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O-switched lasing in ZrO,-Y,05;—Ho,0; crystals
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Abstract. The energy and time characteristics of Q-switched
two-micron lasing at the 3I; - SIg transition of Ho>" ions in
Zr0,-Y,035-Ho,0; crystals are studied under resonance pump-
ing to the 3I; level by a cw Tm:LiYF, laser. The mechanisms of
appearance of burns on the faces of the ZrO,-Y,0;—Ho,0; active
elements at high laser energy densities are proposed.
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1. Introduction

At present, there exit two-micron solid-state lasers based on
active crystals, glasses, and ceramics doped with Tm?* or
Ho?" ions. Nevertheless, search for new active media for this
spectral region still continues. This is explained, first of all, by
practical application of two-micron lasers in medicine, for
monitoring of various gases, in lidar systems, and for pump-
ing of lasers emitting in the spectral range of 4—5 um. The
results of investigations aimed at the development of two-
micron lasers based on various crystals and ceramics doped
with Tm3** or Ho** are published in [1-21].

Previously, we reported about obtaining two-micron lasing
at the °I; - °I transition of Ho*" ions in ZrO,-Y,0;—Ho0,04
crystals under resonance pumping of these ions into the °I,
level by cw solid-state Tm:LiYF, [17, 19] and thulium fibre
[20] lasers, as well as by a pulsed Tm: LiYF* laser [21].

A specific feature of ZrO,—Y,0; crystals doped with rare-
earth (RE) ions is that the crystal field splitting of multiplets
of RE ions in these crystals [like in sesquioxide crystals and
ceramics (Y,03, Lu,O3, Sc,03) doped with RE ions] is stron-
ger than in other oxide materials (for example, in Y3A501,)
[18]. In particular, the luminescence spectrum of the 31, - Jlg
transition of Ho*" ions in ZrO,—Y,05;—Ho,05 crystals lies in
the range of 1800-2300 nm. This made it possible to obtain
lasing in these crystals at the longest wavelengths compared
to the other Ho**-doped crystals and achieve wavelength tun-
ing in the range of 2056-2168 nm [19].
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In [20], we obtained two-micron lasing at the ’I; - I
transition of Ho** ions in ZrO,-Y,0;—-Ho0,0; crystals in
the Q-switched regime under pumping by a cw thulium fibre
laser into the 31, level of Ho**. The laser pulse duration was
140 and 310 ns at pulse repetition rates of 1 and 10 kHz,
respectively. However, detailed studies of the energy and
time characteristics of Q-switched lasing in ZrO,-Y,03—
Ho,035 crystals were not performed in [20] due the appear-
ance of characteristic burns on the faces of the active ele-
ments (AEs).

The present work continues the series of investigations of
the laser characteristics of ZrO,—Y,03;—Ho,0j5 crystals. The
aim of this work is to study in detail the time and energy char-
acteristics of Q-switched lasing upon pumping by a cw
Tm:LiYF, laser and to reveal the reasons for the appearance
of burns on the AE faces with decreasing the laser pulse dura-
tion.

2. Experimental

We studied ZrO,-Y,0;(13.4mol%)—Ho0,053(0.6 mol %) crys-
tals grown by direct high-frequency heating in a cold con-
tainer 130 mm in diameter in a Kristall-407 crystal-growth
furnace at a crucible lowering rate of 10 mm h™!. A decrease
in the growth rate of zirconia-based crystals led to a decrease
in the number of optical defects called growth bands [22],
which cause losses in AEs [23]. For laser experiments, we cut
from these crystals AEs in the form of rectangular parallelepi-
peds 3 X 3 X 20 mm in size.

To clarify the reasons for the appearance of burns on the
AE faces with increasing laser power density [20], we used dif-
ferent treatment methods, including chemical-mechanical
polishing (CMP). To exclude the influence of antireflection
coatings on the appearance of burn, the laser experiments on
Zr0,—-Y,03;—Ho0,0; crystals in this work (in contrast to [20])
were performed using elements without antireflection coat-
ings on faces.

We performed two series of experiments with AEs made
of ZrO,—Y,05(13.4mol%)—Ho0,05(0.6mol%) crystals; the
growth rates and the methods of treatment of faces are pre-
sented in Table 1.

Figure 1 shows the spectral dependences of absorption
(I > °I) and stimulated emission (°I,; = 3Ig) cross sections of
Ho*" ions in ZrO,— Y,03;—Ho,0j5 crystals, which were previ-
ously obtained in our works [18-21] from experimentally
recorded absorption and luminescence spectra of Ho*' ions
(I = 31 and °I; - I transitions, respectively). The absorp-
tion cross section spectrum indicates that the wavelength
1910 nm is optimal for pumping into the °I; level to obtain
lasing at the °I; - °Ig transition of Ho** ions.
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Table 1. Parameters of active elements cut from ZrO,—Y,04(13.4mol %)—Ho,05(0.6 mol %) crystals.
i Crystal th rat
Series AE number rysta %row rate Treatment before CMP Annealing conditions* CMP time/min
number V/mm h!
1 1 4 AM™ Exposure at 2100°C 10
2 4 AM in vacuum/102- 10 mm Hg 10
3 4 AM for 1-2 h and cooling 10
5 4 4 AM with a rate of 80°C h™! 10
5 10 AM 20
6 10 AM - annealing -~ AM 30

“Annealing time depended on the crystal size and decreased to 1 h for small crystals;

" AM means mechanical treatment with diamond abrasive with a grain size of 1 um.

n - = Absorption

1 —  Emission

A
1800

2200 2300
Wavelength/nm

1900 2000 2100

Figure 1. Spectral dependences of the I - 31, absorption and I, > °Ig
stimulated emission cross sections of Ho3" ions for ZrO,—Y,03;—Ho0,0;
crystals at 7= 300 K [18-21].

Optical scheme 1 of a two-micron ZrO,-Y,03;-Ho0,0;
laser Q-switched by an acousto-optic Q-switch, which was
used in the first series of laser experiments, is shown in Fig. 2.
Ho*" ions in ZrO,-Y,0;—Ho,0; crystals were pumped into
the °I; level by a cw Tm:LiYF, laser with a wavelength of
1910 nm and a maximum output power of 7.5 W. The pump
radiation was focused into active element 1 using a two-lens
objective; the beam waist diameter was 320 um.

2130 nm YSZ:Ho

AOM

Figure 2. Optical scheme 1 of a Q-switched two-micron laser based on
the 31, > °I transition of Ho* ions in ZrO,-Y,03;—Ho,0; (YSZ:Ho)
crystals: (LD) laser diode; (L1 and L2) lenses; (AOM) acousto-optic
modulator.

The laser cavity 80 mm long was formed by a plane input
mirror with transmission coefficients 7~ = 93% at the pump
wavelength (1910 nm) and 7~ = 0.1% at the lasing wave-
length (2130 nm) and by a spherical output mirror with a
radius of curvature of 150 mm and transmission coefficient
7 = 6% at the lasing wavelength. For Q-switching, an
acousto-optic modulator made of a quartz crystal was placed
in front of the spherical output mirror.

To perform laser experiments, the studied active ele-
ments were wrapped in indium foil and mounted in a copper
holder.

The laser signal was recorded by a PDA10D2 (Thorlabs )
photodetector. The laser pulse duration and repetition rate
were measured with a Tektronix TDS 2022C digital oscillo-
scope. The output laser power was measured using a Thorlabs
S405C power meter. The laser spectra were recorded on a
AQ6375B (Yokogawa) optical spectrum analyser.

The upconversion luminescence spectrum of ZrO,—
Y,03-Ho0,0; crystals excited by a thulium fibre laser with a
wavelength of 1940 nm was recorded using a spectrometer
based on an FHR 1000 (Horiba ) monochromator. The lumi-
nescence was recorded by an R928 PMT (Hamamatsu).

The excitation spectrum of ZrO,—Y,0;—Ho,05 crystals
in the range of 220-540 nm was recorded by an RF-5301 PC
(Shimadzu) spectrofluorimeter with a xenon lamp as an exci-
tation source.

3. Experimental results and discussion

Pumping of AE 1 by radiation with a power of 3 W led to las-
ing of Ho** ions at the °I; > °I transition in the Q-switched
regime with a pulse duration of 300 ns and a pulse repetition
rate of 1 kHz. The laser spectrum in the Q-switched regime
for this AE is shown in Fig. 3a, and Fig. 3b presents the laser
spectrum in the cw regime for comparison. One can see that
the spectrum of the pulsed radiation is shifted to shorter
wavelengths with respect of the spectrum in the cw regime,
which is caused by an enhanced population inversion in the
case of the Q-switched regime and correlates with the spectral
dependence of the gain cross section for ZrO,— Y,03;—-Ho0,03
crystals given in [17, 20].

Figure 4 presents the dependences of the cw output laser
power on the incident pump power for AEs 1—3. One can see
that the slope laser efficiencies # for these AEs differ only
slightly and lie within the range 28 %—33 %.

For AEs 1-3, Figs 5a and 5b show the dependences of the
average and peak output laser power on the pump power at a
pulse repetition rate of 1 kHz, while the dependence of the
laser pulse duration on the pump power is shown in Fig. 5c.
These figures reveal that the laser parameters (pulse duration



588 S.A. Artemov, E.A. Artemov, E.E. Lomonova, P.A. Ryabochkina, A.N. Chabushkin
=55 0.7
g a a
= Z mAE17=12%
= z 06F | eAE2y=11%
% -60 ) AAE3n=12%
k= 0.5}
—65 0.4
03 F
=70
0.2
-75 \‘ ‘
01 1 1 1 1 1
2105 2110 2115 2120 2125 2130 2135 3 i B 6 7
Wavelength/nm Pump power/ W
_40 - 6000F [ wAETL | b
E ® AE2 u
2 5000 AAE3 .
= s - ¢
s u A
= -50 |- .
= 4000 n .
\>‘ [
g 3000 .
E -60| N
’ 2000
1000 u
=70 |- ¢
| IH :
jl H ‘ UIANT l 0 I I 1 1 |
2120 2125 2130 2135 2140 2145 2150 3 4 > 6 7
Pump power/ W
Wavelength/nm
350
Figure 3. Laser spectra for the ’I; > °Ig transition of Ho?* ions in AE 1 £ mAE1 ¢
in (a) Q-switched and (b) cw regimes. g ° AE2
'S 3001 AAE3
5
S
Pout/W ';‘g -
" AE 15 = 33% z 20
" AE27=28%
20F mAE379n=29%
7 200
1.5F
150
Lor 100 1 1 1 1 1
3 4 5 6 7
Pump power/ W
0.5F
Figure 5. (Colour online) Dependences of the (a) average and (b) peak
0 . . . . ) ) ) pulsed output power of lasing at the °I; > 3l transition of Ho** ions in

1 2 3 4 5 6 7 8
Pump power/W

Figure 4. (Colour online) Dependences of the output laser power at the I,
- 3], transition of Ho>" ions on the incident pump power for AEs 1-3.

and output power) in the Q-switched regime (like in the case
of cw lasing) for AEs 1-3 differ insignificantly.

The oscillogram of a shortest pulse and a typical train of
pulses at a pulse repetition rate of 1 kHz obtained in the
experiment with AE 1 are shown in Fig. 6. The amplitudes of
pulses in the train somewhat differ from each other. We

the Q-switched regime on the incident pump power for AEs 1 -3, as well
as (c) dependences of the laser pulse duration on the pump power. Pulse

repetition rate 1 kHz.

believe that this can be related to the multimode lasing regime
under the condition that the pump spot size is larger than the
size of the cavity mode inside the active element. Since the
transverse intensity distributions of laser modes are different,
the contributions of different modes to the generated power
in the case of Q-switching will be different due to, in particu-
lar, a change in the population inversions of modes from
pulse to pulse.
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Figure 6. Oscillogram of a pulse with the shortest duration and typical
train of pulses at a repetition rate of 1 kHz for AE 1.

Focusing of pump radiation on different regions of the
faces of AEs in the first series of laser experiments revealed
regions in which the laser operation at a pulse repetition rate
of 1 kHz was stable up to the maximum pump powers. At the
same time, the AE faces had regions with burns formed with
increasing the pump power and, hence, the lasing power den-
sity. Figure 7 shows the images of typical burns obtained
using an Axio Imager Z2 Vario (Carl Zeiss) high-resolution

optical microscope. It should be noted that these burns
appeared only on the surfaces of the AEs, while volume
breakdowns were not observed.

To determine the influence of the crystal growth condi-
tions and the AE surface treatment quality on the appearance
of burns, we performed the second series of experiments with
AEs 4, 5, and 6 (Table 1). AE 4 was cut from a crystal that
was grown with a rate of 4 mm h™! and then annealed in vac-
uum for 1 h at 7" = 1400°C before CMP. Active elements 5
and 6 were cut from a crystal grown with a rate of 10 mm h!;
the crystal for AE 5 was also annealed in vacuum for l hat T
= 1400°C, while the crystal for AE 6 after annealing in vac-
uum was mechanically polished, annealed again, and once
more mechanically polished before CMP. The CMP duration
for AEs 4, 5, and 6 was 10, 20, and 30 min, respectively.

Experiments with AEs 4—6 were performed using optical
scheme 1 (see Fig. 2). The cavity parameters and the pump
beam waist diameter were similar to those used in the first
series of laser experiments. The maximum pump power was
5.1 W.

The dependences of the average and peak output powers
of pulsed laser radiation on the pump power for AEs 4—6, as
well as the dependences of the laser pulse duration on the
pump power at a pulse repetition rate of 1 kHz are presented
in Fig. 8.

One can see from Fig. 8 that the best energy character-
istics and the shortest pulse duration are demonstrated by
AE 4, which was cut from the ZrO,-Y,0;(13.4mol%)—
Ho,05(0.6mol %) crystal grown with a rate of 4 mm h~! and
whose faces were chemically and mechanically polished for
10 min. The oscillogram of the shortest pulse and a typical
train of pulses with a repetition rate of 1 kHz for AE 4 are
given in Fig. 9.

3.16 um

54.18 um

45.6 um

Figure 7. (Colour online) Images of burns on the face of an active element after the laser experiment obtained using an Axio Imager Z2 Vario microscope.
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Figure 8. (Colour online) Dependences of the (a) average and (b) peak
pulsed output power of lasing at the °I, - °Ig transition of Ho*" ions; as
well as (c) dependences of laser pulse duration on the incident pump
power for AEs 4-6. The pulse repetition rate is 1 kHz.

Note that, similar to the first series of experiments with
AEs 1-3, an increase in the pump power and in the laser
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Figure 9. Oscillogram of a pulse with the shortest duration and typical
train of pulses at a pulse repetition rate of 1 kHz for AE 4.

power density caused the appearance of burns in some regions
of faces of AEs 4-6.

An additional experiment, whose optical scheme is pre-
sented in Fig. 10, was performed with AE 4, which is charac-
terised by the best energy characteristics and the shortest
pulse duration. Scheme 2 contained an additional plane
dichroic mirror inclined at an angle of 45° to the cavity axis,
which had a transmission coefficient of 98% at the pump
wavelength and a reflection coefficient of 100% at the lasing
wavelength and was installed to minimize the pump radiation

AOM

2130 nm

Figure 10. Optical scheme 2 of a two-micron laser based on ZrO,—
Y,03-Ho0,0;5 crystals: (DM) dichroic mirror (the other designations
are the same as in Fig. 2).
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incident on the rear face of the AE. The cavity length in this
case was 92 mm.

The use of optical scheme 2 did not allow us to avoid
the appearance of burns and led only to an increase in the
pulse duration to 85 ns at a pulse repetition rate of 1 kHz
and a pump power of 4.5 W (versus 46 ns obtained in
scheme 1).

Thus, both series of experiments on Q-switched lasing in
AEs made of ZrO,-Y,03—Ho0,0; crystals showed that an
increase in the lasing power density and a decrease in the laser
pulse duration cause the appearance of characteristic burns
on the faces of active elements.

One of the reasons for the appearance of burns can be
related to the structure of these crystals, which is character-
ised by the existence of oxygen vacancies formed due the
necessity of charge compensation in the case of heterovalent
substitution of Zr** cations by Yb’* and RE ions. Anion
vacancies with captured electrons can have energy levels near
the conduction band bottom [24—26]. The concentration of
structural defects may be higher at the AE faces [27]. The
interaction of structural defects with Ho3* ions excited to
high energy levels (as a result of upconversion processes tak-
ing place at high pump power densities) may lead to the
appearance of electrons at the energy levels of defects and
their subsequent thermally induced transition to the conduc-
tion band.

The existence of defects in ZrO,—Y,0;(13.4mol%)—
Ho,0;(0.6 mol%) crystals is indicated by the band observed
in the region of 254 nm in the luminescence excitation spec-
trum recorded at a Ho’* luminescence wavelength of 541 nm
(Fig. 11).

The interaction of Ho** ions in ZrO,-Y,05(13.4mol %)
—Ho0,05(0.6 mol %) crystals under laser excitation at a wave-
length 1940 nm to the 31, level is testified by the spectra of
upconversion luminescence corresponding to the °Ig > 3lg
transition of Ho** ions (Fig. 12).

The second reason for burns can be self-focusing of radi-
ation due to a high third-order nonlinearity typical for
Zr0,-Y,0; crystals, which was experimentally and theoreti-
cally studied in [28].
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Figure 11. Luminescence excitation spectrum of ZrO,-Y,05(13.4mol
%)—Ho0,05(0.6mol %) crystals; 4., = 541 nm; T = 300 K.
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Figure 12. Luminescence spectrum of the I, - I transition of Ho**
ions in the ZrO,—Y,0; (13.4mol %)—Ho,05(0.6 mol%) crystal in the
case of excitation to the °I; level; 7= 300 K.

4. Conclusions

In this work, we have studied the parameters of Q-switched
lasing in active elements that were made of ZrO,-
Y,0;(13.4mol%)—Ho,03(0.6 mol %) crystals grown with
rates of 4 or 10 mm/h and whose faces were chemically and
mechanically polished.

The experiments showed that the faces of all active ele-
ments have burns appearing with increasing laser power
densities and decreasing laser pulse durations. This can be
caused by both structural defects and self-focusing due to
high third-order nonlinear optical susceptibilities of these
crystals.
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