Vol. 21, No. 9 | September 2023

High efficiency, low threshold, high repetition rate H-f
Fraunhofer line light at 486.1 nm generation by an
intracavity frequency-doubled optical parametric oscillator

Xiangxiang Li (Z=£153)">", Yuntao Bai (&= i%)"*", Xin Ding (T fiX)"*, Guoxin Jiang (ZE )", Peng Lei (F ME)',
Xingrui Zhang (3K34%5)"% Yang Sun (7 4%)'%, Jiangeng Du (kL% ##)"% Fangying Wei (/&7 %)", Ruofan Zhang (3%
L)', Liang Wu (2 =)', Guizhong Zhang (3£ 5)", and Jianquan Yao (kiE$2)'?

Institute of Laser and Opto-electronics, School of Precision Instrument and Opto-electronics Engineering, Tianjin University, Tianjin 300072, China
2Key Laboratory of Opto-electronics Information Technology, Ministry of Education, Tianjin University, Tianjin 300072, China

*Corresponding author: dingxin@tju.edu.cn

Received April 15, 2023 | Accepted June 2, 2023 | Posted Online August 21, 2023

quality factor M of 2.83.

threshold; high repetition rate.
DOI: 10.3788/C0L202321.091403

1. Introduction

The coherent blue-green sources with output wavelength in the
region of 450-550 nm are important in applications such as
ocean lidar, underwater target detection, and underwater com-
munication due to low-loss underwater transmission!' ). In this
region, it is worth noting the wavelength matched the
Fraunhofer lines, at which the solar irradiance is reduced with
respect to the adjacent peak. The signal-to-noise ratio of lidar
during daytime detection can be increased due to the reduced
background. There are several Fraunhofer lines in the region
of 450-550 nm, including the H-p line at 486.13 nm with a line-
width of 0.14 nm, the Mg line at 516.73, 517.27, and 518.36 nm,
with the broadest linewidth of 0.2 nm'®~'%!. However, the H-p
line at 486.13 nm is more of interest due to its lower attenuation
coefficient in deep ocean applications.

At present, it is difficult to directly obtain the H-p Fraunhofer
line at 486.13 nm due to the lack of corresponding laser gain
media. Therefore, the method of nonlinear frequency conver-
sion is proposed to realize a frequency shift of the laser.
The H-f Fraunhofer line at 486.13 nm can mainly be obtained
by means of a laser diode (LD) combined with second-harmonic
generation (SHG)!'Y, tunable near-infrared lasers represented
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A high efficiency, low threshold, high repetition rate Hf§ Fraunhofer line light at 486.1 nm was demonstrated. A high-
efficiency KTP optical parametric oscillator was achieved by double-pass pumping with a high-maturity 5 kHz 532 nm laser.
Thanks to the efficient intracavity frequency doubling of the circulating signal wave by a BIBO crystal, the threshold pump
power of the 486.1 nm output was 0.9 W, and the maximum output power of 1.6 W was achieved under the pump power of
7.5 W. The optical-optical conversion efficiency was 21.3%, with the pulse duration of 45.2 ns, linewidth of ~0.12 nm, and beam
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by Ti:sapphire combined with SHG and sum-frequency gener-
ation (SFG)!'*', and an optical parametric oscillator
(OPO)!**211. However, an LD has no obvious advantages in
terms of the high peak power and high beam quality output;
the output power and beam quality of the tunable near-infrared
lasers are also limited by the severe thermal effect of crystal. In
contrast, OPO is currently the optimal method for generating
the H-B Fraunhofer line at 486.13 nm due to the simple struc-
ture, wide wavelength-tuning range, and less heat production. In
recent years, high-energy 486.1 nm OPO pumped by 355 nm
pulse laser has been reported. In 2018, Ma et al. achieved a
BBO-OPO operating at a pulse repetition frequency (PRF) of
20 Hz. When the 355 nm pump energy was 190 mJ, the maxi-
mum output energy at 486.1 nm was 62 m], with the conversion
efficiency of 32.6%*?). In 2020, they also reported a BBO-OPO
pumped by a 355 nm laser with a PRF of 100 Hz, and obtained
9.6 mJ of 486.1 nm output under the maximum pump energy of
43.5 mJ"”). In 2021, Zhang et al. reported a BBO-OPO pumped
by 355 nm laser with a PRF of 10 Hz. The maximum output
energy at 486.1 nm was 162 mJ, with the conversion efficiency
of 39.4%**). The high-energy 486.1 nm blue sources reported
above have important value in ocean lidar and underwater
detection applications.
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In addition, high-power 486.1 nm blue sources operating at
high PRF also show important research value owing to their high
data transmission rate, high confidentiality, and strong anti-
interference ability. However, there are few reports of high-
power and high repetition rate 486.1 nm OPO. This is because
high repetition rate OPO has a higher threshold and lower effi-
ciency due to the lower pump single-pulse energy. In this case,
the conversion efficiency of the OPO is more dependent on the
performance of the pump source. In 2018, Rao et al. reported a
BBO-OPO pumped by a 355 nm laser with a PRF of 5 kHz and a
pulse duration of 10 ns. The threshold energy of pump pulse was
reduced to < 1 m]J by cylindrically focusing the pump beam. The
average output power at 492 nm was 2.6 W, with the conversion
efficiency of 26%24., Compared with 355 nm lasers, the 532 nm
lasers are more suitable as pump sources for OPO due to their
higher maturity, lower cost, and less damage to the device. In
2003, Bi et al. reported an LBO-OPO double-pass pumped by
a high-quality 532 nm laser with a PRF of 10 kHz and M? of
3. A 50-mm-long LiB;Os (LBO) crystal was adopted to mini-
mize the OPO threshold and improve the efficiency. The maxi-
mum conversion efficiency of 940 nm signal wave was 54%
under the pump power of 17 W, and the efficiency of extracavity
frequency-doubling by three BiB;O4 (BIBO) crystals at 470 nm
was 21% %), The above results show that a high-power and high
repetition rate OPO needs to solve the problems of high thresh-
old, low conversion efficiency, and device damage.

In this paper, we demonstrated a high-efficiency, low thresh-
old, high repetition rate H-p Fraunhofer line light at 486.1 nm
generation by an intracavity frequency-doubled singly resonant
OPO (SR-OPO). A high-maturity 5 kHz 532 nm laser was
adopted to double-pass pump a KTiOPO, (KTP) crystal with
large effective nonlinear coefficient (d.g) to reduce the threshold
and improve the conversion efficiency of the OPO. Moreover, a
BIBO crystal with large d.¢ was used to efficiently intracavity
frequency-double the circulating signal wave, in order to achieve
a high-power 486.1 nm output.

2. Experimental Setup

The schematic of high-efficiency, low threshold, high repetition
rate H-B Fraunhofer line light at 486.1 nm generation by an
intracavity frequency-doubled SR-OPO is shown in Fig. 1.
The 532 nm pump source was a multimode frequency-doubled
Nd:YAG laser, with a PRF of 5 kHz. The pulse duration was
88 ns, and the beam quality factor M? was 17 under a maximum
output power of 7.5 W. An optical isolator was inserted between
the 532 nm laser and the double-pass pumped OPO in order to
avoid the retroreflection of the pump beam. After adjusting the
polarization by rotating the half-wave plate, the pump light
was focused onto a KTP crystal with a radius of ~235pm by
afocusinglens f (f = 300 mm) and a flat mirror, M. In this case,
the pump light was focused directly onto the KTP crystal with-
out passing through the resonator mirrors, which reduced the
risk of mirror damage. The 5mm X 5 mm X 25 mm KTP crystal
(desf = 3.74pm/V) was cut at 6 = 74.8°, ¢ = 0° for type-1I phase
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Fig. 1. Schematic of high-efficiency, low threshold, high repetition rate H-p
Fraunhofer line light at 486.1 nm generation by an intracavity frequency-
doubled SR-0PO.

matching, with both surfaces coated to be antireflective (AR) at
532 nm and 950-1200 nm.

A V-shaped SR-OPO cavity consisted of M,, M, and M; mir-
rors. By elaborately designing the cavity, a good mode matching
between the pump and oscillating beam in the OPO crystal can
always be achieved with the increase of the incident pump
power. Moreover, benefiting from the folding mirror, a smaller
radius of the oscillating beam can be achieved in the SHG crystal.
Therefore, a higher intensity of the oscillating beam can be
obtained in the SHG crystal to ensure a high-efficiency fre-
quency-doubling. In order to further improve the conversion
efficiency of SR-OPO, the flat mirror M, was coated for high
reflection (HR) at 532 nm to return the remaining pump light
back to the KTP crystal for secondary pumping. The M; mirror
was a concave folding mirror with a radius of curvature of
100 mm and the half-folding angle of ~20°. A 4 mm X 4 mm X
10 mm BIBO crystal was cut at 6 =163.2°, ¢ = 90° for type-I
phase matching, which was used to intracavity frequency-dou-
ble the circulating signal wave owing to its high d ¢ of 3.27 pm/
V. The crystal was coated to be AR at 900-1000 nm and 450-
500 nm. Both crystals were wrapped in indium foil and placed
in water-cooled aluminum holders at 17°C. A flat dichroic mir-
ror M, was placed between the BIBO crystal and the M; mirror
to collect the backpropagation 486.1 nm blue light. All the coat-
ings of mirrors are listed in Table 1.

The total cavity length of the SR-OPO was 133 mm. Figure 2
shows the fundamental-mode beam size of the signal wave in the
cavity calculated according to the ABCD transmission matrix.
The tangential and sagittal beam radii in KTP were ~169 and
~211 pm, respectively. Therefore, a good mode matching
between the pump and oscillating signal beam was satisfied
with such a cavity arrangement. In our experiment, the optical
power was measured using a Molectron EPM1000 laser power
meter, and the pulse shapes were recorded using a fast photo-
diode (Thorlabs DET10A) and an oscilloscope (Tektronix
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Table 1. Coatings of Mirrors.

Mirrors Coatings
M, 45° HR@532 nm, HT@972.2 nm
M, HR@532 nm and 972.2 nm, HT@1174.9 nm
M3 HR@972.2 nm, HT@1174.9 nm
M, HT@972.2 nm, HR@486.1 nm
Ms HR@972.2 nm, HT@486.1 nm
400
" Sagittal plane
200
0F
€ 200 F
b ( KTP 1BO
;_g _400 a 1 1 1 1 1 E
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é 400
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Positon along the cavity from mirror M, (mm)

Fig. 2. Fundamental-mode beam size of the signal wave in (a) sagittal plane
and (b) tangential plane.

MDO3024). The central wavelength and spectral linewidth were
measured by optical spectrum analyzers (Yokogawa AQ6370D
and Ocean Optics USB4000-FL). The beam profile of the output
wave was recorded using a pyroelectric array camera (Ophir
Pyrocam III).

3. Results and Discussion

In the experiment, the output performance of fundamental sig-
nal wave of 972.2 nm was first investigated without the BIBO
crystal and the M, mirror. By replacing the M5 mirror by a signal
output coupler (OC) with different transmittance (T = 20%,
30%, 40%), the power transfer and conversion efficiency of
the signal output in SR-OPO with double-pass pump were mea-
sured; this is shown in Fig. 3. The thresholds of 972.2 nm were
less than 1 W with the transmittance of 20%, 30%, and 40% due
to the double-pass pump scheme and good mode matching
between the pump and oscillating signal beam. In addition, a
maximum signal output power of 1.4, 1.9, and 1.6 W was
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Fig. 3. (a) Power transfer and (b) conversion efficiency of the signal output in
SR-0PO at different transmittances (T = 20%, 30%, 40%).

achieved at the pump power of 7.5 W, with the corresponding
conversion efficiency of 18.7%, 25.3%, and 21.3%, respectively.
Noticeably, with the increase of transmittance, the threshold
pump power was higher, and the saturation of conversion effi-
ciency occurred at a higher pump power, due to a higher loss.
There was an optimal transmittance of T =30% to achieve
the highest output power and conversion efficiency at a
972.2 nm signal wave. Moreover, the output power would be fur-
ther increased with a higher output power pump source.

When the transmittance of the OC was 30%, the central wave-
length and linewidth of the signal wave were measured by an
optical spectrum analyzer (Yokogawa AQ6370D) at the maxi-
mum power of 1.9 W, as shown in Fig. 4(a). The central wave-
length of the signal wave was 972.2 nm, with a linewidth of
0.12 nm. The measured pulse train of 972.2 nm at the maximum
power of 1.9 W is shown in Fig. 4(b). The PRF was 5 kHz, and
the pulse duration was 47 ns.

Based on the above experiments, the BIBO crystal and
dichroic mirror M, were inserted into the cavity, and the OC
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Fig. & (a) Spectrum of 972.2 nm at the maximum power of 1.9 W (FWHM];
(b] oscilloscope trace of 972.2 nm at 1.9 W; inset, pulse train of 972.2 nm.

M; was replaced by HR at 972.2 nm and HT at 486.1 nm. With
this arrangement, the power transfer and conversion efficiency
of the 486.1 nm output are shown in Fig. 5(a). The threshold
pump power of the 486.1 nm output was 0.9 W. A maximum
output power of 1.6 W at 486.1 nm was obtained under the
pump power of 7.5 W, with the corresponding conversion effi-
ciency of 21.3%. It was observed that the conversion efficiency
gradually began to saturate. The pulse duration of 486.1 nm at
the maximum power of 1.6 W was measured to be 45.2 ns, as
shown in Fig. 5(a). Noticeably, a slight distortion of the pulse
shape was observed, which indicated that a slight inverse con-
version process occurred in the OPO. This was because the rapid
accumulation of the intensity of the oscillating signal wave in the
cavity resulting in a secondary SFG, which occurred between the
back edge of the signal and the idler pulses. Therefore, a partial
absence was observed along the back edge of the blue pulse due
to the loss of SFG. The distortion of the blue pulse could be elim-
inated by improving the efficiency of intracavity frequency dou-
bling by increasing the length of the BIBO crystal. In fact, a
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Fig. 5. (a) Power transfer at 486.1 nm; inset, oscilloscope trace of 486.1 nm at
the maximum power of 1.6 W; (b) spectrum of 486.1 nm at 1.6 W.

similar distortion of the pulse shape of the signal wave in
Fig. 4(b) was observed, which seemed to be smaller. This indi-
cated that the inverse conversion effect could be suppressed
effectively by reducing the intensity of the oscillating signal wave
in the cavity.

The spectrum of the blue output at the maximum power of
1.6 W was measured by an optical spectrum analyzer (Ocean
Optics USB4000-FL). The central wavelength was measured
to be 486.13 nm, with a linewidth of 0.95 nm, as shown in
Fig. 5(b). It should be noted that due to the low resolution of
the spectrometer (10 nm), the measured linewidth of the
486.1 nm output was inaccurate. The actual value of the line-
width should be ~0.12 nm, which was close to the fundamental
signal wave of 972.2 nm. The beam quality factor M? of the
486.1 nm output at the maximum power of 1.6 W was measured
to be 2.83 by knife-edge scanning. The fitting curve and far-field
spatial beam profile are shown in Fig. 6(a). Figure 6(b) shows the
power stability of the 486.1 nm output measured over 2 h, which
exhibited a root-mean-square (RMS) fluctuation of 1.05%.
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