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Abstract
In this work heavy bismuth-borate glasses were studied as host matrices of Dy,0s rare earth,
for potential application as scintillator materials in high energy physics experiments and in
general radiation detection systems. Glass matrices were prepared from 20BaO - xBi,03; —
(80-x)B,03 (x= 20, 30, 40 mol%) ternary systems and synthesized by the melt-quenching
method at different temperatures in order to obtain high density and high transparency in the
UV/Vis range. Particularly, the glass manifesting the higher transparency and with
sufficiently high density was doped with Dy,03 (2.5 and 5 mol%) in order to induce the
luminescence characteristics. The effects of Bi,O3 and Dy,03 on density, thermal behaviour,

transmission as well as luminescence properties under UV excitation, were investigated.
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1. Introduction
Inorganic glasses are potential sources of affordable scintillators for particle physics.;
However, in calorimetric applications for high energy physics other specific properties such
as high density and high transparency, over the near-ultraviolet and visible regions, need to be
possessed [1,2]. In fact, larger densities results in an increased radiation absorption cross-
section and, consequently, an improved signal-to-noise ratio [3-6], while high transparency
avoids losses through light scattering caused by heterogeneities like grain boundaries,
composition gradients and lattice imperfections. Glasses containing rare earths are promising
alternatives to single crystals and ceramic and plastic scintillators due to their low-cost
production and ease of manufacturing in different sizes and shapes [5]. The main
disadvantage of existing oxide glass scintillators is their low density, typically below 4 g/cm’
[7,8], that significantly limits their applications in radiation detectors. However, the
introduction of heavy components such as lead as PbO or PbF, and Bi,O3 allows the density
of the glasses to be easily increased to more than 6.0 g/cm3, that is desirable for the most
applications. In spite of the above mentioned advantages, lead containing glasses are
considered to be toxic and incompatible with the principles of green chemistry and
sustainable development [9]. Consequently, they are currently being removed from various
practical applications and replaced by others glass systems such as bismuthate glasses [10]
and germanate glasses [11].
The aim of this work is the development of a glassy material with high density and
luminescent properties. Particularly, barium bismuth borate glasses containing dysprosium as
rare earth were synthesized via the melt-quenching method. Boron oxide was selected as glass

former for its extensive glass formation range, high transparency, high thermal and radiation



stability [12]. The melting process was conducted in a Pt crucible instead of alumina to avoid
any possible reaction with the borate melts that could potentially lead to drastic decrease of
the final density by destruction of tetrahedral boron species [13,14]. The transparent glasses
were characterized in terms of density, molar volume, X-Ray Diffraction (XRD), differential

thermal analysis (DTA), UV-VIS spectroscopy and luminescence properties.

2. Method

Homogeneous glasses belonging to 20Ba0-xBi,03-(80-x)B,03 system (BB series) and doped
with different amounts of Dy,O3 (20BaO-(x-y)Bi,03-yDy>03-(80-x-y)B,03, BBD series)
were prepared by the following procedure. Firstly, appropriate amount of BaCOs (Alfa Aesar,
99.99%), Bi,O3 (Alfa Aesar, 99.99%), H;BOs (Alfa Aesar, 99.99%) and Dy,0; (Alfa Aesar,
99.99%) were mixed for 15 minutes in an alumina jar, according to the target glass
composition (Tables 1 and 2), and synthesized by the melt-quenching method. Melting of the
glasses was performed in an electrical furnace (Lenton, mod. EHF 17/17) under air
atmosphere. Subsequently, the melt was poured onto a graphite mould and the obtained bulk
samples were annealed at 10°C below their glass transition temperature (T,) in order to
relieve the thermal stress and to reduce the number of the defects thus, improving the
transmittance of the final glassy materials.

In detail, the glasses belonging to BB series were synthesized at different melting
temperatures 950, 1050, 1100 and 1200°C for 1 hour as illustrated in Table 1, with a heating
cycle of 10°C per minutes from room to the melting temperatures. Different melting
temperatures were tested in order to monitor the aesthetic properties of glasses in terms of
colour and transparency, considering their well-known dependence on the oxidation-reduction
equilibrium of bismuth. Subsequently, the glass with the higher transparency and a

sufficiently high density (BB20) was selected as the host matrix for scintillating Dy,Os.



Different amounts of Dy>O3 (2.5 and 5 mol %) were added to the batch compositions,
replacing Bi,Os (Table 2) and the raw materials were melted at 1050°C employing three
different holding times (1, 3 and 6 h). In this way, the effect of melting duration on glasses
transparency and homogeneity was monitored, according with recent scientific literature [15].
The densities of the glass specimens were measured by the Archimedes method on five
different samples for each glass composition. The molar volume (V) and the oxygen packing
density (O) of each glass were evaluated from the density (p) and the molecular weight (M)
according to the following eq. (1) and eq. (2) respectively:

Vm = (EiniMy) / p (1)
O =(p/M) xn, 2)
where n; is the molar fraction of the oxide component, i, M; its molecular weight, and d is the
glass density and n is the number of oxygen atoms per formula unit.

The mineralogical analysis was performed by X-ray diffraction (XRD) in order to understand
the nature of the studied samples. XRD patterns were collected using a powder diffractometer
(Philips PW3710) with a Ni-filtered Cu Ka radiation in the 10-80° 20 range, step size 0.02°
and 3s time step. The thermal properties of the glassy materials were determined with a
Netzsch, STA 409 differential thermal analyser (DTA) on sample ground to an average
particle size of less than 30 um. The DTA measurements were carried out on ca. 30 mg of
sample in a Pt crucible. Bulk samples of 1x1x1 cm® were prepared and polished with SiC
abrasive papers and 0.03 um alumina paste in order to decrease the surface roughness, that is
desired for the optical and luminescence properties. UV—visible absorption spectra were
acquired in the wavelength range of 200 — 1100 nm by using Ocean Optics HR4000CG-UV-
NIR spectrophotometer equipped with ocean optics DH-2000-BAL (Balanced Deuterium
Tungsten Halogen Light Source) lamp. The absorption coefficient, a (o) was calculated as a

function of wavelength considering the following equation:



InT=-at 3)
where t is the sample thickness.

The band gap was determined from the UV-Vis spectra by considering the relationship
reported below:

(0hv)" = hv - Egp “4)
where a is an energy independent constant, E, 1s optical band gap energy and the exponent
n=1/2 denote the allowed direct transition.

The theoretical optical basicity (Ag) was, also, calculated on the basis of the following
equation proposed by Duffy and Ingram [16]

Am = XA + XA+, XpAy (5)
where X, Xo,..., and X, are equivalent fractions based on the amount of oxygen in each oxide
contributing to the overall material stoichiometry and A, A,,..., and A, are the basicities
assigned to the individual oxides.

The luminescence properties under UV excitation were studied with a UV-Vis
spectrophotometer. The emitted scintillating light has been detected by a photodetector (either
a PMT or an SiPM) and recorded with a custom Data Acquisition (DAQ) systems (PADE)
developed by Fermilab Electronics support group. The resolution of fluorescence excitation
and emission measurements is 0.2 nm.

3. Results

The obtained glasses were transparent and completely free of bubbles, except those melted at
1200°C. In the BB series the colour changed with the composition and the melting
temperature (Table 1). In particular, it varied from pale yellow to amber by increasing the
amount of Bi,O3 or the temperature from 950 to 1100°C, becoming dark at 1200°C
independently by the starting composition. The synthesis of BB series conducted at 1050°C

allowed obtaining at the same time transparent, homogeneous and high density samples thus,



in the present paper the following discussion is focused on these glasses. Among these, the
BB-20 glass (containing 20 mol% of Bi,O3) was selected as the best glass matrix to
accommodate Dy,03 (BBD series) for their higher transparency and homogeneity with respect
to the other glasses as well as high density. The substitution of Bi,O3 by 2.5 and 5 mol% of
Dy»03 in the BBD series does not produce any significant change in the glass colour.

3.1 X-Ray powder diffraction (XRD)

The X-Ray powder diffraction confirmed the vitreous nature of all the samples obtained at
1050°C. In Figure 1 the spectrum of BB-20 is illustrated as an example. The bands detected
at approximately 25-30 °2theta and 45-50 °2theta, are typical of a borate glass structure where
BO; and BOj4 units coexist [17].

3.2 Density (p), molar volume (Vi) and packing oxygen (O)

Density of glass is generally explained in terms of competition between the masses and the
volumes of the various structural groups present in it. Therefore, density is related to how
tightly the atoms and atomic groups are placed together in the glass network. For the glasses
considered in this article, the density (p) increases systematically by substituting B,O3; with
Bi,03, as reported in Table 3. The obtained data are in excellent agreement with those
reported in literature for bismuth borate glasses prepared in Pt crucible [14,18,19].

In order to understand in more detail the role of Bi,Oj3 in the glass network, the molar volume
(Vm) and the oxygen packing density (O) were also calculated. From Table 3, it is possible to
observe that the addition of Bi,O5 leads to an increase of Vy; and a decrease of O.

By comparing the glasses containing Dy,03 obtained at 1050°C for 1h (1BB-17.5 and 1BB-
15) with BB-20 it can be noted that the substitution of Bi,O; by 2.5 and 5 mol% of Dy,03 in
the BB-20 produces a weak decrease of density (Table 4) from 0 (BB-20) to 2.5 mol% of
Dy,0s; (1BBD-17.5) followed by a not significant change from 2.5 (IBBD-17.5) to 5mol%

(1BBD-15). On the other hand, comparing the BBD17.5 and BBD15 obtained at 1, 3 and 6h it



is possible to note that the density does not have a strong change while the molar volume
tends to decrease. The holding time seems to have a very weak effect on the density and the
molar volume of BBD-17.5 and BBD-15 as it can be inferred from Table 4.

3.3 Differential thermal analysis (DTA)

The DTA spectra (in Figure 2 the spectrum of BB-20 is illustrated as an example) of all
glasses show small and broad crystallization peaks. This suggests a poor tendency to
crystallize at a heating rate of 10°C/min used for the DTA analysis, as already reported in
other studies on bismuth borate glasses [13]. The glass transition temperature (T,) within the
BB-series tends to diminish from 450°C to 380°C in a non-linear manner, by increasing the
Bi1,03 content (Table 3). In fact, from 20 to 30 mol% of Bi,Oj3 the decrease of T, is smaller
(ca. 20°C) with respect to that observed from 30 to 40 mol% of Bi,0; (ca. 50°C). Concerning
the BBD series, the substitution of Bi,0O3 by Dy,03 in BB-20 composition and the change of
the holding time did not produce any variation of T, (Table 4).

3.4 UV/Vis spectroscopy

The study of optical absorption and particularly of absorption edge is a useful method to
investigate optically induced electronic transitions and to give information about the band
structure and energy gap in both crystalline and non-crystalline materials [20].

The cutoff wavelength (A.) and the optical band gap (Eop) were determined from the
absorption spectra (not showed) in order to analyse possible changes in the glass structure
occurring when B,0s is replaced by Bi,0;. Figure 3 shows the Tauc's plot that it is used to
determine the direct band gap of the glassy samples. It is observed that E,; decreases with the
increase of Bi,03; content from 20 to 30 mol% and at the same time A shifts towards longer
wavelengths increasing the content of Bi,O3; from 20 to 30 mol%. The glasses doped with
Dy,03 did not show particular trend associated to the dysprosium content and to the different

holding time. All the transmission spectra show the typical absorption bands of dysprosium



[17,21,22,23]. Particularly, five absorption bands at ca. 420, 450, 470 745, 780 nm were

observed. In Figure 4 the spectrum of the BBD-15 glass is illustrated as an example.

3.5 Theoretical optical basicity

Theoretical optical basicity serves, in first approximation, as a measure of the ability of
oxygen to donate a negative charge in the glasses. The theoretical optical basicity can be used
to classify the covalent/ionic ratios of the glasses since an increase of Ay, indicates a
decreasing covalency [24,25]. The theoretical optical basicity (Ag) was calculated for BB
series using eq. (5) previously reported. For the present study Ay, was calculated as illustrated
thereafter in eq. (6)

Awm = X(BaO)A(BaO) + X(B1,03)A(B1,03) + X(B,03)A(B203) + X(Dy203)A(Dy,03) (6)
where X(Ba0O), X(Bi,03), X(B,03) and X(Dy,053) represents the equivalent fractions of the
oxides introduced in the glass formulation, while A(BaO), A(Bi,03), A(B,03) and A(Dy,03)
are the optical basicity values of each oxide taken from literature [26]. The Ay, of each BB
and BBD glasses are provided in Tables 3 and 4, and agree with those reported in literature
for bismuth borate glasses [27].

The theoretical optical basicity tends to increase in the BB series by increasing the Bi;Os3
content, and remains constant by replacing Bi,O3 by Dy,0O3 in the glass formulation. As
concern the BBD series no particular trend was found as a function of the holding time used.
3.6 Luminescence properties

In order to obtain the luminescence characteristics of the BBD glasses, excitation and
emission spectra were collected. All the excitation spectra of the BBD glasses were recorded
by monitoring an emission at about 430 nm and exciting the samples from 350 to 550 nm.
The excitation spectra of glasses containing Dy*" (in Figure 5 the spectrum of 6BBD-15 is

reported as an example) showed the excitation peaks of Dy’ ", which can be assigned to the



transitions originating from the ground state to the excited ones, as reported in literature [26].
The collected emission spectra showed the presence of luminescent peaks at 480 and 530 nm,
respectively (for blue and yellow), well visible only for the sample treated for 6h. In Figure 6
it is possible to observe that the Dy’ concentration does not affect the position of the
different excitation bands for 6BBD-17.5 and 6BBD-15 while it has an influence on the
relative intensity of individual peaks, as reported in other works [28].

4. Discussion

The colour change observed in the studied glasses depends on their composition and the
melting conditions selected [29]. The first important consideration is related to the dark hug
that appears by synthesizing the glasses at 1200°C, independently of the starting composition.
The observed darkening effect can be associated to the thermal dissociation of Bi,O3 (eq. (5)):
2Bi,0; < 4Bi’ + 30, )
By increasing the melting temperature, the equilibrium shifts toward the lower oxidation state
Bi’ that precipitates as nanoparticles [30]. For the glasses obtained at the melting temperature
0t 950, 1000 and 1100°C, the origin of coloration might be due to the presence of
intermediate species between Bi*" ion and Bi colloids [31,32].

The substitution of B,O3; by B1,03 causes, in the BB series, an increase of both density and
molar volume (Table 3), that could be mainly attributed to the higher molecular weight of
Bi,03 (i.e. 465.96 g/mol) with respect B,O; (i.e. 69.62 g/mol).

On the other hand, the change of Vy can be also related to the larger values of both the radii
and the bond length of Bi,03, compared to those of B,O3, which probably cause an increase in
bond length or inters atomic spacing. In addition, by increasing the amount of Bi,Oj3 in the
glass composition a decrease of T, (Table 3) was detected, the major difference was observed
from BB-30 to BB-40. This suggests the probable formation of NBOs in the glass structure,

which expand and weaken the borate structure leading consequently to lower T, values [14].



This hypothesis is also supported by the reduction of the oxygen packing density detected by
increasing the Bi,O3 concentration, which indicates that the structure at higher bismuth
content is loosely packed. As reported in literature, the NBOs formation probably derived
from the conversion of BO4 units into BO3 ones [27,33,34]. However, it is important to
underline that the decrease of T, can be also described as an increased number of Bi-O
linkages which are weaker with respect to B-O ones. The optical absorption spectra of all the
glasses indicate the vitreous nature of the samples, as a consequence of the fact that the
optical absorption edge is not sharply defined. The optical energy band gap (E,) and the
wavelength (A.) were evaluated from their ultraviolet absorption edge. The latter are listed in
Table 3. By increasing the amount of Bi,O; from 20 (BB-20) to 30 mol% (BB-30), E,
decreases and A, shifts at higher wavelength as observed in other works on bismuth borate
glasses [20,35,36] while remaining almost constant up to 40 mol%. Both the E, decrease and
A shift suggest structural changes in the glass network, in particular they are an indication of
the formation of NBOs in the glass matrix [35,36]. The NBOs contribute to valence band
maximum. When a metal-oxygen bond is broken, the bond energy is released and the non-
bridging orbitals have higher energies than bonding orbitals. The increase of the NBOs
concentration results in shifting of valence band maximum to higher energies, thus reducing
the band gap. From the overall results, it can be hypothesized that from BB-20 to BB-30 the
bismuth oxide probably acts as a network modifier, thus increasing the NBOs concentration,
while from BB-30 to BB-40 other structural changes occur without NBOs formation such as
the formation of the Bi-O linkages that are weaker with respect B-O ones. The theoretical
optical basicity (Aq) increases when B,0Os is replaced by Bi,O; (Table 3), and this can be
explained as a higher ability of oxide ions to transfer electrons to the surrounding cations [24],
suggesting also an increase of the NBOs [37], especially from BB30 to BB40. The electron

donor power of oxygen atoms in the glass is influenced by surrounding cations, especially by
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the glass network former. If the bonding of oxygen atom with other cations shows more
covalence, the less able that the oxygen donate charge to a solute metal ion in the glass, that
is, the smaller the optical basicity of the system.

Thus, from BB-30 to BB40 it is possible to correlate the increase of optical basicity to the
formation of more Bi-O linkages in substitution of B-O ones.

As regards to the BBD series, the obtained values of density, molar volume and glass
transition temperature (Table 4) suggest that probably no strong change occurs in the glass by
introducing Dy,0; from 0 (BB-20) to 5 mol% as well as changing the melting time. As
previously mentioned, the transmission spectra of all the glasses show the typical absorption
bands of Dy3 "[21,22,17]. In the glasses considered in this article five absorption bands
(optical transitions) at ca. 420, 450, 470 745, 780 nm were observed and their intensities
varied according to Dy,Oj3 concentration, as found in other works [21,38]. The change of the
melting time in both BBD-17.5 and BBD-15 seems not to produce significant structural
rearrangement, however, a major homogeneity in the glasses obtained after 6 hours (6BBD-
17.5 and 6BBD-15) at the melting temperature, with respect to those obtained at 1 and 3h,
was observed. Thus, for these glasses the luminescence properties were also investigated. The
excitation spectra (Figure 5) were detected by monitoring the emission at 575 nm and five
bands were observed at 363 nm (6H15/2 > 4111/2), 388 nm (4113/2 > 4F7/2), 425 nm (6H15/2 >
4111/2), 450 nm (6H15/2 > 4115/2), 472 nm (6H15/2 > 4F9/2). The bands assignment was made
considering the literature on borate or bismuth borate glasses containing dysprosium oxide
[39,40]. Among all the excitation bands the one at 450 nm corresponding to 6H1 s > 4115/2 is
more intense and is was used as an excitation wavelength to record the emission spectra of all
the glasses. The luminescence spectra of the samples 6BBD-15 and 6BBD-17.5 (Figures 6a
and 6b, respectively) show for both the characteristic band at ca. 480 assigned to the *Fo,~>

%H,5/, (blue) transition of Dy’ " ions and another band at ca. 530 nm visible only for the sample
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containing higher Dy,05 content which can be attributed to the *Fo,> °Hi3, (yellow)

transition of the same ions [39].

6. Conclusions

Heavy bismuth-borate glasses containing Dy,03; were synthesized and characterized in order
to study their potential application as scintillator materials in radiation detectors and, in
particular, in high energy physics experiments. The introduction of bismuth in transparent
borate glasses leads to the obtainment of a dense material with high transparency making it an
interesting system to accommodate scintillating rare earth.

From this study, the following conclusions can be drawn:

1. The glasses change their colour (and thus their optical properties) from pale yellow to
dark as a function of composition and processing conditions. The dark hue appears by
synthesizing the glasses at 1200°C, independently by the starting composition.

2. The characterization performed on the glass matrix suggests that the substitution of
B,0;3 with Bi,0; leads to the formation of NBOs in the glass structure as well as more
Bi-O linkages in substitution of the B-O ones.

3. The introduction of Dy,0s3 at 2.5 and 5 mol% in substitution of Bi,03; does not
produce any significant changes in the glass structure with good density and
transparency being preserved.

4. The luminescence spectra of the samples 6BBD-15 and 6BBD-17.5 show for both the
characteristic band at ca. 480 assigned to the 4F9/29 6H15/2 (blue) transition of Dy3+
ions and another band at ca. 530 nm visible only for the sample containing higher
Dy, 05 content which can be attributed to the *Fo,> °Hj 3 (yellow) transition of the

same 10ns.
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Figure captions

Figure 1. X-Ray diffraction pattern of the BB-20 glass

Figure 2. DTA spectrum of the BB-20 glass

Figure 3. Extrapolation of optical band gap energy (E,) for all the BB glasses
Figure 4. UV/Vis spectrum of BBD-15 glass

Figure 5. Excitation spectrum of 6BBD-15 glass

Figure 6. Emission spectra (Aex = 400nm) of a) 6BBD-15 and b) 6BBD17.5 glasses
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Table

Table 1. Ternary glass compositions (expressed in mol%), sample ID,
melting temperature (Ty) and appearance

Composition Sample ID Twm (°C) | Appearance
20Ba0-20Bi,03-60B,03 BB-20 950 Pale yellow
20Ba0-20Bi1,05-60B,0; 1050 Pale yellow
20Ba0-20Bi,05-60B,05 1100 Light yellow
20BaO-2OBi203-60B203 1200 Dark
20Ba0-30Bi,05-50B,05 BB-30 950 Light Yellow
20Ba0-30Bi,03-50B,03 1050 Amber
20Ba0-30Bi,05-50B,05 1100 Amber
20BaO-3OBi203-50B203 1200 Dark
20Ba0-40Bi1,05-40B,0; BB-40 950 Amber
20Ba0-40Bi,05-40B,05 1050 Amber
20Ba0-40Bi1,05-40B,0; 1100 Amber
20Ba0-40Bi,05-40B,05 1200 Dark

Table 2. Compositions of glasses containing Dy,03 (expressed in mol%), holding times tested at
the melting temperature of 1050°C and sample ID

Composition Holding time (h) Sample ID
20BaO-17.5Bi203-60B203-2.5Dy203 1 1BBD-17.5
20BaO—17.5Bi203—60B203—2.5Dy203 3 3BBD-17.5
20Ba0-17.5Bi,03-60B,03-2.5Dy,0; 6 6BBD-17.5

2OB8.0—15Bi203—60B203—5DY203 1 1BBD-15
ZOBaO-l5Bi203-60B203-5Dy203 3 3BBD-15
2OB8.0—15Bi203—60B203—5DY203 6 6BBD-15

Table 3. Density (p), molar volume (Vy), glass transition temperature (T), oxygen packing density
(O), optical energy band gap (Eop), cut off (Acurorr) and theoretical optical basicity (Aq,) values of the
BB series obtained at 1050°C

Sample ID BB-20 | BB-30 | BB-40
p (g/em’) (£ 0.01) 5.21 6.05 6.67
Vu(ecm’mol™) (£0.01) | 31.77 | 3391 | 36.72
T, (°C) (£ 5) 450 430 380
O (g-atm /1) 81.8 76.7 70.8
Eopt (eV) 2.7 23 2.3
Ac (Nnm) 380 410 410
A (£0.02) 0.736 | 0.813 | 0.974




Table 4. Density (p), molar volume (Vi) and glass transition temperature (T,) values of the BBD
series melted at 1050°C at different holding times (1, 3, 6 h)

Sample ID 1BBD-17.5 | 3BBD-17.5 | 6BBD-17.5 | 1BBD-15 | 3BBD-15 | 6BBD-15
o (g/em®) (£ 0.01) 5.04 4.85 4.88 5.05 5.10 5.06
Vi (cm’mol™) (= 0.01) 32.54 33.65 33.50 31.88 31.56 31.81
O (g-atm/1) 80.2 77.2 77.7 81.6 82.4 81.7
T, (°C) (= 5) 440 450 440 420 430 450
A (£ 0.02)* 0.73 0.72

*the A vatues are reported ONE time since they are independent from the different holding times
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