IIpuboper u memoowl usmepeHuil
2021.—T. 12, Ne 2. - C. 91-97
K.N. Gorbachenya et al.

Devices and Methods of Measurements
2021, vol. 12, no. 2, pp. 91-97
K.N. Gorbachenya et al.

High Power Diode-Pumped Erbium Laser Emitting

at Near 1.5 um

K.N. Gorbachenyal, V.E. Kisell, A.S. Yasukevich', E.V. Koporulinaz, E.A. Volkovaz,

V.V. Maltsev*,|N.I. Leonyuk’,

!Center for Optical Materials and Technologies,
Belarusian National Technical University,
Nezavisimosty Ave., 65, Minsk 220013, Belarus

’M.V. Lomonosov Moscow State University ,
Leninskie Gory, 1, Moscow 119991, Russia

Received 14.05.2021
Accepted for publication 16.06.2021

Abstract

N.V. Kuleshov'

Solid-state lasers emitting in the 1.5-1.6 um spectral range are very promising for eye-safe laser

range finding, ophthalmology, fiber-optic communication systems, and optical location. The aim of this
work is the investigation of spectrosposcopic and laser properties of gain medium based on borate crystal
for abovementioned lasers.

Spectroscopic and laser properties of Er,Yb:YAL(BO,), crystals with different concentrations of dopants
were investigated. Polarized absorption and emission cross-section spectra were determined. The ytterbium-
erbium energy transfer efficiency was estimated. The maximal energy transfer efficiency up to 97 % was
obtained for Er(4 at.%),Yb(11 at.%):YAlL,(BO;), crystal.

The laser operation of heavily doped crystals with erbium concentration up to 4 at.% (2.2:10%° cm™)
was realized. By wusing of Er(2at.%),Yb(11 at.%):YAlL;(BO;), crystal a maximal continuous-
wave (CW) output power of 1.6 W was obtained at 1522 nm with slope efficiency of 32 %. By using of
Er(4 at.%),Yb(11 at.%):YAl;(BO,), crystal a maximal peak output power up to 2.2 W with slope efficiency
of 40 % was realized in quasi-continuous-wave regime of operation. The spatial profile of the output beam

was close to TEM,,, mode with M* < 1.2 during all laser experiments.

Based on the obtained results, it can be concluded that Er,Yb:YAl;(BO,), crystals are promising active
media for lasers emitting in the spectral range of 1.5-1.6 um for the usage in laser rangefinder and laser-
induced breakdown spectroscopy systems, and LIDARs.
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JpOueBbIil Ja3ep, U3Jay4aroui B o0actu 1.5 MM,
C BBICOKOU BBIXOJHOM MOIIHOCTBIO

K.H. Fopﬁaqenﬂl, B.J. Kuceas', A.C. ﬂClOKEBI/I‘ll, E.B. Konopynnﬂaz, E.A. BOJIKOBaz,
B.B. MaﬂbueBZ,|H.I/I. Jeoniox’|, H.B. Kyiemos'

1 o

Llenmp onmuueckux mamepuanos u mexHoaoul,
Bbenopycckuil HayuonanbHbili mexnudeckuil yHusepcumen,
np-m Hezasucumocmu, 65, . Munck 220013, Berapyco

2 o o
Mocroseckuii eocyoapcmeentulil ynusepcumem umenu M.B. Jlomonocoaa,
Jlenunckue eopwi, 1, 2. Mockea 119991, Poccus

Tlocmynuna 14.05.2021
Ipunama k nevamu 16.06.2021

TBepaoTeNbHBIE JIa3ephl, U3TYYAIONINe B CIIEKTpalibHOW obmacTu 1.5—1.6 MKM, HAXOAST MIUPOKOE MPH-
MEHEHHUE B AaJIbHOMETPUH, O(TATBMOTOIOIMH, BOJOKOHHO-ONITHYECKUX CUCTEMaX U ONTHYECKON JOKALMH.
Lenpio TaHHOM pabOTHI SBISIOCH HCCIIEAOBAHUE CIIEKTPOCKOIMUYECKUX U TeHEPALMOHHBIX CBOHCTB aKTHB-
HOM cpeibl Ha OCHOBE KpUCTailia Oopara JUlsl yKa3aHHBIX JIa3epOB.

[IpoBeneHo uccienoBaHUE CHEKTPOCKONMYECKMX W TEHEPAllMOHHBIX CBOICTB  KPHUCTAaJUIOB
Er,Yb:YAIl;(BO;), ¢ pa3snuuHbIM colepKaHHEM HOHOB-aKTHBATOPOB. B pesynbraTe onpeneneHsl CIEKTPhI
MOIIEPEYHBIX CEYEHHUH MOTIOMIEHUS M CTUMYJIMPOBAHHOI'O MCITyCKaHUs B TIOJIIpHU30BaHHOM cBete. [Iposene-
Ha OIleHKa Y(P(PEKTUBHOCTH MIEPEHOCA IHEPTUN OT MOHOB UTTeOWs Ha HOHBI dpOust. MakcuMmanbHas 3ddex-
THUBHOCTb IlepeHoca dHepruu gocrurana 97 % nns kpucrtamia Er(4 at.%),Yb(11 at.%):YAL(BO,),.

PeannzoBana nasepHasi TeHepauusl Ui KPUCTAIOB C BBICOKMM COJIEpP)KaHHEM HMOHOB 3pOus
10 4 at.% (2.2:10% em ™). ITpu ucnons3oBanuu kpuctamia Er(2 at.%),Yb(11 at.%):Y Al;(BO;), nomnyyen He-
MIPEPBIBHBII PEKUM FeHEPALIMH C MAKCUMaJIbHOM BBIXOAHON MOIIHOCTHIO 10 1,6 BT Ha nyinne BosiHbl 1522 HM
npu auddepennuanbHoi s¢dextuBHocTH 32 %. B KBasnHenpepbIBHOM pEeKUME IM'eHEepaliy il KpUCTalia
Er(4 at.%),Yb(11 at.%):YAl;(BO;), MakcumanbHas IMKOBasi MOLIHOCTB AocTurana 2,2 Bt npu quddepen-
IUaabHON 3 QEKTHUBHOCTH MO MOTIOMEHHON MomHocT Hakauku 40 %. [Ipodwis pacnpeneneHus UHTEH-
CHUBHOCTH B HOIIEPEYHOM CEUEHUH Ja3epHOro My4yKa XOpOILo anrnpokcumupoBaics Gpynkauen ['aycca pac-
CUNTAHHOE 3HAUCHHE MAPAMETPa PacIPOCTPAHEHHS JTa3ePHOr0 Mydka M° He mpeBbImano 1,2, 4To COOTBET-
ctByeT IEM ), Mone pe3oHaTopa.

Ha ocHOBe nosTy4eHHBIX Pe3yIbTaTOB, MOXKHO CHENIaTh BBIBOJ, YTO AaHHBIC KPUCTAIUIBI SBIISIIOTCS HEp-
CHEKTUBHBIMU aKTUBHBIMH CpellaMH, [UISl Ja3epOB, U3IYUaloOlINX B CIIEKTPAIbHOM auanazone 1.5—1.6 Mk,
IUISl IPUMEHEHHUS B COCTaBE CUCTEM JIa3€pHON JaIbHOMETPHH, JIa3epHO-MCKPOBOI SMUCCHOHHOM CIIEKTpOMe-
TPUHU U JIUJAPOB.

Karoueble cioBa: 3pOuii, utTTepOuii, 6opaTsl, JMOAHAS HAKa4YKa, HEMPEPBhIBHAS Jla3epHasi TeHepaLusl.
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Introduction

Laser radiation at 1.5—1.6 um is located in the
eye-safe wavelength range and sensitive region of
Ge and InGaAs photodiodes. Other advantages of
this radiation are high transparency in atmosphere
and fused-silica waveguides. All this makes efficient
solid-state laser sources emitting in this spectral
range very attractive for compact laser range finding,
optical location and fiber-optic communication
systems.

The *I,3,— 1,5, transition of erbium ions is a
simple and reliable method for obtaining 1.5—1.6 um
laser operation. However, erbium ions suffer
from low pump absorption at the wavelength of
commercially available laser diodes near 980 nm.
This fact obliges to use additional co-doping with
ytterbium ions that strongly absorb pump radiation
and transfer it to the erbium ions. For efficient
operation of such Er-Yb co-doped lasers two main
spectroscopic conditions should be satisfied. The
first is short lifetime of the “I,,,, energy level that
prevents up-conversion processes and depopulation
of this level by means of energy back transfer. The
second condition is high enough *I 5, level lifetime to
keep quite low laser threshold. These conditions are
well satisfied in Er,Yb-glasses, but the glasses suffer
from poor thermo-mechanical properties (thermal
conductivity of 0.85 Wxm 'xK ") [1], which limits
the CW output power by a few hundred milliwatts.
A maximal CW output power for Er,Yb-glasses
didn’t exceed 353 mW with slope efficiency of
26 % [2].

The borate crystals co-doped with erbium and
ytterbium ions satisfy abovementioned spectroscopic
characteristics and possess high thermo-mechanical
properties (thermal conductivity of Er,Yb: Y Al;(BO;),
is 7.7Wxm 'xK™' and 6Wxm 'xK™' along
a and c axes, respectively) for efficient laser
operation [3]. Room-temperature laser operation
was demonstrated for following Er,Yb-codoped
borate crystals: GdCa,O(BO;), [4], LaSc,(BO;), [5],
YCa,0(BO;) [6], GAAL(BO;),[7, 8], LuAL(BO,),[9].
Efficient high power laser performance of diode-
pumped Er,Yb:YAL(BO,), (YAB) crystals was
demonstrated recently [10—12]. The maximal
output power up to 1 W with slope efficiency of
35% at several wavelengths between 1522 and
1602 nm was obtained using crystal with dopant
concentrations of 1.5at.% (0.8:10° cm™) for
erbium and 11 at.% (6.0-10°°cm™) for ytterbium
ions, respectively [10]. However, the optimization

of erbium concentration and determination of its
influence on the laser performance for oxoborate
crystals weren’t performed. Here we present the
investigation of the effect of erbium concentration
on the laser performance of Er,Yb:YAI;(BO,),
crystals and as a result efficient laser operation at
near 1.5 um.

Crystal growth and spectroscopic properties

Er,Yb:YAL(BO,), single crystals with different
erbium concentrations were grown by dipping seeded
high-temperature solution growth at a cooling rate
0.2 °C-0.5 °C per day in the temperature range of
1060 °C-1000 °C using K,Mo0;0,,-based flux [13].
As a result, Er,Yb:YAB crystals with high optical
quality and the size up to 20x10x10 mm have
been obtained The concentrations of the dopants
were measured by microprobe analysis to be
0.8:10° em™> (1.5 at.%),  1.1-10% ecm ™ (2.0 at.%),
1.7:10°° em > (3.0 at.%) and 2.2:10*° cm™ (4.0 at.%)
for erbium and 6.0-10°° cm™ (11 at.%) for ytter-
bium ions.

The polarized absorption  cross-section
spectra of Er,Yb:YAB crystal around 980 nm at
room-temperature are depicted in Figure 1. The
°F,,—’F, absorption band is centered at 976 nm
with a maximum absorption cross-section of about
2.75x10 % cm? and bandwidth of 17 nm (FWHM) in
6 polarization.

3.04
—— © - polarization
2.54 T - polarization
g
23 o 2.0-
5 &
] ~ =
5 S 15 AL =17 nm
g 's
a X
g < 1.0
e
<
0.5+
O T T T T T 1
900 925 950 975 1000 1025 1050
Wavelength, nm
Figure 1 — Room-temperature  polarized  absorption

spectra of Er,Yb:YAB crystal at 1 pm

The stimulated emission cross-section spectra
calculated by the reciprocity method using the Stark
energy level scheme of *I , and “I,,;, manifolds [3]
are plotted in Figure 2. A number of local maxima
are observed in both ¢ and & polarizations.

The energy transfer efficiency was measured
by the estimation of 2F5,2 level lifetime shortening
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in Er,Yb-codoped and Yb-single doped crystals
according to the formula [6]:

n=kit"' =1(1/t-1/1,),

where £ is the energy transfer rate, 1 is the ytterbium
°F,,, level lifetime in Er,Yb-codoped crystal, and
T, is the ytterbium 2F5/2 level lifetime in Yb single-
doped crystal.
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Figure 2 — Emission cross-section spectra of Er,Yb:YAB
crystal near 1.5 um

The values of energy transfer efficiencies in
Er,Yb:YAB crystals with different erbium and
constant ytterbium concentrations are shown in
Table 1. The energy transfer efficiency amplifies
with the increasing of erbium concentration up to
the value of 97 % for Er(4 at.%),Yb(11 at.%):YAB
crystal.

Table 1

The energy transfer efficiencies in Er,Yb:YAB
crystals

ErT Yb 2Fs/zs 2F5/2, us  Energy
Crystal ions, ions, ' (Yb (YbEr transfer
Y at <y’ at (y’ single-  co- efficiency,
©7 T doped)  doped) %
1.5 60 38
2.0 30 94
YAB 11.0 480
3.0 20 96
4.0 17 97

Laser experiments

The laser experiments were performed in
Z-shaped cavity. The details of active elements used
during laser experiments are plotted in Table 2.

The temperature of mounted on the
thermoelectrically cooled copper heatsink active

elements was kept at 18 °C. As a pump source a
15 W fiber-coupled (@ 105 pm, NA =0.22) laser
diode emitting near 976 nm was used. Pump beam
was collimated by a 80 mm focal length doublet and
then focused into 100 pm spot inside Er,Yb:YAB
crystal with another 80 mm length doublet. The
cavity-mode diameter at the active element was close
to the pump beam waist. The output couplers with
the transmittance of 1 %, 2 %, 5 % and 10 % were
used during laser experiments. The setup for laser
experiments is presented in Figure 3.

Table 2
The details of active elements
Crystal Er”"ions, Yb™ions, Widih, Orientation
y at. % at. % mm
1.5 c—cut
2.0 c—cut
YAB 11.0 1.5
3.0 c—cut
4.0 a—cut
Flat OC
%
Focusing system M1 M2
Laser diode
Crystal %
CF----- :

Figure 3 — Setup for laser experiments

The laser experiments were started with
Er(1.5 at.%),Yb(11 at.%):YAB crystal, which was
studied in our previous investigations [10, 14].
The best laser performance was demonstrated with
5% output coupler transmittance. Input-output
characteristics of continuous-wave laser are plotted
in Figure 4. The laser threshold was measured to be
about 1.5 W of absorbed pump power. The maximum
CW output power of 1.2 W with slope efficiency
near 26 % was obtained at 1522 nm at about 6.2 W
of absorbed pump power. After further increasing of
pump power, the rising of output laser power wasn’t
observed. It provides evidence for the influence of
thermal load in the crystal on laser performance.
To reduce the thermal load, laser experiments with
quasi-CW (QCW) pumping were performed. By
using a chopper with a duty cycle of 1:5 in the
pumping channel, the maximal output peak power up
to 2 W with slope efficiency of 35 % was obtained
atthe absorbed peak pump power of 7.3 W (Figure 4).
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2.57
Ppeak =2 W
n=35%

2.0 A =1522 nm
% 4
5 1.54 .
S ® QCW
2 P=12W
2 1.0 n=26%
= A =1522 nm
o

0.5+

Er(1.5 at.%),Yb(11 at.%):YAB
O T - T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10
Absorbed pump power (W)

Figure 4 — Input-output characteristics of CW and QCW
Er(1.5 at.%),Yb(11 at.%):YAB diode-pumped laser

For Er(2 at.%),Yb(11 at.%):YAB the CW laser
emission with a slope efficiency of near 27 % was
observed at 1543 nm and 1.7 W laser threshold of
absorbed pump power; however at an absorbed pump
power of more than 4 W the emission wavelength
switched to 1522 nm and the slope efficiency was
increased to 32 %. The maximal output power of
1.6 W was obtained in that case. The similar situation
with switching of emission wavelength was observed
for QCW regime of operation at an absorbed pump
peak power of more than 5.5 W. The maximal
output peak power of 2.7 W with slope efficiency
up to 41 % was obtained at an absorbed pump peak
power of more than 9 W (Figure 5). The wavelength
switching can be explained by the laser wavelength
dependence on the inversion density (or intracavity
losses). The intracavity losses depend on the output
coupler transmittance and thermal effects inside the
pumped volume of the crystal. Changes in the losses
during laser operation may lead to changing of the
wavelengths [7, 15].

3.0 -
Ppeak =2.7 W
n=41%
25 A =1522 nm
g 20 = W
E e QCW
2. 1.5
2
5 1.04
3 n=32%
0.5 A =1543 nm Ex(2 at.%),Yb(11 at.%):YAB
n=27%
0 A =1543 nm
0 1 2 3 4 5 6 7 8 9 10
Absorbed pump power (W)

Figure 5 — Input-output characteristics of CW and QCW  Figure 7 — Input-output

Er(2 at.%),Yb(11 at.%):YAB diode-pumped laser

Figure 6 shows input-output diagrams of CW
and QCW Er(3 at.%),Yb(11 at.%):YAB diode-
pumped laser. For CW operation the slope efficiency
was reduced to 23 %. The maximal output power of
0.5 W in this case was limited by the damage of active
element. To our mind, this damage can be caused by
the residual internal stress for highly erbium doped
crystals. To prevent destruction of the crystal further
experiments were carried out with quasi-CW pumping.
The maximal output peak power of 2.5 W with slope
efficiency of 35 % was obtained at 1522 nm.

3.07
Ppeak =2.5 W
| n=35%
2.5 A =1522 nm
2 20- " Cw
5 e QCW
:
a 1.57
=
a
5 1.0
o
0.5 1 A =1522 nm
Er(3 at.%),Yb(11 at.%):YAB
or—T—V T T T T T T T
0 1 2 3 4 5 6 7 8 9 10
Absorbed pump power (W)

Figure 6 — Input-output characteristics of CW and QCW
Er(3 at.%),Yb(11 at.%):YAB diode-pumped laser

Laser experiments in QCW regime of
operation were held with available a-cut
Er(4 at.%),Yb(11 at.%):YAB  crystal. In case

of wusage c-cut and a-cut crystals the lasers
demonstrate close slope efficiencies at the slightly
different wavelengths (1522 and 1531 nm), respec-
tively [10, 14]. The laser threshold was measured to
be about 2.6 W of absorbed peak pump power. The
maximum QCW output peak power of 2.2 W with
slope efficiency near 40 % was obtained at 1531 nm at
about 9 W of absorbed peak pump power (Figure 7).

3.0 1
Ppeak =2.2 W
2.5 N =40%
; e QCW A =1531nm
5 201
z
2
5 1.5 7
&
3 1.0
0.5 1
Er(4 at.%),Yb(11 at.%):-YAB
0 T T T T '.l T T v T v T T T T T v T T 1
0 1 2 3 4 5 6 7 8 9 10
Absorbed pump power (W)
characteristics of QCW

Er(4 at.%),Yb(11 at.%):YAB diode-pumped laser
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Laser characteristics of Er,Yb:YAl;(BO,),
crystals with different erbium concentrations are
plotted in Table 3. The highest slope efficiency was
demonstarated with the outputcoupler transmittance of
5 % for crystals with different erbium concentrations.
The increasing of the laser threshold values up to

2.6 W for crystal with the erbium concentration of
4 at.% was observed. This fact is explained by the
increasing of reabsorption losses because of quasi-
three level scheme of laser operation. The spatial
profile of the output beam was close to TEM,,, mode
with M? < 1.2 during all laser experiments.

Table 3
Laser performance of Er,Yb:YAB crystal with different erbium concentrations
3+
Er*" ions, Yb cwW QCW
Crystal at. % ions,
e at. % Pabs= W n, % Prax W Popss W n, % Prae W
1.5 1.4 26 1.2 1.4 35 2
2.0 1.7 32 1.6 1.7 41 2.7
YAB 11.0
3.0 22 23 0.6 22 35 2.5
4.0 - - - 2.6 40 2.2
Conclusion Conference on Lasers and Electro-Optics, D. Scifres and

In conclusion, the effect of high erbium
concentration on the laser performance of Er,Yb: YAB
crystals was investigated. The results demonstrate that
there is no degradation of QCW laser performance for
erbium concentration up to 2.2:10%°° cm™ (4.0 at.%).
Itis rather different in comparison with Er,Yb-glasses
where decreasing of laser slope efficiency begins
from the erbium concentration of 1.0-10% cm™ [4].
Maximal CW output power of 1.6 W with slope
efficiency of 32 % and QCW peak output power of
2.7 W with slope efficiency of 41 % was obtained for
Er(2 at.%),Yb(11 at.%):Y AB crystals. The obtrained
result shows the prosperity of Er,Yb:YAB crystal
usage as an active medium of eye-safe 1.5-1.6 um
lasers for rangefinding applications.
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