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We have demonstrated what we believe is the first
continuous wave neodymium-doped potassium gadolinium
tungstate crystal (Nd:KGW) laser with hot-band diode
pumping at ~910 nm. This pumping wavelength reduced
the quantum defect by >46% as compared to conventional
~810 nm pumping and resulted in significantly lower
thermal lensing. The laser produced 2.9 W of average output
power at 1067 nm in a diffraction-limited beam for an
absorbed pump power of 8.3 W. The slope efficiency and
optical-to-optical efficiency were found to be 43% and
35%, respectively. Significant reduction of quantum defect
offered by this pumping wavelength and availability of
suitable high-power laser diodes opens up an attractive
way to further power and efficiency scaling of Nd:KGW
lasers. © 2016 Optical Society of America

OCIS codes: (140.3480) Lasers, diode-pumped; (140.3530) Lasers,
neodymium; (140.3580) Lasers, solid-state.
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Neodymium-doped potassium gadolinium tungstate crystal
(Nd:KGW) is one of the most effective active media for
solid-state laser engineering in the near-infrared region.
Nd:KGW has some exceptional properties compared with
other widely used Nd**-doped laser crystals operating around
1 pm, such as Nd:YAG and Nd:YVO. High doping concen-
tration of Nd®* ion and high slope efficiency can be achieved
with it [1]. This crystal is well known for its high emission
cross section (higher than that of Nd:YAG) and thus efficient
continuous wave (CW) [2], Q-switched [3], and mode-locked
operation [4,5]. In addition, birefringence of the host results in
strongly polarized emission, which is advantageous for further
frequency conversion [6-8]. Because of the high third-order
nonlinearity of the host [9], Nd:KGW crystals and lasers are
widely used to generate multiple wavelengths via stimulated
Raman scattering [6,7]. CW Raman lasing based on Nd:KGW
crystal was also reported [10].

Unfortunately, the relatively low thermal conductivity
(about half that of Nd:YVO) of KGW host crystals and large
quantum defect (with ~810 nm pumping) lead to significant
thermo-optical distortions. As a result of thermal effects, power
scaling to the multiwatt level is hindered [11]. Therefore,
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reduction of thermal lensing is the key strategy to achieve
power scaling. This can be done by pumping at longer wave-
lengths (as compared to traditional 808 nm) to reduce the
quantum defect. Although pumping at around 880 nm was
reported [12-14], this is not the longest possible pump wave-
length for Nd-ion-based gain media. Recently, efficient diode
pumping (at 914 nm) of a Nd:YVO laser from the highest ther-
mally populated sublevel (i.e., hot band) of the ground-state
manifold was realized, thus enabling slope efficiency to reach
up to 81% in the CW [15] regime and up to 77% in the mode-
locked regime [16]. It was also shown that such long wave-
length pumping reduced thermal lensing by a factor of 2 [17]
in comparison with 808 nm pump wavelength.

In this work, we demonstrate a muldwatt CW Nd:KGW
laser by using a similar approach. A hot-band pumping
wavelength of around 910 nm was used in the experiment.
It reduced the quantum defect by >46% when compared to
traditional ~810 nm pumping and enabled high-power oper-
ation of the Nd:KGW laser with 2.9 W of output power. Since
high-power laser diodes around 910-920 nm are widely used
for pumping of Yb-doped fiber lasers, the results of this work
open a promising route to power scaling of Nd:KGW lasers.

Figure 1(a) shows a schematic of the energy level diagram of
the Nd:KGW crystal. Electron transition from the lowest sub-
level of the ground-state manifold *Iy/, to the pump level
*Fs), + *Hy, corresponds to the 810 nm wavelength that
is generally used for pumping of Nd:KGW crystals and other
Nd-doped gain media.

To reduce the heat generated inside the crystal, in this work
we used a pumping wavelength that corresponds to an electron
excitation from the thermally populated highest sublevel of the
ground-state manifold “Iy/, to the upper laser level “F;,, as
shown in Fig. 1(a). To estimate the potential of Nd:KGW crystal
for pumping at wavelengths longer than ~880 nm (ground-state
to the upper laser level “F;, transition) we examined its fluo-
rescence spectrum in this wavelength range, shown in Fig. 1(b).
Since all sublevels of the ground-state manifold can be also used
as quasi-three-level laser transitions, the emission and absorption
peaks coincide [15]. Therefore, our motivation for using the
910 nm pumping wavelength shown in Fig. 1(a) came from
the fluorescence data [18] where this transition is clearly resolved.

For CW operation, we have designed a five-mirror cavity, as
shown in Fig. 2. An Ng-cut 20-mm-long Nd:KGW slab sample
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(a) f = 200 mm focusing lens, producing a pump spot diameter
4F,,+2H,, of ~550 pm. The laser crystal was wrapped in indium foil to
improve thermal interface between the crystal and the alumi-
Fs)p - num heat sink. The top and bottom surfaces of the crystal
. (6 mm x 20 mm) were in contact with the heat sink and water
g § g cooled at 16°C.
é =) At 15 W of pump power, about 8.3 W was absorbed by the
|2 crystal and 2.9 W of average output power was generated at
Ty 1067 nm. For 6-15 W of pump power, the pump absorption

—_75 varied from 55% to 71% of the input power because of the
pump wavelength shift. The input—output power curve is dis-
played in Fig. 3(a). With respect to the absorbed pump power,
e E— ] the slope efficiency was found to be 43% and optical-to-optical
efficiency reached 35%. Moderate pump absorption efficiency

in our case can be enhanced by using a longer crystal with

74 (b) higher doping concentration or by using a wavelength-
stabilized pump diode. In the case of ~810 nm pumping,
the highest slope efficiency and optical-to-optical efficiency
for Nd:KGW crystal were reported as 75% and 66%, respec-
tively, with respect to the absorbed pump power [19,20]. The
best slope efficiency for ~880 nm pumping was 66.4%
with optical-to-optical efficiency reaching 63.8% [14]. The
maximum possible slope efficiency with 910 nm pumping
can be estimated to be 85%. We believe that, in our proof-
of-principle experiment, the lower values of slope and optical
. i b , efficiency can be explained by the higher intracavity losses
860 880 900 920 940 introduced by a larger number of mirrors (two-mirror cavities
Wavelen gth (nm) were used in previous works) and fairly high reflectivity of the

Fluorescence

Laser diode

Spectral intensity (a.u.)

Fig. 1. (a) Energy level diagram of Nd:KGW and (b) its fluores-

cence spectrum for the Nm-polarization around 900 nm [18]. (a)
Pump diode spectrum is also shown. —~ 301
2 25
n
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doping concentration was used (Altechna). The crystal had flat % '
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Fig. 2. Experimental setup for CW operation. spectrum.
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Fig. 4. Laser beam quality at 2.9 W of output power. Inset: trans-
verse intensity profile of the laser beam.

crystal AR coatings at the laser wavelength, which was specified
as 0.25% (per surface). Another contributing factor was that
the output coupler used probably also did not have a com-
pletely optimal transmission.

The spectrum of the generated laser radiation is shown in
Fig. 3(b). Its linewidth at half-maximum was measured to be
0.13 nm, limited by the resolution of our spectrometer
(0.1 nm). The output laser radiation was linearly polarized
along the Nm-axis.

The laser had excellent output beam quality. A CCD camera
and a focusing lens of 150 mm were utilized for beam profiling.
Beam quality factor M? was found to be 1.16 in the horizontal
direction and 1.36 in the vertical direction. The measurement
data along with the output beam shape are presented in Fig. 4.

It is also instructive to compare the observed thermal lensing
effect with all different reported pump wavelengths (i.c., 810,
880, and 910 nm). The thermal lens focusing power with 810
and 880 nm pumping was reported in [12]. At 810 nm pump-
ing, it was measured to be ~9 diopters in the horizontal direc-
tion and ~10 diopters in the vertical direction with absorbed
pump power of 2.35 W. The focusing power of the thermal
lens for 880 nm pumping was also measured to have the same
values in both directions at a higher absorbed pump power of
4.44 . This result can be explained by the higher quantum
defect for pumping with 810 nm wavelength as compared to
pumping with 880 nm. In our experiment, the thermal lens
dioptric power was measured using a modified ABCD matrix
analysis that takes into account laser beam quality [21]. At
8.3 W of absorbed pump power, it was found to be ~5.5
diopters in the horizontal direction and ~6.0 diopters in the
vertical direction. These measurements clearly indicate that
even at the much higher absorbed pump power level the ther-
mal lensing effect is significantly lower for 910 nm pumping as
compared to both 880 and 810 nm pumping. Therefore, the
proposed new pump wavelength at 910 nm holds strong
potential for power scaling of Nd:KGW lasers owing to the
strongly reduced thermal effects.

Although a lower thermal lensing in the case of 910 nm
pumping is obvious, it is worth noting that direct comparison
with the quoted values above is not straightforward because of
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the different experimental conditions, such as the pump
spot size, crystal geometry, pump absorption length, cooling
geometry, and coolant temperature. Nonetheless, in the case
of ~810 nm pumping, a stronger thermal lensing by a factor
of 2 should be observed in comparison with a 910 nm pump
wavelength under the same experimental conditions [17].

In conclusion, multiwatt CW operation of a Nd:KGW at
1067 nm with hot-band diode pumping was demonstrated.
To the best of our knowledge, this is the first time that this
approach has been used with Nd:KGW laser crystal. The laser
produced 2.9 W of average output power with excellent beam
quality. The pump wavelength of ~910 nm significantly
(>46%) reduced quantum defect and, thus, the amount of
heat deposited in the crystal. This opens up a way to further
power scaling of Nd:KGW lasers by using high-power laser di-
odes that are currently widely used for pumping of Yb-doped
fiber lasers.
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