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Abstract:

Sapphire, garnet, vanadate and tantalate crystal are the most prominent optical materials and play ex-
tremely important roles in optics, especially in lasers. Nb element belongs to the same sub-group with V
and Ta elements and niobates (LnNbO,, Ln=Y, Gd and La) with monoclinic structure have been proved as
outstanding self-activated phosphor as early as 1960s. Due to their excellent luminescent properties, their
investigations have never been interrupted. In the recent years, we focused on the single crystal growth
technology of rare-earth doped niobates and a series of rare-earth doped niobate single crystals have been
grown successfully using Czochralski method. Meanwhile, their structure, mechanical, luminescent
properties and so on have been characterized. Continuous-wave lasers of 0.9 pm, 1.03 pum and 1.06 pm,
and passively Q-switched lasers using Cr**:YAG as saturable absorber have been generated successfully in
Nd- and Yb-doped niobate crystals for the first time, to the best of our knowledge. In this paper, the
preparation, characterization and laser performance of niobate crystals at the lasing wavelength of 1 pum,
including YNbO,4, GdANbO,4, Gd;Y«NbO4 and Gd, «LaxNbO,single crystals doped with Nd** and Yb** are
systematically reviewed by highlighting the most recent research progress.
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1. Introduction an Nd:YAG crystal[2], and after that CW
laser technology and laser gain materials has
attracted tremendous attentions, which af-
fects the application and development of

Since the first stimulated optical radiation in
ruby crystal laser was devised by Maiman in

1960[1], lasers have undergone a rapid de- lasers. In addition to CW lasers, Q-switching
velopment for over half a century. In 1964, and mode-locking regimes are also devel-
especially, continuous wave (CW) laser oped rapidly for the generation of short
oscillation was successfully generated using pulse and ultrashort pulse lasers[3-6]. Nd®*
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as we all know, has a typical four energy
level structure and Nd-doped laser materials
usually with high laser efficiency[7, 8].
Nowadays, diode-pumped solid state lasers
(DPSSLs) based on Nd-doped materials
have been widely applied in many fields,
such as environmental detection[9], indus-
trial processing[10], optical communica-
tion[11], medical treatment[12], and even
have potential application in future nucle-
ar-fusion[13, 14], and so on, due to their
high stability, high efficiency and low
maintenance[15, 16]. Among all of the tra-
ditional Nd-doped laser crystals, Nd-doped
vanadate crystals and Nd:YAG are exten-
sively investigated and widely used[17-21].
However, for vanadate crystals, it is hard to
grow large-size and high-quality single
crystals due to the component volatility
during their Cz growth process[22]. In par-
ticular, the relatively poor mechanical and
thermal properties of vanadate crystals con-
strain their applications in high-power laser
systems[23]. For Nd:YAG crystal, it is very
sensitive to the pumping wavelength due to
the narrow absorption bandwidth at around
808 nm[24]. For these reasons, much effort
has been paid to explore new laser crystals
with good overall performance[25-28].

In recent years, much affection have been
focused on the low symmetric laser crystals
due to their many advantageous, such as
supplying a relatively strong crystal field for
active ions, improving the photolumines-
cence efficiency, and realizing polarized
laser output[29, 30], et al. RENbO, (RE=Y,
Gd, La and Lu) has been reported as a kind
of low symmetric and high efficient prom-
ising luminescence material for several
decades[31], which has been proved with
multifunctional applications in several fields,
such as phosphors[32], laser matrix[33],
sensors[34], and ionic-electronic conducting
materials[35], et al. In rare earth ions doped
RENDQ,, there exist some extent of cou-
pling between activators and NbO,> groups,
which can efficiently improve the absorption
and luminescence properties and thus at-
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tracted more and more groups focus on
them[36]. Generally, RENbO, are crystal-
lized with two types of phase[37]: high
temperature tetragonal phase (T-type,
scheelite structure with space group of 14/a)
and low temperature monoclinic phase
(M-type, fergusonite structure with space
group of 12/a). 1t should be pointed out that
there can undergo a reversible phase transi-
tion between monoclinic and tetragonal
phase by changing the temperature[38].

Nowadays, after huge amount of tries, bulk
Nd-doped and Yb-doped YNbO, (YNO) and
GdNbO,4 (GNO) single crystals were grown
successfully  using the  well-known
Czochralski (Cz) method[7, 33, 39]. Besides,
their structure and spectral properties were
systemically investigated[40, 41]. Im-
portantly, 1.06 um CW lasers have been
achieved using Nd-doped YNO and GNO
single crystals and 1.03 um CW laser has
been achieved in Yb-doped GNO crystal.
Using a Nd:GNO crystal, 926 nm CW laser
operation based on the “Fs;,—"lg, transition
of Nd ions was also generated successful-
ly[42]. In order to broad the spectral width
and improve the laser efficiency, Nd-doped
Gdi.xLaxNbO,; (GLNO) and Gdix YxNbO4
(GYNO) mixed niobate laser crystals were
designed and investigated with the same
methods[43-45]. Furthermore, 1.06 um
passively Q-switched laser performances
were generated successfully with Nd-doped
GNO, GYNO and GLNO crystals. In this
paper, we reviewed the growths, structures,
mechanics, optical and laser properties of
these novel niobate laser materials. Moreo-
ver, the electronic and optical properties of
RENDO, obtained with the well-known
density functional theory (DFT) calculation
were also presented.

2. Crystal growth and characterizations
2.1. Single crystal growths and structures

In this work, all the niobate laser crystals
were grown by Cz method using an
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up-weighting JGD-60 furnace equipped
with an automatic diameter controlled sys-
tem. Ultra-high purity (> 4N) raw materials
were pre-dried, weighted stoichiometrically
and followed with thoroughly mixing. Then,
the mixtures were pressed into disks and put
into an iridium crucible. To prevent the
iridium from oxidation, all the crystals were
grown in a nitrogen atmosphere. The rota-
tion speed and pulling rate were 3-8 rpm and
0.3-1 mm/h, respectively, for all the growth
processes. The as-grown Nd-doped YNO,
GNO, GYNO and GLNO are shown in Fig.1
(a). The X-ray diffraction (XRD) patterns of

~ Nd:GdLaNbO,

L.,
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the as-grown niobate crystals are shown in
Fig.1 (b). As can be seen, all the diffraction
peaks for them in the measured range can be
well indexed with those of pure YNO
(ICSD#20335) and GNO (ICSD#20408)
from database, indicating that all the
as-grown crystals belong to M-type structure
with space group of 12/a. In M-type structure
(as-shown in Fig.1 (c)), each Nb atom co-
ordinates with four oxygen atoms forming a
tetrahedron, while each rare-earth atom
combines with eight oxygen atoms forming
a dodecahedron.
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Il | PO Y
@ i AA..Nd:GdNbOJ
l ICSD#20408
"y Al ||
T NdYNbO,
ICSD#20335
TP PPN

T X |‘ S SR T T
10 20 30 40 50 60 70 80 90
2Theta (Degree)

@ Y.GdorLa

¢ M
@ o

Figure 1. (a) Photographs of the as-grown niobate crystals; (b) X-ray diffraction peaks for
Nd-doped niobate crystals and standard ICSD data from database. (c) Crystal structure and atoms
coordination of M-type niobates.
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2.2. Mechanical characterizations

It is well known that the mechanical prop-
erties for the laser crystals play a quite im-
portant role in their fabrications, coatings as
well as applications[46]. Fig.2 shows the
Vickers microhardness of the niobate crys-
tals, which were obtained using a HV-1000A
(HUAYIN Co., Ltd.) microhardness tester
equipped with a diamond square indenter
and each measurement was repeat for five
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times and an average was taken. It is obvi-
ously that the Vickers hardness values for
niobate crystals are all located at 800 to 1000
kg/mm? and the values are all increased with
the increasing of the applied load. It is
worthy to mention that Nd:GNO crystal
exhibits higher hardness value than that of
Nd:GLNO and Nd:GYNO, which could be
attributed to the large lattice distortion in the
mixed crystals.
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Figure 2. The Vickers hardness Hv versus the indentation load P for Nd-doped niobate crystals.

2.3. Spectral characterization

In this part, we will briefly describe the
spectral properties for Nd-doped and
Yb-doped niobate crystals including ab-
sorption spectra, emission spectra and fluo-
rescence decay times.

2.3.1. Absorption spectra for Nd-doped
crystals

Considering the as-grown niobate crystals
all belongs to the monoclinic system, their
absorption properties show anisotropic.
Here, we just present the absorption spectra
for all of them with b-orientation cut sam-
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ples as shown in Fig.3, which were recorded
using a  PerkinElmer  Lambda-950
UV/VIS/NIR spectrophotometer with a
spectral interval of 0.2 nm. The eight ab-
sorption bands appeared in the spectra can
be assigned to the transitions of Nd** from
the ground state (*lo) to excited states
£4D1/2'Z4D3/2';4D5/2+2‘|1-15/2, \ \ jpllz,
Gr2+ Gopt Kuzp, “Gsz, "For, “Sat Frr,
*Fan+?Hep and “Fap, respectively) as de-
noted in the picture. It should be noted that
all of these crystals are exhibits very strong
absorption at around 808 nm and the full
width at half maximum (FWHM) for them
are all much larger than that of Nd:YAG
crystal (about 2 nm)[24]. Furthermore,
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Nd:GYNO and Nd:GLNO possess a slightly
larger FWHM than that of Nd:YNO and
Nd:GNO, which could be attribute to the
inhomogeneous broadening in the mixed
crystal[47, 48]. Considering the diode laser
bandwidth (about 3 nm), Nd-doped niobate
laser crystals can be better matched with the
diode laser than Nd:YAG, which decreases
the temperature dependence on the diode
laser temperature control and is advanta-
geous for improving laser efficiency. The
absorption cross section o, can be calcu-
lated using the formula ca=a(A)/N, where
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a(A) denotes the absorption coefficient and
N denotes the Nd** ions concentration in the
crystals, which have been determined by the
X-ray fluorescence spectrometer (XRF)
analysis. The calculated cq, for these crys-
tals is shown in the ordinate of Fig.3. The o4
values are 5.7, 9.3, 11.6 and 10.5x10% cm?
for Nd-doped YNO, GNO, GYNO and
GLNO at 808 nm, respectively. The largest
absorption cross section for Nd:GYNO
among these crystals indicating the best
absorption for the pumping energy.
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Figure 3. Absorption cross sections for b-cut Nd-doped niobate crystals.

2.3.2. Fluorescence spectra and decay
times for Nd-doped crystals

The fluorescence spectra and fluorescence
decay times were measured using an Edin-
burgh FLSP 920 spectrometer. Fig.4 (a)
shows the room temperature photolumines-
cence spectra of Nd-doped niobate crystals
in the wavelength range of 850 to 1450 nm,
which was recorded at the same condition.
The strongest emission peaks for them are
all located at around 1066 nm, which cor-
responds to the *Fs; to Iy, transition of
Nd** ions. The other two emission bands
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with central wavelength of 890 and 1330 nm
are corresponding to the *Fs; to *lg, and
*I135 transitions of Nd* ions, respectively.
The fluorescence decay curves of
*F3—"111, transition are presented in Fig.4
(b). With single exponential decay, the flu-
orescence lifetime of *Fs;—*l11), transition
for Nd-doped YNO, GNO, GYNO and
GLNO are fitted to be 152, 162, 158 and 176
us, respectively. The stimulated emission
cross section (oem) can be calculated from
the fluorescence spectrum using the
Fuchtbauer-Ladenburg (F-L) formula[49]:
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25 1(D)
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Where I(A) is the fluorescence intensity at
wavelength A, C is the speed of light, t is the
radiative lifetime and n is the refractive
index. Herein, the calculated stimulated
emission cross sections for Nd-doped nio-
bate crystals at 1.06 um are listed in the
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Table 1. More importantly, the ocen for
Nd-doped mixed crystals GYNO and GLNO
Is smaller than that of Nd-doped YNO,
which shall be caused by the disorder
structure in the mixed crystals. The small
oem and long fluorescence lifetime for mixed
niobtate crystals will result in a high energy
storage capacity, which is beneficial for their
applications in Q-switched laser[50].
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—=— Nd:GYNO
Nd:GLNO

—— Fitted curves

=
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o
|

600 800 1000 1200 1400 1600 1800 2000
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Figure 4. (a) emission spectra for Nd-doped niobate crystals excited at 808 nm; (b) Fluorescence
decay curves for *Fs,—*111, transition of Nd** in niobate crystals.

Table 1. The optical properties for Nd-doped niobtate and tantalate crystals.

Crystals oa (107 cm” at 808 NnM)  6em (107° cm” at 1066 nm) T (us)
Nd:YNO 5.7 22 152
Nd:GNO 9.3 24 162
Nd:GYNO 11.7 20.5 158
Nd:GLNO 10.5 18 176
Nd:GdTaO4
(NG-GTO) 5.1 39 178
Nd:GdYTaO4
(NG-GYTO) 6.9 22 182

2.3.3. Absorption and fluorescence spec-
tra for Yb-doped crystals

Yb ion has only two multiplets, ground state
?F;, and excited state Fsp. This simple
energy structure make many deleterious
effects free from Yb*" lasers, such as
up-conversion, excited state absorption and
cross-relaxation[51]. Moreover, owing to
the maturing of high performance InGaAs
diode lasers as pumping source in 900 to

Copyright 2018 KEI Journals. All Rights Reserved

1100 nm range[52], Yb*" based solid state
lasers have attracted more and more atten-
tions[53-55]. In this work, we present the
absorption and fluorescence spectra for
Yb-doped niobate laser crystals, including 5
at% Yb-doped YNO and GNO, as showing
in Fig.5. There are three obviously absorp-
tion peaks appeared in the wavelength range
0f 900 to1000 nm for both of them. The peak
positions for Yb:YNO are 933, 955 and 974
nm, whereas for Yb:GNO are 936, 955 and

http://journals.ke-i.org/index.php/qpr
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975 nm, respectively. This slightly differ-
ence could be attributed to the small differ-
ence for the radius of Y** (0.9 A) and Gd**
(0.94 A), and consequently to the small
difference of the crystal field environ-
ment[56]. According to the absorption cross
section calculation formula presented in the
above, we calculated the absorption cross
section for Yb-doped YNO and GNO as
showing in the left ordinate of Fig.5. As can
be seen, the oa, for Yb:YNO at 955 nm is
almost twice than that of Yb:GNO, which
means Yb:YNO could be more easily to
generate laser. By contrast, CW laser has
been achieved successfully in Yb:GNO
(which will be discussed in the following
part) rather than Yb:YNO crystal, which is
because the Yb:YNO crystal quality ob-
tained in the present stage is very poor. But it
can foresee that if the crystal quality for
Yb:YNO is improved, it will extremely

Quarterly Physics Review, vol. 4, issue 3, July 2018
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attractive for the laser applications. The
emission spectrum for Yb-doped YNO and
GNO is shown in the right ordinate of Fig.5.
As we can see, both of them exhibit a very
broad emission band from 970 to 1050 nm
(contains three overlapped emission peaks
located at around 1005, 1020 and 1030 nm,
respectively) indicates that they are both
potential candidates as novel near-infrared
laser materials with LD pumping. Using the
F-L formula mentioned above, the emission
cross section for Yb-doped YNO are calcu-
lated to be 1.81, 1.11 and 0.57x10%° cm? at
1005, 1021 and 1030 nm, respectively (for
Yb:GNO are 0.45, 0.49 and 0.47x10°%° cm?
at 1003, 1018 and 1030 nm, respectively). It
IS inspiring that the emission cross section
for Yb:YNO is very close to that of Yb:YAG
(2x10%° cm? at 1030 nm). As a result,
Yb:YNO is very promising for generating
high efficiency and high repetition rate laser.
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Figure 5. Absorption cross section for Yb-doped niobate crystals (left ordinate) and emission
spectra for Yb-doped niobate crystals (right ordinate).
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2.4. DFT calculations
2.4.1. Electronic structure

For luminescent materials, investigate their
band structure is of great importance.
Therefore, in this work, we calculated the
electronic structure and optical properties
for niobate materials using Cambridge Se-
quential Total Energy Package (CASTEP)
within the framework of density functional
theory (DFT)[57, 58]. The standard structure
models with M-type used for calculation
were adopted from the Findit software. The
exchange-correlation (XC) energy of the
electron-electron was treated under the
generalized gradient approximation (GGA)
according to the Perdew-Burke-Ernzerhof
(PBE) function[59]. Considering the corre-
lation effects are supposed to be of large
importance in d- and f-electron systems, the
quantum effects contributed by these
strongly correlated d- and f- electrons was
properly treated using the LDA+U ap-
proach[60, 61]. The valence electron con-
figurations used in the computations were:
Nb-4s’4p°4d*ss',  0-25%2p*,  Y-4d'5S7
Gd-4f'55°5p®5d'6s?, La-5s5°5p°5d'6s® and
Lu-5d'5p°6s%4f'*, respectively. Considering
the same structure for niobates, in this work,
we just take GNO as an example. The cal-
culated band structure for GNO within -5 to
8 eV along with the high-symmetry points in

(a) 8@%@

Energy/eV

Copyright 2018 KEI Journals. All Rights Reserved

Quarterly Physics Review, vol. 4, issue 3, July 2018

(b) 4.3
LaNO (4.204 eV)
4.2- ] /l
/ LuNO (4.214 eV)
> 4.14 | |
% YNO (4.101 eV)
T 4.0
2
T 3.9-
m
3.8
B GNO (3.745eV)
3.7

Page 8 of 18

the first Brillouin zone is shown in Fig.6 (a).
The maximum of the valance band (VB) and
the minimum of the conduction band (CB)
are located at G and V point, respectively,
indicating that GNO belongs to the indirect
band gap materials category. The calculated
band gap for GNO is 3.745 eV, which is very
close to that obtained in experiment (3.84
eV)[36]. In particular, we also calculated the
band gap for YNO, LaNO and LuNO as
showing in Fig.6 (b). It is obviously that
there is a relatively large difference between
the band gap of GNO and other niobtates,
which could be interpreted by the different
luminescence mechanism between GNO
and other niobates. In GNO host, the lumi-
nescence mechanism can be explained by
the self-activated optical center related to the
Gd** and NbO,> group, whereas in other
niobates (YNO, LaNO and LuNO) it just
related to the NbO,* group[36].

Fig.6 (c) shows the calculated total density
of states (DOS) and partial DOS for each
constituent atom in GNO host. It can be seen
that the bottom of the CB (4 to 8 eV, namely)
is mainly occupied by O-2p state and par-
tially hybridized with Nb-4d state, whereas
the top of the VB (-5 to 0 eV, namely) is
mainly dominated by Gd-4d state, indicating
the covalent interaction between Gd-4d and
O-2p in GNO matrix.

Niobates
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(c)
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Figure 6. (a) The calculated band structure of GdNbOg; (b) The calculated band gap of GANbO,,
YNbO,, LaNbO,4 and LUNbOy; (c) The calculated total density of states (DOS) and partial DOS for
each constituent atom in GNO host.

2.4.2. Refractive index and reflectivity

Refractive index and reflectivity are also
especially important for the crystals used as
optical elements. In this work, we present
the refractive index and reflectivity for YNO
and GNO with two methods: experimental
and calculated. In experiment, their
Sellmeier equations have been reported in
our previous work[33, 41] and plotted in the
Fig.7 (a). Compared with the calculated

(a)z.so

2.254

2.20-\.‘_‘55\

2.154

—a— YNO-Calculated n
——YNO-Experimental n
—=— GNO-Calculated n
—— GNO-Experimental n

2.10

2.05+

Refractive index

2.004

1.954

1.90

Wavelength (nm)

results, it is inspiring that they are in good
agreement, which confirms the reliability of
our calculation results. As we know, reflec-
tivity R can be calculated from the refractive
index n using the following equation:

n—1
n+1

R=(—/7)?

The calculated and experimental R is
showing in Fig.7 (b). It is obviously that they
are also in excellent agreement.

—s=— YNO-Calculated R
—o—YNO-Experimental R
—sa— GNO-Calculated R
—-— GNO-Calculated R

500 600 700 800 900
Wavelength (nm)

1000

Figure 7. (a) The calculated and experimental refractive index for GANbO,4 and YNbO,; (b) The
calculated and experimental reflectivity for GANbO4 and YNbO..
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3. Laser performances
3.1. Continuous-wave laser performances

Diode pumped continuous wave laser ex-
periments were performed using the fol-
lowing setup (Fig.8). The pumping beam
was focused on the crystal through a focus-
ing optics. M1 and M2 are input and output

=<l

LD Focusing
Optics

mirror, respectively. During the laser ex-
periments, the crystals were mounted in a
copper block and cooled by deionized water,
in which the water temperature was main-
tained at 20 C. The output laser power was
measured using an OPHIR 30A-BB-18
power meter.

| | el

Niobates
Power

M1 M2, Meter

Figure 8. Schematic of the setup for the diode end-pumped continuous wave laser experiment.

3.1.1. 1.06 pm CW laser properties for
Nd-doped niobate crystals

Considering the anisotropic property of the
monoclinic system, we performed the laser
experiment on niobate crystals in different
crystalline orientations. The pumping source
for Nd-doped niobate crystals is a fi-
ber-coupled CW laser diode with a maxi-
mum output power of 30 W (central wave-
length at around 808 nm). The transmittance
for the output couple (M2) is 5.4% at 1.06
um for all the laser experiment. Fig.9 (a) and
(b) shows the output powers under various
incidents pump powers using b- and
c-orientated crystals, respectively. It can be
seen that the pump threshold for Nd-doped
niobate crystals are very close whatever in
b- or c-orientation. The slope efficiency are

(a) 1000
—&— Nd:YNO, b-cut
—e— Nd:GNO, b-cut
__ 8007 —a—Nd:GYNO, b-cut
=
£ 6004
g
3 400
Q.
3 2001
=)
(@)
04

0 600 1200 1800 2400 3000 3600
Input power (mW)

fitted to be 24%, 28% and 30% for
b-orientated Nd:YNO, Nd:GNO and
Nd:GYNO crystals, respectively. Besides,
the slope efficiency are fitted to be 35%, 30%
and 34% for c-orientated Nd:GNO,
Nd:GYNO and Nd:GLNO crystal respec-
tively. Compared with Nd-doped tantalate
and vanadate crystals, niobate crystals ex-
hibit lower CW laser slope efficiency, which
could be explained by the following reasons:
firstly, the niobate crystals used in the ex-
periments were all uncoated; secondly, the
concentration of the Nd** in niobate crystals
were not optimized; thirdly, the plane-plane
cavity used in the experiments were very
crude. Therefore, the laser efficiency for
niobate crystals are expected to be largely
improved in the future works.

(b) 1200

10004

—&— GNO, c-cut
GLNO, c-cut
—&— GYNO, c-cut

800 -
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200
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al s 4!
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Figure 9. (a) 1.06 um continuous wave laser output power versus incident power for b-cut
Nd-doped niobate crystals; (b) 1.06 um continuous wave laser output power versus incident power
for c-cut Nd-doped niobate crystals.
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3.1.2. 926 nm CW laser properties for
Nd-doped GNO

926 nm laser operation in Nd:GNO crystal
based on quasi-three-level *Fs;—’lg tran-
sition was conducted in three crystalline
orientations with different output coupling
mirrors (M2 with transmittance of T=3.1%,
6.0% and 11.6%, respectively). The pump-
ing source used in this experiment is a CW
120 W LD at 879 nm with a fiber core di-
ameter of 400 um. Fig.10 (a) shows the CW
laser experiment performed on the
a-orientated Nd:GNO with different output
coupling mirrors. As can be seen, the
threshold is increased with the increasing of

~
-]
~

—.—T=11.6%

400+

3004

200

Output power (mW)

100+

0- ; .
200 400 600
Input power (mW)

800 1000 1200 1400 1600

Quarterly Physics Review, vol. 4, issue 3, July 2018

(b)

Output power (mW)

Page 11 of 18

the transmittance of the M2. Using a T=6.0%
plano-concave mirror, a highest laser output
power of 393 mW at 926 nm was obtained,
corresponding to a slope efficiency of 33.3%
and an optical-to-optical efficiency of 26%.
The slope efficiency with respect to ab-
sorbed pump power is estimated to be 47.7%.
In addition, the CW laser performance at
926 nm using different orientated Nd:GNO
crystals is shown in Fig.10 (b). As we can
see, a-orientated Nd:GNO exhibits a better
laser performance at 926 nm. All the results
indicating that Nd-doped niobate crystal is
also a promising material for laser genera-
tion around 900 nm.

—=— (100)-GNO
—e—(010)-GNO
—A— (001)-GNO

400-

w

o

o
!

200

-

o

o
1

04
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Figure 10. (a) 926 nm continuous wave laser output power versus incident power for Nd-doped

niobate crystals with different transmission of the output coupler; (b) 926 nm continuous wave

laser output power versus incident power for Nd-doped niobate crystals in three crystalline ori-
entations.

3.1.3. CW laser properties for Yb-doped
GNO

The preliminary CW laser experiment for
Yb:GNO was also performed. The pump
source is an InGaAs LD with a maximum
output power of 25 W (central wavelength at
976 nm). The transmittance for the output
couple (M2) is 3.54% at 1.03 pm. A maxi-

Copyright 2018 KEI Journals. All Rights Reserved

mum laser output of 270 mW was achieved
corresponding to a slope efficiency of 7.5%,
as shown in Fig.11. Unfortunately, the
threshold is as high as 7.5 W, which are
mainly due to the crystal reabsorption and
the poor quality of the as-grown crystal. In
spite of this, the result indicates that niobate
crystals are promising for Yb-doped lasers.
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Figure 11. Continuous wave laser output power versus incident power for Yb:GdNbO, crystal.
Inset: the emission cross section of Yb:GdNbO, crystal at room temperature.

3.2. Passively Q-switched laser perfor-
mances for Nd-doped niobate crystals

In addition to the CW laser, the passively
Q-switched lasers were also generated suc-
cessfully using Nd-doped niobate crystals.
The configuration of the passively
Q-switched laser experiments under 808 nm
fiber coupled LD end-pumping is shown in
Fig.12. L1 and L2 are a set of collimating

LD Fiber

L L,

M,

and focusing lenses. M1 is a flat mirror with
antireflection at 808 nm and high reflectivity
at 1.06 um. M2 is output coupler and its
transmittance (T) has been optimized as 10%,
20% and 25% for Nd:GNO, Nd:GLNO and
Nd:GYNO crystals. The transmittance for
the used Cr**:YAG saturable absorber is 90%
and the laser cavity length is 40 mm for all
the experiments.

Niobate crystals

=

4+, I
Cr:YAG M,

Figure 12. Schematic of the setup for the diode end-pumped passively Q-switched laser experi-

Fig.13 (a) shows the average output power
P, versus the incident pump power. As we
can see, the thresholds for Nd-doped GNO,
GYNO and GLNO crystals are 3.3, 6.5 and
45 W, respectively. Furthermore, the

ment.
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maximum average output powers were
achieved to be 0.41 W, 0.9 W and 0.89 W
with Nd-doped GNO, GYNO and GLNO
crystals respectively.
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The pulse laser performances were meas-
ured by a high speed Si-detector and a digital
oscillograph. The measured results of the
pulse widths and the repetition rates were
shown in Fig.13 (b) and (c). From Fig.13 (b),
we can see that the pulse width (ty) de-
creases with the absorbed pump power for
all of them. The obtained narrowest pulse
widths for Nd-doped GNO, GYNO and
GLNO crystals are 23, 12 and 32 ns, re-
spectively. For repetition rate frequency
(PRF), the maximum PRFs are achieved as
17.8, 39 and 24.5 kHz for Nd-doped GNO,
GYNO and GLNO crystals respectively.
Based on the obtained P, and PRF, the pulse
energy (E) generated at Pj, can be estimated
by the formula: E=P,/PRF. Fig.13 (d) shows
the E versus Pi, generated with different
niobate crystals. The maximum pulse energy
for Nd-doped GNO, GYNO and GLNO

~
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crystals are 22.7, 24.2 and 36.4 pJ. The peak
power (Pp) can be calculated from the pulse
energy and pulse width using the formula:
P,=E/tw. The calculated peak power versus
the incident pump power P;j, for different
niobate crystals is also shown in Fig.13 (d).
The highest peak powers reached for
Nd-doped GNO, GYNO and GLNO crystals
are 0.97, 1.9, 1.1 kW, respectively.

Based on these results, we can conclude that
Nd-doped niobate crystals also have great
potentials in pulse laser application. It
should be pointed out that we only per-
formed the Q-switched lasers for Nd-doped
niobate crystals using Cr*":YAG as satura-
ble absorber, therefore, it could be foreseen
that more fruitful Q-switched lasers will be
obtained using other saturable absorber such
as MoS,, graphene oxide and so on in the
future work.
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30
—a—Nd:GNO
—e— Nd:GYNO
25 —&— Nd:GLNO
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10
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Figure 13. (a) Average output power versus absorbed pump power for Nd-doped niobate crystals;
(b) Pulse width versus absorbed pump power for Nd-doped niobate crystals; (c) Repetition rate
versus absorbed pump power for Nd-doped niobate crystals; (d) Pulse energy and pulse peak
power versus absorbed pump power for Nd-doped niobate crystals.
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4. Conclusions

The niobate laser crystals involving Nd- and
Yb-dOpEd YNbO4, GdNbO4, Gdl-xYbeO4
and Gdi.x LaxNbO,4 were reviewed, includ-
ing the growth, mechanical, luminescent and
laser properties. Rare-earth doped niobate
crystals exhibit some advantages over van-
adate and tantalate crystals. For example, (a)
niobate crystals have a lower melt point than
that of tantalate crystals, suggesting that the
larger-size crystal can be grown; (b) niobate
crystals does not like vanadate crystals con-
sist component volatility during the growth
process, indicating that larger-size and
higher-quality niobate crystals could be
obtained. The Nd- and Yb-doped niobate
crystals are all exhibit large full width at half
maximum of absorption and emission spec-
tra, which is advantageous for the low tem-
perature dependence on temperature control
of LD. In particular, the Yb-doped niobates,
and mixed niobate crystals inherit the ex-
cellent properties of single crystals and
possess large inhomogeneous spectral
broadening, which are favorable for
achieving  pulsed lasers  including
Q-switching and mode locking. In conclu-
sion, the niobate crystals have shown their
great application prospective in lasers in-
cluding continuous-wave, Q-switching and
mode locking. It can be foreseen that with
the development of solid-state lasers, the
niobate crystals will play more and more
important roles.
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