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Abstract: For a Nd:YVOy crystal, a strong thermal lens astig-
matism is observed by using a probe beam technique. By ori-
enting the c-axis of the Nd:YVOu4 crystal in the tangential plane
of the ring resonator, we find the two astigmatisms introduced
by the ring cavity and thermal lens can be mutually compen-
sated. Such compensation improves the stability, beam quality,
and conversion efficiency of the laser. As a result, a single-
frequency green laser of 25.3 W (M? < 1.10) was obtained
with an optical-optical conversion efficiency of 32.2%, and the
power stability is better than £0.4% over 8 hours. To the best of
our knowledge, this is the highest output power and conversion
efficiency of intracavity frequency-doubling single frequency
green Nd:YVOy, laser.
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1. Introduction

High power single frequency solid-state green lasers can
be used for a variety of roles, such as pumping of
Ti:Sapphire or dye lasers, precision measurement, and
high-resolution laser spectroscopy. In the past 20 years,
extensive efforts had been made for producing high power
single frequency green lasers. In the 1990s, watt-level sin-
gle frequency green lasers were obtained by single-end
pumping, with the highest output power of 3.2 W and
optical-optical efficiency of 25.4% [1-3]. Recently, the co-
herent Inc. designed and built a commercial single fre-
quency 532 nm lasers, which highest output power is 18 W
corresponding to an optical-optical conversion efficiency

of 25% [4]. However, the power scaling and beam quality
are limited by thermal effects of the gain medium. Mit-
igating and compensating the thermal effects have been
the focus of the study of high-power lasers. Mitigating
the thermal effect can be accomplished by a composite
gain medium [5,6], low-doped gain medium [7], dual-end
pumping and direct pumping [8—10]. The thermal effects
of the gain medium can be approximated with an equiv-
alent lens. The real thermal lens is not an ideal thin lens
but a lens including the aberrations of spherical and astig-
matism [11,12], thus the compensation of the thermal lens
astigmatism (TLA) is complicated.

Some techniques have been used to compensate the
TLA, such as inserting a cylindrical intracavity element
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Figure 1 (online color at www.lasphys.com) Measured thermal
focal lengths at different pump powers, which show the thermal
lens astigmatism

into the cavity [13], tilting the intracavity lens [14], and
using two rods with orthogonal c-axes [15,16] in a linear
cavity. However, these designs require additional optical
elements and make the laser alignment more troublesome.

In this letter, with a 888 nm laser diode as the pump
source of a high power single frequency Nd:YVO, green
laser, the thermal effects in the pumping process were mit-
igated greatly. By orienting the c-axis of the Nd:YVOy,
crystal in the tangential plane (horizontal to optical ta-
ble) of the ring cavity, the astigmatisms introduced by the
thermal lens and the ring cavity can be mutually compen-
sated. Due to the mitigation and compensation of the ther-
mal effects, the single-frequency laser can be scaled up to
a higher output power whilst retaining the excellent per-
formance at low power, a 25.3 W high power intracavity
frequency-doubling single-frequency green laser was ob-
tained with 32.2% of the optical-optical conversion effi-
ciency. To the best of our knowledge, this is the highest
output power and conversion efficiency of intracavity fre-
quency doubling single frequency green Nd:YVOy laser.
The power stability of the green laser at 25.3 W is better
than £0.4% over 8 hours.

2. Thermal character analysis of the laser
crystal

Thermal lens is a critical factor for resonator design, and
must be thoroughly considered and characterized if an
optimum design for efficient lasing operation is to be
achieved. In order to quantify the influence of the thermal
effects and find an optimal resonator scheme, the value
of the thermal focus in Nd:YVOy, crystal is measured by
a probe beam technique [13]. A linearly polarized beam
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Figure 2 (online color at www.lasphys.com) Experimental setup
of the single-frequency green laser. TGG — terbium gallium gar-
net, HWP — half wave plate, LBO — lithium triborate, Prw —
polarization direction of the fundamental wave, and Pyw — po-
larization direction of the harmonic wave

(probe beam) is carefully aligned to propagate collinearly
with the pump beam through the Nd:YVOy crystal, and
then directed to a M? meter. By measuring the waist po-
sition of the probe beam with and without the pump light
injecting into the Nd:YVO, crystal, we can calculate the
thermal focal length f;;, based on the expression f;, =—
2f?/Az [13], where f is the focus of the lens at the front
of the M2 meter, Ax is the difference between the final
waist positions with and without the thermal lens.

We adjust the polarized direction of the probe beam
parallel to the c-axis of Nd:YVO, crystal (the polarized
direction of the oscillation light), and measure the thermal
focal length in two planes (including perpendicular to the
c-axis and parallel to the c-axis of Nd:YVO, crystal) as
a function of the pump power, respectively. Fig. 1 shows
the measured results, and it can be seen that a strong astig-
matism of the thermal lens was observed. Here circles and
squares correspond to the thermal focal length perpendic-
ular and parallel to the c-axis of Nd:YVOy crystal, respec-
tively, and the solid lines are fitting results. The TLA af-
fects severely the laser performance and must be consid-
ered to optimize the resonator design.

3. Experimental setup and analysis

A fiber coupled laser diode (LIMO Inc., LIMO-F400-
DL888-EX1458), with the highest output power of 90 W
and central wavelength of 888 nm, is used as the pump
source. The coupling fiber has a core diameter of 400 ym
with a N.A of 0.22. A pump wavelength of 888 nm is pre-
ferred to 808 nm owing to the two reasons: First, due to
the reduced quantum defect of direct laser level pumping,
the fractional thermal load mitigates from 24.1% to 16.5%
at 1064 nm lasing, which enables higher pump power to
inject while does not increase the thermal load of the gain
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Figure 3 (online color at www.lasphys.com) Stable region and
beam radius of the laser, solid line — our design and dotted line —
conventional laser

medium. The other is the polarization-independent pump-
ing, which improves the stability of the laser. However,
due to the low absorption cross section of Nd:YVOy crys-
tal for 888 nm pumping beam, which is only 4% of that for
808 nm pumping transition [9], a gain medium of high Nd-
doped level is chosen to increase the absorption efficiency.
The laser diode beam is focused into the Nd:YVO, crys-
tal by a telescope system with a transmission efficiency of
98%. A composite Nd:YVO,4/YVO, crystal, with an Nd-
doped of 0.8% and a 3 x3mm?-cross-section and 23-mm-
length (3 mm undoped and 20 mm Nd-doped), serves as
the gain medium with an absorption efficiency of 8§9%.

Fig. 2 shows the experimental setup of our laser sys-
tem which consists of two convex mirrors (M; — S1, AR
888 nm; S2 — HT 888 nm, HR 1064 nm; and M, — S1,
HR 1064 nm. R=1500 mm) and two concave mirrors
(M3 — S1, HR 1064 nm and M, — S1, HR 1064 nm, HT
532 nm; S2 — AR 532 nm. R=100 mm) [17]. An a-cut
wedge Nd:YVOy crystal (S1, S2 — AR 888 and 1064 nm)
is used as the gain medium, with a doped concentration
of 0.8% and wedge angle of 1.5 degree. The design of the
wedge end-facet serves as a polarized beam splitter to sup-
press the o-polarization oscillation and enhance the supe-
riority of the 7-polarization mode in the mode competi-
tion [18]. An optical diode consisting of a faraday rotator
(TGG, terbium gallium garnet) and a half-wave plate en-
forces the single-frequency operation of the laser [19]. An
etalon is inserted into the laser resonator as a spectral fil-
ter to narrow the gain bandwidth, which ensures the sta-
ble single-frequency operation. A lithium triborate (LBO)
crystal (S1, S2 — AR 1064 and 532 nm, a cross section
of 3x3 mm? and length of 18 mm) is used as the sec-
ond harmonic generator whose temperature is controlled
at the noncritically phase-matching temperature of 149°C
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Figure 4 (online color at www.lasphys.com) Laser output power
versus absorption pump power and power stability in 8 hours

with a precision of 0.01°C [20,21]. The spot radius of
the lasing beam in LBO crystal is approximately 50 pm.
Based on the Smith model of intracavity frequency dou-
bling laser, we calculate the optimal length of the LBO
crystal (18 mm) to meet the optimal conversion efficiency
[17,22].

Based on the measured results of the thermal lens,
there are two optical elements that introduce astigmatic
distortions, the thermal lens and ring resonator [23]. The
astigmatism means that geometrical beam in the plane per-
pendicular to the c-axis of Nd:YVO, rod behaves differ-
ently with that in the plane parallel to the c-axis. To ana-
lyze such laser system, it is necessary to consider the mode
characteristics and the stable region of the tangential (hor-
izontal to optical table) and sagittal (vertical to optical ta-
ble) planes of the resonator separately. With the method of
ABCD transfer matrix, we analyzed the beam parameters
at different planes of the cavity. The analysis results are
shown in Fig. 3. In conventional lasers, in order to reduce
the losses due to the imperfect reflection for p-polarization
beam of the cavity mirrors, the c-axis of the Nd:YVO,
crystal is usually set to be parallel to the sagittal plane of
the ring cavity. However, we can see, from the dotted line
of Fig. 3, that the superposition of the two astigmatisms
leads to a significant discrepancy of the beam size and sta-
ble range in the tangential and sagittal planes.

In our design, by orienting the c-axis of the Nd:YVOy4
crystal in the tangential plane of the ring resonator and op-
timizing the resonator parameters, the combined action of
the two astigmatisms can be mutually compensated, which
is clarified from the solid line of Fig. 3. The compensation
of astigmatisms not only expands the stability range of the
laser, but also reduces the difference of beam size in the
tangential and sagittal planes. The wide stable range is ad-
vantageous to improve the stability of the laser. The round
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Figure 5 (online color at www.lasphys.com) Measurement of
beam quality, spatial beam profile, and intensity distribution
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Figure 6 (online color at www.lasphys.com) Scanning confo-
cal Fabry-Perot spectra of the fundamental wave, confirming the
single-frequency operation

beam of the fundamental mode makes it easier to obtain
a good mode-matching with the pump beam [24], which
improves the conversion efficiency of the laser.

4. Experimental results

Under the pump power of 90 W, corresponding to the
absorption pump power of 78.5 W, a single-frequency
TEMy green laser of 25.3 W was directly measured. The
output power versus absorption pump power is shown in

Fig. 4 (range from laser threshold to 40 W of the absorp-
tion pump is omitted), where it is clear that the output
power increases monotonously over the whole range of
the pump power. The laser threshold is 24.7 W, and the
optical-optical conversion efficiency is 32.2% accounting
for the transmission and absorption losses of the pump
light. The power stability of the green laser at 25.3 W is
better than £0.4% over 8 hours, recorded by a power me-
ter and data acquisition card.

Only when the absorption pump power adjusts from
56.5 to 78.5 W, the output laser mode can keep good beam
quality. When the absorption pump power is below 56.5 W,
the beam quality becomes worse due to the working point
of the laser around the edge of the stability range. At the
absorption pump power of 78.5 W, the beam quality of the
laser at 25.3 W was measured by a M? meter (DataRay
Inc.), and the measured values of M2 and M2 are 1.10 and
1.05, respectively. The spatial beam profile and intensity
distribution are also shown in Fig. 5.

A Fabry-Perot cavity with a free spectral range (FSR)
of 750 MHz and finesse of 200 was employed to moni-
tor the longitudinal mode of the laser. The resolution of
3.75 MHz is enough to distinguish the neighbor longitu-
dinal modes of the laser (the separation of the longitudi-
nal modes is 500 MHz). The measured result is illustrated
in Fig. 6 at the highest output power level. It indicates
clearly that the laser operates in single-longitudinal mode.
Through continuous observation, we find that the laser can
maintain stable single-longitudinal operation over 8 hours
without mode-hopping.

5. Conclusion

In conclusion, we have observed a strong TLA in
Nd:YVOy crystal. By orienting the c-axis of the Nd:YVO,
crystal in the tangential plane of the ring resonator, the
two astigmatisms introduced by the ring cavity and ther-
mal lens can be mutually compensated. At the same
time, with a 888 nm laser diode as the pump source,
the thermal effect in the pumping process was mitigated
greatly. By combining the two methods of direct pumping
and self-compensation of astigmatisms, the output power,
beam quality, and conversion efficiency of the laser were
improved greatly. A high power intracavity frequency-
doubling single frequency green laser (M? < 1.10) was ob-
tained with a maximum output power of 25.3 W and power
stability of better than £0.4% over 8 hours. The optical-
optical conversion efficiency is 32.2% with respect to ab-
sorption pump power.
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