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High Average Power Second-Harmonic Generation
of a CW Erbium Fiber MOPA
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Abstract— We report the generation of 28 W of 780 nm
radiation with near diffraction limited beam quality (M2 ≤ 1.15)
by frequency-doubling a continuous-wave erbium fiber master
oscillator power amplifier system in a periodically poled lithium
niobate crystal. The second-harmonic generation conversion effi-
ciency reached 45% with no roll-off observed, suggesting that
further power scaling should be possible with higher fundamental
pump powers. The generated second-harmonic had a 3 dB
spectral bandwidth of 0.10 nm. The presented architecture rep-
resents a simple and effective route to generating high-brightness
radiation around 780 nm.

Index Terms— Second harmonic generation (SHG), erbium
fiber laser, periodically poled lithium niobate (PPLN).

I. INTRODUCTION

H IGH average-power continuous-wave (CW) radiation
around 780 nm with near diffraction-limited beam qual-

ity is required for a variety of scientific applications, such
as spectroscopy, laser cooling of atoms [1] and the pumping
of alkali gas-vapor lasers [2]. Direct laser emission can be
obtained at this wavelength by semiconductor laser diodes and
a variety of solid-state gain media but scaling the diffraction-
limited average-power of these lasers to multiple tens of Watts
remains challenging.

Semiconductor laser diodes are often the preferred option
due to their high efficiency and the practical advantages
associated with electrical pumping, however, the single-mode
average-power is limited by catastrophic optical damage to the
output facet. The use of tapered semiconductor gain regions
has been used to mitigate this limitation but tapered amplifiers
operating at 780 nm are still restricted to average-powers of
only a few Watts [3].

Of the solid-state gain media available in this wavelength
region, Ti:Sapphire is by far the most widespread and commer-
cially mature. Argon-ion laser pumped Ti:Sapphire systems
have been demonstrated with CW powers reaching 43 W, but
cryogenic cooling of the two laser crystals was required to alle-
viate thermally induced optical distortions in the laser rods [4].

Manuscript received December 20, 2016; revised June 6, 2017; accepted
July 31, 2017. Date of publication August 9, 2017; date of current version
August 22, 2017. This work was supported in part by the Engineering and
Physical Sciences Research Council under Grant EP/N009452/1 and Grant
EP/K503733/1 and in part by the European Office of Aerospace Research
and Development under Grant FA9550-17-1-0194. (Corresponding author:
T. H. Runcorn.)

The authors are with the Femtosecond Optics Group, Department of
Physics, Imperial College London, London SW7 2BW, U.K. (e-mail:
timothy.runcorn07@imperial.ac.uk).

Color versions of one or more of the figures in this letter are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/LPT.2017.2737227

In addition to the thermal issues associated with the relatively
large quantum defect, the power scaling of Ti:Sapphire lasers
is also hindered by the lack of available high-brightness semi-
conductor pump diodes [5]. High average-power Ti:Sapphire
lasers rely on frequency-doubled solid-state or semiconductor
pump lasers, which significantly reduces the overall optical-to-
optical efficiency, thereby limiting the power-scaling potential.

The difficulties associated with diode-pumping Ti:Sapphire
has fuelled the research effort into alternative solid-state
gain media, such as Cr:LiSAF (Cr3+:LiSrAlF6), Cr:LiCAF
(Cr3+:LiCaAlF6) and Alexandrite (Cr3+:BeAl2O4) [6]–[8],
which can be pumped by available high-brightness semicon-
ductor laser diodes. The superior thermal and mechanical prop-
erties of Alexandrite over the colquiriites has enabled the CW
power to be scaled to 26 W at 759 nm with multiple transverse
modes, pumped by diode bars operating at 639 nm [8]. The
highest reported near diffraction-limited CW power at 780 nm
for Alexandrite is, however, only around the Watt-level [9].

An alternative route to generating radiation around 780 nm
is to frequency-double the output of an Er:fiber laser. Fiber
lasers are ideally suited to nonlinear frequency conversion due
to their ability to be power-scaled whilst maintaining excellent
beam quality. In addition, they are commercially available with
very high average powers in compact air-cooled units with
high wall-plug efficiencies. Er:fiber lasers have been scaled to
CW powers of 297 W [10], therefore, provided the second-
harmonic generation (SHG) can be performed efficiently, the
diffraction-limited CW power of solid-state lasers can be
surpassed.

The low peak-power of CW lasers is the main obstacle
to efficient SHG, therefore, external enhancement cavities
are typically used to perform efficient frequency-doubling of
CW lasers. The use of an external cavity adds significant
complexity, requiring a single-frequency pump laser and a
cavity length locking mechanism, as well as sensitive optical
alignment. An alternative approach is to use a nonlinear
crystal with a high nonlinear coefficient in a simple, single-
pass optical setup. The use of quasi phase-matching (QPM)
with periodically poled lithium niobate (PPLN) enables access
to the largest d33 component of the second-order nonlinear
susceptibility tensor [χ(2)] through type-0 (all waves extra-
ordinarily polarized) phase-matching. Typical PPLN devices
have deff∼16 pm/V [11] and are available in lengths up to
80 mm, facilitating efficient SHG of CW laser sources.

To date, the highest reported average-power for a frequency-
doubled CW Er:fiber laser is 11 W with an SHG conversion
efficiency of 36% using a 40 mm long 5 mol.% MgO-doped
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Fig. 1. Schematic of the frequency-doubled Er:fiber MOPA system. QWP, quarter waveplate; HWP, half waveplate; PPBS, polarizing plate beamsplitter; L1,
focusing lens; L2, collimating lens; DM, dichroic mirror; PPLN, periodically poled lithium niobate.

PPLN crystal [1]. In the quasi-CW regime, a peak-power of
34 W with a conversion efficiency of 52% using a single
PPLN crystal and a peak-power of 43 W with a conversion
efficiency of 66% using a cascade of two PPLN crystals has
been demonstrated [12]. At 775 nm, an average-power of
41 W has been generated in a periodically poled potassium
titanyl phosphate (PPKTP) crystal with a conversion efficiency
of 72% using nanosecond pulses [13]. These results are
encouraging for high average-power CW SHG in periodi-
cally poled crystals but to date, the highest reported CW
power is 19 W at 532 nm using periodically poled lithium
tantalate (PPLT) [14], [15].

In this manuscript we report the generation of 28 W of
near diffraction limited (M2≤1.15) CW light at 780 nm
by frequency-doubling an Er:fiber master oscillator power
amplifier (MOPA) system in a PPLN crystal. To the best of
our knowledge, this is the highest CW SHG average-power
generated in a periodically poled crystal. The SHG conversion
efficiency reached 45% at the highest fundamental power
without roll-off, indicating that further power scaling could
be achieved with higher fundamental powers.

II. EXPERIMENTAL SETUP

The simple, single-pass SHG experimental setup is shown in
Fig. 1. A CW Er:fiber MOPA system operating at 1560 nm was
used as the fundamental light source, which utilized a tunable
external fiber Bragg grating cavity semiconductor diode as
the master oscillator. The use of isotropic fiber in both the
master oscillator cavity and the subsequent amplifier stages
resulted in a randomly polarized MOPA output that varied
in time. A combination of a quarter waveplate (QWP) and
a half waveplate (HWP1) was used to linearize the output
polarization and align it to the reflection axis (s-polarized) of
the first polarizing plate beamsplitter (PPBS1). A second half
waveplate (HWP2) was used in combination with the second
polarizing plate beamsplitter (PPBS2) as a variable power
control. This enabled the fundamental power to be varied
without affecting other parameters of the beam, for example
the spectral characteristics, beam quality and beam pointing,
which would have otherwise changed if the pump power of
the Er:fiber MOPA was varied.

A third half waveplate (HWP3) was used after PPBS2
to align the polarized pump light to the extraordinary axis
of the PPLN crystal, in order to access the d33 nonlinear
component via type-0 phasematching. A 30 mm long, 5 mol.%

MgO-doped PPLN crystal (HC Photonics) with a 3.4×1 mm2

aperture was used for SHG, which was anti-reflection (AR)
coated on both input and output faces (780 nm R < 1%,
1560 nm R < 0.5%). The PPLN crystal was poled with a
single 19.48 μm pitch grating, resulting in a 3 dB spectral
acceptance bandwidth of 0.41 nm for a fundamental wave-
length of 1560 nm. The crystal was mounted in a copper oven
held at 84.7°C to ensure phasematching of the 1560 nm light
and indium foil was used between the crystal and the copper
oven to increase the thermal conductivity of the interface.

Following an empirical optimization of the focusing para-
meter, an AR coated f = 150 mm plano-convex lens (L1) was
used to focus the fundamental light into the center of the PPLN
crystal. The focused spot diameter (1/e2) was 73 μm with a
measured Rayleigh range in air of 3.1 mm, corresponding to
a focusing parameter of ξ = L/b = 2.3, where L is the
crystal length and b is the confocal parameter. The measured
beam quality factors of the fundamental were M2 = 1.23 and
M2 = 1.18 in the vertical and horizontal axes, respectively.
To ensure accurate power measurements, the power data was
taken using a shortpass dichroic mirror immediately after the
PPLN crystal, with a measured T = 95% at 780 nm and
R = 1.7% at 1560 nm. For the second-harmonic (SH) beam
characterization, the generated SH was collimated using a
AR coated f = 150 mm lens and the fundamental separated
by reflecting off two longpass dichroic mirrors (Thorlabs
DMLP950).

III. RESULTS AND DISCUSSION

The generated SH power (red points), corrected for the
shortpass reflection of the SH and transmission of the fun-
damental, as a function of fundamental pump power is shown
in Fig. 2. A maximum SH power of 28.2 W was obtained for a
fundamental power of 62.2 W, corresponding to a conversion
efficiency of 45%. For focussed Gaussian beams, the SHG
conversion efficiency including the effects of pump depletion
at the optimum phase-mismatch is well approximated by [16]:

η = tanh2

⎡
⎣

√
16π2d2

eff

n(2ω)n(ω)ε0cλ3 Pω Lh

⎤
⎦ (1)

where deff is the QPM effective nonlinear coefficient, n(2ω)
and n(ω) are the refractive indices at the SH and fundamental
frequencies, λ is the fundamental wavelength, Pω is the
fundamental peak power, L is the crystal length and h is the
Boyd-Kleinman h-factor [17].
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Fig. 2. Generated second-harmonic (SH) average power at 780 nm
(red points) and SHG conversion efficiency (black points) as a function of
fundamental (1560 nm) average power, connecting lines are a guide for the
eye. The SHG conversion efficiency is fitted with a tanh2 curve, according to
Eqn. 1 (grey line).

Fig. 3. (a) Polarized fundamental power as a function of time from turn-on,
demonstrating oscillations in the degree of polarization. (b) Power stability of
the second-harmonic (SH) over a 40 minute period without adjustment of the
fundamental polarization.

Excellent agreement between the measured SHG conver-
sion efficiency (black points) and the expected tanh2[√Pω]
relationship (grey line) was obtained for fundamental powers
up to 20 W (Fig. 2). For fundamental powers >20 W, the
rate of the SHG conversion efficiency increase with pump
power was significantly lower than expected from theory.
We attribute this decline in the rate of the SHG conversion
efficiency increase to the onset of thermal issues caused by
the absorption of the generated SH in the PPLN crystal. The
spatially inhomogeneous nature of the heat load generated by
the absorption of the SH leads to local temperature variations
in the crystal that disrupt the QPM, thereby reducing the SHG
conversion efficiency [18].

The temporal characteristics of the randomly polarized
output of the Er:fiber MOPA are shown in Fig. 3(a), where
the average power after PPBS2 with HWP2 set for maximum
reflected power was recorded for 240 mins following turn-
on from a cold start. The degree of polarization (DOP)
of the Er:fiber MOPA periodically varied from completely
unpolarized [0 dB polarization extinction ratio (PER), ∼30 W
polarized power] to a PER > 13 dB, with a period of
oscillation that increased with time [Fig. 3(a)]. It was observed

Fig. 4. Beam diameter (points) of the generated 780 nm at full power
through the focus of an f = 120 mm lens in the horizontal and vertical
axes with Gaussian beam caustic fits (lines). Inset: typical CCD image of the
collimated beam profile.

Fig. 5. Optical spectrum of the fundamental (black) and generated
second-harmonic (red).

that the orientation of the polarization ellipse and the ellipticity
changed between the maxima and minima of the DOP, but
remained constant when at the maxima (i.e. no adjustment of
the QWP/HWP1 was necessary).

This behaviour was non-ideal in light of the polarization-
sensitive nature of the SHG process, however, the Er:fiber
MOPA delivered >62 W of polarized power for periods
exceeding 60 minutes [Fig. 3(a)], which enabled the SHG to
be investigated. It is worth noting that this shortcoming could
easily be rectified with the use of a polarized Er:fibre MOPA,
which is the subject of future work. The power stability of
the SH during a maxima of the DOP of the Er:fiber MOPA
was excellent, with peak-to-peak fluctuations of <1% over a
period of 40 minutes at an average-power of 28 W [Fig. 3(b)].

To characterize the beam quality of the SH, the collimated
780 nm beam was focused using an AR coated f = 120 mm
lens and a pyroelectric scanning slit beam profiler was used
to measure the transverse beam profiles through the focus.
Figure 4 shows the measured beam diameters (points) with
a Gaussian fit to the beam caustic (lines), which revealed an
M2 = 1.15 and M2 = 1.14 in the vertical and horizontal
axes, respectively. A representative image of the collimated
SHG beam is shown in the inset of Fig. 4, which confirmed
a circular Gaussian beam profile.

The optical spectrum of the generated SH had a 3 dB
spectral bandwidth of 0.10 nm (red line Fig. 5), measured
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using an optical spectrum analyzer with a 10 pm resolution
bandwidth (Advantest Q8384). The SH spectrum displayed
low-level modulations caused by the sinc2 spectral acceptance
function of the PPLN crystal. These modulations were visible
due to the existence of a pedestal in the optical spectrum
of the fundamental (black line Fig. 5), which was caused by
pump-degenerate four-wave mixing in the Er:fiber MOPA. The
3 dB spectral bandwidth of the fundamental was 0.20 nm,
therefore, not all of the power was contained within the
spectral acceptance bandwidth of the PPLN crystal (0.41 nm).
It is expected that higher SHG conversion efficiencies would
be obtained with a narrower linewidth pump laser.

IV. CONCLUSION

In conclusion, we have demonstrated the highest reported
CW average-power generated by SHG using a periodically
poled crystal. An average-power of 28.2 W at 780 nm was
generated with a conversion efficiency of 45%, with near
diffraction-limited beam quality (M2≤1.15) using a PPLN
crystal in a simple, single-pass setup. The second-harmonic
had a 3 dB spectral bandwidth of 0.10 nm. The SHG conver-
sion efficiency monotonically increased for all fundamental
powers used, suggesting that the SH average-power can be
further scaled by using a more powerful pump laser. The
demonstrated architecture is a practical and effective route to
generating high brightness radiation that is simpler to imple-
ment in comparison to power scaling existing laser systems
operating around 780 nm.
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