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Chapter

From the Laser Plume to the Laser
Ceramics

Vladimir Osipov, Vyacheslav Platonov, Vladislav Shitov
and Vladimir Solomonov

Abstract

The main stages of preparation of ceramic active elements of solid-state lasers
are considered. The physical principles of laser synthesis of nanopowders are
described. The features and processes taking place during compaction and com-
pacts sintering are specified. Also we report on the investigation of characteristics
of highly transparent ceramics on the basis of nanopowders synthesized in laser
plume. It is shown that this approach enables to increase the “orange peel” forma-
tion threshold in the ceramics with strongly disordered crystalline structure. It
opens the road to relatively simple synthesis technology from oxide materials and
application of this ceramics as the gain media with oscillation efficiency higher than
50% and also leads to simplification of the synthesis technology of magnetoactive
ceramics and to production of highly transparent YAG samples without the use of
sintering heterovalent additives.

Keywords: laser plume, nanopowder, compact, sintering, highly transparent
ceramics, laser ceramic elements

1. Introduction

In recent years, much attention has been paid to the developments aimed at
creating solid-state lasers with a high average and peak power. This is primarily due
to the wide range of applications of such laser systems: in the industry for remote
cutting, welding, quenching, heat treatment and labeling of various materials [1-3],
as well as in basic scientific research [4-6]. One of the key components of high
power continuous and pulsed-periodic lasers is the active medium, where an inverse
population of levels is created. In recent years, increasingly greater attention has
been paid to the researches aimed at developing a technology to produce ceramic
active elements for high-power laser systems. This is due to many advantages of
optical ceramics over traditional media from single crystals and glasses: larger sizes,
improved thermomechanical characteristics, the ability to synthesize composite
samples, quick production, lower energy costs and price.

After pioneering work on synthesis of the laser ceramics and obtaining effec-
tive generation [7], a large amount of research was carried out in this direction.

The requirements [8] are specified to achieve high-efficiency laser generation in
ceramics: the thickness of the grain boundaries is of the order of 1 nm, the scat-
tering loss per pass is less than 0.05-0.1% cm ™" (residual porosity at the level of

10~* vol.%), optical uniformity with wavefront distortion of the /19.5. Using
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yttrium-aluminum garnet-based ceramics (Y3Al;01,, YAG) with similar charac-
teristics in the geometry of a thin disk (active medium @11 x 0.15 mm), an output
power of 1.8 kW with a slope efficiency of 74.1% was implemented [9]. Moreover,
arecord output power of 6.5 kW with a slope efficiency of 57% was achieved in
[10]. In a ceramic disc 8.5% Yb:LuAG with a thickness of 0.15 mm, an output power
of 1.74 kW with a slope efficiency of 71.2% was demonstrated [11]. The most
impressive output power values were achieved when using active elements of a
sufficiently large volume. For example, in a ceramic plate of 1% Nd:YAG with a size
of 89 x 30 x 3 mm’, the power of continuous laser generation was 2.44 kW [12], and
with increasing dimensions up to 120 x 50 x 3 mm°—4.35 kW [13]. The cascade of
several Nd:YAG ceramic elements sized 100 x 100 x 20 mm? allowed this value to
increase to 67 kW [14], and further to 105.5 kW [15].

From the point of view of energy characteristics, the impulses with an energy
of 105 J for a duration of 10 ns and an average power of 1 kW at a repetition rate of
10 Hz and cryogenic cooling of a Yb:YAG/Cr:YAG element of ceramics have been
implemented to date [16].

One should also note the progress in the field of implementation of ultrashort
laser pulses in ceramic active media. In this direction, laser pulses of 188 fs duration
[17] and 152 fs [18] were demonstrated using Yb:Y,O; ceramics. The shortest dura-
tion was achieved using composite ceramic Yb:Y,05/Yb:Sc,0; media with a total
width of the amplification band of 27.3 nm, where a record low pulse duration of 53
fs was demonstrated [19].

When developing the technology to produce ceramic active elements, the main
attention is paid to the formation of a nonporous microstructure of the material
while maintaining the characteristic grain size in the range from several hundred
nanometers to micrometers, which is important for reducing the local depolariza-
tion of laser radiation [20]. To meet these requirements, synthesis techniques were
developed based on spark plasma sintering [21-23], hot isostatic pressing [24-26],
and vacuum sintering with doping of heterovalent ions [27]. The latter option is
more attractive due to the less expensive and uncomplicated technology. However,
this approach, with a significant content of additives (more than 1 mol.%), is
fraught with a significant disadvantage due to the release of heterovalent ions
during sintering into the regions adjacent to the grain boundaries. In the synthesis
of oxide ceramics, the possibilities of this approach can be expanded by using
nanopowders obtained by laser evaporation, where the synthesis of nanoparticles
proceeds at high temperatures and rapid cooling. This will ensure high uniformity
of nanoparticles and ceramics based on them.

2. Preparing nanopowders

There are many methods for preparing nanopowders: mechanical crushing,
precipitation from solutions, sol-gel, self-propagating high-temperature synthesis,
physical vapor deposition. However, nanopowders prepared by the method of laser
evaporation of a solid target in a gas atmosphere meet the above requirements to
the fullest extent possible. Indeed, the radius of such particles (5-10 nm), the range
of particle size distribution is rather narrow (5-40 nm), their purity is similar to
the purity of the starting material, they usually have a spherical shape. The large
capillary pressure and the significant surface energy due to the large surface of such
nanopowders allow, under otherwise equal conditions, to reduce the duration or the
sintering temperature. However, the most important advantage of the nanopowders
thus prepared is that the doping takes place directly in the laser plume at high tem-
perature and rapid cooling. This prevents segregation of the dopants and ensures
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high homogeneity of the ingredients in the nanoparticle, in the compact and, as will
be shown, in samples of synthesized ceramics. In this connection, let us consider
the process of laser nanopowder synthesis in more detail.

For the synthesis of oxide nanopowders by this method, a CO, laser (A = 10.6
pm) and a 600 W fiber ytterbium laser (A = 1.06 pm) were used. The average
output power of the CO, laser was 550 W at a repetition rate of 650 Hz pulses with
an energy of W = 1.4 ], a peak power of about 9 kW, and a duration of 500 psat a
power level of 0.1.

Figure 1a shows a block diagram of the laser complex for preparing nanopow-
ders [28, 29]. Laser radiation was focused on the target with a lens, which also
served as the entrance window of the evaporation chamber. The target was made
from oxide micro-powder (or a mixture of them) by pressing and sintering it. As
aresult of the action of laser radiation, a laser plume consisting of target vapors
appeared on the target near its surface. Mixing with ambient air or other buffer gas,
the steam was cooled. The cooled vapor was condensed in the form of nanopar-
ticles, which were in the evaporating chamber in a suspended state. A special drive
rotated the target and moved it linearly in a horizontal plane so that the laser beam
scanned the surface of the target at a constant linear velocity, thereby achieving
uniform evaporation of the material from the surface. After evaporation of the
surface, the target moved in a vertical direction. The fan pumped air through the
chamber and transferred the powder to the cyclone and further into the electric
filter where it was assembled. The air was cleaned additionally in a mechanical filter
and returned to the chamber. The gas flow rate above the target surface was 15 m/s.
Figure 1b (upper) shows photographs of the laser target before and after exposure
of the CO, laser radiation for which the target material is opaque and the ytterbium
laser radiation for which the target is semitransparent (lower). It can be seen that
if the target is translucent for laser radiation, then it evaporates non-uniformly. Its
surface consists of a number of needle formations 8 mm high and up to 1 mm thick.

The nanoparticles are formed in a laser plume. A laser plume is a flow of
incandescent vapors of a solid target in the form of a weakly ionized plasma
from the region of incidence of the laser beam on the target [30, 31]. In visible
light, the plume is typically in the shape of a needle directed normal to the target
surface, regardless of the angle of incidence of the laser beam (Figure 2). This
tip is surrounded by a vortex structure, which is clearly manifested in shadow
photography [32].

When exposed to single pulse or pulse-periodic laser radiation, the plume
appears after the delay time td. During this time, the target substance is heated to
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Figure 1.
Preparing a nanopowder: (a) block diagram of the laser complex for preparing a nanopowder, (b) image of
laser target after exposure to vadiation CO, laser (top), ytterbium fiber laser (bottom) [29].
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Figure 2.

Scanmning of photographs (exposure 1 ps) of a laser plume (CO, laser pulse duration 200 s, incident angle of
45°). Top row: visible light photography, bottom row: shadow photography. The captions below them indicate
the shooting delay time velative to the start of the plume initiation (t) and the peak laser power (P) at the time
of shooting [30].

the evaporation temperature in the area of the laser beam incidence. For a linear
leading edge of a laser pulse, the delay time is defined as td = 2Wy/P4. Here, Wy is
the energy required for preheating the target substance to the evaporation tem-
perature, and Py is the instantaneous power of laser radiation at the moment of the
flare appearance. For different substances, due to the difference in Wy, the delay
times of ty differ. After the appearance of the glow (1 = 0), the height of the plume
(I) increases at a rate proportional to the square root of the peak power of the laser
pulse. The maximum height of the plume (l,) is reached at the moment of the
maximum laser pulse. The diameter of the luminous zone of the plume is typically
0.5-1.0 mm, which approximately corresponds to the size of the laser spot on the
target surface.

Over the entire length of the plume, its emission spectrum is represented by
dominated structured molecular bands of radicals of cations of the target substance
[31] against the background of a continuous band of recombination radiation
(Figure 3). In this case, the short-wave part of the spectrum is well approximated
by the Wien’s curve, which makes it possible to determine the temperature of

I(arb. units) } i Harb. units) L 5

L ‘\\ h ; E K\ ¥
- (1] (1B} A mm
i R

LA,

1500 F LY % 3000

[ S
1000 | by 2000
[ ! W \JL‘ .

500 1M

14 16 18 20 2/ 10° em™ 14 16 18 20 22 v/10" em™

Figure 3.

The spectrum of the plume glow from a CO, laser at different distances (1) from the target of yttrium-
stabilized zirconium oxide (solid curve), recombination vadiation (bold curve), and approximation of the
Wien's curve (dashed line) [31].
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the luminous gas in the flare. Thus, when irradiated with a pulsed CO; laser, the
maximum temperature close to the boiling point of the target material is reached

at the target surface, and the flame temperature decreases nonmonotonically as it
moves away from the target. When irradiated with pulses of a fiber ytterbium laser
(1.07 pm), the temperature of the plume near the target slightly exceeds the melting
point of the substance.

The transverse dimensions of the crater that appears on the target after exposure
to a laser pulse almost coincide with the size of the laser spot on the target, and its
depth depends on the wavelength of the laser radiation. For example, at the same
pulse energy (1.0-1.4 J) after CO; laser irradiation, the crater depth is 5-10 pm,
almost independently of the target substance. After a fiber laser pulse, the crater
depth is 6-8 times greater, and with repeated exposure, the target surface becomes
needle-like. These features are due to different mechanisms of absorption of
radiation by the target of these. Thus, the frequency of a photon at the wavelength
of a CO, laser is comparable to the frequency of optical phonons of oxide crystals.
Therefore, in this case, such materials are almost opaque and the depth of penetra-
tion of laser radiation into them is only a few micrometers. For fiber ytterbium
laser radiation, oxides we used are transparent — absorption is possible only on
crystal and mechanical defects of the target. If these materials are single crystals
with a minimum content of defects, the characteristic depth of penetration of
laser radiation into them is tens of centimeters. This corresponds to the absorption
index a~10"2-10 cm™. If such defects are located inside the target in the area of the
laser beam incidence, the initial heating also occurs inside the target (in the area of
these defects). Then, due to the strong temperature dependence of the absorption
coefficient, a heat wave is formed [33], which moves along the laser beam from
the defect to the target surface, upon reaching which a laser plume is formed. This
process is compounded by the fact that after repeated exposure, the surface of the
initial target is covered with a layer of transparent melt 100-400 pm thick, in which
the defect concentration is much lower than in the initial target made of sintered
micro-powder.

This model is confirmed by the fact that the delay time for the appearance of a
laser flare from the beginning of the laser pulse exposure has a large spread and on
average increases with increasing transparency of the target. In particular, the delay
in the appearance of a laser plume on the surface of a semitransparent Nd:Y,0;
ceramic with a = 23 cm™ (an analog of the fused layer) averaged over several
radiation pulses was 5-10 times greater than for the original sintered micro-powder
target (o = 1.7 x 10> cm™) at the same radiation intensity I = 0.4 MW/cm? [31]. The
spread of the delay in the formation of a laser plume during evaporation of the same
target is due to the stochastic nature of the depth of defects from the target surface
at different points.

When nanopowders are obtained using both lasers, in addition to nanoparticles,
spherical particles with sizes from 0.5 to 150 pm are also formed [29, 33], as well
as shapeless target fragments of the same size. Fragments are formed after the end
of radiation exposure to a specific part of the target due to thermal splitting of
the cooling fused layer [30]. Spherical particles are liquid droplets of the melt, is
sprayed by the vapor pressure of the laser crater.

Especially many drops are formed when the target is vaporized by continuous
ytterbium laser radiation. At the same average radiation power (600 W) and the
same intensity on the target as for the CO, laser (~1.3 MW/cm?), the production
capacity of the Nd:Y,0; nanopowder decreased to 15 g/h, and its output during
evaporation of one target to 9 wt.% [34]. High-speed shooting of the laser plume
showed that this effect is due to the transition from steam to vapor-drop ablation.
The latter becomes dominant ~500 pm after the start of the laser pulse. A similar
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pattern is observed in the evaporation of targets from YSZ and FeMgAL,O..
Theoretical analysis [33] allowed us to establish that one of the reasons for the
appearance of drops in the laser flare is related to the presence of melt in the crater
and is due to the development of the Kelvin-Helmholtz instability that is formed
between the liquid wall of the crater and the flow of expiring vapor. This analysis
made it possible to establish the characteristic size of the instability:

2no
ﬂe = 7 =

24

(20+90)-10°m (1)

and its development the increment

r= 3\/5720- ’& ~100 ws, (2)
PV N\ py

where p; and p, are the melt and vapor densities, ¢ is the surface tension
coefficient, V is the vapor flow rate.

Optimizing the duration (<00 ps) and radiation density, separation and
trapping, it was possible to prepare high-quality nanopowders. Figure 4 shows an
example of a photo of YSZ nanopowder, and the distribution of particles of differ-
ent composition in size is given as an example. Depending on the thermophysical
properties of refractory oxides, the pressure and speed of the carrier gas, the
productivity of producing a nanopowder using a CO, laser with an average radiation
power of 600 W varies from 10 to 80 g/hour.

The distinguishing feature of nanoparticles synthesized in a laser plume, i.e.
at a high temperature and rapid cooling, is a high homogeneity of the distribution
of components in the volume. This is confirmed by the results of a study of the
distribution of the concentration of dopant (Yb) in the Lu,0; matrix, carried out
in the scanning electron microscope (SEM) mode using the X-ray spectral micro-
analysis (X-ray SMA) method. The results of mapping the elemental composition
of individual nanoparticles are shown in Figure 5. It follows from these images that
the dopant is distributed uniformly over the Lu,0; matrix, and there is no increased
Yb concentration on the particle surface.

—— §%molNd:Y,0,, ar 1 atm
—Fa, 0. oF 1atm

—— 10,7molScSZ, He:air=3:1, 0.2 atm
—— 10,5molIScSZ, air 1 atm

z'o_ 3'0_ 40 50 60
Particle size, nm

(a) (b)

Figure 4.
A typical photo of YSZ nanoparticles (a) and the size distribution of nanoparticles of different compositions
(b) [29].
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Figure 5.
Results of mapping the elemental composition of Yb:Lu,O; nanoparticles with the use of SEM and X-ray SMA.
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Figure 6.
Results of X-ray diffraction analysis of ceramics and nanopowders with different concentrations of HfO, [35].

This finding is supported by the results of X-ray diffraction analysis of Nd:Y,0;
nanopowders and ceramics doped with HfO, (Figure 6). It can be seen that the
dependence of the parameters of the crystal lattice on the HfO, content is linear.
This indirectly indicates a homogeneous occurrence of Hf in a Y,0; matrix and the
absence of second phases, both in a nanopowder and in ceramics.

A feature of the above method for producing nanopowders is that they crystal-
lize in a laser plume, as a rule, in metastable phases. For example, yttrium oxide
nanopowders crystallize in the monoclinic phase, while alumina nanopowders in
the y-phase. This effect is associated with very rapid cooling and quenching (within
~1 ms) of the resulting nanoparticles during vortex mixing of the laser plume with
air and, possibly, with the resulting oxygen deficiency in nanoparticles formed from
trivalent cation radicals.

3. Compacting, annealing and sintering of nanopowders

The requirements that are imposed on the methods of “cold” pressing are, first
of all, maximally possible compact density and uniformity of stacking of powders.
To produce highly transparent ceramics, the following compacting methods are
most often used: slip casting, slip casting under pressure, cold isostatic pressing,
static pressing, static pressing with ultrasonic treatment on nanoparticles, magnetic
pulse compacting.

In [36], the transparency of laser ceramics was investigated using compacts pre-
pared by slip casting and dry pressing. It was shown that ceramics samples, whose
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compacts were prepared by cold isostatic pressing, have greater transparency than
with slip casting. This difference is attributed to the high viscosity of the slip using
nanoparticles, which prevented tight packaging. At the same time, when using hot
pressing at 1750 °C and a pressure of 200 MPa, the samples prepared by slip casting
have better characteristics than those based on the compacting of dry powders.
However, the use of hot pressing is a complex and expensive step, therefore, there
is a strong desire to create a technological chain of preparation of samples with
theoretical transparency, without the use of hot pressing.

Given the above, the most studies are conducted using dry cold pressing of
nanopowders. For these purposes, we have tested the method of static pressing of
nanoparticles with and without ultrasonic treatment (UST), magnetic-pulse press-
ing and cold isostatic pressing. All of them showed rather close relative densities
of compacts at the same pressures, which is confirmed by the results presented in
[36, 37]. Nominally pure and neodymium-activated yttrium oxide nanopowders,
designated by us as Y03, 8 NDY, 3NDY, and INDY (the number before the letter
symbol NDY denotes the content of neodymium oxide in mole percent in nanopow-
der) were used in the experiments. For comparison, the dry nanopowders (without
plasticizers) of all these types were pressed as uniaxial static pressing (without
UST), and under the influence of ultrasonic vibrations. The pressures were 240,
480, and 720 MPa. The diameter of the pressed samples was 14 mm, the height of
the samples was 2-4 mm. The experimental results in the form of the dependence
of the relative density on the compacting pressure at a constant power of UST 3 kW
and 0 kW (i.e. without UST) are shown in Figure7.

According to the technique described in [37], the parameters of the pressing
equation b and Per for each type of nanopowder were determined from the experi-
mental compaction curve. The compression curves of the samples were described
by the logarithmic compression equation in dimensionless form:

919 (P) b L -1 ®)

cr

where p is the density of the compact, piheor is the theoretical density, b is the
compaction rate, P, is the design pressure at which the theoretical density is reached.
The results obtained show that the relative density of the compacts of the studied
nanopowders is slightly dependent on the UST and is determined mainly by the
compacting pressure, thereby confirming the findings obtained using other methods.
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Figure 7.
Curves of nanopowder compaction: (a) SNDY, 3NDY, 1NDY, Y,O; with UST, W = 3 kW; (b) 8NDY, Y,O, with
UST W = 3 kW and without UST (W = 0 kW) [37].
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The effect of nanoparticle size on compacts density is discussed in [38] using
the above method, the granular dynamics. The calculations were carried out for
nanopowders with particle sizes from 10 to 100 nm. Typically, deterioration of
compressibility with decreasing particle sizes is associated with adhesion of the
individual particles, which results in the formation of strong aggregates. As possible
causes of the size effect are called Van der Waals forces of attraction, the absence of
plastic deformation of nanoparticles, the formation of chemical bonds, electrostatic
interaction, etc. The authors [38] sought to take into account the most important of
these reasons. Their calculations of the dependence of the density of compacts on
the axial pressure are shown in Figure 8.

Under the initial anisotropic configuration, the distribution of particles with
the presence of vertical chains and a coordination number exactly equal to two
accurately was adopted. It can be seen that as the particle size increases at the same
pressing pressures, the density of the compacts increases substantially. We should
also pay attention to the important role that the Van der Waals forces create (curve
4). Of course, there is no exact agreement with the experimental data, but the trend
can be traced unequivocally. This fact raises the question of which nanopowders are
most preferable for the synthesis of laser ceramics. On the one hand, small particles
due to high surface energy provide high sinterability, and in the case of nanopow-
ders, produced by laser evaporation, - greater solubility of ingredients in each other
and particle uniformity, but poorer compressibility. This question remains open
in relation to the synthesis of laser ceramics up to this point. Further, the results
obtained using a nanopowder, obtained by laser evaporation of a solid target, with
an average particle size of 10-20 nm and uniaxial static pressing will be presented
for the preparation of compacts with dimensions less than 30 mm. Cold isostatic
pressing was used for compacts of larger diameter. The prepared compacts with a
relative density of 0.46-0.58 are usually air calcined to remove organic matter and
to provide additional oxidation and phase transformations.

Figure 9 shows the dependence of the grain size on the calcination temperature.
Each point on the graph corresponds to its own pattern. It can be seen that the grain
sizes grow reasonably from 24 to 77 nm with an increase in temperature from 715
°C to 1300 °C, and the last point, apparently, is caused by a measurement error.

200

= 100

Figure 8.

Axial pressure as a function of the compact density for systems with a particle size d = 10 nm (1), 30 nm (2),
100 nm (3) and a system without Van der Waals forces (4). Solid lines are isotropic initial configurations;
dashed lines ave anisotropic configurations [38].
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Figure 9.
Dependence of the grain size, mechanical stresses and densities of compacts on the calcination temperature of
compacts from the nanopowder of the monoclinic phase [35].

The dependence of the mechanical stresses and density of compacts on temperature
is also given there: after transformation at 715 °C into a cubic phase which param-
eters are greater than in the monoclinic one, mechanical stresses increase with the
temperature raise, followed by a certain decrease, accompanied simultaneously by a
shock of condensation of compacts, that we also interpreted as a mechanical order-
ing of grains. Further, the behavior of the curves is logical: the density of compacts
increases, mechanical stresses decrease.

Sintering can be conditionally divided into three stages. The dependencies
shown in Figure 9, characterize the processes in two of the three stages of sinter-
ing. In stage I (700-1200 °C), there is no shrinkage of the compact, but mass
transfer from convex to concave surfaces occurs, mainly by near-surface diffu-
sion. This leads to a decrease in the free surface of nanoparticles, which means
that they smooth out, spheroidize and increase the size of contact spots between
nanoparticles. In the case of nanopowders, the latter process leads to an increase
in the dimensions of the nanoparticles, which is not observed for particles with
dimensions of ~1 pm.

After 1200°C, a second stage is observed, characterized by rapid shrinkage
of the sample. This is due to the diffusion sliding of the grains and the diffusion
adjustment of their shape, as well as the “evaporation” of vacancies from the pore
surface in the bulk of the particles, with their subsequent exit to the crystallite
boundaries and displacement in the boundary layer. Since the particle sizes in our
case are small, there are many grain boundaries, then the shrinkage process occurs
quite intensively.

When the compacts are compacted, the diffusion processes are decisive.
Therefore, an increase in these rates by introducing hetero- and isovalent additives
that form solid solutions can significantly accelerate the compaction. In this case,
heterovalent additives lead to the formation of vacancies that are much higher than
their thermodynamic content in the unalloyed matrix. The introduction of isova-
lent additives leads to lattice distortion. Both these additives lead to an acceleration
of mass transfer, release and filling of pores. When sintering with such additives, a
situation may occur where the removal of pores outstrips the growth of crystallites.
In this case, these processes are separated, and the crystallites grow non-porous,
which facilitates the synthesis of high-transparency ceramics. Moreover, the
introduction of additives changes the conditions for the transition of an atom across
the boundary, which can significantly affect the final dimensions of the crystallites.
We have investigated the replacement of the Y** cation in Nd**":Y,0; with isovalent
ions Lu** or Sc** ions or the Zr** and Hf** heterovalent ions, and also the Al** cations
by Ce®* in garnet ceramics. The compacts with a diameter of 15-32 mm, a thickness

10
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of 0.5-3.5 mm with a relative density of ~0.5 were sintered. The parameters of
sintering varied over a wide range: the sintering temperature T = 1550-2050°C;
sintering time t; = 1-30 h; the rate of temperature rise vy = 0.75 and 5.0 K/min. The
influence of these factors on the characteristics of high-transparency ceramics will
be discussed in the next section.

4. Highly transparent ceramics for lasers

Highly transparent ceramics are more commonly used as active elements of
solid-state lasers intended for various purposes, optical armor, scintillation sensors,
heat and mechanically resistant windows, bulbs for high-power high-pressure lamps,
wide-angle lenses, etc. It was previously noted that ceramic samples of the high-
est optical quality are usually obtained using hot isostatic pressing. This is a rather
expensive and complex technology. Therefore, numerous studies are being conducted
to find technological solutions to avoid this operation. Here we present the results of
only one of the ways to solve this problem, which is related to the use of nanopowders
with a small average particle size and high uniformity of their composition within
each of the nanoparticles. Let’s consider the characteristics of a number of ceramics
for various purposes prepared using nanopowders synthesized in a laser plume.

4.1 Ceramics with disordered crystalline structure

Such ceramics are formed by replacing matrix cations with impurity cations.
This leads to a change in the local crystalline fields in the positions of the activator
ions and, therefore, to broadening of the spectral lines and the gain band.

First the focused broadening of the laser transition band was implemented in
ceramic yttrium-aluminum garnet [39], when a part of aluminum ions was replaced
by scandium ions, i.e. ion of the same valence. In this ceramic, activated by Nd*, a
laser pulse with a duration of 10 ps was obtained on its optical transitions in the 1
pm region, and when the neodymium was changed to ytterbium, it was reduced to
96 fs [40].

At the same time, it was found that the greatest broadening of the gain band
is achieved in the ceramics based on yttrium oxide with the introduction of het-
erovalent ions. However, in [41] the doping with such ions did not allow achieving
the transparency necessary for high-performance generation [35]. According to
the authors, this was prevented by the formation of an “orange peel” due to the
increased concentration of dopants near the intercrystalline boundaries. Since this
class ceramic is important for the development of laser technology, we investigated
its creation using two approaches. In the first case, the traditional approach [7]
was implemented, i.e. the ceramics were synthesized from nanopowders of simple
oxides Yb,0;, Nd,03, Y,0;, HfO, and ZrO,, mixed in the required ratio. We refer
to them as to “mixed” powders. The second approach is original [42] and consists
in the fact that the necessary components were mixed in the preparation of a laser
target, and the synthesis of nanoparticles occurred in a laser plume, i.e. at high tem-
perature and rapid (<1 ms) cooling. Let’s refer to these powders as to “laser” ones.

Using these approaches, the samples of ceramics based on yttrium oxide with
HfO, or ZrO, additives were prepared. The samples were 2-3 mm thick and 11 mm
in diameter. Analysis of the appearance of the ceramics’ samples based on yttrium
oxide, obtained by different approaches, shows that they differ insignificantly. The
differences are manifested in the study of their light scattering. Figure 10 shows
photographs of the initial radiation of the laser (A = 633 nm) incident on the screen
and of the radiation passing through samples of “mixed” and “laser” powders
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a) b)

c)
Figure 10.

The initial radiation of a semiconductor laser (A = 633 nm) incident on the scveen (a) and the radiation

transmitted through the ceramic samples [ (YbxLuyY1-x-y),0,]1-2(ZrO,)z from the “mixed” (b) and laser
(¢c) powders [42].

having the same chemical composition [(YbsLu,Y;_«_y),03]1_,(ZrO,),. It can be seen
that the ceramic made of “mixed” powders possesses a large light scattering and
transparency by 15-20% lower than that made of laser powders [42], therefore it is
not yet suitable for obtaining high-performance generation.

In this connection, the ceramics prepared from “laser” powders were inves-
tigated further. Their disordered crystalline structure manifests itself in the
broadening of the emission bands at laser transitions between the Stark levels of the
neodymium ion *F3, < “L1jp and of the Yb** ion %Fs), < 2F5), (Figure 11). Moreover,
it was found that the additives lead to a complete overlap (at a level less than 0.4 of
the maximum intensity) of the contours of the two neodymium emission bands
at A = 1060 nm and 1075 nm (Figure 11, left). This leads to the formation of a
continuous emission band with a width of up to 50 nm (on the base) in the range of
1040-1090 nm [42].

In the optical ceramics activated with ytterbium, the above additives also lead to
broadening of the luminescence bands at A = 1030 and 1075 nm on a laser transition
between the Stark levels of the Yb* ion *Fs), < *Fy), (Figure 11, right). A complete
overlap of the bands is observed at a minimum level of 0.25 of the maximum

intensity with the width of the continuous band at this level reaching 100 nm on the
base [42, 43].
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Figure 11.

IR spectra of luminescence of ceramic samples activated with Nd®* ions (left) and YV** ions (vight) [42].
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In the ceramics with additions of zirconium and hafnium, the trivalent Hf**
and Zr’* ions were found [42-44], which is confirmed by electron paramagnetic
resonance spectra [44]. In the crystal, 3d'°4d" Zr’* and 4f"*5d" Hf** ions form two
Stark levels: the orbital doublet (E) and the triplet (T,), with the energy gap equal
to the strength of the crystal field in the positions of these ions. In yttrium oxide,
these ions replace yttrium ions in two positions C, and Cs;, differing in symmetry
and the strength of the crystalline field. Therefore, in the pulsed cathodolumines-
cence spectra of the ceramics containing zirconium or hafnium, both ions (Hf** and
Zr’*) emit two bands each, at A = 818 nm and 900 nm about 30 nm wide [42, 43].
Furthermore, the energy of the radiative level of the short-wave band (12225 cm™)
of the Hf** and Zr’* ions coincides with the energy of the pumping level of *Fs/,
(12138-12436 cm™) of the neodymium ion, and the energy of the radiative level
of the second longer wavelength band (11100 cm ™) — with that of the upper laser
level *F3), (11208-11404 cm ™) of the Nd** ion. It is because of the negative influ-
ence of the Hf’* and Zr’* ions on the inverse population of the laser levels caused by
this coincidence, that we have not obtained laser generation on the neodymium ion
ransitions in the ceramics with disordered crystalline structure with additions of
hafnium or zirconium.

Another situation is observed for the activator Yb** ion. The energy of its upper
laser level *Fs), (10240-10673 cm™) is less than the energy of the radiative levels of
Hf** and Zr’* ions. Therefore, the Hf** and Zr’* ions do not affect the population of
the %Fs/, level of the Yb** ion, which allowed generation of laser radiation in disor-
dered ceramic consisting of 0.88[(Ybyg.o1Lug24Y075)205]+0.12ZrO, [42] obtained
from “laser” nanopowders of a solid solution. The generation properties were
investigated in a three-mirror V-shaped resonator formed by two spherical mirrors
with radii of curvature of 100 mm and an output plane mirror with a transmittance
of 1.2, 2.4 and 5.0%. The active element in the form of a polished ceramic disk 1.27
mm thick was installed in the resonator between spherical mirrors at the Brewster
angle. Pumping was carried out through a dichroic spherical mirror with a reflec-
tion coefficient of 99.9% in the range of 1020-1100 nm and a transmittance factor
of 98% in the range of 950-980 nm by a laser diode radiation with a fiber output
of 9 W at a wavelength of 975 nm and a bandwidth of 3 nm. With an output mirror
with a transmittance factor of 1.2, 2.4 and 5.0%, the slope efficiency was 16.5, 26.0
and 29.0% with an optical efficiency of 6.8, 7.0 and 9.5%, respectively.

Relatively low values of the laser generation parameters obtained are due to
the presence of an “orange peel” in the ceramics with a high content (12 mol%) of
zirconium. In the ceramic consisting of 0.95[(Yby osLug 15Y0.80)203] + 0.05ZrO, with
a content of the sintering additive ZrO, reduced to 5 mol%, the “orange peel” is not
clearly manifested. While investigating the generation properties [45], it was found
that the laser generation band on this ceramic (Figure 12) practically coincides with
the IR-luminescence band (Figure 11, right), its width reaches 97 nm at the base,
which is currently a record value in the visible and near-IR wavelengths. On this
entire band, quasi-continuous generation with a slope efficiency equal to 49.3% and
51.2% in the band maxima at the wavelengths of 1077 and 1032 nm, respectively,
was obtained. These factors provide good prospects for the development of lasers
with ultrashort pulses and lasers with a wide range of smooth frequency tuning.

4.2 Ceramics of yttrium-aluminum garnet
Taking into account the importance for the creation of technological lasers and
high-scale laser systems, the great attention has been paid to YAG ceramics, doped

with Nd or Yb. Extensive studies have been carried out, the results of which have
been presented in a number of reviews, for example [46], and monographs [8],
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Figure 12.
Laser genevation band of 0.95[(YD,sLtt15Y5,50),05] + 0.05ZrO, ceramics [45].

the methods for obtaining nanopowders, compaction and sintering have been
developed that make it possible to synthesize samples with a transparency close to
the theoretical one [8] and to generate a radiation with an efficiency of more than
74%. High-level results were obtained using both hot isostatic pressing (HIP) and
vacuum sintering, but the presence of sintering additives in a mixture of nanopow-
ders as TEOS [7] and MgO [47] was always mandatory. Using the nanopowders
prepared by the laser synthesis method, we have studied the feasibility of synthe-
sizing YAG ceramics without the use of these additives. Various approaches to the
preparation of nanopowders were involved.

The successful attempt to produce highly transparent YAG ceramics without the
use of sintering additives was associated with the mixing of separately obtained
Nd:Y,0; and AL,O; nanopowders in the ratio of 3/5. Measured by the BET method
the specific surface area of the Nd:Y,0; powder was 50.7 m*/g. It was a solid solution
based on monoclinic yttrium oxide with crystalline lattice parameters a = 13.92 A,
b=3494 A, c=8.611A, B = 101.2°. After calcination at a temperature of 1000 °C
for 30 minutes, the surface area of the powder was 25 m*/g for conversion to the
cubic phase, i. e. the particle size increased from 12 to 49 nm. Al,0; nanopowder
was also obtained by laser evaporation of a target followed by condensation of
vapors in the air stream. Its specific surface, was 109.67 m2/g. X-ray fluorescence
analysis showed that the powder consists mainly of the y-Al,O; phase and the
d-phase content was less than 10%.

These powders were mixed in the indicated proportion in a drum mixer with
an inclined rotation axis for 24 hours. Further, briquettes with a density of 20%
compared to the theoretical were compacted from this mixture, which were then
calcined at 1200 °C for 3 hours. As shown by X-ray fluorescence analysis, the YAG
phase content in the briquettes was 96-98%. These briquettes were then milled by
YSZ balls in a planetary mill for 48 hours.

The analysis of powder images after grinding showed that the agglomerates of
the particles formed after calcination had an average size slightly less than 1 pm,
but sometimes their size was close to 10 pm. The compacting of nanopowders into
disks with a diameter of 15 mm and a thickness of 1.5-4.5 mm was carried out by
the method of dry uniaxial static pressing without the use of any additives. The
compacting pressure in these experiments was unchanged and was 200 MPa, which
made it possible to obtain a density of 61.8%. Sintering was performed at a tempera-
ture of 1760 °C for 20 hours. The pore content in the samples was ~60 ppm, and the
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transparency was 83.28%. For the first time in the Nd: YAG ceramics that did not
contain sintering additives, the generation was obtained with an average power of
up to 4 W and a slope efficiency of 19% [48]. However, much better results were
achieved when 0.5 wt% TEOS sintering additive was added to the nanopowder. In
this case, the slightly agglomerated Nd:Y,0; and Al,O; nanoparticles of spherical
shape with dimensions of 8-14 nm were calcined at a temperature of 900-1200

°C for transformation from the monoclinic to the cubic phase. These calcined
nanopowders were weighed to ensure the Ndy ¢3Y,47A1501; stoichiometry and mixed
in a ball mill with an inclined axis of rotation in alcohol with the addition of 0.5
wt% TEOS for 48 hours.

Using the previously described approach, Nd(Yb):YAG ceramic samples were
synthesized. Figure 13 shows a photograph of a Nd:YAG ceramic sample, its trans-
mission spectrum, and also the transmission spectrum of a single-crystal laser
of the same composition, which has theoretical transparency. It can be seen that
in the wavelength range of more than 450 nm, these spectra practically coincide.
Compared with the above results, the optical quality of the resulting ceramic due
to the presence of SiO, was improved due to a partial reduction in agglomeration
of the powder during the calcination step, inhibition of crystallite growth and pore
removal due to the formation of the liquid phase, which led to reducing their con-
tent to 17 ppm. Similar results were obtained by compacting the calcined Nd:Y,0;
and ALLO; nanopowders into compacts with a relative density of 48% and reactive
sintering at 1780 °C for 20 hours.

The comparative studies of our samples and samples by Konoshima Chemical
[50] were carried out jointly with the National Institute of Optics (Florence, Italy).
They had the same composition (1 at.% Nd:YAG) and a thickness of 1.5 mm. To
obtain the generation, a V-shaped resonator was used (Figure 14a). Pumping
was carried out through an end dichroic mirror having high transparency for
pumping radiation and high reflection for the generated radiation and spaced
from the sample by 4 mm. The distance from the end EM and the output mirror
OC to the rotary mirror FM was 280 mm. The OC transmission varied between
2-20%. Pumping was carried out by rectangular pulses of a duration of 10 ms and
a frequency of 12.5 Hz. Their peak power was 32 W, the radiation focusing spot
was 0.8 mm.
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Figure 13.
Transmission spectra of Nd:YAG single crystal (1) and cevamics (2). The inset shows a photograph of
ceramics [49].
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Toc=20% Toc=10% Toc=2%
Pouts W ns, % Pous W ns, % Pout, W ns, %
IEP UrB RAS 491 52.7 4.38 355 2.07 16.7
Konoshima Chemical 5.29 53 4.69 404 249 16.6

Table 1.
Laser characteristics of Nd:YAG ceramics [50].

The dependence of the output power on the pump power is shown in Figure 14b.
Similar results were obtained for the samples of Konoshima Chemical. Comparative
data are given in Table 1. The best results were obtained with a transparency of the
output mirror T, = 20%, when the radiation power was P,,; = 4.91 W, and the slope
efficiency ng = 52.7%. Thus, the introduction of a sintering additive in the form of
TEOS had a significant effect on improving the characteristics of samples prepared
from nanoparticles synthesized in a laser plume.

5. Conclusion

The main stages and processes taking place in the preparation of high-transpar-
ent ceramics, including laser ones. The optimal conditions at which the productivity
of nanopowder production is realized, depending on the thermophysical proper-
ties of the material, were found to be 10-80 g/h. It is shown that the nanoparticles
obtained are weakly agglomerated, have a spherical shape and an average size of
~10 nm. A feature of such nanoparticles is the high homogeneity of the composition
at a high level of doping. It is shown that the density of compacts does not depend
on the method of dry pressing and is determined by pressure, although the level of
residual mechanical stresses differs. Pressing was carried out at diapason of pres-
sures of 250-300 MPa, at which compact densities were ~50%.

The use of nanopowders synthesized in a laser plume for the preparation of highly
transparent ceramics makes it possible to increase the threshold for the formation of
an “orange peel”. This opens the road to the use of sesquioxides with highly disordered
crystalline structure as active elements of solid-state lasers using a relatively simple
technology. In particular, this approach allowed to obtain the following.

1.In samples based on Y05 doped with Yb,0; and ZrO,, the slope efficiency of

radiation generation can exceed 50%, and the band for smooth tuning of the
radiation frequency can reach 100 nm.
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2. Highly transparent YAG samples are prepared without the use of sintering
additives, where the transparency and generation efficiency, however, is
inferior to those realized when doping TEOS.
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