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A B S T R A C T   

We demonstrate a wide-field alpha-particle imaging system based on the detection of alpha-induced scintillation 
light from ZnS:Ag screen using an EMCCD camera. We develop an efficient image processing algorithm to remove 
cosmic and thermal noise and to locate alpha particle interactions in EMCCD images. This algorithm is partic-
ularly suited to imaging low-activity samples where long image acquisition periods entail a large number of 
frames with no detected alpha particle. Our system has a relative counting efficiency of ~50 % compared to a 
PMT-based alpha counter. It can detect alpha particles at a resolution of <480 µm over an imaging area of ~45 
× 45 mm. We demonstrate the performance of this system by imaging a granite sample. Correlation between the 
resulting alpha image and the micro XRF-determined element map demonstrates that most of the alpha activity 
in our sample is held in dark-coloured Ba-rich veins and inclusions at mineral grain boundaries.   

1. Introduction 

Detection and measurement of ionising radiation, including alpha 
particles, is of primary interest in a wide range of environmental, 
medical and industrial applications [1]. Specifically, in environmental 
sciences, determining the distribution of radionuclides at micrometre 
scales is crucial for managing the radiation risks of uranium mining [2], 
radioactive waste disposal [3], radioactive dust dispersal [4], and for 
geochronology [5]. 

Various techniques have been developed for spatially resolved 
detection of radionuclides through the imaging of alpha particles. These 
include autoradiographic methods using films [6,7], storage phosphors 
[8,9] and micropattern gaseous detectors [10], and the imaging of 
alpha-induced scintillation light using position-sensitive photo-multi-
pliers [11,12] and CCD/CMOS cameras [13,14]. 

In this study, we describe a wide-field instrument for the near-real- 
time imaging of alpha particles from samples containing low levels of 
natural radioactivity. The instrument is based on an Electron-Multiplied 
(EM) CCD camera viewing the light emitted by a silver-doped zinc sul-
phide (ZnS:Ag) scintillation screen when impacted by an alpha particle. 
We develop an efficient image processing algorithm to remove cosmic 
and thermal noise and to automatically locate alpha particles in EMCCD 
images. Such an algorithm is essential to the optimisation of image 

processing time. This is especially true for low-activity samples such as 
geological specimens, where long exposure (and so long image acqui-
sition periods) results in a large number of images with no detectable 
alpha events. We establish the detection efficiency of our imaging sys-
tem by comparison with the count rate recorded by a photomultiplier 
tube (PMT) viewing a ZnS:Ag screen [15] (hereafter referred to as an 
alpha counter) and determine its resolution by imaging a synthetic 
radioactive sample of known geometry. We further demonstrate the 
performance of our system by imaging alpha particles from a granite 
sample and correlate the cumulative alpha particle image with the 
corresponding micro-XRF element map. 

2. Hardware configuration 

The instrument is made up of: (i) a light-tight sample chamber, (ii) an 
optical focusing lens (Schneider-Kreuznach, Xenon 25 mm f/0.95) and 
(iii) an EMCCD camera (Photometrics, Evolve 512) (Fig. 1). The light- 
tight chamber was customised by drilling an aperture on the top of an 
off-the-shelf aluminium box to allow the scintillation light to pass 
through the lens to the camera. It was tested for leakage by collecting 
images in the absence of a scintillator. Only electronic noise and high 
energy events were present. The chamber was also fitted with an 
adjustable sample stage enabling the imaging of samples of various 
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heights (Fig. 1). The CCD chips were maintained at a temperature of 
− 80 ◦C throughout the measurements. No chip normalisation was 
applied as it was not deemed necessary. The EM gain of the camera was 

set to 250. The raw CCD images were collected using custom software in 
Delphi. 

The scintillation light was generated using an EJ-440 scintillator 
from Eljen Technology which consists of ZnS:Ag phosphor applied to a 
transparent polyester plastic sheet with a diameter of 50 mm and a 
thickness of 0.25 mm. The scintillator is placed directly on top of the 
sample and an optically transparent quartz window (3 mm thick, Ø 44 
mm; by Schott) is used as a weight to minimise any gap between the 
scintillator and the sample and the accumulation of radon and radon 
daughters in the airspace between the two (Fig. 1). At a distance of ~12 
cm between the lens and the scintillator, the system has an imaging area 
of ~45 × 45 mm. The minimum image acquisition time is 33 ms, but was 
set to 1 s (i.e. frame rate = 1 fps) in all the measurements described here. 

3. Image processing 

To develop a robust algorithm for identifying alpha particles in noisy 
images, we synthesised an active sample by mixing ~4 g of reference 
uranium ore BL-5 (in powder form, certified by NRCAN; activity ~875 
Bq.g− 1) with ~8 g of resin and casting the mixture in the shape of a disc 
with a diameter of 40 mm and a thickness of 3 mm (Fig. 2a). A mea-
surement of this sample using an alpha counter with an absolute effi-
ciency of 82 and 85 % for 238U and 232Th series, respectively [15], 
yielded an alpha count rate of ~25 × 103 counts per kilosecond (ks− 1). 

Fig. 2b shows a typical CCD single frame (1 s) image from the BL-5 
sample. Three types of light emitting areas are observed in this image: 
(i) large roundish clusters of pixels recording many photons, repre-
senting alpha events, (ii) small areas with only few pixels registering 
counts, typical of thermal noise [16] and (iii) dense clusters of pixels 
with long tails, recording many counts, characteristic of cosmic noise 
[17] (Fig. 2b). 

To extract the spatial distribution of alpha activity making up this 
image, the thermal and cosmic noise need to be characterised in such a 
way that they can be automatically identified and removed. These 
interfering events do not originate from the scintillator, but are gener-
ated within the CCD sensor chip itself. To characterise these events, we 
measured the inherent background of the detector (i.e. with no sample 
or scintillator) for 1000 s (i.e. 1000 frames). We then processed these 
individual background images by calculating various properties of all 
the non-zero pixels (singular or clustered) as Regions Of Interest (ROIs) 
using the image processing toolbox in MATLAB. Specifically, the area (i. 
e. the number of connected pixels), the sum intensity (i.e. the sum of pixel 

Fig. 1. Schematic view of the alpha particle imaging unit. The system is 
composed of a light-tight sample chamber with a lid, a height-adjustable sample 
stage, a silver-doped zinc sulphide (ZnS:Ag) scintillator, a quartz window, an 
optical lens and an EMCCD camera. At a distance of ~12 cm between the 
sample and the lens, the instrument can image areas as large as ~45 × 45 mm. 

Fig. 2. (a) Optical image of a “hot” sample synthesised by mixing BL-5 reference uranium ore powder with resin. The sample has a mean alpha count rate of ~ 25 ×
103 ks− 1 measured by a PM-based alpha counter. (b) A typical CCD image frame of 1 s duration from the sample shown in (a). The red, blue and yellow ovals in (b) 
mark an example of alpha incidence, cosmic noise and thermal noise, respectively. The scale bar in (a) applies to (b) as well. 

R. Sohbati et al.                                                                                                                                                                                                                                 



Measurement 206 (2023) 112234

3

values), the mean intensity (i.e. the sum of the pixel values divided by the 
total number of pixels), and weighted centroid (i.e. the centre based on 
both location and intensity of pixels) of each ROI were calculated. 

3.1. Cosmic noise removal 

A comparison between the ROI area versus mean intensity shows two 
very distinct types of clusters in the dataset (Fig. 3). Inspection of typical 
frames from each cluster revealed that frames with mean intensities <20 
only include thermal noise, while frames including ROIs with mean 
intensities >20 have registered at least one cosmic noise event (Fig. 3). 
Cosmic rays measured here are essentially high-energy protons and 
neutrons which are expected to generate high pixel values when inter-
acting with the CCD chip [17]. We conclude that (i) mean intensity is a 
robust criterion with which to distinguish between cosmic and thermal 
noise, and (ii) ROIs with mean intensities >20 in background mea-
surements are cosmic noise and must be removed. Approximately 50 
ks− 1 cosmic ray events are detected by our system. 

3.2. Thermal noise removal 

Further analysis of the same data shown in Fig. 3 after the removal of 
cosmic noise (i.e. data with mean intensities >20) indicates that the 
individual thermal noise events can be registered by areas of up to 12 
pixels. As a result, we regard ROIs < 13 pixels in area as thermal noise 
and remove them. Applying this threshold may overlook some of the 
low-energy alpha particles, but all noise removal algorithms bear some 
compromise, and we consider this an acceptable trade-off. It must be 
noted that our system is intended for use with thick sources – by defi-
nition, some alpha particles leaving such sources will have energies 
approaching zero. Thus, it is inevitable that some alpha particles will 
generate photon counts that are comparable to thermal noise. The 
mathematical description of the emission of alpha particles of a given 
range (energy) from such thick sources is given by [18]. 

Fig. 4(a-c) demonstrates the performance of this frame-by-frame 
noise removal algorithm on a typical frame from the high activity BL- 
5 sample. The removal of noise (both thermal and cosmic) leaves a 
clear image of only alpha particles interacting with the scintillator 
(Fig. 4c). Frames that have no activated pixels remaining after this 
analysis are not included in further analysis. 

The alpha event background for ZnS:Ag screens (e.g. arising from 

radon in air and contamination of the scintillation screen) is typically 
<0.3 ks− 1 in a total alpha counter [15]; in our system the effective 
background is calculated per pixel, and is thus negligible. 

3.3. Locating alpha interactions with the scintillator 

To determine the location of the individual alpha events remaining 
after noise removal, we use the weighted centroid, determined by 
considering both the location and value of individual pixels in each ROI 
(Fig. 4d). 

3.4. Determination of spatial resolution 

Having removed the noise and located the alpha particles, we next 
determine the spatial resolution of the system. To do so, we first syn-
thesised a sample of known geometry. This was achieved by cutting five 
grooves into a PMMA disc, 43 mm diameter and 5 mm thick. Grooves 
were 2 mm wide and 2.5 mm deep, with 5 mm spacing (Fig. 5a). Each 
groove was then filled with our standard mixture of BL-5 described 
above, and the surface was gently polished to remove any residue and to 
create a flat, smooth, and even surface. 

We next quantified the effective pixel size of the system by capturing 
an optical image of a scale bar using reflected light from an LED light 
source filtered by a 3-mm thick Schott BG3 filter with an emission peak 
of 350 nm in the visible range, close to that of the ZnS:Ag scintillator 
(peak at 450 nm). Dividing the imaged length of the scale bar (i.e. 4.5 
cm) by the total number of pixels (i.e. 512) in the corresponding 
dimension gives a pixel size of ~88 µm (Fig. S1). 

A cumulative image (640 × 103 frames) of alpha events from the 
synthetic sample shows numerous alpha particles emitting from the 
grooves filled with the radioactive mixture, while there are no visible 
alpha particles from the PMMA substrate (Fig. 5b). Not surprisingly, the 
alpha activity of the BL-5 mixture within the grooves is non-uniform; 
some pixels have registered >700 events, whereas others have recor-
ded as few as one event only. 

To determine the spatial resolution of the system (i.e. how well we 
can resolve two events as derived from alpha particle interactions with 
the scintillator), we calculated the intensity profile of each horizontal 
row of pixels (512 in total) in Fig. 5b. Here “intensity” refers to the total 
number of alpha events registered by each pixel along the profile. The 
average profile (red thick line in Fig. 6a) shows that the intensity is zero 

Fig. 3. Area versus mean intensity of non-zero pixels/pixel areas calculated from 1000 frames (equivalent to 1000 s) of background measurement with no scin-
tillator. Data points with mean intensities >20 belong unanimously to frames with cosmic noise, while data points with mean intensities <20 are calculated from 
frames with thermal noise only. The largest thermal noise is 12 pixels in area. 
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near the edges of the sample, but as we approach the alpha-emitting 
grooves it rises, remains more or less constant over the width of the 
groove, and then drops back to zero in the gap between the grooves. It is 
noteworthy that the mean intensity is slightly higher at the centre (i.e. 
pixel range: 200–275) and symmetrically decreases by ~35 % towards 
the edges of the image, presumably indicating that the overall detection 
efficiency of the system is higher at the centre. 

The rising and falling fronts of the mean intensity profile at each edge 
of each groove represents an edge step function (ESF). The 1st derivative 

of an ESF is a line spread function whose FWHM provides an estimate of 
spatial resolution [19,20]. Fig. 6b shows the 1st derivative of the mean 
intensity profile, where the peaks mark the inflection points in the ris-
ing/falling fronts of the mean intensity profile (i.e. ESFs) in Fig. 6a. The 
FWHM of the peaks ranges from 5 to 5.7 pixels with an average of 5.44 
pixels (n = 10). No systematic trend is observed in the size of the FWHM 
with the relative location of the corresponding edge within the imaging 
area, implying that the spatial resolution over the entire imaging area is 
relatively uniform (Fig. 6b). Multiplying the average of 5.44 pixels by 

Fig. 4. Performance of the noise removal 
algorithm. (a) A typical raw image from the 
custom-made BL-5 sample with alpha parti-
cles, cosmic noise and thermal noise as 
shown in Fig. 2b. (b) The same frame as in 
(a) after the removal of cosmic noise with 
mean intensities >20. (c) The same frame as 
in (a) and (b) after the removal of thermal 
noise <13 pixels in area. (d) A close-up of a 
cluster of pixels representing the alpha par-
ticle enclosed by the red square in (c). The 
crossed circle pinpoints the weighted 
centroid of the cluster taken as the position 
of the alpha particle. The scale bar in (a) 
applies to (b) and (c) as well. The frame 
exposure time was 1 s.   

Fig. 5. (a) Artificial sample with grooves filled with a mixture of BL-5 standard and resin. Each groove is 2 mm wide, 2.5 mm deep, and 5 mm apart from the 
neighbouring groove. (b) The cumulative (~640 × 103 frames, 1 s each) alpha event image of the sample in (a). The scale bar in (a) applies to (b) as well. 
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the pixel size (i.e. 88 µm) determined above gives an apparent spatial 
resolution of ~480 µm for our alpha particle imaging unit. We deem this 
value as an upper limit to the spatial resolution, because it includes the 
effects of non-uniform activity within the grooves. This is particularly 
visible in the variability in the rise and fall of the individual pixel rows at 
the groove edges (Fig. 6a). 

3.5. Counting efficiency 

As mentioned above, the measurement of the BL-5 disc sample 
(Fig. 2a) on the alpha counter yielded a mean count rate of ~ 25 × 103 

ks− 1. To evaluate the efficiency of our system, we imaged the same 
sample and obtained a mean count rate of ~12.6 × 103 ks− 1 over the 
entire imaging area implying a relative counting efficiency of ~50 % 
compared to the alpha counter with an absolute counting efficiency of 
~42 % (Aitken, 1985; Appendix J). A lower counting efficiency of the 
imaging system compared to that of a PMT-based alpha counter is ex-
pected because of the inevitably smaller numerical aperture of the 
focussed imaging system (in the alpha counter, the scintillator is within 
3 mm of the front face of the PMT), and because of the reduced detection 
efficiency of the camera towards the edges of the imaging area (due to 
lens aberrations). This results in a greater number of alpha events falling 
below the effective detection threshold in the imaging system. 

To estimate the efficiency of the imaging unit in the central part of 
the imaging area, where the adverse effect of lens aberration is smaller, 
we restricted the counting area by cropping the scintillator to 10 × 10 
mm, and placed it at the centre of the sample and thus of the imaging 
area (Fig. S2). We then remeasured this new sample-scintillator 
configuration using both the alpha counter and our imaging system, 
so the size of the light-emitting area was identical in both measurements 
(Fig. S2). The mean alpha count rates from the counter and the camera 
were ~2.1 × 103 and 1.8 × 103 ks− 1, respectively, suggesting a relative 
efficiency of ~86 % for the imaging system compared to that of the 
alpha counter. 

4. Alpha image of a granite sample and correlation with element 
map 

To illustrate the application of our system in environmental 
geochemistry and geochronology, we measured the fine-polished sur-
face of a granite disc, 44 mm diameter and 5 mm thick (Fig. 7a). Fig. 7b 
shows a cumulative alpha image of the same disc measured over a period 
of ~8 days during which ~9.7 × 103 alpha particles were detected. 
From this image, it is clear that the majority of alpha particles are 
emitted from a few hotspots within the sample, while other events seem 
to happen randomly almost everywhere across the sample surface. 

To investigate the origin of the emitted alpha particles, we mapped 
various elements in the sample using an M4 TORNADO micro-XRF 
(µXRF). This instrument is not sensitive enough to detect heavy alpha- 
emitting radioelements such as uranium and thorium and their prog-
eny, because these are only present in trace amounts of only few ppm in 
most natural minerals. It can however provide high resolution maps (X- 
ray beam size is <20 µm) of many other major and minor elements such 
as Si, K, Ca and Fe, with which U and Th are associated in various 
mineral structures. 

Quartz and feldspars, which are the major constituent minerals of 
our granite sample, do not usually contain any significant amount of 
alpha activity [21,22]. We expect the imaged alpha particles to originate 
mainly from outside quartz and feldspar grains, i.e. from other minerals 
and from grain boundaries. To test this hypothesis, we first made a 
composite map of Si, K, Ca and Fe (Fig. 7c). Si represents mainly quartz, 
while K and Ca are the key elements of alkali and plagioclase feldspars, 
respectively (Fig. 7c). We then derived the element boundaries as a 
proxy for mineral boundaries (Fig. 7d). 

In order to compare the alpha image with the grain boundary map, 
they must first be aligned. The geometric transformation required for the 
alignment was derived by aligning the optical images captured by the 
EMCCD camera and the inbuilt camera in the µXRF using the imregcorr 
function and applied through the imwarp function in MATLAB. The 
imregcorr function is based on the method by [23] which provides exact 
matching for translational and rotational movements, and a scaling 
match down to the third decimal place. 

Fig. 6. Determination of spatial resolution. (a) The intensity profiles (i.e. the number of detected alpha events per pixel) along the horizontal pixel rows (512 in total) 
of the cumulative alpha event image shown in Fig. 5b. (b) The 1st derivative of the average profile shown as the thick red line in (a). The minimum and maximum 
peaks denoted by stars represent the inflection points in the mean profile. The FWHM is an estimate of spatial resolution. 
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The superimposition of the geometrically transformed alpha event 
image on the grain boundary map indicates that many of the alpha 
emitting hotspots do indeed seem to occur on the grain boundaries, 
consistent with the hypothesis that that U and Th tend to localise in the 
dark-coloured material such as veins and inclusions found at grain 
boundaries [6,24]. In addition, all larger grains do show some internal 

alpha activity (Fig. 7d), while a few smaller grains show no significant 
alpha activity (Fig. 7d). 

Further comparison between individual maps of minor elements and 
the alpha image revealed an apparent correlation between the Ba map 
and the alpha image; a significant number of hotspots on the alpha 
image correspond to Ba-rich areas on the Ba map (Fig. 8). There are 

Fig. 7. (a) Optical image of the polished surface of the granite sample. (b) The cumulative image of alpha events from the same sample in (a) collected for a period of 
~8 days, during which ~9.7 × 103 events were detected. (c) The micro-XRF map of major elements in the granite surface. (d) The boundary map of major elements in 
(c) overlaid on the alpha-event map in (b). The green areas highlight some of the spots where the two maps overlap. 

Fig. 8. Comparison between (a) Ba map and (b) alpha-event image from the granite sample. The red circles and ovals enclose some of the areas where the Ba map is 
similar to the alpha image, while the blue ovals highlight some of the dissimilarities. (c) Dice similarity coefficient between the Ba map and the alpha-event image. 
The similarity is ~6 % when all the alpha events are included and gradually rises to ~16 % as the area of the alpha emitting spots that are included in the comparison 
is increased to 5 pixels. For alpha hotspots that are >5 pixels, the Dice coefficient remains more or less constant at ~16 %. The scale bar in (a) applies to (b) as well. 
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nevertheless some areas where the apparent correlation is not as 
obvious. This variability in correlation may partly arise from the fact 
that the depth resolutions of the alpha image and the element map are 
three orders of magnitude different. Alpha particles originate from the 
top few µm of the sample, but the Ba map is generated by X-rays with a 
critical penetration depth of a few millimetres for Ba K lines [25]. 

To quantify the apparent similarity between the alpha image and the 
Ba map, we calculated the Sørensen-Dice coefficient [26,27]. In our 
context, this coefficient is equal to twice the number of light emitting 
pixels that are common to both images divided by the sum of the number 
of light emitting pixels in each image. We first derived the coefficient 
including all the pixels in the alpha image (even those that have regis-
tered only one alpha event) and obtained ~6 % similarity between the 
alpha image and the Ba map. But as we focused on alpha hotspots by 
increasing the area of the regions of interest for comparison, the simi-
larity increased to ~16 % at 5-pixel area and remained more or less 
constant at larger areas (Fig. 8c). We thus infer that there is ~16 % 
similarity between alpha hotspots and Ba-rich areas in our granite 
sample. 

The same similarity analysis was carried out for other elements. 
Table 1 summarises the results for five elements whose maps are found 
to be most similar to the alpha hotspots (i.e. >5 pixels in area) image. 
After Ba, the Zr map with a similarity of ~6 % is the most similar to the 
alpha hotspots image (Table 1). Zr is known to be associated with U and 
Th in the form of zircon as a common mineral in granitic rocks. Mn, Fe 
and Mg were the only other elements whose maps had a similarity ≥1 % 
compared to the alpha hotspot image. 

5. Discussion and conclusion 

Although we used a highly sensitive EMCCD camera for detecting the 
alpha particle-induced scintillation light in this study, we believe that 
most ordinary CCD cameras have the required sensitivity to detect 
similar levels of light output at comparable speeds (i.e. 1 fps), rendering 
them as suitable in similar applications. 

Originally, we were hoping to detect beta particles with our system 
as well. We investigated the possibility by measuring a 99Tc beta source 
and a sample of potassium sulphate in powder form with both a ZnS:Ag 
screen and a BC-422 plastic beta scintillator from Saint-Gobain. But, in 
no case were we able to detect any light from beta particles using our 
optics and detection thresholds. In general, the lower energy of beta 
particles and the lower sensitivity of beta scintillators make the detec-
tion of beta particles more difficult compared to that of alphas. 

We present a new alpha particle imaging instrument based on CCD 
imaging of scintillation light generated by the impact of alpha particles 
on a ZnS:Ag scintillator. The images are processed using a robust algo-
rithm that successfully eliminates thermal and cosmic noise, identifies 
the alpha particles and determines their location at a resolution of <480 
µm over an imaging area of ~45 × 45 mm. The counting efficiency of 
our imaging system is ~50 % relative to a total alpha counter. The 
relative counting efficiency increases to ~86 % when imaging is limited 
to an area of 100 mm2 at the centre of the image, where lens aberration 
effects are minimal. We consider our system as wide-field, because the 
total imaging area of 2025 mm2 achieved here is significantly larger 
than the reported field of view for comparable CCD-based setups e.g. 
[14,28]. 

Our image processing algorithm is especially useful for imaging low- 
activity samples such as geological specimens for which making a clear 
alpha image requires long acquisition times entailing a very large 
number of noisy images with no alpha events. Our approach can detect 
and ignore such frames in a near-real-time mode, significantly 
improving final image processing time. Our camera can operate with 
frame rates as high as 33 ms− 1. In high activity samples this processing 
ability will allow the separation of U and Th using the pairs counting 
technique [15]. 

It is noteworthy that although the mathematical filters designed and 

implemented here are primarily developed for detecting alpha particles 
from natural emitters (U, Th and progeny) and removing thermal and 
cosmic noise, they can, in principle, identify any other source of radia-
tion that gives rise to similar signals or noise, and detect or remove them 
accordingly. For instance, we presume that gamma rays interact with 
the CCD chips in a similar manner to cosmic rays. In that case, the filter 
for cosmic rays proposed here should be able to remove gamma rays as 
well. Obviously, if a radiation source gives rise to a signal or noise that is 
very different in shape and intensity than those characterised by the 
filters applied in this study, then the filters must be adjusted or new 
filters must be defined and implemented to detect or remove them, 
respectively. 

The value of this new instrument has been illustrated by imaging 
alpha emission from a granite surface. This image indicates that the 
alpha activity is heterogeneously distributed and mostly held in the 
dark-coloured veins and inclusions at mineral grain boundaries. A 
further comparison between the alpha image and various element maps 
revealed a similarity of ~16 % between the alpha hotspots and the 
distribution of Ba, suggesting a strong mineralogical association be-
tween Ba and alpha-emitting U and Th in our sample. 

Information on the spatial distribution of radioactivity is of consid-
erable importance in the interpretation of dose distributions [29], and 
luminescence-depth profiles in trapped charge geochronometry [30]. 
Images of alpha distributions can also be used to guide and evaluate 
microdosimetry modelling and simulations. When combined with µXRF 
(for K distributions) the alpha activity map has the potential to allow 
grain-specific radiation dose rates to be derived. 
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internal radioactivity in quartz, Radiat. Meas. 43 (2008) 771–775, https://doi.org/ 
10.1016/j.radmeas.2008.01.016. 

[23] B.S. Reddy, B.N. Chatterji, An FFT-based technique for translation, rotation, and 
scale-invariant image registration, IEEE Trans. Image Process. 5 (8) (1996) 
1266–1271. 

[24] C. Schmidt, T. Pettke, F. Preusser, D. Rufer, H.U. Kasper, A. Hilgers, Quantification 
and spatial distribution of dose rate relevant elements in silex used for 
luminescence dating, Quat. Geochronol. 12 (2012) 65–73. 

[25] P.J. Potts, O. Williams-Thorpe, P.C. Webb, The bulk analysis of silicate rocks by 
portable X-ray fluorescence: effect of sample mineralogy in relation to the size of 
the excited volume, Geostand. Newslett. 21 (1997) 29–41. 

[26] L.R. Dice, Measures of the amount of ecologic association between species, Ecology 
26 (1945) 297–302. 

[27] T.A. Sørensen, A method of establishing groups of equal amplitude in plant 
sociology based on similarity of species content and its application to analyses of 
the vegetation on Danish commons, Biol. Skar. 5 (1948) 1–34. 

[28] Y. Morishita, S. Kurosawa, A. Yamaji, M. Hayashi, M. Sasano, T. Makita, T. Azuma, 
Plutonium dioxide particle imaging using a high-resolution alpha imager for 
radiation protection, Sci. Rep. 11 (2021) 1–11. 

[29] R.P. Nathan, P.J. Thomas, M. Jain, A.S. Murray, E.J. Rhodes, Environmental dose 
rate heterogeneity of beta radiation and its implications for luminescence dating: 
monte Carlo modelling and experimental validation, Radiat. Meas. 37 (2003) 
305–313, https://doi.org/10.1016/s1350-4487(03)00008-8. 

[30] B. Guralnik, R. Sohbati, Fundamentals of luminescence photo-and 
thermochronometry, in: Advances in Physics and Applications of Optically and 
Thermally Stimulated Luminescence, World Scientific, 2019, pp. 399–439. 

R. Sohbati et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S0263-2241(22)01430-0/h0010
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0010
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0015
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0015
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0015
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0020
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0020
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0030
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0030
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0030
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0035
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0035
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0035
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0040
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0040
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0040
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0040
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0045
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0045
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0050
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0050
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0050
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0050
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0055
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0055
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0055
https://doi.org/10.1016/j.nima.2015.02.062
https://doi.org/10.1016/j.nima.2015.02.062
https://doi.org/10.1016/j.nima.2014.05.070
https://doi.org/10.1016/j.nima.2014.05.070
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0070
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0070
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0070
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0085
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0085
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0090
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0090
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0100
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0100
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0100
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0100
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0100
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0105
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0105
https://doi.org/10.1016/j.radmeas.2008.01.016
https://doi.org/10.1016/j.radmeas.2008.01.016
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0115
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0115
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0115
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0120
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0120
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0120
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0125
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0125
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0125
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0130
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0130
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0135
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0135
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0135
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0140
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0140
http://refhub.elsevier.com/S0263-2241(22)01430-0/h0140
https://doi.org/10.1016/s1350-4487(03)00008-8

	Development of a wide-field EMCCD camera-based alpha-particle imaging system
	1 Introduction
	2 Hardware configuration
	3 Image processing
	3.1 Cosmic noise removal
	3.2 Thermal noise removal
	3.3 Locating alpha interactions with the scintillator
	3.4 Determination of spatial resolution
	3.5 Counting efficiency

	4 Alpha image of a granite sample and correlation with element map
	5 Discussion and conclusion
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	Appendix A Supplementary material
	References


