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Optical and laser performance of Yb:YSAG ceramics
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basis of Yb:YSAG ceramics and the characteristics of laser radiation were studied at different transmittances of
the output mirror of the resonator. The maximum lasing power was 1.8 W at 3.6 W of absorbed pumping in the
quasi-cw generation mode. The maximum differential efficiency was 57% for a mirror with a transmittance of

14.5%.

Keywords: Optical ceramics, ytterbium, luminescence, laser generation, radiative lifetimes, rare-earth elements,

lasing output power.

DOI: 10.61011/E0S.2023.05.56506.68-22

Introduction

The development of laser oxide and fluoride ceramics
is a serious challenge of optical materials science at
the present stage. Optical ceramics based on yttrium-
aluminum garnet and other materials doped with rare-
earth ions has been widely recognized as a promising
replacement for single-crystal active media [1] as well as
in magneto-optical devices [2,3]. This became possible
due to its significant advantages such as the opportunity
of achieving a high concentration of active ions and high
doping homogeneity [4], the opportunity of manufacturing
samples with a large aperture and realizing multilayer
structures [5]. In recent years, optical ceramics and crystals
with a garnet structure based on yttrium, aluminum, and
scandium oxides doped with rare-earth ions have been of
great interest as active media for solid-state lasers [6-9)].
One of the ground factors determining the quality of optical
ceramics is the exclusion of impurity phases in the initial
ceramic powders, since they lead to the appearance of
scattering centers and significantly reduce the transmission
coefficient of ceramics [9]. One of the significant advantages
is the opportunity of implementing a multilayer structure,
since this allows for multifunctionality and optimization
of the properties of the optical medium. For example,
more efficient thermal control during laser operation can
be achieved by controlling the concentration of doping ions
of rare earth elements in the initial materials (for example,
longitudinal temperature and mechanical stress gradients
in solid-state lasers with end-pumped diode lasers can be
minimized) [10].

An alternative to Nd**-containing media for obtaining
lasing in the region around 1um are materials doped
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with Yb3* ions. Ytterbium active media have a smaller
quantum generation defect compared to neodymium media,
and also have a wider emission band. Because of this,
matrices doped with ytterbium are more promising for use
as active media in femtosecond lasers. Yb** ions (electronic
configuration 4f!%) have one excited state 2Fs;, with an
energy of approximately 10200—11100cm~!, which is
well suited for use as pump sources for commercially
available InGaAs laser diodes emitting in the region of
915—980 nm. The level structure of the Yb>* ions excludes
absorption from the 2F5/2 excited state, since there are
no higher levels in the Yb** ion.

The aim of this paper was to study the spectral-
lasing  characteristics  of  83(3)at%  Yb:YSAG
(Y2.55Yb0.25SCl.ooAl4.2012) ceramics depending on the
transmittance of the resonant cavity output mirror.

Ceramics manufacturing

Ceramic powders were synthesized by the modified
reverse coprecipitation method [11-12]. Ammonium hy-
droxide (25%, extra pure, Sigma Tech), AlCl3-6H,O
(99%, Acros Organics), YCl3-6H,O (99.9%, Chemical
Point), YbCl3-6H,0 (99,9%, Chemical Point), ScCl;-6H,0O
(99.9%, Novosibirsk Rare Earth Plant) were used as initial
reagents, (NH4)2SO4 was a dispersant (99%, Stavreakhim),
MgCl,-6H,O was a magnesium sintering agent (99%,
Interchem), ethanol (95%, Fereyn) was a solvent. All
reagents were used without further purification. Deionized
water was used for all operations, including laboratory
glassware washing.
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Figure 1. Transmittance spectrum (a) and absorption coeffi-
cient (b) of 8.3(3) at.% Yb:YSAG transparent ceramics. The insert
shows an image of the ceramic sample.

Y2.55Yb0_25801.00A14.2012 COInpOSitiOIl was selected from
the area of existence of single-phase solid solutions based on
yttrium-scandium-aluminum garnets doped with ytterbium
according to [13]. The scandium ion can occupy both
dodecahedral and octahedral positions of the garnet crystal
lattice due to the closeness of the radii of the cations
of yttrium and scandium, scandium and aluminum [14],
which is confirmed by data both on the growth of the
corresponding single crystals [15,16], and on obtaining
optical ceramics [17].

The Y2.55Ybg.255¢1.00Al4.2012 ceramic sample was made
in the form of a disk 10 mm in diameter and 1 mm thick. An
image of the Y2.55Yb0.25SCl.()()A14.2012 ceramics is shown in
the insert to Fig. 1.

Absorption and luminescence spectra

The transmittance spectrum of Yb:YSAG ceramics in
the range from 200 to 1800nm was measured with
a spectral resolution of 0.5nm on the Shimadzu UV-
3101PC spectrophotometer at room temperature (Fig. 1,a)
. The transmission spectrum in the range of 970—1070 nm
(electronic transitions 2F7/; — 2Fs)y) of the Yb** ion was
measured with a spectral resolution of 0.1 nm. The intensity
of the transmitted light can be described by the expression

| =10(1 — Rg) exp[—(ascat + @abs)! ] (1)

where | and |y are intensities of a plane monochromatic

wave of radiation incident and passing through a layer of

2R,
1+R;

two sample surfaces, taking into account multiple reflection

matter, respectively, Ry = ( ) is a reflection loss from

in the sample in the absence of interference (R; is a is a
reflection coefficient from the sample-air interface), st is
a scattering loss coefficient, a,ps is an absorption factor, and
| is a sample length. Then the transmittance spectrum was
adjusted to 100%, and then the attenuation coefficient (loss
factor) was calculated as & = Qups + Qscat bY the formula

| =loe™?. (2)

In the wavelength range of 500—1800 nm, the transmit-
tance of transparent Yb:YSAG ceramics with 8.3(3)at.%
ytterbium corresponds to the value for a single crystal of
yttrium-aluminum garnet (10at.% Yb>*:Y3Al501,) of high
optical quality [18,19].

The availability of the absorption bands in the short-wave
region of the spectrum (300—500nm) is caused by the
partial reduction of Yb3* for Yb** [20], as well as the
presence of oxygen vacancies [21], the concentrations of
which can be reduced after annealing in air [22,23].

Practically in the entire spectral range under study, a
transmittance of more than 80% is retained, which indicates
the high quality of the ceramics. At wavelengths less
than 500 nm, a decrease in the transmittance is observed,
indicating the existence of a few optical scattering centers
associated with microporosity [24,25]. Since the sample
does not contain secondary phases [26], two sources of
scattering are possible: changes in the refraction index at
grain boundaries and porosity. Since the refraction index
of YSAG is about 1.83, the effect of porosity on optical
scattering will be much greater than the effect of grain
boundaries [27,28]. In this connection, microporosity in the
pore size range of the order of the wavelength of light is the
main source of scattering. Low optical loss due to scattering
can provide high laser performance of 8.3(3) at.% Yb:YSAG
transparent ceramics.

The luminescence spectra of the Yb:YSAG ceramics at
T =300K and T =77K in the range of 970—1070 nm
were recorded on the ARC SpectraPro-300i monochroma-
tor using an InGaAs detector with thermoelectric cooling
under excitation by a diode laser at a wavelength of 972 nm.
The spectral resolution was 0.3nm and 1.4nm at 77 and
300K, respectively (Fig. 2).
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Figure 2. Luminescence spectra of 8.3(3) at.% Yb:YSAG optical
ceramics in the 2Fs;; — 2Fy), transition in the Yb*' ion being
measured at T = 300K (red line) and T = 77K (blue line).
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300 K (exp.) Table 1. Quasi-continuous wave lasing characteristics
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Figure 3. Luminescence decay kinetics of the 2F5/2 multiplet for
8.3(3) at.% Yb: YSAG ceramics being measured at T = 300K and
T=77K.

The emission peak of 1031.3nm does not shift at
decreasing of temperature from 300 to 77 K. But we observe
broadening of the luminescence line with a change in tem-
perature that is caused by the electron-phonon interaction
The wide range of emission wavelengths can be useful for
generating short pulses in the mode-locking regime. To
obtain more reliable information on the prospects for the use
of materials, we calculated the radiation cross section using
the Fuchtbauer — Ladenburg formula [29]. The maximum
value of the radiation cross section was 1.126 - 1072% cm?.

The experimental luminescence decay time at the
2Fs;» — 2F7, transition in Yb:YSAG ceramics was
recorded using the MDR-12 monochromator (SOL Instru-
ments). A diode laser (ATC.Semiconductor devices LDD-
10) with a radiation wavelength of 972 nm was used as an
excitation source The signal was recorded using the FD10-
GA detector. The duration of the luminescence excitation
pulse during the registration of luminescence decay curves
was 20ms, the duration of the front/decay pulse was less
than 1us. The luminescence kinetics is usually measured
by excitation with a short (significantly shorter than the
lifetime) light pulse. However, in case of using a diode
laser as an excitation source, this is impossible due to
the low energy of the pulse, so we used a sufficiently
long excitation pulse (to accumulate a significant number
of excited ytterbium ions) with a short trailing edge. In
this case, the lifetime measurement accuracy is determined
only by the ratio of the duration of the trailing edge (decay)
of the exciting pulse and the luminescence lifetime; the
duration of the pulse top can only affect the magnitude
of the luminescence signal.

Based on the luminescence decay kinetics being mea-
sured at T =300K and T = 77K, the fluorescence life-
times were estimated to be 1.6 and 0.98ms, respec-
tively (Fig. 3).

The 2Fs; decay curves are described by a single-
exponential model, which may indicate the presence of
one only optical center of active ions. The lifetime
of ytterbium ions being recorded at 77K is close to
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the lifetime of ytterbium ions in the YAG crystal (0.95 ms).
The increase of the fluorescence decay time observed at
room temperature may be the result of the interaction of
excited Yb** ions, an increase in the reabsorption effect
due to the overlap of the luminescence and absorption
spectra increasing with temperature, or a lower transition
probability characteristic of higher-lying Stark sublevels that
are connected with increasing temperature. It is difficult to
establish the exact reason for the change in the lifetime of
the 2Fs), level of Yb*' ions at this stage. These alleged
causes have been described in [30-32].

Continuous wave and quasi-continuous
wave lasing

The study of the lasing characteristics of Yb:YSAG
ceramics was carried out on a stand, the layout of which
is shown in Fig. 4.

For cooling, the ceramic sample was fixed in a holder
made of aluminum plates. Indium foil was used as an
interface between the sample and the plates. The laser
cavity was formed by two spherical mirrors. Input coupler
of the laser cavity was highly reflective (R > 99.5%) at
the lasing wavelength (~ 1030nm) and had a radius of
curvature R = 100 mm. Spherical mirrors with curvature
radius R=50mm with different transmittances T, (0.5,
5.5, 10.0, and 14.5%) at the lasing wavelength were used
as the output coupler. The distance between the mirrors
was 2cm. Ceramics was placed at a distance of Smm
from the input mirror. To pump the Yb:YSAG ceramics,
we used a laser diode with a fiber output of radiation
with a wavelength of 938nm and a fiber core diameter
of 105um. The pumping radiation was focused using a
system of two lenses (L1 and L2 in Fig. 4). The pumping
spot diameter in the active element was approximately
100 um. The laser cavity and pumping system were chosen
in such a way to maximize the overlap of the pumping and
generation areas to produce efficient single transverse mode
operation.

Lasing characteristics of the ceramics were studied using
output couplers with different transmittances at the lasing
wavelength. The studies were carried out in two pumping
regimes: continuous wave and quasi-continuous wave. In
the case of quasi-continuous pumping, the duration of
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Figure 4. Diagram of pumping system and resonant cavity of a Yb:YSAG laser.
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Figure 5. Dependences of the output power of a laser based on Yb:YSAG ceramics at different transmittances of the output coupler:
a — for quasi-continuous wave lasing, b — for continuous wave lasing.

Table 2. Continuous wave lasing characteristics coefficient at the lasing wavelength of 14.5% and amounted

to 1.804+0.05W at an absorbed pumping power of 3.60 +

Toe | Differ. Efficiency | Efficiency | Max. power, W 0.12W. The slope efficiency was 57.00 + 0.61%. In the

HR 2.6 +0.1% 2.540.1% 0.09 & 0.03 continuous wave pumping regime, the maximum power

was 137 £ 0.04W with a slope efficiency of 41.70 +

5% 28.9 £0.3% 26.1£1.9% | 0.94£0.03 1.91%. Table 1 and Table 2 show the values of the laser

10% 39.0 + 1.9% 33.5 4+ 1.5% 1.20 + 0.04 efficiency and the maximum values of the output power
. s S being obtained using different output couplers.

145% | 417+ 1.9% 3794+ 1.7% | 1.37+0.04 A significant difference between the lasing characteristics

in the quasi-continuous wave and continuous wave pumping
regimes lies in the fact that the negative effect of thermoop-
tical effects on the lasing characteristics is stronger in the

the pumping pulses was 3ms, and the pulse repetition cw pump mode than in the quasi-continuous wave pumping

frequency was 30 Hz.

Dependences of the output power of a laser based on
Yb:YSAG ceramics at different transmittances of the output
couplers are shown in Fig. 5. The maximum output power
was obtained using an output coupler with a transmittance

regime.

For all mirrors, the degree of radiation polarization
was studied using the Glan prism. In all cases, it was
determined that the lasing radiation was linearly polarized.
The results of studying the radiation polarization for a

Optics and Spectroscopy, 2023, Vol. 131, No. 5
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Table 3. Comparison of laser characteristics of ceramics

Work Ceramics Maximum output power in Slope Efficiency, % | Transmittance
quasi-continouos wave efficiency, % of the output
regime, W coupler, %
[33] 10at.% Yb:Y3ScAl4Or2 58.7 54.1 18.8
[34] 15at.% Yb:Y3ScAl O 112 54 46 20
[35} 10at.% Yb:Y3Sci sAl35012 67.8 - 18.8
[35] 5at.% Yb:Y3ScAl4O1n 10.12 58.1 538 18.8
[36] 10at.% Yb:Y3Sc; 5Al3.5012 10.8 66.4 62.8 18.8
[36] 10at.% Yb: YAG 71.6 66.3 18.8
This study 83(3) at.%Y 2 55 Ybg 25S¢1.00Al42012 57 50 14.5
90 — 8utputp0wcr 83(8)%
— Output .
1.0F 120 ~60— ggtgﬂtgg\\zg%ggw
0.8 s gt S / utput power 1.66 W “ - Tos ~0.5%
” 0.6 150 ST 30 g
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Figure 6. Polarization characteristics of laser radiation. Color
indicates data at different lasing powers: black — at 0.63 W, red —
at 0.98 W, green — at 1.57 W, blue — at 1.66 W.

mirror with Toe = 10% for different levels of laser output
power in the quasi-continuous mode are shown in Fig. 6.
The effect of laser radiation polarization with the use
of an optically isotropic medium is rather unexpected,
as is the observed rotation of the laser radiation polar-
ization plane with increasing pumping power. Perhaps
this is a consequence of the thermomechanical stresses
induced in the active medium. This effect is under study
now.

The spectral characteristics of laser radiation are shown
in Fig. 7. The lasing spectrum of the ceramics depended
on the transmittance of the output mirror. A decrease
in the transmittance led to a broadening of the lasing
spectrum due to the fact that for mirrors with a lower
transmittance the lasing losses were smaller; therefore, the
lasing threshold for the edges of the amplification spectrum
also became smaller. It should also be noted that the
spectrum was broadened only to the long wavelength area.
This is due to the fact that in the wavelength range

Optics and Spectroscopy, 2023, Vol. 131, No. 5

Wavelength, nm

Figure 7. Spectra of laser radiation measured at an absorbed
pumping power of 2.4 W.

< 1030nm, the signal amplification did not exceed the
losses caused by the absorption of lasing radiation associated
with the overlap of the absorption and luminescence spectra
of Yb** ions.

An increase in output generation characteristics can be
achieved by applying antireflection coatings on ceramics
on both sides.

The obtained results were compared with the lasing
characteristics of similar ceramics (Table 3) [33-36]. The
values of the slope efficiency and lasing efficiency achieved
in this paper were comparable with the literature data, while
the maximum transmittance of the output mirror was lower
than in the above-mentioned works.

Intracavity losses play an important role in laser
system optimization, especially in Q-switching [38].
Findlay—Clay analysis [39,40] uses the relationship between
losses and threshold gain to determine the amount of loss
in the active medium:

—InR = 2gol — &, (3)
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Figure 8. The dependence of the natural logarithm of the
output couplers reflectance on the threshold power of the pumping
radiation.

Table 4. Minimum values of the pumping power and the natural
logarithm of the reflectance of the output coupler

Reflectance Threshold pumping power, W | -InR
of the output coupler
0.995 0.235 £+ 0.008 0.00501
0.945 0.304 £+ 0.009 0.05650
0.900 0.330 £ 0.011 0.10536
0.845 0.411 £ 0.013 0.16842

where R — reflectance of the output mirror, go — amplifi-
cation coefficient, § — non-radiative losses in the resonant
cavity.

The threshold values of the pumping power and the
natural logarithm of the reflectance of the output coupler
are given in Table 4.

The dependence of the natural logarithm of the output
couplers reflectance on the threshold power of the pumping
radiation is shown in Fig. 8. The resulting curve was
approximated by a linear dependence

y = Kx + B, (4)
where K — coefficient of proportionality related to the
amplification coefficient, B — lasing radiation losses in

the resonant cavity per double bypass.

Calculation according to Findley.Clay method shows that
the intracavity losses of the lasing radiation were about 0.22
(22%) per round trip of the cavity This value corresponds
to the total losses of lasing radiation in the entire resonator.
However, it should be noted that the largest contribution to
the resonator losses is made by the active element, the losses
of which are the sum of scattering by defects, absorption of
lasing radiation, and Fresnel reflection. It should be noted
that in our case, the losses due to the Fresnel reflection
are dominant and amount to approximately 80% of the

Table 5. Threshold pump power and lasing threshold amplifica-
tion coeflicient

Threshold pumping | go,cm™" Reflectance
power, W output coupler
0.235 £ 0.007 1.11 0.995
0.304 £ 0.009 1.44 0.945
0.33 £0.099 1.56 0.900
0.411 £0.012 1.949 0.845

total losses. Specific losses in an active element, including
scattering by defects and absorption at a wavelength of
1030 nm, are approximately 0.25cm™~!. It should be noted
that the losses of lasing radiation could be much smaller
in the presence of antireflection coatings on the active
element.

Conclusion

Y2,55Ybg,255¢1.00Als, 2012 composition was selected from
the area of existence of single-phase solid solutions based on
yttrium-scandium-aluminum garnets doped with ytterbium.
The lasing spectrum of the ceramics depended on the
transmittance of the output mirror. A decrease in the trans-
mittance led to a broadening of the lasing spectrum mainly
in the long-wavelength area.

The maximum output power at the lasing wavelength in
the quasi-continious wave pumping regime was 1.8 W at an
absorbed pumping power of 3.6 W with a slope efficiency
of 57%, which is a good indicator for an active element
with uncoated edges. In the continuous wave pumping
regime, the maximum power was 1.37W with a slope
efficiency of 41.7%. The results of the study show that this
optical ceramics has a good optical quality and has good
prospects to be used in laser systems operating in mode-
locking regime
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