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Abstract Thermal lensing in an Nd:YVO, laser system
operating at 1064 nm with in-band pumping at 914 nm was
characterized. The focal length of the thermal lens in the
crystal was calculated using ABCD matrix formalism from
the experimental data of the output beam diameter meas-
urements made at different output power levels. The deter-
mined focal lengths of thermal lens were as strong as 4.4
diopters at 3.5 W of output power. The experimental results
agree well with the finite element analysis of the developed
laser system. A numerical comparison of the thermal lens-
ing effect with 914-, 888-, 880-nm pumping, and with a
standard 808-nm pumping was also made, demonstrating
effective reduction of thermal lensing up to 2.1 times.

1 Introduction

Nd:vanadate (Nd:YVO,) laser crystal has been extensively
studied as an alternative to Nd:YAG for medium-range
power applications due to several advantages such as its
high emission cross section, broader absorption profile, and
natural birefringence [1, 2]. However, at high output power,
the Nd:YVO, laser is limited by the inferior thermal prop-
erties which lead to a stronger thermal gradient [3—8]. The
induced thermal gradient degrades the optical properties of
the gain medium and reduces the stability of a laser cav-
ity through thermal lensing effect which in turn lowers the
output beam quality and the optical efficiency. Ultimately,
large thermal gradient can result in failure of the material.
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To overcome this limitation, recent studies have focused on
diode pumping of Nd:YVO, lasers at other absorption lines
with longer wavelengths such as 880, 888, and 914 nm to
produce 1064-nm laser output [9-15]. This results in the
reduction in quantum defect.

The smaller quantum defect from the longer pump
wavelengths translates directly to a smaller amount of heat
generated within the crystal in continuous wave regime
due to the relaxation process with minimal effect from
energy transfer upconversion (ETU) and quenching [16].
By using 914 nm as the pump wavelength instead of the
conventional 808 nm, the quantum defect is reduced from
24.1 to 14.1 %. The reduction in quantum defect directly
affects the thermal lensing effect inside the laser crystal
which is created by three mechanisms: change in refractive
index profile due to thermo-optic effect (dn/dT), change in
refractive index profile due to mechanical stress, and sur-
face bulging of the laser crystal. The quantification of the
thermal lensing effect caused by the different values of
quantum defect will benefit the power scaling design of
Nd:YVO, lasers.

There is, however, no report focusing on thermal lens-
ing in Nd:YVO, lasers with low quantum defect pump-
ing at 914 nm. Moreover, there are also no reports on
comparative studies of this effect with different values
of quantum defect. This paper addresses these issues and
presents a comprehensive study of thermal lensing effect
in 914-nm diode-pumped Nd:YVO, laser. The work com-
bined experimental data with finite element analysis of
the developed laser system and showed good agreement.
Using finite element analysis, a numerical comparison of
the thermal lensing effect with 914-, 888-, 880-nm pump-
ing, and with a standard 808-nm pumping was also made,
demonstrating effective reduction of thermal lensing up to
2.1 times.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00340-016-6417-9&domain=pdf

135 Page2of4

T. Waritanant, A. Major

v M2
M1
KD // ] —_| Ndwo, z

M? measurements

Fig.1 Schematic diagram of the Nd:YVO, laser used in the thermal
lensing experiment

2 Experimental details

The laser cavity used in the thermal lens measurement
is shown in Fig. 1. The experiment utilized a 3-mirror
laser cavity arrangement with a 0.5 at.% doped a-cut
3 x 3 x 12 mm® Nd:YVO, crystal as the gain medium
(Castech) and a 10 % output coupler. The first laser
reflector is a dichroic mirror placed 20 mm in front of
the gain medium allowing the pump laser at 914 nm into
the cavity. Both surfaces of Nd:YVO, crystal were anti-
reflection coated at 914 and 1064 nm. The Nd:YVO,
crystal was water-cooled at 16 °C on the top and bottom
surfaces using metal blocks. The system was pumped
by a randomly polarized fiber-coupled 914-nm diode
laser with NA of 0.12. The pump laser was focused to
the center of the gain medium with a spot size radius of
275 pm.

The cavity was designed such that the laser mode size
was 275 pm at the center of the crystal and fully over-
lapped with the pump beam at the highest output power
while the laser mode size at the output coupler was
allowed to change freely. The pump-mode overlap effi-
ciency changed by less than 5 % for all thermal lens val-
ues to ensure good mode matching. This resulted in higher
sensitivity of the laser output profile to thermal lensing. A
beam profiler was used to monitor the changes in the laser
beam size.

3 Results and discussions

Figure 2 shows the experimental results for the laser out-
put power versus the absorbed pump power. The slope effi-
ciency was 66.9 %. The laser system produced the highest
output power of 3.52 W with 56.8 % of optical-to-optical
efficiency with respect to the absorbed pump power. The
beam quality factor was approximately 1.4 throughout
the experiment. The measured absorption coefficient was
0.23 cm™! which is comparable to other reports [13]. The
absorbed power was 24 % of the incident pump power. Due
to the low absorption coefficient of Nd:YVO, at 914 nm
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Fig. 2 Laser output power versus absorbed pump power and output
laser beam profiles at different output power levels
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Fig. 3 Calculated thermal lens power from the experiment (dots)
and FEA analysis simulation results (/ines) for horizontal and vertical
directions

compared to other traditional absorption lines, longer
crystal, higher doping level, higher crystal temperature, or
multiple-pass pumping schemes can be utilized in order to
increase the absorbed pump power further.

The laser output beam profiles at different output power
levels are also shown in the inset in Fig. 2. Changes in
the output beam profile as the output power level changes
clearly show the effect of thermal lensing inside the laser
cavity.

The laser beam size and divergence were monitored
outside the cavity as the pump power was increased. At
each output power level, the dioptric power of the effective
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thermal lens (assumed to be located at the pump beam
waist in the laser crystal) was determined by comparing the
experimental data with the ABCD matrix simulations that
took into account the measured beam quality factor (M?).
In each case, the simulated output beam size and diver-
gence were matched with the experimental results with
thermal lens value being a free parameter [17].

The resulting thermal lens dioptric powers for all
power levels are shown in Fig. 3. The maximum values
are 3.95 m~! horizontally (x) and 4.37 m~! vertically (y)
at 6.55 W. Thermal lensing was stronger in the vertical
direction because of the larger difference in temperature
gradient due to the direction of cooling. Compared to the
previous records of thermal lensing in an a-cut Nd:YVO,
crystal pumped at 808 [18-20], pumping at 914 nm cre-
ates a weaker thermal lens at the same level of the absorbed
pump power.

To verify the accuracy of the measurements, finite ele-
ment analysis (FEA) of thermal lensing under the same
pumping geometry was done using the commercially avail-
able LASCAD software package and the most recent report
of temperature coefficient of refractive index (dn/dr) [21].
The pump beam divergence, thermo-optic effect, and sur-
face deformation were taken into account in the simula-
tion. The pump beam divergence was 23 mrad. The dioptric
powers of thermal lens obtained from the experimental data
are compared to the FEA simulation results in Fig. 3. As
can be seen, the simulated thermal lens dioptric power is in
good agreement with experimental data.

Using the developed model for further studies, FEA was
also done for 888-, 880-, and 808-nm pumping under the
same conditions (absorbed pump power level, pump spot
size, and pump divergence) as in 914-nm pumping case.

The differences between pumping at different wave-
lengths were quantum defect and absorption coefficient
(o) at pump wavelength. The absorption coefficients of
0.5 % doped a-cut Nd:YVO, crystal used in the FEA simu-
lations were 0.23, 0.73, 5.3, and 7.0 cm™ !, and the quan-
tum defects were 14.1, 16.5, 17.2, and 24.1 % for 914-,
888-, 880-, and 808-nm pumping schemes, respectively.
The absorption coefficients used above were previously
reported values [4, 5, 9, 13]. The absorption coefficient for
808-nm pumping was much lower than the peak absorption
of the 0.5 % doped Nd:YVO, crystal due to the unpolarized
pumping condition and the difference in bandwidth of the
absorption band of Nd:YVO, and the spectrum of the pump
(3 nm) which was measured by Xiong et al. [S]. In general,
a higher value of the pump absorption coefficient would
result in stronger thermal lensing. The simulated results are
compared in Fig. 4 showing the highest thermal lens diop-
tric power for 808-nm pumping as expected.

Using the laser crystal thermal lens sensitivity factor (M)
as defined as M = d(1/f)/dP,,, which describes how much
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Fig. 4 Thermal lens dioptric powers simulated from FEA with four
different pumping schemes and experimentally obtained from 914-

nm pumping
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Fig. 5 Temperature distribution plots from FEA simulations for 0.5
at.% Nd:YVO, pumped with a 914, b 888, ¢ 880, and d 808 nm at the
same level of absorbed pump power (6.55 W). The highest tempera-
tures at the input facets were 295.9, 299.7, 327.1, 348.3 °C, respec-
tively

the optical power of the induced lens changes due to the
absorbed pump power, the results above show that thermal
lens power with 914-nm pumping is reduced by a factor of
2.1 from the 808-nm pumping.

To get a better understanding of the physical conditions
accompanying thermal lens formation, temperature distri-
bution plots inside the gain medium under different pump
wavelengths from FEA simulations at 6.55 W of absorbed
pump power are shown in Fig. 5. Due to the low pump
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absorption coefficient at 914 nm, the heat load is spread in
a larger volume, thus minimizing stress and temperature
rise. This reduction in mechanical stress and temperature
gradient changes the geometry of the thermal lens and ulti-
mately reduces its dioptric power.

Therefore, reduction of thermal lensing can be
explained by two reasons, first, the reduction in quantum
defect and secondly, the shape of the thermal lens geom-
etry. Another parameter that can also affect thermal lens
dioptric power is the pump spot size, since thermal lens
dioptric power is inversely proportional to its area [1].
Therefore, thermal lens to some extent can be controlled
by the selection of a larger pump spot size albeit at the
expense of the increased threshold pump power and thus
lower output power.

4 Conclusion

Thermal lensing effect in a 914-nm diode-pumped
Nd:YVO, laser has been studied in order to assess its
strength. FEA simulation was also done to compare the
thermal lensing effect with 914-, 888-, 880-, and 808-nm
pumping wavelengths. The results show that the thermal
lens power was significantly reduced because of the differ-
ence in quantum defect and the thermal lens geometry. Our
results indicate that in-band pumping at 914 nm offers sig-
nificant advantages for development of high average power
Nd:YVO, and other Nd-ion laser oscillators in continuous
wave regime.
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