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Abstract: Strong nonlinear absorption (NLA), reduced optical limiting (OL) thresholds, and high
radiation shielding parameters are required for the effective use of glasses in the laser radiation and
nuclear radiation protecting materials. In view of this, the efficacy of Sm,;O3 on the nonlinear optical
(NLO) and OL properties were ascertained (at 532 nm) along with radiation shielding characteristics.
The open and closed aperture Z-scan profiles revealed the presence of positive NLA and nonlinear
refraction (NLR) phenomena respectively. OL measurements showed the existence of limiting behav-
ior in the studied glasses. The NLA and NLR coefficients were improved while the OL thresholds
were decreased as the doping of Sm;Oj3 elevated to a higher doping level. These improvements in
NLA, NLR coefficients and OL efficiencies were attributed to the non-bridging oxygens and high
polarizable Sm3* ions. The NLA and OL results clearly suggest the high (5 mol %) Sm,0O3 doped
glass (Sm5CNLB) glass is beneficial to protect the delicate devices and human eye by suppressing the
high energy laser light. The theoretical linear attenuation coefficients (LAC) values of the presented
SmxCNLB glasses were obtained with the help of Phy-X software between 0.284 and 1.333 MeV. At
0.284 MeV, the maximum values occur and take values between 0.302 (for SmOCNLB) and 0.409 cm~!
(for Sm5CNLB). We found that the LAC for the presented SmxCNLB glasses is a function of SmyO3
content, where the LAC tends to increase, corresponding to the high probabilities of interaction, as
the content of SmyO3 changes from 0 to 5 mol %. The effective atomic number (Z¢) for the presented
SmxCNLB glasses was examined between 0.284 and 1.333 MeV. As the amount of Sm;Oj3 is added,
the Zg increases, and this was observed at any energy.

Keywords: nanosecond laser pulses; optical limiting; nonlinear optical; Z-scan; radiation shielding
glasses; SmyO3
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1. Introduction

The investigation on optical limiting (OL) materials, which are able to attenuate
transmittance of electromagnetic radiation significantly at strong incident (input) intensities
whilst remaining optically transparent for weak intensity situations, has been exaggerated
from past few decades owing to their promising ability to protect vulnerable optical
components and human organs from harmful high energy radiation in both civilian and
military applications, as well as to smooth optical transients [1-3]. It has been demonstrated
that organic materials are efficient OL materials to use in practical applications. However,
the excellent performance occurs normally at the excitation of long pulse durations [1]. In
addition, these organic materials possess poor chemical and mechanical stability and strong
linear absorption. These predicaments can possibly be overcome in inorganic materials.
Out of many inorganic materials, the vitreous inorganic materials are receiving considerable
attention and interest in recent decades [1,4,5]. In particular, glasses are believed to be
potential materials for these applications [6,7] because glasses exhibit better transparency, a
moderate melting point, and thermal stability, along with excellent mechanical and chemical
durability [6]. Nonetheless, various phenomena are exploited for optical limiting process
viz: nonlinear absorption (NLA) and nonlinear refraction (NLR), nonlinear light scattering
(NLS), etc. [1,8,9]. On the other hand, the glasses ideally show NLA such as reverse
saturable absorption (RSA) due to absorption of two or three photons simultaneously,
which is crucial for activing high OL performance (for real-time OL applications, glasses
with large two or three photon absorption are the best candidates) [4]. Therefore, it
is necessary and interesting to investigate the glasses for OL applications. Moreover,
the fabrication of glass matrices is more convenient in contrast to crystals, with good
optical quality and appropriate dimensions. Lastly, the glass materials show instantaneous
response to the electromagnetic radiation excitation (ultrafast response times) and high
transmission under low intensity [4,5,10]. Various phenomena which are responsible for
OL process can be assessed by evaluating the NLO properties of glasses. Thereby, the
promising demonstration of glasses for OL applications can be done through the evaluation
of NLO properties such NLA, NLR, and NLS, out of which we have ascertained the NLO
and NLR features of glasses in the current work for understanding the glasses for OL
performances.

According to Yicong Huang et al., optical materials with high NLO coefficients have
regained great attention for their potential utilization for the manufacturing of photonic
devices in different communication systems, which are based on the optics for the switch-
ing, amplification, frequency conversion and phase modulation of optical signals [11]. It
has been well-documented that for modulating the NLO characteristics to higher values,
a 7 electron bond system of ions in the materials is more helpful [12]. It has been further
revealed that the inorganic materials which contain delocalized 7t electron clouds in the
structural units possess high optical nonlinearities [13]. Taking this into account, in compar-
ison with other inorganic glass composition, borate glass composition achieved motivating
interest since it has been observed with the majority consisting of the (BO3)3~ and (B3Og)>~
(three BOj3 units) units in the structure. These groups comprise the delocalized 7 electron
cloud, due which it is possible to achieve enhancement in the optical nonlinearities [14].
Furthermore, in recent years the incorporation of “rare earth ions” (REI) in the parent glass
composition and correlating the featured optical nonlinearity of glass hosts to higher values
has been established [15-17]. Kirti Nanda et al. [16] have studied the effect of Sm3* ions on
NLO and vibrational spectroscopic features of borate-based glasses. They have elucidated
that NLO features are improved with Sm;Oj3 content due to increase of polarizability of
glass as a whole, owing to the formation of non-bridging oxygens (NBOs) on incorporating
the highly polarizable Sm3* ions to the borate glass composition. They have also high-
lighted using vibrational spectroscopy for the formation of NBOs in the glass structure on
incorporation of Sm®* to the glass composition. The reason for selecting this route (doping
of REI to tune the NLO characteristics) is due to the fact that the REI are highly polarizable,
due to which the REI causes high depolymerization in the structure [16]. Since the NLO
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susceptibility (x) is related to the depolymerization of structure, the improvement can
be expected. In particular, it was explained that the NLR enhancement is related to the
formation of the elongated bonds in the structure [18] and resonance effects [19]. It has been
also explained that the enhancement in NLA is related to the improvement in polarizability
of the glasses [20,21]. Interestingly, the figure of merit (FOM) expression mentioned in
the Ref. [18] clearly revealed the FOM should be greater than unity for utilizing the glasses
for OL applications. This is possible by improving the NLA and controlling the NLR
features of the glasses, or in other words, significant enhancement in NLA is more essential
than NLR for effective utilization of glassy hosts in OL functionalities. To this, the doping
of REI to the host glasses is one of the best methods out of many routes followed by many
researchers to tune the NLO results of the glasses [4,5,22,23].

On the other hand, the optical materials such as glasses are widely used in an important
field, namely, to prepare radiation shielding materials. These materials are useful since
they protect the humans as well as the equipment in the nuclear facilities from the harmful
effects of the radiations, especially those that have high energy. There are a number of
advantages that encouraged researchers and workers in the field of radiation shielding to
use different glass systems as a radiation-protective material. These advantages include
the transparency of the glass, and this allows the development of shield glasses that are
used to protect the face and eyes during the radiological treatment. Additionally, glasses
can be prepared by different simple methods and with low cost, which makes glass a
good candidate as cheap radiation shielding material. Several glass systems were recently
developed and the radiation attenuation factors were determined; the results from different
studies showed that the glasses that contain heavy metal oxides have outstanding shielding
performance [24-28]. Moreover, the radiation shielding glasses can be used in dentistry
applications [29,30].

In this work, we prepared the glasses with a composition of xXSm;O03-7.5CdO-7.5Na,O-
15Li,0—(70-x)B,0O3 and investigated the efficacy of Sm;Oj3 on the nonlinear optical (NLO)
and OL properties (at 532 nm) along with radiation shielding characteristics.

2. Experimental Procedures

The precursor inorganic glasses samples loaded with different concentration of Sm0O3
were prepared by melt quenching process. The glasses were produced with composition
(mol %) xSm,O03-7.5CdO-7.5Na,O-15Li, O—(70-x)B,O3, where x = 0, 0.1, 0.3, 0.5, 1, 2,
3, 4, and 5 mol %. The chemicals such as Sm;03, CdO, Na,COs3, Li,CO3 and H3BO3
(maintained purity of 99.99%) were utilized for the fabrication of glass samples. The
homogeneous mixtures of chemicals for 15 g of each batch were filled in a porcelain
crucible and kept in a furnace for melting. All the glasses were quenched at 1050 °C,
before quenching the melts were remained at that temperature for 1 h. The quenched
samples were sent to the annealing, at 400 °C for 4 h. This procedure is important to
minimize the internal stress and let the glasses become less fragile. The last step refers to
the cutting and polishing of the glass samples to required dimensions. Before sending the
glasses to the characterization, the samples were coded as SmxCNLB; here x represents the
amount of SmyO3 in the composition. The density values of the samples were measured by
following Archimedes principle [31]. The structure features of powdered glass samples
were analyzed by recording the XRD from Rigaku X-ray diffractometer (using Cu-Ko«
radiation source) and Fourier transform infrared (FTIR) spectra from Bruker model vertex—
70 FTIR spectrometer (M/s Bruker, Billerica, MA, USA). The NLO and OL measurements
on the samples were performed using the Z-scan technique [32]. Owing to simplicity and
accuracy, the single beam Z-scan method can be employed for the evaluation of NLO,
NLR, and OL properties [32]. NLA and OL characteristics were ascertained by performing
the Z-scan measurements In open aperture (OA) mode, while NLR characteristics were
ascertained by closed aperture (CA) configuration. In the OA mode, the aperture placed
after the sample before the detector was kept fully open and the transmitted light from
the sample was completely allowed to enter the detector. Meanwhile, in CA mode, the
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intensity of the transmitted light from the sample was controlled by adjusting the aperture
dimension (S). Therefore, OA can be considered as normalized transmittance where S = 1
while the value of S ranges between 0.1 < S < 0.5 for CA. The Z-scan measurements were
done at 532 nm utilizing a frequency-doubled Nd:YAG nanosecond laser (Quanta Ray,
M/s Spectra Physics, Mountain View, CA, USA) with 5 nanosecond (ns) pulse width and
1 Hz repetition rate. The specifications involved in the Z-scan experiment are as follows:
beam waist was (wg) 15.35 um, the Rayleigh length (Z;) was estimated to be 4.26 mm, focal
length of the lens was 3.5 cm, spot-size diameter near the aperture was found to be 15 mm,
and effective path length (L.¢) was found to be 0.92 mm. The obtained data were processed
using the procedure explained by Sheik Bahae et al. [32] to evaluate the NLO coefficients.

3. Results and Discussion
3.1. Structural Properties of SmxCNLB Glasses

The FTIR spectral outcomes of SmOCNLB and Sm3CNLB glasses are displayed in
Figure 1. There are seven IR bands centered at 470, 681, 873, 1231, 1349, 1643, and 1738 cm~1
wavenumbers in the spectra. These bands occurred due to different functional groups of
oxide glass composition. The IR band at 470 cm ™! of the glass samples is owing to the
O-B-O bond bending vibrations. The IR band at 681 cm ™! wavenumber is caused due to
bending vibration between boron and oxygen (B-O) bands observed in BO3 groups [33,34].
The IR band at 873 cm~! belongs to the B-O stretching vibration of BOy units from diborate
groups of borate glass. The peaks around 1249 and 1339 cm~! belong to asymmetric B-O
vibrational stretch of (BO3)3~ units from pyro and ortho borate groups in the quaternary
undoped borate glass network [35]. The keen observation of FTIR spectra reveal that the
bands between 800-1350 cm ™! are slightly shifted to low frequency region in Sm,O3 doped
glass compared to base glass. It was demonstrated that the bands around 730-1300 cm ™!
shifted to lower frequency region instantiate the increase of NBOs and elongation of B-O
bonds in BOy structural units [20]. Meanwhile, the opposite nature indicates the decrease
of NBOs and shortening of B-O bond lengths in BO4 groups [36,37]. Therefore, the change
of 8001350 cm~! band position to slightly lower frequency in Sm3CNLB glass contrast
to SmOCNLB glass is attributed to an increase of NBOs and elongation of B-O bonds in
BOj4 units when high Sm,O3 is incorporated to the composition [20]. Crystal water in the
H-O-H bending mode is credited with the peaks ranging from 1643 to 1738 cm~_.

——Sm0CNLB
——Sm3CNLB

Transmittance

L) M L) M L) M
500 1000 1500 2000

Wavenumber (cm'l)

Figure 1. FTIR spectral outcomes of SmOCNLB and Sm3CNLB glass specimens.

3.2. NLO and OL Characteristics of SmxCNLB Glasses

The OA Z-scan outcomes of studied glasses are presented in Figure 2. The OA Z-scan
results of Sm0.1CNLB, Sm0.3CNLBSm, Sm0.5CNLB glass samples are almost similar to
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that of SmMOCNLB glass (no significant variation has been observed), therefore the OA
Z-scan results of these glasses are not displayed in the Figure 2 to avoid messiness in the
spectra. However, the values resulted (discussed in the later part of the manuscript) from
the fittings are mentioned in the variation graph.
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Figure 2. OA Z-scan outcomes of studied SmxCNLB glasses, where x =0, 1, 2, 3, 4 and 5 mol %. The
symbols and solid lines indicate the experimental and theoretical OA Z-scan data, respectively.

The data in Figure 2 depicted the minimum of normalized transmittance at Z = 0 (focal
point). This indicates the nonlinearity for ‘reverse saturable absorption” (RSA) occurred
in investigated glasses [38]. Quantification of the number of photons absorbed for the
noticed RSA nonlinear phenomena can be done by fitting the experimental data (symbols
in Figure 2) with hypothetical mathematical equation [39]

1
TOA(VLPA) = n-1 (1)

e Dt o 1+ 2/207)) ]

where, &, is the multi-photon absorption factor (for instance n = 2 when the two-photon
absorption process and etc.). The symbols in the Equation (1) have the same meanings
found in reference [39]. The experimental OA Z-scan data of all the glass matrices well
corroborated with theoretical two photon absorption data (solid lines in Figure 2). This
unveils the existence of two-photon absorption (2PA) NLO property in the glasses used
in the current upon irradiated with high energy radiation. The resulted 2PA coefficients
(a2) of studied glass hosts are provided in Figure 3. In the Figure 3, it is noticeable that
the ay is almost constant up to 0.5 mol % of SmyO3 by considering the fitting errors. The
clearly noticeable variation in a; has been observed after 1 mol % of Sm,0O3 loading in the
composition. The data in Figure 3 also reflects the a; increases with the loading of SmyO3
content in the composition.
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Figure 3. Variation of &, with respect to SmyO3 content in the glass composition.

The CA Z-scan spectra of studied glass samples are showed in Figure 4. Here also are
the CA Z-scan results of Sm0.1CNLB, Sm0.3CNLBSm. Sm0.5CNLB glass samples are not
displayed due to similarity of the data with SmOCNLB glass with the intention of avoiding
messiness in the spectra.

1.3

=
N
1

==Y

.

[
1

S
=)
1

Sm1CNLB

Normalized Transmittance
"
[—}
1

09 Sm2CNLB
0.84 @ Sm3CNLB
@ Sm4CNLB
@ SmSCNLB
0.7 T v T v T v T v T
=20 -10 0 10 20

Z (mm)

Figure 4. CA Z-scan profiles of studied SmxCNLB glasses, where x =0, 1, 2, 3, 4, and 5 mol %. The
symbols and thick lines indicate the experimental and theoretical CA Z-scan data respectively.

The data in Figure 4 depicts the pre-focal minima and post-focal maxima of normalized
transmittance. This is the signature for positive nonlinear refraction (1, > 0) occurred in
investigated glass matrices. This positive nonlinear refraction is manifested to ‘self-focusing’
phenomena that occurs upon irradiating with the high fluence laser light [40]. Usually, the
ny resulted due to phase mismatch (A®() which was estimated by fitting experimental CA
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Z-scan data (symbols in Figure 4) using the data obtained from the following equation
(solid lines in the Figure 4) [39].
40 po(Z/ 20)

fea=1 [1+(Z/ZO)2} x [9+(Z/ZO)2]

@)

using A® values the nonlinear refractive indices (1) were calculated through the below

formula [39] Agoli
21a7-1Y %o
2 (Wl w ) - 277100Leff (3)

the notations in Equations (2) and (3) owing same meanings found in the reference [37].
The computed n, magnitudes for all the glasses are plotted in Figure 5 with respect to
Sm;0Oj3 concentration. Taking into account the experimental errors, it is evident that the np
values are almost constant up to 0.5 mol % of Sm;0O3; Improvement in the 1, values were
also observed with the SmyOj3 content in the composition.

2.6
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Figure 5. Variation of n2 as the function of Sm,;O3 content in the glass composition.

The NBOs and polarizabilities of RE ions cause the magnification of NLO features in
the present glass matrices. The enhancement in ap and 7, (1 mol % onwards) with SmyOs3
concentration is related to these NBOs generated when Sm;Oj is substituted for B,O3
in the matrix and polarizabilities of Sm®* ions. The density of the glasses measured by
Archimedes showed an increasing trend from 2.642 to 2.997 gem 3 with incorporation of
Sm;,O3 from 0 to 5 mol % in the composition. Additionally, values of molar volume were
found to be an increasing trend from 25.47 to 27.21 cm®mol~! when Sm,O3 was loaded
from 0 to 5 mol % for B,Oj3 in the present glass composition. The increasing trend of density
with Sm,Oj3 is an expected outcome since the heavier SmyO3 (348.72 a.m.u) substituted for
relatively for lighter B,O3 (69.62 a.m.u) in the glass matrix. This results in an increase of
the density values of the glass as the Sm;O3; doping elevated to higher level. Increase of
molar volume of the glass as whole with SmyOj3 content is attributed to the modifier role of
Sm3* [16]. These attenuations such as an increase in density and an increase in molar vol-
ume of the glass as a whole with Sm,O3 content are observed because of the glass network
fragmentation between cations (i.e., B>*) and oxygen anions, which results in the generation
of NBOs in the structure when the Sm,0O3 is loaded for B,Oj3 as the modifier [39]. The NBOs
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are weakly coordinated to network cations, whose valence electrons produce large charge
removals because of the high electric field generated due to the high energy laser radiation
used for irradiation. These large charge displacements produced by the valence electrons
of NBOs results in the improvement in NLA (i.e., p) and NLR (i.e., np) glass matrices with
increase of SmyO3 concentration [20,41]. However, the generated NBOs content might be
very less in the lower concentration of SmyOj3 (i.e., up to 0.5 mol %) and this less NBOs
content may not be sensible for the optical nonlinearity thereby the NLA (i.e., ap) and
NLR (i.e., np) results are almost constant up to 0.5 mol % of SmyOj3. Further, when the high
polarizable Sm3* ions (1.16 A3) replaced the B3* ions (0.002 A%) weakly polarizable [42] in
the glass composition. This is the source of intensification of polarizability in the present
glass composition, thereby the polarizability values increase with the SmyO3 content raised
to higher doping concentration. For validating this inference, the molar electronic polariz-
ability («,) of the present glass composition has been calculated by using the equation found
in reference [20]. The computed «, values increases from 3.13 to 4.20 A3 when the Sm,03
loaded from 0 to 5 mol %. Further, Nanda et al. [16] have studied the effect of Sm3* ions
on optical absorption and NLO features of borate-based glasses. They have not observed
any absorption peaks near 532 nm (at which the NLO features are evaluated). Therefore,
the resonance and/or energy transfer mechanisms are ruled out for the improved NLO
features with Sm,Oj3 content. Which means the enhancement in NLO features are ascribed
to NBOs formed in the structure of glass and high polarizabilities of glasses occurred on
incorporation of Sm3* ions to the glass system. The NLO results of certain REI doped
glasses are furnished in Table 1 for the sake of comparison [16,17,39,40]. On comparing
the values found in Table 1 with the highest a; and 7, values obtained in present work,
it is identified that the a, values are compatible with other borate-based glasses doped
with Sm3*, Er>* and Eu®* ions. However, the 1, values are one order lesser in magnitude
for the present glasses. Since the significant enhancement in NLA is essential than NLR
to utilize glassy hosts in OL functionalities. To this, it can be mentioned that high Sm3*
doped glasses used in the present work are competing materials for OL applications in
comparison with other RE doped glasses.

Table 1. NLO coefficient of some RE incorporated glasses reported recently for the comparison purpose.

o, Excitation Wavelength %3 1y
Glass Compositions and Other Details (x10-TTm/W)  (x10-18 m2w) ~ Reference
xSmp03—(100-x)[0.1Ba0-0.4Zn0-0.5B,03], x = 0 mol % 0.572 0.108
xSm;03—(100—x)[0.1Ba0-0.4Zn0O-0.5B,03], x = 0.5 mol % 1.128 0.771
xSm;,O03—(100-x)[0.1Ba0O-0.4Zn0O-0.5B,03], x = 1.0 mol % 532 nm (5 ns 10 Hz) 1.507 0.899 [17]
xSm;03—(100-x)[0.1Ba0-0.4Zn0O-0.5B, 03], x = 1.5 mol % 1.928 1.022
xSmyO03—(100—x)[0.1Ba0-0.4Zn0O-0.5B,03], x = 2 mol % 2.746 1.299
xEr; O3—(100-x)[0.1Ba0-0.4ZnO-0.5B, O3] with x = 0.5 mol % 0.359 0.902
xEr; O3-(100-x)[0.1Ba0-0.4Zn0O-0.5B,03] with x = 1 mol % 0.476 1.085
Er, O3—(100-)[0.1Ba0-0.4ZnO0.5B,05] with x = 15mol % 202" (5ns 10 Hz) 0.574 1.124 [10]
xEr,O3—(100-x)[0.1Ba0-0.4Zn0O-0.5B, 03] with x =2 mol % 0.797 1.431
20Na; 0-40Bi; O3-(40-x)B,O3—xEu, Oswith x = 0 mol % 1.55 1.61
20Na, O—40Bi; O3—(40-x)B,O3-xEu, Oz with x = 0.5 mol % 1.74 1.94
20Nay; 0-40Bi; O3-(40-x)B,O3—-xEu, Oswith x = 1 mol % 532 nm (5ns 1 Hz) 1.98 2.26 [15]
20Na, O-40Bi; O3—(40-x)B,03-xEu, Oswith x = 1.5 mol % 2.16 2.74
20Nap O-40Bi; O3-(40—x)B,O3—xEuy O3with x = 1.5 mol % 2.37 3.28
10Sb;03-20Nap; O—(70-x)B,O3—xEuy, Ozwith x = 0 mol % 0.921 0.426
10Sb,O3-20Nay O—(70-x)B,O3—xEu,;O3with x = 0.5 mol % 1.132 1.491
10Sb;03-20Nap; O—(70-x)B,O3-xEu, Ozwith x = 1 mol % 532 nm (5ns 1 Hz) 1.532 2.344 [37]
10Sb, O3-20Na, O—(70-x)B,O3—xEu,;O3zwith x = 1.5 mol % 2.141 2.712
10Sb,O3-20Na; O—(70-x)B,O3—xEu, Oz with x = 2 mol % 2.824 2915

Basically, the OL hosts are crucial for the fabrication of laser protection devices to
suppress the high energy laser light and protect the sensitive devices. To gain more
information about the NLO properties, the OL features of the studied glasses have been
investigated. In the experiment, the nonlinear transmission of glass specimens was recorded
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Normalized Transmittance

as the function of the input fluence, and results are presented in Figure 6a. OL property
of the materials is sensitive to the incident energy of the laser light [43]. The usefulness of
OL materials can be analyzed using the OL threshold, which can be defined as the input
energy of laser light at which the normalized transmittance falls to 0.5 (50% of the input
fluence). The OL process takes place when the fluence of input laser light goes beyond this
OL threshold, at which the material possesses strong NLA and NLR, thereby resulting in
a decrease of transmittance [39]. The obtained OL threshold values are presented in the
Figure 6b in the form variation with respect to SmyO3 content. The values in Figure 6b
clearly unveil that the OL performance is increases with Sm»Oj3 content (OL threshold
values are decreasing with Sm;O3) which clearly suggest the OL performance is superior
for 5 mol % of SmyO3 doping. Generally, optical limiter should be manufactured with
the materials having high values of a; and low OL threshold factors [2]. The data in
Figures 3 and 6b revealing the a; is improving with SmyO3 content and OL threshold is
decreasing for Sm;Oj3 variation in the composition. Therefore, the high (5 mol %) SmyO3
containing glass (Sm5CNLB) is beneficial for fabricating the laser protection devices. It has
been reported that the NBOs and Sm®* ions are considered as the main contributors for
dominating the NLO coefficients of borate glasses owing their valence electrons and high
polarizabilities respectively [16]. Therefore, these NBOs and Sm>" ions are favouring the
enhancement of NLA (RSA, i.e., 2PA) through strong light-matter interaction, resulting in
the notable increase in the OL efficiency.
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Figure 6. (a) OL patterns of examined SmxCNLB glasses, where x = 0, 1, 2, 3, 4, and 5 mol %.
(b) Variation of OL thresholds with Sm,O3 content in the glass composition. The solid symbols and
solid lines in (a) represent the measured and theoretical OL data respectively.

3.3. Radiation Shielding Characteristics

The theoretical LAC values of the presented SmxCNLB glasses were obtained with the
help of Phy-X software between 0.284 and 1.333 MeV [44]. The values of LAC are plotted
in Figure 7. It is important to state that at such energy range, the Photoelectric effect and
the Compton scattering are the main interaction processes between the photons and the
atoms of the SmxCNLB samples.

This will help us to understand the LAC trend observed in Figure 7. In each glass, the
LAC decreases as the energy goes up from 0.284 to 1.333 MeV. This result implies that high
interaction chances between photons and electrons in the presented SmxCNLB glasses with
low energy of gamma radiation. At 0.284 MeV, the maximum values occur and take values
between 0.302 (for SMOCNLB) and 0.409 cm ™! (for Sm5CNLB). The influence of Sm,O3
content on LAC values was also noticed. This suggests that the LAC for the presented
SmxCNLB glasses is a function of Sm;O3 content. More precisely, the LAC tends to increase,
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corresponding to the high probabilities of interaction, as the content of SmyO3 changes
from 0 to 5 mol %. In our glasses, the content of CdO, NayO, and Li,O are fixed, thus the
replacement of BoO3 by Sm;Oj3 in the SmxCNLB samples increases the number of electrons
that can interact with the photons, since the interaction probability of Sm (with atomic
number of 62) is much higher than B (with an atomic number of 5). If we look to the LAC
for the samples with 0 and 0.1 mol % of Sm;O3 and the two samples with 0 and 5 mol %
of Sm,03, we can see the influence of the Sm,0Oj3 content on the LAC. For SmOCNLB and
Sm0.1CNLB samples, the LAC slightly changes from 0.3017 to 0.3019 cm ™! at 0.284 MeV,
while it is notably changes from 0.3017 to 0.4187 cm~! due to the increment of SmyO3
from 0 to 5 mol %.
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Figure 7. The theoretical linear attenuation coefficient values of the presented SmxCNLB glasses.

We evaluated the effective atomic number (Z.¢) for the presented Sm—CNLB glasses
and examined the influence of the amount of Sm;O3 used in the glasses on the Z (see
Figure 8). Apparently, the Z. increases in the order of SmOCNLB to Sm5CNLB. As the
amount of Sm,Os3 is added, the Z.¢ increases, and this was observed at any energy. In the
prepared glasses, the concentrations of CdO, NayO, and Li;O were fixed, while the Sm;O3
is increased at the expense of B,O3, and since the atomic number of Sm is higher than that
of B, the replacement of B,O3 by Sm;Oj3 causes an increase in the electron number per
unit atom in the sample, so we found an enhancement in the Z.¢ values as we move from
SmOCNLB to Sm5CNLB. At 0.284 MeV, the Z is 8.05 for the free Sm;O3 sample, and this
increases to 11.45 for the sample with 5 mol % of SmyO3 At 0.347 MeV, the Z.¢ values for
the glasses with 0 and 5 mol % of Smy0O3 is 7.84 and 10.52.

If we look at the Z values at specific composition, we see that the Z.¢ decreases with
increasing the energy. This result implies that the SmxCNLB glasses have good attenuation
competence when applying in a low energy radiation application.

The mean free path (MFP) of the SmxCNLB glasses is illustrated against increasing
photon energy in Figure 9.

The trends of the MFP figure as similar to the MFP trends observed for other glass
systems [45]. First, MFP increases with energy. For the SmOCNLB glass, its MFP increases
from 3.314 cm at 0.284 MeV to 7.123 cm at 1.333 MeV, while the MFP of the Sm5CNLB is
equal to 2.388 and 6.349 cm at the same respective energies. This trend also occurs because
the atoms within the materials have a harder time absorbing the incoming photons at higher
energies, increasing the distance between subsequent collisions, or MFP. Furthermore, the
sample with the least SmyO3 content, SmMOCNLB, has the greatest MFP of all energies, while
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the samples with the greatest Sm;O3 content, Sm5CNLB, has the least MFP at all energies.
This once again indicates that increasing the Sm;O3 content in the glass system enhances
its radiation shielding characteristics. In order to confirm the inverse relation between the
radiation shielding attenuation performance and the SmyO3 content, we plotted Figure 10,
which confirms the inverse dependence on the half value layer (HVL) on the amount of
SmyO3, This is more notable at lower energies, since the HVL decreases quickly with adding
more amount of SmyOj3. At higher energies, the inverse relation still valid, but the rate of
the reduction in HVL is slower.
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Figure 8. The effective atomic number values of the presented Sm—CNLB glasses.
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Figure 9. The mean free path (MFP) of the SmxCNLB glasses.
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Figure 10. The relation between the half value layer and the Sm;O3 content in the SmxCNLB glasses.

4. Conclusions

In summary, different Sm,;O3 containing glasses were successfully carried out by melt
quench technique. NLO, OL, and radiation shielding characteristics were measured and
analyzed to understand the effectiveness of Sm;O3 doping. The OA and CA Z-scan profiles
revealed the existence of positive NLA and NLR in the studied glasses. The OL attributes
revealed the existence of limiting behavior in the studied glasses. The NLO features were
not sensitive up to 0.5 mol % of SmyO3 content, the results showed enhancement trend after
1 mol % of Sm,O3 doping. The NLO unveiled the NLA and NLR factors were improved
while the OL profiles revealed the OL thresholds were decreased as the doping of Sm;O3
raised to higher doping level. These improvements in NLA, NLR, and OL efficiencies were
attributed to the NBOs and high polarizable Sm3* ions. Comparison of the NLO results
of presently investigated glasses with other REI doped borate-based glasses available in
literature reveal the highest Sm3" doped glasses used in the current study are competing
materials for OL functionalities suppressing the high energy laser light. Moreover, we
evaluated the radiation attenuation factors and examined the influence of the energy and
the SmO;3 content on the LAC and Z.g. The replacement of B,O3 by SmO3 causes an
increase in the electron number per unit atom in the sample, so we found an enhancement
in the Zqg values as we move from SmOCNLB to Sm5CNLB. For the SmOCNLB glass, its
MEP increases from 3.314 cm at 0.284 MeV to 7.123 cm at 1.333 MeV, while the MFP of the
Sm5CNLB is equal to 2.388 and 6.349 cm at the same respective energies.

Author Contributions: Data curation: A.H.A., ].G. and M.M.H.; Formal analysis: A H.A.,, M.\M.H,,
A.G.P. and M.LS; Funding acquisition: A.H.A.; Writing—original draft: A.-H.A.; Writing—review
& editing: ].G., M.M.H., M.I.S,, KK,, N.F. and K.M.].; Investigation: M.M.H. and A.G.P.; Software:
A.G.P, KK. and N.E,; Project administration: K.M.].; Supervision: K.M.J. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by Princess Nourah bint Abdulrahman University Researchers
Supporting Project number (PNURSP2022R2), Princess Nourah bint Abdulrahman University, Riyadh,
Saudi Arabia.

Institutional Review Board Statement: Not applicable.



Materials 2022, 15, 2330 13 of 14

Informed Consent Statement: Not applicable.
Data Availability Statement: All the data have been reported in the manuscript.

Acknowledgments: The authors express their gratitude to Princess Nourah bint Abdulrahman
University Researchers Supporting Project number (PNURSP2022R2), Princess Nourah bint Abdul-
rahman University, Riyadh, Saudi Arabia.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Poirier, G,; de Aratjo, C.B.; Messaddeq, Y.; Ribeiro, S.J.L.; Poulain, M. Tungstate fluorophosphate glasses as optical limiters. Appl.
Phys. 2002, 91, 10221. [CrossRef]

2. BNgoy, P; May, A.K.; Mack, J.; Nyokong, T. Optical Limiting and Femtosecond Pump-Probe Transient Absorbance Properties of a
3,5-distyrylBODIPY Dye. Front. Chem. 2019, 7, 740.

3. Vishnumurthy, K.A.; Sunitha, M.S.; Adhikari, A.V. New optical limiting polymeric materials with different m-electron conjugation
bridge structures: Synthesis and characterization. Eur. Polym. . 2012, 48, 1575-1585. [CrossRef]

4. Maciel, G.S.; Rakov, N.; de Aratjo, C.B.; Lipovskii, A.A.; Tagantsev, D.K. Optical limiting behavior of a glass—ceramic containing
sodium niobate crystallites. Appl. Phys. Lett. 2001, 79, 584. [CrossRef]

5. Shi, Z.; Dong, N.; Zhang, D.; Jiang, X.; Du, G.; Lv, S.; Chen, J.; Wang, J.; Zhou, S. Transparent niobate glass—ceramics for optical
limiting. J. Am. Ceram. Soc. 2019, 102, 3965-3971. [CrossRef]

6. Rao, M.V.; Kumar, V.V.R.K,; Shihab, N.K; Rao, D.N. Third order nonlinear and optical limiting properties of alkaline bismuth
borate glasses. Opt. Laser Technol. 2018, 107, 110-115. [CrossRef]

7. Hegde, V.; Kamath, S.D.; Kebaili, I.; Sayyed, M.L; Sathish, K.N.; Viswanath, C.S.D.; Pramod, A.G.; Ramesh, P.; Keshavamurthy, K,;
Devarajulu, G.; et al. Photoluminescence, nonlinear optical and gamma radiation shielding properties of high concentration of
Euy0O3 doped heavy metal borate glasses. Optik 2022, 251, 168433. [CrossRef]

8.  Sun, W,; Byeon, C.C.; Lawson, C.M.; Gray, G.M.; Wang, D. Third-order nonlinear optical properties of an expanded porphyrin
cadmium complex. Appl. Phys. Lett. 2000, 77, 1759. [CrossRef]

9.  Sun, X; Yu,RQ.; Xu, G.Q.; Hor, T.S.A ; Ji, W. Broadband optical limiting with multiwalled carbon nanotubes. Appl. Phys. Lett.
1998, 73, 3632. [CrossRef]

10. Almeida, ] M.P; da Silva, D.S.; Kassab, L.R.P,; Zilio, S.C.; Mendonga, C.R.; de Boni, L. Ultrafast third-order optical nonlinearities
of heavy metal oxide glasses containing gold nanoparticles. Opt. Mater. 2014, 36, 829-832. [CrossRef]

11.  Qiao, B.; Chen, F; Nie, Q.; Dai, S.; Zhang, X.; Huang, Y. Improved nonlinear optical properties of chalcogenide glasses in Ge-Sn-Se
ternary system by thermal treatment. Opt. Mater. Express 2016, 6, 1644-1652.

12.  Thangaraj, M.; Vinitha, G.; Girisun, T.C.S.; Anandan, P.; Ravi, G. Third order nonlinear optical properties and optical limiting
behavior of alkali metal complexes of p-nitrophenol. Opt. Laser Technol. 2015, 73, 130-134. [CrossRef]

13.  Xue, D.; Betzler, K.; Hesse, H.; Lammers, D. Nonlinear optical properties of borate crystals. Solid State Commun. 2000, 114, 21-25.
[CrossRef]

14. Chen, C,; Li, R. The anionic group theory of the non-linear optical effect and its applications in the development of new
high-quality NLO crystals in the borate series. Int. Rev. Phys. Chem. 1988, 8, 65-91. [CrossRef]

15. Santos, S.N.C.; Paula, K.T.; Almeida, . M.P; Hernandes, A.C.; Mendonca, C.R. Effect of Tb®*/Yb%* in the nonlinear refractive
spectrum of CaLiBO glasses. J. Non. Cryst. Solids 2019, 524, 119637. [CrossRef]

16. Nanda, K.; Kundu, R.S,; Sharma, S.; Mohan, D.; Punia, R.; Kishore, N. Study of vibrational spectroscopy, linear and non-linear
optical properties of Sm3* ions doped BaO-ZnO-B,0j3 glasses. Solid State Sci. 2015, 45, 15-22. [CrossRef]

17. Nanda, K.; Kundu, R.S.; Punia, R.; Mohan, D.; Kishore, N. Resonant and Non-resonant Nonlinear Optical Properties of Erd*
modified BaO-ZnO-B, 03 Glasses at 532 and 1550 nm. J. Non. Cryst. Solids 2020, 541, 120155. [CrossRef]

18. Jagannath, G.; Eraiah, B.; Gaddam, A.; Fernandes, H.; Brazete, D.; Jayanthi, K.; Krishnakanth, K.N.; Rao, S.V.; Ferreira, ] M.E;
Annapurna, K,; et al. Structural and Femtosecond Third-Order Nonlinear Optical Properties of Sodium Borate Oxide Glasses:
Effect of Antimony. J. Phys. Chem. C 2019, 123, 5591-5602. [CrossRef]

19. Almeida, ].M.P,; de Boni, L.; Hernandes, A.C.; Mendonga, C.R. Third-order nonlinear spectra and optical limiting of lead
oxifluoroborate glasses. Opt. Express 2011, 19, 17220. [CrossRef]

20. Ramesh, P; Hegde, V,; Pramod, A.G.; Eraiah, B.; Rao, S.V.; Shisina, S.; Das, S.; Agarkov, D.A.; Eliseeva, G.M.; Jagannath, G.; et al.
Effect of Eu* in tuning the ultrafast third-order optical nonlinearity in heavy metal borate glasses. Opt. Mater. 2020, 108, 110051.
[CrossRef]

21. Jagannath, G.; Gaddam, A ; Rao, S.V.; Agarkov, D.A.; Korableva, G.M.; Ghosh, M.; Dey, K.K.; Ferreira, ] M.E; Allu, A.R. Tunable
femtosecond nonlinear absorption and optical limiting thresholds of La;O3-B,O3 glasses by controlling the borate structural
units. Scr. Mater. 2022, 211, 114530. [CrossRef]

22. Keshavamurthy, K.; Swetha, B.N.; Sathish, K.N.; Pramod, A.G.; Kebaili, I.; Sayyed, M.L; Itigi, S.; Ramesh, P.; Hegde, V,;

Murthy, N.L.; et al. Near-infrared nonlinear optical characteristics of silver nanoparticles embedded borate glasses activated with
Sm3* ions: Effect of heat treatment. Infrared Phys. Technol. 2021, 119, 103959. [CrossRef]


http://doi.org/10.1063/1.1481770
http://doi.org/10.1016/j.eurpolymj.2012.06.003
http://doi.org/10.1063/1.1390324
http://doi.org/10.1111/jace.16280
http://doi.org/10.1016/j.optlastec.2018.05.035
http://doi.org/10.1016/j.ijleo.2021.168433
http://doi.org/10.1063/1.1311321
http://doi.org/10.1063/1.122845
http://doi.org/10.1016/j.optmat.2013.12.012
http://doi.org/10.1016/j.optlastec.2015.04.023
http://doi.org/10.1016/S0038-1098(99)00579-7
http://doi.org/10.1080/01442358909353223
http://doi.org/10.1016/j.jnoncrysol.2019.119637
http://doi.org/10.1016/j.solidstatesciences.2015.04.008
http://doi.org/10.1016/j.jnoncrysol.2020.120155
http://doi.org/10.1021/acs.jpcc.8b09466
http://doi.org/10.1364/OE.19.017220
http://doi.org/10.1016/j.optmat.2020.110051
http://doi.org/10.1016/j.scriptamat.2022.114530
http://doi.org/10.1016/j.infrared.2021.103959

Materials 2022, 15, 2330 14 of 14

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Keshavamurthy, K.; Swetha, B.N.; Al-Harbi, EF.; Jagannath, G.; Almuqrin, A.H.; Sayyed, M.I,; Ahmed, S.B.; Pramod, A.G;
Itigi, S.; Ramesh, P, et al. Improved near—infrared nonlinear optical properties of Sm3* containing borate glasses: Effect of silver
nanoparticles concentration. Opt. Mater. 2021, 122, 111804. [CrossRef]

Yasmin, S.; Barua, B.S.; Khandaker, M.U.; Chowdhury, FU.Z.; Rashid, M.A.; Bradley, D.A.; Olatunji, M.A.; Kamal, M. Studies of
ionizing radiation shielding effectiveness of silica-based commercial glasses used in Bangladeshi dwellings. Res. Phys. 2018, 9,
541-549. [CrossRef]

Yasmin, S.; Rozaila, Z.S.; Khandaker, M.U.; Barua, B.S.; Chowdhury, FU.Z.; Rashid, M.A ; Bradley, D.A. The radiation shielding
offered by the commercial glass installed in Bangladeshi dwellings. Eff. Def. Solids 2018, 173, 657-672. [CrossRef]

Kamislioglu, M. Research on the effects of bismuth borate glass system on nuclear radiation shielding parameters. Res. Phys.
2021, 22, 103844. [CrossRef]

Kaewjaeng, S.; Kothan, S.; Chaiphaksa, W.; Chanthima, N.; Rajaramakrishna, R.; Kim, H.J.; Kaewkhao, J. High transparency
Lay03—Ca0O-B,03-5i0, glass for diagnosis x-rays shielding material application. Radiat. Phys. Chem. 2019, 160, 41-47. [CrossRef]
Kavaz, E.; Ekinci, N.; Tekin, H.O.; Sayyed, M.L,; Aygtin, B.; Perisanoglu, U. Estimation of gamma radiation shielding qualification
of newly developed glasses by using WinXCOM and MCNPX code. Prog. Nucl. Energy 2019, 115, 12-20. [CrossRef]

Rosso, M.; Blasi, G.; Gherlone, E.; Rosso, R. Effect of Granulocyte-Macrophage Colony-Stimulating Factor on Prevention of
Mucositis in Head and Neck Cancer Patients Treated with Chemo-Radiotherapy. J. Chemother. 1997, 9, 382-385. [CrossRef]
Lucchese, A.; Matarese, G.; Manuelli, M.; Ciuffreda, C.; Bassani, L.; Isola, G.; Cordasco, G.; Gherlone, E. Reliability and efficacy
of palifermin in prevention and management of oral mucositis in patients with acute lymphoblastic leukemia: A randomized,
double-blind controlled clinical trial. Minerva Stomatol. 2016, 65, 43-50.

Hivrekar, M.M.; Bhoyar, D.N.; Mande, V.K; Dhole, V.V; Solunke, M.B.; Jadhav, K.M. Effect of RE (Nd3*, Sm3+) oxide on structural,
optical properties of NayO-Li,O-ZnO-B, 03 glass system. AIP Conf. Proc. 2018, 1953, 090074.

Sheik-Bahae, M.; Said, A.A.; Wei, T.H.; Hagan, D.J.; van Stryland, E.W. Sensitive measurement of optical nonlinearities using a
single beam. IEEE ]. Quantum Electron. 1990, 26, 760-769. [CrossRef]

Limkitjaroenporn, P.; Kaewkhao, J.; Limsuwan, P.; Chewpraditkul, W. Physical, optical, structural and gamma-ray shielding
properties of lead sodium borate glasses. |. Phys. Chem. Solids 2011, 72, 245-251. [CrossRef]

Kashif, I.; EI-Maboud, A.A; El-Said, R.; Sakr, E.M.; Soliman, A.A. The role of lead oxide on structural and physical properties of
lithium diborate glasses. J. Alloys Compd. 2012, 539, 124-128. [CrossRef]

Kamitsos, E.I; Patsis, A.P.; Karakassides, M.A.; Chryssikos, G.D. Infrared reflectance spectra of lithium borate glasses. J. Non.
Cryst. Solids 1990, 126, 52—67. [CrossRef]

Cheng, Y.; Xiao, H.; Guo, W.; Guo, W. Structure and Crystallization Kinetics of BiyO3-B,O3 Glasses. Thermochim. Acta 2006, 444,
173-178. [CrossRef]

Saddeek, Y.B.; Gaafar, M.S. Physical and structural properties of some bismuth borate glasses. Mater. Chem. Phys. 2009, 115,
280-286. [CrossRef]

Ramesh, P.; Hegde, V.; Keshavamurthy, K.; Pramod, A.G.; Jagannath, G.; Aloraini, D.A.; Almugqrin, A.H.; Sayyed, M.L;
Harisha, K.S.; Khan, S.; et al. Influence of gamma irradiation on photoluminescence and nonlinear optical properties of Eu®*
activated heavy metal borate glasses. Opt. Mater. 2021, 116, 111102. [CrossRef]

Jagannath, G.; Sayyed, M.L; Alhuthali, A.M.S. Nanosecond nonlinear optical, optical limiting and gamma radiation shielding
attributes of Eu3* ions doped heavy metal borate glasses. Ceram. Int. 2021, 47, 14330-14340. [CrossRef]

Jagannath, G.; Pramod, A.G.; Keshavamurthy, K.; Swetha, B.N.; Eraiah, B.; Rajaramakrishna, R.; Ramesh, P.; Vinod, H.;
Prashantha, S.C.; Alhuthali, A.M.S,; et al. Nonlinear optical, optical limiting and radiation shielding features of Eu* activated
borate glasses. Optik 2021, 232, 166563.

Ramesh, P; Jagannath, G.; Eraiah, B.; Rao, S.V.; Kokila, M.K. Influence of PbO on Nonlinear Optical Properties of Eudt Doped
LayO3-PbO-B;,03 Glasses; AIP Publishing: College Park, MD, USA, 2020; p. 80048.

Zhao, X.; Wang, X.; Lin, H.; Wang, Z. Electronic polarizability and optical basicity of lanthanide oxides. Phys. B Condens. Matter
2007, 392, 132-136. [CrossRef]

Shanmugavelu, B.; Kumar, V.V.R K.; Kuladeep, R.; Rao, D.N. Third order nonlinear optical properties of bismuth zinc borate
glasses. J. Appl. Phys. 2013, 114, 243103. [CrossRef]

Sakar, E.; Ozpolat, O.F; Alm, B; Sayyed, M.I; Kurudirek, M. Phy-X / PSD: Development of a user friendly online software for
calculation of parameters relevant to radiation shielding and dosimetry. Radiat. Phys. Chem. 2020, 166, 108496. [CrossRef]
Sayyed, M.I; Almugqrin, A.H.; Kumar, A.; Jecong, ] EM.; Akkurt, I. Optical, mechanical properties of TeO,—-CdO-PbO-B,0O3 glass
systems and radiation shielding investigation using EPICS2017 library. Optik 2021, 242, 167342. [CrossRef]


http://doi.org/10.1016/j.optmat.2021.111804
http://doi.org/10.1016/j.rinp.2018.02.075
http://doi.org/10.1080/10420150.2018.1493481
http://doi.org/10.1016/j.rinp.2021.103844
http://doi.org/10.1016/j.radphyschem.2019.03.018
http://doi.org/10.1016/j.pnucene.2019.03.029
http://doi.org/10.1179/joc.1997.9.5.382
http://doi.org/10.1109/3.53394
http://doi.org/10.1016/j.jpcs.2011.01.007
http://doi.org/10.1016/j.jallcom.2012.04.099
http://doi.org/10.1016/0022-3093(90)91023-K
http://doi.org/10.1016/j.tca.2006.03.016
http://doi.org/10.1016/j.matchemphys.2008.12.004
http://doi.org/10.1016/j.optmat.2021.111102
http://doi.org/10.1016/j.ceramint.2021.01.293
http://doi.org/10.1016/j.physb.2006.11.015
http://doi.org/10.1063/1.4858422
http://doi.org/10.1016/j.radphyschem.2019.108496
http://doi.org/10.1016/j.ijleo.2021.167342

	Introduction 
	Experimental Procedures 
	Results and Discussion 
	Structural Properties of SmxCNLB Glasses 
	NLO and OL Characteristics of SmxCNLB Glasses 
	Radiation Shielding Characteristics 

	Conclusions 
	References

