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ABSTRACT   

Second harmonic generation (SHG) is a ubiquitous technique for extending the spectral coverage of laser sources into 

regions that would otherwise be technologically challenging to access. SHG schemes typically rely on the use of bulk 

optical components, resulting in systems with large footprints requiring precise optical alignment. Integration of the SHG 

components into a single unit facilitates the implementation of compact, robust and turn-key sources, suitable for 

applications in biophotonic imaging, amongst others. 

 

We report on the development of fiber-coupled frequency doubling modules and their application to novel fiber-

integrated picosecond pulse sources in the visible and near-visible. The modules employ a simple, single-pass 

configuration using a periodically-poled lithium niobate (PPLN) crystal as the nonlinear conversion medium. They are 

readily adaptable for different fiber pump laser configurations and are configurable with either fiber-coupled or 

collimated free-space outputs.  

 

Two sources using the modules are presented, operating at 780 nm and 560 nm. The 780 nm source utilizes an erbium 

master oscillator power fiber amplifier (MOPFA) scheme. SHG was performed in a 35 mm long crystal, generating 3.5 

W of 780 nm radiation with a pulse duration of 410 ps at 50 MHz and conversion efficiencies exceeding 20%. Results of 

this source being used for parametric wavelength conversion in photonic crystal fiber are discussed. The 560 nm source 

was based on SHG of a Raman amplified CW diode pumped by a pulsed ytterbium-fiber MOPFA. This source generated 

450 mW of average power with conversion efficiencies greater than 20%.   

Keywords: Second Harmonic Generation, Fiber Laser, Pulsed Laser, PPLN, Picosecond, Visible.  

 

1. INTRODUCTION  

Picosecond pulsed laser sources in the visible and near-visible spectral region are in increasing demand for, inter-alia 

biophotonics imaging applications involving super resolution microcopy, such as stimulated emission depletion 

microscopy (STED) [1, 2]. To develop laser systems which are robust, compact and low-cost it is advantageous to use 

all-fiber architectures utilising high reliability components developed for telecommunications.  Unfortunately, doped 

silica fibers that lase directly and efficiently in the visible region are presently not available. The two most common rare-

earth doped fibers are ytterbium, which amplifies at wavelengths around 1.0-1.1 µm, and erbium, which amplifies 

around 1.5-1.6 µm. Nonlinear wavelength conversion in fiber can be used to extend the spectral coverage of these laser 

sources through supercontiuum generation or other parametric processes, however the power spectral density of the 

sources produced through these conversion techniques can be limited. 

 
Presently, the simplest and most efficient way of generating visible wavelengths from fiber lasers and amplifiers is to 

adopt a hybrid approach and couple the fiber source with a bulk optic nonlinear crystal for frequency conversion, usually 

*tlegg@goochandhousego.com; phone +44(0)1803 611740; goochandhousego.com  

Nonlinear Frequency Generation and Conversion: Materials, Devices, and Applications XIV,
edited by Konstantin L. Vodopyanov, Proc. of SPIE Vol. 9347, 93470B · © 2015 SPIE

CCC code: 0277-786X/15/$18 · doi: 10.1117/12.2078726

Proc. of SPIE Vol. 9347  93470B-1

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 03/13/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



 

 
 

 

via SHG. This hybrid approach has been widely applied to fiber laser systems, both academically and commercially, to 

create efficient visible laser sources [3, 4]. The majority of these systems output a free-space beam and thus lose some of 

the most appealing advantages of fiber based laser systems, namely flexible beam delivery and alignment insensitive 

beam quality. The difficulty of injecting the SHG light back into an optical fiber arises from the precise optical alignment 

which is required between the bulk optic components and optical fibers. 

 

In this paper we report on the development of a compact and robust fiber-coupled module designed to frequency double 

picosecond pulsed sources. The module, based on single-pass free-space SHG of periodically poled lithium niobate 

(PPLN), is designed around robust fiber-coupled component packaging principals and has been demonstrated in both a 

fiber-coupled and free-space output configurations. Examples of modules operating at 1120 nm and 1560 nm are 

presented.  

 

2. MODULE DESIGN 

The frequency doubling modules have been designed to be optically and mechanically robust to enable simple 

integration with commercial fiber laser and amplifier systems. The footprint of the module has also been kept small to 

aid integration into compact laser systems. Figure 1 shows a three-dimensional model of the 1560 nm frequency 

doubling module with the external dimensions shown in Figure 2. 

 

  
Figure 1. Layout of fiber-coupled frequency doubling module. 

 

The input of the module is polarization maintaining (PM) fiber. The fiber is aligned to an aspheric lens in a mount which 

focuses the output of the fiber into the centre of the crystal.  The choice of fiber and lens are critical to the performance 

of the module. To maximize the efficiency of SHG, the polarization, beam waist diameter and beam waist position 

within the crystal all have to be optimized and this impacts the choice of fiber and lens and also the relative positions of 

the components inside the module. The exact beam propagation within the PPLN crystal required to optimize SHG 

depends on a complex combination of parameters which include the laser pulse length, crystal length and power. An 

overview of SHG is outside the scope of this paper, further details can be found in literature [5, 6].     

 

The PPLN crystal is bonded into a metal mount designed to secure the crystal without applying stress and to provide a 

good thermal path to heat the crystal uniformly and minimize temperature gradients. The crystal and mount are held at 

the phase-matching temperature of the crystal using a thermoelectric cooler and a thermistor in close proximity to the 

crystal provides feedback for active temperature control.  Using a simple PID control loop, temperature stability of better 

than 0.1 °C can easily be achieved.  
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AR-coated Window 

15-pin HD d-sub 
connector 

Baseplate 

Aspheric Lens and Mount 

TEC 

Proc. of SPIE Vol. 9347  93470B-2

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 03/13/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



14.5

L.=C
40.0

120.0

114.0

11

L346_J

14.5

34.0

0 6.0 CLEAR APERTURE ÇG 6.0

26.5

8.3

,4.6

76 5

0 3.2

 

 
 

 

  
Figure 2. External package dimensions of fiber-coupled frequency doubling module. All measurements in mm. 

 

At the output side of the PPLN crystal two dichroic filters at 45 degrees are used to separate the residual fundamental 

light from the frequency doubled light. The residual fundamental beam, which potentially still contains significant power 

is directed out of the package through an AR coated window in the side wall. 
 

After the dichroic mirrors, the SHG light is coupled into the output fiber using another aspheric lens. This aspheric lens 

is chosen to optimize the coupling of the SHG light when operating at full optical power. This is necessary to 

compensate for thermally induced focusing caused by absorption of the fundamental and harmonic beams inside the 

PPLN crystal.  The output fiber is a single-mode PM fiber that is accurately aligned to maximize coupling and 

polarization extinction ratio. In a module designed to have a free space output the lens is selected to collimate the second 

harmonic beam with the correct beam parameters for the application. To provide a larger beam and maintain a small 

module footprint, it is possible to incorporate a telescopic arrangement of lenses inside the module to expand the output 

beam up to a diameter of 1 mm. 

 

The baseplate on which the crystal, heater and optics are mounted is temperature controlled using three thermoelectric 

coolers connected in series. This improves the stability of the optics and the performance of the module over a range of 

external operating temperatures.  

 

3. 780 NM FREQUENCY DOUBLED ERBIUM DOPED MOPFA 

An example application of the frequency doubling modules was the generation of picosecond 780 nm light through SHG 

of an erbium MOPFA to be used for STED microscopy of defects in diamond [7]. The resolution improvement of STED 

over confocal microscopy scales with the depletion beam intensity and therefore a turn-key source of high peak-power 

pulses with excellent beam quality is highly desirable.  

 

The 1560 nm MOPFA produced average powers of up to 15.6 W, with a corresponding spectral linewidth of less than 

0.01 nm (this linewidth measurement was limited by the optical spectrum analyser (OSA)). Specific details of the 

MOPFA system and subsequent fiber based parametric generation were reported in [8],  in which the 780 nm output was 

in turn used to generate  visible light (662 nm and 668 nm) through degenerate pump four-wave mixing in a highly 

nonlinear photonic crystal fiber [9]. 

 

The laser parameters reported in [8] were optimized to maximize four-wave mixing in the final frequency conversion 

stage to produce the highest powers at 662 nm and 668 nm. Here, we report the conditions for maximum output at 

780 nm. Figure 3 (a) shows the SHG power as a function of fundamental input power, and the corresponding conversion 

efficiencies. A maximum of 3.5 W average power (150 W peak power) was generated for a fundamental power of 

15.6 W, corresponding to a conversion efficiency of  22%. Figure 3 (b) shows the temperature tuning curve of the PPLN 

crystal, indicating a full-width half-maximum (FWHM) temperature bandwidth of 1.7 °C. The optical spectrum and 

pulse profile of the SHG light are shown in Figures 3 (c) and (d), respectively. The spectral linewidth was measured to 
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be 0.1 nm or less (resolution limited by the OSA), with a FWHM pulse duration measured on an optical sampling 

oscilloscope of 410 ps. The discrepancy between the fundamental and second harmonic central wavelengths was due a 

calibration mismatch between the different OSAs used in the measurements. 

 

 

 

 

Figure 3. (a) SHG output power and conversion efficiency at 780 nm as a function of input power at 1560 nm. (b) Temperature 
tuning of the PPLN crystal taken at 15.6 W of fundamental input power. (c) Spectrum of the frequency doubled output at 
780 nm. (d) SHG pulse duration measured on an optical sampling oscilloscope.   

 
A photograph of the frequency doubling module used in this experiment is shown in Figure 4. The 5 mol%  MgO doped 

congruent lithium niobate crystal used in the frequency doubling module was 35 mm long and poled with a period of 

19.48 µm. The phase matching temperature was optimum at 70.25 °C. The crystal incidence/exit surfaces were AR 

coated at 1560 nm (R<0.3%)/780 nm (R<0.5%). The input fiber was Nufern PM1550-HP. The output fiber was Nufern 

PM780-HP aligned for propagation along the slow axis to maintain the linear polarization state of the 780 nm pulses.  A 

polarization extinction ratio of 15 dB was achieved at the output of the fiber. The return loss of the module was 44 dB. 

 

 
Figure 4. Photograph of 1560/780nm frequency doubling module. 
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4. 560 NM FREQUENCY DOUBLED FIBER RAMAN AMPLIFIER SYSTEM 

The second implementation of a frequency doubling module was in a system operating at 560 nm, to be used as the 

depletion beam in stimulated emission depletion (STED) microscopy of the green fluorescent protein (GFP). Typically, 

Ti:sapphire oscillators are used in conjunction with parametric and second harmonic generation to obtain the depletion 

beam, leading to costly, large footprint systems that require regular maintenance with limited average power [10]. 

 

 
 

Figure 5. Schematic of  all-fiber 1120nm Raman amplifier system.  

 

 

Figure 6. (a) Spectrum of the Raman amplifier at 1120nm, with the undepleted pump visible at 1064 nm. .(b) Streak camera 
trace of the 1120 nm pulse with FWHM duration of 197 ps. (c) Spectrum of the frequency doubled output of the 1120/560 nm 
module. (d) Streak camera trace of the 560 nm pulse with a FWHM duration of 150 ps. Absolute power scale is arbitrary in all 
cases. 

 

Our approach uses Raman amplification of a distributed-feedback (DFB) laser diode operating at 1120 nm. The Raman 

amplifier is pulsed pumped by a ytterbium-fiber MOPFA, generating a picosecond pulse train that is frequency doubled 

to 560 nm (Figure 5). A passively mode-locked ytterbium fiber laser is used as the master oscillator, giving 7 ps pulses at 

1064 nm at a repetition rate of 47.5 MHz. The pulses are temporally stretched to 285 ps by double passing a 1.25 km 

length of normally dispersive fiber and then amplified up to a maximum average power of 10 W in a commercial 

ytterbium-fiber amplifier. 

 

The pulsed ytterbium pump is spectrally combined with the 1120 nm continuous-wave DFB seed laser  in a polarization-

maintaining (PM) wavelength division multiplexer (WDM) which is Raman amplified in a 10 m length of PM OFS 

Raman fiber. A second WDM is used to filter the residual 1064 nm pump light and the output of the laser is spliced 

directly to the PM980 input fiber of the frequency doubling module.  
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The module was of the same design as Figure 1, however, the output was a free-space beam rather than fiber-coupled. A 

pair of lenses in a telescopic arrangement expanded and collimated the output beam resulting in a waist diameter of 

approximately 1 mm. The crystal incorporated in the module was 5 mol% MgO-doped congruent lithium niobate that 

was AR coated at 1120 nm (R<0.3%)/560 nm (R<0.5%) and poled with a single 8.06 µm grating. The 15 mm length of 

the crystal gives a phase-matching bandwidth of 0.175 nm and the optimum phase-matching temperature was found to be 

74.4 °C.  

 

At the most efficient operating power, corresponding to 6 W of Yb-MOPFA output, 1.8 W of 1120 nm signal is 

produced with a spectral width of 0.29 nm and a FWHM pulse duration of 197 ps, Figures 6 (a) and (b), respectively. 

SHG using the frequency doubling module results in 450 mW of 560 nm light, corresponding to a conversion efficiency 

of 25%. Due to the phase-matching bandwidth of the crystal, the spectral width of the 560 nm signal was reduced to <0.1 

nm, limited by the resolution of the OSA (Figure 6 (c)). The 560 nm pulse duration was 150 ps (Figure 6 (d)), which is 

ideally suited for STED applications [11], at the Yb-MOPFA repetition rate of 47.5 MHz. The M
2
 of the beam exiting 

the module was measured to be <1.1, satisfying the excellent beam quality demand of STED microscopy. 

 

CONCLUSION 

We have presented the design and implementation of compact and robust fiber-coupled modules for the SHG of fiber-

integrated systems to produce efficient, picosecond pulsed visible and near-visible laser sources. The modules can also 

be simply integrated with commercially available fiber laser systems, and have been demonstrated to produce coherent 

radiation at difficult to access wavelengths of importance for various biophotonic imaging applications. 

 

Two modules were presented, the first for the frequency doubling of an Er-doped MOPFA. The output at 780 nm was 

fiber coupled with a PER of 15 dB. The conversion efficiency of the module at maximum operating power exceeded 

20%. The average power at the output power was 3.5 W with a 410 ps pulse duration and a 50 MHz repetition rate.  

 

The second module was for the frequency doubling of an 1120 nm pulse-pumped Raman fiber amplifier. At an average 

input power of 1.8 W the module produced an output power of  450 mW at 560 nm with  a pulse duration of 150 ps at a 

repetition rate of 47.5 MHz. This module had a collimated free-space output with a 1 mm beam waist diameter with an 

M
2
 of less than 1.1.  

 

The modules provide a simple and effective route to generating frequency doubled light at target wavelengths throughout 

the visible and near-visible regions (500-1000 nm). In particular, the ease of integration into monolithic fiber systems 

provides a practical solution for satiating the demand for robust and turn-key sources in biomedical imaging applications.  
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