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Abstract: We report the recent progress on diode-pumped high-power continuous-wave
Pr:LiYF, (YLF) green laser and deep ultraviolet (DUV) laser generation via intracavity frequency
doubling. Using two InGaN blue diode lasers as pump source to form a double-end pumping
geometry, in this work, we have demonstrated a green laser at 522 nm with a maximum output
power of 3.42 W, which is believed to be the highest power ever achieved in all-solid-state Pr3*
lasers in this specific spectral region. Moreover, by intracavity frequency doubling of the achieved
green laser, we have further obtained a DUV laser at about 261 nm with a maximum output
power of 1.42 W, which is far higher than previous results. The watt-level 261-nm laser paves the
way towards the realization of simple and compact DUV source for a variety of applications.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Ultraviolet (UV) lasers have been widely used in many fields [1-5], such as material processing,
medicine, bacterial deactivation, semiconductor photolithography, laser spectroscopy, single-
molecule imaging and optical characterization of materials. As a result, the pursuit towards
simple, small-size and cost-effective UV sources has never stopped. In fact, UV source generation
has always been an interesting and valuable research topic during the past decades. Among the
UV sources, for a long time, all-solid-state UV laser has attracted a lot of attention because of its
desirable advantages as compactness, robustness, long lifetime and high efficiency conversion.
Cascaded frequency conversion (also called high-order harmonic) of near infrared (NIR) lasers
mostly based on Nd* lasers operating in pulsed regime (Q switching or mode locking) by
using nonlinear optical crystals is an effective way to obtain UV lasers, which have been widely
explored in the past years [6—8]. However, on the one hand, frequency conversion at least twice is
necessary, which indeed destroys the so-called advantages of all-solid-state lasers to a great extent.
Moreover, in general, complicated amplification of the initial NIR sources is also necessary in
order to achieve considerable UV output [6,8]. On the other hand, in comparison to pulsed UV
lasers, the generation of continuous-wave (CW) UV lasers brings austerer challenges because of
much reduced conversion efficiency under the siutation of low peak power. For CW UV lasers, a
special cavity resonant enhancement technology has been developed to promote the conversion
efficiency [9-11]. This technology has gain great success during the past years for generating CW
UV lasers. Nevertheless, It should be noted that this technology is rather complicated and not
easy to master. In addition, the whole UV laser system becomes much more complicated again.
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In fact, frequency doubling provides the simplest and high-efficiency method for short
wavelength laser generation. Therefore, if directly substituting all-solid-state visible lasers
for Nd** NIR sources as fundamental laser, it should be completely possible to produce high-
performance UV lasers and even deep UV (DUV) with advantages. With the development of
InGaN blue diode laser as pump source, direct laser source in visible spectral region based on
Pr3* lasers is now becoming more and more developed. For instance, in 2011, Giin et al. reported
rich laser radiations in Pr:YLF crystal with a green laser power of 773 mW at about 522 nm [12].
In 2016, we improved the green laser power to 1.7 W [13]. In 2018, the green laser was power
increased to 1.8 W by Tanaka et al. [14]. Recently, in 2019, Fujita et al. [15] demonstrated the
Pr:YLF green laser again with a maximum output power of 1.1 W.

Frequency doubling of all-solid-state Pr3* lasers for UV and DUV laser generation has also
been paid much attention since the very initial stage of blue diode pumped Pr** lasers. In 2006,
i.e. two years after the first diode-pumped Pr3* laser, Richter et al. investigated a Pr:YLF-LBO
laser at 320 nm [16]. For this 320-nm ultraviolet laser, recent research has increased the output
power to 1.01 W [17], and then further increased it to 3.22W [18], which exhibits excellent merit
of diode-pumped intracavity frequency doubled Pr* lasers. The merit has been further extended
by frequency doubling of green Pr** laser for simple and compact DUV laser generation. In
2011, Giin et al. reported a high-performance diode-pumped Pr:YLF-BBO laser at 261 nm
with a maximum output power of 481 mW [19], which is still the highest output power of
diode-pumped Pr3*-based DUV continuous-wave laser. In history, it should be pointed out that
469-nm Nd:YAG-LBO laser and 479-nm optically pumped semiconductor laser (OPSL) have
also been used as pump sources [20-22]. Using an OPSL as pump source, more than 4-W
of the Pr:YLF green laser and about 1-W of the 261 nm DUV laser have been achieved [23].
However, due to the lack of advantages that semiconductor lasers possess, these pump sources
will eventually withdraw from the historical stage.

In this work, we have improved the continuous-wave output powers of diode-pumped Pr:YLF
green laser at 522 nm and its frequency doubling to 261 nm to the highest level that has never
been demonstrated previously with respect to the all-solid-state Pr**-based lasers.

2. Experimental setup

The laser experimental setup is schematically shown in Fig. 1 (Fig. 1(a) is for green laser
generation and Fig. 1(b) is for 261 nm DUV laser generation). Two InGaN blue diode lasers
emitting at about 444 nm at maximum output power of 6.5 W were used as pump sources. Beam
propagation factor of the blue pump laser was measured to be approximately 4.8 and 25.5 in x
and y directions. Pump beam of the two pump sources were collected into the laser gain medium
by two 75-mm (focal length) aspheric plane-convex lenses from two sides of the gain medium
to form double end pumping geometry. After focusing, in the x and y directions, the intensity
distribution of the waist spot of the pump beam is very close to the Gaussian mode, and the spot
size is about 130 and 284 um, respectively. For green laser operation, a V-shaped cavity with two
flat mirrors (M1 and M2) and a concave mirror (M3) was arranged. The M1 and M2 mirrors have
the same coating as about 95% transmission at pumping wavelength and 99.9% high reflection
at the green wavelength. For suppressing the high-gain red emission at about 639 nm, the two
mirrors also have high transmissions of more than 80% at the red wavelength, which ensures that
only the considered green emission can be lased. The curved M3 mirror with ROC of 100 mm
played the role of output coupler and its transmission is about 2.0% at 522 nm. Here, note that
we have not made efforts to optimize the transmission for best green laser performance. The used
one was just available presently in our lab. For intracavity frequency doubling, we arranged a
Z-type cavity. The M4 mirror with ROC of 100 mm has 99.9% high reflection at green and about
95% high transmission at 261 nm. The flat M5 mirror has high reflections of 99.9% and 99.5%
at green and 261 nm, respectively. Thus, according to the coating, the M4 mirror plays a role as
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output coupler of the 261 nm DUV laser. It should be pointed out that the flat mirror (M2) does
not introduce astigmatism, so the V-shaped cavity used for green laser experiment is essentially a
plane-concave two mirror linear cavity, while the Z-shaped cavity used for frequency doubling is
essentially a V-shaped cavity. The function of M2 here is to facilitate the focusing and coupling
of the pump laser at the right side into the Pr:YLF crystal.
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Fig. 1. Experimental setup of diode-pumped continuous-wave (a) Pr:YLF green laser and
(b) Pr:YLF-BBO DUV laser.

The laser gain medium is a 0.3at.% doped a-cut Pr:YLF single crystal with aperture of 3 x 3
mm? and length of 10 mm. Thus, the crystal absorbed about 85% of the total pump power.
Moreover, in order to reduce the Fresnel loss and improve the laser performance, the Pr:YLF
crystal was anti-reflection coated. In addition, in order to effectively remove the heat loading
inside the laser crystal, we wrapped it with indium foil and then mounted it inside a copper block.
The copper block was connected to a water cooling chiller with temperature set at 12 °C. During
intracavity frequency doubling, a BBO crystal with length of 6 mm, designed for type I critical
phase matching (6=48.9°, ¢=0) and AR coated at 522 nm and 261 nm, was placed in the beam
waist located very close to the M5 mirror. The optimal operating temperature of the BBO crystal
is at room temperature of about 25 °C, which was managed by a thermoelectric controller for
active temperature control.

3. Results and discussion

The polarization-dependent emission spectra of the Pr:YLF crystal under the excitation of a
444-nm diode laser is shown in Fig. 2. For Pr:YLF crystal, the most intense emission locates at
red line of about 639.5 nm with emission cross section of 22.3 x 10720 ¢cm?. However, emission
intensity of the green line with peak at about 522.56 nm, corresponding to emission transition
from 3Py to 3Hs, is relatively very weak and its emission cross section is only about 2.2 x 10720
cm?, i.e. about one tenth of that of the 639.5-nm emission. This is one of the reasons that
diode-pumped Pr3* green laser has been power limited to only 1.8 W and its frequency doubled
operation at 261 nm DUV has also been power limited to less than 0.5 W presently.

After a good alignment of the V-shaped cavity for fundamental wave operation, we achieved
a maximum output power up to 3.43 W at an absorbed power of 10.38 W by using the 2.0%
transmitted mirror, as shown in Fig. 3. This is almost twofold of the previous result as reported
in Ref. [14]. Moreover, According to Ref. [13], the optimized transmission of the output coupler
with respect to the green emission should be about 3%. Therefore, it is reliable to believe that the
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Fig. 2. Polarization-dependent emission spectra of Pr:YLF crystal using a 444-nm blue
diode laser as excitation source.

maximum output power could be further improved to more than 4 W under optimal condition. In
addition, threshold of the green laser is about 0.22 W of absorbed power. From the threshold to
the maximum output power, the laser has not shown any power saturation phenomenon. The
laser output power shows very good linearity with a slope efficiency of about 33.8% with respect
to the absorbed power. Frankly, the efficiency is not high and we previously reported a 49%
slope efficiency [13]. According to our estimation, in this present work, the overlap efficiency
between pump beam and cavity mode is about 71.5%, while the previous overlap efficiency is
about 82.3%. It is understandable if we take the pump beam quality into account. In our previous
work, we used a relatively low power pump source with good beam quality that is advantageous
to achieve high overlap efficiency for high-efficiency laser operation. However, in this present
work, in order to achieve higher output power, pump source with higher output power is necessary.
Unfortunately, for the present diode laser without fiber coupling, the higher the power is, the
worse the beam quality is. In addition, the laser wavelength of the green emission is also shown
in Fig. 3 as an inset with a peak at 522.56 nm.
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Fig. 3. Output power of diode-pumped continuous-wave Pr:YLF laser at green; inset:
wavelength of the green laser.

We estimate the intracavity round-trip loss L by using the following expression
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where 7); is the slope efficiency; 4, and 4, are the pumping wavelength and laser wavelength,
respectively; 17, is the excitation quantum efficiency, i.e. the fraction of excited ions per absorbed
pump photons, which can be assumed to be equal to unity; 7 is the transmission of output
couplers; L is the intracavity round-trip loss. Substituting the values into this expression, we can
readily calculate the intracavity round-trip loss to be about 3.0%.

We measured the output power stability of the green laser at maximum output power, as shown
in Fig. 4(a). In 20 minutes, the maximum output power was measured to have an average of
about 3.37 W. As a result, the power stability was estimated to be about 0.77% with respect to the
average power. The stability is about 1.50% corresponding to the maximum output power. Hence,
we can safely arrive at a conclusion that the diode-pumped Pr:YLF green laser exhibits a good
power stability and the good power stability indicates at least a weak mode competition. During
the experiment, by monitoring the laser wavelength, we found that the peak wavelength always
keeps the same and there is no significant change in the longitudinal mode structure. Furthermore,
we measured the transverse mode by using a WinCamD-LCM CMOS beam profiling camera
(DataRay Inc.). Figure 4(b) shows the beam spot size of the green laser at different distance,
which was focused by a positive lens with focal length of 75 mm. By fitting the data, we can
deduce the beam propagation factor M? to be about 1.78 and 2.45 in x and y directions. We think
that the thermal lensing effect was not strong inside the laser crystal. The insets in Fig. 4(b)
shows the typical beam spot at maximum output power.
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Fig. 4. (2) Maximum output power stability of the Pr:YLF green laser in 20 minutes; inset:
enlarging the output power coordinator around 3.4 W and (b) M2 factors characterization
of the Pr:YLF green laser for evaluating the beam quality by measuring the beam sizes at
different distances; inset: 2D and 3D beam spots.

In the experiment, we have also made efforts to operate intracavity frequency doubling of the
Pr:YLF green laser. As we mentioned, in comparison to fourth harmonic generation of Nd>* NIR
lasers, it provides the simplest method for generating DUV laser. Inserting the BBO nonlinear
crystal into the Z-shaped cavity, the DUV laser can be readily observed with an UV sensor card.
We, in Fig. 5, show the laser performance of the DUV laser. The maximum output power was
found to be 1.42 W at the absorbed power of 10.38 W. The DUV laser wavelength was registered
to have a peak at about 261 nm. In Fig. 5, we also show the modeling curve of the 261 nm DUV
laser based on the Smith’s analysis [24]. In the model, assuming that the pump power induces no
thermal effect for the laser medium, then output power of frequency doubled laser can be written
N 2 5
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here K. and L; are the pump coupling coefficient and the resonator loss. They can be deduced to
be about 0.5 and 0.03, respectively, according to the fundamental wave laser experiment. Iy,
is saturation intensity of the Pr:YLF crystal and parameter £ is the effective nonlinearity of the
BBO nonlinear crystal, which can be expressed as

2 12 2
(=gt @)
S22

where Zy =377 Q is the vacuum impedance, / is the length of the BBO crystal, which is 6 mm,
n, =1.78 is the refractive index at 261 nm, w; and w, are the beam waists in the Pr:YLF and
BBO, respectively, and 3 (~4) is a factor that takes into account the phase mismatch between the
fundamental and the second harmonic wave in the second pass in the BBO crystal. Since the
Py, expression has nothing to do with thermal effect and the fact is that the thermal effect is not
avoidable due to nonradiative decay, we, in order to reflect the real situation and present a good
simulation, therefore add a monotonously increasing extra loss into the intracavity round-trip
loss. In this work, we found a good agreement between the experimental data and modeling
curve, as shown in Fig. 5, when the extra loss was finally increased to 0.023. That is to say, at the
maximum output power, the intracavity round-trip loss was about 0.053. The extra loss should
be mainly attributed to the insertion loss arising from the BBO crystal.
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Fig. 5. Experimental data and modeling curve of the output power of Pr:YLF-BBO DUV
laser at 261 nm; inset: wavelength of the DUV laser.

Figure 6(a) shows the output power stability of the 261 nm DUV laser. In 20 minutes, at
the full pump power, the maximum output power was averaged to be 1.37 W, i.e. about 3.5%
reduction corresponding to the highest output power of 1.42 W. Then, the stability was estimated
to be about 1.49% with respect to the average maximum output power, while the stability was
found to be about 3.17% with respect to the maximum output power. From the inset in Fig. 6(a),
we can better see the detail of power fluctuation. During the 20-minute measurement time, we
have not observed significant power degradation. However, it should be pointed out that BBO
crystal has been found to exhibit UV absorption increased with time due to the formation of
an absorption center at a peak power density of 55 MW/cm? [25], which will in turn lead to a
decrease in UV laser power. However, due to our continuous-wave power intensity being far less
than the reported value (only about 0.03 MW/cm?), we have not yet reached the level of forming
so-called absorption centers in BBO crystals, and therefore no significant power reduction has
been observed for at least 20 minutes of our measurement time.

In Fig. 6(b), we show the beam quality measurement by using a BC106-UV camera beam profiler
(Thorlabs Inc.). Using the expression of beam propagation factor to fitting the experimental data,
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Fig. 6. (a) Maximum output power stability of the Pr:YLF-BBO DUV laser in 20
minutes; inset: enlarging the output power coordinator around 1.4 W and (b) M2 factors
characterization of the Pr:YLF-BBO DUV laser for evaluating the beam quality by measuring
the beam sizes at different distances; inset: UV sensor card captured beam spot and CCD
captured beam spot.

we deduced the M? factors in x and y directions to be about 2.49 and 3.78, respectively. The
noncircular beam spot should be ascribed to the walk-off angle of the BBO crystal.

4. Conclusion

High order harmonic of NIR lasers is a complicated method for generating DUV radiation.
Intracavity frequency doubling of InGaN diode-pumped Pr3* laser at green for DUV generation
is still at low developing level. Under this research background, in this work, we have investigated
all-solid-state Pr:YLF green laser at 522 nm with a record maximum output power of 3.43 W.
Then, using a BBO nonlinear crystal, we have operated intracavity frequency doubled laser at
261 nm with a record maximum output power of 1.42 W. The record breaking results here are all
for all solid-state Pr3* lasers. Such simple and compact DUV source could be very promising in
a variety of applications. Last but not least, to improve the DUV laser efficiency, three aspects
need to be addressed. First of all, increasing power density of the green laser in the cavity can be
achieved by further increasing the pump power and improving the mode matching between the
pump beam and the fundamental mode spot in the cavity. Moreover, no obvious thermal induced
power rollover phenomenon was observed in this work, which means that the thermal effect is not
very significant, indicating that the pump power we injected can be further improved for power
scaling. In addition, according to Ref. [18], the damage threshold of a 0.15% doped Pr:YLF
is close to about 20 W of absorbed power, far higher than the absorbed power in this present
work. Therefore, power scaling of the considered green and DUV lasers by increasing pump
power should be very feasible. Secondly, the length of the frequency doubling crystal should be
precisely optimized. Finally, the average spot size of the fundamental mode spot in the frequency
doubling crystal should also be precisely optimized. Comprehensive consideration should be
given to ultimately improve the efficiency of the DUV laser.
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