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ABSTRACT: Cesium-134 and -137 are prevalent, long-lived, radio-toxic contaminants released into the environment during
nuclear accidents. Large quantities of insoluble, respirable Cs-bearing microparticles (CsMPs) were released into the environment
during the Fukushima Daiichi nuclear accident. Monitoring for CsMPs in environmental samples is essential to understand the
impact of nuclear accidents. The current detection method used to screen for CsMPs (phosphor screen autoradiography) is slow and
inefficient. We propose an improved method: real-time autoradiography that uses parallel ionization multiplier gaseous detectors.
This technique permits spatially resolved measurement of radioactivity while providing spectrometric data from spatially
heterogeneous samples—a potential step-change technique for use after nuclear accidents for forensic analysis. With our detector
configuration, the minimum detectable activities are sufficiently low for detecting CsMPs. Further, for environmental samples,
sample thickness does not detrimentally affect detector signal quality. The detector can measure and resolve individual radioactive

particles >465 um apart. Real-time autoradiography is a promising tool for radioactive particle detection.

1. INTRODUCTION

Cesium-134 and -137 are fission product radionuclides that are
often released into the environment from the civil nuclear
industry (e.g, from nuclear power plants during routine
operations, reactor accidents, etc.). Cs isotopes are also
released during nuclear weapon tests.' > Due to cesium’s
volatility and the relatively long half-lives of Cs-134 and Cs-
137 (2.0652 and 30.08 years, respectively), radio-Cs isotopes
present an environmental concern as they are often a
significant contributor to radiation doses in areas impacted
by nuclear fallout.>*

Radio-Cs can be discharged into the environment in the
form of aerosol, soluble aqueous solution, or as part of
sparingly soluble particles.”* Significant amounts of Cs were
released into the environment during the 1986 Chernobyl
(132 PBq) and the 2011 Fukushima Daiichi nuclear power
plant accidents (32 PBq).””"" Atmospheric release of radio-Cs
aerosols results in plumes of radio-Cs, which are distributed by
air-mass movements. Radio-Cs in the plumes is subsequently
brought to the §round by wet deposition via precipitation or
dry deposition.'”"* Since radio-Cs has a high affinity for clay
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minerals, it often undergoes sorption to clayey soil
particles.'»"> In addition, plants can uptake Cs from air or
water, "7 introducing radio-Cs into the biosphere, which
dominates dose in the impacted regions.

After the Fukushima Daiichi nuclear power plant (FDNPP)
accident, which provides motivation for this study, radio-Cs
derived from atmospheric fallout was presumed to have
become largely associated with clay minerals in regional soils."*
As a result, early remediation efforts focused on removing the
uppermost centimeters of the soil profile in contaminated
areas. The contaminated soils were then transported for
interim storage in local facilities."® However, in 2013, discrete
microparticles containing very high specific activities of radio-
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Figure 1. Schematic diagram showing a cross section through the BeaQuant (using a GS12-08 sample holder of size 120 mm X 80 mm). The
components of the detector are contained in a gas mixture of 90% neon and 10% carbon dioxide, at a pressure of 1.1 X 10° Pa. The electron
trajectory in red shows an example of an emitted ~ particle and its interaction with the gas within the chamber of the detector.

Cs were found in air filters and regional soils.'” The Cs-rich
microparticles are now known in the literature as
CsMPs.'”***? These particles were generally in the micron
size range with specific activities of ~10'" to 10" Bq/g (10’
times higher than radio-Cs sorbed onto clay minerals in the
FDNPP exclusion zone),” and subsequent work has shown
them to be sparingly soluble.”*' Due to their size, CsMPs have
the potential to be inhaled and possibly retained in the human
lung.”"** Inhalation of CsMPs could expose humans to an
internal dose. Recent studies on CsMP exposure to human
primary lung fibroblast and bronchial epithelial cell lines have
shown that the radiation dose from a CsMP induces
inflammatory signaling and DNA damage responses within
24 h.”® In addition, some radioactive microparticles from the
FDNPP contain very high concentrations of radio-Cs that
could potentially provide discrete external dose to the skin.*®
Based on the dose calculations, 0.5—1 h skin contact with such
particles can potentially cause skin lesions.

Research by Ikehara et al. has shown that a substantial
amount of CsMPs were released from the FDNPP and
contaminated a widespread area. They found that the fraction
of total Cs radioactivity in environmental samples associated
with CsMPs, collected from 20 sites, ranged from 1.63 to
80.2%. Further, in the same samples, the number of CsMPs in
the soils ranged from ~1 to 318 particles per gram of soil.”®
Moreover, CsMPs can be transported (e.g, as dust in the air,
by flowing water, etc.), resulting in an unpredictable, changing
radio-Cs distribution in the environment.””*° Given the
existence of CsMPs and their potential long-term impact on
the environment and human health, it is essential to detect,
evaluate, and differentiate the varying forms of radio-Cs
(micro-particle or bulk) found in samples.

Current methods used for the detection of radio-Cs in
environmental samples include y spectroscopy and auto-
radiography. y spectroscopy is routinely used for the
measurement of bulk radio-Cs activity concentrations.'®*!
Use of the peak energies at 604.7 keV (Cs-134) and 661.7 keV
(Cs-137) also enables accurate measurement of Cs-134/Cs-
137 isotopic ratios, which can be used to identify the origin of
Cs releases.”” Autoradiography is an imaging technique that
provides high-resolution two-dimensional images of radioactive
emissions from a sample. Analysis of air filter samples taken
during the FDNPP accident with phosphor screen auto-
radiography first highlighted the presence of CsMPs.*”
Autoradiography has also been applied to soil samples to

show the presence of CsMPs,*'” and it has been used to
differentiate between Cs emissions from clay minerals in soils
and CsMPs via the “quantification of CsMPs” (QCP)
method.”® Subsequently, the QCP method has been used to
quantify and map the amount of CsMPs located in different
soil samples collected in Japan.”® Contaminated filter or soil
samples were exposed to an imaging plate to obtain the spatial
positions of the radioactive particles.'””> Thereafter, the
sample near the hotspot is extracted and prepared for another
round of autoradiography. The process of autoradiography and
extraction is repeated until there are insignificant amounts of
sample other than CsMPs left.

The current technique of sample-splitting using phosphor
screen autoradiography is laborious and time-consuming.
Moreover, it is essential to get the exposure time of the
samples to the imaging plate correct to prevent over- or
underexposure. This is difficult and prone to error for samples
of unknown activities, resulting in repeated, time-consuming
measurements with different exposure times. Another limi-
tation of phosphor screen autoradiography is the inability to
perform nuclear spectrometry directly. This technology does
not permit energy-based count separation, thus making it
impossible to separate or identify different radionuclides in the
same sample.

Real-time autoradiography in direct counting mode usin%
micro-pattern gas detectors (MPGDs) has been developed.
It can eliminate the problem of sample over- or underexposure
as faced in phosphor screen autoradiography. An example of
such a detector is the BeaQuant. It employs use of a parallel
ionization multiplier (PIM) structure (thin sandwich of two
metallic micromeshes) to achieve pre-amplification close to the
sample surface.”* For such techniques, the autoradiograph can
be immediately seen during the measurement and the sample’s
radioactivity can be gauged without stopping the acquisition.
In contrast to phosphor screen autoradiography, which
provides an image that is indirectly measured by the photo-
stimulated luminescence of the imaging plate, real-time
autoradiographs construct the image by directly measuring
the individual decay emitted from the sample.”” Due to the low
density and thickness of the active gas media, MPGDs are
largely insensitive to y radiation at room temperature and
atmospheric pressure. Furthermore, MPGDs could be used to
identify individual radionuclides in the sample/autoradiograph
as they record the energy of the emitted radiation.”® Here, the
energy difference between different emissions needs to be
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substantial. Given the advantages of real-time autoradiography
with an MPGD over phosphor screen autoradiography, we
explored the limitation of the detector, improved our
understanding in applying MPGDs to samples containing
radio-Cs, and discussed its possible application for monitoring
of environmental radioactivity.

Figure 1 shows a schematic diagram of a BeaQuant detector
showing its working principles. A sample is loaded onto a
sample holder (labeled as “micromesh 1” in Figure 1). The
BeaQuant (Figure 1) is made up of two to three (depending
on the sample holder) stainless steel woven micromeshes,
which have a high voltage applied to them. As a result, an
electric field is produced between the meshes, producing two
different types of space: an amplification space (with a higher
electric field) and a drift space (with a lower electric field).
When a Cs-134 or -137 atom emits a §~ particle, the particle
will travel through the detector and undergo ionization
through interaction with the detector gas, thus forming an
ion—electron pair. During an ionization event in the
amplification space, electrons will undergo an avalanche,
which amplifies into an electron cloud. In the drift space, the
electrons will not be amplified, instead, they will travel toward
the reading floor. Ultimately, the reading floor records the
electron-cloud-induced signals, which are then used for image
reconstruction.

Although the employment of MPGDs in the detection of
radio-Cs is attractive, theoretical understanding of the detector
properties and response to radio-Cs must be improved to make
a sensible, reliable analysis of environmental samples.
Detection limits are required to reliably (with a level of
significance) differentiate between the presence or absence of
radio-Cs in a sample. Further, in order to determine if a PIM
gaseous detector can separate radio-Cs isotopes (i.e., Cs-134
from Cs-137) by deconvolution, the energy deposition of
radio-Cs isotopes in the detector must be evaluated. Finally,
sample thickness will play an important role in affecting the
signal quality of autoradiography. In a real-life environmental
sample (for example, CsMPs in soil), radio-Cs atoms that are
not at the sample surface will produce a greater spread of data
and lower intensity.

Reflecting the above, the objective of this study was to
generate a framework for measuring radio-Cs in environmental
samples with the PIM structure, using Monte Carlo
simulations with a GEANT4 toolkit and Cs-134 and Cs-137
samples of known radioactivity. To achieve this, we sought to
evaluate the detection limits of a detector configuration,
explore the possibility of separating Cs-134 and Cs-137
radioisotopes based on their energy spectrum by deconvolu-
tion, and examine the effects of sample thickness on the signal
of the autoradiograph acquired.

2. RESULTS AND DISCUSSION

2.1. Novel Radio-Cs Standards for Detector Assess-
ment. Two novel types of radio-Cs standard samples, thin-
layer (to minimize self-absorption of emitted radiation)
samples, and Cs-134 labeled particles, respectively, were
synthesized. The thin-layer samples were used as a simplified
standard to obtain the detection limits of the detector as well
as to test the deconvolution of Cs-134 and Cs-137 emissions
from the same sample. The Cs-134 labeled particles were used
to simulate reallife environmental radio-Cs particles (e.g.,
CsMPs) in samples of varying thicknesses. More details on
sample synthesis can be found in Section 4.

2.2. Detection Efficiency and Limits. The intrinsic
efficiency of the BeaQuant system for both Cs-134 and Cs-137
was determined using the calibration curves acquired from
thin-layer samples (Figure S1) and the computed fraction F,
from our simulation, where

F = number of electrons incident on detector
=

number of radiation quanta emitted by source (1)

The intrinsic efficiency €;,, defined as the ratio of the
number of pulses recorded to the number of radiation quanta
incident on the detector, is given by

E )

where €, is the absolute efficiency and F, is the fraction of
electrons incident on the detector over the total B particles
emitted from sample. The values of fraction F, and the
efficiencies (e, and €;,,) for both Cs-134 and Cs-137 are listed
in Table 1.

Table 1. Fraction F, and Efficiencies (€,,, and €;,,) for the
Detection of Cs-134 and Cs-137 with the BeaQuant
System”

radioisotope €5 (%) F, €ine (%)
Cs-134 11.94 + 0.32 0.526 22.7 + 0.6
Cs-137 11.08 + 0.83 0.675 164 + 13

“The fraction F, (rounded off to 3 sig. fig.) was calculated using eq 1,
the absolute efficiency was calculated by averaging the ratios of all
seven data points from the calibration curves (Figure S1), and the
intrinsic efficiency was calculated using eq 2. Uncertainty for absolute
efficiency represents the standard error for the seven samples, while
uncertainty for intrinsic efficiency was calculated using error
propagation.

The intrinsic efficiency of the detector is independent of
sample geometry or exposure time; it primarily depends on the
detector’s properties and radiation energy. Hence, given the
intrinsic efficiencies reported in Table 1, coupled with
computations of fraction F, (which accounts for sample
geometry), we can calculate the activities of any Cs-134 or Cs-
137 samples so long as the sample geometry is known.
Moreover, since the detector has a linear response,
quantification of the Cs activities can be done without
measuring the calibration standards simultaneously with the
samples. This is an advantage over the traditional phosphor
screen autoradiography, where the calibration standards must
be exposed alongside the samples for quantitative measure-
ment. In addition, the absolute efficiency of the BeaQuant
system (11.94 and 11.08% for Cs-134 and Cs-137,
respectively) is higher than y spectroscopy (4.98 and 4.59%
for Cs-134 604.7 keV peak and Cs-137 661.7 keV peak,
respectively) for the same sample.

Polymerized-methyl methacrylate (PMMA) standards have
already been used for the calibration of the PIM gaseous
detector.”?”*® The thickness of PMMA standards is
important to account for the sample density and radioactive
particle range in porosity studies of bulk samples. However, the
application of PMMA standards into radioactive surface studies
requires an extra computational step to convert bulk volume
activity concentration to surface activity concentration.”” On
the other hand, thin-layer samples are more suitable for
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Figure 2. Computed electron energy spectra from Cs-134 and Cs-137. (A) Comparison of the electron energy found on the sample surface (in
contact with the detector) for Cs-134 and Cs-137 emissions. The breakdown in terms of different electron energy contribution from various physics
processes (based on GEANT4) is shown for (B) Cs-134 and (C) Cs-137, respectively. Other processes include the photoelectric effect, Auger
electrons, and Compton scattering. The values in the y-axis (number of electrons per primary particle) were obtained via the division of the number
of events recorded in each energy bin by the total number of decay events simulated (1,000,000).

radioactive surface studies, such as surface contamination or
Cs-containing particles in thin sections. The thickness of the
PMMA standards results in a more complicated geometry
compared to thin-layer samples. In thin-layer samples, there is
minimal loss in electron energies due to their thin nature. In
addition, the sample preparation for the thin-layer standards is
less time-consuming and safer compared to PMMA standards,
which require sawing and polishing of radioactive materials
after the polymerization process. The high coefficient of
determination for the linear fit (Figure S1) obtained from the
Cs-134 and Cs-137 calibration curves (R* = 0.996 and 0.998,
respectively) proves that the thin-layer standards are a viable
option for calibration of radioactive surface studies.
Currently, there are no efficiency calculations for the
detection of radio-Cs using this type of MPGD found in
other studies. As a result, the efficiency attained in this paper
cannot be validated. However, in the future, this method of
sample preparation and analysis can be applied to other
radionuclides of interest to obtain their intrinsic efficiencies.
These values could then be cross-referenced to other studies
(e.g., efficiency for carbon-14 = 36% and efficiency for barium-
133 = 82.1%) to evaluate the validity of this method.”>**
Our study also evaluated the critical level L, detection limit
Np, and minimum detectable activity MDA per unit area for
the detection of radio-Cs using the BeaQuant system. The
blank sample was used to acquire the background counts from
the detector. The background counts were substituted into the
equations, which were adapted from Currie’s formulation.*
The formulae used to calculate these variables can be found in
the Supporting Information (Text S1). In the BeaQuant with
an acquisition of time ¢ = 17 h, we obtained background counts
per unit area of Ny = 9.66 + 0.10 counts/mm? for an area of A
= 1056 mm?”. L was then calculated to be 0.223 and Ny, 6.93
counts/mm?>. As a result, the MDA for Cs-134 and Cs-137

22526

were 0.947 and 1.02 mBq/mm’, respectively. The values for L
and Np, meant that for an acquisition time of 17 h, any net
counts below 0.223 counts/mm* will be considered back-
ground (no presence of radioactivity) with a false-positive
probability of 5%, whereas any net counts above 6.93 counts/
mm” will imply that there is radioactivity with a false-negative
probability of 5%. From the MDA values, we established that
only Cs-134 samples containing a surface activity concen-
tration >0.947 mBq/mm?* can be detected by the BeaQuant
system with a 95% confidence. Similarly, only Cs-137 samples
with a surface activity concentration of >1.02 mBq/mm? can
be detected with a 95% confidence.

To assess the feasibility of MPGDs in the detection of
radioactive particles, the Np and MDA were also calculated
and expressed per unit um® using the same background
acquisition data. The N, was calculated to be 2.71 counts/
um?, while the MDA was 0.370 mBq/um? and 0.399 mBgq/
um? for Cs-134 and Cs-137, respectively. CsMPs emitted from
the FDNPP accident were reported to have activities of >60
mBq per particle.”” Here, we take the extremity by calculating
the surface activity concentration for a 5 ym radius CsMP with
60 mBq. The projected surface activity concentration for that
particle is 0.764 mBq/um? which is higher than the MDA.
This example illustrates the capability and potential of MPGDs
for detecting CsMPs or other Cs-containing microparticles.

2.3. Deconvolution of Cs-134 and Cs-137. To assess
the possibility of separating radioactive emissions from Cs-134
and Cs-137 atoms, we compared the electron energy spectra of
Cs-134 emission with that of Cs-137. The BeaQuant system
detects electrons, including Auger and conversion electrons.
Table S1 summarizes the type of electrons and their energies
emitted from Cs-134 and Cs-137.%

To further aid the understanding of the electron energy
distribution, GEANT4 (with the geometry of the thin-layer
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Figure 3. Electron energy deposited in the detector. (A) GEANT4 simulation of electron energy deposited in amplification space 1 from a Cs-134
and Cs-137 thin-layer source. The number of electrons per primary particle was obtained by dividing the number of events recorded in each energy
bin by the total number of decay events simulated (1,000,000). (B) The charge distribution acquired from the BeaQuant system for thin-layer
samples with S varying ratios of Cs-134 to Cs-137. To normalize the counts in (B), the counts in each charge bin were divided by the total number
of counts in the sample recorded by the detector. Since the BeaQuant is working as a proportional gas counter, the charge measured on the readout
plane in the x-axis of (B) is directly proportional to the energy deposited into the amplification space in the x-axis of (A). As a result, they can be
compared directly. The dashed rectangular boxes in red highlight the regions where there are deviations between the simulation results and
experimental data.

samples) was used to plot and compare the electron energies " -
for Cs-134 and Cs-137 emitted onto the sample surface Et = Z Opre ™
(Figure 2). i=1 (4)
The electron energy distributions from the y particle-
induced X-ray emission (PIXE) contribution shown in Figure where & and z; are the energy deposited and vertical distance
2B,C a§reed with the § decay spectra for both Cs-134 and Cs- recorded for the i ionization event, respectively, and 7 is the
137.*%"* This demonstrates that the GEANT4 model for Cs- total number of ionization events in the single electron
134 and Cs-137 are accurate. From Figure 2A, we can observe trajectory.
that there are two main differences in electron energies The GEANT4 simulation seeks to incorporate the
between Cs-134 and Cs-137. First, the conversion electrons in amplification gain as shown in eq 4. To achieve this, the
Cs-137 are more distinct. Second, there are significantly higher Townsend coefficient was estimated. For a gas detector with a
counts for Cs-137 electrons in the energy region of 0.8 to 1 gas composition of Ne(90%)CO,(10%), a gas pressure of 1.1
MeV compared to Cs-134. X 10° Pa, and an amplification space electric field of 1.95 X 10*
Although there is a theoretical difference between the two V/cm, the Townsend coeflicient was estimated to be 35 mm™
spectra, the ability to separate the Cs radioisotopes ultimately from computations by Donnard (2008).43 Using this value, the
depends on the differences in electron energy recorded by the total energy deposited by Cs-134 electrons and Cs-137
detector. Therefore, we needed to investigate the electron electrons into the detector was simulated.
energy deposition in the MPGD’s amplification space 1. In addition to the simulations, experimental data were
The energy deposition depends heavily on the incident collected from the thin-layer samples with 5 varying ratios of
electron energies, as well as the influence of the amplification Cs-134 to Cs-137 using the BeaQuant system. The total energy
gain. As explained in the working principles of the BeaQuant deposited per electron is represented by the charge recorded
system, electrons passing through the amplification space will by the detector per event. The simulation and experimental
undergo ionization, thereby producing a series of ionization data are compared in Figure 3.
events in one electron trajectory (see Figure 1). The ionization Based on the simulation and experimental data, we noted
event would cause an avalanche, which amplifies into an that there was no significant difference between the energy
electron cloud. Therefore, in each ionization event, the deposited by sources of Cs-134 and Cs-137 in the detector. In
electron avalanche deposits a cumulative energy E into the fact, the only difference was from the slight divergence at
detector energies between 1000 to 6000 au as shown in Figure 3A. This
E = 6,-G(z) = §-e"* ) could be .attril.)uted to two reasons. First, the §01.1tribution frf)m
the amplification gain may have caused the distinct conversion
where & is the energy deposited by the single passing electron electron peaks from Cs-137 to become less defined. As a result,
in the ionization event and G(z) is the gain experienced by the the conversion electron peak only contributed to the
electron. The gain can be expressed as a function of z: the divergence. Second, there are too many overlaps in the
vertical distance between the ionization event and micromesh electron energy distributions for the Cs-134 and Cs-137
2. To determine the actual gain, the Townsend coeflicient ar sources (as shown in Table S1 and Figure 2). Higher-energy
(which depends on several factors such as the electric field in electrons tend to have lower deposition (ionization events) in
the amplification space, the gas pressure, and its composition the amplification space compared to electrons with lower
of gas in the detector) must be evaluated. energy. Hence, the presence of Cs-137 electrons from 0.8 to 1
Given that a single electron trajectory produces multiple MeV (Figure 2) should be reflected in the lower deposition
ionization events, the total energy deposited by an incident energies. There should be higher counts in lower deposition
electron into the detector is given by energies (e.g., Ey,; < 6000 au) for Cs-137 compared to Cs-134,
22527 https://doi.org/10.1021/acsomega.3c00728
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Figure 4. Simulated spatial distribution for radioactive Cs-134 particle from different depths. (A) Surface spatial distribution (in the x-axis) for
electron emitted from a Cs-134 particle (10 ym radius, spherical) placed at varying depths from the sample surface. The counts were normalized by
the maximum peak height at depth = 0 ym. (B) Scatterplot for each respective depth.

Table 2. FWHM Obtained from Each Simulated Peak Shown in Figure 4

depth (um) 0 10 20 30 40 50 100 >500
FWHM (ym) 172 184 372 8.8 76.4 94.8 182.8 3752
which accounts for the divergence (1000—6000 au) as well. BeaQuant acquisition of resin-embedded particulate samples
However, this lower deposition energy region is also with three different thicknesses (10s of gm, 100s of um, and 1
dominated by low-energy electrons that stop within the mm). GEANT4 was used to simulate the spatial distributions
amplification space. Therefore, although there were differences of electrons incident on the detector emitted from a Cs-134
in the electron energy spectra for Cs-134 and Cs-137, the containing micro-particle, which was placed at varying depths
contributions from the inherent electron energy difference (0, 10, 20, 30, 40, 50, 100, S00 um, and 1 mm) from the
were insignificant. sample surface. Figure 4 shows the 1-dimensional spatial plot
Comparison between Figure 3A,B shows that the GEANT4 of the electron and the scatterplot for each particle depth.
simulations and experimental data are mostly in agreement Within the first 10 ym of depth (Figure 4A), there are
since the plots follow a similar general trend. This insignificant differences in the signal, albeit there are some
demonstrates that the GEANT4 simulation is a reliable slight changes in the spread of the distribution. In contrast,
approach to understand the basic detector function response. once the particle is 20 ym away from the sample surface, the
There are some differences in the plots, as demarcated by peak height decreases drastically to less than half of the original
region 1 and region 2. We postulate that these differences are height, and the peak is broadened. To quantify the broadening
due to the detection threshold and the dynamics of the of the peaks, the full width at half-maximum (FWHM) of each
detector electronics for higher- and lower-energy depositions. peak was computed (Table 2).
Moreover, the theoretical divergence cannot be identified in The FWHM of a peak can be used to evaluate the spatial
Figure 3B, most likely due to the fluctuations from both resolution. Taking the example of a 10 pm radius Cs-134
counting statistics and electronics. Thus, with the current particle on the surface (depth = 0 ym), the FWHM is 17.2 um,
technology and electronics, we surmise that the slight which implies that in a cluster of particles, each particle must
divergence in energy deposition cannot be used to distinguish be at least 17.2 ym apart to be seen as a distinct particle. From
the Cs-134 from Cs-137 radioisotopes accurately. While it is the values in Table 2, we note that when the particle is 20 ym
not currently possible to separate Cs-134 from Cs-137, it might away from the sample surface, the FWHM is more than double
be worthwhile for future studies to consider the possibility of that of the particle found on the sample surface. These findings
separating the emissions of radio-Cs from other interfering suggest that the signal degrades within the first 20 ym of the
emitting radionuclides, for example, technetium-99, which has sample surface.
also been found in CsMPs.** Further observations from Figure 4B indicate that particles
2.4. Effect of Sample Thickness. To understand the beyond 50 ym of depth contribute to a blurred signal that can
effect of sample thickness on data fidelity/quality, it is be interpreted as noise. Hence, we can infer that the most
necessary to study the trajectories of the f particles emitted crucial depth for the sample is within the first 50 um.
from the radioactive samples as they make their way toward Regardless of the sample thickness, the majority of peaks
the detector. However, since the emitted § particles (electrons recorded by the detector will originate from particles within
or positrons) are charged particles and have a lower mass the first S0 pm of the sample; any other particles will
relative to atoms (~0.000543 atomic mass unit), they will be contribute to the background counts instead. By extension, it
strongly scattered within the traversed medium. As a would mean that the sample thickness does not affect the
consequence, their trajectories are unpredictable and typically counting of the peaks, but only the background signal.
nontrivial. In this study, we utilized both GEANT4 and Moreover, to only count the particles within the 50 pm
22528 https://doi.org/10.1021/acsomega.3c00728
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Figure S. BeaQuant data for samples with different thicknesses. (A) Autoradiograph (10 gm X 10 ym per pixel) of three different samples and the
spatial distribution for the regions of interest (cross-section width of 2 mm) found in the (B) 70 ym, (C) 680 ym, and (D) 1000 yum thick samples,
respectively. The counts in (B) to (D) are normalized to the maximum peak height. The dashed lines in the plots from (B) to (D) are the baseline
(which represents the background counts). The baselines were obtained by fitting the data to a sum of Gaussian functions and a baseline B. The

fitted peaks can be found in Figure S2.

thickness, unwanted peaks can be filtered out by setting an
upper FWHM threshold of 94.8 ym, which corresponds to the
50 ym mark.

To ascertain that the above assessment from our simulation
is accurate, we tested the detector response experimentally by
using samples of thickness that varied by three orders of
magnitude: 10s of microns, 100s of microns, and 1000 pm.
Three resin-embedded particulate Cs-134 samples of different
thicknesses (70 + 40, 680 + 30, and 1000 + 200 um) were
measured with the BeaQuant system. Their respective
autoradiograph (scatterplot) and spatial distributions for
selected regions of interest are displayed in Figure S.

Based on Figure 5, the difference between the samples was
the increase of baseline for increasing sample thickness, while
the height and width of the peaks did not change substantially
across the different sample thicknesses. These plots reinforce
the findings from the GEANT4 simulation: differences in
sample thickness (beyond SO um) only contribute to higher
background and do not affect the counting of the peaks.

One distinct advantage of the BeaQuant system over
phosphor screen autoradiography is its ability to store the
peak data, in the form of a list of detected events with the exact
(x, y) reconstructed coordinates and other variables, to
perform further quantitative analyses, such as peak fitting. In
this study, at least 7 peaks from the magenta plots (in Figure
SB—D) were fitted per sample (see the Supporting
Information, Text S2 and Table S2) to obtain the baseline
and their individual FWHM. The average FWHMSs were 0.6 +
0.3, 0.9 + 0.6, and 0.4 + 0.1 mm for sample thicknesses 70,
680, and 1000 um, respectively. From the values, each particle
must be at least 400 to 900 um apart to be seen as a distinct

22529

particle. Thus, the particles need to be spread out evenly and
sparsely (ideally 900 ym from one another), to prevent
oversaturation and to obtain accurate quantification of the
particles. Data from 20 soil samples surrounding the FDNPP
reported that the CsMP’s number density is between 0.869 to
318 particles per gram.26 In comparison, the BeaQuant spatial
limit of 900 pm per particle would be sufficiently high for the
measurement of these samples.

Comparison of the FWHMSs among the different samples
indicates that the values are similar, which suggests that the
peaks observed in the plots were from near the sample surface,
regardless of sample thickness. However, we noticed that the
FWHMs (0.6 + 0.3, 0.9 + 0.6, and 0.4 + 0.1 mm) were above
182.8 pm, which coincides with the GEANT4 simulated
FWHM for a particle beyond the depth of 100 ym from the
sample surface, as shown in Table 2. Since the thinnest sample
is below 100 pm, it is more probable that the FWHM from the
measured samples were for the particles within the first 50 ym
of depth but were larger than the simulated FWHM from
GEANT4. We speculate that this discrepancy can be attributed
to two reasons. First, in the GEANT4 simulation, the particle
was assumed to have a 10 pm radius, whereas the particles in
the sample have a variation of sizes. For a larger particle, the
spread of the peak would be larger. Second, our simulation did
not account for the peak broadening effects as the f particles
travel through the detector, since we assume the scenario of an
ideal detector. Hence, the FWHM calculated by our simulation
is an underestimate of the actual values measured by the
detector. Future studies could investigate the effect of the
detector on the broadening of peaks by artificially introducing
gaussian blurring into the GEANT4 simulation.
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Figure 6. X-ray CT data for 2 regions of interest. (A) Positions of the regions of interest obtained from the autoradiograph of the 1000 ym thick
sample. From the region of interest, 2 samples were cut and mounted for micro X-ray CT analysis. The optical microscope images of the samples
were superposed to the autoradiograph (left) to identify the radioactive particle positions (highlighted by the circles and particle labels), and the
micro X-ray CT 3D projected image is shown beside (right) the autoradiograph for both (B) sample 1 and (C) sample 2. Bright spots found in the
edges of the CT scans (yellow arrows) are mostly due to the residual metal from the cutting process with the scalpel, whereas bright spots within
the sample (white arrows) can be attributed to the metal contamination after the ball milling of the quartz using stainless steel. Videos showing the
3D projected samples can be found in the Supporting Information (XCT-Movie-Sl.avi and XCT-Movie-S2.avi).

We also noted the high uncertainty (standard deviation of
the peaks) of the FWHM across all three samples (>25%
uncertainty). These high uncertainties suggest that the peaks
were indeed originating from particles of varying sizes and
within a range of depth. Based on the GEANT4 simulation
shown in Figure 4, the ideal sample thickness to study only
particles found on the sample surface is 20 ym. However, it is
difficult to achieve a 20 um sample thickness due to
unevenness in polishing. For example, in the 70 ym sample,
the percentage uncertainty of the thickness is 57% and parts of
the sample were already polished off, as seen in Figure S3 and
Table S3. The implementation of micro X-Ray CT scans in our
study enabled a more accurate GEANT4 simulation of the
samples as it provides additional information on the particle’s
sizes and spatial z coordinates.

Figure 6 shows the 4 particles identified from the 2 regions
of interest which were sampled from the 1 mm thick sample.
From the analysis, we obtained the size of the particle and its
depth from the sample surface. For the simulation, each
particle was approximated to an ellipsoid. Table 3 reports the
parameters inputted into our simulation based on the
information obtained from the micro X-ray CT data.

As shown in Table 3, the sizes of the particles were larger
than the desired size (<25 ym from the sieving of the Cu-
HCF). This could be due to the clumping of the particles
during the drying process after Cs-134 sorption onto the Cu-
HCEF. In the future, we propose suspending the Cu-HCF
particles in a surfactant during storage to prevent clumping.

Comparison between the simulation data and autoradio-
graph are presented in Figure 7. We were able to successfully
reconstruct the autoradiograph using our simulation. The main
difference between our simulation and the autoradiograph is
the broadening of the peak and extra background radiation
contribution from the autoradiograph. The detector broad-

Table 3. Compilation of the Data from the Image]
Measurements Used in the Ellipsoid Fitting in Our
Simulation”

distance from surface  semiaxis A semiaxis B semiaxis C
particle (um) (pm) (pm) (pm)
P1 167 140 17§ 129
P2 28 29 33 28
P3 161 94 63 82
P4 240 126 212 210

“Distance from the surface refers to the z-axis distance of the ellipsoid
centroid to the sample surface. The particle sizes were estimated with
the semiaxes A, B, and C, which refers to the half-axis in the x, y, and z
axes, respectively.

ening effect can be attributed to the interaction of the electrons
(with the gas mixture and micromeshes) within the detector,
whereby the trajectory of the electron is random and its
subsequent (x, y) positions after each ionization event would
deviate from its vertex (original position at the sample source).
These interactions are not accounted for by our simulation; the
scatterplots and spatial distributions computed by our
simulation represent the position of the electron directly at
the sample surface before it enters the detector amplification
space. The broadening effect of these interactions could be
considered when advancing the simulation in future studies.
Figure 7D shows that the BeaQuant system has the ability to
distinguish between 2 individual peaks even though P3
(semiaxis A = 94 pm) and P4 (semiaxis A = 126 pm) were
465 pm (centroid-to-centroid distance in the x-axis) apart,
which suggests that the particles do not have to be too sparsely
spread for radioactive particle analysis with the BeaQuant
system. In addition, this measured distance is comparable to
the FWHM (400 + 100 pm) for the 1 mm sample measured
previously, indicating that our peak fitting was optimal. These
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Figure 7. Comparison between simulation and BeaQuant data. (A) Scatterplots (6.4 ym X 6.4 ym per pixel) of the particles from the simulation
and the autoradiograph acquired from the BeaQuant system, and the corresponding spatial distribution for particles (B) P1, (C) P2, and (D) P3
and P4. The counts in (B) to (D) are normalized to the maximum peak height. For the simulation in (D), the ratio of intensities from Cs-134
emission between P3 and P4 was estimated by taking the ratio of the particle’s volume (0.109), as calculated with the Image] analysis of the CT

scan.

findings reinforce that gaseous PIM detectors are a promising
tool for the identification of radioactive particles.

2.5. Detector Limitations and Implications for
Environmental Research. In this study, we have shown
that the detector has sufficient sensitivity (in terms of MDA
and spatial resolution) for application to environmental
samples. However, for the detector to be utilized efficiently,
a more refined protocol for sample preparation would be
required. For phosphor screen autoradiography, soil samples
can be exposed to an imaging plate without much modification
(e.g, sieving, drying, etc.). In contrast, with our particulate
standards, resin embedding was used. This technique takes a
few days of sample preparation (curing of the resin, sawing,
and polishing). Introducing a more reversible and faster way to
ready samples for detection (e.g., setting the sample with an
agar medium) is a next step for this research.

3. CONCLUSIONS

We have proposed and demonstrated the use of thin-layer
samples to achieve optimal detector calibration and efficiency
calculations suitable for radiation surface contamination
studies. The intrinsic efficiency obtained for Cs-134 and Cs-
137 would serve as a benchmark for future radio-Cs
measurements in the environment. Using the same samples,
we calculated the MDA, which will advise BeaQuant system
users on the detection limits of radio-Cs. From the MDA, we
suggest that the BeaQuant system is sensitive enough to detect
radio-Cs found in environmental samples, such as CsMPs
originating from the FDNPP accident. Moreover, the particles
could be detected (with sufficient signal for analysis) after less
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than a day of acquisition (>16 h). Digital autoradiography with
a gaseous detector has a time advantage over the conventional
technique of phosphor screen autoradiography, which will
expedite the monitoring and detection of radioactive particles
during time-sensitive scenarios (i.e., emergency/accident
response). However, current sample preparation techniques
would need to be improved to maximize the advantage of rapid
detection. A high correlation between the GEANT4
simulations and experimental results proved that the
simulation model is successful in understanding the detector
function response. While the work presented here is directed
toward the detection and quantification of Cs radioisotopes,
our simulation and detector optimization techniques could be
applied to other radionuclides. While the experimental data
revealed that we are unable to separate Cs-134 and Cs-137 via
deconvolution, the divergence in energy deposition displayed
by the GEANT4 simulation appears promising. Future
advancement in the detector’s electronics might facilitate the
ability to separate these radioisotopes. Despite the detector’s
inability to separate Cs-134 and Cs-137 via deconvolution, at
present, our method of detection can be used as a tool to select
and extract CsMPs, before subjecting the particle to further
characterization (e.g, isotopic ratio determination with ¥
spectroscopy). A new class of resin-embedded particulate
standards, which simulated environmental samples, were
produced. These samples enabled an in-depth study of the
effect of sample thickness on signal quality. Results revealed
that samples beyond the thickness of 50 ym do not
detrimentally affect the signal. Our work on the BeaQuant
system, an example of MPGD incorporating a PIM structure,
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highlighted the potential and importance of MPGD application
toward rapid radiation detection in environmental samples.
Overall, we have generated a framework to detect radio-Cs
found in the environment using a detector based on PIM
gaseous detectors.

4. MATERIALS AND METHODS

4.1. Preparation of Thin-Layer Samples. Thin-layer
samples were made to be virtually “massless” to maximize
spectral resolution. These samples were deposited by
aliquoting 10 uL of radio-Cs solution, via pipette, onto a
glass slide, and the solution was then evaporated to dryness.
Several solutions were prepared using serial dilutions to obtain
seven different activity concentrations of Cs-134 and Cs-137,
respectively. These samples served as calibration standards for
the MPGD (Figure S1). Results from the calibration curve
were used to calculate the absolute efficiency €, by taking the
ratio of the measured count rates (acquired from the BeaQuant
system) to the samples’ known activities (determined from the
Y spectroscopy measurements). Another set of solutions
containing varying Cs-134: Cs-137 activity concentration
ratios (1:0; 0.69:0.31; 0.40:0.60; 0.17:0.83; and 0:1) were
prepared. Cellulose nanocrystals (0.1 w/v%) were added to all
solutions to improve the quality of the resulting dried samples,
by minimizing the “coffee-ring” effect.* The resulting samples
had activity ranges from ~1 to 100 Bq, which were measured
using y spectroscopy. The y measurements (acquisition time
between 1.3 to 165 h for good counting statistics of <1%
uncertainty) were conducted using a Canberra GC4018
detector (Coaxial HPGe Detector) which has a resolution of
1.8 keV at 1.33 MeV. Cs-134 was measured from the 604.7
keV y peak (97.62% intensity) and Cs-137 from the 661.7 keV
peak (85.10% intensity). Each spectrum was analyzed with the
Genie 2000 Gamma Acquisition & Analysis software. The
effect of the measurement geometry on y efficiency was
determined using an Eckert & Ziegler calibration standard
solution.

After drying, the samples were wrapped with a layer of 3 ym
mylar film (Chemplex Industries) to prevent contamination of
the micromesh of the MPGD during further analysis. An
example image of a sample is shown in Figure SI. In addition
to the thin-layer samples, blank samples (without any
radioactivity) were prepared in the same way as detailed
above, to assess the background and obtain the detection limits
of the MPGD.

4.2. Preparation of Cs-134 Labeled Particles. Copper
hexacyanoferrate (Cu-HCF) microparticles were used as a
simulant (size, morphology, possible Cs-concentrations) for
CsMPs due to the high adsorption capacity of Cu-HCF for Cs
and its good chemical stability across a wide pH range.**"’
The synthesis of Cu-HCF was adopted from Harjula et al.** 50
mL of 0.65 M K,Fe(CN); solution was slowly poured into 80
mL of 1 M CuNOs; solution, which was vigorously stirred by a
magnetic stirrer. The slurry obtained from the reaction was left
in the mixture for 30 minutes before it was washed with Milli-
Q_ water. The washed material was dried in an open
atmosphere oven at 70 °C overnight. Prior to Cs-134
adsorption, Cu-HCF was ground with a mortar and pestle
and sieved to a size fraction of <25 pum. Cs-134 was sorbed
(Figure S4) onto the particles to match the activity per CsMP
found in environmental samples (>0.06 Bq per particle for
particles less than 114 ym).*

After sorption, the Cs-134 labeled Cu-HCF particles were
air-dried and mixed with acid-washed nonradioactive quartz
(size fraction 50—100 pm). To ensure that the samples were
fixed in place, the mixture of particles and quartz was resin-
embedded using epoxy resin Araldite M (1.038 g/cm® at 25
°C) and hardener REN HY956 (1.02 g/cm® at 25 °C) with a
mass ratio of 5:1. The resin was cured overnight before being
sawn to 1 mm thickness. The resulting section was adhered
onto a glass slide using a thin film of the same resin and
hardener. The samples were subsequently polished with
polishing diamond plates of grit size 80, 500, 1200, and
2000, respectively (MD-Piano, Struers). The samples were
polished down to three different sample thickness ranges (tens
of um, hundreds of m, and 1 mm). The final thickness of the
samples was quantified using either the polarizing microscope
(thickness < 100 #m) or a micrometer dial indicator (thickness
> 100 pm). Images of the samples and their measured
thicknesses are shown in Figure S3 and Table S3.

4.3. Real-Time Digital Autoradiography Using MPGD
with the BeaQuant System. Autoradiographs were acquired
using a BeaQuant, a commercially available MPGD incorpo-
rating micromesh PIM that facilitates real-time autoradiog-
raphy.”® Before the samples were loaded into the detector,
compressed air was used to carefully remove any dust or
impurities from the samples.

To ensure good counting statistics, the acquisition time for
samples used in this study varied between 17 to 66 h. In this
work, the dead time contribution from the detector is
insignificant due to the low radioactivity of the samples used.
The resulting data were analyzed with the software Beamage
(version 3.3) and CERN ROOT (version 6.19/02) for image
reconstruction.*’

4.4. Micro X-ray Computed Tomography Scans. The
Cs-134 particle-containing samples were visualized in three
dimensions (3D) using micro X-ray computed tomography
(Xradia MicroXCT-400). X-ray CT provides the positions of
the radioactive particles in the z-axis. The 1 mm thick resin-
embedded sample was cut to approximately 1—2 mm in length
and width (using a saw and scalpel) to be scanned by the X-ray
CT. Prior to imaging, the samples were mounted onto a
carbon rod with epoxy resin (Casco Strong Epoxy Super-
Quick). The samples were imaged using microfocus X-ray
source parameters of 40 kV and 100 yA without any filter. A
10X microscope objective lens (equipped with a scintillator)
was used together with camera binning mode 2, in which all 2
X 2 pixels were combined to work as a single pixel. The
resulting image pixel size was 2.33 um. A total of 571
projection images (exposure time 2.5 s per projection) were
taken over a 190° rotation using a 0.33° step size. Finally, the
projection images were reconstructed into tomographic slices
using the filtered backprojection algorithm.”® To locate the
particles, Inkscape was used to superpose the images obtained
from autoradiography, optical microscopy (Leica Z16 APO),
and the acquired X-ray CT scans. Subsequently, Image]
software was used for the analysis of the X-ray CT images to
obtain their spatial information.”’ Four Cs-134-containing
particles (in two samples) were identified and measured with
this technique. The information was used in simulations for
comparison to the autoradiograph.

4.5. Monte Carlo Simulations. Monte Carlo simulations
were carried out using GEANT4 (GEometry ANd Tracking 4,
version 4.10.07), a C++ toolkit that enables the simulation of
charged particles, y-rays, and optical photons’ transport and
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interaction through matter.””> GEANT4 models of the two
types of samples (thin-layer and resin-embedded Cs-134
particles) were created. The geometrical visualization of the
two models is presented in Figure SS. In the thin-layer sample,
GEANT4 simulations were run for both Cs-134 and Cs-137 to
observe the difference in the electron energy deposition into
the detector. In addition, GEANT4 was also used to obtain the
fraction of total electrons entering the detector from the
sample surface over the total electrons emitted from the
sample through radiation decay, referred to as F,, using eq 1.
For particle-containing samples, GEANT4 has been used to
study the S particle distributions from a spherical Cs-134
containing particle (with 10 ym radius) placed at varying
depths (0, 10, 20, 30, 40, 50, 100, SO0 xm, and 1 mm) from
the sample surface. One million decay events were set for each
run. The energy distribution of electrons, energy deposited in
amplification space 1 (see Figure 1), and spatial distribution of
the electrons, were recorded and plotted in histograms using
ROOT environment.*’
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