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The fluorescence spectrum and thermal properties of the mixed crystal Nd:Lu0.99La0.01VO4 are determined.
The strongest emission peak located at 1065.6 nm had a full width at half maximum (FWHM) of 2.1 nm.
Continuous-wave (CW) laser performance is demonstrated by a compact planar–planar cavity that is end-
pumped by a diode laser. The laser output characteristics are investigated by using output couplers with
different transmissions. A maximum CW output power of 8.09 W was obtained at an incident pump power
of 19.4 W, which corresponds to an optical-to-optical conversion efficiency of 41.7% and a slope efficiency
of 54.6%. The dependence of optimum transmission on pump power is calculated theoretically and is found
to be consistent with experimental results.
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Presently, diode-pumped solid-state lasers have been
widely used in numerous application fields, including ma-
terial processing, medical devices, and scientific instru-
ments. In such applications, laser crystals serve a key
function in determining laser performance. Compared
with Nd:YAG, Nd-doped single vanadate crystals, such
as Nd:YVO[1−3]

4 , Nd:GdVO[4−6]
4 , and Nd:LuVO[7−9]

4 ,
have been proven to be excellent gain mediums for diode-
pumped solid-state laser operations at modest output
power levels because of their broad absorption band-
width, large emission cross sections, and polarized emis-
sion. However, large emission cross sections and short
upper-level lifetimes result in small energy storage ca-
pacities in the Q-switching operation regime. In ad-
dition, a narrow fluorescence width leads to difficulty
in obtaining sub-picosecond pulses during mode-locking
operation. The inhomogeneous broadening of the spec-
tra enables Nd-doped mixed vanadate crystals to reduce
emission cross sections and to increase fluorescence life-
time while retaining the advantages of single vanadate
crystals. A large number of mixed vanadate crystals,
such as Nd:LaxGd1−xVO[10]

4 , Nd:LaxY1−xVO4
[11,12],

Nd:LuxY1−xVO4
[13,14], Nd:Gdx Lu1−xVO4

[15], Nd:Yx

Gd1−xVO4
[16], and Nd:Gd0.33Lu0.33 Y0.33VO4

[17], have
been grown and demonstrated to be excellent gain candi-
dates in high peak power Q-switching and mode-locking
laser operations. In 2012, Huang et al. reported on
the continuous-wave (CW) and actively Q-switching laser
performance of Nd:Lu0.99La0.01VO4 at 1.06 µm; they ob-
tained an output power of 6.26 W for CW operation
and an average output power of 6.06 W for Q-switching
operation[18].

In this letter, we report on the fluorescent spectral
properties of the mixed crystal Nd:Lu0.99La0.01VO4. We
measured its thermal focal length based on incident pump

power. The laser behavior of Nd:Lu0.99La0.01VO4 was in-
vestigated sufficiently by using a compact planar–planar
resonant cavity at different output couplers. A maxi-
mum CW output power of 8.09 W was obtained at an
incident pump power of 19.4 W, which corresponds to
an optical-to-optical conversion efficiency of 41.7% and
a slope efficiency of 54.6%. Finally, optimum trans-
mission was theoretically investigated at different pump
powers. The results exhibit fair agreement with experi-
mental data.

The mixed crystal Nd:Lu0.99La0.01VO4, which is an iso-
morphism of Nd:LuVO4, was grown via the Czochralski
method with a Nd doping concentration of 0.25%. La
ions replaced a fraction of Lu ions, and the crystal re-
tained its tetragonal symmetry. The fluorescence spec-
trum was obtained by an Edinburgh FLS920 fluorescence
spectrophotometer (Edinburgh Instruments Ltd., UK) at
room temperature. Figure 1 shows the fluorescence spec-
trum ranging from 960 to 1450 nm with a resolution of
0.15 nm.

Fig. 1. Fluorescence spectrum of the mixed crystal
Nd:Lu0.99La0.01VO4.
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Three main emission peaks were observed with cen-
tral wavelengths located at 915.6, 1065.6, and 1342.05
nm, which are associated with the energy level transi-
tions 4F3/2 →4I9/2, 4F3/2 →4I11/2, and 4F3/2 →4I13/2

of Nd3+,respectively. The strongest emission peak lo-
cated at 1065.6 nm had a full-width at half-maximum
(FWHM) of 2.1 nm. The introduction of La3+ expanded
the fluorescence line width in Nd:Lu0.99La0.01VO4 crys-
tals compared with that in Nd:LuVO[14]

4 because of the
structural disorder induced inside the crystal[19].

In high-power solid-state lasers, the thermal effect
serves a vital function in further increasing output power
because of its significant effect on cavity stability, beam
quality, and overlapping efficiency. Thus, the thermal fo-
cal length of the laser medium must be measured against
pump power to optimize high-power solid-state lasers.
The thermal focal length was determined based on sta-
bility theory of resonators[20]. Figure 2 shows a schematic
of the setup used to measure the thermal focal length of
Nd:Lu0.99La0.01VO4 crystal.

The crystal was cut along the a axis with the dimen-
sions 3×3×5 (mm) (a × c × a). The end faces were
polished and antireflection (AR) coating was applied at
808 and 1064 nm. To remove heat and prevent ther-
mally induced fracture, the mixed crystal was wrapped
with a piece of thin In foil and inserted into a slot in
a water-cooled Cu block at a temperature of 20 ◦C.
The mixed crystal Nd:Lu0.99La0.01VO4 was pumped by a
fiber-coupled diode laser at 808 nm (LIMO Lissotschenko
Mikrooptik, GmbH, Germany). The fiber core was 400
µm and had a numerical aperture of 0.22. The pump
beam was coupled into the laser crystal via relay optics
to produce a beam diameter of approximately 480 µm
inside the crystal. The rear mirror M1 was AR coated at
808 nm and high-reflection coating was applied at 1064
nm. The output coupler M2 had a transmission of 11% at
1064 nm. M1 and M2 were both plane mirrors, and the
crystal was placed near M1. The thermal focal length
at various pump powers was determined according to
cavity stability theory, as shown in Fig. 3. The dots
represented the experimental data on the thermal focal
length, whereas the red solid line was the fitted curve,
which was achieved for the following optimization by the
inverse proportional function[21]:

ft =
517.45

Pin − 6.64
+ 21.96, (1)

where ft is the thermal focal length and Pin is the inci-
dent pump power.

The CW laser operation of Nd:Lu0.99La0.01VO4 was
realized through a planar-planar resonant cavity end-
pumped by a diode laser. The experimental setup

Fig. 2. Schematic of the experimental setup used to measure
the thermal focal length.

Fig. 3. (Color online) Thermal focal length and TEM00 mode
size. The dot and the red solid line respectively denote the
experimental data and the fitted curve of the thermal focal
length versus the pump power. The upper two lines are the
TEM00 mode sizes on the crystal wg (dot-dashed) and the
output coupler woc (dashed), respectively.

was similar to that shown in Fig. 2. The cavity length
was fixed at 30 mm, and the output coupler M2 had four
different transmissions, i.e., 7%, 11%, 20%, and 30%.
The laser spectrum was recorded by an Anritsu MS9710C
optical spectrum analyzer (Anritsu Company, USA). The
output power was measured by using an LP-3C power
meter (Institute of Physics, Chinese Academy of Sci-
ences, China). The laser was experimentally optimized
to generate a fundamental laser mode and to achieve the
highest optical conversion efficiency at different trans-
missions of the output couplers. Figure 4 shows the
change in output power versus the incident pump power
at different output couplers, in which the dots represent
the experimental data, and the solid lines denote the the-
oretical results based on the equation

Pout = σs(Pin − Pth), (2)

where Pout is the output power, σs is the slope efficiency
of the output versus the input, Pin is the incident pump
power, and Pth is the threshold pump power.

The highest output power of 8.09 W was achieved at
an incident pump power of 19.4 W with 11% transmis-
sion for the output coupler, thus resulting in an optical
conversion efficiency of 41.7% and a slope efficiency
of 54.6%. The results indicated that the laser perfor-
mance of Nd:Lu0.99La0.01VO4 reached[11−14,16] and even
surpassed[10,15,17] those of other mixed laser crystals.
When the output coupler was replaced by a mirror with
transmissions of 7%, 20%, and 30%, the highest values
of the obtained output power were 6.77, 7.72, and 7.09
W, respectively, at a pump power of 19.4 W. The output
power values correspond to optical conversion efficiencies
of 34.9%, 39.8%, and 36.6%. No saturation phenomenon
appeared at the transmissions of 11%, 20%, and 30% in
our experiment, thus indicating that higher output power
can be achieved by increasing pump power. However, at
the transmission of 7%, severe thermal effects caused the
operating state to get near the edge of the stable region.
Moreover, the output power exhibited some saturation
phenomena.

Figure 5 shows the laser spectrum recorded by the op-
tical spectrum analyzer. The central wavelength of the
CW laser was 1065.97 nm, and the FWHM of the laser
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Fig. 4. Laser output power versus incident pump power.

Fig. 5. Laser spectrum of Nd:Lu0.99La0.01VO4.

Fig. 6. Change in the optimum transmission of the output
coupler with pump power.

spectrum was 0.54 nm. The difference between the peak
emission wavelength of the fluorescence spectrum and
that of the laser spectrum was caused by the balance
among the transmittance curve of the mirrors, the gain
curve of the laser crystal, and the resonant longitudinal
modes.

Figure 4 also shows that when the pump power was
lower than 11.8 W, the maximum output power was
obtained at 7% transmission, whereas when the pump
power varied from 11.8 to 19.4 W, the maximum output
power was achieved at 11% transmission. According to
Ref. [22], the optimum transmission of the output cou-
pler Topt can be calculated by

− ln(1 − Topt) = (
√

2g0l/δ − 1)δ, (3)

g0 =
η

IsAl
Pin, (4)

where δ is the intracavity loss, l is the length of the active
material, g0 is the small signal gain coefficient, η is the
total pump efficiency, Is is the saturable intensity, A is
the effective area of the mode, and Pin is the pump power.
By using the Findlay-Clay method, the intracavity loss
δ of 0.0426, as well as the product of the small signal
gain g0 and the crystal length l of 0.018Pin, was deter-
mined. The optimum transmission of the output coupler
versus the pump power was then solved through the nu-
merical simulations of Eqs. (3) and (4). The results are
shown in Fig. 6, which indicates that optimum trans-
mission increased from 5.2% to 12.2% as pump power in-
creased from 6 to 19.4 W. Furthermore, 7% transmission
was considerably nearer the optimum value at low pump
power, thus implying that higher output power can be
obtained with this transmission. Meanwhile, 11% trans-
mission gradually became closer to the optimum value as
pump power increases, thus indicating that higher output
power can be achieved with 11% than with 7% transmis-
sion. The theoretical analyses exhibit good agreement
with the experimental results. An output coupler with
11% transmission or more is expected to obtain high out-
put power at high pump power.

The TEM00 mode sizes at the laser crystal wg and the
output coupler woc were calculated by using ABCD ma-
trix theory and the fitted thermal focal length, as shown
in Eq. (1). The results were plotted as a function of
the incident pump power in Fig. 3. When the pump
power increased from 8 to 20 W, wg became smaller than
the pump beam width, thus resulting in the reduction of
overlapping efficiency and the possibility of a multimode
operation. Meanwhile, woc was also decreased with in-
creasing pump power, which corresponds to an increase
in the divergence angle of the laser beam. This finding
is consistent with the experimental phenomenon. High
output power and efficiency are expected to be achieved
by optimizing the resonator design, such as by applying
a plane-concave cavity to increase wg and overlapping
efficiency.

In conclusion, we report on the fluorescence spec-
trum of the novel mixed crystal Nd:Lu0.99La0.01VO4.
We also measure the thermal focal length of this new
crystal. A diode end-pumped CW laser operation of
Nd:Lu0.99La0.01VO4 at 1065.97 nm is successfully demon-
strated. The CW output characteristics are investigated
by using different output couplers at 7%, 11%, 20%, and
30% transmissions. A maximum CW output power of
8.09 W is obtained at an incident pump power of 19.4
W, which corresponds to an optical-to-optical conversion
efficiency of 41.7% and a slope efficiency of 54.6%. The
experimental results show that Nd:Lu0.99La0.01VO4 crys-
tal may be a promising gain crystal for end-pumped solid-
state lasers.
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