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ABSTRACT

The European Spallation Source, ESS, is a neutron research facility under construction in Lund, Southern
Sweden. The Facility will produce neutrons by spallation, using a powerful linear accelerator to deliver
protons to a tungsten target. In addition to the desired neutron production, a long list of radionuclides will
be created as by-products of the nuclear reaction inside the target. The Swedish Radiation Safety Authority
has established a list of the most relevant radionuclides, in terms of contribution to the effective dose to
ESS workers and the general public, should an accidental release of irradiated target material occur. This list
includes radionuclides that are not produced by the nuclear energy industry, in particular 78mHf, 182Ta, 187W,
148Gd and !73Lu. Ongoing research efforts aim to determine the best analytical methods to assess these exotic
and often difficult-to-measure radionuclides in environmental samples. This work investigates the potential of
X-ray fluorescence and time-of-flight elastic Recoil detection analysis for the assessment of soil samples, and the
potential of particle induced X-ray emission for the assessment of crop samples. These techniques require only
simple sample preparation steps and no chemical extraction, unlike the conventional environmental monitoring
methods such as inductively-coupled plasma mass spectrometry, and show promise as complimentary methods
enabling fast sample throughput. This study focuses on the analysis of uncontaminated soil and crops, to
provide baseline data, whilst simultaneously assessing the available measurement capabilities. For the X-
ray fluorescence system used in this study, the method detection limit for W in soil was determined to be
0.147 ppth, and Zr which can be correlated with the migration of Hf was clearly measurable.

1. Introduction

operational life of each target have been performed [5]. As operation of
the ESS has not yet started however, no verification of these simulations

The ESS (European Spallation Source) [1,2] is a large neutron re-
search facility under construction outside of Lund, Sweden. The ESS
will produce neutrons through spallation, by delivering a pulsed 2 GeV
proton beam with an average power of 5 MW to a 3000 kg tungsten tar-
get. In addition to neutrons, the spallation process in the target will also
produce a long list of radioactive by-products. Due to the uniqueness
of the beam-energy-target combination employed, the radionuclides in
question are very specific to the ESS, and many do not appear as a result
of activities at more conventional nuclear facilities, or elsewhere in
society. An understanding of how these radionuclides will behave in the
environment is therefore necessary in the event, however unlikely, that
they are released into the environment through a severe accident [3].

The ESS target will be regularly replaced, every five years, and
simulations predicting the radionuclide inventory during and after
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is yet available, as it is for similar facilities [6], and small deviations
from the predicted inventories cannot be ruled out. Assessment of
environmental consequences of the normal operations of the ESS facil-
ity have been reported in detail [7] including, for example, activation
assessments of the soil around the ESS accelerator tunnel [8]. In 2018,
a dimensional accidental scenario of the ESS facility was described by
SSM (the Swedish Radiation Safety Authority) [4] showcasing a list of
the radionuclides, presented in Table 1, that would contribute most to
the effective dose received by a representative person from exposure to
ground deposition, following a worst-case accident. According to this
accident scenario, the radioactive material of the ESS target would be
emitted as an aerosol. Either wet or dry ground deposition would then
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Table 1
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Radionuclides that, in the worst-case accident scenario [4], are predicted to form the primary contribution to the effective dose from ground

deposition during the first year after release.

Nuclide Ty Decay mode Daughter Daughter T, Daughter decay mode Granddaughter
148Gd 74.6 y Pure « 1448m Stable

187w 24 h B,y 187Re 4E+10 y Pure f 1870s (stable)
1724f 1.87 y EC, y 172Lu 6.7 d Bt v 172Yb (stable)
182, 111.7 d B, v 82y Stable

178mpf 3ly T 178 Hf Stable

18w 121.2.d EC 1w Stable

175Hf 70 d EC 175Lu Stable

173Lu 1.37 y EC 173y Stable

occur, depending on the weather conditions, following which spallation
products would start to migrate through the soil column. The uptake of
the deposited spallation products by plants would occur either through
the root system, from direct interception into the leaf/crop matrix, or a
combination of both. The fraction attributed to root uptake in a given
species will depend on the local soil conditions and seasonality. This
scenario, currently forms the basis for dimensioning the emergency pre-
paredness zones and site category classification according to IAEA 2015
guidelines [9]. The fact remains however, that the migration of the
elements listed in Table 1, in soil, has rarely been studied and experi-
mental data on the accumulation of these metals in plants is scarce [10].
Data on the transfer of these metals in the environment is lacking in the
IAEA reference handbook [11] and, consequently, large uncertainties
exist regarding their fate if released into the environment [12].
Environmental contamination by stable W, Hf and Ta usually origi-
nate from industrial- [13], military- [14] and agricultural-activities [15],
as well as from road traffic [16]. Unlike Gd, for which concentrations
exceeding 200 pmol/] in the substrate were shown to be toxic to Ara-
bidopsis thaliana [17], W, Hf and Ta are not considered to be toxic and
the behaviour of these elements in the environment is not well studied.
W has, however, drawn more attention in the recent years due to a
possible connection to cases of leukaemia in the United States[14],
and one study from China on the binding and association of W with
different soil components [13] has found that soil organic matter re-
tained tungsten in soils deeper than 70 cm. The information available
on environmental Ta is summarised in only one review by Filella [18],
and most of the literature found on Hf in the environment is linked
to its separation from Zr. Knowledge on the transfer of the elements
from soil to plants grown on the lands surrounding the ESS is also very
limited, with only one study on the transfer of Hf and Ta to barley [19]
and two on the transfer/toxicity of W to corn and peas[20,21]. The
lack of available transfer parameters for the ESS-related metals between
environmental compartments (i.e. soil, water, plants) currently pre-
vents the development of region-specific radioecological models [12].
Obtaining such parameters from experimental data is essential, and
recent work to improve the external-dose estimates following an ac-
cidental radiological release from ESS [22], shows that wide variation
in the long-term external dose results from parameter adjustment.
Investigation of the limits-of-detection for ESS-specific radionuclides
in soil has been performed by Inductively Coupled Plasma Mass Spec-
trometry (ICP-MS)[10,12], and investigations have even been made
into the possibility of using cyclic neutron-activation analysis [23] with
future compact accelerator-driven neutron sources [24,25]. The ICP-MS
investigations did not indicate any current contamination of the site by
the metals of interest, but the resistance of some of these metals to
chemical extraction highlighted the limits of ICP-MS. There is indeed
a need for other analytical techniques that would not require heavy
sample preparation, in particular in the case of emergency situations.
In the present work, a preliminary investigation is made into the
applicability of IBA (ion-beam analysis) techniques, to investigate metal
concentrations in the environment, through measurements on samples
obtained as part of the “zero-point” radiological assessment [26] of the
lands surrounding the ESS site. It is not the intention that these tech-
niques will replace the use of mass spectroscopy techniques, but to use

them complimentary analysis options to increase sample throughput.
The samples analysed in this work are free from the contaminants that
are of interest to the broader study, and therefore represent important
baseline data to support further studies.

2. Methodology

Soil samples studied in this work were collected from the sites
around the ESS facility shown in Fig. 1(a), with GPS coordinates given
in Table 2, as part of the “zero-point” project [26] and the ongoing en-
vironmental monitoring program performed by Lund University. Crop
samples studied in this work, were collected from harvests, grown in
the fields indicated in Fig. 1(b). All sample measurements in this project
were carried out at the Tandem Laboratory, Uppsala University [27].
In total, five soil samples and three crop samples were analysed, these
representing baseline measurements on uncontaminated samples.

The soil samples were pressed into pellets, 15.5mm in diameter,
and placed in a ventilated oven at 50°C for 24 h to remove moisture
content. The pellets were then weighed, and the thickness of each
was measured to determine density. ToF-ERDA (Time-of-Flight Elastic
Recoil Detection Analysis) measurements were carried out on each
pellet using a 36 MeV 7°Br8* primary-ion beam, at an incidence an-
gle of 67.5°to the sample normal, and recoiled ions detected at an
angle of 45°to the primary beam. The measured ToF-ERDA spectra
were converted into depth-dependent relative atomic concentration
profiles using the Potku software package [28]. XRF (X-ray Fluores-
cence) measurements on each pellet were performed using a table-top
setup consisting of an Amptek Mini-X X-ray tube, with Ag anode and
an Amptek X-123SDD silicon drift detector with an active thickness
of 5mm and a 12.5um Bewindow. The X-ray tube was operated at
40kV and 50pA, using a measurement time of 1800s for all sam-
ples. All measurements were performed in air, with source-to-sample
and sample-to-detector distances both set at 3 cm. During measure-
ment, samples were supported on a 13pm Mylar film, with a 3mm
thick Al-plate shielding the detector from X-rays that could be scat-
tered from chamber components after passing through the sample.
The recorded X-ray spectra were analysed using the PyMCA software
package [29], in which the flux of the X-ray source was calibrated
using measurements on a stoichiometric TiVZrNbHf alloy. Certified
standards NCS-DC73323a (industrial soil, LGC Standards, certificate
expiry Aug-2021) and BRC-667 (estuarine sediment, JRC, certificate ex-
piry Dec-2029) were then analysed to assess the reliability of elemental
quantification, and determine systematic uncertainties for the system
used. The sample-matrix composition used to define self-attenuation
in the XRF analysis, was derived from the ToF-ERDA measurement
results. For this derivation, the elements in the soil samples were
assumed to be found as oxides and the oxygen content, given by
the ToF-ERDA analysis, was thus divided between the other elements
according to their atomic fraction and most naturally abundant oxide
form. The molecular percentages of these oxides were then converted
to molecular mass-fractions for entry into PyMCA.

To assess the method detection limit of W in the soil samples
studied, additional pellets of one soil sample (E3) were produced with
different concentrations of W added to each pellet prior to pressing. W
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Table 2
GPS coordinates, for the sampling locations, for each of the soil samples analysed in
the present work.

Sample Location

E3 N55.74310 E13.24773
E52 N55.73472 E13.24184
E258 N55.7284 E13.25561
E331 N55.73343 E13.25866
E344 N55.73796 E13.27053

was added in the form of WC, in concentrations of 1%, 0.5%, and 0.1%
by weight. XRF analysis was then performed on each pellet according
to the same procedure used for the other soil samples.

Seed samples were cut into 1 mm thick sections and mounted on
an adhesive carbon-based backing for p-PIXE (Particle induced X-ray
Emission) analysis. The p-PIXE analysis was carried out at the scanning
light-ion microprobe [30] in Uppsala, using a 2.5 MeV proton beam
with an average current of around 100 pA and a spot size of approxi-
mately 5pm, scanned over an area of 1 x 1 mm?. Measurement time for
each sample was between 2.5 and 3.5h. The X-ray detector used was
a Princeton Gamma-Tech Si(Li), with an active thickness of 5mm and
a Be window with a thickness of 12.5 um, positioned at a distance of
2.5 cm from the sample at an angle of 135° to the incident proton beam.
Analysis of the PIXE spectra was performed using GeoPIXE [31,32],
to produce elemental-concentration maps of each sample as well as
extracting the total elemental concentrations.

3. Results and discussion
3.1. Analysis of soil using combined XRF and ToF-ERDA

Elemental concentrations, determined by XRF analysis, for reference
samples NCS-DC73323a and BRC-667 are presented in Tables 3 and
4 respectively. Uncertainties include the statistical fitting uncertainty
obtained individually for each element from PyMca, as well as a fixed
22% systematic uncertainty for all elements. Empty entries in Table 4
are due to no certified value being given. Measured values agree
with certified values within the uncertainties. Elemental concentrations
measured using ToF-ERDA and XRF, for each soil sample, are shown
in Tables 5 and 6 respectively, where empty entries indicate that
no clear signals above background were observable. With regards to
the XRF results, elements with proton numbers lower than that of K
were not measurable due to absorption in the detector window and
interference from the Ar K-lines. Measured concentrations were cross-
checked against those listed in the Geochemical Atlas of Europe [33].
For those elements presented in Table 6, reasonable agreement was
found in most cases: measured concentrations for Ca, Ti, Mn and Fe
were found to be generally lower than documented for the area, while
measured values for Cu, Zn and Rb were higher by a factor of two in
all samples. Values for Sr and Zr fall within the expected range for all
samples. A number of lanthanides were identified in the XRF spectra
of some samples which matched well with the typical values given in
the Geochemical Atlas of Europe; Tb, Dy, Ho, Er, Tm, Yb, and Lu were
identified in sample E52 for example, but as the uncertainties on these
measurements put them far outside of the method detection limits, they
have been excluded from Table 6.

For all cases in Table 5, concentrations were obtained by integrating
the elemental depth-profiles, given by Potku, over a depth range of 500
to 1000 x 10'°atoms/cm?. The detection limit of around 0.5 atomic %
is typical for the setup used, although it can be seen that statistical
uncertainties become large as this limit is approached. Within this
limit-of-detection, ToF-ERDA is sensitive to the entire periodic table,
with the exception being to elements with masses close to that of
the primary-ion beam used as signals from these elements are masked
by signals from the primary beam being scattered into the detector.

Nuclear Inst. and Methods in Physics Research, B 556 (2024) 165514

Fig. 1. Maps of the north-eastern part of Lund from were samples were taken: (a)
indicates sites for soil sampling, and where measurements of ambient dose rate and
in situ gamma spectroscopy were also performed; (b) indicates locations of the fields
where crops A -rapeseed, B - barley and C - wheat were sampled.

Source: Figure adapted from [10,26].

A second caveat of the ToF-ERDA results, is that they are unable to
separate elements very close in mass, at least for masses greater then
Ne. Examples of this inseparability, seen in Table 5, are Al-Si, K-Ca
and Mn-Fe, for which a combined atomic % is given. Intercomparison
between the data in Tables 5 and 6 can only be made in terms of Ti,
Mn and Fe, for which inconsistencies are observed. It should be noted
here that only statistical uncertainties are accounted for in the ToF-
ERDA results. In the case of Ti, the concentrations are very close to
the detection limit, and the influence of background counts can easily
account for the discrepancies observed. For Fe and Mn, the mixing
of other elements close in mass cannot be ruled out. These particular
cases, however, are not considered to be of great issue in the context of
these measurements, as the purpose of the ToF-ERDA data is to provide
information on the lighter elements that make up the bulk of each
sample and thus provide an estimate of the sample matrix for the XRF
analysis. The purpose has clearly been fulfilled, as demonstrated by the
data presented in Tables 3 and 4.

Combined, the data presented in Tables 5 and 6 shows promise for
the use of combined IBA techniques in the analysis of such environ-
mental samples. Elements in the range from H to Pb are covered by
the data, with the only gap being Al-Si, which is missed by the XRF
data due to poor low-energy detector-efficiency and only presented as
a combined value in the ToF-ERDA results. It should also be noted
that, other than pellet pressing and very basic dehydration, no sample
preparation was necessary to obtain the data presented. With relatively
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Table 3
Elemental concentrations for reference sample NCS-DC73323a, both certified and as
determined through XRF analysis in the present work.

Element Concentration [mass ppth]
Certified Measured
K 17.76 +£0.50 17.46+4.13
Ti 6.10+0.30 6.10+1.41
Mn 0.51+0.02 0.47+0.14
Fe 70.08 +1.47 69.20+15.33
Cu 0.15+0.01 0.18£0.05
Zn 0.17 +0.01 0.23+0.06
As 0.24+0.02 0.31+0.08
Rb 0.14+0.01 0.23+0.06
Sr 0.04+0.00 0.07 +0.02
Zr 0.27 +0.01 0.37+0.09
Pb 0.25+0.01 0.39+0.10
Table 4

Elemental concentrations for reference sample BRC-667, both certified and as
determined through XRF analysis in the present work.

Element Concentration [mass ppth]
Certified Measured

cl 38.78+9.78
K 22.59+5.27
Ca 45.06+10.16
Ti 3.46+0.83
Cr 0.18+0.02 0.31+0.10
Mn 0.92+0.04 0.71+£0.20
Fe 44.80+1.00 46.65+10.35
Ni 0.13+0.01 0.05+0.02
Cu 0.06 +0.01 0.09+£0.03
Zn 0.18+0.01 0.24+0.06
As 0.02+0.00 0.05+0.02
Br 0.10+0.00 0.12+0.03
Rb 0.19+0.05
Sr 0.22+0.02 0.32+0.08
Zr 0.15+0.04

minor adjustment of the measurement setup, this methodology has the
potential to provide an effective and high through-put solution to soil
analysis.

3.2. Determining detection limits of W in soil

The separability of elemental signals in XRF, although greatly better
than for ToF-ERDA at the higher end of the periodic table, is not an
issue that can be completely ignored in complex samples such as soils.
Detection limits also reduce for XRF as proton number increases, due to
reducing X-ray production cross sections, limited primary X-ray energy
and, in the present case, reduced detector efficiency in the high energy
region. The soil samples, for which results are presented in Section 3.1,
are uncontaminated and significant amounts of Gd, Hf, Ta and W are
not anticipated. It is important, however, to determine the detection
limits of elements such as Gd, Hf, Ta and W in such samples, as they
will be of primary interest in future studies in which doped samples
will be analysed.

Fig. 2(a) shows the normalised XRF spectra recorded for the E3
sample pellet, as well as the E3 pellets with added WC. The positions
of the W L-lines are marked in Fig. 2(a), and the positions of peaks
from Cu and Zn are also labelled. It is clear from these data that
any spectrum from a sample, such as soil, which contains all four of
these elements will be challenging to deconvolve, and detection limits
for these elements will be compromised to some degree. Fig. 2(b)
shows the mass fractions, extracted from the spectra in Fig. 2(a), as a
function of the W concentration in the sample. Uncertainties on the W
concentrations are estimated at 0.5 ppth of the total sample mass, based
on the ability to accurately weigh the small quantities of WC required
for mixing with each pellet. The same uncertainty has been assigned to

Nuclear Inst. and Methods in Physics Research, B 556 (2024) 165514

the 0% W sample, as a complete absence of W cannot be truly ruled
out. Uncertainties on the measured mass fractions of W are assigned
in the manner described in Section 3.1. The shaded region in Fig. 2(b)
shows the 95% confidence interval on the fit to the data points. The
method detection limit for W is taken to be the point at which the 95%
confidence interval meets the X-axis, this being 0.147 ppth.

Although a detection limit for Hf is not explicitly investigated here,
it is interesting to highlight that Zr is observed in all samples. As Zr
and Hf present almost identical chemical behaviour [34], it is possible
to infer the behaviour of Hf that is artificially introduced into an
environment system, based on the behaviour of Zr [35].

3.3. Analysis of crop samples using p-PIXE

Fig. 3 and Table 7 show selected elemental-maps and total
elemental-concentrations, respectively, of the three crop samples anal-
ysed by p-PIXE. The elemental maps presented in Fig. 3, show varying
distributions of Ca, K, Fe and Zn, with Ca seen to be primarily located
in the husks of the seeds while P, K, Fe and Zn are concentrated
in the aleurone layer responsible for the immobilisation of essential
elements bound to phytic acid [36]. Concentration of these elements in
outer layers of the seeds is commonly observed and often used as the
basis for promoting whole grains in diet [37] but, in this context, also
implies that food products made from seeds with the husk removed will
be less likely to carry contamination into the food chain. The wider
range of elements shown in Table 7, demonstrates that elements up
to Cd can be detected in such samples, with concentrations as low as
0.5 ppm, although no Ta, Hf or W was observed above background in
these measurements. Much like the XRF analysis described above, the
PIXE measurements are somewhat limited for higher proton-number
elements by low-detection efficiencies for higher X-ray energies, which
will be addressed in the future by exchange of the detector system.
Unlike the XRF analysis however, for which the energy of the primary
X-rays is limited by the X-ray source, much higher proton energies can
be used for future PIXE analysis increasing the X-ray production cross-
sections for the heavier elements. This increase in proton energy comes
at the cost of a thicker window on the X-ray detector, to shield it from
back-scattered protons, but as it is higher-energy X-rays from heavier
elements that are of interest the loss in efficiency for lower-energy
X-rays can be tolerated.

Another area for improvement in the PIXE measurements, is that
there was no independent verification of the sample matrix as was
performed for the XRF measurements. In the present work, a generic
H-C-N-O matrix for biological material was assumed and entered into
GeoPIXE. This assumed matrix composition has potential to skew ab-
solute concentrations calculated by GeoPIXE, due to the potential for
incorrectly calculated self-attenuation; the results presented in Table 7
should thus be considered as semi-quantitative only. One solution to the
matrix-composition issue is to perform simultaneous OA-STIM (Off Axis
- Scanning Transmission Ion Microscopy) and p-PIXE [38-41]. In such
a measurement, OA-STIM will constrain the H-C-N-O ratios in samples
on a pixel-by-pixel basis; these elements constituting the majority of the
sample matrix. To implement OA-STIM, samples will be sectioned to a
thickness of ~20 pm and pioloform films used to suspend the samples
while still allowing for ion transmission. The procedure for this will be
refined and implemented in the near future.

4. Summary and outlook

Based on the existing source term calculations for the composition
of the ESS tungsten target, the Swedish Radiation Safety Authority has
established a list of radionuclides of most concern in case of environ-
mental release including 178™Hf, 182Ta, 187W, 148Gd and 173Lu. In this
work, the potential of applying IBA techniques and XRF to analyse soil
and crop samples for evidence of these elements has been investigated,
through the study of uncontaminated environmental samples. This
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Table 5

Nuclear Inst. and Methods in Physics Research, B 556 (2024) 165514

Elemental concentrations, determined through ToF-ERDA analysis, for five different soil samples (denoted E331, E344, E52, E258 and E3,
respectively) collect from the lands surrounding the ESS. Data analysis was performed in Potku [28] to obtain concentrations in atomic %,
which were then converted to mass ppth. The uncertainties quoted are derived only from counting statistics in the measured ToF-ERDA spectra

for each element.

Element Concentration [mass ppth]
E331 E344 E52 E258 E3
H 1.7+0.5 1.5+0.6 0.8+0.0 0.0+0.0 0.1+0.0
C 18.4+1.2 27.7+1.8 16.2+2.3 8.4+17 15.0+1.2
N 4.6+0.7 5.2+0.8 47+1.3 3.3+1.3 6.5+0.9
o 483.6+7.1 469.5+7.9 468.8+7.7 446.5+14.9 483.6+8.4
Mg 13.6+1.3 20.3+2.4 17.5+3.5 18.1+4.5 19.8+2.3
Al & Si 403.6 +6.9 382.4+8.3 392.6+14.8 380.2+18.3 352.5+8.1
P 4.2+19 0.0+0.0 2.3+0.8
K & Ca 33.6+2.4 45.3+0.4 44.3+5.8 67.1+9.3 51.8+3.8
Ti 53+1.8 8.9+4.5 89+1.6
Mn & Fe 38.9+2.8 48.0+3.6 45.6+5.4 67.5+10.4 58.9+5.4
Table 6

Elemental concentrations, determined through XRF analysis, for five different soil samples collected from the lands surrounding the ESS. Data
analysis was performed using PyMCA [29]. Uncertainties quoted include both peak-fitting uncertainties given by PyMCA, and a fixed systematic

uncertainty.
Element Concentration [mass ppth]
E331 E344 E52 E258 E3
K 22.61+5.24 16.06 +3.77 22.86+5.31 25.68 +5.94 27.40+6.32
Ca 7.10+1.69 6.37 +1.52 5.78+1.40 7.66 +1.83 7.86+1.87
Ti 3.43+0.82 2.20+0.54 3.55+0.84 4.37+1.03 4.02+0.95
Mn 0.61+0.17 0.29+0.09 0.27 +0.09 0.28 +0.09 0.55+0.15
Fe 23.75+5.29 19.42+4.34 29.22+6.50 28.30+6.29 26.72+5.94
Ni 0.05+0.02 0.03+0.02
Cu 0.01+0.01 0.03+0.02 0.10+0.03 0.04+0.02 0.05+0.02
Zn 0.58+0.14 0.15+0.04 0.20+0.05 0.25+0.06 0.24+0.06
As 0.07 +0.02 0.05+0.02 0.04+0.02
Rb 0.18+0.05 0.14+0.04 0.20 +0.05 0.17 +0.04 0.19+0.05
Sr 0.19+0.05 0.14+0.04 0.19+0.05 0.21+0.05 0.16 +0.04
Zr 0.52+0.12 0.31+0.07 0.38+0.09 0.42+0.10 0.43+0.10
Pb 0.13+0.04
(a) (b)
10! 0.014 1 T:
— E30% W w w w = 0.147
E30.1% W 0.012 1 Fitted line
—— E30.5% W 0.010 95% Confidence Interval i
o — E31% W c + Data
S 200087 |
v @©
7 0]
g 10 = 0.006 -
s ©
3 S 0.004
v
P M 0.002
Cu Zn 0,000
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Fig. 2. Determination of XRF method detection limit for W in soil: (a) XRF spectra for soil samples doped with varying quantities of WC.; (b) fitted W concentration data, with

the 95% confidence interval giving the method detection limit by its zero-crossing.

study is part of an onging effort to determine the best methodologies for
measuring environmental transfer parameters, that will enable accurate
modelling of the migration of these nuclei in the environment, and thus
advise emergency-preparedness protocols relating to the ESS.

Five soil samples, collected from around the ESS facility, were anal-
ysed by combined ToF-ERDA and XRF, and three crop samples were
analysed by p-PIXE. The benefit of combining ToF-ERDA and XRF is
clearly demonstrated, with ToF-ERDA providing concentrations of the
more abundant light-elements and thus providing a well-categorised
sample matrix for the XRF analysis. A method detection limit for W
was determined to be 0.147 ppth, for a representative soil sample. Zr
was also found to be measurable in all soil samples and can be used to

infer the behaviour of Hf, even if Hf concentrations are below detection
limits.

The elemental-concentration maps generated from analysis of the
p-PIXE data, show elemental distributions that correlate with expec-
tations based on the literature. In future, higher proton-energies will
be used, an X-ray detector with greater efficiency in the high-energy
region implemented and samples prepared in a way that will allow for
OA-STIM to be performed in the same measurement. Nevertheless, it
has been showed that the proper combination of IBA methods seems a
promising way to qualitatively assess potential soil contaminations and
their entry into the food-chain through crops.

Further studies are planned for the near future, in which soil ar-
tificially doped with W, Hf and Ta will be analysed after different
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Fig. 3. Elemental-concentration maps, for three different seed types, derived from p-PIXE analysis. Measurements were performed using the nuclear p-probe at Tandem
Laboratory [30], and data analysis was performed using GeoPIXE. Each map is 256 x 256 pixels, and covers an area of 1x1mm?.

Table 7
Elemental concentrations, determined through p-PIXE analysis, for three different seed
types. Measurements were performed using the nuclear p-probe at Tandem Laboratory
[30], and data analysis was performed using GeoPIXE. All concentrations are expressed
in ppm.

Element Concentration [mass ppm]

Wheat Barley Rapeseed
P 4546 + 344 4140+ 310 16687 +£765
S 1811129 1523 +103 6270 +97
Cl 1487 +28 752+25 56130
K 2131+20 1218+13 4715+ 24
Ca 247 +8 143+7 1313+14
Mn 3.9+0.5 1.4+0.3 12+1
Fe 16+0.5 7.4+0.8 33x1
Cu 1.2+0.5 1.3+0.4 2.6+0.4
Zn 5.5+0.9 5.5+0.5 26+3
Br 4+1 <1.6+0.7 <1.4+0.6

weathering periods to assess elemental migration. Cultivation of crops
in doped soil will also be performed, and crop samples analysed to
assess dopant uptake. Results will be used to support future modelling
of the dispersion of the ESS-related radioisotopes in the environment.
This continued work will forward knowledge in the field of radiation
protection, and advise future emergency-preparedness measures for the
general public.
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