non-resonant production of 239Pu by the U and Am
lasers. The RSF is 0.5% compared to resonant Pu, which is far
too low for non-resonant 238Pu to have any signicant impact on
238U, nor for non-resonant 241Pu to contribute signicantly to
241Am. In the spectrum of Fig. 1 the Pu interference on 238U is 1
× 10−5, and on 241Am it is 4 × 10−4.

The spectrum of Fig. 1 shows no peak above background at
m/z 237 even though the sample contained 237Np. Given the
relative amounts here it is unlikely that off-resonant ionization
would result in a noticeable peak (Table 2). Even at an RSF of one
compared to U, which is >100× higher than we expect based on
the measured RSFs given above, an off-resonant peak Np would
only be roughly the size of the 241Pu peak in this spectrum.

Fig. 1 also shows background ion counts that appear more or
less uniformly distributed across the spectrum. This is not seen
in analyses of puried actinide materials (i.e. standards). Some
of this background is secondary ions created by the laser
desorption pulse. Though the sample is negatively biased to
attract these ions back to the sample, fast-moving or late-
emitted ions can still be accelerated into the dri tube and
reach the detector. These can have a continuous distribution of
energies and times-of-birth, and therefore a continuous distri-
bution of arrival times.

Another source of this distributed background is late frag-
mentation of molecules that causes low-mass ionic fragments
to appear at long arrival times. In general, for every actinide
atom in the sample there are from ∼106 to ∼1010 atoms of
lighter elements. (The atom fraction of U in the most concen-
trated sample is ∼10−6, the atom fraction of Am in the least
concentrated sample is ∼5 × 10−11.) Therefore, even if laser
spectroscopic discrimination against photofragmentation is
high, some level of non-resonant ion production would be ex-
pected. SIMION modeling of the LION instrument (which is
beyond the scope of this work and is not included here) indi-
cates that late fragmentation of SiOx molecules can result in Si+

ions with arrival times >90 ms, which is in the actinide region of
the ToF spectrum. Such events are rare; however given the large
excess of light elements in the sample even low probability
events would explain the background noise. For simultaneous
actinide spectra such as Fig. 1, we applied corrections by
measuring the background in gaps between peaks. Uncer-
tainties due to the background correction are included in the
reported data. (See ESI† for a derivation of uncertainty.)
1208 | J. Anal. At. Spectrom., 2023, 38, 1205–1212
Fig. 2 is a picture of one of the dried samples of BCR-2B aer
multiple analyses, and shows desorption laser spots. The
spectrum of Fig. 1 and the isotope data below were collected
from a single desorption laser spot. The overall detection effi-
ciency can be estimated as follows. The laser spots are ∼0.15 ×

0.3 mm and the overall sample is ∼2.5 mm in diameter,
therefore each laser spot covers (0.15 × 0.3/2.52) z 0.7% of the
sample. Given the number of actinide atoms in sample BCR-2B
and the number of ions detected in the spectrum of Fig. 1, we
estimate detection efficiencies of order 10−4 for U and 10−3 for
Pu and Am. We have not measured our Pu or Am efficiencies on
other materials, however the U efficiency is much less than ex-
pected based on previous work, in which detection efficiencies
of at least 4 × 10−3 were observed on solid uranium dioxide.20

Strictly speaking, a quantitative comparison is not possible
since the desorption mechanism is different (laser vs. ion gun),
so the reasons for the discrepancy are unclear. In previous work
we showed that the dominant factor in determining the U
useful yield is the strong tendency for U to form gas-phase UOx

molecules upon desorption rather than the ground state neutral
atoms that are necessary for RIMS. However even in uranium
dioxide (i.e. a highly oxidized form of U) the useful yield for
untreated samples is a factor of 40 higher than observed
here.17,20 The chemical form of the U in these samples is
unknown since it is present as a trace constituent in a basalt
matrix deposited from HCl. Nonetheless, despite the lower-
than-expected efficiency (and excepting 238Pu), the current
method was successful in measuring U, Pu, and Am isotopic
compositions simultaneously on an analysis spot containing∼1
pg of total U, 10 fg of total Pu, and 0.1 fg of total Am directly
from a solid.
238Pu analysis

Fig. 3 shows on- and off-resonance spectra from the blinking
scheme applied to sample BCR-2B. Here the 238Pu concentra-
tion is 0.47 ppb and the 238U/238Pu ratio is 2.2 × 104. The off-
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 On-resonance (upper) and off-resonance (lower) Pu RIMS
spectra of sample BCR-2B. The 238Pu concentration is 0.47 ppb and
the 238U/238Pu ratio is 2.2 × 104. Each tick mark on the y-axis corre-
sponds to a single ion count.
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resonance spectrum shows excellent extinction of 239–242Pu. The
residual at m/z 238 is comprised primarily of off-resonance
generation of 238U ions that appear at m/z 238, as well as
background noise from late-fragmenting molecules that is
distributed more or less evenly across the spectrum. In this case
the on-resonance signal atm/z 238 was 169 counts, while the off-
resonance signal was 79 counts. This implies an on-resonance
discrimination factor of ∼2.5 × 104 for this sample. That is,
when tuned on resonance, the detection efficiency for 238Pu in
this sample matrix is ∼2.5 × 104 times higher for 238Pu than for
238U.

The blinking scheme was applied to the three materials with
known 238Pu/239Pu ratios (CRM 126, CRM 137, and spent fuel
BR3) to ascertain its accuracy and precision. Fig. 4 shows the
measured vs. known 238Pu/239Pu ratio for the three standard
Fig. 4 (A) Measured vs. known 238Pu/239Pu for three standardmaterials. T
measured values. (B) Instrumental fractionation of 238Pu/239Pu. The sha
Repeated measurements have their concentrations slightly offset for cla

This journal is © The Royal Society of Chemistry 2023
materials, as well as the instrumental fractionation (the
measured ratio divided by the known ratio) as a function of the
known 238Pu/239Pu ratio. Fractionations were consistent for all
samples across two days. The weighted average of the eight
measurements was 0.899(14), with a mean square weighted
deviation of 1.2, indicating that there is no statistical difference
between the measurements. This is signicant since the three
materials contain varying amounts of 238U. The two CRM
standards contain only trace amounts of 238U, primarily from
decay of 242Pu (t1/2 = 3.75 × 105 year), which results in
a 238U/238Pu ratio of less than one. However, the BR3 sample has
a 238U/238Pu ratio of 7400. The statistical indistinguishability of
the measured 238Pu/239Pu ratio across the three materials vali-
dates the high discrimination against 238U. In practice, we
measured the BR3 sample each day as a standard and used the
result to normalize the 238Pu/239Pu measurements on the
“unknown” BCR-2x and BHVO samples.

The detection efficiency for 238Pu analysis by the blinking
method was estimated in the same way as for the simultaneous
method above using the spectra in Fig. 3. The 238Pu efficiency
was 2.2× 10−3. The 239Pu efficiency was in agreement: 2× 10−3.
The amount of 238Pu consumed for analysis was 18 attograms
(45 000 atoms).
Actinide isotopic compositions

Uranium isotopic results on actinide-spiked BCR-2x and BHVO-
2 samples are shown in Fig. 5. Because the BCR sample contains
natural U,23 the isotopic composition of each sample varies as
a function of the spike concentration. (Known isotope ratios for
all samples are given in the ESI.†) For purposes of comparison,
Fig. 5 shows the ratios as deviations from the known ratios
(rather than the measured ratios themselves) vs. the concen-
tration of the minor isotope in the dried sample. While
234U/238U and 236U/238U are consistent with the calculated ratios
within uncertainty, the 235U/238U ratios are signicantly lower.
We hypothesize that this is due to natural U in the Ti substrate,
and indeed natural U is present in RIMS spectra obtained from
he dashed line corresponds to 1 : 1 agreement between the known and
ded area is the 95% confidence interval for all eight measurements.
rity.
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Fig. 5 Uranium isotope ratios (xU/238U) as a function of the amount of the minor isotopes of U in the samples. Repeated measurements are
slightly offset from one another in concentration for clarity. Uncertainties are 1s.
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the bare Ti metal. The contribution of substrate U to the RIMS
spectrum is variable because the sample thickness and
desorbing laser power vary from spot to spot and sample to
sample. Because the sample surface coverage was not contin-
uous (see Fig. 2) the desorption laser hits varying amounts of
bare substrate from sample to sample. Further, the amount of U
leached into the deposited material from the Ti substrate likely
varies from sample to sample since it depends on the time and
temperature required to dry each sample, which were not
controlled. Nonetheless, despite variable contamination from
the Ti substrate, the ratios are almost all consistent with the
known values at #10%, even for isotopes present at tens to
hundreds of ppb in the solid matrix.

Americium results for the BCR-2x samples are shown in
Fig. 6. (The BHVO sample was not spiked with Am.) The actual
241Am/243Am ratios varied slightly from sample to sample due to
slightly differing admixtures of CRM 137 and IRMM-0243. At
the time of these analyses CRM 137 contained 3% 241Am (atom
fraction) from decay of 241Pu, so this is taken into account in
calculating the actual 241Am/243Am ratios in the samples. The
calculated ratios are marked with asterisks in Fig. 6. The
Fig. 6 241Am/243Am isotope ratios in BCR-2x samples as a function of
the 241Am concentration. Repeated measurements are slightly offset
from one another in concentration for clarity. The asterisks corre-
spond to ratios calculated from the composition of the Am standard
plus 241Am in growth from the Pu standard. Uncertainties are 1s.

1210 | J. Anal. At. Spectrom., 2023, 38, 1205–1212
measured ratios all agree with the calculated values at ∼1s,
though they are systematically higher by 10–15% for the more
concentrated samples and 25% for the least concentrated one.
This is not due to non-resonant ionization of 241Pu. The
241Pu/241Am ratio in these samples is 0.1, therefore a 10%
interference on 241Am would require equal ionization efficiency
of Am and Pu by the Am + U lasers. As shown above, the
interference on 241Am is 4 × 10−4. The excess of 241Am in Fig. 6
could be due to improper normalization, since the spent fuel we
used as a standard was not certied.

Plutonium results are shown in Fig. 7. The simultaneous
method was used to measure 240–242Pu/239Pu; the blinking
method was used for 238Pu/239Pu. All measured ratios are in
excellent agreement with the certied values, even at sub-ppb
concentrations of the individual isotopes. In particular, both
241Pu and 238Pu are free of interference. The 241Am/241Pu ratio in
the samples is 10, yet the 241Pu is detected without interference
using the simultaneous method. The weighted average of the
measured 241Pu/239Pu ratios in Fig. 7 is 0.00515(22) vs. the
certied value of 0.00525(8).

It was necessary to analyze more than one spot on each
sample to obtain enough counts of 238Pu at a high enough
signal-to-noise ratio to be viable. The desorbing laser power
needed to be raised as material was consumed, however above
a certain power the ubiquitous background noise became too
high to proceed. Nonetheless, the measured 238Pu/239Pu ratio is
accurate down to a 238Pu concentration of 0.11 ppb with
a 238U/238Pu excess of 3.4 × 104. The 238U/238Pu ratio in all
samples ranged from 1.9 × 104 to 3.4 × 104.
Discussion

In the analyses reported here we did not attempt to increase
detection efficiency by methods sometimes used in RIMS such
as Ti overcoating24,25 or Ar+ pre-sputtering.20 We investigated the
effect of substrate chemistry by drying samples on Al, Ta, Ti, Zr,
Lu, Dy, and Er, all of which have the potential to react with
oxygen and thereby promote volatilization of, for example, U
atoms rather than UOx molecules. Of these, Ti and Al gave the
best results in terms of background noise and signal levels per
unit desorbing laser power. Solutions pipetted onto Lu, Dy and
Er, which in theory should reduce actinides,26 did not dry
This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Pu isotope ratios (xPu/239Pu) as a function of the concentration of the minor isotope. 240–242Pu/239Pu was measured by the simultaneous
method; 238Pu/239Pu wasmeasured by the blinkingmethod. Dashed lines are the certified ratios. Repeatedmeasurements are slightly offset from
one another in concentration for clarity. Uncertainties are 1s.
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completely even aer heating to 150–200 °C for 24 hours and
produced viscous, unworkable samples. Future studies will
involve spiking solutions with reducing metals to see if it
improves detection efficiency.

The ability to measure isotope ratios accurately in samples
deposited from solution also allows for the possibility of
measuring elemental concentrations by spiking with known
amounts of isotopic tracers. In particular, a highly enriched
244Pu spike would enable Pu elemental concentrations to be
measured in samples with extremely low concentrations of total
Pu.27

The material and time requirements for 238Pu/239Pu ratio
analysis via blinking are considerably less than the combined
radiochemical/mass spectrometric method. The least concen-
trated sample we analyzed (BCR-2C) contained a total of 1.4 ×

106 atoms of 238Pu, though we consumed only a fraction of
them. From this we obtained 90 counts in 90 minutes, which
was sufficient to yield a precision of 30% RSD and establish the
238Pu/239Pu ratio as non-zero at 3s condence. Alpha spec-
trometry on the same sample would require six days to accu-
mulate 90 counts (assuming 50% counting efficiency).
Obviously one could use more sample and reduce the a-spec
counting time, however the very minimal sample and time
requirements for RIMS could be advantageous in other analyt-
ical scenarios in addition to the rapid screening of post-
This journal is © The Royal Society of Chemistry 2023
detonation debris as described here. Spent nuclear fuel, in
which the 238Pu/239Pu ratio may be diagnostic of irradiation
conditions in the reactor,12 is generally highly radioactive, so the
ability to analyze very small quantities can minimize the hazard
involved in handling the material. Further, the blinkingmethod
can in principle be applied to any trace isotopic analysis in
solids. RIMS is already capable of trace isotopic analysis of, e.g.
41Ca;28 the addition of blinking could drive detection limits even
lower.

The blinking scheme proved successful even when applied to
sub-ppb levels of 238Pu and large excesses of 238U. The scheme
currently requires four lasers, which incurs cost and complexity.
We are currently developing “self-blinking” lasers, i.e. lasers
that switch between on- and off-resonance wavelengths rapidly
(i.e. $1 kHz). This will enable interleaving on- and off-
resonance spectra with a single laser. This will simplify our
analysis by requiring only three lasers, however such self-
blinking lasers could be used in any RIS scheme and could be
applied to any element, not just Pu. The advantage of the
current three-color Pu scheme is that the power of the blue (420
nm) laser can be kept low, which helps to mitigate non-resonant
background. One- and two-color schemes are simpler and
cheaper but require blue lasers with much more power to ach-
ieve efficient ionization. Future work in our lab will investigate
the trade-offs involved in employing such schemes.
J. Anal. At. Spectrom., 2023, 38, 1205–1212 | 1211
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Conclusions

We have demonstrated rapid actinide isotopic analysis on
microgram quantities of solid materials derived from solutions
intended to mimic post-detonation debris. The actinide
concentrations ranged from ∼200 ppm total U to 20 ppb total
Am in basalt matrices. Two methods were used. In the rst U,
Pu, and Am isotopic compositions were measured simulta-
neously, which succeeded in measuring all but 238Pu. A new
“blinking” method was developed specically for 238Pu analysis
in which off-resonant backgrounds weremeasured concurrently
with the resonant Pu signal to correct for interference from
copious 238U and other sources. The new blinking method can
in principle be applied in conjunction with simultaneous acti-
nide analysis by employing new lasers under development in
our laboratory.
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