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Diode-pumped 1-um Nd:YVO,4; and Nd:YLF lasers
with active thermal lensing compensation and
manipulated beam quality
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Abstract: Thermally induced optical adaptive lens in a solid-state laser can be used to compen-
sate for the thermal lens and improve the beam quality. Herein, we present an active compensation
method for thermal lensing in 1 pm diode-pumped solid-state Nd:YVO4 and Nd:YLF lasers. The
compensation scheme comprised thermally inducing the defocusing effect of it polarization in
Nd:YLF; the defocusing strength was controlled using a diode pump power. By varying the
absorbed ~790 nm diode power of Nd:YLF (0 to 7.8 W), the beam quality, M?, of Nd:YVO, was
manipulated from 2.4 to ~1.1 and the power fluctuation was measured to be less than 0.5%.
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1. Introduction

Diode-pumped solid-state (DPSS) laser systems have been widely used in material processing,
scientific research, and medical applications owing to their advantages of compactness, reliability,
and high efficiency. In an end-pumping scheme, high quality output beam can be achieved through
the design of spatial mode matching between the pump mode and fundamental cavity mode. The
scaling of end-pumped lasers to high powers and nonuniform heating within the laser medium
induces thermal distortion, including birefringence and lensing effects [1]. Thermally induced
birefringence can cause significant power loss. Intracavity quarter-waveplates [2], optimized
laser crystal cuts [3], and slab laser schemes [4] have been proposed to eliminate birefringence.
Moreover, the thermally induced lens creates unstable beam parameters and poor beam quality.
Various passive and active schemes have been proposed to compensate for the thermally induced
lens effect. Passive compensation methods generally use a concave lens or a refractive index
material with a negative temperature coefficient (dn/dT), for example, Poly (methyl methacrylate)
(PMMA) [5], to cancel the thermal lens effect of the laser medium. However, the concave lens
can only compensate certain pump power level and the thermally induced defocusing lens in Poly
is varied with the pumping power. Therefore, the passive techniques narrowed the output power
range and limited the beam quality. Active schemes, involving intracavity deformable mirrors
based on micromachined membranes [6] and pneumatic actuation [7,8], have been successfully
demonstrated to actively compensate for the thermal lensing effect with improved power scaling
and beam quality. Modulating the curvature of the deformable mirror, the temporal control of the
radiation parameters can also be reached. Another active scheme, side-pumped dual rod Nd:YLF
laser, has also showed the increased stability and superior beam quality [9]. However, there is no
study of dual rod thermal compensation in end-pumped scheme. In this paper, an end-pumped
laser-controlled for actively compensating thermally induced lensing effect of the Nd:YVOy4
and Nd:YLF lasers with manipulated beam quality is reported, where Nd:YLF is pumped in 7
polarization with negative dn/dT for dynamically compensating for the positive thermal effect of
Nd:YVOg.
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Fig. 1. Experimental setup of a thermal compensation Nd:YVO4/Nd:YLF laser.

2. Experimental setup

A schematic of the thermal compensation Nd:YVO4/Nd:YLF laser is shown in Fig. 1. The laser
comprised an L-shaped cavity with two a-cut, 3 x 3 mm? aperture, gain mediums: 5 mm long,
0.5 at.% doped Nd:YVOy crystals and 20 mm long, 1 at.% doped Nd:YLF crystals. To dissipate
the heat generation, the crystals were wrapped by indium foil and kept in a copper block for water
cooling at 25 °C. Two fiber coupled diode lasers, wavelengths with ~808 and ~790 nm, were used
to separately pump the Nd:YVO, and Nd: YLF crystals. Coupling lenses L;, L, L3, and L4 were
used to refocus the beam radius of two pump beams to ~550 pm in the gain mediums. The ~790
nm diode laser was adopted because the absorption coefficient of 7 polarization in Nd: YLF
has two times larger than o polarization at this wavelength [10]. Moreover, & polarization of
Nd:YLF exhibits a negative thermal-optics coefficient (dn/dT =—4.3x107%) [11] and thermal
defocusing behavior. Although the o polarization of Nd:YLF exhibits a negative thermal-optics
coefficient (dn/dT = —2.0x 107°), a slightly positive thermal lensing is observed after considering
the bulge effect of the end faces [11]. To purify the study of n polarization and thermal
defocusing behavior in Nd:YLF, an L-shaped cavity design was adopted to prevent the excitation
of o polarization by the ~808 nm diode laser. To process the thermal compensation scheme,
the 7 polarization of both laser gain media was aligned in parallel. When the 7 polarization
of the two laser gain media was aligned in the orthogonal direction, the thermal compensation
scheme was not observed. The cavity was constructed using three flat mirrors: My, M», and
OC. The distance between the two laser crystals was 2.5 cm and the total cavity physical length
was maintained at approximately 11 cm. M; and M, possessed coatings with anti-reflection
at ~800 nm and high reflectance (>99%) at 1040-1070 nm. The gain mediums possessed
anti-reflection coatings at ~800 and 1040-1070 nm on both the interfaces. OC possessed a
partial reflectivity (R = 85%) in the range of 1040—-1070 nm. To ensure that the thermally induced
temperature distributions of the two gain mediums were spatially overlapped, the Nd:YVOy laser
was constructed at the beginning, and the 790 nm diode laser was aligned by a 3-axis translation
stage to match the 1064 nm spatial position in the Nd: YLF laser medium. A thermal detector and
spectrometer (resolution: 1 nm) were used to monitor the average output power and wavelength,
respectively. A band pass filter (BPF, Thorlabs FLH1064-10), with a center wavelength of 1064
nm and bandwidth of 10 nm, was used to block the 1047 nm wavelength and measure the output
performance at 1064 nm. The transmittance of BPF at 1064 nm was first characterized by only
turning on an ~808 nm diode laser. An output power of 1047 nm can be deduced by comparing
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the total output power with and without BPF. A beam profiler (DataRay, WinCamD M2DU)
equipped with a linear motorized stage and a 44 mm traveling range was constructed to monitor
the far-field spatial mode and characterize the beam quality.

3. Results and discussions
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Fig. 2. (a) Measured output power of 1064 and 1047 nm versus absorbed ~790 nm diode
power, (b) Measured outputs spectrum of 1064 and 1047 nm when the absorbed ~808 and
~790 nm diode power were 10.6 and 8 W, respectively.

Figure 2(a) shows the measured Nd:YVO4/Nd: YLF laser output power when the absorbed
~808 and ~790 nm diode powers were maintained at ~10.6 W and varied between 0 and 10
W, respectively. When the absorbed ~790 nm diode power was higher than 4 W, we observed
the generation of 1047 nm laser using a real-time spectrometer, as shown in Fig. 2(b). The
output power of 1047 nm increased monotonically when the absorbed ~790 nm diode power
was lower than 8 W. Once the absorbed diode power was higher than 8 W, the cavity was run
into the unstable regime, and the thermal crack issue [11] of Nd:YLF occurred occasionally.
Furthermore, the oo polarization of Nd:YLF (1053 nm) and gain competition between 1047
and 1053 nm were appeared [12]. To prevent thermal cracking, the absorbed ~790 nm diode
power was maintained below 8 W in the following measurement. Before analyzing the thermal
compensation in detail, we first estimated the focal length of the thermal lens in Nd:YVO,4. When
the ~790 nm diode power was turned off, the 1064 nm output power corresponding to different
cavity lengths was recorded, where the OC position was varied [13], as shown in Fig. 3. The
focal length of the thermal lens of Nd:YVO4 was measured to be shorter than 400 mm, and the
beam radius of TEMyg inside Nd:YVO4 was calculated to be smaller than 280 um using the
ABCD matrix method [14]. Although the current method cannot accurately measure the focal
length of the thermal lens, it can provide a rough estimation. A more accurate experimental
determination of the thermal lens in the laser crystals can be reached by intra-cavity adaptive
optics [15]. Because the radius ratio between the pumping and cavity modes reached ~2, the
current cavity design was favorable for producing a high-order transverse mode. In the following
measurements, we set the absorbed ~808 nm diode power at 10.6 W. Figure 4 shows the measured
beam profiles of 1064 nm at varied absorbed ~790 nm diode power. Once the ~790 nm diode
power was increased, the mismatched mode matching of 1064 nm was compensated by the
thermally induced defocusing lens of Nd:YLF. Therefore, the beam profile of 1064 nm was
transferred into the fundamental mode when the absorbed ~790 nm diode power reached 7.5 W,
as shown in Fig. 4(h). The response time to reach the stable beam profile was less than 1 s, which
was limited by the response time of the beam profiler. A slight spatial alignment of the ~790 nm
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diode laser was required to ensure coaxial propagation between 1047 and 1064 nm. Without
symmetric thermal compensation, an elliptical beam shape was observed, as shown in Fig. 4(j).
In the following measurements, the cavity was maintained in a coaxial alignment between two
wavelengths without notification. We also recorded a beam profile of 1047 nm at the same power
level of Fig. 4(i), as shown in Fig. 4(k), and only the fundamental mode was observed in the
operated power range. From these results, the following two conclusions were derived. First, the
thermal defocusing behavior of 1047 nm cannot be stable in the flat/flat cavity, without the help
of positive thermal lensing, contributed by 1064 nm. Second, the small signal gain of 1047 nm
must be larger than the cavity loss. When the diode power of ~790 nm was increased and the
cavity threshold was overcome, the fundamental mode of 1047 nm was excited first. While the
thermally induced defocusing lens was incorporated into the cavity, the fundamental cavity mode
of 1064 nm was dynamically expanded by the compensation scheme, and the fundamental mode
of 1047 nm was expanded in the same way. Therefore, only the fundamental mode at 1047 nm
was observed during the measurements.
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Fig. 3. Measured output power of 1064 nm by varying the cavity length when the ~790 nm
diode laser was turned off.
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Fig. 4. Recorded far-field patterns of 1064 nm under thermal compensation for the absorbed
~808 nm diode power was fixed at 10.6 W. The absorbed ~790 nm diode power was shown
in the inset. The elliptical beam profile of 1064 nm under non-coaxial propagation and
typical 1047 nm pattern were recorded as a comparison.
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Fig. 5. (a) Measured beam quality, M2, of 1064 nm vs. absorbed ~790 nm diode power. (b)
M2 fitting result at absorbed ~790 nm diode power of 7.8 W, where u and v are represented
as x and y, respectively.
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To characterize the beam quality of 1064 nm laser, a 100 mm focal lens was adopted to refocus
the beam profiler, and the M2 value was fitted using the ISO-11146 method, as shown in Fig. 5(a).
Without thermal compensation (~790 nm diode laser was turned off), the M2 of the x and y
directions were measured to be 2.25 and 2.45, respectively. The discrepancy of the M?-values
between the x- and y-directions was caused by the mounting concept of the laser crystal which
resulted in a non-symmetric thermal distribution inside the laser gain medium. With thermal
compensation (~790 nm diode laser was turned on), M? was reduced gradually and reached
~1.1 for both x and y directions when the absorbed ~790 nm diode power reached 7.8 W. The
typical M? measurements and fitting results are shown in Fig. 5(b). Owing to the L-shaped cavity
design and astigmatism effect, a slightly different waist position between the x and y directions
was revealed. Comparing the results in Figs. 4 and 5, the M?> measurements coincided with the
observed beam profiles. This is the first report on laser beam quality that can be manipulated
using optical power. To study the stability of thermal compensation, an output power of 1064
nm was recorded using a thermal detector. Figure 6 shows the 10 min power fluctuation versus
the absorbed ~790 nm diode power. Although the power fluctuation in the scheme of thermal
compensation was increased from 0.2% to 0.4%, the power stability was still acceptable for
further applications.
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Fig. 6. Measured 10 min power stability of 1064 nm vs. absorbed ~790 nm diode power.

Conclusions

In conclusion, we demonstrated a Nd:YVO,4 and Nd:YLF laser with dynamic thermal lensing
compensation in the 1-um range. By measuring the spatial modes and beam quality of Nd:YVO,4
laser at different absorbed ~790 nm diode power in Nd:YLF crystal, the thermally induced
defocusing of 7 polarization in Nd: YLF can provide an active scheme to compensate for thermally
induced focusing. The power fluctuation of Nd:YVOy laser was better than 0.5% under thermal
lensing compensation. Although we only present the results in a cw, watt level laser scheme,
the preliminary data of pulsed laser scheme, inserting AO Q-switch element into Fig. 1, also
reveal the similar compensation behavior. The achievement in this report can be regarded as an
oscillator and amplified by master oscillator power amplifier approach (MOPA) [16] for high
power application. Another future scope will be the spatial beam manipulation of Nd:YVOy4
laser through varying the beam shape of ~790 nm diode laser or spatial overlapping between two
pump lasers.
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