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Abstract

The effect of o irradiation on natural quartz is commonly known in geology, resulting in the formation of
luminescent halos around radioactive inclusions. In archaeological ceramics quartz grains are present and
can be surrounded by radioisotopes contained in the clay. The aim of this study is a first attempt to detect
similar halos on the outer rims of quartz grains isolated from archaeological pottery. Such identification could
be of interest in luminescence dating and as an alternative method for ceramic artworks authentication.
Isolated grains were characterized with cathodoluminescence imaging, SEM-EDX and Raman spectroscopy.
Some of the crystals were irradiated for reference with a microbeam of He™ accelerated ions and investigated
by means of real-time ionoluminescence. Obtained results seem to confirm that the natural effect on
archaeological quartz might be too weak to be detected with these techniques and underline the importance of
the multi-technique approach to avoid misinterpretations.
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1. Introduction

Quartz is one of the most abundant minerals in the Earth’s crust and it has nowadays massive employment
for technological applications, such as in semiconductor industry and optoelectronics. For the monitoring and
tailoring of specific properties, the structure of SiO; has been widely studied in the last few decades, together
with the effects of lattice defects and extrinsic impurities [1-5]. These defects affect greatly the luminescent
and electronical behavior of SiO, both in its crystal and amorphous phase, and can arise, for example, from
the damage induced by different types of radiation [6-9].

The effect of a particles on natural quartz is well known in geological studies as the consequence of constant
irradiation, for millions of years, of the portion of crystal surrounding radioactive inclusions, in particular U-
and Th-bearing phases. a particles are capable of inducing lattice damage, that results in the formation of a
visible luminescent halo easily detectable with cathodoluminescence (CL) imaging [10,11]. For a better
understanding of this phenomenon, studies by means of He?* or He* artificial implantation at large facilities on
both natural and synthetic quartz have been performed and can be found in the literature [12-14]. CL is the
most common technique used in this case to detect the halos [10-15], but also Raman spectroscopy [15] and
transmission electron microscopy with selected area electron diffraction (TEM-SAED) [13] have been
reported. In these works the width of the halo, namely the penetration range of the particles in quartz, varies
between 14 and 45 um depending on the energy of the implanted particle (table 1). Very often, imaging is
correlated with an electron paramagnetic resonance (EPR) analysis, aiming to identify the nature of produced
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defects: these are generally acknowledged as unpaired electrons at oxygen vacancies (E’1 centers) or Non-
Bridging Oxygen Hole Centers (NBOHC) [13,16], as well as hole centers due to silicon vacancies [11].
Experiments with the same techniques have also been performed on other types of crystals, for example on
zircon [17], albite [18] or CePO, [19]. It is worth noting that the lattice damage in quartz grains can be partially
or totally recovered by means of thermal annealing, at temperatures depending on the type of defects. This
effect can be observed, for example, in CL spectra from radiation-damaged halos, where the ultraviolet band
is annealed out at 600°C, whereas the red band remains active up to 800°C [16].

Small quartz grains are also usually contained in the clay matrix of ceramic archaeological objects, with a
size that varies from some millimeters down to less than 1 micron. These grains are subjected to the same type
of a natural irradiation both from the radioactive inclusions of the ceramic mixture and from the environment,
especially if the objects remain buried. Moreover, in natural conditions, quartz grains inside archaeological
artefacts are also hit by p and y particles, generated mainly by the decay of “°K, in addition to the decay of
isotopes belonging to the Uranium and Thorium chains. All these types of particles induce charges in the
material, a condition that is exploited in dating and authentication methods, such as thermoluminescence [20—
23], but only o particles cause also a significant damage in the crystal lattice. Since the penetration range of an
a particle is smaller than B or y ones, and emitter isotopes are normally less present inside the grains than
outside, only the surface shell of quartz crystals is involved in the interaction with the a irradiation and could
show the characteristic traces. Considering that the maximum energy of a particles in natural decays (around
9 MeV) correspond to a maximum penetration depth of about 50 um (table 1 and SRIM calculation [24]),
grains with a diameter larger than 100 um are needed to be able to detect a clear distinction with the core. It
has to be highlighted that the possibility to observe such irradiation profile could be relevant in authentication
of ceramics. The more skilled counterfeiters are in fact able to apply an artificial irradiation to a forgery,
inducing a false thermoluminescence signal in order to “age” it and cheat the method [25]. However, the
artificial irradiation for this purpose can only be done using X-rays or y-rays, that have a penetration range
sufficient to homogeneously irradiate the whole material. This means that quartz grains in artificially irradiated
objects should not present the characteristic traces left by a particles. In fact, in most cases during the ceramic
production process, the reached temperature is sufficient to anneal the quartz crystals, eliminating previous
damage due to irradiation in geological times; at the same time, a fluences accumulated in a recent fake are
negligible. To the best of our knowledge, no study has been reported so far on the visible traces that o
irradiation can leave on grains of small dimensions in the heterogeneous matrix of archaeological objects. Such
radiation-induced halos could also be exploited to define an indirect dating method for ceramics, once a fitting
calibration curve is built by correlating a irradiation and halo size. This kind of dating approach has been
previously evaluated for geological quartz [10,13,14] without defining a conclusive protocol, due to saturation
effects emerging after an irradiation of millions of years or more. This issue is likely to be avoided in the case
of archaeological finds, since a fluences accumulated after the thermal annealing are significantly lower, as
discussed in section 3.

As first step of this study, that aims at setting the groundwork with the detection and characterization of the
halo, quartz crystals enclosed in archaeological material were separated from the clay matrix; then CL images
of selected and sectioned grains were acquired for an extensive survey of possible traces. Also, in order to
obtain a visual and immediate reference of the effect of a particles on the same natural quartz, some of the
embedded grains were irradiated with a microbeam of He* accelerated ions at different energies and fluences.
Reference irradiated areas have been additionally characterized by means of in situ lonoluminescence, Raman
spectroscopy and Scanning Electron Microscope imaging. For the interpretation of results in artificially
irradiated sample, it must also be taken into account that o particles lose the greatest part of their energy at the
end of their path inside the material, so the highest concentration of generated defects will be at the maximum
penetration range (R). This can be calculated by SRIM [24], knowing the density of the material and the energy
of the particles.

2. Materials and Methods

Samples were chosen among archaeological building materials, to be able to retrieve a considerable quantity
of quartz grains. Moreover, this type of manufacts generally has a coarser ceramic body than artistic pottery,
meaning that a higher number of quartz crystals with diameter greater than 100 um can be extracted. Before
the isolation procedure, a measurement of o activity of the whole ceramic powder was made to estimate the
total archaeological fluence on the quartz grains. The count rate due to o decays can be easily determined by
covering a ZnS scintillator coupled with a photomultiplier with a homogeneous layer of powder (at least 600



mg) [20,26].

The granulometric selection was performed using primarily a 40 um mesh sieve on the ceramic powder and
attempts were made on five archaeological bricks with different grain, color, age and provenance. Only one
sample provided an acceptable yield (set at 25% w/w >40 pm minimum) for further treatment of the material:
a brick (B1) from the base of Paung Gu Temple in Bagan (Myanmar), dated back to the period between Il and
late-1V century CE. A chemical processing is generally employed for the isolation of quartz grains with dating
purposes [27] and has been also considered for this study as main guideline. A treatment for 1 hour with HCI
10% wi/w followed by 1 hour in CH;COOH 10% w/w allows the elimination of, respectively, carbonates and
organic impurities. However, the common use of HF or H,SiFs for the dissolution of feldspars is unsuitable in
this case, since these acids also erode, completely or partially, the external shell of the quartz grain, that is the
area of interest for this study. After removing traces of phyllosilicates with washings in acetone, partial
enrichment in quartz was therefore achieved by magnetic separation using a Frantz L-1 magnetic separator.
Further selection was then performed via handpicking of the grains under optical microscope. Finally, the
grains were embedded in epoxy resin and polished to expose the core.

The grains were analyzed with a Zeiss EVO 60 Scanning Electron Microscope equipped with a LaBs filament
and a Bruker Quantax 200 EDX microprobe, setting a working distance of 8.5 mm and a voltage of 20 kV to
perform elemental analysis and to confirm the quartz nature of the grains. Measurements were carried out at
variable pressure, with 50 Pa in the chamber. The evaluation of shape and dimensions was performed by means
of particle analysis on SEM backscattered electrons (BSE) images using Fiji software, an open-source image
processing package based on ImageJ. Images with enhanced contrast were converted in binary, then
“watershed” feature from BioVoxxel toolbox [28] was applied to separate inter-touching particles and it was
followed by an extended particle analysis. Three parameters were considered in particular: the Minimum Feret
diameter (MinFeret), that is the shortest distance between any two parallels tangent to the grain perimeter; the
Aspect Ratio, defined by the 1SO 9276-6 guidelines [29] as the ratio of the Minimum Feret diameter to the
Maximum Feret diameter, so that the value is always in the range between 0 and 1 (being exactly equal to 1
for the perfectly spherical particle); the Circularity, that also takes in consideration the perimeter (P) and is
defined as given in equation 1, where A is the particle area.

C = sqrt[(4mA)/P] 1)

The cold-CL apparatus employed for characterizing the grains is a CITL Cold Cathode Luminescence 8200
mk3 instrument equipped with a polarized optical microscope Olympus BH2 and a Peltier-cooled Olympus
DP74 camera. Samples are placed in a vacuum chamber with transparent windows where the pressure is
maintained at about 0.8 mbar. An accelerating voltage and current of 15 kV and 500 pA respectively were
used during the measurements. The optimal exposition time for CL image acquisition using standard camera
conditions was 60 s.

Some of the embedded grains were then carbon-coated and irradiated in vacuum at room temperature.
Irradiations have been carried out with a microbeam of He* ions at the AN2000 accelerator of the INFN-LNL
laboratories in Legnaro (Padova, Italy), dedicated to ion beam-based interdisciplinary research [30-33]. The
size of the beam was about 6 pum and an energy of 1.8 MeV for the ions was selected, aiming at best simulating
the natural particles. From SRIM simulations, a 1800 keV o. particle in quartz (density = 2.65 g/cm?®) can reach
a R value of 5.2 um. To obtain an R compatible with the area of the crystal investigated with a CL probe (R
about 2 um for 15 keV electrons, calculated with CASINO software [34]), a second value of energy of 600
keV was also employed. Three different fluences compatible with geological irradiation (10% ions/cm?, 10%°
ions/cm? and 10%" ions/cm?) were tested for each energy value on three 100x100 um? adjacent areas of the
same crystal. lonoluminescence spectra were simultaneously acquired during irradiations, using the setup
described in [35] connected to a QEPro Ocean Optics cooled spectrometer and setting an integration time of
60 s.

Finally, Raman measurements have been performed with a Horiba Jobin Yvon HR800 Raman micro-
spectrometer equipped with a 600 lines mm™! diffraction grating. The optical excitation was provided by a
continuous 532 nm laser focused with a 20x air objective; with this configuration, the laser spot reaches about
2 um in diameter and 6 pm in focal depth.

3. Results and discussion

The count rate measured for a particles decay in the powder extracted from sample B1 was 0.0132 £ 0.0001
Bq on a scintillator surface of 13.85 cm?. Taking into account the corrections due to geometrical and electronic
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aspects [20], this equals a total a particles activity of about 1.1-10° Bg/cm? i.e. about 3.5-10* «
particles/cm?-year. The a dose absorbed by the archaeological sample since its last firing is calculated as
810+110 uGylyear, representing the 17% of the overall annual dose employed for the age calculation. All the
corrections for water absorption and a efficiency, as thoroughly described in [20], have been applied to obtain
this value. Since the brick dated back to the period between Il and late-1V century CE, the expected average
irradiation is between about 5-107 a particles/cm? and 7-107 « particles/cm?. Considering for the particles an
average energy of 5.5 MeV, these fluence values correspond to an energy density, defined as energy provided
by a irradiation in the unit volume, of the order of 10-2J/cm?®. When the geological fluences chosen for artificial
irradiations are taken in consideration, the energy density results to be higher by 7 to 9 orders of magnitude.

The separation performed on the analyzed material from sample B1 resulted in a granulometric distribution
of the grains that ranges between 120 pm and 2.83 mm: the distribution of MinFeret values can be observed
in figure 1, showing an average of 700 um. Despite their natural irregularities, the grains have an acceptable
roundness in shape, with average values for Aspect Ratio and circularity of 0.68 and 0.71 respectively. The
dimensions of the grains are therefore optimal for the observation of potential differences between the outer
rim and the core. SEM-EDX analysis on a high statistic of grains confirmed that the separation of quartz
achieved with the adopted procedure was successful, despite the presence of few K-feldspar grains. K-feldspars
are also easily distinguishable for their bright blue cathodoluminescence [27,36,37], characteristic that can
help in discarding them before further analyses.

First observations of the selected grains with exposed core under cold-CL showed the typical violet-brownish
color for quartz [38], but no evident halos were detectable on the outer rim. This can have a double meaning:
first of all, that the possible halo due to geological exposition is not present, probably for the typology of quartz
or for the annealing achieved during the fabrication process. Secondly, that the natural irradiation accumulated
from the last heating of the brick, of the order of 107 a particles/cm?, is not sufficient to induce the defects that
cause a halo observable with CL at room temperature. It should also be noted that the spatial distribution of
radioisotopes within the ceramic matrix can be heterogeneous, enough that their distance from each quartz
crystal may influence the presence and size of the halo. Despite none of the crystals observed under CL in this
work showed a clear natural halo on the rims, this topic will have to be further investigated when a comparison
with other archaeological samples will be performed.

The CL images acquired after artificial He* irradiation at geological fluences clearly show instead the squared
shapes of the targeted areas, with increasing CL intensities as the fluence increases (Figure 2b). Moreover, for
600 keV He* ions with a 10 ions/cm? fluence the irradiation outcome results in a completely different CL
color, turning from yellow-green to blue. This color change in respect to lower fluences is probably caused by
the more severe defective situation reached. On the other hand, using an energy of 1800 keV this blue color
does not emerge because of the depth investigated by the CL probe: the majority of the defects induced by a
600 keV irradiation lays on a more superficial layer than for 1800 keV (see for clarity the SRIM simulations
shown in figure 3), so the electrons used in cathodoluminescence, that penetrate only 2 um in gquartz, cannot
reach the maximum R value for 1800 keV ions and generate a signal from a less defective area. The CL
intensity variation visible between the inner and the outer part of the squared area is instead due to the gaussian
shape of the ion beam used for implantation. Comparing these reference irradiated areas with the external rim
of the grains, some similarities in CL colors and intensities can be found (see for example figure 2b) in
correspondence of few areas, but the effect is not uniformly distributed along the rims. This might be due to
local inclusions of extrinsic activators or to different mineralogical species embedded inside the naturally
grown quartz crystal.

Areas with a 10" ions/cm? fluence are also noticeable using a simple optical microscope in transmitted light;
the detectability of the areas fades with the decreasing fluence and the irradiations at 10 ions/cm? are
completely invisible. In SEM backscattered electrons images all the areas are instead observable (figure 2c).
The difference in brightness for the areas irradiated at different fluences is not due in this case to chemical
heterogeneity, but most probably to local variations of the structural state of the crystal, induced by the
irradiation and related to changes in the electron channeling behavior of the material [39]. However, similar
differences cannot be found on the borders of the grain, as in BSE images they appear quite homogeneous with
the core.

lonoluminescence spectra acquired in situ during irradiation show some features in the UV and in the NIR
regions that remain unchanged for all areas and fluences, such as the two adjacent bands at 355-370 nm and
the single peak at 945 nm (figure 4). In the visible region two bands are present, one around 450 nm and one
centered at 670 nm. As the fluence increases, the yellow-orange band decreases in intensity: this effect is
particularly relevant for irradiations at 600 keV, where at the same time the blue band increases (figures 4 and
5). It is interesting to notice that these emission colors for IL reflect also the visible cathodoluminescence in



figure 2b. The band at 670 nm has been generally associated to NBOHC; for the 450 nm band the assignation
of activating defects is instead more controversial and some attributions are: ODC Il centers (non-relaxed
oxygen vacancies), intrinsic recombination of STEs (self-trapped excitons), STE recombination at E’ centers
[40]. An EPR analysis might be interesting to discriminate between these possibilities, but it would not be
suitable for the final intent of this work since it cannot be selective on the micrometrical outer rim of the grains.
In any case, the natural origin of our samples reflects in some differences with the literature reference spectra,
showing more irregular shapes and a complex convolution of peaks that may derive from the activation by
multiple extrinsic impurities.

Raman spectra were also acquired for each irradiated area and for pristine random points on the same crystal.
All spectra showed high peaks at 130 cm™, 208 cm™ and 468 cm, characteristics for quartz, and smaller peaks
at 268 cm, 356 cm™®, 403 cm, 513 cm, 809 cm™, 1084 cmand 1161 cm™ (figure 6). With the increase of
ion fluence, the 468 cm? peak, related to A; mode optic vibrations, suffers from a small blueshift (figure 7a)
ascribable to the induced defects, but the trend of this movement does not seem to correlate linearly with the
fluence. The shift suffers the reproducibility of the Raman microscope focus, that affects the depth of field
(uncertainty of ~1 um). In fact, from figure 3 it can be seen that if the depth of field varies within the error, the
analyzed volume may include or almost entirely exclude the Bragg peak for the damage induced by 1800 keV
ions. Analyzing the full width at half maximum (FWHM) of the 468 cm™* peak for every irradiation condition,
it was noted that the peak slightly enlarges from pristine to irradiated crystal areas; the differences in FWHM
between the three fluences employed are not significantly distinguishable considering the standard deviation
(SD) on multiple acquisitions, but a trend correlating the peak width and the induced damage can still be
identified. Figure 7b highlights that SD is particularly relevant for irradiations at 600 keV with a 107 ions/cm?
fluence. Some of the spectra acquired in this area show additional signals: the ones around 615 cm™ and 660
cm? are not sharp peaks, but more of a broad and quite low band that is however not part of the background.
Moreover, a very broad band arises in the range between 1200 cm™* and 1400 cm™. It was noticed that these
features appeared only if the spectrum was acquired from the right-lower part of the square (figure 6). Actually,
from the BSE image in figure 2c a diagonal crack can be clearly seen crossing the area: this might suggest that
the crystal grew in this point with different orientations, generating a grain boundary that was partially revealed
by polishing. It should be stressed at this point the natural origin of the material under investigation and the
fact that it was impossible to notice this kind of characteristics during the irradiation sessions. A Raman
spectrum was also acquired in one of the points on the outer rim that showed a similar CL color to the reference
areas (point in figure 2b, spectrum in figure 8): the Raman fingerprint assessed that this is actually a different
crystal, an orthosilicate (KAISizOg) embedded inside the quartz grain. The unusual CL color, yellowish-green
instead of blue, might be due to an alteration of this K-feldspar [36]. Nevertheless, when looking for visible
traces of o particles on the rims, one should keep in mind that similar CL colors may arise from very different
sources: this highlights the importance to couple CL analysis with other investigative techniques for the aim
of this study.

4. Conclusion

For the first time, to the best of our knowledge, an attempt to observe the a radiation-induced luminescent
halo already identified in geological quartz grains was made on archaeological samples. The natural origin of
the quartz under study, alongside with the small size of the grains and their heterogeneous environment,
resulted in a great characterization challenge. The needed coarseness of the grains limited their provenance to
just one of the archaeological samples available. CL imaging and Raman spectroscopy were applied in a similar
way to geological studies, but no evident halos were detectable on the outer rim of the grains; this confirmed
that a natural irradiation of the order of 107 a particles/cm?, accumulated from the last heating of the artefact,
is not sufficient to induce defects that cause observable effects by means of these technigques. On the other
hand, the absence of the halos is a first evidence of the lack of residual geological damaging effects, that could
be attributed to the annealing of the material during the fabrication of the ceramics.

This first approach underlined how important it is to combine different analytical techniques when looking
for halos caused by external irradiation, in order to avoid misinterpretation. Moreover, the fact that irradiation
effects can be discriminated also by means of SEM backscattered electrons images is relevant, as it adds a
widespread and immediate method to possibly identify these traces on other archaeological samples. A
comparison of the results here presented with analyses on more quartz grains from samples of different ages
(and hence exposed to diverse o fluences) will be of great importance especially for the suggested
authentication and dating application. He" artificial irradiations performed at a micrometrical scale provided a
significantly helpful reference not only for CL imaging, but also for Raman spectroscopy. It will also be useful



to perform in the future additional damaging sessions via o irradiation at different energies and fluences,
possibly with a subsequent observation of the grain in cross section.
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Tables and Images

lons energy Fluence Quartz type Halo width

fon (MeV) (ions/cm?) (N/S) (um) Reference
He* 4 1015 S 14 [12]
He2* 8.8 101 _ 107 N&S 15 [13]
He* 4 10 _ 105 N 14 [14]

Table 1. Parameters of previous experiments from the literature with resulting radiation halo width. N =
natural, S = synthetic.
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Figure 1. Distributions of Minimum Feret, Aspect Ratio and Circularity for the isolated quartz grains.



1800 keV

~ 120um um ions/cm?

Figure 2. An irradiated quartz grain under (a) optical microscope, (b) cathodoluminescence, (¢) SEM-BSE. A
scheme of the irradiation pattern is also reported. The red star indicates the point investigated with Raman
spectroscopy.
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Figure 3. Comparison of depth penetration in quartz between SRIM and CASINO simulations for,
respectively, He+ damage distributions and 15 keV electron hits distribution. Raman depth of field is also
indicated, with an error of + 1 um (green area).
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Figure 4. lonoluminescence spectra showing features in UV, visible and NIR regions. The effect of increasing
fluence is appreciable comparing dotted and continuous lines.
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Figure 5. Evolution of in situ visible ionoluminescence acquired for irradiations at 600 keV up to 107
ions/cm?. This representation clearly shows how, with the constant increment of fluence, the 670 nm band
decreases, whereas the 450 nm band slightly increases.
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Figure 6. Raman spectra for the area 600 keV-10' ions/cm?. In blue, a spectrum acquired in the left-upper
corner of the squared area that exhibits the same peaks as pristine quartz and other irradiated areas; in green,
the spectrum from the right-lower corner, showing the additional bands around 290 cm?, 410 cm™, 615-660
cm*and 1200-1400 cm™.
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Figure 7. (a) The 468 cm™ Raman peak of quartz measured for pristine crystal and all irradiation conditions;
(b) values of full width at half maximum for the 468 cm™ Raman peak versus the ion fluence. Error bars
represent the standard deviation on at least 4 spectra.
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Figure 8. Raman spectra of pristine quartz (black) and of the luminescent area indicated with the red star in
figure 2b and identified as an orthoclase inclusion (red).



