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1. Introduction

The use of the Czochralski method at Institute for Sin-
gle Crystals NAS of Ukraine (the Institute) was moti-
vated by a need to produce laser elements for new facil-
ities. Investigations in the field of lasers were started at
the Institute as long ago as in 1961. This was a turning-
-point in the development of physics and optics and the
change-over to optical quantum generators (OQG). In-
tensive investigations in the field of quantum electron-
ics were carried out under the leadership of Nobel Priz-
ers Prokhorov and Basov at Institute of General Physics
(Moscow, Russia), USSR Academy of Sciences, and at
other laser centres of the world. In Ukraine these investi-
gations were started at Institute for Single Crystals and
Institute of Physics (Kiev, Ukraine), NAS of Ukraine.

At that time, one of the main active elements for OQGs
was neodymium-doped calcium tungstate single crystal
(CaWO4:Nd3T). The first continuous-wave laser operat-
ing at room temperature was designed on the base of this
crystal at Institute of General Physics, USSR Academy
of Sciences (Moscow, Russia).

The Czochralski method was the main stage of produc-
tion technology of high-temperature oxide single crystals.
Its potentialities were realized due to modernization of
the available setups for thermal treatment of metallic ma-
chine parts. These setups were transformed into growth
apparatuses and then used for the growth of Y3Al5014
yttrium-aluminium garnet (YAG) and calcium tungstate
single crystals.

The design of new facilities of “OKB-63” type ac-
cording to the specifications of the Institute essentially
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speeded up the technological work on the growth of high-
-temperature single crystals. However, the most impor-
tant breakthrough in the development of laser garnet
crystals was made in 1972 when new-generation setups
“Donets-1” (made by the design department “Donets”,
Ukraine) were put into operation.

Since 1972, laser elements based on YAG crystals have
practically completely ousted calcium tungstate elements
and became widely used in quantum electronics. Lasers
and laser facilities won sound position in all branches of
science and industry. At that time YAG was considered
to be the best material for solid state high-efficient CW,
Q-switched and mode-locked lasers with low generation
threshold [1].

2. Application of the Czochralski method
for the growth of laser crystals

During a short period of time, specialists from the In-
stitute developed YAG laser element technology produc-
tion according to OQG specifications. The technology of
YAG crystal production was introduced at an industrial
plant.

While working out the growth technology there was
chosen the optimal protective and reducing medium con-
taining 98 vol.% of Ar + 2 vol.% of O, which provided
the obtaining of crystals with high optical quality and
without oxidation and failure of iridium crucibles. The
developed design of crystallization unit provided the re-
quired distribution of thermal fields in the crystallization
zone and the axial temperature gradient. The optical
quality of the crystals was raised due to stabilization of
the growth conditions achieved by means of automated
control of the growth process. This allowed to decrease
the diameter of bulk defect in central region of crystal
to ~ 1 mm. Homogeneous YAG:Nd and YAG:Nd:Cr,Ce
garnet crystals were obtained at a convex crystal-melt
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interface. Variations of temperature of the crucible wall
due to uncontrolled fluctuations of the power supplied to
the inductor and of melt temperature near the crystal—
melt interface (at a depth less than 5 mm) did not exceed
0.5-1°C [1]. The obtained crystals had a length of 150
200 mm and a diameter of ~ 35 mm (Fig. 1).

Ittrium-aluminium garnet
(Y;Al0,,:Nd)

Fig. 1.

Y3Al5012:Nd3 crystal and laser rod.

Due to unique capabilities of the Czochralski method
growth technologies of a number of compounds were
developed. In particular, the growth technology of
forsterite (Mg2SiO4) single crystals was developed during
1989-1993. The tunable lasers based on forsterite crys-
tals were designed for the first time. The tunable range of
laser was 1170-1330 nm. The lasers were able to generate
extra-short 25-30 fs pulses at 250 mW output power and
demonstrated a stable K LM regime operation under the
synchronous pumping.

A series of nonlinear optic crystals was grown at the
Institute by means of the Czochralski method: lithium
niobate (LiNbOs3), lithium tantalate (LiTaOg), fresnoite
(BasTiSizOg), KTiOPO,, and a number of borates
(LiB305, Li2B407, B—BaB204) [274] The method of
growth of lithium niobate and lithium tantalate crystals
developed during 1983-1985 was brought into commer-
cial production. For the first time, photorefractive resis-
tant lithium tantalate crystals were obtained. The value
of resistance exceeded the one of the world analogues by
an order of magnitude.

The top seed solution growth method (TSSG) was
used at the Institute for the obtaining of nonlinear
optic and laser crystals. The production technolo-
gies of neodymium and chromium doped GdsScoGazOq4
gadolinium scandium gallium garnets as well as
neodymium doped KGd(WO,), potassium gadolinium
tungstate, were developed at the Institute during 1985—
1989. Active laser elements based on the crystals pro-
vide low threshold and high generation efficiency at low
pumping energies. It allows to essentially decrease the
dimensions, weight, and power consumption of laser facil-
ities. The nonlinear optic borate single crystals (LiB3Os,
B-BaBO,) were grown by the use of TSSG method, too.

The Institute has elaborated specifications for new
equipment for growth of high-temperature oxide sin-
gle crystals. High-frequency crystal growth units were
designed for single crystal growth by the Czochralski
method in collaboration with: “VNIITVCH” (Saint—
Petersburg, Russia) — generation of setups “Kristall 603,
605, 607”; TSKBM “Donets” (Lugansk, Ukraine) — setup
“Landysh”; “TEKHMONTAG” (Lugansk, Ukraine) —
setup “Analog”.

The growth of single crystals from melt by the
Czochralski method has a number of advantages, such as
the absence of contact between the crystal and the cru-
cible walls, that essentially reduces stresses in the crys-
tals; the possibility to control the crystal growth visu-
ally and the processes which occur at the crystal-melt
interface, relative simplicity of its technical realization.
Moreover, the method allows to grow large-size and suf-
ficiently perfect high-melting oxide crystals, to control
the character of the melt convection and as consequence
— to choose the most optimal conditions for the growth
of optically homogeneous crystals. Possibilities of the
method are able to provide the obtaining of crystals of
different shape. The morphology of crystals is illustrated
by Fig. 2.

(a)

Fig. 2. The crystals grown at different vertical gradi-
ents: a — LiNbOy4; b — LiTaOy4; ¢ — PbWO4.

At low vertical gradients (07'/0z less than 10 deg/cm)
the grown lithium niobate crystals are strongly faceted
(Fig. 2a), at gradients of 30 deg/cm and higher the
lithium niobate and lithium tantalate crystals are of
cylindrical shape (Fig. 2a, b).

The shape of large-size PbWO, single crystals (§ >
50 cm) grown along the z axis was also different from
cylindrical (Fig. 2c¢). The crystals of the preset di-
ameter and rigorously cylindrical shape of the sur-
face were obtained under the conditions when the ra-
tio derystal/Dorucible < 0.45 held true during the whole
growth process, and the axial gradients were 0T /0z =
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25 deg/cm. In the case when 0.45 < derystal/Derucible <
0.65 the crystal shape was at first cylindrical, but then
it was transformed into spiral (Fig. 2c).

At the growth of PbWOQy crystals with a 50 mm diam-
eter, the level of the melt decreases faster than it takes
place during the growth of the crystal of a smaller diam-
eter from the same crucible. Thereat, the crystal-melt
interface descends, and the magnitude of axial gradient
is decreased, too. Thus, the magnitude of axial gradi-
ent may be comparable with that of the radial gradients.
A heat flow along the growth axis may essentially de-
crease with the rise of the growing crystal volume. The
IR radiation absorption by the growing crystal can affect
on a heat flow. The change of temperature distribution
at crystal-melt interface as well as the crystal anisotropy
of thermal conductivity may lead to the situation when
the direction of the maximum heat transfer does not coin-
cide with the growth direction. Such thermal conditions
result in the formation of strong internal stresses and
make the morphology of PbWQ, crystal different from
cylindrical one [5].

The Institute was the first to realize the growth of YAG
crystals by the Czochralski method from “cold crucible”
(crucible free, combination of the Czochralski method
and skull melting method) that provided the possibility
of saving expensive and scarce iridium used at crucible
production.

A weighing of either the crucible containing the melt
or the growing crystal is generally used during the au-
tomated process of crystal growth by the Czochralski
method [6]. The choice of the weighing object depends on
the dimensions and total mass of the used crystallization
unit. The method of weighing the melt is considered to
have certain advantages when the total mass of the crys-
tallization unit is up to 16 kg. At present the sensitivity
is 0.01 g at a crystallization unit mass up to 10 kg.

Fig. 3. Automated “Analog” apparatus under control
of OS Windows.

Due to upgrading of the growth “Kristall-3M” setup a
completely automated “Analog” apparatus (Fig. 3) was
designed for growth of high-temperature oxide crystals
by the Czochralski method. The setup allows to grow
a wide range of crystals, including incongruent melting
crystals or phase transition containing crystals (crystal
growth from solution-melt).

3. PbWO,:Nd3* and PbMoO,:Nd3" crystals for
Raman lasers

For the major part of solid (non-diode) state lasers the
laser generation is realized by means of f—f emission
of rare-earth ions according to different mechanisms of
energy transformation (sensibilization, cross-relaxation,
cascade generation, co-operative excitation) [7]. Since
the crystal field weakly affects on the f state energy posi-
tion, the luminescence maxima of rare earth ions slightly
depend on the crystal field of host. For the laser media
doped with rare earth (RE3") ions only one wavelength is
dominant. The spectral range of such lasers is extended
by means of nonlinear optical effects. One of them is the
transformation of the emission wavelength due to the Ra-
man scattering [8].

A commercial Raman laser consists of an active laser
medium based on AlO3:Ti or Y3Al5015:Nd crystals and
Raman converter, for example Ba(NOg3)y crystal. To
minimize the losses and to make the design of laser ap-
paratus simpler and cheaper, the crystal must simultane-
ously perform the functions of both active laser medium
and Raman converter. For this purpose PbWQO4 lead
tungstate and PbMoQO, lead molybdate are the most
promising crystals [9]. Due to congruent melting of
PbWO, (1141°C) and PbMoO4 (1060 °C), it is possible
to successfully use the Czochralski method and to carry
out the growth from platinum crucibles.

One of the problems arising at the growth of tungstates
and molybdates of alkali earth element crystals is non-
-stoichiometric evaporation of melt, in particular, of
tungsten and molybdenum oxides. This gives rise to
changes in the melt composition, the formation of var-
ious point defects and their aggregation in the crystals.
It leads to an essential variation of the physico-chemical
properties along the crystal length. To reduce the in-
fluence of these negative factors, an excess of tungsten
(molybdenum) oxide (of about 1-3 mass%) is introduced
into the initial charge before crystal growth. Moreover,
certain efforts are taken to reduce an overheating of melt.
To prevent an overheating of melt, different crystalliza-
tion units containing passive and active afterheaters, gas
composition, and pressure in the growth chamber are
used.

Another problem is the obtaining of crystals to be
used as active elements of lasers with diode pumping.
In this case, in contrast to lasers with flash-lamp pump-
ing, the elements containing laser-active ions (e.g. Nd*T)
which absorb 70-90% of the pumping energy at sev-
eral millimetre length are required. Due to considerable
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ionic radius mismatch, the growth of heavily neodymium
doped alkali-earth tungstate and molybdate single crys-
tals with optical and structural homogeneity is a sophis-
ticated problem.

Experimental choice of the growth conditions allowed
to successfully apply the Czochralski method for the crys-
tal growth and production of active elements for the
Raman lasers. We obtained Nd®>* doped PbWO, and
PbMoQOy crystals with a diameter of 25-30 mm and
a length up to 200 mm. The Nd3T concentration in
PbWO, and PbMoO, crystals was up to 2 mass% and
up to 3 mass%, respectively (Fig. 4) [10, 11].

Fig. 4.

PbMoOQy single crystals and laser rod.

Experimental investigations of laser oscillations in
PbWO,:Nd3+ and PbMoO4:Nd3t crystals under differ-
ent pumping sources were carried out. Figure 5 presents
the dependence of laser output energy on pumping en-
ergy of diode laser for neodymium doped PbWO4:Nd3+
lead tungstate and PbMoO4:Nd3* lead molybdate single
crystals.
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Fig. 5. Dependence of the output energy on the
diode laser pumping energy for PbWO.:Nd*T and
PbMoO4:Nd*" crystals.

Under diode laser pumping the 0.47 mJ generation
threshold and the 13.4% slope efficiency were achieved
for PbWO4:Nd3t crystal based laser. The 21% slope
efficiency obtained for PbMoO4:Nd3t was the highest

among the crystals with the scheelite-type structure
(Fig. 5) [12].

The analysis of oscillation properties of tungstate and
molybdate crystals with the structure of scheelite-type
under alexandrite and diode laser pumping testifies that
the highest slope efficiency is achieved for PbWO,:Nd3+
and PbMoO4:Nd3T crystals. The crystals with such
structure type are characterized by higher peak Raman
cross-sections, lower SRS thresholds, higher Raman gain,
and greater Raman conversion efficiency in comparison
with those of commercial KGd(WO4)2:Nd crystal.

For the PbWOQ,4:Nd3*+ and PbMoO4:Nd?* based lasers
in the passively Q-switched mode laser generation was
realized simultaneously with SRS conversion [12, 13]. For
PbMoQ,:Nd3* laser self Raman operation at 1163 nm
(1st Stokes) was achieved for the first time [13].

A new compound was revealed while studying the
quasi-binary system PbMoO4+Nds(MoQOy4)s. For the
first time, a series of experiments resulted in the obtain-
ing of PbNd4(MoQOy)7 single crystals by the Czochralski
method from the melt of the stoichiometric composition.
The crystals with a diameter up to 20 mm and a length
up to 40 mm were grown from platinum crucibles in air
(Fig. 6) [14].
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Fig. 6. PbNd4(MoOy4)7 single crystals.

The structure interpretation of PbNd4(MoQOy); single
crystal showed that the compound belongs to monoclinic
system, the space group C2/c. The unit cell parame-
ters are: a = 16.8585 A, b = 11.8022 A, ¢ = 11.8529 A,
B = 98.080°. Cations of lead and neodymium are co-
ordinated by eight oxygen atoms, whereas molybdenum
cations are linked with four oxygen atoms. Neodymium
cations occupy two crystallographic positions. The unit
cell of PbNd4(MoOy)7 crystal is presented in Fig. 7.

Due to spatial separation of neodymium cations in the
crystal lattice, concentration quenching of f—f lumines-
cence of Nd3* ions is reduced. Investigation of Nd3*
luminescence decay kinetics shows that the luminescence
decay curve is approximated by the sum of two compo-
nents with the times 7 = 1.1 us and 7 = 3.5 us. The
presence of two decay times points to the existence of
two luminescence centres with non-equivalent Nd3* sur-
rounding and confirms the data of X-ray structure anal-
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Fig. 7.

Unit cell of PbNd4(MoQO4)7 crystal.

ysis which shows that Nd3* cations can occupy not only
their own crystallographic position, but also the one of
lead [14]. Thus, the new PbNd4(MoOy)7 crystal may add
to the series of self-concentrated crystal hosts for active
laser media.

4. Scintillation single crystals

4.1. PbWO, crystals

The Czochralski method was considered to be the most
suitable for large-scale industrial production of PbWO,
crystals. In particular, it was used to provide huge
amounts of these crystals (about 100 000 scintillation el-
ements) for the CMC and ALICE projects at CERN [15].

A crystal growth technology of large-size PbWOQOy crys-
tals (35 mm in diameter and 250 mm long) for scin-
tillation detectors was developed at Institute. It is
characterized by comprehensive approach to technolog-
ical preparation of the starting material (including re-
-crystallization) and to the doping of the crystals with
different ions for the formation of preset properties, such
as maximum position of luminescence spectrum, radia-
tion hardness, absence of colour centres which re-absorb
the host luminescence [15].

Experimental investigations of PbWQ, crystal growth
were carried out by use of the setups with high-frequency
heating “Crystal 3M” and “Analog”. Lead tungstate crys-
tals were grown by the Czochralski method from plat-
inum crucibles in an atmosphere with a composition close
to that of air or inert gases. At first the homogeneous
mechanical mixture of tungsten and lead oxides (99.999%
purity) was melted to increase the density and perform
preliminary synthesis.

For additional purification, averaging of the chemi-
cal composition, as well as for reducing the deviation
from the stoichiometry, the charge was preliminarily re-
-crystallized. During successive crystallization processes
the melt composition is being corrected, the doping is
realized taking into account the measurements of the pa-
rameters of the scintillation elements. Lanthanum, yt-
trium or niobium doped PbWO, crystals were grown.
The dopant concentration was few tens of ppm. The

single crystals and rectangular scintillation elements are
shown in Fig. 8.

PbWO,

"\/7

Fig. 8. PbWOy4 scintillation

elements.

single crystal and

The Czochralski method was successively applied for
crystal growth where the formation of preset properties
was achieved by modification of both the cationic and
anionic sublattices. Experimental choice of growth con-
ditions and dopants for modification of the cationic and
anionic sublattices of PbWOQO, crystal allows to control
the properties of these crystals within wide range, in par-
ticular, to vary the luminescence kinetics and position of
host luminescence maximum and to achieve essential in-
crease of light yield or radiation hardness, for example
[16-18].

4.2. CdWOy crystals

At present time, multi-energy radiation control sys-
tems containing multi-element scintillation detectors
based on cadmium tungstate crystals are actively devel-
oped. The new generation of devices formulates stringent
requirements for scintillation assemblies based on cad-
mium tungstate crystals. Each detector array meant for
introscopic systems requires several thousands elements
with high identity of scintillation parameters.

The growth technology of CAWO, crystals for scintil-
lation detection unit and elements of detector arrays with
preset dimensions was developed at the Institute.

As mentioned earlier, the main problem arising at the
growth of these crystals is evaporation of the melt which
leads to =~ 2—3% losses of the melt weight. We carried
out investigations aimed at minimization of the melt sur-
face area due to the growth of crystals with largest pos-
sible diameter from a crucible of relatively small size.
The growth of large CdAWO, crystals with a diameter
approaching the crucible diameter (100 mm) makes it
possible to decrease evaporation of the melt at high tem-
peratures, since in this case the melt surface area not
covered by the growing crystal, is minimized.

Certain corrections were introduced into the growth
technology, in particular, in the composition of charge
and the temperature distribution inside the crystalliza-
tion unit. That allowed to reproducibly obtain high-
-quality colourless CAWQy crystals with a diameter up
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Cadmium tungstate
(CdWO,)

Fig. 9. CdWOy single crystals.

to 65 mm and a length up to 160 mm from the melt of
~ 800 cm?® volume (Fig. 9) [19]. The growth of crys-
tals with high optical homogeneity and strictly specified
dimensions made possible the reproduction of scintilla-
tion elements for detector arrays at minimum losses of
material.

The large-volume (= 350 cm?®) scintillation detection
unit with high (=~ 16%) energy resolution (}37Cs, E =
662 keV) was designed in the Institute for the first time
due to developed growth technology of optically homoge-
neous and perfect CdAWO, crystals. The detection unit
can be applied high-efficient gamma-spectrometric por-
tals that can detect neutrons, too.

5. Growth of new CdRE;(WOy),
(RE = La, Gd) single crystals

With the purpose of widening the scintillation crystal
family, the search for new compounds was done. Accord-
ing to the crystal chemistry approach, new phases can
be obtained by transformation of known phase by means
of change of its composition. Double tungstates may be
considered as a result of modification of the cationic or
anionic sublattices. Thereat, the phases of substitution,
subtraction and incorporation can be formed.

Due to congruent melting and the absence of poly-
morphic transformations of the synthesized stoichiomet-
ric compounds CdLay(WOQOy)y and CdGda(WOy4)y the
Czochralski method was used for single crystal growth.
The growth process of CdLas(WO4)4 and CdGda(WO4)4
crystals can be carried out in air from platinum crucibles
because of melting temperatures 1090°C and 1166 °C,
respectively. The crystallization unit specially devel-
oped for the obtaining of CAWOy crystals was used to
grow CdLas(WOy)4 and CdGda(WOy)4 single crystals.
This unit contains the system of active and passive after-
heaters which provide the optimum distribution of tem-
perature in the zone of growth and subsequent annealing
of the obtained crystal. The design of such unit per-
mits to essentially reduce evaporation of melt and grow
a boule with a volume up to 70% of melt volume.

The authors carried out a series of experimental growth
of the crystals at varying temperature conditions. As a

result, CdLa(WOy4)4 and CdGda(WOy)y crystals were
grown for the first time. The diameter was up to 20 mm
and a length — up to 40 mm (Fig. 10).

Fig. 10. Fragments of CdLax(WO4)4 and
CdGd2(WO4)4 single crystals: a —
CdLaz (WO4)4:Nd3+, b Cdez(WO4)4, cC —

CdGd2(WO4)a:Nd3T.

The study of their scintillation characteristics showed
that the light yield of CdGdy(WOy)4 is extremely low.
It is less than 1% that of CdAWO, crystal. Though the
light yield of CdLay(WOQy4)s crystal is on the level of
23% CdWO, light yield, their luminescence characteris-
tics turn out to be instable with time. In several months
the light yield of CdLay(WOQy)s dropped dramatically
and was also less than 1%.

Nevertheless, we showed the possibility of
CdLaz(WO4)4 and CdGdy(WOy)y crystal growth. Fur-
ther improvement of CdLag(WO4)4 and CdeQ(WO4)4
crystal growth technology and the presence of 16Cd
and 8°W isotopes in their composition may provide
successful use of the crystals in studies of rare nuclear
reactions, such as the 23 decay [20].

To test the lasing properties of disordered
CdRE2(WOy4)s (RE = La, Gd) double tungstates
we grew the Nd®t-doped crystals (Fig. 10a, c).
Some characteristics of CdLay(WO4)4:Nd3t and
CdGdy(WO4)4:Nd3t are presented in Table.

TABLE

Spectral, kinetic and lasing characteristics of
CdLaz(WO4)4:Nd*" and CdGd2(WO4)4:Nd*T crystals.
Optical Slope
Cna 7 [ps] breakdown | efficiency
[mass%] | (A = 1064 nm) [J/em?] o1 %]
CdLaz(WO4)4 0.9 130 61 -
CdGd2(WOy4)4 1 90 52 1.3
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Laser oscillations in free-running mode under laser
diode pumping for CdGdy(WQOy4)4:Nd3* crystals were ob-
tained. The slope efficiency was 1.3%. Laser oscillations
were not observed for CdLay(WO,)4:Nd?* crystal.

6. Double vanadate single crystals:
growth and properties

An interest in double vanadate crystals of
CagRE(VOy4)7 type is caused by the use of such
crystal hosts for laser engineering and nonlinear optics.
The crystals belong to the noncentrosymmetric space
group R3c, therefore they can be applied for the second
harmonic generation (SHG). A quantitative estimation
of SHG efficiency for polycrystalline CagRE(VO,)7 sam-
ples (with 3-5 pm grain dispersion) was made in [21].
The SHG efficiency in the crystals of CagRE(VOy4)7
family was shown to be by 20-40 times higher in
comparison with that of quartz.

The compounds CagRE(VO,)7 (RE =Y, La, Gd) are
congruently melted at Tye; =~ 1500°C. Moreover, these
crystals are characterized by the polymorphic transition
from the noncentrosymmetric to the centrosymmetric
phase [21]. The phase transition temperatures lie within
800-1100°C range.

The crystals with high optical nonlinearity are consid-
ered as promising active laser media. The use of diode
pumping imposes certain requirements to active laser el-
ements. In this aspect, double vanadate crystals have a
number of advantages.

Disordering of CagRE(VOy4)7 crystal structure must
result in the widening of dopant spectral bands. Thereat,
the wavelength temperature stability of diode laser at
pumping of the crystals containing ions with narrow ab-
sorption bands, like Nd3*, is not so critical.

At Yb3*t doping such crystal host may show amplifi-
cation in a wide spectral band and produce ultra-short
laser pulses [22]. Moreover, high level of laser-active ions
doping can be achieved for such hosts. This will allow to
provide high coefficient of pumping energy absorption at
a small laser element depth and, consequently, to minia-
turize the laser apparatus.

Due to peculiarities of the structure of CagRE(VOy,);
vanadates, we can select pairs of rare-earth cations
(cation of host + activator cation) and control their dis-
tribution to the crystallographic positions, thus creating
different activator centres. The spatially separated poly-
hedrons in the crystal structure of vanadates containing
rare-earth cation will reduce the exchange interaction be-
tween the activator ions and increase their concentration
in the crystal without luminescence quenching [23].

Owing to the presence of vacant positions in the crystal
structure, these vanadates are distinguished by high ionic
conductivity and diffusion caused by migration of the ions
into the cationic sublattices [24].

A number of papers devoted to the growth of
CagRE(VO,4)7 (RE =Y, La, Gd) crystals and investi-
gation of their spectroscopic properties at Nd3*-doping

were published during the past ten years [25-27]. The au-
thors of [25-27] have grown the crystals by direct pulling
from the melt using the Czochralski method. However,
strong scattering of laser beam passing through the crys-
tal bulk is an essential problem limiting the use of such
crystals for nonlinear optics and lasers. The causes of
the scattering, though being actively discussed, have not
been elucidated so far.

The growth of double vanadate CagRE(VO4)7 (RE =
Y, La, Gd) single crystals and the study of their prop-
erties were also carried out at the Institute. Taking into
account their high melting temperature (= 1500°C), the
crystals were grown in argon or nitrogen atmosphere in
Ir crucibles () = 60 mm, h = 70 mm) by means of
“Kristall 3M” and “Analog” setups with inductive heat-
ing and an automated control diameter system of grow-
ing crystal. The crystal growth was carried out along the
crystallographic axis [001].

Under the described conditions nominally pure and
doped CagRE(VOy4)7 (RE =Y, La, Gd) single crystals
were grown. The growth process is reported in detail
in [28]. According to the data of chemical analysis, the to-
tal concentration of uncontrolled impurities in each crys-
tal was not higher than (2-3) x 1073 mass%. The crystals
had a diameter up to 25 mm and a length up to 80 mm.

The scattering centres in crystals were studied by
means of optical and electron microscopy. According to
the obtained data, the crystals did not contain micron-
and submicron-size gaseous phase inclusions. Neither
inclusions of the crucible material (iridium) nor micro
cracks were observed. At the same time, the energy dis-
persive X-ray analysis of crystals showed inhomogeneity
of composition. Within the crystal, inclusions of several
micrometer sizes with a distinct compositional contrast
were observed. According to the element analysis, these
inclusions were enriched with a rare-earth element. The
maximum density of the enriched regions was observed
for CagGd(VOy)7 crystal [28].

On the basis of crystals structure peculiarities of
CagRE(VOy4)7 compounds and aiming at the obtaining of
single crystals with homogeneous composition, we made
an attempt to grow Ca;oMe(VO4)7 (Me = Li, Na, K) sin-
gle crystals. The crystal lattice of Ca;gMe(VOy4)7 (Me =
Li, Na, K) compounds does not contain vacant crystal-
lographic positions. The regimes and conditions were
the same as for CagRE(VOy4)7 crystal growth. Thus,
the Cajo M(VOy4)7 (M = Li, Na, K) single crystals were
grown for the first time. Fragments of crystals are shown
in Fig. 11.

On the base of obtained data on scattering centers,
real compositions of obtained double vanadate crystals
and growth conditions, the compositions of crystals were
experimentally selected, and a number of Nd3+, Yb3+
and Er*-doped single crystals were grown.

Preliminary experimental study of laser oscilla-
tion allowed to obtain 0.87% slope efficiency for
CayoLi(VO4)7:Nd®** crystal at flash-lamp pumping in
free-running mode (Fig. 12). Thereat, the Nd3* con-
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Fig. 11.

Fragments of double vanadate crystals: a —
Cal()Li(VO4)77 b— CaloNa(VO4)7, C— CaloK(VO4)7.
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Fig. 12. Laser output of CaloLi(VO4)7:Nd3+ crystals
vs. the electrical flash-lamp energy. Inset — laser out-
put of Y3Al5012:Nd®>t and Y205:Nd3* crystals from
Ref. [29].

centration and the laser generation conditions were not
optimal. Nevertheless, the obtained efficiency value is
close to that of commercial Y3Al50;5:Nd3t crystal and
exceeds the efficiency of Y503:Nd3* at flash-lamp pump-
ing in free-running mode (the inset in Fig. 12) [29].

Thus, taking into account physico-chemical investiga-
tions, we obtained new single crystal hosts for nonlinear
optics and laser engineering by means of the Czochralski
method [30].

7. Conclusions

Using the Czochralski method during the whole period
of the existence of Institute for Single Crystals, NAS of
Ukraine the specialists from the Institute obtained a large
number of laser, nonlinear optical and scintillation crys-

tals and developed industrial highly efficient technologies
of crystal growth.

Five generations of crystal growth setups were designed
according to specifications of the Institute. The method
was used for the growth of approximately 30 types of one-
and multi-component single crystals.

The Czochralski method permits easily change of the
thermal fields and crystal growth conditions, to control
the dimensions and shape of the growing crystals. This
makes the method unique and suitable for the obtain-
ing of crystals, such as Si, Ge, Y3Al5012:Nd, Al,O3:Ti,
CdWOy, PbWO,, BizGe;012, etc. for both, scientific re-
search and a number of commercial applications.

The Czochralski method is universal and widely used.
At present it is successfully applied for the obtaining of
a wide range of crystals with different composition and
melting temperature, that makes a valuable contribution
to the development of Hi-Tech industry.
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