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We report on the performance of a continuous-wave Nd:GdVO4 laser in-band diode-pumped at 912 nm with
high output power and excellent beam quality. The laser produced an output power of 19.8W at 1063 nm with an
optical efficiency of 59.3% and slope efficiency of 62.7%. The laser threshold was ∼2.04 W of the absorbed pump
power, and the laser output beam quality was ≤ 1.2 in the horizontal and vertical directions. The strength of
thermal lensing at full output power (33.4 W of absorbed power) was measured to be an average of 8.6 diopters.
It is shown that thermal lensing is reduced by a factor of 2 with respect to theNd:YVO4 lasers, thus opening a way
for further output-power scaling. © 2017 Chinese Laser Press
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1. INTRODUCTION

Diode end-pumped solid-state lasers with high efficiency, excel-
lent beam quality, and high output powers are of great interest
due to their applications in areas such as micromachining
and nonlinear optics. High-power operation of lasers, however,
is usually limited by detrimental thermal lensing effects.
Thermal lensing affects the stability of a resonator, degrades
the output beam quality, and, in extreme cases, can result in
mechanical failure of the crystal. The strength of thermal lensing
is usually governed by the thermal properties of the gainmedium
as well as the amount of heat it generates [1]. One way to over-
come thermal lensing problems is to reduce the source of heating
within the gain medium. This was extensively investigated with
the well-known Nd:YVO4 crystal. Nd-doped solid-state lasers
such asNd:YVO4 and Nd:GdVO4 are conventionally pumped
at 808 nm, which usually leads to strong thermal lensing effects
at high output powers. In order to reduce the thermal issues and
scale up the output power, an efficient pumping method was
presented that pumps the laser at absorption lines with longer
wavelengths (such as 880, 888, and 914 nm) than the traditional
808 nm [2–13]. Pumping at longer wavelengths can result in a
significant reduction in quantum defect (energy difference be-
tween the absorbed pump and laser output photons). For exam-
ple, pumping of a 1064 nm Nd:YVO4 laser at 914 instead of
808 nm results in the reduction of fractional thermal loading
[1 − �λPump∕λLaser�] from 24% to 14%. This means that a lower
amount of pump energy would be converted into heat. The det-
rimental thermal effects would thus be pushed to the higher lev-
els of the absorbed pump power and, as a result, a higher output
power can be obtained. In addition to the reduction of thermal

lensing, a lower quantum defect enhances the theoretical upper
limit of slope efficiency of a laser system. This was demonstrated
in Nd:YVO4 lasers, where slope efficiencies of up to 80.7% in
the continuous-wave (CW) [3] and up to 77.1% in the mode-
locked regimes [14] were reported using in-band diode pumping
at 914 nm (maximum output powers were 11.5 and 6.7 W, re-
spectively). In addition, it was also shown that the strength of
thermal lensing with 914 nm pumping is more than two times
weaker than that with traditional 808 nm [12]. Therefore, power
scaling of the Nd-doped lasers based on in-band pumping
around 900 nm is a promising alternative. Recently, a
33.8 W CW Nd:YVO4 laser with optical-to-optical efficiency
of 50% and threshold pump power of ∼18 W was also realized
with 914 nm pumping [15].

As mentioned, the reduction of heating was extensively
studied with Nd:YVO4 crystal since it suffers from moderate
thermal conductivity (∼5 W∕m∕K [1]). This will eventually
limit power scaling of lasers based on this crystal. Ultimately,
a laser crystal with high thermal conductivity and excellent laser
properties is needed. An attractive solution to this issue is to use
the crystal ofNd:GdVO4, which has high thermal conductivity
(∼12 W∕m∕K [16]) and similar laser properties to those
of Nd:YVO4.

Despite notable research on Nd:YVO4 lasers pumped
around 914 nm [3,4,12,14,15], there is only one proof-of-
principle work on CW Nd:GdVO4 lasers using this pumping
scheme, in which an output power of 3.35 W with slope effi-
ciency of 81.2% was reported [10]. The full power-scaling po-
tential of the Nd:GdVO4 laser crystal to produce high output
power has not been demonstrated to date. In this work, we
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address this issue and demonstrate a high-power (∼20 W) CW
Nd:GdVO4 laser with high output beam quality under 912 nm
diode pumping. The results indicate that Nd:GdVO4 had ∼2
times lower thermal lensing than Nd:YVO4, thus confirming
its suitability for power scaling.

2. EXPERIMENTAL SETUP

The schematic energy level diagram of the Nd:GdVO4 crystal
with the corresponding electron transitions is shown in Fig. 1. It
can be seen that the energy difference between the pump and
laser photons (912 and 1063 nm, respectively) is much lower
in the case of longer-wavelength pumping than with traditional
808 nmpumping. Therefore, pumping at 912 nm can result in a
much lower quantum defect as well as higher slope efficiency.

The gain medium that was used in this work was 1.5 at. %
doped 3 mm × 3 mm × 20 mm a-cut Nd:GdVO4 crystal
(Castech), which was antireflection coated at the pump and
laser wavelengths. The laser crystal was wrapped in indium foil,
and the top and bottom surfaces of the crystal were water-
cooled at 16°C to remove the heat. The gain medium was
pumped at 912 nm by a fiber-coupled laser diode (LD) with
105 μm fiber core diameter and numerical aperture of 0.22.
The LD had a spectral width of ∼3 nm at half maximum
and it was cooled using a thermoelectric cooler. The temper-
ature of the LD was monitored using a built-in thermistor and
was set to operate at 25.6°C by a digital temperature controller.
Through the use of a couple of focusing lenses, the pump beam
was focused into the center of the gain medium with a spot size
radius of ∼263 μm. Pump absorption in the crystal was mea-
sured to be 70%.

The designed laser cavity consisted of three mirrors and is
shown in Fig. 2. M1 is a concave mirror (500 mm radius of
curvature) and DM is the flat dichroic mirror with high reflec-
tivity at the laser wavelength (1063 nm) and high transmission
around 912 nm. The distances L1, L2, and L3 were 90, 355,
and 290 mm, respectively. The cavity design was based on
ABCD matrix calculations that also considered the effect of
thermal lensing. The laser mode size was calculated to be
∼263 μm at the center of the crystal, which shows reasonable
mode-matching with the pump beam. Furthermore, several
output couplers (10%–40%) were tested and the maximum
output power was achieved using an output coupler with
25% transmission.

3. RESULTS AND DISCUSSION

Figure 3(a) represents the measurement results for the laser out-
put power versus the absorbed pump power. The laser had a
threshold of about 2.04 W of the absorbed pump power.
The maximum output power reached 19.8 W at 33.4 W of
the absorbed pump power. The radiation was linearly polarized
with E//c-axis. This corresponds to optical-to-optical and slope
efficiencies of 59.3% and 62.7%, respectively. This, to the best
of our knowledge, is the highest output power achieved to date
from an Nd:GdVO4 laser with in-band diode pumping at
912 nm, and is almost 6 times higher than the previous maxi-
mum reported value [10].

Taking into account the slope efficiency of our system, it is
obvious that the highest output power of the laser system was
limited by the available pump power and not the thermal
effects. The output power can be scaled by using a more power-
ful pumping source, longer crystal, or multi-pass pumping
scheme to compensate for the lower absorption coefficient
of Nd:GdVO4 at 912 nm as compared to the other pump
wavelengths.

Figure 3(b) shows the optical spectrum of the laser output.
The peak value was at 1063.3 nm and the linewidth was
measured to be around 0.08 nm.

Fig. 1. Energy level diagram of Nd:GdVO4.

Fig. 2. Experimental setup for CW operation.

Fig. 3. (a) Output power versus pump power (with linear fit) and
(b) laser spectrum.
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The laser demonstrated an excellent output beam quality
and TEM00 shape. The beam quality factor M2 was measured
by a beam profiler and was calculated to be 1.2 and 1.1 in the
horizontal and vertical directions, respectively. The measured
beam radii and the corresponding M2 values at maximum out-
put power are presented in Fig. 4, where an output beam shape
is also displayed.

Considering the conventional 808 nm diode end pumping,
an output power as high as 19.8 W was previously demon-
strated [17]. The optical and slope efficiencies were around
50.1% and 58.5%, respectively. However, the output beam
quality was not diffraction-limited (M2 � 2.62). Comparing
the present results with the aforementioned data, we obtained
the same output power, higher system efficiency, excellent
beam quality, lower heating of the crystal, and lower threshold.

There are also a few reports available on high-power
Nd:GdVO4 lasers with high output beam quality pumped
at 880 nm [18,19]. To the best of our knowledge, the highest
output power at this pump wavelength was 46 W with slope
efficiency as high as 71% [18]. However, this laser used multi-
ple composite crystals in the cavity and a more complicated
pumping setup (double-end pumping).

The theoretical upper limit for slope efficiency with 912 nm
pumping can be estimated to be around 86%, which is higher
than for the 808 and 880 nm pump wavelengths. The lower
efficiency of the present work could be attributed to the pump-
mode overlap mismatch in the 20 mm long crystal used.
Despite the reasonable mode matching at the center of the gain
medium, there was a mismatch between the pump and laser
mode sizes at the end faces of the laser crystal (∼340 versus
∼260 μm, respectively) which reduced the overall efficiency
of the laser. The slope efficiency can be maximized by increas-
ing the pump spot size provided that the available pump power
can tolerate the increased threshold.

We also investigated the strength of thermal lensing at full
power based on a modified ABCD-matrix analysis method
[20]. At 33.4 W of absorbed pump power (19.8 W of output
power), the focal length of the induced thermal lens was mea-
sured to be 120.3 and 112.3 mm in the horizontal and vertical
directions, respectively (corresponding to 8.3 and 8.9 diopters).

Comparing these values with themeasured thermal lensing of
the 19.8 W Nd:GdVO4 laser with 808 nm pumping [17], our
system offers around 2 times weaker thermal lensing. Recently,

we also reported a comprehensive study of thermal lensing effect
in the 0.5 at. % Nd:YVO4 crystal pumped at 914 nm [12].
There, a strength of thermal lensing was obtained of up to
6.55W of the absorbed pump power. Thanks to the calculation
of the sensitivity factor [21,22] (M ∼ 0.60 m−1W−1), one can
calculate the thermal lensing strength at ∼33.4 W of the ab-
sorbed pump power to be above 20 diopters for Nd:YVO4.
Despite similar experimental conditions between this study
and the previous work [12], the doping concentrations and
pump absorption lengths are different and direct comparison
between the obtained data is difficult and can be only approxi-
mate. In general, it can be concluded that the present results for
theNd:GdVO4 laser show amuch weaker thermal lensing effect
(around 2 times) under an equal amount of absorbed pump
power and similar pumping wavelength. Based on this data, we
are confident that the thermal conductivity of the Nd:GdVO4

crystal is higher than that of the Nd:YVO4 crystal despite an
ongoing debate as to their true values [23–25]. Therefore,
due to better thermal performance of the Nd:GdVO4 crystal,
its output power has the potential to be scaled up to higher levels
than with the Nd:YVO4 crystal.

4. CONCLUSION

In summary, using a commercially available pump LD at
912 nm, a 19.8 W Nd:GdVO4 laser with low threshold, high
efficiency, and excellent beam quality was demonstrated. The
maximum power was almost 6 times higher than the previous
maximum reported value, with similar pumping wavelength.
The strength of thermal lensing at full output power was mea-
sured to be an average of 8.6 diopters, indicating a factor of 2
reduction when compared to the Nd:GdVO4 laser at 808 nm
pumping or Nd:YVO4 laser at 914 nm pumping. The highest
output power of the laser system was limited only by the avail-
able pump power and not the thermal effects. Compared to the
theoretical maximum achievable slope efficiency of 86%, the
lower efficiency of this work was attributed to the mismatch
between the pump and laser mode sizes. Our results indicate
that the 912 nm pumping wavelength is attractive for further
power scaling ofNd:GdVO4 lasers. High-power operation with
excellent beam quality is attractive for mode locking [26–28],
wavelength tunability [29], and efficient frequency conversion
based, for example, on CW and pulsed optical parametric
oscillators [30–33] or second-harmonic generation of visible
radiation [34] for pumping of vibronic lasers [35–37].
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