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Abstract 20 

The ability of the autoradiographic device BeaQuant™ is evaluated herein to quantitatively 21 

map the ultratrace element 226Ra distributed spatially in celestine (SrSO4) grains/crystals. 226Ra 22 

doped celestines have been obtained from coprecipitation and recrystallization experiments, 23 

and have been characterized with high purity germanium gamma detector (HPGe), giving 24 

specific activities ranging from 3251 to 32523 Bq.g-1. Alpha autoradiographs of polished 25 

sections from doped celestines have been obtained using BeaQuant™. These alpha maps have 26 

been compared to the celestine grains/crystals arrangement observed with a scanning electron 27 

microscope (SEM). At the sample scale, celestine grains are responsible of an alpha signal, 28 

indicating that 226Ra is detectable in celestine from its alpha emissions. 226Ra distribution has 29 

also been investigated at the celestine grains/crystals scale: the crystal/grain properties do not 30 

allow to decide if the distribution process is homogeneous or not, i.e. if there is a chemical 31 

zoning into the crystal/grain. The counting of alpha particles by autoradiography has been 32 
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compared with the total activity of the 226Ra doped celestines by gamma counting (HPGe 33 

technique). This comparison was performed by standardizing the measured activities to the 34 

same celestine volume, which has been determined by performing a threshold on SEM grey 35 

level images to assess to the celestine surface and using Geant4 Monte Carlo simulation toolkit 36 

to assess to the emission depth of the particles in celestine.  A very good linear correlation 37 

between gamma activity and alpha counting from autoradiographs is obtained for all the 38 

samples, demonstrating the ability of BeaQuant™ to quantify 226Ra in any points of the 39 

millimetric section samples, at a resolution of 20 µm.  40 

 41 

Keywords : Celestine; 226Ra; alpha counting/mapping; autoradiography; Geant4; partition 42 

coefficient. 43 

 44 

1. Introduction 45 

The present work aims to locate the fifth descendant of the 238U decay series, the 226Ra, which 46 

is an alpha emitter. After uranium ore processing, mill tailings still present radioactivity due to 47 

remaining U, but more specifically to all other radioactive members of the 238U decay chain, 48 

such as 226Ra (Déjeant et al., 2014, 2016). Surface disposal, which is the most common storage 49 

of uranium mill tailings, exposes a large surface area to the interactions with surface water 50 

systems, increasing the risk of radionuclides release. From an environmental point of view, 51 

226Ra raises problems due to 1) its mobility (Phrommavanh et al., 2013; Sajih et al., 2014; 52 

Leermakers et al., 2016; Reinoso-Maset and Ly, 2016; Robin et al., 2017; Bordelet et al., 2018; 53 

Lestini et al., 2019 ), 2) its long half-life (T1/2 = 1600 y), and 3) the fact it controls the radioactive 54 

emissions of half of the 238U decay series (after 226Ra, the radionuclides of 238U decay series 55 

have short half-life). Moreover, as all daughters of the 238U, very low 226Ra content is 56 

responsible of high activity. Considering the 238U decay chain at secular equilibrium, 226Ra 57 

content is nearly 3 ×10+6 lower than 238U content. In other words, if 238U is present at a 58 

concentration of 80 ppm (corresponding to a specific 238U activity of 1 Bq.g-1 ore) in an ore at 59 

secular equilibrium, the content of 226Ra is about 27 ppt (corresponding to a specific 226Ra 60 

activity of 1 Bq.g-1 ore). 61 

To study the 226Ra properties (mobility, migration, sorption) into a given geological system, it 62 

is needed to locate accurately the radionuclide in the samples. 226Ra mobility is mainly 63 

controlled by surface interactions onto minerals (carbonates, clay minerals, metal oxides), 64 



however it can also be incorporated in sulfates crystal lattice such as barite (BaSO4) and 65 

celestine (SrSO4), through solid-solution processes (Zhang et al., 2014; Lestini et al., 2019). 66 

After identifying the phase acting as a trap for 226Ra, it could then be possible to study its 67 

retention mechanism, its retention potential expressed with a partition coefficient Kd, as well as 68 

its long-term sustainability that are key points to develop plan tailings management.  69 

Until now, identification of 226Ra bearing minerals is mainly investigated with the technique of 70 

chemical sequential leaching coupled to alpha spectrometry (Blanco et al., 2004; Menozzi et 71 

al., 2016). This technique is however a bulk method and tedious. It is difficult to control the 72 

chemical processes during leaching steps, in addition it is a destructive and a time-consuming 73 

method (Bacon and Davidson, 2008). More recently, Kalnins et al. (2019) proved the ability of 74 

an autoradiographic emulsion to map alpha tracks in natural occurring uranium-bearing 75 

minerals (uraninite) with low radionuclide concentrations, with a resolution close to the 76 

micrometer. The alpha tracks counting provided also a quantitative information, which has been 77 

checked with ZnS alpha counter.  78 

A promising new technology, the digital autoradiography using BeaQuant™ radioimager, is 79 

investigated in the present work, to both quantify and locate the problematic ultratrace 80 

radioelement 226Ra (Donnard et al., 2009, Sardini et al, 2016). BeaQuant™ uses a micro-pattern 81 

gaseous detector (MPGD), which can detect and map separately alpha and beta emissions. The 82 

detection efficiency is better for alpha particles due to their short ranges in gas and their high 83 

energies of emission able to strongly ionize the gas particles (Billon et al., 2019a). Thanks to 84 

these features and furthermore because 226Ra is an alpha emitter, the detection and location of 85 

226Ra is performed with BeaQuant™ using the alpha emissions of the 226Ra decay chain. 86 

Angileri et al. (2018) have compared the theorical alpha activity of uranium minerals (uraninite 87 

and uranophane) included into geomaterials, to the alpha counting with BeaQuant™. The 88 

theoretical alpha activity, deduced from the uranium content (wt% of U) measured with 89 

microprobe, was similar to the BeaQuant™ measurement, demonstrated the quantitative nature 90 

of BeaQuant™. Since alpha counting from BeaQuant™ is quantitative for 238U decay chain 91 

nuclides, it can be assumed to be a qualified method if only a part of the chain is considered, 92 

i.e. 226Ra and its descendants. The paper aims to determine the quantitative mapping of 226Ra 93 

with digital autoradiography in minerals.   94 

 95 

Sulfates are minerals of interest because they are ubiquitous in tailings, due to the use of sulfuric 96 

acid for ore processing. Celestine (SrSO4), which forms solid solution with 226Ra, has been used 97 

in the present work. 226Ra doped-celestine crystals have been obtained from two coprecipitation 98 



experiments (samples S1 and S2) and natural celestine grains (sample S3) have been subjected 99 

to recrystallization experiment in a 226Ra spiked solution.  100 

Scanning Electron Microscope (SEM) observations have been performed to study the 101 

celestine crystals/grains arrangement in the samples (i.e. crystals/grains dispersed into resin) 102 

for comparison to the 226Ra autoradiography mapping obtained with BeaQuant™ (226Ra 103 

location on the sample scale). 226Ra distribution in celestine crystals/grains has also been studied 104 

by comparing crystals/grains geometry to BeaQuant™ alpha counting (226Ra distribution on the 105 

crystal/grain scale). The distribution process is of great interest to understand solid-solution 106 

phenomenon which is theoretically described with the partition coefficient Kd. 107 

Finally, to check the quantitative aspect of the autoradiography, alpha counting has been 108 

compared to the HPGe gamma activity results. However, the HPGe gamma activity and the 109 

BeaQuant™ alpha counting needs to be standardized to the used volume of celestine samples, 110 

due to the fact that gamma emissions are detected from deeper in the volume of the sample 111 

compared to alpha emissions that are detected mainly from the surface of the sample. The 112 

section samples have been observed with SEM to evaluate the surface area of celestine grains 113 

in the section samples, while Monte Carlo simulations using Geant4 tools have allowed to 114 

calculate the maximum range of alpha particles from the celestine samples, which relates to the 115 

depth of alpha emissions determined by BeaQuant™.  116 

The present paper aims to : 1)  demonstrate that 226Ra  included into celestine grains/crystals 117 

is detectable from its alpha emission with BeaQuant™, 2) check the ability of the BeaQuant™ 118 

to quantify 226Ra from its alpha emissions and 3) propose a method to study the 226Ra 119 

distribution at the celestine grain/crystal scale (homogeneous or chemical zoning ?). 120 

2. Materials and Methods 121 

2.1. Sample preparation 122 

2.1.1. Natural and artificial celestine samples doped with 226Ra 123 

Three samples of 226Ra doped celestine were prepared in the CEA (French Atomic Energy 124 

Commission) following two protocols: samples S1 and S2 were obtained through 125 

coprecipitation experiments, whereas in sample S3, 226Ra is incorporated in natural grains of 126 

celestine through recrystallisation experiment in the presence of 226Ra spike. All the 127 

experiments were performed at 22°C temperature and normal air atmosphere. All solutions 128 

were prepared with deionized water (Milli-Q) and chemicals of ACS (American Chemical 129 

Society) reagent grade.  130 



Precipitation of S1 and S2 celestine samples were obtained in batches by mixing equimolar 131 

(0.26 mol.L-1) solutions of SrCl2,6H2O(>99.0% ALDRICH®) and  Na2SO4(>99.0% 132 

ALDRICH®)  in a final volume of 10 mL. 226Ra (Isotope Products Laboratories (USA)) was 133 

spiked to the solution at two initial activities 763 ± 72 and 7633 ± 720 Bq, respectively, just 134 

before the addition of the Na2SO4 reactant. After coprecipitation (7 days), the supernatants were 135 

removed and filtered (0.2 µm) for 226Ra analysis and solids were air dried and weighted (mass 136 

of 0.23 g for both S1 and S2).  137 

S3 sample was obtained by gentle crushing of a natural centimetric-size celestine monocrystal, 138 

resulting 200 m to 1 mm size grains (0.04 g). These grains were put in contact with Milli-Q 139 

water (4.92 mL). One week is necessary to be sure that equilibrium solid-solution is achieved, 140 

before adding the 226Ra spike solution (i.e. 0.5g of a 2618 ± 240 Bq.g-1 spike). After 25 weeks 141 

of contact with 226Ra doped solution, supernatant was removed and filtered.  142 

 143 

As the alpha-emitting 226Ra decays also by emitting gamma with energy of 186.21 keV and 144 

intensity of 3.64% (Nudat), a high purity germanium detector (HPGe, ITECH-Instruments) has 145 

been used to analyze 226Ra solutions (spike and supernatant). Solutions and standards were 146 

always measured in the same geometry (airtight plastic container of 50 mL) with completing to 147 

50 mL the sample volume with deionized water. The InterWinner©6.0 software was used to 148 

calculate the activities taking into account the parent-daughter decay law. The detection limit 149 

of 226Ra was estimated at 10 ± 5 Bq or 1.10-12 moles.  150 

 151 

The gamma measurements confirm that around 98% of the 226Ra initial activity is retained in 152 

the solid for the two coprecipitation experiments, leading to the final specific 226Ra activities in 153 

solid estimated to 3251 and 32523 Bq.g-1 for S1 and S2, respectively. For the recrystallization 154 

experiment, the final activity in the batch is measured to be 1052 Bq. The activity in the solid 155 

sample S3 is given by the mass balance relation between initial and final state and is estimated 156 

to be 6410 Bq.g-1. Note that these HPGe specific activities correspond to 226Ra contents in 157 

celestine about 89, 888 and 175 ppb of celestine for S1, S2 and S3 samples, respectively. 158 

 159 

2.1.2. Processing section samples for autoradiography  160 

The three dry and solid 226Ra-SrSO4 samples (powder form), have been mixed to an epoxy 161 

resin, to form thin tablets about 1 cm in diameter and about 1 mm thick (Figure 1). These tablets 162 

were then glued in a plastic holder to manufacture a parallelepiped sample (Figure 1). This 163 

support section is adapted to the sample holder of the autoradiographic device BeaQuant™ (see 164 



section 2.3.2.). The whole mounted section sample, i.e. the powder/resin tablet embedded in 165 

the plastic support, has been polished to obtain the even/smooth surface (required for 166 

BeaQuant™) and to allow the 226Ra-celestine grains to emerge at the sample surface. Although 167 

as limited as possible, an inevitable loss of celestine mass occurs thus between the two different 168 

form of samples, i.e. the initial solid form and the section form, due to the polishing operation.  169 

These preparatory works have turn out to be a long and arduous process what has taken almost 170 

four years.  171 

 172 

 173 

Figure 1. Geometry of the section samples. 174 

 175 

2.2. Scanning Electron Microscope (SEM) 176 

A JSM IT500 SEM has been used to observe and describe the celestine grains and their 177 

organization in the three studied section samples. The use of the backscattering electron mode 178 

(BSE) allows to discriminate the mineral grains and resin with the contrast of grey levels, since 179 

this observation mode is sensitive to the mean atomic number of the element in the mineral, 180 

while the secondary electron mode (SE) gives a relief picture.  181 

The SEM was also equipped with an energy dispersive X-ray analyzer (EDS, silicon drift 182 

detector) which facilitated the identification of minerals thanks to their chemistry and their 183 

location with the construction of chemical maps. The analytical conditions included an 184 

acceleration voltage of 15 kV, a probe current of 1 nA and a working distance about 11 mm.  185 

 186 
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2.3. Radiation detectors 187 

Table 1 summarizes the different radiation counting techniques used on the three samples and 188 

the used sample forms. Chemical micro-analysis of 226Ra with EDS-SEM (or with WDS, i.e. 189 

wavelength dispersive spectroscopy) is indeed not effective here because of the too low content 190 

of 226Ra in the samples. 191 

 192 

Table 1. Radiation counting techniques used on the three samples S1, S2, S3 and the used 193 

sample form.  194 

 S1 S2 S3 

HPGe coaxial N-type  spectrometry Powder form Powder form Powder form 

PIPS  spectrometry  Section form  

BeaQuant™ Section form Section form Section form 

 195 

2.3.1. 226Ra Decay Chain 196 

226Ra decay chain, which is part of the 238U one, includes five alpha emitters with a 100 % 197 

intensity and four beta emitters with a 100% intensity too (Figure 2) (data from standards of the 198 

Laboratoire National Henri Becquerel). Only four of these radionuclides emit also gamma rays:  199 

226Ra, 214Pb, 214Bi and 210Pb with intensity of 3.6, 64.5, 112.5 and 4.3 % respectively. Note that 200 

only gamma emissions with intensity > 0.1% have been considered. Auger and conversion 201 

electrons are also emitted by 226Ra, 214Pb and 210Pb.  202 

The half-life of 210Pb (22.2 y) implies a delay of about 222 years before to reach the secular 203 

equilibrium for this whole decay chain. However, a secular equilibrium between 226Ra and its 204 

first five daughters (222Rn, 218Po, 214Pb, 214Bi and 214Po) is supposed after 40 days having regards 205 

to the half-life of 222Rn (3.82 days). Alpha spectrometry measurement performed on the section 206 

sample S2 (see below), will be used to assess the equilibrium state, and the possible presence 207 

of 210Po.   208 

 209 



 210 

Figure 2. 226Ra decay chain scheme. (data from standards of the Laboratoire National Henri 211 

Becquerel, France) 212 

 213 

2.3.2. BeaQuant™ (autoradiographic device) 214 

BeaQuant™ is a real-time digital autoradiographic device (Donnard, 2007; Donnard et al., 215 

2009), based on a micro-pattern gaseous detector (MPGD) incorporating micromesh parallel 216 

ionization multiplier (PIM). Samples are deposited on the top of the gas chamber, the interest 217 

surface (i.e. the radioactive one) facing to the gas chamber, in such manner that radioactive 218 

particles emerging from a surface sample interact with gas (ionization) resulting in the creation 219 

of secondary electrons. Thanks to appropriate electric fields, secondary electrons are multiplied, 220 

drifted and localized on the segmented anode. Each initial particle triggering the acquisition 221 

electronic is thus reconstructed providing autoradiography image formation in real time.  222 

BeaQuant™ allows to map and count the beta and alpha particles, while it is not affected by X 223 

or gamma rays. Both Auger electrons and conversion electrons can also trigger the acquisition 224 

electronic, in the same way as beta particles. However, a separation is possible between alpha 225 

and beta (or electron) particles, thanks to a threshold applied on the energy deposited in gas (far 226 

higher for alpha than for beta/electron). 227 

High resolution images of the radioactivity are obtained, with a maximum reached for both 228 

alpha and 3H detection (pixel of 20 µm). Due to the micromesh PIM structure, the sensitivity is 229 

about 8.10-4 cps.cm-2 (BeaQuant™ website), with a detection response linear of 5 orders of 230 

magnitude.  231 

 232 

Samples analyzed with BeaQuant™ need to be perfectly flat: any unevenness can induce 233 

artefacts consisting of hot spots on the image/autoradiography. A customized sample holder 234 

called SM, designed for geological samples (i.e. with a section of 4.5 × 3 cm²), has been used 235 
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to measure surface alpha counting (in 2 sr) of the section samples. These counts are noted 236 

C(B,) for Counting (BeaQuant™, alpha). The choice to focus exclusively on alpha emissions 237 

from 226Ra decay is driven by the fact that alphas give a simple and well-defined signal, while 238 

the betas signal displays a broad emission energies distribution that is moreover polluted by 239 

numerous Auger and conversion electrons whose emission intensities are different from 100%. 240 

Moreover, an instrument detection efficiency for alpha particles from 238U decay chain at 241 

secular equilibrium in natural rocks, has already been estimated ranging from 80 to 100% by 242 

Sardini et al. (2016).  243 

 244 

2.3.3. The High Purity Germanium detector (-spectrometry) 245 

-spectra have been acquired on the initial and final solutions of the coprecipitation and 246 

recrystallization experiments, allowing to deduce the activities of the three powder samples. 247 

The detector used is a N-type coaxial high purity germanium (HPGe) detector (ITECH-248 

Instruments, French Atomic Energy Agency CEA) for which the detection limit is estimated at 249 

10 ± 5 Bq for 186 keV energy. Corrections, including the system geometry, the Compton effect 250 

and the background measurement, have been applied using the InterWinner©6.0 software, 251 

which allows thus to assess the total activity of the 226Ra decay chain, taking into account the 252 

parent-daughter decay law. That means that all the radiations (alpha, beta and gamma) are 253 

considered in the HPGe activities noted A(HPGe). These activities will be used to assess the 254 

BeaQuant™ measurements.  255 

 256 

2.3.4. Passivated Implanted Planar Silicon detector (-spectrometry) 257 

The alpha spectrum of the sample S2 presented in this work was obtained using a CANBERRA 258 

A450 Passivated Implanted Planar Silicon PIPS® detector (University of Helsinki, Department 259 

of Chemistry). This was performed in order to check the radioactive equilibrium state of the 260 

226Ra chain. The detector area is 450 mm2 and intrinsic energy resolution (FWHM) of about 30 261 

keV was achieved. The data acquisition and analysis were done with MAESTRO for 262 

Windows® Model A65–332 software. The energy calibration was performed with a reference 263 

sample containing 237Np (E=4788 keV, I = 47%), 241Am (E=5486 keV, I = 84.5%) and 244Cm 264 

(E=5805 keV, I = 76.4%). The distance from the source to the detector was 6 mm. The number 265 

of energy channels was 1024. The acquisition time of the sample was 339615 s (almost 4 days). 266 

The AASI (Advanced alpha-spectrometric simulation) program (Siiskonen and Pollanen, 2005) 267 

has been used to correct the measurement from the instrument efficiency, from the system 268 



geometry including the sample-detector distance and from the background measurements 269 

recorded in each used count chamber.  270 

-spectrum of sample S2 was used to evaluate the disequilibrium in the 226Ra decay chain. The 271 

detector window is a 2.39 cm diameter, while 226Ra-SrSO4 crystals are concentrated in a tablet 272 

of 1 cm diameter: a mask window (1 cm diameter) has been used to restrict the counting zone 273 

to the real sample size. This mask is thus centered both to the tablet section and to the detector 274 

window. AASI (Advanced alpha-spectrometric simulation) program has also been used to 275 

perform a deconvolution of the -spectrum in order to separate the various radionuclides 276 

proportions in a decay chain. 277 

 278 

 279 

2.4. Geant4 simulations 280 

The Geant4 Monte Carlo simulation toolkit (GEometry ANd Tracking 4) allows to simulate the 281 

transport of all kinds of particles through the matter (Agostinelli et al., 2003). Geant4.10.02.p02 282 

version was used in this work to model the transport of alpha particles emitted from the 226Ra 283 

decay chain into celestine. The alpha energy distributions have been extracted from standard 284 

provided by Laboratoire National Henri Becquerel, France.  285 

Previous works have validated the implementing physics in Geant4 (Billon et al., 2019a ; Billon 286 

and Sardini, 2017), by successful comparisons of the maximum range RMAX of alphas obtained 287 

with: 1- Geant4, 2- NIST database (National Institute of Standards and Technology) (Berger et 288 

al., 1999) and 3- Lapp-Andrews equation and Bragg-Kleeman rule (Lapp and Andrew, 1949; 289 

Bragg and Kleeman, 1905). Comparisons were performed using a data set including three 290 

different materials and alpha energies ranging from 4 to 8 MeV.  291 

 292 

2.5. Comparative Methodology 293 

The present paper aims to demonstrate the ability of BeaQuant™ to locate and quantify the 294 

ultratrace element 226Ra.  SEM observations allow to determine the celestine content of samples 295 

before performing a first qualitative comparison between SEM images and BeaQuant™ 296 

autoradiographs, and evaluate the ability to map 226Ra on the sample scale. To go further, 297 

homogeneity or heterogeneity of the 226Ra distribution can also be investigated on the celestine 298 

crystal/grain scale.  299 

 300 



Then, alpha counting using BeaQuant™ is faced with the activity measured with HPGe 301 

detector. However, this quantitative comparison cannot be done straightforward, first because 302 

these two measurements have been performed on different forms and amounts of samples: total 303 

celestine grains powder for the HPGe measurements, and the polished sections for the 304 

BeaQuant™ acquisitions. Moreover, the volume of the 226Ra doped celestine explored by these 305 

two techniques is non-equivalent due to the detection of different radiations. Even if HPGe 306 

detector gives a total activity of the whole 226Ra decay chain (after numerous corrections), the 307 

determination is based on the detection of gamma rays, while BeaQuant™ is used to detect only 308 

alpha particles. The volume detected by BeaQuant™ alpha detector is not the same as the one 309 

by HPGe gamma detector, because gamma particles have long mean free path in matter 310 

compared to the short range of alpha particles (Billon et al., 2019b). Indeed, in a given sample 311 

volume, all alpha particles emitted deeper than their maximum range RMAX are not able to reach 312 

the analyzed surface. As an example, 37% of 600 keV gamma rays are attenuated by 4 cm of 313 

concrete, while 100% of 4 MeV alphas are attenuated by 15 µm of concrete (Billon et al., 2019a; 314 

Billon et al., 2019b; Berger et al, 1999; Hubbel, 1969).  315 

 316 

Thus, to be consistent, two quantitative comparison methods were performed: 317 

1- Absolute comparison: Standardize the HPGe gamma spectrometry activities noted A(HPGe) 318 

to the volume considered for alpha counting with BeaQuant™. This standardized activity noted 319 

ASt(HPGe) can be compared to the alpha counting of BeaQuant™ noted C(B,).   320 

2- Relative comparison: Standardize counts/activities to 1 g of celestine, i.e. compared the 321 

HPGe specific activity noted ASp(HPGe) in Bq.g-1 to the specific alpha counting of BeaQuant™ 322 

noted CSp(B,) in  Cps.g-1.  323 

 324 

For both absolute and relative comparison methods, SEM images have been used to estimate 325 

the surface area occupied by celestine grains on the section samples noted SeG (cm2), through a 326 

simple threshold by boundaries in grey levels SEM-BSE images. Geant4 simulations have then 327 

been performed to calculate the maximum range RMAX of alpha in celestine. RMAX calculations 328 

have been performed with 105 particles, which is statistically enough. 329 

SeG and RMAX allow to define the effective volume VeG of celestine grains in the section samples, 330 

truly explored by surface alpha detector (equation 1a). However, sample thickness d (i.e. 331 

celestine grain size) can be lower than RMAX, involving the consideration of a real volume Vr 332 

instead of VeG (equation 1b).  333 

 334 



𝑉𝑒𝐺 = 𝑅𝑀𝐴𝑋 × 𝑆𝑒𝐺 , 𝑖𝑓 𝑅𝑀𝐴𝑋 < 𝑑     (1a) 335 

or 336 

𝑉𝑟 = 𝑑 × 𝑆𝑒𝐺 , 𝑖𝑓 𝑅𝑀𝐴𝑋 > 𝑑      (1b) 337 

 338 

One of these volumes Vr and VeG can then be used to standardize the HPGe gamma spectrometry 339 

activities (equations 2a and 2b), to apply the comparison method 1.   340 

 341 

𝐴𝑆𝑡(𝐻𝑃𝐺𝑒) =
𝐴(𝐻𝑃𝐺𝑒)

𝑀
 ×  𝜌 × 𝑉𝑒𝐺    (2a) 342 

or 343 

𝐴𝑆𝑡(𝐻𝑃𝐺𝑒) =
𝐴(𝐻𝑃𝐺𝑒)

𝑀
 ×  𝜌 × 𝑉𝑟    (2b) 344 

 345 

Where ASt(HPGe) is the HPGe activity standardized to the corresponding volume Ve or Vr 346 

(depending on values of RMAX and d), M is the total mass of celestine powder for each sample 347 

(section 2.1.1.), and  is the celestine density (3.95 g.cm-3).  348 

 349 

These volumes can also be used to calculate the specific BeaQuant™ alpha counting of the 350 

section sample, noted CSp(B,) (Bq.g-1), to apply the comparison method 2 (equations 3a and 351 

3b). 352 

 353 

𝐶𝑆𝑝(𝐵, 𝛼) =  
𝐶(𝐵,𝛼)

𝑉𝑒𝐺×𝜌
       (3a) 354 

or 355 

𝐶𝑆𝑝(𝐵, 𝛼) =  
𝐶(𝐵,𝛼)

𝑉𝑟×𝜌
       (3b) 356 

 357 

In order to further the discussion around the quantitative comparisons, an alpha spectrum is also 358 

studied to describe the equilibrium state in the 226Ra decay chain.  359 

3. Results 360 

3.1. 226Ra chain equilibrium state 361 

As the same 226Ra tracer solution was used for the three batch experiments, leading to the three 362 

samples, only one sample (S2), was studied in PIPS alpha spectrometry. The alpha spectrum 363 

showed four distinct peaks around 4.79 MeV, 5.5 MeV, 6 MeV and 7.7 MeV corresponding 364 

respectively to 226Ra, 222Rn, 218Po and 214Po (Figure 3). A slight peak is suspected at 5.3 MeV 365 



which could correspond to 210Po, although the time needed to be at equilibrium with this 366 

element is probably not reached (222 years) (Figure 2). 367 

Peak intensities reflect the radionuclide activities measured on the surface sample. The peak 368 

intensities are quite different from one radionuclide to the other, because of the different alpha 369 

energies, and so the different maximum ranges in the sample. The most energetic the alphas 370 

are, the higher is the number of alphas that reach the surface, giving highest peak intensity. 371 

However, an AASI (Advanced alpha-spectrometric simulation) simulation, i.e. deconvolution 372 

of the spectrum with each radionuclide contribution (Figure 3), has shown the four first alphas 373 

are in secular equilibrium. That means for 1 alpha emitted from 226Ra, the 3 following alpha 374 

emitters 222Rn, 218Po and 214Po produce each 1 alpha, while 210Po produces 0.35 alpha according 375 

to its peak intensity, giving a total of 4.35 alphas. Thanks to the determined 210Po activity, the 376 

age of the used 226Ra spike solution is estimated to be ~14 years. 377 

 378 

Figure 3. Alpha spectrum of the sample S2 (PIPS alpha spectrometer) (Exp: experimental, 379 

dashed line) and AASI (Advanced alpha-spectrometric simulation) simulated curves for each 380 

radionuclide and the sum of them. 381 

 382 

3.2. Section samples observations and descriptions 383 

Into the tablets of the section samples S1 and S2, celestine crystals are heterogeneously spread 384 

into the resin (Figures 4A and 4C). In some areas, celestine crystals are associated with halite 385 

observed mainly as cement between celestine forming aggregates (Figure 5A). In other sample 386 

areas (always for both S1 and S2), celestine crystals/grains seems to be more homogeneously 387 

dispersed into the resin (Figure 5B). Due to the heterogeneous grain arrangement and the 388 
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presence of halite, it was decided to work on several small regions of interest (ROIs) (Figure 389 

4).  390 

Sample S1 shows also large cubic crystals of halite (about 0.5 mm), which appear at the surface 391 

of the sample (in positive relief), probably in response to the atmospheric conditions 392 

(solubilization/recrystallization processes) (Figures 4A, 5A & 5B).  393 

 394 

Figure 4. A & C- Overview of the tablet part of the section sample S1 and S2 respectively, 395 

using SEM-BSE imaging mode: the white grains are mainly celestine crystals (±halite), 396 

however the large cubic ones are halite. B & D- Alpha mappings (BeaQuant™) of respectively 397 

the S1 and S2 section samples. The counting scales have been recalculated to different units 398 

such as 226Ra content (ppb in celestine), 226Ra mass (fg) and 226Ra specific activity (Bq.g-1 of 399 

celestine). These quantifications are performed for each pixel of the maps. ROIs are depicted 400 

in red in both SEM-BSE images and alpha mappings. 401 
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 402 

Figure 5. A- Zoom on the ROI 2 of the sample S1 using SEM-BSE imaging mode (see Figure 403 

4A): celestine crystals (white) form a cluster partially cemented by halite (grey) in the bottom 404 

part of the cluster. Cubic crystals of halite are partially observable in the top right and bottom 405 

left corners. Resin appears in black. B- Zoom on the ROI 5 of the sample S1 using SEM-BSE 406 

imaging mode (see Figure 4A): celestine crystals (white) are quite homogeneously spread 407 

without halite cement. A cubic crystal of halite is present in the top right corner. Resin appears 408 

in black. C and D- Prismatic crystals of celestine in sample S2 using SEM-SE imaging mode. 409 

 410 

 411 

SEM images acquired in secondary electron (SE) mode in some negative reliefs (generated by 412 

the grubbing up of some grains during the polishing operation) allowed to observe euhedral 413 

crystals of celestine under prismatic habit, with an average crystal size about 20±4 µm for S1 414 

and about 25±4 µm for S2 (Figures 5C and 5D). 415 

 416 

 417 

A B

C D



Sixty celestine grains ranging from 200 µm to 1 mm (average crystal size about 500 µm) were 418 

found from sample S3 (Figure 6A), which have been mostly damaged during their sampling on 419 

a celestine monocrystal; fracturation zones are thus visible on most of the grains of the S3 420 

sample (Figure 6C).  421 

 422 

 423 

Figure 6. A- Overview of the tablet part of the section sample S3 using SEM-SE imaging mode: 424 

celestine grains are in white. B- Alpha mapping (BeaQuant™) of section sample S3. The 425 

counting scales have been recalculated in other units per pixel such as 226Ra content (ppb in 426 

celestine), 226Ra mass (fg) and 226Ra specific activity (Bq.g-1). C- SEM-BSE view of a 427 

fracturated celestine grain. D- Alpha mapping (BeaQuant™) of the grain displayed in Figure 428 

C. Color scale ranges from 0 (black) to 180 counts (white).  429 

 430 

3.3. 226Ra mappings on the sample scale : BeaQuant™ and SEM 431 

Digital autoradiographs are maps of the alpha counts for a total acquisition time of 251 060 s 432 

(about 3 days). A good match is observable between celestine clusters on SEM images and high 433 

alpha counts areas on BeaQuant™ autoradiographs for samples S1 and S2, indicating that the 434 

location of 226Ra-doped celestine can be performed with the alpha mapping of BeaQuant™. 435 

This match allowed easily to position the same ROIs on both SEM images and BeaQuant™ 436 
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autoradiographs: 12 ROIs for sample S1 (Figures 4A and 4B) and 17 ROIs for sample S2 (15 437 

ROIs + 2 sub-ROIs for ROI 7) (Figures 4C and 4D).  438 

The large cubic crystals of halite occurring in S1 show also areas with high alpha counts, but 439 

they are counting artefacts due to the positive relief of these crystals (Figure 4B). As the pixel 440 

size (20 µm) used on the BeaQuant™ autoradiographs are in the same order of magnitude of 441 

the celestine crystal size (20-25 µm), it is not possible to go further in the qualitative evaluation 442 

for samples S1 and S2. However statistical calculations comparing crystal geometry and alpha 443 

counting are presented below (section 3.5), to study 226Ra distribution into celestine, i.e. on a 444 

crystal scale.  445 

 446 

The alpha map of S3 reveals that 226Ra is located only on the edges of the celestine grains 447 

(Figures 6A and 6B). That is consistent with the dissolution/recrystallization process involved 448 

in the batch experiment. Indeed, only celestine grain surfaces were into contact with the 226Ra 449 

spiked solution. Moreover, intra-granular fractures seem to be particularly rich in 226Ra, 450 

allowing a deeper incorporation of 226Ra thanks to the higher specific surface area created by 451 

the fractures (Figure 6C & 6D).  452 

 453 

Some alpha counting profiles have been performed through grains displaying a regular halo 454 

(Figure 7): mean bulk width of the halos is about 240 µm while the mean value of the full width 455 

at half maximum (FWHM) is about 130 µm. These values do not reflect the recrystallisation 456 

thickness of 226Ra-celestine, because they do not take into account the point spread function 457 

(PSF) of BeaQuant™ which deteriorates the signal, nor the fact that alpha particles travel 458 

laterally into celestine and resin from the edges of the celestine grains.  459 

 460 



 461 

Figure 7. A- SEM-BSE binary image (i.e. after thresholding by boundary), celestine grain in 462 

white. B- Alpha map and location of the profile from x to y (100 µm width, 1040 µm long). C- 463 

226Ra content and total alpha counting along the profile from x to y.  464 

 465 

3.4. 226Ra quantification :  BeaQuant™ Vs HPGe detector 466 

In order to estimate the volumetric activity of 226Ra-doped celestine from autoradiographs, it is 467 

necessary to know the maximal range (RMAX) of alpha particles emitted from the 226Ra decay 468 
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chain in the solid matrix, here celestine (Billon et al., 2019a). These ranges were calculated 469 

with Geant4 (Table 2). A weighted RMAX has then been deduced from the weighted factor 470 

provided by the alpha-spectrometry (Figure 3). The weighted RMAX of alpha particles (~22.3 471 

µm) is comparable to the celestine mean crystal size in S1 and S2 (20-25 µm) and strongly 472 

lower than celestine mean grain size of S3 (500 µm). Then, a RMAX value of 22.3 µm has been 473 

used to calculate the effective celestine grain volume VeG (equations 1a) and to perform the 474 

standardization steps required for the quantitative comparison (equations 2a and 3a).  475 

 476 

Table 2. Weighted average of the maximum range RMAX (µm) of alpha particles emitted from 477 

the 226Ra decay chain, calculated with Geant4 in celestine. Weight factors are deduced from -478 

spectrum (Figure 3).  479 

Radionuclide 226Ra 222Rn 218Po 214Po 210Po 

Weighted average of the 

RMAX (µm) Maximum energy (keV) 4784 5490 6002 7687 5304 

Weighted factor (-spectrometry) 1 1 1 1 0.35 

RMAX (µm) in celestine 16.01 19.65 22.32 32.45 18.6 22.3 

 480 

 481 

The effective celestine grain surfaces SeG of the section samples (for each ROIs of S1 and S2, 482 

and the whole S3), deduced from a thresholding by boundary of BSE images are displayed in 483 

Appendices A, B and C for respectively S1, S2 and S3. Raw BeaQuant™ alpha counting is 484 

provided, as well as the specific alpha counting standardized to 1 g of celestine (celestine 485 

density is 3.95 g.cm-3) (equation 3a). Finally, the HPGe activity has been standardized to the 486 

volume VeG probed by alpha detector (equation 2a).  487 

 488 

A quantitative comparison can be made by plotted BeaQuant™ alpha counting Vs HPGe 489 

standardized activity (Figure 8: plot of columns [5] and [7] from Appendices A, B and C). Good 490 

linear correlations are obtained for data from S1 and data from S2, with respective correlation 491 

coefficients about 0.988 and 0.996. Moreover, all the data of the three samples are aligned on 492 

the almost same slope ranging from 1.50 to 1.63 (1.3 for the single point of sample S3). This 493 

slope value indicates that BeaQuant™ alpha counting is 1.5 to 1.6 higher than total activity 494 

provided by the HPGe gamma spectrometry.  495 

 496 



 497 

Figure 8. Absolute quantitative comparison for the three samples S1 (12 ROIs), S2 (17 ROIs) 498 

and S3 (1 single point) : BeaQuant™ alpha counting Vs HPGe activity standardized to the 499 

volume of celestine grain detected by alpha detector (VeG). 500 

 501 

Another way to perform a quantitative comparison consists to calculate the average of the 502 

BeaQuant™ specific alpha counting provided for each ROIs (Appendices A and B) (low 503 

Relative standard deviation about 5%), and to report the one for S3 (Appendix C) (Table 3).  504 

The ratio between BeaQuant™ specific counting and HPGe specific activity ranges between 505 

1.2 to 1.6 (Table 3), which is close to the slope values found in the first comparison (Figure 8), 506 

always indicating a better detection efficiency for the BeaQuant™ device.  507 

 508 

 509 

 510 

 511 

 512 

 513 



Table 3. Comparison of the mean specific alpha counting (average of the ROIs for samples S1 514 

and S2), with the HPGe specific activity. RSD : relative standard deviation) 515 

Samples  BeaQuant™ Specific -

counting CSp(B,) (cps.g-1) 

HPGe Specific Activity 

ASp(HPGe) (Bq.g-1) 

Ratio 

BeaQuant™/HPGe 

S1 

Average ROIs 5075 

3251 1.6 Mean deviation 275 

RSD (%) 6 

S2 

Average ROIs 46808 

32523 1.4 Mean deviation 2126 

RSD (%) 5 

S3 Value 7499 6410 1.2 

 516 

Relative comparison can thus be made between the different samples activities/counts for a 517 

same detector (Table 4). Activity is 9.2 times higher in S2 than it is in S1 according BeaQuant™ 518 

alpha detector, while a factor 10 is reported for HPGe gamma detector. The S2/S3 activity factor 519 

is about 5.6 for BeaQuant™ and 5.1 for gamma detector, while 1.6 and 2 are obtained for the 520 

ratio S3/S1 with respectively alpha detector and HPGe detector. In general way, these factors 521 

are very close for the two detection technologies.  522 

 523 

Table 4. Specific activity/counting factors between samples: BeaQuant™ Vs HPGe -524 

spectrometry (calculated from specific counting/activity provided in Table 3). 525 

Factors 
BeaQuant™ Specific counting CSp(B,) 

(cps.g-1), after FE correction 

HPGe Specific Activity 

ASp(HPGe) (Bq.g-1) 

𝑆2
𝑆1⁄  9.2 10.0 

𝑆2
𝑆3⁄  5.6 5.1 

𝑆3
𝑆1⁄  1.6 2.0 

 526 

 3.5. 226Ra distribution on celestine crystal/grain scale 527 

Alpha maps allow to locate 226Ra into the sample, however what about 226Ra distribution into 528 

celestine crystal/grain? That is an interesting question from a geochemistry point of view. 529 

Indeed, the incorporation of 226Ra into the crystal lattice of celestine is allowed by the solid-530 

solution between celestine and radium sulfate (Lestini et al., 2019). Two models can describe 531 

solid-solutions (partition coefficient calculation): first the heterogeneous model where 532 

equilibrium is governed by the solid-solution surface, the second the homogeneous model 533 

where all the solid-solution volume is at the equilibrium with the solution. 534 



3.5.1. Coprecipitation experiment (S1 and S2) 535 

For samples S1 and S2, individual crystals are not observable on the alpha map because their 536 

size (20-25 µm) are in the same order of magnitude than BeaQuant™ resolution (20 µm). It is 537 

thus not possible to visually study more precisely the 226Ra distribution in the celestine crystal, 538 

through a concentration gradient.  539 

However, to decide between the two distribution models previously presented (heterogeneous 540 

Versus homogeneous), it could be checked if the alpha counting is rather dependent on the 541 

celestine crystal volume or on the celestine crystal surface. As our sample sections imply to 542 

work in two dimensions, crystal surface becomes crystal perimeter and crystal volume becomes 543 

crystal surface. Note that the study is performed on crystals clusters (ROI) and not on individual 544 

crystals: as previously mentioned, crystal cannot be individualized on autoradiographs. Total 545 

crystal surface area and alpha counting have already been calculated in the ROIs. Total 546 

perimeter crystal has been obtained considering round particles with the diameter equal to the 547 

average between the vertical length and horizontal length.  548 

 549 

Several theoretical relations between geometry and alpha counting can occur, according crystals 550 

shape and crystals size (Figure 9). To simplify the hypothetical presented cases, 226Ra initial 551 

activity is considered to be the same for all the crystals, i.e. the same activity of the 226Ra spike 552 

solution and the same percent of this activity retained in the crystal. 553 

First case, crystals are non-uniform in shape (size non considered), inducing a non-correlation 554 

between total perimeter and total surface of crystals in a cluster (ROI) (Figure 9, Case 1). Thus, 555 

if 226Ra distribution is homogeneous, alpha counting should be correlated to the surface crystals. 556 

And conversely, a correlation between alpha counting and perimeter involved an heterogenous 557 

distribution of 226Ra.  558 

Second case, crystals are uniform in shape but present different crystal sizes (Figure 9, Case 2): 559 

perimeter is correlated with surface, with as many linear regression lines as crystal sizes. Only 560 

one parameter, surface or perimeter, should be correlated with alpha counting according a 561 

unique slope for all the crystals. 562 

Third case, crystals are uniform in both shape and size; a unique linear regression line is 563 

observable for the relation surface versus perimeter (Figure 9, case 3). No matter how the 564 

distribution of 226Ra is, both perimeter and surface are correlated with alpha counting along a 565 

unique regression line, not allowing to decide between homogeneous and heterogeneous model.  566 



 567 

Figure 9: Three hypothetical cases of relations between crystal geometry and alpha counting 568 

into crystals clusters, to study 226Ra distribution into crystal. Crystals are considered to originate 569 

from the same solution with the same 226Ra initial activity. 570 
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 The studied case, i.e. samples S1 and S2, shows a unique linear regression line between surface 571 

and perimeter for both samples, involving crystals are similar in shape and size (Figure 10 A). 572 

While two linear regression lines (one to each sample) appear for both surface/alpha counting 573 

and perimeter/alpha counting relations (Figure 10 B and C). As previously mentioned, initial 574 

activity of the 226Ra spike solution was about ten times higher for sample S2 compared to 575 

sample S1. The factor between the slopes of the two sample is quite equal to the activity factor 576 

(Figure 10 B and C). Considering a same 226Ra initial activity, the studied case corresponds to 577 

the case 3 presented in the Figure 9: it is not possible to decide between homogeneous and 578 

heterogeneous models.  579 

 580 

 581 

Figure 10: Relations between crystal geometry and alpha counting into crystals clusters of 582 

samples S1 and S2, to study 226Ra distribution into crystal. 226Ra initial activity is about 10 583 

times higher for crystals S2, compared to crystals S1. 584 

S1 S2

S1
S1

S2
S2

Conclusion: Factor between S1 and S2 slopes is about 10 and corresponds to the 226Ra activity
factor. When correcting BeaQuant™ alpha counting of S2 with this activity factor, a unique slope is
observed for both S1 and S2, for the two parameters.

STUDIED CASE : S1 and S2 crystals from coprecipitation experiments

Perimeter correlated to surface
Only one linear regression line with slope
corresponding to the unique surface/perimeter ratio.
However crystals S2 have 226Ra activity 10 times
higher than crystals S1.

y = 0.0004x

R² = 0.9693

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0 5 10 15 20

Total celestine crystal perimeter in ROI (cm)

S1

S2

To
ta

l c
el

es
ti

n
e

cr
ys

ta
ls

u
rf

ac
e 

in
 R

O
I (

cm
²)

A

y = 46.583x

R² = 0.9856

y = 429.41x

R² = 0.996

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 0.002 0.004 0.006 0.008 0.01

Total celestine crystal surface in ROI (cm)

S1

S2

B
ea

Q
u

an
ttm

al
p

h
a 

co
u

n
ti

n
g

(c
p

s)

Activity 
factor

C

y = 0.0179x

R² = 0.9797

y = 0.1458x

R² = 0.9174

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 5 10 15 20
Total celestine crystal perimeter in ROI (cm)

S1

S2

B
ea

Q
u

an
ttm

al
p

h
a 

co
u

n
ti

n
g

(c
p

s)

Activity 
factor

B

THE STUDIED CASE CORRESPONDS TO THE HYPOTHETICAL CASE 3 (Figure 9): UNIFORM SHAPE FACTOR AND UNIFORM SIZE. 



3.5.2. Recrystallization experiment (S3) 585 

Visually, 226Ra appears to be distributed on the edges of the celestine grains in sample S3, but 586 

also in intergranular fracturation zones. Experimentation time has not been long enough to reach 587 

an equilibrium between solution and solid: that is observed is 226Ra penetration into celestine 588 

grains. Concentration gradient should be studied on profiles, as presented in Figure 7, but PSF 589 

of the alpha map and celestine edges effects are not yet defined, as previously mentioned. 590 

In contrast to samples S1 and S2, S3 presents different grain sizes ranging from 200 to 1000 591 

µm; this sample could be a good application of the method based on perimeter/surface and 592 

allowing to decide between heterogeneous and homogeneous distribution model (Figure 9). 593 

However, both perimeter/alpha counting and surface/alpha counting correlations are low and 594 

not significant. Perimeter measurement is quite difficult with celestine grains in sample S3 595 

which appears irregular and indented (Figure 6). Moreover, fracturation zones are contacts 596 

between solution and solid which are not recorded for perimeter measurement. In other word, 597 

perimeter is not really related to the grain contact with solution, explaining the non-correlation 598 

between perimeter and alpha counting, which was however expected for this recrystallization 599 

experiment.  600 

4.Discussion-conclusion 601 

These results prove the effectiveness of the BeaQuant™ to locate and map the 226Ra from its 602 

alpha emissions, with a resolution about 20 µm directly related to the range of alpha in matter. 603 

Better resolution about 1 µm can be reached with EDS or WDS (Wavelength-dispersive (X-604 

ray) spectroscopy) methods, however this resolution results from the electron-matter interaction 605 

volume, which permits investigating a shallow sample depth (0.5 µm). Moreover, the detection 606 

limit of these methods is in the ppm range: 226Ra present concentrations far lower than ppm 607 

(more commonly few ppb in natural occurrence), with activities higher than Bq.g-1. Ultratrace 608 

radionuclide, as 226Ra, is definitely better detected by radiation detection.  609 

To date, it is the first time that ultratrace 226Ra, which is challenging to detect, is mapped on a 610 

micrometer scale. The use of autoradiography is an obvious advantage for the detection of this 611 

trace element. BeaQuant™ allows to count 20 to 25% of alpha particles emitted in a sample 612 

thickness equal to the range of alpha (around 20 µm). 613 

 614 



At the sample scale, S1 and S2 show a good match between celestine clusters on SEM images 615 

and high alpha counts area in autoradiography: BeaQuant™ can detect and locate 226Ra 616 

included in celestine. However, on a smaller scale (within the crystal), 226Ra distribution could 617 

not have been studied because of the crystal size which is too small to be visually individualized 618 

on alpha map (crystal size = alpha map resolution), and too similar between S1 and S2 to 619 

highlight relation between crystal surface, perimeter and alpha counting as demonstrated in 620 

Figure 10. An interesting prospect could be to perform new coprecipitation batch experiment 621 

with a much longer synthesis time, to produce larger crystal size of celestine. With two different 622 

populations of crystal size, the BeaQuant™ alpha counting would thus be studied according 623 

crystal surface, and according crystal perimeter to decide between homogeneous and 624 

heterogeneous distribution model for geochemistry calculation. Concentration gradient could 625 

also be studied from crystal edge to center part, if crystal size is sufficiently higher than 626 

BeaQuant™ resolution (20 µm).  627 

The location of alphas in halo around the celestine grains of the sample S3 are consistent with 628 

the samples from recrystallization experiment, where only surface grains are affected by this 629 

process. This experiment was clearly not long enough to reach an equilibrium between solid 630 

and solution, however thickness of recrystallisation and concentration gradient could be 631 

determined providing to consider two effects: the point spread function (PSF) of BeaQuant™ 632 

and the grains side effect impacting alpha counting profiles at the interface between celestine 633 

and resin. Indeed, alpha range is longer in resin (lower density) than in celestine (higher 634 

density).  A future study could be conducted to: i) determine the PSF of BeaQuant for the alpha 635 

emissions, ii) correct the experimental alpha counting profiles from the PSF, iii) simulate alpha 636 

profiles with Geant4, using various recrystallization thicknesses, and iv) compare corrected 637 

experimental and theorical profiles to identify the maximum recrystallization thickness of 638 

celestine grains. In addition, celestine grains in sample S3 are too irregular, indented and 639 

fractured to enable a comparison between grain geometry and 226Ra distribution. New 640 

recrystallization experiments should be performed with synthetic celestine crystals (uniform 641 

shape, different sizes). 642 

Finally, in terms of quantification, the BeaQuant™ allows to count alpha particles with a good 643 

linearity when compared to the activities provided by a HPGe gamma detector. Moreover, 644 

BeaQuant™ counting is higher than HPGe activity, whereas BeaQuant™ has been used to 645 



count only alpha emissions from 226Ra decay chain and HPGe activities are given for the whole 646 

emission of the 226Ra decay chain daughter nuclides.  647 

Since the ability of BeaQuant™ to quantify 226Ra from the alpha emissions has been 648 

demonstrated, the maps of 226Ra content can also been achieved (Figures 4B, 4D and 6B), 649 

through simple conversions from the alpha counting. Thus, 226Ra content in celestine can be 650 

given as concentration (ppb), mass (fg) and of course as specific activity in celestine (Bq.g-1). 651 

All these data, as well as the alpha counts, are calculated at the scale pixel of the autoradiographs 652 

(here 20 µm).  653 

 654 

To conclude, the present work proves that 226Ra quantitative mapping is easily achieved with 655 

alpha detection. The problem in the 226Ra mapping occurs however when other alpha emitters 656 

cannot be neglected. This technology cannot discriminate between different alpha emitters. For 657 

instance, how to locate 226Ra in uranium mine tailings, where 238U and 234U are still present in 658 

the material ? The approach considered by Angileri et al. (2018) combines both alpha and 659 

uranium mapping (alpha mapping using BeaQuant™ and U mapping using WDS microprobe 660 

analysis), to identify and locate equilibrium state in a section. More simply, qualitative 661 

comparison of U mapping and alpha mapping can also help to locate 226Ra bearing minerals 662 

(mineral emitting alpha without U content). Sensu stricto 226Ra mapping has not been however 663 

performed yet, regardless of U mapping. New developments are ongoing to obtain 226Ra 664 

mapping for such natural materials. 665 

The present study is the second one showing the ability of BeaQuant™ device to map and 666 

quantify alpha-emitting radionuclides (226Ra this work, 238U in Angileri et al. (2018), Sardini et 667 

al. (2016)): it can thus be assumed that all alpha-emitting radionuclides can be quantitatively 668 

mapped with this technology, opening up a wide range of applications in mining activities, 669 

nuclear waste storage and nuclear facilities decommissioning. Alpha mapping could be used to 670 

locate and identify alpha-emitter radionuclide retention sites in geo-materials as well to 671 

understand diffusion mechanisms using in-diffusion profiles (Siitari Kauppi et al., 1997). Being 672 

sensitive to betas and electrons, BeaQuant™ can also be used to locate and study the diffusion 673 

of beta-emitting radionuclides as well as Auger/conversion electrons emitters. Such works have 674 

already been performed on 133Ba using Auger/conversion electron emission (Muuri et al., 675 

2019). 676 
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 777 

Figures Captions 778 

Figure 1. Geometry of the section samples. 779 

Figure 2. 226Ra decay chain scheme. (data from standards of the Laboratoire National Henri 780 

Becquerel, France) 781 

Figure 3. Alpha spectrum of the sample S2 (PIPS alpha spectrometer) (Exp: experimental, 782 

dashed line) and AASI (Advanced alpha-spectrometric simulation) simulated curves for each 783 

radionuclide and the sum of them. 784 

Figure 4. A & C- Overview of the tablet part of the section sample S1 and S2 respectively, 785 

using SEM-BSE imaging mode: the white grains are mainly celestine crystals (±halite), 786 

however the large cubic ones are halite. B & D- Alpha mappings (BeaQuant™) of respectively 787 

the S1 and S2 section samples. The counting scales have been recalculated to different units 788 

such as 226Ra content (ppb in celestine), 226Ra mass (fg) and 226Ra specific activity (Bq.g-1 of 789 

celestine). These quantifications are performed for each pixel of the maps. ROIs are depicted 790 

in red in both SEM-BSE images and alpha mappings. 791 

Figure 5. A- Zoom on the ROI 2 of the sample S1 using SEM-BSE imaging mode (see Figure 792 

4A): celestine crystals (white) form a cluster partially cemented by halite (grey) in the bottom 793 

part of the cluster. Cubic crystals of halite are partially observable in the top right and bottom 794 

left corners. Resin appears in black. B- Zoom on the ROI 5 of the sample S1 using SEM-BSE 795 

imaging mode (see Figure 4A): celestine crystals (white) are quite homogeneously spread 796 

without halite cement. A cubic crystal of halite is present in the top right corner. Resin appears 797 

in black. C and D- Prismatic crystals of celestine in sample S2 using SEM-SE imaging mode. 798 



Figure 6. A- Overview of the tablet part of the section sample S3 using SEM-SE imaging mode: 799 

celestine grains are in white. B- Alpha mapping (BeaQuant™) of section sample S3. The 800 

counting scales have been recalculated in other units per pixel such as 226Ra content (ppb in 801 

celestine), 226Ra mass (fg) and 226Ra specific activity (Bq.g-1). C- SEM-BSE view of a 802 

fracturated celestine grain. D- Alpha mapping (BeaQuant™) of the grain displayed in Figure 803 

C. Color scale ranges from 0 (black) to 180 counts (white).  804 

Figure 7. A- SEM-BSE binary image (i.e. after thresholding by boundary), celestine grain in 805 

white. B- Alpha map and location of the profile from x to y (100 µm width, 1040 µm long). C- 806 

226Ra content and total alpha counting along the profile from x to y.  807 

Figure 8. Absolute quantitative comparison for the three samples S1 (12 ROIs), S2 (17 ROIs) 808 

and S3 (1 single point) : BeaQuant™ alpha counting Vs HPGe activity standardized to the 809 

volume of celestine grain detected by alpha detector (VeG). 810 

Figure 9: Three hypothetical cases of relations between crystal geometry and alpha counting 811 

into crystals clusters, to study 226Ra distribution into crystal. Crystals are considered to originate 812 

from the same solution with the same 226Ra initial activity. 813 

Figure 10: Relations between crystal geometry and alpha counting into crystals clusters of 814 

samples S1 and S2, to study 226Ra distribution into crystal. 226Ra initial activity is about 10 815 

times higher for crystals S2, compared to crystals S1. 816 
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Appendices 832 

Appendix A. Result data for the 12 ROIs of the sample section S1: Effective celestine grains 833 

data obtained on SEM images ([3] surface and [4] volume), BeaQuant™ alpha counting ([5] 834 

raw data and [6] standardized to 1 g of celestine), and [7] standardized HPGe activity. 835 

    
SEM data on celestine 

grains 
BeaQuant™ measurements 

HPGe -

spectrometry 

[1] [2] [3] [4] [5] [6] [7] 

ROIs  
total area  

(cm²) 

 Surface  

SeG (cm²) 

Volume  

VeG (cm3) 

-counting 

C(B,) (cps) 

Specific -counting 

CSp(B,) (cps.g-1) 

Standardized 

activity (Bq) 

ROI 1 4.08×10-04 2.29×10-04 5.10×10-07 9.93×10-03 4925 6.55×10-03 

ROI 2 2.46×10-02 6.32×10-03 1.41×10-05 3.23×10-01 5797 1.81×10-01 

ROI 3 3.30×10-03 7.91×10-04 1.76×10-06 3.19×10-02 4579 2.2610-02 

ROI 4 4.90×10-02 7.29×10-03 1.62×10-05 3.33×10-01 5185 2.09×10-01 

ROI 5 3.40×10-02 5.22×10-03 1.16×10-05 2.22×10-01 4835 1.49×10-01 

ROI 6 1.34×10-02 2.03×10-03 4.53×10-06 8.12×10-02 4537 5.82×10-02 

ROI 7 6.23×10-03 1.34×10-03 2.98×10-06 5.67×10-02 4815 3.83×10-02 

ROI 8 2.84×10-02 4.39×10-03 9.79×10-06 2.12×10-01 5490 1.26×10-01 

ROI 9 6.88×10-03 1.11×10-03 2.46×10-06 4.94×10-02 5073 3.16×10-02 

ROI 10 8.09×10-03 1.34×10-03 3.00×10-06 6.31×10-02 5325 3.85×10-02 

ROI 11 1.81×10-02 2.89×10-03 6.44×10-06 1.39×10-01 5461 8.27×10-02 

ROI 12 1.90×10-02 2.83×10-03 6.30×10-06 1.21×10-01 4877 8.10×10-02 
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Appendix B. Result data for the 17 ROIs of the sample section S2: Effective celestine grains 850 

data obtained on SEM images ([3] surface and [4] volume), BeaQuant™ alpha counting ([5] 851 

raw data and [6] standardized to 1 g of celestine), and [7] standardized HPGe activity. 852 

    
SEM data on celestine 

grains 
BeaQuant™ measurements 

HPGe -

spectrometry 

[1] [2] [3] [4] [5] [6] [7] 

ROIs  
total area  

(cm²) 

 Surface  

SeG (cm²) 

Volume  

VeG (cm3) 

-counting 

C(B,) (cps) 

Specific -counting 

CSp(B,) (cps.g-1) 

Standardized 

activity (Bq) 

ROI 1 2.19×10-02 2.28×10-03 5.08×10-06 9.88×10-01 49276 6.52×10-01 

ROI 2 4.92×10-03 8.32×10-04 1.86×10-06 3.19×10-01 43562 2.38×10-01 

ROI 3 6.80×10-03 9.92×10-04 2.21×10-06 3.86×10-01 44194 2.84×10-01 

ROI 4 9.42×10-03 1.72×10-03 3.83×10-06 7.28×10-01 48045 4.93×10-01 

ROI 5 1.10×10-02 2.16×10-03 4.81×10-06 8.70×10-01 45780 6.18×10-01 

ROI 6 1.29×10-02 1.84×10-03 4.10×10-06 7.70×10-01 47581 5.26×10-01 

ROI 7 2.20×10-02 2.87×10-03 6.41×10-06 1.28×10+00 50488 8.24×10-01 

ROI 7a 2.98×10-03 5.45×10-04 1.21×10-06 2.25×10-01 46936 1.56×10-01 

ROI 7b 2.73×10-03 4.36×10-04 9.71×10-06 1.93×10-01 50238 1.25×10-01 

ROI 8 5.22×10-03 9.24×10-04 2.06×10-06 3.74×10-01 45975 2.65×10-01 

ROI 9 6.25×10-03 1.07×10-03 2.38×10-06 4.75×10-01 50458 3.06×10-01 

ROI 10 8.20×10-03 7.53×10-04 1.68×10-06 2.86×10-01 43066 2.16×10-01 

ROI 11 5.40×10-03 4.46×10-04 9.94×10-07 1.63×10-01 41630 1.28×10-01 

ROI 12 8.19×10-03 1.15×10-03 2.55×10-06 4.74×10-01 46994 3.28×10-01 

ROI 13 5.06×10-03 5.54×10-04 1.24×10-06 2.09×10-01 42787 1.59×10-01 

ROI 14 3.99×10-02 4.24×10-03 9.46×10-06 1.86×10+00 49804 1.22×10+00 

ROI 15 1.85×10-02 2.76×10-03 6.15×10-06 1.19×10+00 48923 7.90×10-01 
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 854 

Appendix C. Result data for the sample section S3: Effective celestine grains data obtained on 855 

SEM images ([3] surface and [4] volume), BeaQuant™ alpha counting ([5] raw data and [6] 856 

standardized to 1 g of celestine), and [7] standardized HPGe activity. 857 

    
SEM data on celestine 

grains 
BeaQuant™ measurements 

HPGe -

spectrometry 

[1] [2] [3] [4] [5] [6] [7] 

ROIs  
total area  

(cm²) 

 Surface  

SeG (cm²) 

Volume  

VeG (cm3) 

-counting 

C(B,) (cps) 

Specific -counting 

CSp(B,) (cps.g-1) 

Standardized 

activity (Bq) 

S3 1.01×10-00 9.87×10-02 2.20×10-04 6.52 7499 5.57 
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