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Abstract: We present a high-power, nanosecond 630 nm beam generation based on Raman
conversion and second-harmonic generation (SHG). 116.2 W, single-mode 1080 nm fiber laser
based on 10/125 um optical fiber is used as a pump source for Raman conversion and the 1260 nm
seed laser diode helps the amplification of third-order Raman conversion, which results in
63.7 W at 1260 nm with 54.8% Raman conversion efficiency. SHG to 630 nm is based on type-I
noncritical phase-matching conditions with bismuth triborate (BIBO) nonlinear crystal. The
average power of 630 nm is 15.5 W at a repetition rate of 9.26 MHz, a pulse width of 16.0 ns, and
a SHG efficiency of 24.4%. This result can facilitate the generation of a high-power visible light
source with good beam quality at a specific wavelength.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The demand for high-power visible light sources is increasing for various applications including
visible light communication, material processing, medical, and healthcare [1-7]. Especially,
certain applications like photodynamic therapy or photo-sensitive treatment often require a
specific wavelength in the visible band [4,5]. Laser diodes (LDs) or dye lasers are widely used
in this wavelength region, but nearly diffraction-limited output power is usually lower than
Watt-level, and further power scaling often suffers from poor beam quality [8—12]. Wavelength
conversion based on solid-state laser or fiber laser can instead provide high-power visible light
sources with good beam quality [13—-15]. Among the visible wavelengths, high-power 532 nm and
355 nm lasers are widely found mainly due to their usage in material processing [14,16], while
the power scaling in other visible wavelengths requires dedicated development [14,15,17,18].
Due to the lack of high-power, diffraction-limited blue or red light sources, the demonstration of
a specific wavelength like 630 nm accompanying high-power and wavelength conversion setups
is especially notable.

Second-harmonic generation (SHG) is an efficient way of generating the target visible
wavelength from infrared. For that, the generation of the desired infrared wavelength is a
prerequisite. However, the gain bandwidth of Ytterbium-doped lasers, despite their high output
power capability, is restricted to around 1030—1120 nm [19,20]. Raman fiber laser (RFL) is a
convincing alternative due to the ability to convert wavelengths to the desired range through
cascaded stimulated Raman scattering. RFLs have been extensively studied with various schemes,

#532695 https://doi.org/10.1364/OE.532695
Journal © 2024 Received 13 Jun 2024; revised 13 Jul 2024; accepted 13 Jul 2024; published 18 Jul 2024


https://orcid.org/0000-0003-1249-4952
https://orcid.org/0000-0003-0585-0517
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.532695&amp;domain=pdf&amp;date_stamp=2024-07-18

Research Article Vol. 32, No. 16/29 Jul 2024 / Optics Express 28073 |

Optics EXPRESS N

but a complicated setup such as Raman input/output gratings or a special component such as
Raman filter fiber is sometimes required [21-23].

In this study, we present a high-power, nanosecond 630 nm light source with nearly diffraction-
limited beam quality based on Raman fiber laser and second-harmonic generation. Our approach
utilizes a polarization-maintaining (PM) 1080 nm fiber laser as the pump source to generate
1260 nm output through third-order Raman conversion. Optimizing the Raman fiber length, laser
peak power, and pulse shape, third-order Raman wavelength could be maximized without the
need for special components. Subsequently, type-I noncritical phase-matching (NCPM) SHG
using a Bismuth Triborate (BIBO) crystal is employed to achieve the final 630 nm output.

Figure 1 is the estimated NCPM temperatures of LBO (Lithium Triborate) and BIBO (Bismuth
Triborate) at infrared wavelengths [24,25]. Avdokhin et al. [14] demonstrated a high average
power 615 nm beam based on NCPM SHG at 1230 nm with LBO crystal. The scheme, however,
is difficult to be applied to the generation of 630 nm due to the very low NCPM temperature at
1260 nm although the wavelength difference is 30 nm. BIBO in this study can be an alternative
for the generation of 630 nm with an NCPM temperature of around 154 °C. This demonstration
can facilitate the development of high-power visible light sources with nearly diffraction-limited
beam quality in other wavelengths.
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Fig. 1. Estimated NCPM temperatures of LBO and BIBO crystals at infrared wavelengths.
The crossed point denotes the wavelength of 1260 nm.

2. Experimental setup

A 1080 nm Ytterbium-doped fiber (YDF) laser utilizing a three-stage master-oscillator power
amplifier (MOPA) in PM all-fiber configuration serves as the pump source for the Raman amplifier.
The complete setup is depicted in Fig. 2. The first row of Fig. 2 includes the 1080 nm seed laser,
1080 nm pre-amplifier, and 1260 nm Raman seed laser sections, while the second row of Fig. 2 is
the 1080 nm main amplifier section. The third row of Fig. 2 is the 630 nm SHG section coupled
with the fiber collimator.

The 1080 nm seed laser employs a distributed feedback (DFB) LD directly modulated by a
pulsed LD driver (Aerodiode, Shaper). The seed laser beam travels through an optical isolator
(ISO)/band-pass filter (BPF) hybrid component and a 99:1, 2 x 2 tap coupler before entering the
pre-amplifier. The ISO/BPF hybrid protects the seed LD by blocking the unwanted Rayleigh
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Fig. 2. Schematic diagram of the 630 nm light source. LD, laser diode; ISO, isolator;
BPF, bandpass filter; YDF, Ytterbium-doped fiber; CPS, cladding power stripper; WDM,
wavelength-division multiplexer; MFA, mode-filed adapter; BIBO, Bismuth Triborate.

scattering and amplified spontaneous emission (ASE) from the following pre-amplifier. The tap
coupler helps monitor the forward-propagating seed LD signal and the backward-propagating
pre-amplifier signal.

The 1080 nm pre-amplifier utilizes a 4.5 m-long, PM 10/125 pm YDF (cladding absorption
of 4.8 dB/m at 976 nm) coiled on a small cylindrical heat sink. A pump combiner couples a
976 nm pump laser into the inner cladding of the pre-amplifier YDF. The amplified light passes
through a cladding power stripper (CPS) and a high-power ISO/ BPF hybrid. The amplified
pulsed 1080 nm laser and a continuous-wave (CW) 1260 nm Raman seed laser then co-propagate
through a wavelength division multiplexer (WDM). The wavelength of the Raman seed laser is
locked with a fiber Bragg grating (FBG) and has a 3-dB linewidth of 0.3 nm. The usage of a
1260 nm Raman seed laser with narrow linewidth helps amplify the third-order Raman signal
while preventing the Raman-gain spectral broadening [26]. The 2 X 2 coupler after the WDM
permits monitoring of the forward-propagating 1080 nm signal and the backward-propagating
Rayleigh scattering, stimulated Brillouin scattering (SBS), and stimulated Raman scattering
(SRS) signals from the main amplifier and Raman fiber.

In the 1080 nm main amplifier, two 976 nm pump LDs with 100 W output power each are
coupled into a 4.5 meter-long, PM 10/125 um YDF via a pump combiner. The main amplifier
YDF is buried in a spiral-shaped groove structure with thermal interface material and the heat
sink is water-cooled. The splicing points of both YDF ends are placed on the surface of the heat
sink. After removing the residual pump power with a CPS, the signals propagate into a 40 m-long,
PM 6/125 ym Raman fiber (Coherent, PM980-XP) through a mode-field adapter (MFA).

In the Raman amplifier pumped by the 1080 nm fiber laser, cascaded Raman conversion
generates 1134, 1193, 1260, 1334 nm, and higher-order Raman wavelengths. To obtain the
maximum power at the third-order Raman wavelength, 1260 nm seed LD was used, and the length
of the Raman fiber and the peak power range of the pump laser were determined by simulation,
then the peak power of the pump laser was finely optimized by tuning the repetition rate, pulse
width and pulse shape of the pulsed seed laser.
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The collimated Raman output (Beam diameter of 3.6 mm) interacts with the BIBO crystal after
filtering the residual 1080 nm pump light and the low-order Raman wavelengths with the help of
two dichroic mirrors. The 20 mm-long BIBO crystal is positioned in a temperature-controlled
oven to satisfy type-I NCPM SHG conditions and the crystal angle, X-Y tilts can be finely
adjustable to obtain maximum SHG efficiency. The frequency-doubled beam with 630 nm
wavelength is separated from the fundamental wavelength of 1260 nm after being transmitted to
the harmonic separator (HS).

3. Result and discussion

Figure 3(a) is the optimized result of the pulsed 1080 nm seed laser. The 3-dB linewidth of
the spectrum was 1.3 nm and the 3-dB pulse width in the inset was 18.8 ns with a customized
square shape. The optimized process is described in the following 1080 nm amplifier section.
Figure 3(b) is the spectrum of the CW 1260 nm Raman seed laser. The 3-dB linewidth of the
spectrum was 0.3 nm. The output power of the 1260 nm seed laser is approximately 500 mW.
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Fig. 3. (a) Spectrum and pulse train (inset) of the pulsed 1080 nm seed laser. (b) Spectrum
of the CW 1260 nm Raman seed laser.

The high-power 1080 nm fiber laser was first characterized before splicing with the Raman
amplifier section. The 1080 nm main amplifier was pumped by two 100 W 976 nm LDs and the
PM optical fibers had the core/clad diameters of 10/125 um. The peak power of the laser was
managed to be lower than the damage threshold of the 10/125 um silica fiber (approximately
1.5~2.3kW) [27] and to maximize both the third-order Raman conversion and SHG efficiencies.
Figure 4 depicts the output characteristics of the main amplifier. The 1080 nm output power after
the CPS was 116.2 W when the 976 nm pump power was 143 W. Figure 4(a) shows the slope
efficiency of 79.6%. The amplifier gain was 16.2 dB at the maximum power. The pulse energy at
the maximum power was approximately 12.5 pJ when the repetition rate was 9.26 MHz. The
inset of Fig. 4(a) reveals a perfectly circular Gaussian beam profile measured at the maximum
output power. The measured M? values were 1.07 and 1.10 in x- and y-directions, respectively,
confirming the single-mode operation. Figure 4(b) is the evolution of the pulse shape depending
on the 1080 nm output power. The customized square pulse grows as the output power increases
and the 3-dB pulse width is broadened from 19.3 ns to 20.0 ns as the 1080 nm output power is
increased from 60.6 W to maximum power.

The 1080 nm laser beam was efficiently guided into the 6/125 pm Raman fiber amplifier through
the MFA with a low insertion loss of 0.017 dB. As described in the experimental setup, a rough
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Fig. 4. Results of the 1080 nm pump laser. (a) Output power and beam profile. (b) Evolution
of the pulse shape vs. 1080 nm output power.

fiber length was first determined as 40 m according to the simulation and preliminary experiment
and then followed by fine-tuning of the temporal pulse characteristics and peak power to achieve
maximum Raman conversion efficiency without additional filtering components. In general, high
peak power is preferred for higher SHG efficiency while it can hinder specific-order (third-order)
Raman conversion because of the onset of the next-order Raman wavelength. To maximize both
the third-order Raman conversion and SHG efficiencies, the repetition rate was optimized in the
range of 5~18 MHz, and the pulse width was optimized in the range of 5~30 ns. Additionally,
several pulse shapes were compared including exponential, Gaussian, square, and customized
square shapes. Among them, the customized square pulse shows the best efficiency because
the wasted portion in the pulse edges which can not contribute to the nonlinear wavelength
conversion can be minimized and the peaked leading edge of the pulse can be optimized by
monitoring the pulse shape after amplifiers and wavelength conversion efficiencies. 1080 nm
seed laser driver includes the function to adjust the level of gain-switching peak suppression of
the seed LD. The tuning of the repetition rate and pulse width affects the pulse shape, resulting in
the peak power variation. Therefore, fine-tuning of repetition rate and pulse width should be
repeated after the pulse shape is determined. At the maximum pumping, the peak power of the
1080 nm laser entering the Raman amplifier is approximately 0.62 kW. The collimated 1260 nm
RFL was characterized after filtering 1080 nm pump light and the low-order Raman wavelengths
with two dichroic mirrors.

Figure 5 shows the results of the 1260 nm RFL output. 1260 nm output power is barely
observed up to around 80 W of 1080 nm pump laser because first- and second-order Raman
wavelengths are generated in this power range, which are filtered out. A steep increase of
1260 nm output power is observed from around 90.3 W, indicating the threshold of the third-order
Raman conversion. The maximum 1260 nm output power was 63.7 W at the pump power of
116.2 W, corresponding to the third-order Raman conversion efficiency (optical-to-optical) of
54.8%. At higher pump power, the slope efficiency gradually decreases due to the generation of
fourth-order Raman wavelength. The inset of Fig. 5 displays the beam profile of the 1260 nm
Raman laser measured at the maximum output power. We did not have a proper beam profiler
at this wavelength, but the visible to near-infrared complementary metal-oxide-semiconductor
(CMOS) camera could manage to capture the beam image at high output power. It exhibits a
clear Gaussian beam profile because of the single-mode nature of the 6/125 ym Raman fiber
although misalignment of free-space optics in the 1260 nm monitoring setup can induce slight
distortion of the beam.
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Fig. 5. Results of the 1260 nm Raman fiber laser.

Figure 6 displays the evolution of the wavelength and pulse train of the 1260 nm Raman laser
depending on the 1080 nm pump power. As seen in Fig. 6(a), 1080 nm and 1260 nm signals exist
when the 1080 nm pump power is 3.2 W (violet data) and the peak intensity of 1080 nm is higher
than that of 1260 nm by approximately 8 dB. As the 1080 nm pump power increases, first- and
second-order Raman signals are observed. At the 1080 nm pump power of 103 W (blue data),
third-order Raman, 1260 nm signal has the highest intensity over the 1080 nm, 1134 nm, and
1193 nm by 13.3dB, 12.7 dB, and 9.5 dB, respectively. At the maximum pump power (green data),
the intensity of the 1260 nm signal is higher than 1080 nm, 1134 nm, and 1193 nm by 15.5dB,
15.2dB, and 17.0dB, respectively. The onset of the fourth-order Raman signal with 1334 nm
is observed at the maximum pump power while the intensity of it is negligible. The center
wavelength of the third-order Raman signal is 1259.8 nm, and the full width at half maximum
(FWHM) is 1.4 nm. In general, the Raman gain bandwidth in silica fiber is approximately 5 THz
[26], but the linewidth in this experiment is maintained narrow with the help of the 1260 nm
Raman seed laser. The residual pump and lower-order Raman wavelengths were negligible.
Even if other wavelengths exist, they just transmit the nonlinear crystal and can be easily filtered
out at the end of the SHG setup because only the 1260 nm wavelength can satisfy the SHG
phase-matching conditions.

The temporal characteristics of the 1260 nm pulse are presented in Fig. 6(b). It was measured
after passing two DMs which filter the residual 1080 nm pump light and the low-order Raman
wavelengths. As seen in Fig. 6(b), the 1260 nm signal is not observed when the 1080 nm pump
power is below 103 W (blue color), which means the inter-pulse noise is not the background
or photodiode (PD) noise. From the blue and green data of Fig. 6(b), the inter-pulse noise is
considered as 1260 nm and it grows as the pump power increases. In Fig. 4(b), we can see the
long trailing edge in the 1080 nm output and this trailing edge seems to amplify the CW 1260 nm
Raman seed output. In the SHG process, this inter-pulse 1260 nm signal will be wasted due
to the low peak power, lowering the SHG efficiency. We did not analyze the percentage of
inter-pulse signal this time, but reducing it by synchronously gating the 1080 nm pump laser
or using an alternative driver that can enhance the modulation contrast will increase the SHG
efficiency. The repetition rate of the pulse is 9.26 MHz, and the pulse width is approximately
17.9ns and 18.7 ns when the 1080 nm pump power is 103 W and max power, respectively. The
pulse energy is approximately 6.9 pJ at the maximum power and the peak power is lower than
400 W, In general, the leading edge of the pulse is sharpened during the amplification. The
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Fig. 6. Evolution of (a) the wavelength and (b) pulse shape of the 1260 nm Raman fiber
laser depending on the 1080 nm pump power.

asymmetric pulse shape has an unintentionally high peak power portion, which can generate
the unwanted higher-order Raman wavelength and lower the efficiency of third-order Raman
conversion. Therefore, the 1080 nm seed laser pulse shape was optimized by adjusting the level
of gain-switching peak suppression of the seed LD to minimize the generation of the unwanted
higher-order Raman wavelengths and maximize the SHG efficiency at the maximum pumping
power. The noise floor including the CW component in Fig. 6(b) is naturally filtered out at the
end of the SHG setup because it cannot contribute to the frequency-doubling nonlinear process
due to the low peak power.

In this experiment, germanium-doped (Ge-doped) fiber was used as a Raman fiber. Phosphosil-
icate (P-doped) fiber, however, as a Raman fiber can be helpful to enhance the Raman conversion
efficiency because the Raman shift is three times bigger than the Ge-doped fiber, and 1260 nm
can be directly generated from 1080 nm pump wavelength.

SHG for the generation of 630 nm was conducted using a BIBO nonlinear crystal. The
simulation by the SNLO software [28] predicted optimal wavelength conversion under type-I
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NCPM conditions at a crystal temperature of around 154 °C. While the simulation suggested
a result of higher SHG efficiency with a 40 mm-long BIBO crystal, the crystal length in the
experiment was determined to be 20 mm because it was the longest length available from the
maker. The focal length of the focusing lens before the BIBO crystal was optimized in the range
of 50-150 mm. The best SHG efficiency was achieved at a focal length of 75 mm. The generated
630 nm beam was separated from the fundamental wavelength 1260 nm in the harmonic separator
and the residual 1260 nm was dumped.

Figure 7 displays the results of 630 nm SHG. The 630 nm output power monotonically increases
up to 15.5 W when the SHG efficiency is 24.4%, while the maximum SHG efficiency of 26.7%
is observed when the 630 nm output power is 13.2 W. The decrease of SHG efficiency after the
maximum point is attributed to the onset of fourth-order Raman conversion in the Raman fiber
although the output power of third-order Raman wavelength keeps increasing. However, the
decrease of 630 nm output power after the maximum 15.5 W means that the third-order Raman
wavelength begins to convert to the next order due to the increased peak power.
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Fig. 7. Results of the 630 nm SHG. (a) Output power and conversion efficiency. (b) M2
beam quality.

If the output power of the SHG fundamental wavelength (1260 nm) is linearly proportional
to the 1080 nm pump power, then the 630 nm output power will keep increasing, unlike the
saturation of Fig. 7(a). In this study, however, the saturation of 630 nm SHG output power is
related to the Raman converter. As seen in Fig. 6(a), cascaded Raman conversion occurs in
the Raman amplifier as the 1080 nm pump power increases. The tradeoff between the Raman
amplifier and SHG restricts the 630 nm power scaling range.

The inset of Fig. 7 depicts the well-defined Gaussian beam profile of the 630 nm output.
In Fig. 7(b), the measured M? values were 1.09 and 1.12 in x- and y-directions, respectively,
confirming nearly diffraction-limited beam quality. During the SHG nonlinear process, the beam
quality is enhanced because the inter-pulse CW component which is seen in Fig. 6(b) or high
spatial frequency portions are compromised like the soft aperture effect [29].

Figure 8(a) is the spectrum of the 630 nm output measured at the maximum power. The center
wavelength is located at 629.9 nm with a linewidth of 0.8 nm, demonstrating the characteristic
spectral narrowing of nonlinear frequency-doubling.

Figure 8(b) presents the evolution of the pulse shape of the 630 nm output. The pulse period
and repetition rate are identical to those of the 1260 nm Raman laser. At the 1080 nm pump
power of 103 W, the pulse shape is like a triangle, which is similar with the Raman amplifier
output in Fig. 6(b) because the central part which has a higher intensity than the edges contributes
to the SHG process more. At the maximum pump power, the pulse shape becomes close to



Research Article

Optics EXPRESS

Vol. 32, No. 16/29 Jul 2024/ Optics Express 28080

0.2

oal

1080 nm

04t
0.2}

—85.1
——103.0

=2116.2

o 1 | R R A
A |

0.0
04t

02}

0.0 | M i M L L L M
10}

05
0.0

Amplitude (a.u.)

Intensity (dBm)

628 629 630 631 632 2100 -50 0 50 100 150 200 250

Wavelength (nm) Time (ns)

Fig. 8. Results of (a) the wavelength and (b) the evolution of the pulse shape of the 630 nm
output.

square. At the maximum pump power, the pulse width of 1080 nm, 1260 nm and 630 nm output is
20.0ns, 18.7 ns, and 16.0 ns, respectively, which becomes narrower during the nonlinear Raman
conversion and SHG process. The pulse energy is approximately 1.67 pJ at the maximum power.
The output powers of 1080 nm fiber laser, 1260 nm RFL, and 630 nm red laser were maintained
stable without noticeable degradation during hours of experiment over several months.

4. Conclusion

We could demonstrate a stable pulsed 1080 nm fiber laser based on PM 10/125 um with an average
power of 116.2 W by managing the peak power and heat dissipation properly. Additionally, the
third-order Raman conversion in a Raman fiber amplifier could be maximized with an output
power of 63.7 W and a conversion efficiency of 54.8%. This was achieved without any Raman
filtering components and can also be optimized in other-order Raman conversion. Integrating the
high-power fiber laser and Raman fiber laser with the SHG based on BIBO nonlinear crystal, 15.5
W, nanosecond-pulsed 630 nm output with good beam quality could be successfully demonstrated
for the first time. The results of the high-power Raman fiber laser can be applied to any infrared
wavelength by properly choosing the seed wavelength and optimizing the Raman fiber and laser
pulse parameters. Moreover, the combination of infrared Raman laser with SHG will be able to
generate diffraction-limited visible light sources from blue to red wavelengths with the output
power of several tens of Watts.
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