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Regulation of the sintering trajectory of Ho,Pr:Y,0; ceramics for
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ABSTRACT: The sintering trajectory of the Ho,Pr:Y,0; ceramics
could be effectively adjusted by sintering in a flowing oxygen
atmosphere instead of vacuum. The final-stage grain growth was
significantly suppressed by the use of oxygen atmosphere
presintering, resulting in smaller average grain sizes than those
of samples sintered under vacuum, while the same relative
density was achieved. After hot isostatic pressing (HIP), the
oxygen presintered Ho,Pr:Y,0; ceramics achieved excellent
optical quality, with transmittance exceeding 80% at a
wavelength of 680 nm. The codoping of Pr’* as deactivating ions effectively depopulated the lower energy level ‘I, during the
Ho***ly — °I, transition, thereby making the Ho,Pr:Y,0; ceramics more conducive to promoting population inversion in the 2.9 pm
laser wavelength range.
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Yttrium oxide (Y,0;), with a low phonon energy of 560 cm™
and a high thermal conductivity of 13.4 W/(m-K), is a promising
host material for mid-infrared solid-state lasers [19,20]. Currently,
Y,0; transparent ceramics have competitive advantages over their
conventionally grown single-crystal counterparts, such as volume
scalability, designed structure and high doping concentration [21].
To meet the requirements of laser applications, these ceramics
must have low scattering loss and high optical uniformity,
requiring residual pores to be minimized below 0.0001% [22].
However, during the final-stage sintering of sesquioxide ceramics,
an increase in relative density is often accompanied by a high
grain boundary migration rate, leading to pore-boundary
separation. For example, Serivalsatit and Ballato [23] reported that
inappropriate control over the sintering procedure of Er:Sc,0,
ceramics could lead to the formation of intragranular pores within

1 Introduction

Mid-infrared laser sources operating at 2.7-3 um have significant
applications in remote sensing, directional IR countermeasures,
medical surgery, etc., because emissions in this spectral region are
located in the atmospheric transmission window, and strong
absorption by water molecules enables the availability of laser
scalpels for high-precision treatment [1-4]. These lasers also serve
as pump sources for optical parametric oscillators to achieve laser
outputs with extended wavelengths [5,6]. Ho*-doped laser
materials emitting at 2.9 pm are of particular interest because of
their ability to generate short pulsed lasers and allow flexible
wavelength modulation [7-9]. However, the much shorter
fluorescence lifetime of the upper laser level (*I) than of the lower
laser level (1) tends to induce a self-termination effect that
hampers population inversion [10,11]. Fortunately, codoping with

Pr* ions can effectively depopulate the Ho’:I, level through
energy transfer to the Pr*’F, level, as demonstrated in various
materials, such as Ho, Pr codoped LiLuF, LiYF, CaF,
Gd,YSc,Ga;04,, YAIO; (YAP) crystals [3,8,11-16], and ZBLAN
fibers [17,18].

some grains, even though the average grain size had reached less
than 1 um. While employing a two-step sintering technique to
minimize the average grain size to the greatest extent, eliminating
the intragranular pores and greatly improving the transmittance
of Er:Sc,0; ceramics became feasible. This implies the importance
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of achieving a high sintered density with minimal grain growth
during the final stage of sintering.

Traditionally, the grain boundary migration rate of Y,0,
ceramics can be suppressed by doping with tetravalent cations
(M*, M = Zr, Th, Hf, etc.) [24-28]. This is because the diffusion
rate of Y** cations in Y,O; is significantly lower than that of O*
anions, making the grain boundary mobility of Y,0; ceramics
primarily determined by the diffusion of Y* cations. The
incorporation of M* cations into Y,O5 ceramics can effectively
reduce the concentrations of Y* interstitials, thereby decreasing
the grain growth rate [24,29]. Nevertheless, this introduces lattice
point defects due to the charge imbalance between M* and host
cations (Y*), leading to photodarkening under high-power laser
excitation [30,31]. This results in severe degradation of the laser
efficiency and output power. Another effective strategy involves
the use of vacuum presintering combined with HIP to regulate the
sintering trajectory. Vacuum presintering is employed to achieve
an initial density of 95%-99%, followed by HIP to achieve final
densification, ensuring that the ceramic's grain size remains
consistent, typically below 5 pm. This approach is the current
mainstream method for preparing Y,O; transparent ceramics
[32-36].

During the sintering of Y,O; ceramics under high oxygen
partial pressure, there is an increase in the concentration of
oxygen interstitials accompanied by a reduction in cation
interstitials. In addition, the valence states of Pr ions in oxides are
sensitive to the oxygen partial pressure at high temperatures
[37-39]. In this case, the cation defects and the grain boundary
mobility of the Pr-doped Ho:Y,0; ceramics might be adjusted by
manipulating the sintering atmosphere. In this work, the effects of
vacuum presintering and oxygen presintering on the grain growth
and densification process of Ho,Pr:Y,O; ceramics were compared.
Through oxygen presintering combined with the HIP method,
Ho,Pr:Y,0; ceramics with high optical quality were successfully
fabricated. The emission spectra and luminescence decays
monitored at the Ho’Iy > °T, and °I, > °I; transitions were
analyzed, and the deactivation effect on the Ho™I, level resulting
from codoping of Pr’* was discussed.

2 Experimental

2.1 Ceramic fabrication

Commercial Y,0; (purity > 99.99%, Jiahua Advanced Material
Resources Co., Ltd., China) and Pr,O;,, (purity > 99.99%,
Rarechem. Co., Ltd., China) powders were used as the starting
materials and dissolved in dilute nitric acid solution. Ho(NO,)s,
Y(NO;);, and Pr(NO;); solutions were mixed according to the
chemical composition of (HogPr,Yg004.),0; (x = 0.001, 0.003,
0.006, and 0.01) to prepare the mother solution and then diluted
with deionized water when the Y** concentration reached 0.2 mol/L.
The precipitate, mixed with NH;HCO; (2 mol/L) and NH,OH
(1.5 mol/L) solutions, was sprayed into the mother solution at a
rate of 6 mL/min until the pH reached 8. The detailed spraying
system has been reported in the author’s previous paper [40].
After aging for approximately 10 h, the precipitate was filtered and
washed with deionized water and ethanol to remove the
byproducts. After drying at 60 °C for 48 h and then crushing, the
precursors were calcined at 1250 °C for 5 h to obtain Ho,Pr:Y,0;
powders. Afterwards, the powders were further planetary ball
milled for 15 h at 140 r/min, mixed with ZrO, balls and ethanol as
ball-milling media, and the slurry concentration was
approximately 11 vol%. The slurries were subsequently dried,
crushed and sieved through a 140 mesh 3 times. The obtained
powders were uniaxial pressed into disks of different sizes under a
pressure of ~10 MPa and then cold isostatic pressed at 200 MPa.
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The compacts were either vacuum presintered or oxygen
presintered at 1420-1520 °C for 7 h, and further subjected to HIP
at 1450 °C for 3 h under 200 MPa argon (Ar) gas, with an average
diameter shrinkage of approximately 28% compared with the
diameter of the stainless steel mold. Finally, the Ho,Pr:Y,O,
ceramics were annealed in a 5% H,/95% Ar atmosphere at 1000 °C
for 10 h and then mirror polished on both surfaces.

2.2 Characterizations

The surface microstructures of the samples were observed by
scanning electron microscopy (SEM; JSM-6510, JEOL, Japan), and
before observation, the fractures or surfaces of the samples were
thermally etched at 1300 °C for 5 h in a muffle furnace. The
relative densities of the samples were determined via the
Archimedes method. The sizes of at least 200 grains of the
samples were measured via a statistical method with Nano
Measure software. The phase structures of the samples were
identified via an X-ray diffractometer (XRD; Bruker D2,
Germany). Absorption spectra and transmittance spectra were
measured via a UV-VIS-NIR spectrophotometer (Lambda 950,
Perkin-Elmer, USA), and the thickness of the samples for
measurement was 3 mm. The fluorescence spectra and
luminescence  decay  curves were measured via a
spectrophotometer (FLS 1000, Edinburgh Instruments, UK)
under excitation at 640 nm.

3 Results and discussion

Figure 1 compares the sintering trajectories of the Ho,Pr:Y,0;
ceramics presintered under vacuum and in a flowing oxygen
atmosphere, with sintering temperatures ranging from 1420 to
1520 °C for 7 h. As shown in Fig. 1, the grain size of the Y,O;
ceramics sintered under vacuum increased rapidly with increasing
relative density. In comparison, the Ho,Pr:Y,0; ceramics sintered
in an oxygen atmosphere exhibited slower grain growth as the
relative density increased. For example, at approximately 98%
relative density (marked by a dashed line in Fig. 1), the samples
sintered in an oxygen atmosphere had notably smaller grain sizes
than those sintered under vacuum. Generally, the slower velocity
of the grain boundaries in Y,O; is more conducive to suppressing
the formation of intragranular pores. Consequently, oxygen
atmosphere sintering was more effective for controlling the grain
boundary mobility and achieving ultimate densification in the
Ho,Pr:Y,0O; ceramics.

Figure 2 shows the thermally etched surfaces of the Ho,Pr:Y,0,
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Fig.1 Sintering trajectories of vacuum and oxygen presintered Ho,Pr:Y,0;
ceramics at temperatures of 1420, 1460, 1480, and 1520 °C for 7 h.

J Adv Ceram 2025, 14(1): 9221006



Regulation of the sintering trajectory of Ho,Pr:Y,0; ceramics for 2.9 yum mid-infrared lasers by atmospheric sintering

9221006-3

ceramics sintered in different atmospheres at 1420 °C for 7 h. At
the same Pr doping concentration, the oxygen-sintered
Ho,Pr:Y,0; ceramics had smaller grain sizes but higher porosity
than those sintered under vacuum, indicating slower densification
and grain growth rates. Increasing the sintering temperature to
1520 °C resulted in abnormal grain growth in all vacuum-sintered
Ho,Pr:Y,0; ceramics, as shown in Figs. 3(a)-3(d). Pores detached
from triple junctions or became entrapped within grains
(highlighted by red circles). In contrast, the average grain size of
the ceramics sintered in an oxygen atmosphere was less than
0.8 pm, without exaggerated grain growth or intragranular pores
(Figs. 3(e)-3(h)). Therefore, presintering the Ho,Pr:Y,O; ceramics
in an oxygen atmosphere effectively reduced the grain boundary
migration rate and prevented pore-boundary separation during
final-stage sintering.

To clearly compare the sintering behaviors of the oxygen-
sintered and vacuum-sintered Ho,Pr:Y,0; ceramics, Figs. 4(a)-
4(d) illustrate the variations in the grain size and relative density
with respect to the sintering temperature for these ceramics in
different atmospheres. These figures confirmed that Ho,Pr:Y,0O,
ceramics sintered in an oxygen atmosphere had slower grain
growth and densification rates than those sintered under vacuum.
This phenomenon can be explained by Egs. (1)-(3) [24]. Sintering
in a reducing atmosphere, such as vacuum sintering, promotes the
generation of oxygen vacancies (V) along with free electrons
(¢'), whereas an oxygen-enriched environment facilitates the
introduction of oxygen interstitials (Oi”) and electron holes (h).

(®)

1 um

0.6 at% Ho,0.1 at% Pr-vacuum 0.6 at% Ho,0.3 at% Pr-vacuum

0.6 at% Ho,0.1 at% Pr-O, I um

0.6 at% Ho,0.3 at% Pr-O, 1 pm

Consequently, the concentration of yttrium interstitials (Y; ") in
Y,0; is reduced during oxygen atmosphere sintering, which
serves as the rate-controlling species controlling grain boundary
diffusion and mobility.

Oxygen defect reaction under vacuum sintering (Eq. (1)):
Oo — Vi +2¢ + %Oz 1)

Oxygen defect reaction under oxygen sintering (Eq. (2)):
30: 0/ +2h @

Yttrium cation defect reaction (Eq. (3)):

Y] = Vo) (%) exp <—7AGF _kﬁcs/ 2)

- I:O”] —1.5 <KFKQLS ) eXp (_ AGF — AGs/Z + 3AG9/2>

- K?* kT
3)
where Kr/ Ks is the preexponential constant for Frenkel/Schottky
defect reaction, AGy/AGs is the Gibbs free energy for
Frenkel/Schottky defect formation, the superscripts (A) for Kp
and G refer to anion ions, k is the Boltzmann constant, and T is
the absolute temperature.
According to Egs. (4) and (5), some Pr ions are converted to a
tetravalent state during sintering in an oxidizing atmosphere.
When Pr* ions substituted Y* lattice sites, the concentration of

0.6 at% Ho,0.6 at% Pr-vacuum 0.6 at% Ho,1.0 at% Pr-vacuum

0.6 at% Ho,0.6 at% Pr-O, 0.6 at% Ho,1.0 at% Pr-O, 1 pm

Fig.2 SEM images of 0.6 at% Ho:Y,O; ceramics codoped with (a, e) 0.1 at%, (b, ) 0.3 at%, (c, g) 0.6 at%, and (d, h) 1.0 at% Pr presintered under (a-d) vacuum and

(e~h) flowing oxygen atmosphere at 1420 °C for 7 h.

0.6 at% Ho,0.1 at% Pr-vacuum 10 pm

10 um

0.6 at% Ho,0.3 at% Pr-vacuum

0.6 at% Ho,0.1 at% Pr-O, I um

0.6 at% Ho,0.3 at% Pr-O, [ um

0.6 at% Ho,0.6 at% Pr-vacuum 0.6 at% Ho,1.0 at% Pr-vacuum 10 pm

10 pm

0.6 at% Ho,0.6 at% Pr-O, 1 pm

0.6 at% Ho,1.0 at% Pr-O,

Fig.3 SEM images of (a—d) vacuum presintered and (e-h) oxygen presintered Ho,Pr:Y,O; ceramics codoped with (a, €) 0.1 at%, (b, f) 0.3 at%, (c, g) 0.6 at%,

and (d, h) 1.0 at% Pr at 1520 °C for 7 h.
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O; increased accordingly to maintain charge balance. This led to
slower grain boundary mobility during the oxygen sintering of the
Ho,Pr:Y,O; ceramics, preventing the formation of intragranular
pores at the final-stage sintering. Moreover, with increasing Pr
incorporation, more pronounced inhibitory effects were observed
due to the higher concentrations of O; (Figs. 4(b) and 4(d)). A
previous study by the authors [34] revealed that some tetravalent
Pr ions remain in Pr-doped Y,0; ceramics under reducing
annealing conditions. Therefore, it is reasonable to assume that
even under high-temperature vacuum sintering, complete
conversion of Pr ions to the trivalent state may not be achieved.
This is because the effective ionic radius of Pr** (0.99 A) is much
larger than that of Y** (0.90 A), whereas Pr* has an ionic radius
(0.85 A) that is more comparable to that of Y* [41]. The
coexistence of these valence states may explain why ceramics with
higher Pr doping levels exhibited smaller grain sizes and lower
bulk densities during vacuum sintering, as shown in Figs. 4(a)
and 4(c).

Defect reactions in Y,0; lattice under Pr oxidation (Eqgs. (4)
and (5)):

Pr’* + h— Pr'* (4)
2PrO, 2% 2Pry, + 300 + O; (5)

To achieve full densification and minimize grain sizes in the
final samples, we conducted HIP treatment on the oxygen
presintered Ho,Pr:Y,O; ceramics, which had the small average
grain sizes and high enough relative densities for self-

encapsulation. On the basis of these criteria, the optimal
presintering temperatures for (HogePr,Y(004-,),O3 ceramics were
1460 °C for x = 0.001, 0.003, and 0.006, and 1480 °C for x = 0.01.
Under these presintering conditions, the microstructures of
Ho,Pr:Y,O; ceramics developed closed pores without abnormal
grain growth. The HIP temperature was set at 1450 °C, which is
slightly lower than the presintering temperature, to prevent
further grain growth. Figures 5(a)-5(d) show SEM images of the
Ho,Pr:Y,O; ceramics after HIP. All the oxygen presintered
samples exhibited dense and homogeneous microstructures after
HIP, with average grain sizes less than 0.8 um. No inclusions or
secondary phases were detected at the grain boundaries.

The HIPed Ho,Pr:Y,O; ceramics were annealed in a reducing
5% H,/95% Ar atmosphere to increase the proportion of Pr*.
Figure 6(a) presents the XRD patterns of the annealed Ho,Pr:Y,0,
ceramics, where all the diffraction peaks were indexed as the cubic
Y,0; phase (PDF#74-1828), indicating that both the Ho* and Pr*
ions had been well incorporated into the Y,0; lattice.
Furthermore, there was a slight shift in the diffraction peaks
toward lower angles with increasing concentrations of Pr*
(Fig. 6(b)), which could be attributed to the larger ionic radius of
Pr* (099 A) than that of Y* (0.90 A), resulting in gradually
increasing lattice constants of the Ho,Pr:Y,O; ceramics as the Pr**
concentration increased.

Figure 7(a) shows the absorption spectra of the annealed
Ho,Pr:Y,O; ceramics. The main absorption bands at
approximately 470, 590, and 1500 nm were assigned to transitions
from the ground state *H, to the excited states 'I; + °P, ;, 'D,, and
°F; + °F, of Pr*, respectively, indicating the obvious generation of
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trivalent Pr ions after reducing atmosphere annealing. Notably,
the broad absorption range at 1800-2000 nm related to the
Pr**H, > °F, + °Hy transitions overlapped with the °Iy > °L
transition of Ho™, suggesting that Pr’* incorporation may play an
effective role in facilitating the deactivation of populations at the
Ho*I, level. The transmittance spectra of the Ho,Pr:Y,O;
ceramics are shown in Fig. 7(b), which exhibit high transmission
over both the visible and infrared ranges, with a transmittance of
~81% at 680 nm and ~82% at 1000 nm. These values are in close
agreement with the theoretical value (T) of Y,O; crystals
calculated via T = 100{1 — [(n —1)/(n + 1)]*}, where n denotes
the refractive index of Y,O; [42]. Figure 7(c) shows photographs
of the Ho,Pr:Y,O; ceramics, where the words behind the samples
were clearly visible due to their high optical quality. The annealed
Ho,Pr:Y,0; ceramics had a yellow-green coloration that became
more pronounced with increasing Pr doping. Moreover, larger
sizes of Ho,Pr:Y,0; ceramics with high transparency could also be
obtained through the oxygen presintering plus HIP method, as
shown in Fig. 7(d).

To elucidate the energy transfer processes between the Ho* and
Pr’ ions, the emission spectra of the Ho*-doped and Ho*, Pr*
codoped Y,0; ceramics were measured under excitation with a
640 nm laser. The main emission bands in the ranges of
1840-2200 and 2800-3000 nm correspond to the °I, > Iy and
*Is > °I, transitions of Ho™, respectively, as shown in Fig. 8.

0.6 at% Ho,0.1 at% Pr

1 pm

0.6 at% Ho,0.3 at% Pr 1 pm

0.6 at% Ho,0.6 at% Pr | pm 0.6 at% Ho,1.0 at% Pr

Fig.5 SEM images of oxygen presintered Ho,Pr:Y,0O; ceramics with (a) 0.1 at%,
(b) 0.3 at%, (c) 0.6 at%, and (d) 1.0 at% Pr codoping after HIP at 1450 °C.

Figure 8(a) clearly shows that the emission intensity of the Ho*:’L,
> Iy transition was significantly reduced following Pr*
incorporation. Comparatively, only a slight decrease in the
Ho™I; > °I, emission intensity with low Pr codoping of 0.1 at%
was observed, as shown in Fig. 8(b).

These results can be rationalized by the energy level diagram
illustrated in Fig. 9 as follows: under 640 nm laser pumping, Ho™
ions can be excited to the °F; energy level from the ground state
and then fall into the °I; energy level by nonradiative relaxation.
Subsequently, the particles on the Ho*:’I, level release energy and
transit to the °I, level instantaneously via the release of photons
with a wavelength of 2.9 pum, which ultimately return to the °Ig
level accompanied by 2.1 pm emission. Moreover, two energy
transfer upconversion (ETU) processes, including °I, + °I, > °I¢ + °Ig
(ETU 1) and °I; + °Is > °F5 + °I; (ETU 2) between Ho™ ions,
operate. The rates of these ETU processes depend mainly on the
Ho™ doping concentration [10,11].

After codoping with Pr* ions, efficient energy transfer (ET 1)
from the Ho*’I, level to the Pr**’F, level can be achieved because
of their similar energy, resulting in a reduction in the number of
particles on the upper laser level of Ho* ions with ~2.1 um
emission. Additionally, an ET 2 process between the energy levels
of Ho*’I; and Pr’*’F, leads to a slight effect on ~2.9 um emission
because of the larger energy gap between them. Nevertheless,
significant quenching effects on both ~2.1 and ~2.9 pm emissions
from Ho**-doped Y,O; ceramics can be observed at high doping
concentrations of Pr** jons.

This phenomenon, where the ~2.9 pm emission intensity
involving the Ho™’I - °I, transition decreased with increasing Pr
codoping, was also observed in other materials [11,43]. For
example, Qiao ef al. [11] reported that although the emission
intensity for the °Ig > °I, transition of Ho,Pr:YAP crystals was
weaker than that of Ho:YAP crystals, higher laser efficiency and
output power at 3.01 um were achieved in the former because of
the greatly decreased lifetime of the °I, level, which suppressed the
self-termination effect.

Figures 10(a) and 10(b) show the luminescence decay curves of
the °I, and °I; energy levels of Ho:Y,0; and Ho,Pr:Y,O; ceramics
monitored at 2089 and 2843 nm, respectively, which are fitted by a
single exponential function. Accordingly, the corresponding
relationship between the measured lifetimes and the doping
concentrations of Pr is depicted in Fig. 10(c). Codoping with
0.1 at% Pr dramatically decreased the lifetime of the Ho*’I; level
from 11.52 to 3.80 ms, reducing the lifetime ratio (°I,/’ly) from

a (222) b (222)
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1 II Il II||I:I| ||III|I|||I|II|I II||I|I||II|II|IIIII I I
10 20 30 40 50 60 70 8 90 285 290 295 300
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Fig.6 XRD patterns of annealed Ho,Pr:Y,0; ceramics in ranges of (a) 10°-90° and (b) 28.5°-30.0°.
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10.19 to 3.80. These values further decreased to 2.26, 1.74, and
finally to 1.53 at the highest Pr doping concentration. The results

indicated that the population at the Ho*:’I, level was effectively
suppressed through codoping with Pr*, enhancing the potential
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Fig.7 (a) Absorption spectra, (b) transmittance spectra, (c) photograph of Ho,Pr:Y,O; ceramics (from left to right: codoped with 0.1, 0.3, 0.6, and 1.0 at% Pr,
respectively) and (d) Ho,Pr:Y,O; ceramic with a size of approximately 32 mm x 31 mm x 3 mm.
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Fig.8 Emission spectra for (a) °I, > *Iyand (b) °I; > °I, transitions of Ho:Y,0; and Ho,Pr:Y,0; ceramics under 640 nm excitation.
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for ~2.9 pum laser operation by promoting population inversion in
the Ho,Pr:Y,O; ceramics. In contrast, the lifetime of the °I; level
varied relatively smoothly, indicating the minimal impact of Pr*
ions on the upper laser level (*I;) of Ho™.

Furthermore, the energy transfer efficiencies between Ho™ and
Pr* jons were estimated wusing the formula [11]:
7 =1— Tuo,p:/ Tno» Where Ty, and T p. represent the lifetimes
of the Ho™’I and °I, levels in Ho™ singly doped and Ho*, Pr*
codoped Y,0; ceramics, respectively. The calculated values for
1 were approximately 67.0%, 84.1%, 90.0%, and 93.2% for the ET
1 process with increasing Pr** concentration, and approximately
11.5%, 28.3%, 41.6%, and 54.9% for the ET 2 process. The higher
probability of the ET 1 process compared with the ET 2 process
confirmed the strong quenching ability of Pr** jons toward the
populations on the Ho’I, level. Notably, the higher codoping
concentration of Pr’* could cause an increase in the efficiency of
the ET 2 process; thus, a significant quenching of ~2.9 um
emission intensity was observed. In conclusion, the use of a 0.1
at% Pr codoping concentration proved to be advantageous in this
study because of its effective depopulation effect on the Ho*:’I,
level, without significantly compromising the ~2.9 pum emission
intensity and lifetime of the Ho™’Ig level. Furthermore, the
optimal doping ratio of Ho*/Pr’* ions should be optimized for
future mid-infrared laser operations on Ho,Pr:Y,0O; ceramics,
particularly with respect to appropriately increasing the doping
concentration of Ho™ ions to facilitate the ETU 1 process [10-12].

4 Conclusions

In conclusion, Ho,Pr:Y,05 transparent ceramics with high optical
quality were successfully fabricated through oxygen presintering
combined with HIP treatment. The high-temperature oxygen-
enriched environment and the oxidization of Pr* ions promoted
the generation of o/, thereby the decreased concentration of Y;~
led to the suppression of grain boundary migration. This allowed
for a wider sintering temperature range, preventing pore-
boundary separation and facilitating better control of the
microstructure  during the densification  process. The
incorporation of Pr** jons drastically decreased the lifetime of the
Ho™T, level; thus, the lifetime ratio of °I,/°I, significantly decreased
to attenuate the self-termination effect on the Ho™'I; > °I,
transition. We believe that the Ho,Pr:Y,0; transparent ceramics
can serve as new promising materials for ~2.9 um mid-infrared
laser applications.
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