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Abstract

A reliable and accurate laser ablation multi-collector inductively coupled plasma mass spectrometry (LA-MC-ICP-MS)
method was developed for analysis of inhomogeneous samples containing uranium particles or aggregates of various enrich-
ments. For the method development, a mixed solid standard was prepared using 1% and 3% 233U enriched certified reference
materials. After screening and localization of the particles of interest, the U isotopic composition was analysed for a 5-um
sample spot determining accurately and precisely the various constituents. Besides the LA-MC-ICP-MS, the standard was
also measured by large-geometry secondary ion mass spectrometry (LG-SIMS) for additional verification.

Keywords Nuclear forensics - Inhomogeneous samples - Uranium - Inductively coupled plasma mass spectrometry - Laser

ablation

Introduction

Nuclear forensic methods aim at providing hints on the
intended use, origin, production time and history of nuclear
and other radioactive materials [1-5]. The scientific meas-
urement results obtained on the evidence enable drawing
nuclear forensic conclusions and may serve law enforcement
as investigative leads. Several characteristic parameters (usu-
ally referred to as “signatures”) can be used to re-establish
the material history, such as physical dimensions of the
material, isotopic composition of U and Pu, impurities or
production date [1, 2, 4], hence to link the material in ques-
tion to a production process or even to a specific facility.
Moreover, traditional forensic evidence associated with the
material may help to identify individuals who handled it
[3,4,6].

Besides the commonly measured bulk characteristics of
the investigated material, the real-world items with inho-
mogeneity bear information at microscopic scale. These
inhomogeneities (e.g. depositions or layers with different
elemental or isotopic composition, often assorted with non-
radioactive materials) can provide potentially additional
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information on the material and its production history other
than the conventionally applied techniques. Confiscated
radioactive samples, e.g. contaminated scrap metals or U
pellets are typical examples, where inhomogeneity has been
encountered [7-10]. The importance of examining the inho-
mogeneity of the sample and the currently available meas-
urement capabilities were underlined during the Collabora-
tive Materials Exercise (CMX-5) organized by the Nuclear
Forensics International Technical Working Group (ITWG)
in 2017 [7]. A study by Jovanovic et al. compared the use of
different analytical methods to characterize the inhomogene-
ous uranium isotopic compositions of uranium pellets, which
were manufactured with distinct production routes and levels
of inhomogeneity, but had identical bulk uranium isotopic
compositions [8]. Only few analytical techniques are capable
of measuring the isotopic composition with spatial resolu-
tion (down to micron scale) directly, such as secondary ion
mass spectrometry (SIMS) [9-12], and laser ablation (LA)
coupled to an inductively coupled plasma mass spectrometry
(ICP-MS) [13, 14].

The aim of this study was to develop a reliable method by
LA-MC-ICP-MS for spatially resolved U isotope measure-
ments of solid samples down to um scale. As the results of
such measurements form the basis for important decisions by
the investigative authorities, the method requires exhaustive
validation for defensible conclusions. The analytical settings
and instrumental conditions (e.g. ablation cell type, laser
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beam diameter or scan speed) may fundamentally modify
the elemental concentration and can change the obtained
pattern [15, 16], this alteration is also expected for isotope
ratios. Thus, the instrumental parameters need to be opti-
mized, potential effects need to be corrected for and finally
a careful validation of the method is required. To this end,
a synthetic mixture was prepared by blending powders of
two certified reference materials (CRMs) with 1% and 3%
235U enrichments. As only a transient signal can be obtained
by laser ablation ICP-MS, the precision of the measured
isotope ratio is limited by counting statistics and by time
dependent variation of the measured ion currents. There-
fore, additional effort was invested to develop a method with
improved precision.

Experimental
Materials and instrumentation

The measured U samples, SRM U-010 and SRM U-030, are
standard reference materials in form of U;Og purchased from
National Bureau of Standards (NBS, Washington DC, USA),
presently distributed by New Brunswick Laboratory (NBL,
Argonne, IL, USA) [17, 18]. The certified **U/**3U and
25U/%8U amount ratios of SRM U-010 are 5.47(5)x 107>
and 1.0140(10)x 1072, respectively [17], while the certi-
fied 2*U/**U and **U/*¥U amount ratios of SRM U-030
are 1.961(10)x 10~* and 3.1430(31) x 1072, respectively
[18]. The particles were different in size, ranging from sub-
micrometer to hundreds of micrometer.

A NuPlasma™ (NU Instruments, Wrexham, United King-
dom) double-focusing multi-collector inductively coupled
plasma mass spectrometer (MC-ICP-MS), equipped with 11
Faraday detectors and 3 discrete dynode electrode multipli-
ers was used for the U isotopic measurements. The MC-
ICP-MS was connected to a NWR-213 laser ablation unit
(ESI, Huntingdon, UK) for solid samples. The instrument
was operated in low mass resolution mode (R=300). The
MC-ICP-MS was optimised daily (torch position, gas flows,
voltages) using a 30 ng g~!' multi-elemental solution (Inor-
ganic Ventures, Christiansburg, USA). The optimisation
aimed at achieving highest sensitivity and stability of the
acquired U signal. The sensitivity was about 6 V for 23¥U™.
The LA system was equipped with a two-volume cell (called
TV2 cell in this design) to eliminate cross-contamination of
other samples and within the LA chamber. Before the actual
LA analysis, the sample was pre-ablated (i.e. the surface was
cleaned and smoothened) with the laser beam (diameter:
50 pm, scan rate: 50 pm s~ ). If the sample surface contains
relevant information, the pre-ablation may not be necessary.
Here, this was used to avoid any contamination from the
laboratory press. The raw data were corrected for the gas
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blank. Mass bias correction and ion counter gains were cal-
culated using a NBS U-020 CRM pellet that was measured
before the analysis of each sample. Further details of the
instrumentation and optimization can be found elsewhere
[19]. Detailed instrumental settings and data acquisition
parameters are given in Table 1.

The depth of the laser ablation crater is < 100 nm with
the applied low fluence (corresponds to <2 um? in volume
for a single laser shot with 5 pm diameter) [19]. Thus, for
a 100 pm line with 5 pm laser diameter <2 ng material is
required for the analysis. The laser ablation diameter can
go down to nominally 2 pm, so this is the smallest spatial
resolution which can be detected from the LA point of view.

The LG-SIMS measurements were performed on a
CAMECA IMS 1280-HR, a large geometry double focus-
ing magnetic sector secondary ion mass spectrometer (LG-
SIMS). The search for U particles was done in raster imaging
mode using 500 pm X 500 pm areas over the whole sample
planchet. The microbeam measurements were performed on
individual particles over a smaller area (10 pm X 10 pm).
Further details can be found elsewhere [20].

The U samples were observed also by scanning elec-
tron microscopy (SEM) using a Vega Tescan instrument
(TS5130LSH, Czech Republic) to investigate the particle
morphology. The SEM was operated at 20 kV with a typical
emission current of 50 pA. Before the analysis, the sam-
ples were coated with a thin carbon layer to avoid charging
effects on the surface.

Preparation of U standards

The solid U standards were used as such, without further
manipulation (i.e. no dissolution or grinding) to preserve
their original characteristics, in particular the shape of the
particles, as much as possible. Besides measuring the SRM
U-010 and U-030 standards alone, an approx. 1:1 mixture
of the CRMs was prepared. For this, the U-010 and U-030
standards were mixed in a plastic vial and homogenised by
gentle shaking for 10 min. This procedure was performed
in a careful manner to avoid deterioration of the particles.
The powder samples were then pressed into pellets with
an X-PRESS hydraulic laboratory press (Spex Industries,
Metuchen, USA) using 2 tons for 8 min. The pellets’ diam-
eter was 5 mm and the height was approximately 1 mm. In
order to avoid contamination of the hydraulic press and to
evade cross-contamination, pre-cleaned plastic covers were
used on both sides of the pressed pellet. No binder was used.
By visual inspection and scanning electron microscopy,
large grains (up to 200 pm) with smaller particles on the
surface (around 1 pm) were observed (Fig. 1).

The individual U standards and the mixture were also
measured by LG-SIMS. Even though the LG-SIMS cannot
validate the LA-MC-ICP-MS results (the measured samples
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Table1 MC-ICP-MS and LA

. MC-ICP-MS instrument settings
operating parameters

Forward power (W)

Cooling gas flow rate (L min™')
Auxiliary gas flow rate (L min~')
Nebulizer gas flow rate (L min~!)
Data acquisition

Mass resolution

Number of spectra acquired
Magnet delay between blocks (s)
Scan type

Time of data point acquisition (ms)
Cup configuration”

Laser ablation conditions
LA-system

Laser type

Ablation gas

Ablation gas flow (mL min~)
Pulse duration (ns)

Wavelength (nm)

Repetition rate (Hz)

Fluence (J cm‘z)

1300

14.0
0.98-1.05
0.90-0.98

~300

~2700

2

Static multi-collection

200

ICO: U, IC1: 24U, L1: U, L3: 28U

NWR-213 equipped with TV2 cell
Nd:YAG

He

50

2.1

213

5-10

0.2-1.9

*L1 and L3 denote Faraday detectors; ICO and IC1 denote discrete dynode electron multipliers operated
in pulse counting mode. ICO is also equipped with a retardation filter for improving abundance sensitivity

Fig. 1 Optical microscopy
image of the obtained pressed
pellet for LA measurements (a)
and SEM image of an U particle -
of SRM U-010 (b) "

[Tt

are in different forms), it can verify the LA findings. For the
LG-SIMS measurement, the materials were analysed in the
native powder form, i.e. a very small amounts of the U sam-
ples (in pg range) were placed on cotton swipes. The parti-
cles from the swipes were transferred onto a planchet (SPI
Pyrolytic Graphite Planchet, 25.4 X 3.2 mm) using a vacuum
impactor technique [21].

View field: 92.44 pm  Det: SE Detector
SEMHV:20.00kV  Name: 8
SEM MAG: 7.50 kx

VEGAW TESCAN
20 pm g
European Commission JRC Karlsruhe n
19091469-Varga

NBS U-010

Results and discussion
LA-MC-ICP-MS characterization of the mixture

The mixture of SRM U-010 and U-030 was analysed by
LA-MC-ICP-MS to investigate its isotopic properties.
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Before the actual measurement, pre-ablation was per-
formed on the sample with the same laser conditions,
but only with larger laser beam size in order to clean the
surface and decrease the surface roughness. Besides the
observable large grains by optical microscopy, the LA
analysis revealed isotope inhomogeneity in the sample.
Several chromatograms (i.e. isotope ratios vs. ablation
time) were obtained and values between 1% and 3% 2*°U
enrichment depending on if single particles or particle
agglomerations were measured. Subject to the start-
ing point and the position of the ablation, the measured
23Uenrichment values can be anything between 1% and
3%. For the sake of easier understanding, a representa-
tive chromatogram was chosen from the measured set as
an example (Fig. 2). In the line scan, large and relatively
homogeneous agglomerates up to 200 pm can be identi-
fied, while the sharp variations (spikes) belong to smaller
particles.

The mixture was also measured by LG-SIMS: an auto-
mated screening measurement found 2200 uranium particles.
More precise microbeam measurements were performed on
30 individual particles and showed two distinct **>U enrich-
ment populations of about 1.01% and 3.06% (Fig. 3). This
finding agreed well with the certified values and confirmed
the validity of the obtained LA-MC-ICP-MS results.

Figure 4 shows the measurement of the individual SRM
U-010 and U-030 standards by LG-SIMS. It has to be noted
that two slightly different, but statistically significant distinct
groups of 22U enrichment for the SRM U-010 material were
visible: one is centred around 0.97%, another one is 1.01%;
while the SRM U-030 is more isotopically homogeneous
at particle level. One has to note that these reference mate-
rials are intended for bulk measurements and not for the
particle-level U isotopic measurement. The NBL Program
Office recommends the use of 1 mg or more of this mate-
rial as stated in the certificates of the CRMs [17]. However,

Fig.2 Line scan of the mixed 0.035
sample, 80 um line (conditions: 20 um
laser beam size: 3 pm, scan 0.030
speed: 1 pm s, repetition rate:
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Fig.3 LG-SIMS measurement of the SRM U-010 and U-030 mixture

as the 2*>U abundance spread is lower than the uncertainty
of LA-MC-ICP-MS analysis features, it will not affect the
precision of the present study.

Effects of laser ablation parameters

As the instrumental parameters have a vital effect on the
measured signal and thus on the final results, they have to
be checked and optimized before the analysis. This effect
was demonstrated in the case of elemental concentration
[15]. The main factors affecting the result (besides the other
parameters defined by the instrumental setting) are found to
be the laser beam diameter, scan speed and repetition rate.
In order to investigate the effect of the laser beam diam-
eter, a pre-ablation was performed on the sample to remove
the surface contamination and to have an identical surface.
The pre-ablation width was 50 pm, which is much larger

Laser on

60 80 100 120 140 160
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Fig.4 LG-SIMS measurement of the individual particles of SRM U-010 a and U-030 b CRMs

than the maximum of the applied laser beam diameters. To
compare the various laser beam diameters, the ablation was
performed in the same line successively with a laser beam
diameter of 3, 8 and 20 pm, respectively. After this ablation
series, the analyses were repeated once more on the same
line to make sure that the sample ablation did not change the
observed pattern. The repeated measurements with the same
laser beam diameter resulted in identical values within the
measurement uncertainty. In order to demonstrate the LA
effect on the obtained signal, a specific area was chosen,
which contained a distinctive pattern: two particles of SRM
U-030 embedded in larger amount of SRM U-010.

The obtained LA scans on the same line, using different
beam diameters together with the respective histograms are
shown in Fig. 5. The isotopic pattern is recognizable in all
cases; however, there are clear differences in the measured
signals using different beam sizes. The sharp peaks (spikes),
belonging to the small particles, are observed only with the
smallest laser beam diameter (i.e. less than the particle
diameter). Thus, by applying a smaller laser beam diameter
more sharp peaks and fine structures are visible. Moreover,
when smaller laser beam diameter is used, the measured
235U/238U isotope ratios are closer to the certified isotope
ratios of the two starting materials. It has to be emphasized
that a too big laser beam diameter will yield to an averaging
effect as several adjacent particles are measured together.
In other words, spatial information is lost and, by conse-
quence, inaccurate isotope ratio results are obtained result-
ing in misleading interpretation. The reason for this is that
if the laser beam diameter is higher than the later size of
the particle, one will get the mix (average) of this ablated
particle with the adjacent environment. This is reflected in
particular in the histogram in Fig. 4 C, where the **U/**U
amount ratios of the constituting CRMs are not observable
due to the too high laser beam diameter. Moreover, use of a

smaller beam diameter is vital for 2D-imaging, as the fine
structure of the surface can only be acquired with a small
diameter, otherwise only a blurred image is obtained [15].
A disadvantage, however, is that in this case a smaller area
of the sample can be covered compared to larger laser beam
diameters and the areas of interest may remain undetected.
Therefore, it is advisable to screen other areas of the sample
as well to compensate for this. As the typical LA analysis
time is only a few minutes, it is doable to scan several areas
to obtain comprehensive information.

The sample was also analyzed with different scan speeds
(1, 5, 10 um s™') keeping the laser beam size constant
(3 pm). Higher scan speed resulted in the same effect simi-
lar to larger laser beams: If too fast scanning speed is used,
significant areas are measured together with the surround-
ing areas resulting an averaging with the adjacent positions.
Moreover, the measured isotope ratios can also be errone-
ous depending on the particle size similar to the laser beam
diameter. In this case, the overall measurement time is also
affected: more analysis time is needed at lower scan speed.
The repetition rate should be adjusted to the laser beam
diameter and scan speed not to have non-measured (missed)
points [15].

To sum up, both the laser beam diameter and scan speed
have a substantial impact on the accuracy and required anal-
ysis time. Therefore, it is advisable to analyze and scan dif-
ferent areas of the sample using different LA beam diameter
and scan speed.

Precise measurement of an area of interest
The biggest challenge in the precise measurement of a
LA signal is the transient (time-dependent) behavior [21].

In this case, only a short signal is obtained as a function
of time. The resulting isotope ratios have poor precision,

@ Springer
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Fig.5 Measured LA-MC-ICP-MS chromatograms and the respective
histograms (note the fixed x range for the histograms) measured with
different laser diameter (scan speed was fixed to 1 pm s~') on the

as only a few data points are acquired for a given posi-
tion. A possible solution to this issue is a two-step pro-
cess, where the first step is to screen the area of interest
(localization) using line scan. In a second step, when the
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Bin (%*5U/%8U amount ratio)

same line. Laser ablation diameter A: 3 pm, B: 8 pm, and C: 20 pm.
The 235U/2*8U amount ratios of the constituting U reference materials
are also indicated

point-of-interest (POI), e.g. higher 2*>U abundance has
been found and selected, a spot analysis is performed on
that small area resulting in a more precise measurement
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results. In practice, this method can be realized in the fol-
lowing way:

1. Pre-ablation (sputtering) of the area with larger LA
beam diameter before the measurements.

2. Screening of the investigated surface using a line scan
keeping the y coordinate constant. The coordinates of
the starting and end points are marked ((x,,,,, y) and
(x,,¢ ¥), respectively). The speed of the line scan is
known and should be kept constant.

3. The U isotope ratio as a function of time (chromato-
gram) is measured by ICP-MS. A number of spectra
are acquired during the measurement along the screened
line.

4. As the end points of the chromatogram are sharp, the
(Xgqrp ¥) and (x,,, y) points of the real sample can be
assigned to the chromatogram (Fig. 6). Knowing the
constant speed of the laser ablation, the position of the
measured signal in the chromatogram can be assigned
to sample positions (i.e. the measured spectrum num-
ber at a certain position can be assigned to (x, y) of the
sample). Then, using the chromatogram the measurable
positions (POIs) can be selected.

5. The sample on the laser ablation stage can be moved to
the required (xp,;, y) position to perform the precise spot
measurement with fixed stage position.

For instance, if 400 spectra are taken for a 200 pm line at
constant ablation speed, the 100 spectrum belongs to the
position 50 pm from the start of the LA signal. Then the LA
stage can be moved to this (xp,; y) position to execute the
fixed, precise isotope ratio measurement.

Fig.6 Image of the real sample
(down) together with the respec-
tive chromatogram obtained by
LA-MC-ICP-MS. The selected
POIs and real positions are
marked

0.035

0.030

0.025

0.020

0.015

235 /238 amount ratio

0.010
0.005

0.000

Real sample image:

An example is shown in Fig. 6. Firstly, a line scan was
performed on the pre-ablated surface (pre-ablation condi-
tions: scan speed of 50 pm s~! and laser diameter of 50 pm)
to screen the sample and localize the POIs. The conditions
for the screening (line scan): scan speed of 1 pm s~! with the
laser diameter of 3 pm. When the POIs were selected based
on the chromatogram and the correlation of the spectrum
number vs. the y position was calculated, the laser stage
was moved to the exact (x, y) position to perform a spot
measurement. The overall procedure (screening and precise
measurement) is somewhat similar to SIMS particle locali-
zation [20].

Table 2 shows the measured spot results of the selected
POIs. Three replicate measurements were performed on the
selected position using a 3 pm laser beam diameter. The
major 2>>U/**8U amount ratio can be determined with a rela-
tive uncertainty of 0.76—1.8%, while the minor 24U/238U can
be measured with a relative uncertainty of 5.7-7.1%. These
uncertainty values are a factor of 3—6 higher than the U iso-
tope ratio uncertainties of individual SRMs without mixing

Table 2 Results of the spot analysis on the selected POIs (n=3). The
given uncertainties are expanded uncertainties with a coverage factor
of k=2

Point-of-interest  2>*U/**¥U amount ratio 234U/238U amount ratio

@ POIL 3.013(23)x 1072 (0.76%)  1.88(11)x 107™* (5.9%)
@ POl 1.51327)x 1072 (1.8%)  8.78(53)x 107> (6.0%)
® POl 2.743(22)x 1072 (0.80%) 1.70(12)x 107* (7.1%)
@ POI 2.983(29)x 1072 (0.98%) 1.86(12)x 107* (6.5%)
® POI 1.193(18)x 1072 (1.5%)  6.66(38)x 107> (5.7%)

Laser on

< »
<«

40 60 80 100 120 140
Time (s)

40 Um
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[19]. Note that the mixing and not the LA measurements
result in the higher uncertainties.

In order to identify the number of constituents, a previ-
ously developed method can be used [16]. Afterwards, the
precise the 22*U/2*8U and 2*>U/2*U of the constituents can
be measured with the present technique.

Conclusions

In the present work an improved method for the accurate
measurement and validation of the U isotopic composition
in inhomogeneous samples was developed. Those impor-
tant instrumental parameters, which can cause erroneous
results, were investigated. In order to precisely measure the
U isotope ratios, a two-step procedure was developed: First
screening and localizing the POIs in the sample by a line
scan, and then in the second step performing a precise spot
measurement on the selected area. The real nuclear forensic
samples were simulated with a specially prepared mixture of
certified reference materials and a method comparison and
verification using LG-SIMS measurement. The method can
be applied in nuclear forensics, e.g. for contaminated scrap
metal samples or U fuel pellets when powder blending pro-
cess is suspected. Besides that, the method can be extended
to 2D maps for larger areas [16] or to the measurements of
other elements, e.g. rare-earth elements or other elements
commonly associated with U, to improve the origin assess-
ment of unknown illicit materials.
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