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Nonlinear optical (NLO) approach was utilized for the laser phosphate glasses charac-
terization, being prepared by the molar substitution of BaZ* for Sr2* at a fixed ratio of
other components in a mixture of Ba,_ O/Sr,0-P,05;-Al,0;-B,0,—RE,O; (RE : Nd, La). The
optical characterization of the glasses was provided by optical and FTIR spectroscopy and
elastic scattering indicatrices analyses. It was shown that an efficiency of the photoin-
duced absorption/bleaching depends on the substitution Ba?*—Sr2* level x due to the
self-action of pulsed and CW laser radiation at wavelength 1064 nm. The proposed tech-
nique can be applied for the oxygen stoichiometry diagnostics for laser phosphate glasses.
For the x = 0.25 composition it was obtained UV-vis range absorption and elastic scatter-
ing reduction within the lowest efficiencies of the NLO absorptive response under pulsed
and CW laser excitation at wavelength 1064 nm. Such optical properties improvement was
achieved by both the substitution level choice modification and the purification of the
initial reagents.

Keywords: Laser phosphate glasses, Ba/Sr ratio, photoinduced absorption, cubic non-
linear optical susceptibility, UV-visible and FTIR spectra, elastic scattering indicatrix.

IIpoBegena xapakTepusanusa HeauHeiino-ontudeckoro (HJIO) orxauka ¢ocdaTHoro Jja-
BEPHOr0 CTEKJd, M3TOTOBJIEHHOTO IyTeM saMelleHus noHoB Ba?' ma Sr* mpm ¢urcuposasn-
HOM cocTaBe JPYIWX KOMIOHEHT B pacTBope samemenusa Ba,_,O/Sr,0-P,05,~Al,0,—B,05—
RE,O5 (RE : Nd, La), coBMecTHO €O CIEKTPAIbHBIM aHAIM30M B BuiuMom u MK nmamasonax
4 HUCCIEJOBAaHUEM HHAWKATPUC YIPYyroro paccedaunus ceera. IlokasaHo, 4To 3(QPEKTUBHOCTH
npoueccos POTOMHAYIMPOBAHHOIO IIOrJIOLICHUA /IIPOCBETICHIA 3aBUCUT OT CTEIIEHU 3aMelle-
Hua BaZ*—Sr?*—x mpu camMoBOBZefCTBUM HEIPEPLIBHOTO M HMIIYJILCHOTO JIA36PHOTO HBIyUe-
HUsA ¢ gauHoi Boaubl 1064 mm. IlpemioseHHas METOAUMKA MOMKET OLIThL NMPUMEHEHA I
OUATHOCTUKY CTEXUOMETPHUN TI0 KUCIOPORY B (rochaTHBIX Ja3ePHBIX CTeKJaax. IJisa cocTasa ¢
x = 0.25 mabamoganoch yMeHBIIEHHE CIeKTPAJILHOTO IIOTJION[eHUS U YIPYroro pacceaHus
cBeTa MPU MUHHMalbHOR sd@derTuBHocTn abcopbruonnoro HJIO OTKIMKA B YCIOBUAX MM-
MyJALCHOTO U HEIPepPLIBHOIO Ja3ePHOro BO3OY:KIeHUSA Ha AauHe BoJHLI 1064 mm. B pesyib-
TaTe MMOJYYEHO yJAydYIlleHHe ONTUYECKUX CBOHCTB (pocdaTHOro cTeKja IIyTeM MOoA00pa CTelleH!
3aMellleHUs U OUUCTKU IepPBUUHLIX peareHTOB.

Bmue Bmicty Ba/Sr ma ontuuni Bractueocti docdarnoro gdasepuoro ckaa. O.C.ITonos,
A.BYraein, A.M.3Badepro, B.O.Koxanos, B.B.Jlichax, B.A.I'aiieopoHcvKuil.

ITposeneno xapakTepusanino Herxinifino-ontuunoro (HJIO) Bigryky docdaTHOTO Masep-
HOTO CKJIA, 1[0 GYJ0 BUTOTOBJIEHO NIAAXOM samimienns iouis Ba2* ma Sr2* mpu dikcosa-
HOoMy BMicTl iHmmx kommoHeHT y posuuHi samimenms Ba, ,0/Sr,0-P,05;—Al,0,—B,0,—
RE,O; (RE : Nd, La), pasom is cnexrpanpHuM aHaxisom y Buzumomy rta IY piamasomax rta
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TOCHIMyKEeHHAM IiHAMKATPUC NOPYKHOTO poacitoBaHHA citiaa. Iloxasano, mo edeKTUBHICTH
nporeciB GOTOIHAYKOBAHOTO TMOTJINHAHHS/IPOCBITIEHHS 3aJIeKUThL BiJl CTyIeHs 3aMilleHHS
Ba2*—Sr2* — x mpu caMOBIINMBI HemepepBHOTO Ta IMITY/ILCHOTO JTA36PHOrO BUIPOMIiHIOBAHHS 3
moekuHOIO xBUai 1064 M. 3ampomoHOBaHA MeTOAMKA MOMKe OYTHM 3aCTOCOBAaHA AJA AiarHOC-
TUKU cTexioMerpil 3a Kucuem y dochatHoMy smaszepHomy ckJai. duaa ckaaxy x = 0.25 cmoc-
Tepirajocs B3MeHIIEHHS CHEeKTPAJbHOTO IOTJIMHAHHA Ta IPYKHOTO PO3CiIOBaHHA CBiTJIa
pazoM 3 wmiHiMambHOIO ederTHBHicTIO abcopbimifimoro HJIO BiaTyRy mpu iMmyabcHOMY Ta
HeTlepepBHOMY JasepHOMy 30ym:enui Ha moekuHI xBuai 1064 mam. B pesynsTati oTpumano
TOKPAIIeHHsA ONTUYHUX BJIACTUBOCTeil PochaTHOTO CKJIA MIIAXOM Migbopy CTyHeHsA 3aMimieH-

HsA Ta OUMNIIEHHA IIePBUHHUX peareHTiB.

1. Introduction

Glassy materials with a high quantum
yield of the luminescence and improved
thermo-optical characteristics are used for
the production of large-sized workpieces for
the laser application. These optical workpieces
show a low crystallization propensity and have
reduced efficiency of the refractive nonlinear
response. A number of phosphate-based glasses
of such a type are known for nowadays [1-7].
Among them are the optical phosphate glasses
that composed of (in mass%) 55-65 P,0g, 8-12
BaO, 10-15 K,O, 1-4 SiO,, 5-10 Al,O;, 2—-6
B,O3, 0.1-4.5 Nd,O;. These optical glasses
have high values of stimulated transitions
cross sections, of about 3.5-10720 cm2, and
high luminescence decay time. However,
they demonstrate a low absorption at the
wavelength of 1053 nm, which magnitude is
less than 0.001 cm™! [3]. The improvement
of the glasses characteristics can be reached
with: (i) the reduction of concentration
quenching of luminescence, which depends
on the distances between Nd atoms in a
glass matrix; (ii) reduction of the photoin-
duced absorption efficiency [7] at high ra-
diation densities; (iii) decreasing the pro-
pensity to crystallization and (iv) lowering
the content of colouring impurities. These
changes could be done, at the stage of the
glass preparation, through convenient
chemical methods. These methods direct on
the changing the composition of these
glasses and the purity of raw materials that
are used at the glass production stage.

There two types of substitution can be
performed in such glasses: (1) the substitu-
tion of Ba by Sr ions that controls oxygen
stoichiometry and (2) Nd3* by La3* ions that
reduces Nd,O; fraction. The last one im-
proves the possibility for the optical charac-
terization due to the reduction of the absor-
bance and emission yield without structural
properties modification, being determined
by the small difference in ionioc radii of the
rare earth (RE) ions: 0.98 A (Nd3*) and
1.03 A (La3*") with the coordination number
(CN) of CNRg_o = 8 [8]. At the same time,
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the substitution of Ba2* for Sr2* decreases
the crystallisation index of the glasses.
Since the values of the radii are 1.42 A for
Ba2* at CNpgs_o = 8 and 1.26 A for Sr2t at
CNg_o = 6, the difference in the effective
cations ionic radii supports an amorphiza-
tion. The crystallisation index reduction is
in a good agreement with experimental
data [9] because the packing density of the
phosphate glasses (Ba,_,Sr,gl) deviates from
the linear dependence versus the molar ratio
of Sr/Ba. It causes the alkaline earth metal-
oxygen polyhedra distortion similarly to
that observed in [10], and the transition
from the glass net that is built up with
BaOg polyhedrons to that formed with SrOgq
octahedrons. Such modification effects on the
distance between the nearest neighbour
La/Nd-La/Nd atomic pairs that can drastically
impact on optical properties of the glasses.

In this paper we report the effect of the
Ba/Sr ratio on the optical properties of the
substituted phosphate laser optical glasses
Ba,;_,Sr,g! studied in the whole substitution
range x = 0-1. It was performed with the
molar fraction x increment of 0.25. The
glass samples were prepared from the initial
reagents purified by specially elaborated
chemical techniques. We have applied the
nonlinear optical (NLO) response charac-
terization within the spatial beam profile
analysis technique [11], which works due to
the self-action effect of the continuous wave
(CW) and pulsed laser radiation at wave-
length 1064 nm (1.17 eV). The approach is
based on successful application of the tech-
nique for substitution level of the Lu by Gd
atoms characterization in the oxyorthosili-
cates single erystals [12]. It demonstrated a
high sensitivity to the oxygen stoichiometry
controlled by Sr/Ba content in laser phos-
phate glasses.

2. Experimental

2.1. Initial materials

Reagent grade Sigma-Aldrich chemicals:
Ba(NOs),,  Sr(NOjz),, (NH4),HPO, and
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KH,PO,, were purified to prepare a high
purity analytical reagent grade chemicals;
Onyxmet (Olsztyn, Poland) products: La,05
"D" and Nd,O; "E" was used as is. The
following three methods were used for the
purification: (i) the complexing of colouring
impurities, ppms of d-metal ions, Fe, Cu,
Co, Ni, Mo, V, Cr and Mn, to form stabile
diethyldithiocarbomate (DDC) complexes
that adsorbs on non-oxidized activated carb-
on (AC) derived from wood with further
deashed with HF and HCI solution, (ii) the
adsorption of the metal ions by the surface
of the respective oxidized AC, and (iii)
Ba(NO3),, Sr(NOj), reagents recrystalliza-
tion with the partial precipitation of car-
bonates that occlude respective d-metals
ions. SiO,-NH,O was prepared from Dynasy-
lan®A, tetraethyl-orthosilicate, that addi-
tionally was purified by distillation in the
presence of oxidized AC. This purified prod-
uct was subjected to a hydrolysis in double-
distilled water. A small quantity of ammo-
nia (puriss.) was added to the water, as the
hydrolysis catalyst. The obtained product
was separated and then dried. The content
of SiO, in the product of the hydrolysis was
determined by thermogravimetry using an
apparatus reported in [13]. The analytical
control of the purity was done by the spec-
trophotometric analysis using an extraction
of DDC-complexes with CHCIl;. As the purifi-
cation result, the total concentration of col-
ouring impurities in each product is lowered
to 0.1-2 ppm from 20-5 ppm for the each of
the ions. Boria and alumina used for the
glasses preparation are purity reagent grade
chemicals of the Federal State Unitary Enter-
prise IREA (Moscow, Russia).

The obtained purified powders were used
for the preparation of glass samples that
are based on the composition (in mass%):
P,Og — 58, BaO - 12, K,0 - 13, SiO, — 2,
A|203 - 8, 8203 - 4:, Nd203 - 0.5, Lazo3_ 2.5.
To prepare the Sr/Ba glasses, the BaO com-
ponent in the composition of a butch mix-
ture, which is used for the glass prepara-
tion, was partially or completely substituted
for SrO. A sum of the molar composition of
the alkaline earth oxides is kept fixed to
the value equivalent to 12 mass% of BaO.
The glasses were obtained by the compo-
nents melting. The prepared glass samples
are designated as Ba;_,Sr,gl and x =0,
0.25, 0.75, 0.50 and 1.0. The value of x
denotes the molar fraction of strontium in
the glass as regard to the content of Ba.
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2.2. Preparation of glasses samples

A typical preparation of glass sample
was performed as follows. Appropriate
amounts of the initial materials, as per the
composition of glasses, were properly
weighed. A batch mixture of the initial
components (20 g) was wetted with double-
distilled water, as mixing medium, mixed in
a new porcelain mortal and transferred into
a 40 ml transparent quartz crucible. The
mixture was heated in a programmable elec-
tric resistance furnace, which enclosed vol-
ume is made from an alundum tube. The
heating was conducted at the slow heating
rate up to 1000°C for 4 h. After that, the
mixture was heated up to 1330°C for 2 h
and periodically mixed with a quartz rod. It
should be noticed that the melting tempera-
tures for different compositions were in the
range of 1050-1330°C. The melt was main-
tained at 1330°C in the furnace for 10 min
for refining and homogenization and then it
was cooled and poured into a cast-iron
mould preheated up to 400°C and pressed by
a plate. This cast iron mould with a glass
within was leaved to get slowly cooled, with
a b°C per minute rate, and after that the
resulted glass was annealed in a muffle fur-
nace at the temperature of 450°C for 6 h.
The annealing was performed to remove the
residual stresses due to temperature gradi-
ent, which is produced by rapid cooling. An-
nealed glass samples were parallel cut to
obtain plates of 1 mm thin.

2.3. Samples characterization

Pycnometric density of the glasses (p)
was determined by weighting, similarly as
in ASTM D854 [14], in air and in hexane at
23°C. A non-polar hexane medium was used
instead of water to prevent dissolution. The
powdered glass samples were mixed with
KBr powder and then pressed.

Fourier Transformed Infrared (FTIR)
spectroscopy. The pellets were examined by
using a Thermo Nicollet Nexus 470 FTIR
spectrometer. FTIR spectra were recorded in
the wavenumbers range of 400-1600 ecm™! at
25°C using a 1026 scans regime.

Ultraviolet-visible (UV-Vis) spectroscopy.
UV-VIS spectra of the glasses were recorded
by means of UV-VIS spectrophotometer
(Shimadzu UV-2700 instrument) by using
1 nm scan step.

Empirical estimation of optical proper-
ties of glasses. Optical characteristics of
glass materials, in particular, linear and
nonlinear refractions, depend on the elec-
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tron polarizability of the medium under ir-
radiation [15]. So, the empirical approach
proposed by Duffy and Ingram [16] is
widely used to bind the chemical composi-
tion changes with the optical properties of
glasses [16—18]. In this paradigm, the aver-
age molar refraction (R,) was calculated
from the equation:

R, = PR + ¢RO?") =

= 2.52(p206i + qoc(OZ—)), 1)

where o; and a(O?%") are the molar polariza-
tion ability of cation taken form [8] and
anion in a glass matrix, R; and R(0?7) are
the ionic constituents of the refraction for
cations and oxygen anion, p and ¢ are the
cation and anion molar coefficients in the
glass formula. The theoretic optical basicity
(A;p), which is sensitive to changes at
chemical composition of glass, was esti-
mated through the formula:

Ay = Y Akis @)

where A; and yx; are the optical basicity and
the molar part of i-component. The polarizabil-
ity of oxygen ions (a(O?7)) was calculated
through a simple relation with A, [19]

(O%) = (1 - Ayy/1.6707L (3)

Since the linear and nonlinear refractive
indexes correlates, the Goldhammer-Her-
zfeld metallization criterion (GH), which
characterizes the covalence of a glass me-
dium, was found from the formula:

2 _
GHz[l—%]z[l—ng 1} @
m ng+ 2
where V, is the molar volume, ny is the
linear refraction index. The ionic packing
ratio (Vp) of the glass host- a ratio of spe-
cific ion total volume per mole to the molar
volume, was calculated, in approximation

that each ion in the glass was a rigid
sphere, from the equation:

4 - 5
Vp = (Zg 7'|:I‘i3 niNAW le, ( )

1

where r is the ionic radius, n is the molar
fraction, N, is the Avogadro number, M is
the molar weight, and p is the pycnometric
density of the glass host.
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Elastic scattering indicatrix. The optical
elastic scattering indicatrices into forward
hemisphere of the phosphate glasses were
measured under the CW DPSS laser irradia-
tion at 1064 nm. The scattered light was reg-
istered by the CCD camera (ATiK 16 IC-HS
with pixel size 7.4x7.4 um2 and 640x480
image resolution) at the distance of 39.2 ecm
from the sample. The elastic scattering losses
into forward hemisphere were estimated
within the approach described in [20].

Nonlinear optical characterization. The
absorptive NLO response was studied by the
photoinduced total transmittance variation
due to the self-action of the pulsed and CW
laser radiation at wavelength 1064 nm
(1.17 eV) that can induce resonant two-pho-
ton absorption process. The measurements
were performed according to the technique
described in [11]. For the pulsed excitation
we utilized the radiation of the mode-locked
Nd3*:YAG laser with pulsewidth 42 ps
(FWHM) and repetition rate 50 Hz. For CW
excitation we applied DPSS laser with peak
output power ~ 20 mW. The samples were po-
sitioned at the input aperture (1 cm diameter)
of the photodiode in order to avoid impact
of the scattering extinction losses. We have
thoroughly checked the reversibility of the
photoinduced transmittance variation with
rise/reduction of the input laser radiation
intensity.

Fitting the experimental data of the total
transmittance versus the peak laser inten-
sity I according to the route described in [21]
provides estimation of the photoinduced ab-
sorption variation Ao magnitudes that is pro-
portional to the imaginary part of the cubic
NLO susceptibility Ao ~ Im(y®)I.

3. Results and discussion

3.1. Empirical estimation of optical prop-

erties

The Ba,_,Sr,gl pycnometric density, optic
and physic characteristics, which are esti-
mated from (1-5), are listed in Table 1. The
values of R, and o(O%") decrease with an
increase of the Sr content. GH criterion pos-
sesses a significant reduction of the magni-
tudes up to 0.762 for the laser glasses with
x > 0.5 that show the highest value of a
media covalence. The maximal values of p
and V,, are characterized the pure Ba glass.
The value of A;, decreases monotonously
from Ba-based to Sr-based glass.
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Table 1. The estimated optical and physical characteristics of the Ba,_,Sr,gl glasses with different
Ba/Sr ratio, A, — the theoretic optical basicity, a(O?7) — the polarizability of oxygen ions, R,
— the average molar refraction, V,, — the molar volume, ¥V, — the ionic packing ratio of the
glass host, p — the pycnometric density, GH — the Goldhammer-Herzfeld metallization criterion

Sr content, x 0.0 0.25 0.50 0.75 1.0
A, 0.639 0.638 0.637 0.636 0.634
0(0%7), em3/mol 1.620 1.618 1.616 1.614 1.613
R, cm?3/mol 4.788 4.770 4.753 4.736 4.718
Vs m3 0.027 0.024 0.020 0.020 0.020
Vo, % 68.9 59.0 50.1 49.0 49.6
0, :‘;’I/CIH3 3.310 2.930 2.470 2.400 2.410
GH 0.822 0.801 0.762 0.763 0.764

“Note: CNga_o = 8 and CNg,_ = 6.

3.2. UV-Vis spectroscopy

The absorption spectra of the studied
glasses are presented in Fig. 1 with the
most intensive seven Nd3* bands centred at
about 805, 744, 684, 583, 525, 428, and
355 nm, which are assigned as in [22]. The
absorption bands originate from the ground
44,9 state due to 4f—4f orbital electronic tran-
sitions with wave functions localized within
the single Nd3* ion. They are forbidden in the
electric dipole approximation by quantum me-
chanical selection rules, which, however, are
relaxed via local field-induced intermixing of
the f states with higher electronic configura-
tions. The shielding of the 4f electrons by the
outer complete 5s and 5p shells results in a
quite identical and practically independent po-
sition from the minor changes at Nd3* volume
concentration with the Ba/Sr ratio.

On the other hand, the substitution of Ba
with Sr effects on the structure and proper-
ties of the glass matrix. The ionic packing
ratio varies slightly for phosphate glasses
by changing network modifier ion; there-
fore, it is difficult to clarify the effect of
ionic packing ratio Vp on the optical spec-
tra. The results of studies suggest that Nd3*
ions are incorporated into certain sites to
break P=0 bonds in phosphate glasses.

It should be noted that the glass contain-
ing Ba without Sr (x = 0.0) is the most
transparent among others. The rise of the
substitution level up to x < 0.75 leads to the
monotonic darkening of the samples. For
the glass containing Sr without Ba (x = 1.0)
the spectral transmittance of the sample are
between the corresponding ones for the
glasses with x = 0.25 and 0.50.

We have performed NLO charac-
terization of the samples at the laser radia-
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Fig. 1. UV-Vis spectra for the optic

Ba,_,Sr,gl for x = 0.0, 0.25, 0.50, 0.75, 1.0
and the assignment of peaks given alongside.

tion wavelength 1064 nm. It can induce
resonant two-photon absorption transitions
into the band 4G9/2 with peak at about
525 nm with efficiency of the photoinduced
absorption. The effect allows monitoring the
structural modifications of the phosphate
glasses produced by the Sr/Ba substitution
via the laser radiation self-action through
the Nd3* resonant excitation.

3.3. FTIR spectroscopy

Normalized IR transmission spectra of
the phosphate glass samples with corre-
sponding characteristic vibrations are pre-
sented in Fig. 2. Considering the presence
of oxygen atoms at the composition of non-
phosphate groups (borates, silicates, and
aluminates), the ratio of P/O is found to
about 3. This ratio corresponds to the com-
position of metaphosphates, indicating the
predominance of tetrahedral @, units as a
structural motif of metaphosphate glasses

Functional materials, 23, 2, 2016
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Fig. 2. IR spectra for the optic Ba,_Srgl
glasses with different Sr/Ba content for x = 0.0,
0.25, 0.50, 0.75, 1.0.

net [24, 25]. Since @9 unit has less amount
of the terminal oxygen atoms versus the
coordination number of strontium (SrOg)
and barium (BaOg) ions in oxide glasses, the
Sr/Ba ions can coordinate oxygen ions via
formation of bonds with oxygen ions of cor-
responding adjacent @, units. Moreover, Sr
and Ba atoms can not fill completely the
oxygen coordinate environment that indi-
cates the certain oxygen vacancies concen-
tration that suggests to increase with the
Ba content rise (x reduction) in the glass
matrix. Modification of the optical proper-
ties depends on the possibilities of elec-
tronic detrapping, which is proportional to
the number of related surface and internal
oxygen vacancies.

Since the relative intensity of the bands
at the replacement of the Sr for Ba and
vise-versa is changed due to the change of
the molar ratios of phosphate units to metal
ions, so all the IR spectra are normalized to the
molar absorptive coefficient of the media at the
same concentration of adsorptive groups. The
absorption in the range 430-1400 cm™! corre-
sponds to vibrations, in the most part, of
terminal @, @5, and Q3 groups [24]. So, as
can be seen from the Fig. 2, the highest
absorption and thus the shortest length of
the phosphate chain has the glass with
100 % content of barium (x = 0.0). This
fact can be explained by a stronger po-
larizability of the glass matrix that occurs
due to the larger ionic radius of the Ba?*
ion versus the Sr2* one. The Bag 5Srg 50!
demonstrates the lowest absorption that cor-
relates with the metallicity criterion (see
Table 1). Due to the long phosphate chains
lengths in the phosphate glasses they serve

Functional materials, 23, 2, 2016

80° 60° 40°

20°

Oo

-20°

-80°  -60° -40°

Fig. 3. The optical scattering indicatrices in
forward hemisphere at 1064 nm for the optic
Ba,_Sr,gl glasses with different Sr/Ba con-
tent for x = 0.0, 0.25, 0.50, 0.75, 1.0. The
grey curve corresponds to the freely propa-
gating laser beam as a reference.

as the most asymmetric environment for the
Nd3* activator that causes the lowest ionic-
ity of Nd—O bonds. It was confirmed by the
results of the UV-Vis absorption studies (see
Table 2). For BaggSrgsgl a number of oxy-
gen vacancies should be the maximal due to
the steric factor [25] that effects on the co-
ordination/existence of long phosphate
chains in a net.

3.4. Optical scattering

The optical scattering indicatrices of the
studied laser glasses at 1064 nm are repre-
sented in Fig. 3. It is shown that the scat-
tering of the glasses strongly depends on
the Sr/Ba content. The calculated scattering
losses into forward hemisphere and samples
thickness L are given in Table 2. It was
shown that only the Sr-based and Ba-based
glasses are characterized by the smallest
scattering losses. The Sr/Ba substitution re-
veals the nonmonotonic variations of the
scattering efficiency: the scattering losses

Table 2. The thicknesses L and the scatter-
ing losses into forward hemisphere at
1064 nm for the optic glasses Sr,Ba,_gl
with different Ba/Sr content

x L, mm Scat. Losses, %
0.0 1.82 2.5
0.25 1.94 8.4
0.50 2.00 12.6
0.75 1.82 8.4
1.0 1.76 5.2
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Fig. 4. The photoinduced variations of the normalized total transmittance in the pulsed (42 ps) —
(a), and CW — (b) excitation regimes at 1064 nm for the optic Ba,_ Sr,gl glasses with different
Sr/Ba content for x = 0.0, 0.25, 0.50, 0.75, and 1.0.

are the highest for the x = 0.5 (~ 12.6 %)
and decreases for the other glasses. For the
Sr/Ba content x = 0.25 and x = 0.75 the
scattering losses is almost equal.

3.5. Nonlinear optical characterization

The photoinduced variations of the total
transmittance of the phosphate laser glasses
within the pulsed excitation regime are pre-
sented in Fig. 4a. Each experimental curve
corresponds to the data acquisition for
about 5000 laser shots. The typical error
bar of the curves is about 1 %. It can be
seen that the total transmittance of the
glass with 100 % of Ba significantly differs
versus the others. It demonstrates the pho-
toinduced bleaching at the peak intensity
range 5—50 MW /cm2. For the higher peak
intensities the process saturates and turns
to efficient photodarkening effect with
magnitude ~10 %. For the samples that
contain Sr the monotonic photoinduced
darkening effect was observed with the
saturation at about 100 MW /em?2. The effi-
ciency of the process significantly depends
on the Sr/Ba ratio. The almost total compen-
sation of the pronounced photoinduced ab-
sorption variations was revealed for the
Bao_758r0_25g| Sample.

For the case of the CW laser excitation
the photoinduced variations of the total
transmittance are presented in Fig. 4b. It
was shown that only for the degenerate case
x =1 the glass demonstrates the photo-
darkening effect that turns to photobleach-
ing one at about 15 W/cm2. For the sam-
ples that contain Ba the photoinduced
bleaching was observed. The process satu-
rates and turns to photodarkening at the fol-
lowing intensity magnitudes that rises with
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Fig. 5. The magnitudes of the imaginary part
of the cubic NLO susceptibility in CW and
pulsed excitation regimes for the optic
Ba,_,Sr,gl glasses with x = 0.0, 0.25, 0.50,
0.75, and 1.0. The transparent bars indicate
the photoinduced darkening effect (Ao > 0),
patterned — the photoinduced bleaching one
(Ao < 0).

the reduction of parameter x given in brack-
ets: ~8.0 W/em?2 (0.75); ~13.8 W/ecm?2 (0.5);
~82.4 W/em?2 (0.25), and ~34.3 W/cm?2 (0.0).

From the obtained total transmittance
dependences the magnitudes of the imagi-
nary part of the cubic NLO susceptibility
Im(x®)) were estimated. The comparison of
the results for the cases of the pulsed and
CW laser excitations are represented in Fig. 5 as
a bar diagram. The transparent bars indicate
the photoinduced darkening effect (Ao > 0),
patterned — the photoinduced bleaching
one (Aa < 0).

It was shown that for CW excitation the
substitution of Sr for Ba results in Im(x(3))

Functional materials, 23, 2, 2016
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reduction and the sign turn. In the case of
the pulsed excitation the increase of the Ba
content reveals the Im(x(®) rise except the
glass with x = 0.25.

The lowest magnitudes of the photoin-
duced Dbleaching/absorption efficiencies
Im(x3))| ~ 6:1077/4-10714 esu for CW/pulsed
excitation regime was revealed for
Bag 75510 259! that indicates it to be the most
optimal against the laser beam distortion
inside the media.

The observed sensitivity of the laser ra-
diation self-action effects to the Sr/Ba ratio
in the phosphate glass indicates the applied
approach to be promising for their structure
diagnostics. The proposed technique can be
applied for the oxygen stoichiometry diag-
nostics for laser phosphate glasses due to
the resonant multiphoton excitation of Nd3*
ions at 1064 nm.

4. Conclusions

The characterization of the optic phos-
phate glasses Ba,_,Sr,gl with different con-
tain of Sr/Ba ions was performed by UV-VIS
spectral, FTIR, elastic scattering indica-
trices and NLO response analyses. Advanced
methods for purification of initial reagents
were applied. The effect of the Sr/Ba ratio
on the glass structure was observed. It was
shown that the positions and the form of
UV-Vis spectra peaks of the studied optic
glasses are similar and almost independent
on the minor Nd3* volume concentration
variations with the Ba/Sr ratio.

The optical scattering indicatrices analy-
sis revealed the nonmonotonic variations of
the scattering efficiency versus the Sr/Ba
ratio: the scattering losses ~ 12.6 % are the
highest for the Bay gSry gl that corresponds
to the peak oxygen vacancies concentration
due to the steric factor. The glasses with
symmetric substitution levels x = 0.25 and
0.75 demonstrate the similar level of ex-
tinction losses ~ 8.4 %.

The absorptive NLO response under the
excitation of CW and pulsed laser radiation
at 1064 nm were analyzed. It was shown
that the photoinduced absorption/bleaching
variations are strongly dependent on the
ratio of Sr/Ba in the phosphate glasses. The
observed effects were attributed to the reso-
nant two-photon absorption into Nd3* band
4G9/2. The efficiency of the transition can
be controlled by the local field deterioration
due to the oxygen vacancies impact in the
vicinity of the Nd ion. Except the degener-
ate cases at x = 0.0 and 1.0 the Bag 5Sry 59l
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reveals the most efficient photoinduced ab-
sorption/bleaching efficiency within
pulsed/CW laser excitation at 1064 nm cor-
respondingly. In degenerate cases for both
excitation regimes we have observed pho-
tobleaching (x = 0, Im(x®) < 0) and pho-
toinduced absorption (x = 1, Im(x(®) < 0) at
the initial range of the laser intensities. For
the rest of the samples the absorptive NLO
response has opposite signs within laser
pulsed and CW excitation (see Fig. 5).

The lowest magnitudes of the photoin-
duced Dbleaching/absorption efficiencies
Im()®)| ~ 6-1077/4-10714 esu for CW/pulsed
excitation regime was revealed for
Bag 755rp 259! that indicates it to be the most
optimal against the laser beam distortion
inside the media. For the x = 0.25 composi-
tion it was also obtained UV-vis range ab-
sorption and elastic scattering reduction.
The mentioned optical properties improve-
ment was achieved by both the substitution
level choice modification and the purifica-
tion of the initial reagents.

On the basis of the obtained results we
suggest a high potential of the application
of the CW and pulsed laser radiation self-
action effects at wavelength 1064 nm
within elastic scattering indicatrices analy-
sis for the testing of oxygen vacancies con-
centration in the phosphate laser glasses for
the application in the field of quantum and
optoelectronics.
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