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Abstract.  We report on the synthesis and laser characteristics of 
Yb3+-doped yttrium aluminium garnet (Y3Al5O12) optical ceram-
ics. The ceramics was produced by solid-phase reactive sintering of 
a mixture of Yb (5 at %) : Y2O3 and Al2O3 nanopowders synthe-
sised by laser ablation, using additional calcination of the mixture 
before compaction. In a thin disk geometry, multiwatt laser oscilla-
tion was obtained at a wavelength of 1030 nm with a power of 
5.2  W and a slope efficiency of 37.0 % at a pump pulse period-to-
duration ratio of 5.72.

Keywords: nanopowder, optical ceramics, yttrium aluminium gar-
net, ytterbium, thin disk, lasing, slope efficiency.

1. Introduction

Transparent polycrystalline materials based on yttrium alu-
minium garnet Y3Al5O12 (YAG) doped with rare-earth ions 
(for example, Nd3+, Yb3+, Ho3+) have drawn much attention 
since a group of Japanese scientists has succeeded in synthe-
sising Nd : YAG ceramics with a high optical quality and in 
obtaining efficient lasing in this ceramics [1, 2]. Laser ceram-
ics has the following advantages compared to single crystals: 
a  lower  synthesis  temperature,  the  possibility  of  producing 
samples with large transverse sizes and a composite structure, 
and the possibility of forming a desired profile of dopant dis-
tribution in order to suppress parasitic thermal effects [3 – 5].

Owing to some properties,  such as a high quantum effi-
ciency, a broad gain band, and the absence of concentration 
quenching,  active  elements made  of Yb :YAG  ceramics  are 
promising for application in solid-state lasers with high aver-
age and peak powers [6 – 8]. In recent years, several scientific 
groups  obtained  lasing  in  Yb : YAG  ceramics  synthesised 
using  commercial  powders  of  individual  oxides  [9,  10]  or 
directly stoichiometric nanoparticles Yb3xY3 – 3xAl5O12 [11, 12].

However,  the current  literature provides no  information 
about synthesis of Yb : YAG laser ceramics  from nanopow-
ders produced by laser ablation. Since the typical specific fea-
tures of  such nanoparticles  (average  size  10 – 15 mm, meta-
stable  crystal  phase,  high  concentration  of  volatile  compo-
nents,  and weak  agglomeration)  cause  specific  problems  in 
the formation of nonporous structures, it is important to find 
techniques  that  can  be  used  to  synthesise  ceramics  of  laser 
quality. The aim of this work is to synthesise the first domes-
tic  samples  of Yb : YAG ceramics  and  to  study  their  lasing 
characteristics.

2. Solid-phase synthesis  
of Yb : YAG laser ceramics

Nanoparticles Yb (5 at %) : Y2O3 and Al2O3 needed to synthe-
sise  Yb : YAG  ceramics  were  produced  at  the  Institute  of 
Electrophysics, Ural Branch, Russian Academy of Sciences 
(Ekaterinburg)  by  evaporation  of  a  target  material  by  the 
radiation of a repetitively pulsed CO2 laser [13, 14]. To remove 
excessive volatile compounds and achieve the stoichiometric 
ratio  (Yb + Y)/Al = 3/5,  the obtained powders were  trans-
formed into the main cubic phase by calcination in air at tem-
peratures  of  900 – 1200 °C  for  3 h. After weighting,  the  cal-
cined  powders were milled  in  a  drum mill with  an  inclined 
rotational  axis  by  yttria-stabilised  zirconia  (YSZ)  balls  in 
ethanol with addition of tetraethoxysilane (0.5 wt %) as a sin-
tering additive.

To achieve partial phase transformation of particles into 
the  Yb : YAG  structure,  the  dried mixture  of  powders  was 
additionally calcined in air at a temperature of 1200 °C for 3 h 
in order  to  equalise  the  rates of phase  transformations and 
shrinkage,  which  ensures  uniform  compaction.  Then,  the 
mixture was milled once again and compacted by static uni-
axial  pressing  with  a  pressure  of  200 MPa.  The  Yb : YAG 
ceramics  was  synthesised  in  the  process  of  sintering  of  the 
powder compact in a vacuum furnace with graphite heaters at 
a temperature of 1780 °C for 20 h. After sintering, the sample 
was annealed in air (1300 °C, 10 h) and polished to brilliance 
from both sides using diamond pastes.

3. Optical and lasing characteristics  
of Yb : YAG ceramics

The transmission spectrum of a 2-mm-thick Yb (5 at %) : YAG 
ceramic sample measured on a Shimadzu UV-1700 spectro-
photometer, as well as the theoretical transmission curve for 
YAG calculated by the known refractive index [15] is shown 
in Fig. 1. The transmission coefficient of the studied ceramic 
sample  in  the  IR  region  reaches  81.8 %, which  is  2 %  lower 
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than the calculated value. The absorption bands in the wave-
length range 900 – 1400 nm are caused by the optical transi-
tions in the ytterbium ion.

To determine the main microstructural defects that limit 
the material transparency, we studied the ceramics using an 
Olympus  BX51TRF  optical  microscope.  According  to  the 
obtained data, the structure of the sample consists of closely 
packed  crystallites  with  an  average  diameter  of  15  mm.  In 
addition, there were observed spherical pores with diameters 
up  to  6  mm,  which  are  mainly  localised  at  inter-crystallite 
boundaries.  The  average  concentration  of  pores was  deter-
mined by direct count to be 29 ppm (the inset in Fig. 1). The 
formation  of  pores  can  be  caused  by  inhomogeneous  com-
pacting of the powder due to the existence of hard agglomer-
ates formed in the process of calcination of nanoparticles in 
air. The presence of a residual porosity leads to the appear-
ance of scattering of propagating radiation and, as a result, to 
an increase of losses in the ceramic element. The level of the 
scattered  radiation  for  the  studied  sample  was  estimated 
according  to works  [16 – 18]  to be  2.3 % of  the propagating 
radiation power, which corresponds to the scattering losses of 
0.12 cm–1.

To make an active element for a disk laser, the thickness 
of the Yb : YAG ceramic sample was decreased to 300 mm and 
the sample faces were coated with dielectric layers [an antire-
flection layer on one side and a mirror layer on the other side 
for the pump (940 nm) and laser (1030 nm) wavelengths]. For 
effective  cooling,  the  active  element with dielectric  coatings 
was mounted on a water-cooled copper heat sink of the laser 
head using indium solder. The laser head was placed in a laser 
cavity. We used two types of laser cavities, namely, a linear 
cavity, which was  formed by  the rear  face of  the active ele-
ment and dielectric input mirror ( 6 ) (Fig. 2a), and a V-shaped 
cavity formed by the rear face of the active element and two 
dielectric mirrors: spherical mirror ( 7 ) (with a radius of 30 mm 
and a reflectance R ~ 100 % at a wavelength of 1030 nm) and 
output mirror ( 6 ) with reflectances of 90 %, 95 % and 98 % at 
1030 nm. The cavity arm was about 5 cm long.

Pumping  was  performed  by  a  fibre-coupled  diode  laser 
(Laserline LDM 2000) emitting at a wavelength of 940 nm. Its 
radiation was focused by spherical mirror ( 3 ) on the studied 
sample into a spot 2 mm in diameter and, after one V-shaped 
pass through the sample, was deflected to an absorber; in this 
process, ~22 % of radiation power was absorbed. For each of 
the cavity geometries, under quasi-cw pumping by pulses with 
a  duration  of  3.25 ms  and  a  repetition  rate  of  148 ms,  we 

observed  free-running  laser  operation  (Fig.  3a).  The  laser 
radiation power was recorded by Ophir 3A and Ophir 10A 
power meters. In the case of the linear cavity, the maximum 
slope efficiency  (h = 22.9 %) was observed using  the output 
mirror  with  the  reflectance R  =  95 %,  while  the  maximum 
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Figure 1. Transmission  spectrum  of  a  2-mm-thick Yb : YAG  ceramic 
sample ( 1 ) and theoretical transmission for YAG ( 2 ). The inset shows 
the distribution of pores over the ceramic sample depth.
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Figure 2. Schemes of the linear (a) and V-shaped (b) cavities of the thin-
disk laser: ( 1 ) element under study; ( 2 ) heat sink of the laser head; ( 3 ) 
spherical mirror (R ~ 100 % at l = 940 nm); ( 4 ) absorber; ( 5 ) lens with 
dielectric antireflection coating at l = 1030 nm; ( 6 ) plane output mir-
ror; ( 7 ) spherical mirror (R ~ 100 % at l = 1030 nm).
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Figure 3. Dependences of the average output power on the average ab-
sorbed power in the case of linear and V-shaped laser cavities at a pump 
pulse  repetition  period  of  148  nm  (a),  as  well  as  in  the  case  of  the 
V-shaped cavity at different pulse repetition rates (b).



  I.L. Snetkov, O.V. Palashov, V.V. Osipov, et al.588

slope efficiency (h = 32.9 %) in the case of the V-shaped pass 
was achieved using a mirror with the transmittance T = 90 %. 
The difference  in h can be explained by additional  losses at 
the focusing lens used in the linear cavity. In the absence of 
lens ( 5 ), we failed to obtain laser oscillation.

In the case of the V-shaped cavity and a mirror with T = 
90 %, we measured the dependences of the output laser power 
on the absorbed pump power at different pump pulse repeti-
tion rates (Fig. 3b). The maximum slope efficiency h = 37 % 
was  observed  at  a  repetition  rate  of  18.6 ms,  which  corre-
sponds  to  a  pulse-period-to-pulse-duration  ratio  of  5.72. 
With  increasing  pump  pulse  repetition  rate,  the  slope  effi-
ciency decreased due to appearing thermal effects and reached 
14.5 %  in  the  case  of  cw  pumping.  The  occurrence  of  laser 
oscillation upon cw pumping points to a high quality of the 
ceramic material and to the possibility of its application for 
production of active elements. However, the ceramics quality 
is still lower than the quality of commercially available single 
crystals, which, under similar conditions, demonstrate lasing 
with an average power of hundreds of watts and an efficiency 
exceeding 40 % [19, 20].

Thus,  we  have  synthesised  a  sample  of  Yb  (5  at  %) : 
Y3Al5O12  ceramics  from  nanopowders  produced  by  laser 
evaporation. We have studied its optical quality and demon-
strated  repetitively  pulsed  lasing  with  a  slope  efficiency  of 
37 %. Under cw pumping by laser diodes, the slope efficiency 
was 14.5 %.
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