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ABSTRACT

Continuous wave (CW) green lasers have a lot of important applications in many fields, including holography, interferometry, atom cooling
and trapping, and quantum optics, and they are usually achieved by frequency-doubling 1 um lasers based on the Nd** gain media. In this
paper, we present an all-solid-state CW green laser with an output wavelength of 522 nm, which was directly attained by employing a Pr**:YLE
crystal pumped with a high-power fiber-coupled blue laser diode (LD) module as the gain medium. Due to the negative thermal lens effect
of the Pr’*:YLF crystal, the designed laser resonator had to be lengthened with the increase in the incident pump power. As a result, when
a0.5% doped Pr’*:YLF crystal was employed as the gain medium and the incident pump power was 12 W, the length of the resonator was
optimized to 311.3 mm and the maximum output power of 522 nm green laser was up to 886 mW. The obtained conversion efficiency and
beam quality M? were 11.25% and 1.15, respectively. The long-term power stability within 4.5 h was better than +1.5% at an output power of
700 mW. The obtained watt-level green laser can also be used to generate high power CW deep UV laser for laser processing of silicon and
organic materials, inspection, etc.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0166289

I. INTRODUCTION a wide linewidth and poor beam quality due to material intrin-

sic defects, which limited their application in scientific research.'’
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Continuous wave (CW) green lasers with high power and excel-
lent beam quality have been widely applied in many science and
technology fields, such as holography, interferometry, atom cool-
ing and trapping, and quantum optics.'’ In addition, they can be
extended to deep ultraviolet lasers by nonlinear processes to fur-
ther satisfy the requirements of semiconductor inspection, grating
writing, lithography, and bio-photonics.” ® In addition, because the
absorption spectrum of a Ti: sapphire crystal is in the blue-green
band, green lasers can also be used as pump sources of Ti: sapphire
lasers.”

Conventionally, CW green lasers were obtained by second
harmonic generation (SHG) of all-solid-state near-infrared lasers
in the internal or external cavity, which resulted in complicated
structures.”” Although the recent progress of green semiconduc-
tor lasers can successfully reduce the system complexity, they had

Comparatively, trivalent praseodymium (Pr’*) was recognized as
one of the most efficient rare-earth ions for direct emission of vis-
ible lasers because of its intense radiative transitions in the visible
spectra, including 479, 522, 604, 607, 640, 698, and 721 nm.'' In
addition, visible lasers from Pr’* can be easily extended to ultravi-
olet (UV) lasers only by a single step of SHG, while UV lasers based
on infrared lasers near 1 ym required at least two steps of SHG.
Among all Pr’*-doped laser crystals, Pr**:YLF was the most estab-
lished laser crystal since it exhibited a longer upper state lifetime
and smaller photon energy. In the past two decades, thanks to the
development of gallium nitride (GaN)-based blue laser diode (LD)
near 444 nm and frequency-doubled optically pumped semiconduc-
tor laser (OPSL) near 479 nm, which corresponded to the absorption
peaks of Pr’*, all-solid-state Pr’*:YLF lasers directly oscillating at
red, orange, and blue wavelengths have been realized.”* For green
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laser, although the emission cross section value of the green transi-
tion in Pr’* was relatively weak, which brought about a challenge in
the generation of high-power green light, Pr’*-doped crystals pro-
vided a new scheme for generating compact and simple green laser.
To our knowledge, the highest CW output power of Pr’*:YLF green
laser pumped by OPSL was 2.9 W at 523 nm.'” Although the OPSL
pumping source operated with excellent beam quality, it still had a
cumbersome structure, leading to relatively large volume and poor
reliability of the green laser system. The most efficient and compact
pumping system of the Pr** -doped laser was still the GaN-based LD.
In addition, the highest CW output power of 1.7 W at 523 nm has
been obtained under a pump power of 4 W of a single-emitter GaN
blue LD in 2016.'° Although the optical conversion efficiency was
relatively high, the measured laser beam quality M* was about 1.8,
which was not perfect for medium pumping power and low thermal
effect, and the detailed performance of the laser has not been investi-
gated. In 2018, in order to study the performance of the Pr’*-doped
visible laser under the condition of high pumping power, Tanaka
et al. first demonstrated a 640 nm Pr**:YLF laser single-end pumped
by a high power fiber-coupled blue laser module with an output
power of more than 20 W.'” They successfully suppressed thermal
aberration and obtained an output power of 3.4 W at 640 nm with
good beam quality. So far, there has been no report on Pr’*-doped
green laser operation single end-pumped by a high-power blue laser
module.

In this paper, we demonstrated an efficient CW Pr’*:YLF green
laser at 522 nm directly single-end pumped by a fiber-coupled LD
module with the highest available output power of 12 W at 444 nm.
The thermal influence of Pr’*:YLF crystal on the performance of
green laser was mainly analyzed to effectively optimize the beam
quality and optical conversion efficiency. As a result, when a 0.5%
doped Pr**:YLF crystal was employed as the gain medium and the
incident pump power was 12 W, the length of the resonator was
optimized to 311.3 mm and the maximum output power of 522 nm
green laser was up to 886 mW. The obtained conversion efficiency
and beam quality M? were 11.25% and 1.15, respectively. The long-
term power stability within 4.5 h was better than +1.5% at an output
power of 700 mW. By means of nonlinear frequency doubling tech-
nology, the obtained watt-level green laser can be used to generate
CW deep UV 261 nm laser with high photon energy, high absorp-
tion for many materials, and high scattering intensity. Therefore, it
was an important light source for laser processing of silicon, organic
materials, and inspection.

Il. EXPERIMENTAL DETAILS

The schematic of the LD pumped Pr’*:YLF green laser was
shown in Fig. 1. The pumping source was a fiber-coupled LD mod-
ule with the highest output power of 12 W and a central wavelength
of 444 nm. The core diameter and numerical aperture (NA) of the
coupling fiber were 200 ym and 0.22, respectively. The measured
linewidth and long-time power stability of the LD blue laser were
less than 2.6 nm and 0.9% (10 h), respectively. To ensure an out-
put wavelength of 444 nm, the blue LD was mounted on a copper
block oven cooled by circulated water and the work temperature was
controlled to be 25.00 °C. The pump beam was coupled into the res-
onator and focused at the center of the gain media by a telescope
system consisting of two lenses with the same focal length of 30 mm.

pubs.aip.org/aip/adv
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FIG. 1. Schematic of the LD pumped Pr3*:YLF green laser.

A V-folded resonator was constructed by three mirrors (M;-M3).
The input coupler M; was a plane mirror coated with a high reflec-
tion (HR) film at 522 + 20 nm (R > 99.8%) and high transmission
(HT) film at 444 nm (T > 95%). Both M, and M3 were plane-concave
mirrors with a curvature radius of 100 mm. M, was coated with an
HR film at 522 + 20 nm (R > 99.8%). In order to minimize the astig-
matism caused by the concave mirror, the folded angle at M, was
set as small as possible, which was about 4°. The concave of the out-
put coupler M3 was coated with a fixed transmission film at 522 +
20 nm and the plane was coated with an HT film at 522 + 20 nm
(T > 95%) to obtain efficient optical conversion. The gain medium
was an a-cut Pr:YLF crystal with dimensions of 3 x 3 x 6 mm® and
a doping concentration of 0.5%, which was placed close to the input
mirror M, for full absorption of the pump light energy. The front
end-face of the crystal was coated with an anti-reflection (AR) film
at 444 and 522 nm, and the second end-face was coated with an AR
film only at 522 nm. Due to the energy difference between the pump
and the oscillating laser photons, the optical pumping process was
associated with the generation of heat, leading to a number of unde-
sirable consequences, such as spherical aberration with consequent
degradation in laser beam quality, thermal lens, resonator loss, and
even rod fracture."”"” Hence, mitigating and quantifying the ther-
mal effect of laser crystals have been the focus of the investigation of
high-power lasers. In addition, the thermal lens became a critical fac-
tor for optimizing the resonator design and scaling the output power
of the laser. In the experiment, Pr:YLF crystal was wrapped with an
indium foil and placed in a copper oven controlled by a home-made
high-precision temperature controller. Based on the thermoelectric
refrigeration principle and PID parameter self-tuning control tech-
nique, the operating temperature of the Pr:YLF crystal was precisely
controlled to be 10.20 °C to dissipate heat as much as possible. In
this case, the thermal stress and deformation can be ignored, the
thermal effect in the laser crystal primarily depended on the tem-
perature change of the refractive index, and the equivalent thermal
lens focal length of the Pr:YLF crystal can be expressed as”’

ﬂKCwIZ, 1
= . 1
S 8 T exp (<o) W

The parameters used to calculate the thermal focal length were the
thermal conductivity coefficient K. = 6 W m™" K™, thermo-optical
coefficient dn/dt = -5.2x 107 K™!, quantum defect coefficient
&=14.2%, wp = 100 ym, and absorption coefficient a = 3.6 cm !
Figure 2 showed that the thermal focal length increased with increas-
ing power of the pump blue laser. It can be seen from the figure that
the Pr:YLF crystal exhibited strong negative thermal lensing in the
case of high pump conditions due to the large negative refractive
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FIG. 2. Thermal focal length of the Pr:YLF crystal as a function of pump power.

index change against temperature. In addition, the negative ther-
mal focal length of the Pr:YLF was very short, only about —35 and
—-23 mm under pump powers of 7 and 12 W, respectively, making
the crystal equivalent to a concave lens with a very short focal length
in the optical resonator under high pump power conditions.

Then based on the ABCD transfer matrix and the condition of
stable laser operation,’! the length of the cavity including a negative
thermal lens was determined. The distance between M; and M, was
fixed at 140 mm. The function of the beam radius (wo) at the Pr:YLF
crystal vs the distance (I,) between M, and M3 under different pump
powers was shown in Fig. 3. It can be seen that the scaling of the
pump power made the stable region of the laser operation narrower
and moved toward a longer distance between M, and M3, which
was different from the positive thermal lens as the Nd:YVO, crys-
tal. In addition, the shorter the distance of I, the more sensitive the
beam radius at the Pr:YLF crystal was to the increase in pump power.
Thus, in the experiment, the output coupling mirror M3z was fixed on
an adjustable three position translation frame to finely change the
length of I near 172 mm.

=2
=3
T

Beam waist () (um)
-
=}

[S°3
=]
T

166 168 170 172 174 176 178 180
1, (mm)

FIG. 3. Beam waist of green laser in the Pr:YLF crystal as a function of /,.
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Furthermore, in order to improve the conversion efficiency, the
transmission of the output coupler mirror M3 was optimized. For
end pumping, the laser threshold can be expressed as*

_ i ﬂhVP
th = ne 20T

(T+L)(wg+w12,)[1—exp (—(Xl)]_l, (2)
where hv, was the pumping photon energy, o was the stimulated
emission cross section of the crystal, 7 (35.7 ys) was the upper level
life of the oscillating laser, T was the transmission of the output cou-
pler, and L was the intracavity loss. In addition, the output power of
the laser can be expressed as

T
Pour = m_ﬁ)vlnt(vo + Vp)[l — €Xp (7“1)](Pi" - Pth)’ (3)

where f,,; was the overlapping degree of oscillating light, which was
an important factor affecting the beam quality and optical efficiency;
1, (95%) was the power transmission coefficient of the coupling
system; and vy and v, were the frequency of oscillating and pump-
in§ lasers, respectively. Because the emission cross section of the
Pr'*:YLF crystal was only 0.3 x 107 cm?® at 522 nm, which was
much smaller than that at the peak wavelength of 640 nm (2.2 x
107* cm?), the spot size wy at the Pr:YLF crystal should be designed
to be smaller to obtain high output power and lower oscillation
threshold of the 522 nm laser. In our experiment, the cavity length /,
was lengthened to be about 171.3 mm, producing a spot radius (wo)
of 85 ym in the Pr:YLF crystal to achieve high conversion efficiency
and excellent beam quality. Using Eqgs. (2) and (3), the transmission
of the output coupler M3 can be optimized to maximize the output
power as Topr,

Top = \‘ 20tH:[1 - ezxp (;al)]PmL L @)
mhvy (Wi + wy)

where the system linear loss L was given as 2.5%. The relationship

between optimal transmission and pumping power with different

values of wy was shown in Fig. 4. It can be seen from the figure that

the optimal transmissivity of M3 was about 2.5% at a pump power of

12 W and a spot size (wo) of 85 ym.

10 15 20
Pip (W)

FIG. 4. Relationship between optimal transmission and input power.
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Ill. EXPERIMENT RESULTS AND ANALYSES 800
As a result, efficient generation of green laser with the trans- 750 b

verse Gaussian (TEMgp) mode was obtained. Figure 5 showed the N — ~

generated output power of green laser when the transmissions of M3
were fixed at 1.5%, 2%, and 2.5%. Obviously, the experiment results
were almost consistent with the theoretical expectations. When the
transmission of M3 was 1.5% or 2%, the output power of green laser
began to decrease if the pump power continued to increase beyond
10 W, which showed slight saturation of the output power. When
the transmission was fixed at 2.5%, the maximum output power of
886 mW at 522 nm was obtained under an incident pump power of
12 W and the corresponding conversion efficiency was 11.25%. The

8

put power ngL
g %

o
2

put
g

pumping threshold power was about 4 W. There were no observed 8o
power saturation and crystal fracture. If the input power contin- 100 L R R R

ued to increase, the output power of the green laser can probably 0 1 2 4
increase. The lower optical conversion efficiency than the results Time (h)
in the literature!” was believed to be the serious resonator loss FIG. 7. Long term output power stability of green laser.
caused by the thermal effect under high pump power. Simultane-
ously, the Gaussian beam profile was measured by a beam quality
1000 analyzer (Thorlabs, BP209-VIS), as shown in Fig. 6. Fortunately,
T=2.5% the light intensity showed a good TEMgo Gaussian distribution, and
800 F i Tf2%° the measured values of Mi and Mﬁ were both 1.15 at a distance
g E:ef g’t of 300 mm outside mirror M3. When the output power was 700
%600 I P mW, the stability within 4.5 h was better than +1.5%, as shown
g in Fig. 7.
2
5 400
g IV. CONCLUSION
2001 A 522 nm efficient all-solid-state CW Pr’*:YLF green laser
directly pumped by high power with an output fiber-coupled blue
% 2 6 s 10 12 14 laser diode (LD) module was presented. Based on the analysis of the
Pip (W) laser crystal thermal effect, the performance of the laser was opti-
o mized to effectively improve the optical conversion efficiency and
IS 5 U el 6 R peeiels beam quality. By employing a Pr**:YLF crystal with 0.5% doping
concentration as the gain medium, the 522 nm green laser with
the highest output power of 886 mW was obtained at a single-end
pump power of 12 W. The conversion efficiency and beam quality
1500 b M? were 11.25% and 1.15%, respectively. The stability within 4.5 h
was better than +1.5% at an output power of 700 mW. The laser
——
x performance shown in this paper can meet the needs of developing
~ o scientific research. In addition, the Pr’*:YLF laser still held potential
E_ for power scaling in high power LD pumping by further optimizing
;1000 M:=1.15M; =115 the doping concentration of crystal and cavity parameters.
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