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Abstract: The handling of inorganic scintillators (e.g., alkali metal halides) can benefit from the
availability of polymeric materials able to adhere to their surface. Polymeric materials, such as
epoxy resins, can act as protective coatings, as adhesives for photodiodes to be connected with
the scintillator surface, and as a matrix for functional fillers to improve the optical properties of
scintillators. Here, the optical properties of two epoxy resins (E-30 by Prochima, and Technovit
Epox by Heraeus Kulzer) deposited on the surface of a scintillator crystal made of CsI(Tl) were
investigated, in order to improve the detection of high-energy radiation. It is found that these resins
are capable of adhering to the surface of alkali metal halides. Adhesion, active at the epoxy–CsI(Tl)
interface, can be explained on the basis of Coulomb forces acting between the ionic solid surface
and an ionic intermediate of synthesis generated during the epoxy setting reaction. Technovit Epox
showed higher transparency, and it was also functionalized by embedding white powdered pigments
(PTFE or BaSO4) to achieve an optically reflective coating on the scintillator surface.

Keywords: optical-grade epoxy; inorganic scintillator; alkali metal halides; adhesion; interface;
Coulomb forces; optical properties

1. Introduction

Alkali metal halide crystals, such as NaCl, NaI(Tl), CsI, and CsI(Tl), are excellent
optical windows and scintillator materials to detect high-energy radiation (e.g., γ-rays, and
X-rays) [1–13]. These inorganic scintillators offer (i) a high output and energy resolution,
(ii) a fast and high linear response, and (iii) a very stable light output over a wide range
of temperatures; however, they are moisture sensitive and, therefore, quite difficult to
handle [4]. In addition, the difficult processing of these materials strongly limits their
technological exploitation. Usually, to solve these problems, the crystal is covered by
PTFE tape; however, this technological approach has several limitations (tape breaking,
non-uniform shape, etc.). Therefore, in this paper, we propose replacing the tape with
structural adhesive polymeric materials such as epoxy resins containing reflective powders.

It is known that ionic scintillators are solids made of close-packed alkali metal cations
and halogen anions, interacting by Coulomb’s electrostatic forces, and adhesion is not a
critical issue for ionic solids such as ceramic materials (e.g., potteries and glasses) since their
surfaces have a layer of hydroxyl groups that allows a strong grafting with the adhesive
phase [14]. However, such a layer is not present on the surface of an alkali metal halide
crystal, and therefore the polymer–crystal interfacial adhesion is a very critical issue for
these materials.

It is well known that polymers have a more or less effective capability of adhering
to different solid surfaces by physical or even chemical interactions, depending on the
type of side group [15]. For such a reason, the adhesion of thermoplastic polymers to an
ionic surface should improve upon increasing the side group polarity, but a mechanically
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stable polymer–ionic solid interface can never be achieved by ion–dipole interactions.
On the other hand, epoxy resin is an almost universal structural adhesive class, able to
guarantee a strong interface with solids such as ceramics, inorganic glasses, metals, and
even most plastics [16,17]. Since ionic groups (alkoxide and ammonium) are generated
in the epoxy structure during the setting reaction [18], these materials can determine an
effective interaction with the cations/anions present on the alkali metal halide surface,
which provides the adhesion with the crystal.

Here, the adhesion of two optical-grade epoxy resins to a CsI(Tl) crystal was tested
after their characterization by UV–Vis spectroscopy, fluorescence spectroscopy, scanning
electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS). To improve
the reflectance of the coating layer, these resins were filled by white organic/inorganic
pigments of PTFE or BaSO4.

2. Materials and Methods

The experimental activity was focused on the surface modification of inorganic scin-
tillators, based on thallium-doped cesium iodide, CsI(Tl), monocrystals, by epoxy resins.
The aim of the surface treatment was the protection/functionalization of the scintillator
surface, and it was carried out on single crystals, having a cubic shape with a side of 35 mm.
Since CsI is highly hygroscopic and sensitive to oxidation, the scintillators were stored
in a desiccator with well-activated silica gel. Two types of optical-grade epoxies: E-30 by
Prochima and Technovit Epox by Heraeus Kulzer, were tested as scintillator adhesives. The
base resin-to-hardener weight ratio was 5:3 for the E-30 epoxy resin, and 3:1 for Technovit
Epox. In the case of Technovit Epox, a fast hardener was used. An as-prepared epoxy resin
mixture was applied by spraying it on the crystal surface. After that, to eliminate air bub-
bles and other defects formed in the deposited layer, the covered crystals were kept in oven,
under vacuum, at a temperature of 40 ◦C (for E-30) and 80 ◦C (for Technovit Epox), for ca.
2 h, and then the samples were left to cure in air for 2 days. Teflon nanopowder (PTFE,
Aldrich, St. Louis, MO, USA) and barium sulphate (BaSO4, 99%, Alfa-Aesar, Haverhill,
MA, USA) were selected as a white reflective filler for Technovit Epox. In particular, the
filler suspension in the base resin component was treated by an ultrasonic bath for 30 min
to improve dispersion. After the hardener addition to the base epoxy, accurate mixture
stirring, and its deposition on the CsI(Tl) crystal, the coating was allowed to cure at a
temperature of 80 ◦C for 2 h. To obtain an optimal compromise between visible reflectivity
and coating uniformity, it was required for the epoxy-based composites were required to
be filled with 5.4% by weight of PTFE or 21.3% by weight of BaSO4.

Microscopic characterization and elemental analysis were performed by a scanning
electron microscope (FEI Quanta 200 FEG microscope, Theromo Fischer Scientific, Hills-
boro, OR, USA )and energy-dispersive X-ray spectroscopy (Inca Oxford 250, Oxford, UK),
respectively. Absorption and emission optical spectroscopy measurements were conducted
by a UV–Vis–NIR spectrophotometer (PerkinElmer, Lambda-900, Hong Kong, China),
equipped with an integrating sphere (diameter of 15 cm, PerkinElmer, Hong Kong, China),
covered by Spectralon, and a spectrofluorometer (PerkinElmer, LS-55, Hong Kong, China),
respectively.

3. Results and Discussion

The surface morphology of the “as-received” CsI(Tl) crystals was investigated by
scanning electron microscopy (SEM, FEI Quanta 200 FEG microscope, Theromo Fischer
Scientific, Hillsboro, OR, USA), and energy-dispersive X-ray spectroscopy (EDS) was used
in order to quantify the surface oxidation extent. Figure 1a shows the SEM micrograph
of the fractured crystal surface. In the inset, the brittle fracture clearly evidences the
many dislocations present in the crystal lattice. The EDS spectrum of the fractured surface
is shown in Figure 1b where intensive signals of cesium and iodine elements can be
appreciated, while the thallium signal is not visible because it is present in a very small
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amount. A low-intensity oxygen signal is also present, indicating a slight surface oxidation,
and the very small carbon peak is due to the SEM sample preparation.
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Figure 1. SEM micrograph of the CsI(Tl) crystal surface (a) and related EDS spectrum (b). The inset
of (a) shows a magnification of the surface dislocations.

The absorption properties of the CsI(Tl) crystal were measured by absorption spec-
troscopy. As shown in Figure 2a, even a very thin slice of CsI(Tl) showed a rapidly
saturating absorption band starting at 315 nm, while the sample was uniformly transparent
in the 320–800 nm spectral range.
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Figure 2. UV–Vis absorption spectrum of CsI(Tl) (slice of 0.883 mm) (a), and UV–Vis excitation–
emission spectra of CsI(Tl) (b). In the inset, a magnification of the emission peak is shown.

The fluorescence characteristics of the scintillator crystals were explored by fluorimetry.
As shown in Figure 2b, one visible light emission of green color was found under ultraviolet
excitation. In particular, the excitation spectrum (blue curve) shows a cut-off in the UV
region, while the emission spectrum (red curve) presents a symmetric peak, centered at
550 nm (see the inset of Figure 2b).

For optimal scintillator operation, it is required to avoid the full attenuation of the
fluorescence signal emitted under exposure to high-energy radiation (γ-rays, X-rays, etc.).
Therefore, the optical transparency of the epoxy resins (E-30 by Prochima and Technovit
Epox by Heraeus Kulzer) in the green spectral range (520–560 nm) was measured. As it
can be seen in Figure 3, after curing, these two resins, which were 0.5 mm thick, they had a
cut-off value of 272 nm and 290 nm, respectively. Both cut-off values are quite close to the
CsI(Tl) crystal self-absorption wavelength, which is 315 nm; however, the optimal optical
features were found for the Technovit Epox resin because of the higher transmittance in
the UV–Vis–NIR spectral range.
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Figure 3. Transmittance spectra of the cured E-30 and Technovit Epox resins, and CsI(Tl) crystal.

Spray technology was used to deposit the Technovit Epox resin on the CsI(Tl) crystal
surface. As shown in Figure 4a, a continuous and defect-free coating layer of 0.5 mm
thickness was deposited, leading to a coated crystal with a size of 35 mm. Such a type of
coating can only slightly attenuate the fluorescent green light emitted by the scintillator
crystal under UV radiation (see Figure 4b). According to the difficult peel-out of the
Technovit Epox coating, a mechanically robust epoxy–crystal interface resulted. This very
good adhesion property could be attributed to some special chemical interaction active at
the epoxy–CsI(Tl) interface.
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In this work, it was observed that epoxy resin showed good adhesion to the CsI(Tl)
crystal surface even without preliminary treatments. Such bonding can be explained on
the basis of the formation, during the curing reaction, of an ionic intermediate of synthesis
(i.e., -CH(O−)-CH2-NH2

+-) that could persist at the organic/inorganic interface because of
electrostatic interactions with the Cs+ and I− ions present on the crystal surface.

To improve the collection of the emitted fluorescence signal by multiple light reflec-
tions, the possibility of filling the epoxy layer with a white pigment was also verified.
The deposition of such a functionalized coating layer increases the reflectance of the crys-
tal walls.

In the case of the white pigment based on PTFE nanopowder, a not very uniform
dispersion was obtained for a filling factor higher than 5.4% by weight, Figure 5a, and large
aggregates of PTFE grains appeared in the deposited layer, Figure 5b.
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Figure 5. Surface of a CsI(Tl) scintillator coated by a reflective layer of Technovit Epox resin filled
with PTFE nanopowder (a). An optical micrograph of the achieved surface microstructure, where the
arrows indicate the aggregates present in the coating layer (b).

To improve the coating uniformity, BaSO4 powder was tested as a filler, since it is a
white reflective pigment widely used in optics [19–21]. According to the SEM micrograph
and the EDS spectrum shown in Figure 6a,b, the BaSO4 powder had an average size of
431 nm and contained copper impurity (2.3% by weight).
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Figure 6. SEM micrograph of the BaSO4 powder (a), related EDS spectrum (b), and BaSO4/epoxy
sample image (c).

When sonication was applied during the preparation of the epoxy/BaSO4 mixture, a
much higher filling factor was achieved (21.3% by weight), without observing significant
grain aggregation in the coating (see Figure 6c).

A reasonably good result was achieved by filling the epoxy resin with BaSO4 powder.
Figure 7 shows the total reflectance spectrum in the visible range of the pure CsI(Tl)
scintillator crystal (blue curve) and the CsI(Tl) scintillator crystal coated by a BaSO4/epoxy
layer (green curve). These optical measurements clearly show a higher reflectance value
for the coated crystal.
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Figure 7. Total reflectance spectra of: CsI(Tl) scintillator (blue curve) and CsI(Tl) scintillator coated
by a BaSO4/epoxy layer (green curve).
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4. Conclusions

The optical characteristics of two commercial optical-grade epoxy resins used as
coatings for CsI(Tl) crystals were compared. The best optical properties were found for
Technovit Epox that also showed good adhesion characteristics for the CsI(Tl) crystal
surface. Such adhesive properties of epoxies toward alkali metal halides could be ascribed
to the possibility for these macromolecules to generate, during the setting reaction, an ionic
intermediate that may electrostatically interact with cations and anions at the salt–resin
interface. The functionalization the epoxy coating with a white pigment (BaSO4 powder),
in order to improve the reflectance on the scintillator surface in the visible spectral region,
was also investigated.
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