Fiber-integrated 780 nm source for visible
parametric generation
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Abstract: We report the development of a fully fiber-integrated pulsed
master oscillator power fibre amplifier (MOPFA) source at 780 nm,
producing 3.5 W of average power with 410 ps pulses at a repetition rate of
50 MHz. The source consists of an intensity modulated 1560 nm laser diode
amplified in an erbium fiber amplifier chain, followed by a fiber coupled
periodically poled lithium niobate crystal module for frequency doubling.
The source is then used for generating visible light through four-wave
mixing in a length of highly nonlinear photonic crystal fiber: 105 mW at
668 nm and 95 mW at 662 nm are obtained, with pump to anti-Stokes
conversion slope efficiencies exceeding 6% in both cases.
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1. Introduction

Frequency doubling is a commonly used method of nonlinear frequency conversion, capable
of converting radiation from well-established lasing transitions to other areas of the spectrum
[1]. In particular, the doubling of master oscillator power fiber amplifier (MOPFA) systems,
based on common rare earth dopants such as ytterbium or erbium, to generate visible and
near-infrared (NIR) light is a powerful technique [2-4]. However, the generation of red light
through frequency doubling of MOPFA systems is more difficult, owing to the lack of well-
developed high power fiber based systems operating in the 1.2.-1.3 pm regime (bismuth-
doped fiber is an emerging technology in this region, but not yet commercially available
[5,6]). One way to extend the spectral reach of a frequency doubled MOPFA laser system is
through further y* based nonlinear interactions. Four-wave mixing (FWM) is an attractive
option, where by pumping in the low normal dispersion region of a suitably designed optical
fiber it is possible to generate parametric sidebands widely spaced from the pump wavelength
[7-10]. In this way, it is possible to create fully fiberized sources of radiation at target
wavelengths throughout the visible region of the spectrum.

In this letter, we present a high-power fully fiberized frequency doubled pulsed source;
the system herein produces 3.5 W average power at 780 nm, but the module has generated up
to 5 W. We then pump a length of highly nonlinear photonic crystal fiber (PCF) to further
shift into the red region of the spectrum and generate > 95 mW of light at 662 and 668 nm
through degenerate-pump FWM. Corresponding Stokes sidebands in the NIR around 940 nm
are observed. Such a source producing synchronized pairs of pulses in the 200-400 ps range
could prove useful for STED microscopy applications, where spatially and temporally
overlapping pairs of visible/near-visible pulses are needed [11,12].

2. Experiment and discussion

The schematic of the MOPFA system, the frequency doubling module and the parametric
wavelength conversion stage are shown in Fig. 1. The seed laser consisted of a distributed
feedback laser diode (Nortel Networks LC25W*BA) centered around 1560 nm, a commercial
erbium doped fiber amplifier (EDFA1), a fiber polarization controller (PC), and a fiber
pigtailed polarization-maintaining (PM) Mach-Zehnder amplitude modulator (MZAM)
(Sumitomo 10GHz TMXH-1). A DC bias voltage was applied across the MZAM to control
the extinction of the device. A tunable electrical pulse generator (Geozondas-GZH1132VN)
was then used to modulate the MZAM and produce a train of optical pulses. The repetition
rate of the pulse generator was set to 50 MHz — lower values of repetition rates (down to 10
MHz) were possible, but 50 MHz was found to produce the highest conversion efficiencies in
the frequency conversion module. This was due to nonlinear spectral broadening in the
amplifier stages at lower repetition rates, i.e. higher peak powers. The PC was used to adjust
the polarization state of the CW laser and maximize the extinction ratio of MZAM.

The amplifier stage consisted of four EDFAs, a tap coupler (2/98) and a fiber PC. The
MOPFA produced average output powers up to 15.6 W. The optical spectrum of the amplified
pulses from the MOPFA system is plotted in Fig. 2(a). The 3 dB spectral linewidth was
measured to be 0.01 nm or less. This measurement was limited by the resolution of the optical
spectrum analyzer (OSA). The pulse trace at the monitor port is plotted in Fig. 2(b). The
pulses of the monitor port of the tap coupler exhibited pulse full-width at half maximum
(FWHM) duration of 430 ps, measured on a 50 GHz sampling oscilloscope with a 20 GHz
photodetector. The pump pulse duration could be tuned by adjusting the duration of the
electrical pulses driving the MZAM (>300 ps). However, the optimum pump pulse duration
was determined by maximizing the anti-Stokes output power in the FWM process, described
later. Therefore, all the results presented hereafter were based on a pump system with the
following parameters: 50 MHz repetition rate, 430 ps pump pulse duration (measured at the
monitor port).
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Fig. 1. Experimental setup of the all-fiber 780 nm source by frequency doubling a 1560 nm
MOPFA source in a fiber integrated PPLN module, and red parametric generation through
four-wave mixing in a highly nonlinear PCF. (LD: laser diode, EDFA (1-4): Erbium doped
fiber amplifier, PC: polarization controller, MZAM: Mach-Zehnder amplitude modulator, Tap:
optical tap coupler, 2% port is used for monitoring the 1560 nm pulses, PPLN: periodically
poled lithium niobate, DM: dichroic mirror, HWP: half waveplate, PCF: a highly nonlinear
photonic crystal fiber).
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Fig. 2. (a) Spectrum of the amplified 1560 nm pulses after EDFA 4, (b) temporal profile of the
1560 nm pulses of the 2% port of the tap coupler.

The high power 1560 nm MOPFA source was frequency doubled in a fiber-pigtailed
periodically poled lithium niobate (PPLN) crystal module developed by Gooch & Housego.
The module had peltier thermoelectric cooler (TEC) temperature stabilization of both the
crystal housing for efficient second harmonic generation (SHG) and the baseplate to which the
optics were mounted to ensure stable fiber coupling. The crystal used in the module was 5
mol% MgO doped congruent lithium niobate with dimensions: 35 mm in length, 3 mm in
width and 1 mm in height. The PPLN poling period was 19.48 um and the SHG was optimum
at 70.25 °C. The phase-matching bandwidth of the crystal was 0.35 nm at 1560 nm . The
crystal incidence/exit surfaces were AR coated at 1560 nm (R<0.3%)/780 nm (R<0.5%). The
output PM fiber (Nufern PM780-HP) was aligned for propagation along the slow axis and
maintained the linear polarization state of the 780 nm pulses so a polarization extinction ratio
of 15 dB was achieved at the output fiber of the crystal module.

The measured optical spectrum of the frequency doubled 780 nm pulsed laser is shown
in Fig. 3(a). The 3 dB linewidth was 0.1 nm or less, this measurement was resolution limited
by the OSA. The SHG wavelength was measured to be slightly more than half the
fundamental wavelength. However, this was due to a slight miscalibration in the OSA’s used
to take each spectrum, and was not due to any physical effect. The variation of the SHG
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output power with crystal temperature is shown in Fig. 3(b). The measurement was taken with
maximum fundamental input power of 15.6 W. The temperature of the crystal’s baseplate was
kept at 30 °C throughout the experiment. The polarization states of the PCs were kept
unchanged during the measurement. A maximum power of 3.5 W of the 780 nm signal was
achieved when the crystal temperature was 70.25 °C from which the SHG power rapidly
reduced, i.e. the temperature tuning range was about 1.7 °C for the SHG power to drop to half
of the peak power. Figure 3(c) illustrates the converted power (solid line) and conversion
efficiency (solid line with circles) from fundamental 1560 nm pulses to SHG 780 nm pulses.
The PC at the input of the module was used to adjust the polarization state of the amplified
1560 nm pulses in order to maximize the SHG conversion efficiency. For an input power of
15.6 W of 1560 nm fundamental light, 3.5 W of 780 nm light was produced, corresponding to
a conversion efficiency of 22.4%. It should be noted that the power amplifier stages used in
the MOPFA system, EDFA3 and EDFA4, were non-PM. The system could be made more
robust and stable against environmental perturbations by using PM power amplifiers.

The 780 nm temporal pulse profile was characterized using a streak camera (Hamamatsu-
00S-001) and it had duration of 410 ps as shown in Fig. 3(d). The leading edge noticeable on
the streak camera trace is due to CW breakthrough in the MZAM. The corresponding pulse
peak power was 171 W.
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Fig. 3. (a) Spectrum of the frequency doubled output at 780 nm, (b) temperature tuning of the
PPLN crystal taken at 15.6 W input power, (c) SHG output power and conversion efficiency at
780 nm as a function of input power at 1560 nm, (d) SHG pulse duration measured on streak
camera.

The 780 nm source was then used for FWM experiments detailed in the following
paragraphs. We employed a highly nonlinear PCF (Blaze Photonics) and used it to
demonstrate scalar degenerate-pump FWM in which the pump, Stokes and anti-Stokes
photons lie in the same polarization axes. The scanning electron microscope (SEM) image of
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the cross-sectional fiber structure used in this experiment is presented in Fig. 4(a). The core
diameter was 2.3 pm, the hole-to-hole distance was 2.6 um with an air-filling fraction in the
holey region of more than 90%. The fiber loss and calculated nonlinear coefficient were 0.089
dB/m and 80 W'km™ at 790 nm respectively. Due to the slight asymmetry of the hexagon
lattice structure and core geometry, the fundamental modes of the PCF were non-degenerate,
the calculated group birefringence was 3.0x107° at 790 nm (RSOFT FEMSIM). Figure 4(b)
shows the calculated dispersion profile for both axes. The inset figure shows that the zero-
dispersion wavelengths were 786.5 nm and 787.6 nm for the fast and slow axis respectively.
The phasematching condition for degenerate-pump FWM is given by

AKzZ,B(p)—,B(S)—ﬁ(aS)+ 2)P, where Ax is the total phase mismatch, A(x) is the

propagation constant at either the pump (p), Stokes (s) or anti-Stokes (as) wavelengths, y is
the nonlinear coefficient of the fiber and P is the peak power of the pump pulse in the PCF.
With this expression and the simulated modal propagation constants, it is possible to calculate
the phase matching diagrams corresponding to the fast and slow axes of the fiber. These are
shown in Fig. 5 as dashed and solid curves respectively. The vertical dotted line indicates the
pump wavelength of 780 nm, and the intersection points with the phase matching curves
predict the location of the Stokes and anti-Stokes wavelengths. The predicted sideband
wavelengths were 642.5 nm and 992 nm for the slow axis, and 649.5 nm and 976 nm for the
fast axis respectively. The inset figure shows the details of the difference in anti-Stokes
wavelengths corresponding to both axes.
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Fig. 4. (a) SEM image of the PCF, (b) dispersion profile of the fiber. The zero dispersion
occurs at wavelength of 786.5 nm and 787.6 nm for fast and slow axis. The inset shows the
details of the dispersion profile at zero dispersion wavelength for fast and slow axis.

The 780 nm light was then coupled into the PCF using suitable coupling optics (an
aspheric lens with focal length of 4.6 mm was used to collimate the beam after the crystal
module and another aspheric lens with focal length of 2.0 mm was used to focus the beam into
the PCF). An 8.7 m length of this PCF was used in the experiment. This length was chosen by
performing a cut-back on a longer length of the same PCF to determine the optimum power-
length product for FWM. This prevented the onset of competing nonlinear spectral broadening
while allowing strong FWM to occur. A half wave plate (HWP) was used to adjust the
polarization state of the pump pulses coupled into the PCF, determining which axis of the
fiber the light propagated on and thus the wavelengths of the Stokes and anti-Stokes output.
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Fig. 5. Calculated phasematching diagrams for both fast and slow axis of the PCF. The inset
shows the detail of the anti-stokes wavelengths for slow and fast axis.

Figure 6(a) shows the spectrum of the parametric wavelength conversion from the pump
pulses spectrally centered at 780 nm to the Stokes wavelength centered at 938 nm and anti-
Stokes wavelength centered at 668 nm. The anti-Stokes component was spectrally filtered and
characterized. As shown in Fig. 6(b), the 3 dB linewidth of the anti-Stokes spectral output was
3.3 nm. The measurement was taken with 1.6 W pump power into PCF. The pulse duration
(FWHM) of the anti-Stokes at 668 nm was 208 ps as shown in Fig. 6(c). This shortening of
the pulse duration is expected for FWM due to the intensity dependent nature of the nonlinear
conversion. The wings of the pulse have a lower intensity than the center and do not have the
required intensity to undergo efficient FWM, resulting in a narrowing of the pulse in the time
domain.

There are however differences between the predicted and observed parametric sideband
positions. We attribute the deviation of the experimental results from the simulation results to
two main reasons. Firstly, due to the high air filling fraction (> 90%) and corresponding very
thin silica struts (~100 nm) in the cladding of the fiber structure, the dispersion curve and the
phase matching diagram were very sensitive to the accuracy of the fiber SEM image and
subsequent image processing for modal analysis. A different simulation was carried out with a
minimal adjustment of the silica strut width, i.e. decrease of 1 pixel corresponding to thinning
of struts by 18 nm. The zero dispersion wavelengths moved to 781 nm (slow axis) and 784 nm
(fast axis). The sideband wavelengths changed to 670 nm and 930 nm for slow axis, and 703
nm and 875 nm for fast axis. The birefringence changed to 2.6x107 at 790 nm. Secondly, the
simulation assumed uniformity of the refractive index profile along the axial direction of
fiber. Slight structural variation in the actual fiber used would change the dispersion and
birefringence properties as well as the phase matching conditions. In a similar fashion to the
first point, the very high air-filling fraction of the PCF results in any slight change in structure
causing a large change in the dispersive properties of the PCF.
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Fig. 6. (a) Spectra of the parametric wavelength conversion in the PCF showing pump and

sidebands (b) spectrum of the anti-stokes output peaked at 668 nm, (c) pulse duration of anti-
stokes measured by streak camera.

Figure 7 shows the average anti-Stokes output power for both axes of the PCF against the
average pump power coupled into the PCF (taking the coupling efficiency of 66% into
account). When the input power to the PCF was low (357 mW), the output power was
measured to be 196 mW thus the insertion loss was 2.6 dB. At this low input power level, we
assumed that the insertion loss was due to coupling loss and propagation loss only. The
propagation loss was 0.77 dB, therefore the coupling loss was 1.83 dB, i.e. the coupling
efficiency was 66%. We observed the generation of anti-Stokes light at 662 nm and 668 nm.

Up to 105 mW was generated at 668 nm and 95 mW at 662 nm, with slope conversion
efficiencies of 6.8% and 7.1% respectively.
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Fig. 7. Anti-stokes power of both axes as a function of pump power coupled into PCF.

3. Conclusion

In conclusion, we have demonstrated an all-fiber frequency-doubled erbium MOPFA system
centered at 780 nm, with average power levels of 3.5 W. Using it as a pump source for FWM,
we then demonstrated parametric wavelength conversion in a highly nonlinear PCF and
generated anti-Stokes output at 668 nm and 662 nm, pulse durations of ~200 ps and average
powers exceeding 95 mW. Such a source could find use in STED microscopy applications.
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