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Abstract. We report a high-energy (∼97 μJ), high-peak power (∼20 kW), single-frequency, linearly polarized,
near diffraction-limited (M2 < 1.2) ∼4.8-ns pulsed laser source at 775 nm with a 260-Hz repetition rate. This laser
was achieved by frequency doubling of a high-energy linearly polarized all-fiber-based master oscillator–power
amplifier, seeded by a single-frequency semiconductor distributed feedback laser diode at 1550 nm. The fre-
quency doubling is implemented in a single-pass configuration using a periodically poled lithium niobate crystal,
and a conversion efficiency of 51.3% was achieved. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0
Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10
.1117/1.OE.56.8.086112]
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1 Introduction
Rare-earth-doped glass fiber lasers have seen progressive
developments in the past two decades in various aspects,
such as high power, high energy, ultrashort pulse width, nar-
row linewidth (single frequency), etc.1,2 Fiber lasers can only
operate in certain spectra range, such as 1,3 1.5,4 2,5 or
2.8 μm,6 due to the limit of the emission spectra for the
rare-earth-elements doped in glasses. Due to the various non-
linear processes, including the Raman, frequency doubling,
parametric processes, etc., fiber lasers have been utilized to
generate a lot of very attractive coherent sources operating in
ultraviolate,7 visible,8 midinfrared,9 and even THz ranges.10

Fiber-based construction of these laser systems enables
robust, compact, and high performance operation.

The frequency doubling of narrow linewidth Er-doped
fiber lasers can generate narrow linewidth laser sources
around 780 nm, which can be utilized for optical atom cool-
ing, quantum information storage, etc. Thompson et al.11

demonstrated a single-frequency continuous wave (CW)
780-nm laser source with 900-mW laser power, generated
from the frequency doubling of a fiber laser system using
the cascaded periodically poled lithium niobate (PPLN) crys-
tals. Vyatkin et al.12 reported a single-frequency CW laser at
780 nm with 5-W average power by frequency doubling a
single-frequency linearly polarized CW Er:Yb fiber laser.
In this system, the frequency doubling was implemented
by single passing one PPLN crystal. Another single-fre-
quency CW laser at 780 nm with watt-level output power
was built using the external-cavity-enhanced frequency dou-
bling of an Er-doped fiber laser system.13 Some other single-
frequency lasers around 780 nm in the CW regime were also
reported.14–16 The pulsed single-frequency lasers of around

780 nm can find applications in remote sensing, optical met-
rology, etc. Chiow et al.17 demonstrated the generation of
43 W of quasicontinuous 780-nm laser light by single-
pass frequency doubling of a 1560-nm laser via the combi-
nation of two fiber amplifiers. Champert et al.18 demon-
strated a nanosecond pulsed laser at 772 nm by frequency
doubling of a distributed feedback (DFB) laser diode seeded
ytterbium–erbium fiber amplifier in a periodically poled
KTP crystal. Dingjan et al.19 reported the generation of a
4-ns pulsed laser of 780 nm by single-pass frequency dou-
bling of an EDFA-boosted 1560-nm diode laser for excita-
tion of a single trapped rubidium atom. Hu et al.20

demonstrated a fiber-integrated laser source at 780 nm, pro-
ducing 410-ps pulses at a repetition rate of 50 MHz and with
3.5-W average power. Some other pulsed lasers around
780 nm were also reported.21,22 The pulse energy of these
pulsed lasers is at the tens of nano-Joule to several micro-
Joule level, and the peak power is below 1 kW due to the
high repetition rate of these laser pulses.18–22 Nanosecond
laser pulses at 780 nm with tens of kilowatts peak power
are demanded in a lot of applications, such as long-range
remote sensing, materials processing, etc.

In this paper, we report a single-frequency, linearly polar-
ized, near diffraction-limited, pulsed laser source at 775 nm
by frequency doubling a single-frequency nanosecond
pulsed all-fiber-based master oscillator–power amplifier
(MOPA) and seeded by a fiber coupled semiconductor
DFB laser diode at 1550 nm. This 775-nm laser can provide
∼4.8-ns single-frequency laser pulses with a 260-Hz repeti-
tion rate, ∼97-μJ pulse energy, and ∼20-kW peak power.

2 Low Repetition Rate High-Energy Fiber Laser
System

Figure 1 demonstrates the diagram of the high-energy, sin-
gle-frequency, linearly polarized laser at 775 nm. It consists*Address all correspondence to: Wei Shi, E-mail: shiwei@tju.edu.cn
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of a high-energy monolithic MOPA seeded by a single-fre-
quency fiber-coupled semiconductor DFB laser diode and a
frequency doubling system in a single-pass configuration
using a PPLN crystal as a nonlinear medium.

A butterfly laser driver, driven by an arbitrary waveform
generator, was utilized to drive the single-frequency fiber
coupled semiconductor laser diode with ∼1-MHz linewidth
to generate nanosecond laser pulses. The pulse shape, pulse
duration, and repetition rate of the laser pulses can be easily
adjusted by the arbitrary waveform generator. The generated
shortest laser pulse is about 5 ns and is limited by the speed
of the driver. The laser pulses with ∼5-ns pulse durations and
240- to 260-Hz repetition rates was chosen as the seed for the
MOPA to achieve the pulse energy and the peak power as
high as possible. The pulse energy for the seed pulses is
about 50 pJ. The MOPA consists of four stages of the
fiber amplifier: two stages of a core-pumped fiber amplifier
(first and second preamplifier), one double cladding (DC)
fiber amplifier (third preamplifer), and one DC power ampli-
fier. The gain fiber used in the two core-pumped amplifiers is
∼1 m of commercial polarization-maintained (PM) Er-
doped single-mode fiber (from Nufern Inc.) with a ∼7-μm
core. The spectral filter, consisting of one circulator and
one high reflection fiber Bragg grating, was inserted after
each core-pumped preamplifier to clear out the amplified
spontaneous emissions (ASE). One acousto-optic modulator
(AOM) was inserted after the second spectral filter to gate the
pulses to increase the extinction ration. The gain fiber uti-
lized in the DC fiber preamplifier was ∼1 m of commercial
PM Er/Yb-codoped fiber (from Nufern Inc.) with
12-∕130-μm core/inner cladding. The cladding absorption
coefficient at 976 nm is about 10 dB∕m. One fiber coupled
multimode semiconductor laser diode at 976 nm was utilized
as the pump source for this amplifier. One homemade clad-
ding mode stripper (CMS) was utilized to clear out the
residual pump and some laser light propagating in the
fiber cladding. One bandpass spectral filter centered at
1550 nm was inserted after the CMS to clear out the
ASE. The active fiber utilized in the power amplifier was
∼1 m of commercial PM Er/Yb-codoped fiber (from
Nufern Inc.) with 25-∕300-μm core/inner cladding. The clad-
ding absorption coefficient at 976 nm is ∼9 dB∕m. Two
fiber-coupled multimode laser diodes at 976 nm were uti-
lized as the pump sources for the power amplifier. The
other homemade CMS was utilized to strip out the light
propagating in the fiber cladding. One fiber-based PM iso-
lator was inserted between the two DC fiber amplifiers to

prevent the backward propagation light. One commercial
endcap (from Optizone Technology Inc.) was utilized as
the output end of the whole fiber laser system to avoid
any end-face reflection and to prevent the end-face burning
from the large peak power density.

Considering the low repetition rate (240 to 260 Hz) of the
seed pulses, the multistage synchronous pulse pumping tech-
nique was adopted in the four stages of fiber amplifiers to
mitigate the ASE in the amplifiers.23 The time sequence
of the seed pulse, the AOM gate pulse, and the pump pulses
are shown in Fig. 2. The pulse width for the seed pulse and
the AOM gating pulse were fixed as ∼5 and ∼60 ns, respec-
tively. The pump pulse widths in four stages of fiber ampli-
fiers are optimized experimentally to achieve the maximum
pulse energy and simultaneously to suppress the ASE as
much as possible. As shown in Fig. 2, the optimized
pump pulse width in the four stages of fiber amplifiers
was ∼1 ms, ∼1 ms, ∼300 μs, and ∼500 μs, respectively.
The peak power of the pump diodes for the three stages
of the preamplifiers was optimized to 230 mW, 380 mW,
and 2.5 W, respectively. The pulse energy after the three
stages of preamplifiers was measured to be ∼10 μJ using
an Ophir PE10-C pyroelectric energy sensor, which is insen-
sitive to the ASE background and CW signal component.
Therefore, the three stages of the preamplifiers produced
∼53-dB gain for the seed pulses. Using the same energy sen-
sor, the pulse energy of the laser pulses, which is the output
from the power amplifier under different pump levels, was
measured and is shown in Fig. 3. When the pump pulses,
with ∼21-W peak power and ∼500-μs pulse width, were
launched into the final power amplifier, the maximum

Fig. 1 The diagram of the high-energy, single-frequency, linearly polarized laser at 775 nm.

Fig. 2 The time sequence of the seed pulse, the AOM gate pulse, and
the pump pulses.
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pulse energy of ∼200, ∼172, and ∼148 μJ was achieved for
laser pulses with 260-, 250-, and 240-Hz repetition rate,
respectively.

The spectrum of the laser with ∼200-μJ pulse energy was
measured using an optical spectrum analyzer (OSA) with
0.02-nm resolution. As shown in Fig. 4, the laser was cen-
tered at ∼1550.02 nm. The signal-to-noise ratio (SNR) of
>27.7 dB was achieved due to the pulse pumping technique
adopted in the MOPA. The pulse duration was measured to
be ∼4.8 ns using a fast detector and an oscilloscope.

3 Generation of the High-Energy Single-Frequency
Laser Pulses at 775 nm

The linear polarized 1550-nm laser pulses with ∼200-μJ
pulse energy, ∼4.8-ns pulse duration, and 260-Hz repetition
rate were chosen to do the frequency doubling as shown in
Fig. 1. The laser output from the endcap was collimated by
an aspheric lens (lens I as shown in Fig. 1) with ∼15.3-mm
focal length and 1550-nm antireflection (AR) coating. The
collimated laser beam diameter was ∼2.6 mm. One half-
wave plate was utilized to adjust the linear polarization of
the laser. One plane-convex lens (lens II as shown in
Fig. 1), with ∼75-mm focal length and 1550-nm AR coating,

was used to focus the laser into the center of the PPLN crys-
tal. The pulse energy of the 1550-nm laser pulses was mea-
sured to be ∼189 μJ after this lens due to the loss from these
bulk optics. The diameter of the beam waist and the Rayleigh
length were calculated to be ∼103 μm and 5.32 mm, respec-
tively. The PPLN crystal is 3-mm long, 1.4-mm wide, and
1-mm thick, with a 19.36-μm domain period chosen for qua-
siphase matching at 33°C. It was AR coated at both 1550 and
775 nm. One thermo electric cooler (TEC) was utilized to
adjust the temperature of the crystal as shown in Fig. 1.
The generated 775-nm laser was collimated by the other
plane-convex lens (lens III as shown in Fig. 1) with
∼30-mm focal length and the 775-nm AR coating. The
residual 1550-nm laser (transmitted) and the collimated
775-nm laser (reflected) were split by a dichroic mirror.
Note that we chose the above bulk optics, especially the
lens I and II, based on the experimental optimization for
the conversion efficiency of the frequency doubling.

The Ophir PE10-C pyroelectric energy sensor was uti-
lized to measure the energy of the generated 775-nm laser
pulses. Figure 5 shows the pulse energy of the 775-nm
laser when the 1550-nm laser with different pulse energy
was launched into the PPLN crystal. The maximum pulse
energy of ∼97 μJ was achieved when the ∼189-μJ funda-
mental laser was launched. The corresponding conversion
efficiency can be calculated to be 51.3%. Note that, in the
experiment, the TEC was utilized to adjust the temperature
of the PPLN to optimize the conversion efficiency. When the
temperature was adjusted to ∼33°C, the highest conversion
efficiency was achieved. The conversion efficiency can be
improved by cleaning the spectrum of the 1550-nm laser
(see Fig. 4), using optimized PPLN crystal, etc. The pulse
shape was measured using a fast detector and an oscilloscope
with a 500-MHz bandwidth. As shown in the inset of Fig. 5,
the pulse duration was about 4.8 ns, so the peak power of the
generated 775-nm laser pulses reached ∼20 kW. The polari-
zation extinction ratio (PER) was also measured to be
∼15 dB based on a half-wave plate and a Glan-laser polar-
izer. To the best of our knowledge, this is the first demon-
stration of a 100-μJ level, tens of kilowatts peak power level
single-frequency linearly polarized 775-nm laser based on
the frequency doubling of the fiber lasers.

Fig. 3 The output pulse energy for the 1550-nm linearly polarized sin-
gle-frequency MOPA under different pump levels and with different
repetition rates.

Fig. 4 The output spectrum of the single-frequency laser with
∼200-μJ pulse energy. Inset: Zoomed-in spectrum of the laser.

Fig. 5 The output pulse energy of the 775-nm laser as a function of
the pulse energy of the 1550-nm laser. Inset: the measured pulse
shape of the ∼97-μJ laser pulses.
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The spectrum of the generated 775-nm laser with ∼97-μJ
pulse energy was measured using an OSAwith 0.02-nm res-
olution and is shown in Fig. 6. The laser was centered at
∼775 nm, and an SNR of greater than ∼36 dB was achieved.
Compared with the SNR of the fundamental laser (see
Fig. 4), the SNR is much better due to the ASE filtering
of the process of the double-frequency conversion.

The beam quality for the 775-nm laser with ∼97-μJ pulse
energy was evaluated with a beam quality factor (M2) in two
orthogonal transverse directions x and y using a commercial
beam profile analyzer (M2-200S, Ophir Photonics Inc.). As
shown in Fig. 7 the beam quality factor (M2) was measured
to be 1.184 and 1.137 in the x- and y-directions, respectively.
Nearly diffraction limited beam quality was achieved.

4 Conclusion
We have successfully implemented a high-energy, single-
frequency, linearly polarized, near-diffraction-limited
(M2 < 1.2), nanosecond, low repetition rate pulsed laser at
775 nm by frequency doubling of an all-fiber MOPA seeded
by a single-frequency DFB laser diode. The 775-nm laser
can produce ∼97-μJ, ∼4.8-ns laser pulses with 260-Hz rep-
etition rate and ∼15-dB PER. It is believed that the laser can

be used for a lot of applications, including remote sensing,
optical metrology, material processing, etc.

Acknowledgments
This work was supported by the Science and Technology
Support Program of Tianjin (No. 15ZCZDGX00970), the
Shandong Province Independent Innovation and Achievement
Transformation Project (No. 2014ZZCX04212), the National
High Technology Research and Development Program
(No. 2014AA041901), the National Natural Science
Foundation of China (Nos. 61275102 and 61335013), and the
Natural ScienceFoundationofShandong (No.ZR2014FP015).

References

1. W. Shi et al., “Fiber lasers and their applications,” Appl. Opt. 53(28),
6554–6568 (2014).

2. D. J. Richardson et al., “High power fiber lasers: current status and
future perspective,” J. Opt. Soc. Am. B 27(11), B63–B92 (2010).

3. H. M. Pask et al., “Ytterbium-doped silica fiber lasers: versatile sources
for the 1 − 1.2 μm region,” IEEE J. Sel. Top. Quantum Electron. 1(1),
2–13 (1995).

4. J. Nilsson et al., “High power wavelength tunable cladding pumped
rare-earth-doped silica fiber lasers,” Opt. Fiber Technol. 10(1), 5–30
(2004).

5. P. F. Moulton et al., “Tm-doped fiber lasers: fundamentals and power
scaling,” IEEE J. Sel. Top. Quantum Electron. 15(1), 85–92 (2009).

6. X. Zhu et al., “High power ZBLAN glass fiber lasers: review and pros-
pect,” Adv. Optoelectron. 2010, 1–23 (2010).

7. C. Gu et al., “High power tunable femtosecond ultraviolet laser source
based on an Yb-fiber-laser pumped optical parametric oscillator,” Opt.
Express 23(5), 6181–6186 (2015).

8. G. K. Samanta et al., “Stable, 9.6 W, continuous-wave, single-fre-
quency, fiber-based green source at 532 nm,” Opt. Lett. 34(10),
1561–1563 (2009).

9. M. W. Haakestad et al., “Mid-infrared optical parametric oscillator syn-
chronously pumped by an erbium-doped fiber laser,” Opt. Express
18(24), 25379–25388 (2010).

10. W. Shi et al., “Single-frequency terahertz source pumped by Q-switched
fiber lasers based on difference-frequency generation in GaSe crystal,”
Opt. Lett. 32(8), 949–951 (2007).

11. R. J. Thompson et al., “High power single frequency 780 nm laser
source generated from frequency doubling of a seeded fiber amplifier
in a cascade of PPLN crystals,” Opt. Express 11(14), 1709–1713
(2003).

12. M. Y. Vyatkin et al., “High power, 780 nm single-frequency linearly-
polarized laser,” Proc. SPIE 5709, 125 (2005).

13. Y. Ge et al., “Realization of 1.5 W 780 nm single-frequency laser by
using cavity-enhanced frequency doubling of an EDFA boosted
1560 nm diode laser,” Opt. Commun. 334(1), 74–78 (2015).

14. J. Feng et al., “High-efficiency generation of a continuous-wave single
frequency 780 nm laser by external-cavity frequency doubling,” Appl.
Opt. 46(17), 3593–3596 (2007).

15. J. Feng et al., “Noise suppression, linewidth narrowing of a master oscil-
lator power amplifier at 1.56 μm and second harmonic generation out-
put at 780 nm,” Opt. Express 16(16), 11871–11877 (2008).

16. S. S. Sane et al., “11W narrow linewidth laser source at 780 nm for laser
cooling and manipulation of rubidium,” Opt. Express 20(8), 8915–8919
(2012).

17. S. Chiow et al., “Generation of 43 W of quasi-continuous 780 nm laser
light via high-efficiency, single-pass frequency doubling in periodically
poled lithium niobate crystals,” Opt. Lett. 37(18), 3861–3863 (2012).

18. P. A. Champert et al., “3.5 W frequency-doubled fiber-based laser
source at 772 nm,” Appl. Phys. Lett. 78(17), 2420–2421 (2001).

19. J. Dingjan et al., “A frequency-doubled laser system producing ns pulses
for rubidium manipulation,” Appl. Phys. B 82(1), 47–51 (2006).

20. D. J. J. Hu et al., “Fiber-integrated 780 nm source for visible parametric
generation,” Opt. Express 22(24), 29726–29732 (2014).

21. J. Hansknecht et al., “Synchronous photoinjection using a frequency-
doubled gain-switched fiber-coupled seed laser and ErYb-doped fiber
amplifier,” Phys. Rev. Spec. Top. Accel. Beams 9(6), 063501 (2006).

22. J. Dingjan et al., “A frequency-doubled pulsed laser system for rubidium
manipulation,” Appl. Phys. B 82(1), 47–51 (2006).

23. P. Wan et al., “Low repetition rate high energy 1.5 μm fiber laser,” Opt.
Express 19(19), 18067–18071 (2011).

Qiang Fang is now the VP of technology in HFB Photonics Co. Ltd.
He received his BS degree in electrical engineering and his MS
degree in optical engineering from Nankai University in 2005 and
2008, respectively, and his PhD in optics from the College of Optics,

Fig. 6 The measured spectrum of the 775-nm single-frequency lin-
early polarized laser with ∼97-μJ pulse energy. Inset: Zoomed-in
spectrum of the laser.

Fig. 7 The measured beam quality factor (M2) of the 775-nm single-
frequency linearly polarized laser with ∼97-μJ pulse energy.

Optical Engineering 086112-4 August 2017 • Vol. 56(8)

Fang et al.: 97-μJ single frequency linearly polarized. . .

http://dx.doi.org/10.1364/AO.53.006554
http://dx.doi.org/10.1364/JOSAB.27.000B63
http://dx.doi.org/10.1109/2944.468377
http://dx.doi.org/10.1016/j.yofte.2003.07.001
http://dx.doi.org/10.1109/JSTQE.2008.2010719
http://dx.doi.org/10.1155/2010/501956
http://dx.doi.org/10.1364/OE.23.006181
http://dx.doi.org/10.1364/OE.23.006181
http://dx.doi.org/10.1364/OL.34.001561
http://dx.doi.org/10.1364/OE.18.025379
http://dx.doi.org/10.1364/OL.32.000949
http://dx.doi.org/10.1364/OE.11.001709
http://dx.doi.org/10.1117/12.594506
http://dx.doi.org/10.1016/j.optcom.2014.08.013
http://dx.doi.org/10.1364/AO.46.003593
http://dx.doi.org/10.1364/AO.46.003593
http://dx.doi.org/10.1364/OE.16.011871
http://dx.doi.org/10.1364/OE.20.008915
http://dx.doi.org/10.1364/OL.37.003861
http://dx.doi.org/10.1063/1.1368181
http://dx.doi.org/10.1007/s00340-005-2027-7
http://dx.doi.org/10.1364/OE.22.029726
http://dx.doi.org/10.1103/PhysRevSTAB.9.063501
http://dx.doi.org/10.1007/s00340-005-2027-7
http://dx.doi.org/10.1364/OE.19.018067
http://dx.doi.org/10.1364/OE.19.018067


the University of Arizona, in 2012. He authored or coauthored more
than 30 journal papers. His current research interests include fiber
lasers and amplifiers. He is a member of the Optical Society (OSA)
and the Institute of Electrical and Electronics Engineers.

Wei Shi is a professor at Tianjin University. He is an expert of the
national Thousand Talents Program. He is a OSA fellow. He is an

adjunct professor of the optical science center at the University of
Arizona, the editor of Applied Optics and JOSAB, and the associate
chief editor of Infrared and Laser Engineering. He authored or coau-
thored more than 150 papers with more than 1600 citations. He owns
two U.S. patents and more than 20 Chinese patents.

Biographies for the other authors are not available.

Optical Engineering 086112-5 August 2017 • Vol. 56(8)

Fang et al.: 97-μJ single frequency linearly polarized. . .


