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Abstract
High-power continuous-wave ultraviolet lasers are useful for many applications. As ultraviolet laser sources, the
wavelength switching capability and compact structure are very important to extend the applicability and improve the
flexibility in practical applications. In this work, we present two simple and relatively compact schemes by laser diode
pumping to obtain a watt-level single-wavelength 348.7-nm laser and discrete wavelength tunable ultraviolet lasers
around 349 nm (from 334.7 to 364.5 nm) by intracavity frequency doubling based on Pr3+:YLF and β-BBO crystals.
The maximum output power of the single-wavelength 348.7-nm laser is 1.033 W. The output powers of the discrete
wavelength tunable lasers are at the level of tens of milliwatts, except for two peaks at 348.7 and 360.3 nm with output
powers of approximately 500 mW. In addition, simulations are carried out to explain the experimental results and clarify
the tuning mechanisms.

Keywords: high-power ultraviolet laser; Pr3+:YLF; tunable ultraviolet laser

1. Introduction

High-power continuous-wave (CW) ultraviolet (UV) lasers
are required in plentiful applications, including metal weld-
ing, material processing, Raman spectroscopy, flow cytome-
try, photothermal detection and biomedical applications[1–6].
There are some approaches to obtain high-power UV lasers
(e.g., sum-frequency generation (SFG) lasers based on Nd3+

doped materials, excimer lasers, argon ion lasers, nitrogen
lasers and free electron lasers[7–11]) and tunable UV lasers
(e.g., intracavity tripled Ti:sapphire lasers, optical paramet-
ric oscillators, intracavity frequency tripling semiconductor
lasers, UV lasers based on Ce3+ doped materials, Ar-filled
photonic crystal fiber lasers, second-harmonic generation
(SHG) dye lasers and SFG lasers based on Nd3+ doped
materials[12–17]). However, some of them have difficulties in
CW operations or obtaining high output powers, and most of
them are complex, expensive and bulky.

As is well known, the Pr3+:YLF crystal has been
proved to exhibit excellent laser performance in the visible
region[18–27]. Thanks to the development of the blue laser
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diode (LD), it is easier to realize more compact high-power
LD-pumped Pr3+:YLF lasers[28,29]. Due to the outstanding
visible laser performance, it is natural that people start
to build more compact UV laser sources based on the
Pr3+:YLF crystal through SHG[30–36]. Although there are
many previous works that achieve UV lasers based on
Pr3+:YLF and nonlinear crystals, the laser output powers
at approximately 349 nm are still very low (~33 mW[37])
and the spectral resources of the Pr3+:YLF crystal in the
deep red region have evidently not been fully developed
to realize tunable UV laser sources. To show the potential
of realizing tunable deep red laser frequency doubling by
the Pr3+:YLF crystal, we present major laser transitions
from related fine energy-level structures (3P0,1,2 to 3F4, 3F3)
and emission cross-sections in the deep red region of the
Pr3+:YLF crystal (see Figure 1).

According to the current situations and reasons men-
tioned above, we realize a watt-level UV laser at 348.7 nm
and discrete tunable UV lasers from 334.7 to 364.5 nm.
The lasers are achieved by intracavity frequency-doubled
schemes based on Pr3+:YLF and β-BBO crystals. The wave-
length tunability is achieved by rotating an intracavity Lyot
filter and tilting the β-BBO crystal. The maximum out-
put power of the laser at 348.7 nm generated through the
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(a) (b)

Figure 1. Some spectroscopy properties of the Pr3+:YLF crystal. (a) Major deep red laser transitions of the Pr3+:YLF crystal from 3P0,1,2 to 3F4, 3F3
[38].

(b) Emission cross-sections of the Pr3+:YLF crystal in the deep red region.

fundamental laser at approximately 698 nm is 1.033 W. The
M2 factors are measured to be 2.0 and 2.8 in the horizontal
(x) and vertical (y) directions, respectively. The discrete
wavelength tunable lasers have output powers of tens of
milliwatts, excluding two peaks at 348.7 and 360.3 nm, with
approximately 500 mW output powers. Theoretical simula-
tions are also carried out to interpret the tuning mechanisms
during the combination of the β-BBO crystal and the bire-
fringent filter. To the best of our knowledge, the output power
of the 348.7-nm laser is the highest, and a discrete tunable
UV laser based on the Pr3+:YLF crystal is realized for the
first time. The results we obtained show that our approaches
have enormous potential to be cheaper, simpler and more
compact competitors as compared with frequently used high-
power CW UV laser sources in practical applications.

2. Experimental details

To obtain high-power CW UV lasers at 348.7 nm, an
a-cut Pr3+:YLF crystal (uncoated) and a β-BBO crystal
(antireflective (AR) coated at ~349 and ~698 nm) were
used in the experiment. The concentration of the Pr3+:YLF
crystal is approximately 0.12% (atomic fraction). The length
of the Pr3+:YLF crystal is 15 mm, and the crystal is a
square rod with 3 mm × 3 mm polished windows on
two sides. The Pr3+:YLF crystal was mounted in a water
cooled copper block and wrapped with indium foil to keep it
working under a relatively low temperature (3◦C) to reduce
the thermal lensing effects and the probability of thermal
fragmentation. The β-BBO crystal is a square rod with 7-mm
length and two 4 mm × 4 mm coated end faces. The β-BBO
crystal was also wrapped with indium foil and clamped in
a copper block. The copper block for the β-BBO crystal
is without water cooling since the crystal has a very large
phase-matching temperature[39]. The β-BBO crystal was
cut for type-I phase matching and designed for frequency
doubling of a normally incident 698-nm laser beam (the

phase-matching angle is 33.8◦). A 24-W commercial LD
array emitting at approximately 444 nm (peak wavelength
under maximum output power) with a collimated output
laser beam was utilized in the experiment as the LD pump
source. The M2 factors of the LD array are 46.9 and 15.5 in
the x and y directions (calculated through the parameters
provided by the manufacturer), respectively. The beam
diameters at the output port (beam waist) of the LDs are
5.2 and 3.8 mm in the horizontal and vertical directions,
respectively. The maximum pump absorption efficiency of
the Pr3+:YLF crystal is approximately 51%. The linewidth
of the LD array is relatively large (2.2 nm). The
experimental schemes are presented in Figure 2(a). There
are some differences between the schemes to obtain a high-
power single-wavelength laser at 348.7 nm and discrete
tunable UV lasers: the Lyot filter was only inserted into
the cavity for the discrete tunable UV lasers, the focal
lengths of the focusing lenses were different, the cavity
lengths were slightly different and the plane mirrors close
to the β-BBO crystal were different. As seen in Figure 2(a),
plano-convex lenses with 100- and 75-mm focal lengths
were applied as focusing lenses to obtain a high-power
single-wavelength laser at 348.7 nm and discrete tunable
UV lasers, respectively. In order to get a high output power
at 348.7 nm, a focusing lens with a longer focal length
was applied to reduce the thermal lensing effects. On
the other hand, to obtain more wavelengths, a focusing
lens with a shorter focal length was utilized to reduce
the deep red laser thresholds. The Lyot filter is an a-cut
quartz crystal with 1-mm thickness, and it was inserted
into the laser cavity at the Brewster angle. The insertion
directions of the Lyot filter depended on the polarization
directions (σ and π ) of the fundamental laser. Then, the
wavelength tunability could be achieved by rotating the
intracavity Lyot filter and tilting the β-BBO crystal. Mirror
M1 is a plane mirror with high transmittance in the blue
to red region (up to 650 nm) and high reflectivity in the
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(a)

(b)

Figure 2. (a) Experimental scheme for CW UV lasers. (b) Transmittance curves of the M3 and M4 mirrors.

deep red region. Thus, the unwanted green, orange and red
emissions could be suppressed by mirror M1. Mirror M2
is a plane-concave mirror with a radius of curvature of
100 mm and a dielectric coating on the concave surface.
Mirror M2 has a high reflectivity in the deep region and
relatively high transmittance of around 349 nm (~80%).
Therefore, the total output power of the UV laser should be
corrected by considering the transmittance of the M2 mirror.
Plane mirrors M3 and M4 were applied to obtain a high-
power 348.7-nm UV laser and discrete tunable UV lasers,
respectively. The reason for using the M3 mirror for the
high-power 348.7-nm UV laser was that the relatively high
transmittance at 721 nm (~39%) and the high reflectivity
at 698 nm of this mirror were required to eliminate the
oscillation of the 721-nm laser and store the 698-nm laser
power inside the cavity. Mirror M4 was used to obtain
discrete tunable UV lasers due to a wide range of high
reflectivity in the deep red region. The transmittance curves
of the M3 and M4 mirrors are presented in Figure 2(b). The
total cavity lengths for the single-wavelength 348.7-nm UV
laser and the discrete tunable UV lasers were adjusted to
181 mm (the lengths of the L1 and L2 arms were 89 and
92 mm, respectively) and 193 mm (the lengths of the L1
and L2 arms were 95 and 98 mm, respectively), respectively.
Besides, multi-wavelength UV lasers could also be obtained

by the scheme for discrete tunable UV lasers. The related
results for multi-wavelength UV lasers are presented in the
supplementary material.

3. Results and discussion

3.1. High-power CW single-wavelength UV laser at
348.7 nm

3.1.1. Results
The results of the high-power CW single-wavelength
348.7-nm laser are presented in Figure 3. As seen in
Figure 3(a), the total maximum output power of 1.033 W
was achieved for the CW single-wavelength UV laser
at 348.7 nm. The output power was corrected by the
transmittance of the M2 mirror. The optical-to-optical
conversion efficiency with respect to the absorbed power
could be calculated to be approximately 9.4%. The threshold
of the laser was 0.58 W (absorbed pump power). The M2

factors were measured to be 2.0 and 2.8 in the x and y
directions, respectively. Since our LD array could not work
for a long enough time under the maximum output power to
finish the measurement of the M2 factors, we measured the
M2 factors under a relatively low pump power with a UV
laser power of approximately 0.6 W. The M2 factors at the
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(a) (b)

Figure 3. Output powers, laser spectrum and M2 factors of the high-power CW single-wavelength UV laser at 348.7 nm. (a) Output powers with respect to
absorbed pump powers and the laser spectrum. (b) M2 factors of the 348.7-nm laser beam in the x and y directions.

maximum output power should be a little higher. The highly
elliptical UV laser beam profile should be mainly introduced
by the relatively large work-off angle of the β-BBO crystal
and the relatively strong thermal lensing effects in the π

direction of the YLF crystal.

3.1.2. Analyses
Compared with the previous work on 698-nm laser freque-
ncy doubling[37], the output power was greatly improved (~31
times). However, the optical-to-optical conversion efficiency
was little improved, despite the much higher pump power.
To explain the reason, we did some simulations based on
the intracavity frequency doubling theory under plane wave
approximation proposed by Smith[40] and Agnesi et al. [41]:
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where ω1 and ω2 are the laser beam sizes in the gain medium
and nonlinear crystal, Is is the saturation intensity of the
698-nm transition, Kc is the coupling efficiency, Li is the
intracavity loss, Pa is the absorbed pump power, P2ω is
the power of the frequency-doubled laser, λω is the wave-
length of the fundamental laser, Z0 = 337 � is the vacuum
impedance, deff is the nonlinear coefficient of the nonlinear
crystal (which also depends on the type of phase match-
ing), � is the length of the nonlinear crystal (7 mm), n
is the refractive index of the nonlinear crystal at λ2ω (1.7
in the simulation) and β is the phase mismatching factor
(~2 in the simulation). Here, ω1 and ω2 were calculated
through the well-known ABCD matrix theory by using
different effective thermal focal lengths of the gain medium;
Is was calculated to be 5.3 × 108 W/m2; Kc was evaluated
to be approximately 0.043 W–1; Li was evaluated to be

Figure 4. Simulation results of the 348.7-nm laser output powers under
different effective thermal focal lengths. Here, f is the value of the effective
thermal focal length and ω1 and ω2 are the laser beam sizes in the gain
medium and nonlinear crystal, respectively.

approximately 0.05 according to the transmission of the β-
BBO crystal at 698 nm (~98%); deff of the β-BBO crystal
under type-I phase matching could be obtained through the
parameters in Ref. [39]. The simulation results are presented
in Figure 4. As seen, the UV laser performances are sensitive
to the thermal lensing effects, and the output powers are
lower when the thermal lensing effects become stronger.
Thus, we can see that the optical-to-optical conversion effi-
ciency was not significantly improved due to the much
stronger thermal lensing effects introduced by the higher
pump power compared with the previous work[37].

3.2. Discrete tunable CW UV lasers

3.2.1. Results
The measured results of the CW discrete tunable UV lasers
are presented in Figure 5. The wavelength tunability was
realized by rotating the intracavity Lyot filter and tilting the

https://doi.org/10.1017/hpl.2022.32 Published online by Cambridge University Press

https://doi.org/10.1017/hpl.2022.32


Pr3+:YLF based tunable UV lasers around 349 nm 5

(a) (b)

(c) (d)

(e)

Figure 5. Measured results for the CW discrete tunable UV lasers. (a) Laser output powers at different wavelengths. (b) Laser spectra corresponding to (a).
(c) Output powers with respect to the absorbed pump powers of the two lasers with relatively high output powers. (d) M2 factors of the 347.9-nm laser beam
in the x and y directions. (e) The transmittance of the β-BBO crystal (normal incidence) in the deep red region.

β-BBO crystal. As seen in Figure 5(a), lasers at different
wavelengths were obtained by wavelength tuning. Most of
the output powers achieved were at the level of tens of
milliwatts, except for the lasers at 347.8 and 360.3 nm
(~500 mW). The fundamental lasers in the σ and π polar-

ization directions were both realized to generate the UV
lasers. As seen from Figure 5(b), lasers from 334.7 to
364.6 nm were achieved, including both the σ and π polar-
ization directions. Continuous tunability was only realized
in some narrow ranges (from 360.0 to 360.6 nm, and from
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(a) (b)

Figure 6. Simulation results to further understand the wavelength tuning. (a) Round trip TM mode transmittances comparison of using only the 1-mm thick
quartz plate and both the plate and the β-BBO crystal at the same time. (b) Relative phase-matching angles at different wavelengths of the β-BBO crystal.

347.8 to 349.1 nm). The input–output characteristics of the
lasers with relatively high output powers are presented in
Figure 5(c). The maximum output powers of the lasers at
348.7 and 360.3 nm were 0.518 and 0.505 W, respectively.
The thresholds of the two lasers at 348.7 and 360.3 nm were
0.58 and 0.4 W, respectively. The 347.9-nm laser generated
through the σ -polarized fundamental laser had a maximum
output power of 128 mW with a threshold of 2.30 W. As seen
from Figure 5(d), although the YLF crystal in the scheme for
σ -polarized fundamental laser tuning suffered higher waste
heat, the M2 factors of the generated UV laser beam (2.2 and
1.8 in the x and y directions, respectively) were smaller than
the aforementioned one generated through the π -polarized
fundamental laser. The reason could be that the thermal
lensing effects in the π direction of the YLF crystal are
stronger than those in the σ direction. The stronger thermal
lensing effects could introduce detrimental influences to the
beam quality. Due to the slightly stronger thermal lensing
effects in this scheme (compared with the single-wavelength
scheme) and the higher intracavity losses introduced by the
extra Lyot filter due to the laser divergence angle, the output
power obtained at 348.7 nm was much lower than that of
the laser achieved by the single-wavelength scheme. The
360.3-nm laser output power was expected to be higher than
that of the laser at 348.7 nm due to the larger emission
cross-section at approximately 721 nm (compared with the
emission cross-section at ~698 nm). However, as seen from
Figure 5(e), the quality of the AR coating on the β-BBO
crystal was not so ideal. When the β-BBO crystal was tilted
to the correct phase-matching angle, the transmittance of the
crystal at approximately 721 nm might be lower than the
normally incident transmittance at approximately 698 nm.
The other reason was that when the fundamental laser was
normally incident, a part of the laser reflected by the β-BBO
crystal could re-enter the laser cavity; however, when it was
not normally incident, all the reflected fundamental lasers
would go out of the cavity.

3.2.2. Analyses
To further understand the wavelength tuning, we did some
simulations about the transmittances of the Lyot filter used
in the experiment at different angles (the angle between
the optical axis of the quartz plate and the incident plane)
and wavelengths, and the relative phase-matching angles (0◦
corresponds to the normal incidence) of the β-BBO crystal
corresponding to different wavelengths. The transmittances
of the Lyot filter could be obtained through the Jones
matrix[42]:

Mb =
(

cos2α + sin2α exp(−i2δ) qsinα cosα
[
1− exp(−i2δ)

]
qsinα cosα

[
1− exp(−i2δ)

]
q2
[
sin2α + cos2α exp(−i2δ)

]),

(3)

where n is the refractive index (1.54 in the simulation) of
the quartz, q = 2n/

(
1+n2

)
, α is the angle between the

incident plane and the plane defined by the optical axis of
the quartz crystal and the refractive ray and −2δ is the phase
retardation. By setting the transmission peak at 698 nm,
a round trip transverse magnetic (TM) mode transmission
curve is presented as a dashed line in Figure 6(a). By
taking the influence of the β-BBO crystal on the tuning into
consideration (the β-BBO crystal could be treated as a phase
retarder because it is a uniaxial crystal with an AR coating
around 698 nm), another simulation result is presented as
a red line in Figure 6(a). As seen, the β-BBO crystal under
the type-I phase-matching condition in our experiment could
broaden the transmission peak and reduce the capability of
wavelength selection. It could be one of the reasons why we
could not obtain continuous tuning and could be improved
by multiplying the quartz plates in the future. The phase-
matching angle (type-I phase matching) could be calculated
through the following equation[43]:

sin2θm =
(
no

ω

)−2 − (no
2ω

)−2

(
ne

2ω

)−2 − (no
2ω

)−2 , (4)
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where the refractive indexes (n) at different frequencies
and polarization directions can be intuitively read by the
superscripts and subscripts and θm is the phase-matching
angle. The refractive indexes could be calculated through the
Sellmeier equations from the following[44]:

n2
o = 2.7359+ 0.01878

λ2 −0.01822
−0.01354λ2,

n2
e = 2.3753+ 0.01224

λ2 −0.01667
−0.01516λ2, (5)

where λ is the laser wavelength. The simulation results are
shown in Figure 6(b). As seen, the relative phase-matching
angles required in the experiment were not very large (in
±2◦). Thus, only slight tilting of the β-BBO crystal was
needed in the experiment to achieve the wavelength tuning.

4. Conclusion

In this work, based on Pr3+:YLF and β-BBO crystals,
we realize LD-pumped high-power (1.033 W) single-
wavelength CW intracavity frequency-doubled UV lasers
at 348.7 nm and discrete tunable CW UV lasers from 334.7
to 364.5 nm. The output powers of discretely tunable lasers
are in the tens of milliwatts range, with the exception of the
lasers at 348.7 and 360.3 nm (~500 mW). In addition, tuning
theories are developed to explain the tuning mechanisms of
mixing the Lyot filter and the β-BBO crystal. As far as we
are aware, watt-level output power of the 348.7-nm laser
is achieved for the first time, as well as discrete tunable
UV lasers based on the Pr3+:YLF crystal. Compared with
traditional high-power CW UV laser sources, the innovative
approaches we proposed are expected to be simpler, less
expensive and more compact competitors. For further works
in the future, a laser cavity with fewer laser mode sensitivi-
ties to the thermal lensing effects can be designed to reduce
the influences of the thermal lensing effects to obtain higher
output power. Higher pump power, multiple quartz plates and
the AR coating on the β-BBO crystal with higher quality can
be applied to realize continuously tunable UV lasers.
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