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Abstract: Periodically poled lithium niobate (PPLN) waveguides are a proven and popular
means for efficient wavelength conversion. However, conventional PPLN waveguides typically
have small mode field diameters (MFD) (.6 µm) or significant insertion and/or propagation
losses, limiting their ability to operate at multi-watt power levels. In this work we utilise zinc
indiffused PPLN ridge waveguides that have a larger MFD, favourable pump/SHG modal overlap,
and low insertion losses. Here for the first time, we have demonstrated continuous wave (CW)
spectral narrowing from a PPLN waveguide, both with high efficiency and multi-watt second
harmonic generation (SHG). 2.5 W of 780 nm has been produced by SHG of an amplified 1560
nm telecom laser with a device efficiency of 58% in a 4.0-cm long ridge waveguide. We have
modelled conversion efficiency and applied experimentally measured waveguide parameters
to show excellent agreement to the SHG spectra. Spectral narrowing of the full width half
maximum (FWHM) of 35.7% has been measured as the nonlinear drive is increased. This
work demonstrates that single-pass, multi-watt, CW SHG at 780 nm is feasible from our PPLN
waveguide in the large conversion regime.
Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.

1.

Introduction

Armstrong, Bloembergen et al. gave a comprehensive explanation of nonlinear optics in their
seminal paper of 1962 [1] introducing the concept of quasi-phase matching and giving a complete
classical mathematical framework to describe second-order nonlinear mixing. However, for many
practical uses the mathematics simplifies to a simple Fourier explanation such as the well-known
second harmonic generation (SHG) tuning curves that follow the sinc2 function. Simply, this can
be understood to occur because the efficiency is low, particularly for continuous wave (CW) laser
excitation. With pulsed lasers the nonlinear drive can be much greater, which in the case of SHG
leads to the more complex phase matching solution representing a ‘large conversion regime’ or
‘high nonlinear drive regime’, as presented by Eimerl [2] targeted for applications of high power
lasers at Lawrence Livermore National Laboratory. This high nonlinear drive regime regularly
occurs in SHG of nanosecond pulsed lasers and one of its most striking effects is the spectral
narrowing of the phase matching curve for SHG as comprehensively discussed by Eckardt et al.
[3].
In periodically poled lithium niobate (PPLN) waveguides the spectral narrowing effect has
been demonstrated by Parameswaran et al. [4] who reported a world-record 99% pump depletion
in a quasi-CW regime where 50 ns pulses from a CW narrow line laser were amplified at 1 kHz
repetition rate. PPLN waveguides represent one of the best systems for exhibiting SHG narrowing
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because they have high nonlinearity, excellent power handling, and low losses [5]. At watt level
operation for SHG of 1560 nm to 780 nm, PPLN waveguides have reached device efficiencies of
56% for 1.0 W at 780 nm [5,6] and a maximum reported SHG output power of 1.7 W at 34%
device efficiency [7]. However, PPLN waveguides combining both multi-watt output powers
and device efficiencies of >50% have not been previously reported. Watt level output powers
from PPLN waveguides can be difficult to reach because of parasitic nonlinear effects such as
photorefractive damage [8]. The above examples of PPLN waveguides are doped with either
Mg or Zn, which is known to reduce the photorefractive effect that is more severe at shorter
wavelengths [5,7,9,10]. 780 nm is the wavelength of interest within the manuscript as it is the key
cooling line for Rb magneto-optical trapping [6]. Recent work in quantum technologies using Rb
traps for gravitometers and magnetometers has driven development of 780 nm sources that are
watt level, compact, and narrow linewidth [6].
In this paper, we discuss the design and operation of PPLN waveguides capable of generating
2.5 W of 780 nm SHG from a commercially available telecom laser at a device efficiency of 58%
with a resulting demonstration of true-CW SHG spectral narrowing in a high nonlinear drive
regime. Operating in full CW provides means much higher average powers than Parameswaran’s
work, in which the pulsed selected excitation is at least four orders of magnitude lower in terms
of average power [4]. With incident powers of more than 4 W our generated SHG spectra follow
the Jacobian elliptical function and are not sinc2 in shape, which we discuss in the next section.
2.

SHG in waveguides with pump depletion and propagation loss

For SHG the well-known sinc2 output spectra is strictly only valid for an undepleted pump
or a device operating within the small-conversion regime [3,4]. Numerous works detail the
solution for a depleted pump or a device working within the large-conversion regime [2–4].
When working within the large-conversion regime, and with no losses, the SHG spectrum and
conversion efficiency from a waveguide take the form of a Jacobian elliptic function [1,3,4]:
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where sn is the Jacobian elliptic function, η is the conversion efficiency, Ps and Pp are the SHG
output and pump powers, l is length and Γ is the nonlinear drive (m−1 ), the sign of the square
root is chosen such that v2b ≤ 1 [3]. ∆β = βs − 2βp − 2π/Λ (m−1 ) is the phase mismatch where
βs and βp represents the modal propagation constants, and Λ is the grating period. Equation (1)
describes the efficiency of the nonlinear interaction and by varying ∆β in Eq. (2), phase matching
spectra can be produced in both the large and small conversion regimes. Note Eq. (1) does
not account
p for waveguide propagation losses. The nonlinear drive is related to pump intensity
by Γ = ηo Pp (0), where ηo is the normalised conversion efficiency (W−1 cm−2 ). Pp (0) = ξPin ,
where ξ is the coupling efficiency and Pin is the incident pump power on the waveguide facet.
Thus, as pump power is increased so is the nonlinear drive and this manifests itself within the
SHG spectrum as spectral narrowing of the acceptance bandwidth.
When waveguide loss is present the numerical integration of coupled mode equations must be
used to describe nonlinear conversion within waveguides and we follow the procedure presented by
Eckardt, Byer, and Parameswaran [3,11,12]. We start by defining the electric fields in a waveguide
to be Ep (x, y, z) = Ap (z)Ep (x, y)exp(−j∆βp z) and Es (x, y, z) = As (z)Es (x, y)exp(−j∆βs z), representing the pump and SHG. These field equations describe a positionally varying envelope function
with the transverse mode eigenfields E(x, y) of the waveguide, which in this case represent the
fundamental pump and SHG modes. The nonlinear generation of the second harmonic and the
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depletion of the pump can be described by the following coupled mode equations:
αs
dAs
√
= −j ηo A2p exp(−j∆βz) − As
dz
2

(3)

dAp
αp
√
= −j ηo A∗p As exp(j∆βz) − Ap
dz
2

(4)

where As and Ap are the field amplitudes and P = |A| 2 , αs and αp (m−1 ) are the intensity
propagation loss coefficients, and ηo = κ 2 Iov2 where κ and Iov are given by:
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where deff is the effective nonlinearity coefficient (pm/V), ns and np are the effective refractive
indices of the fundamental waveguide modes of the SHG and pump, respectively. λp is the pump
wavelength, and Iov is the overlap integral for the position-independent transverse SHG Es (x, y)
and pump Ep (x, y) modes profiles [13]. Equations (3) and (4) are used to provide a theoretical fit
to the SHG efficiency and spectral data presented in Figs. 3 and 4.
3.

Fabrication

Our approach to manufacturing PPLN waveguides is reported in our earlier works [14,15] and is
based on three successive stages: zinc indiffusion to create a planar guiding layer, ultra-precision
machining to form single-mode ridge waveguides, and preparation of the optical facets by
dicing. The devices described in this paper were prepared in 1 mm-thick 5% magnesium-doped
periodically-poled lithium niobate (MgO:PPLN) wafers (Covesion Ltd) each containing multiple
1.2 mm-wide 18.5 µm period gratings designed to access Type-0 1560-780 nm SHG via the
d33 nonlinear coefficient. Metallic zinc was sputtered with a thickness of 100 nm on to the + z
surface of each MgO:PPLN wafer (Oxford Instruments Plasma Technology, Plasma Lab System
400) and indiffused at 950 °C in an oxygen atmosphere to promote ZnO formation. To overcome
any machining inaccuracy and facilitate high pump and SHG modal overlap at our chosen
wavelengths, five ridge widths were cut into each PPLN grating ranging from 11-13 µm in 0.5
µm steps and parallel to the [100] X direction of the crystal [14,15]. Individual chips measuring
4.0 cm-long by 5 mm-wide were singulated from the wafer [Fig. 1(a)] and the optical facets
prepared using ultra-precision ductile dicing, a process that we have previously demonstrated to

Fig. 1. (a) Image of 4.0 cm PPLN ridge waveguide with AR coating held in tweezers. (b)
SEM of two waveguide facets [15]. (c) micrograph of waveguide facet [14].
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achieve sub-nanometre surface roughness in lithium niobate [16]. Scanning electron microscope
(SEM) and micrograph images of the resulting ridge waveguides are shown in Figs. 1(b) and 1(c)
illustrating the optical quality of the dicing. Finally, the input and output facets of each chip are
anti-reflection (AR) coated for both the 1560 nm pump and 780 nm SHG wavelengths. Further
details of the fabrication process, including optimisation of indiffusion and dicing parameters for
these wavelengths of operation are included in references [14–16].
4.

Multi-watt experimental setup

Figure 2 details the experimental setup used to characterise our PPLN ridge waveguides at
multi-watt power levels. Our pump source consists of a commercially available telecom tuneable
laser source (TLS), which is injected into a polarizing maintaining (PM) 5 W erbium doped fibre
amplifier (EDFA) via an in-line fibre polarizer. Light is launched into the ridge waveguide via
a collimator and aspheric lens adjusted to achieve a similar spot size to the pump waveguide
mode and thus maximise coupling efficiency. Pump polarization is adjusted to TM using a
Glan-Thomson polarizing beam cube before waveguide launch. All launch optics are AR coated
for the pump wavelength. At the output of the waveguides light is coupled and collimated via an
aspheric lens. The pump and SHG beams are then split using a dichroic mirror; the residual
pump is sent to a thermal power sensor and the SHG to a silicon power sensor through a neutral
density (ND) filter. The ND filter loss was measured with the silicon power sensor and verified
with the thermal power sensor measurements; the ND filter was measured to have a -83.3 ± 2.5%
loss at 780 nm. The pump loss through our output coupling optics was measured as -17.6 ± 1.2%
[15]. These losses are accounted for in the data presented in the following sections.

Fig. 2. (a) Optical characterisation setup used to collect SHG phase matching spectra by
varying input wavelength for a range of incident pump powers. (b) and (c) are the mode
profiles of the pump and SHG modes of a 12 µm wide ridge waveguide.

To characterise the SHG spectral profile and efficiency of our PPLN ridge waveguides the
phase matching condition was varied by scanning the pump wavelength at various pump powers
whilst measuring the SHG output power and residual pump from the device. The sample used
in this work has a poling period of 18.5 µm and a 4.0 cm length (l) and was kept at a constant
temperature throughout characterisation (114 °C) to minimise optical realignment due to thermal
expansions in the optical setup. Each of the different waveguide widths on chip (11-13 µm) were
first scanned at an incident pump of 300 mW to ascertain the waveguide with the highest SHG
output power in the small conversion regime and to measure mode field diameters (MFDs) at
the pump and SHG wavelengths. The 12 µm ridge width was found to phase match with the
highest SHG output and had a MFD at the 1560 nm pump mode [Fig. 2(b)] of 10.0 µm and
8.8 µm for the x and y axes, respectively. The MFD for the 780 nm SHG mode [Fig. 2(c)] was
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measured whilst phase matched by filtering the pump light, giving 9.9 µm and 8.3 µm for the x
and y axes, respectively. The MFDs were collected using the same apparatus as discussed in [14].
The overlap integral [17] of the pump and SHG modes within the ridge waveguide is 98%, which
is similar to that measured by Umeki et al. [5].
5.

Waveguide characterisation

Characterisation of our PPLN waveguides at multi-watt CW operating powers in the large conversion regime was performed by incrementally increasing the pump power of our measurements up
to 4.5 W. Figure 3 shows the resulting graph of SHG power versus pump power measured at the
waveguide output, with the expected quadratic behaviour at low powers up to ∼0.5 W of pump
and changes to a linear dependence. A maximum SHG output of 2.50 ± 0.08 W was achieved
for 3.37 ± 0.24 W of pump measured at the waveguide output (4.34 ± 0.30 W incident). The
measurement uncertainties have been added to the power measurements and to the conversion
efficiencies, ±7% and ±3% are the manufacturer’s measurement uncertainties for the thermal and
silicon optical power sensors, respectively. The crystal conversion efficiency steadily increases
and plateaus at a maximum of 74 ± 5.6%, where ηcrystal = Ps /Pp (l)x100 and Pp (l) is measured
far from phase matching. A device conversion efficiency of 58 ± 5.6%, was calculated, where
ηdevice = Ps /Pin x100.

Fig. 3. Measured and modelled (solid lines) SHG output (spots) and efficiency (crosses) vs.
pump power at the waveguide output. A maximum SHG output of 2.50 W was achieved for
3.37 W pump (4.34 W incident). This represents a 74% crystal conversion efficiency. Inset
a micrograph of facet damage after being exposed to 4.50 W of incident pump power.

As the incident pump power in our devices is increased beyond 4.5 W the optical facet and
ridge waveguide used in this experiment became damaged, as shown in the micrograph inset of
Figure 3. Notice the conical damage at the input facet (right side of image), melting and reflowing
of the ridge waveguide has also been seen at higher magnification. The failure mechanism at 4.5
W for this waveguide is under investigation.
Our result of 2.5 W of CW 780 nm SHG output power at 58% device efficiency in zincindiffused MgO:PPLN diced ridge waveguides represents improved power handling and operating
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efficiency compared to similar devices fabricated using a bonding and thinned approach, which
have been reported to operate up to 1.7W at 34% efficiency in a PPLN-on-LN format [7] or
1.0 W at 56% efficiency for PPLN-on-LT [5,6]. Analysis of our device behaviour in this large
conversion regime is provided below.
6.

SHG spectral narrowing

Using Eqs. (3) and (4) we follow the approach of Parameswaran et al. [4] by using numerical
Runge-Kutta integration to model coupled mode equations incorporating propagation losses
and an effective nonlinear coefficient. The solid lines in Figs. 3 and 4 are modelled based on
numerical fitting to the experimental data. This approach allows us to relate our measured
conversion efficiencies to operational waveguide parameters, given that there are uncertainties in
the calculated effective refractive indices, modal overlaps, effective nonlinearity and propagation
losses. In our model the crystal conversion efficiency was approximated by numerical solving
of Eqs. (3) and (4) and then optimised using a Nelder–Mead simplex search method. A fit to
Fig. 3 was achieved by varying the coupling efficiency (ξ) and optimising the parameters of
effective nonlinearity (deff ) and propagation losses at the SHG (αs ) and pump (αp ) wavelengths.
To calculate the mode overlap integral (Iov) the MFDs in Fig. 2 were evaluated using Eq. (6).
To estimate an initial condition for optimisation, ξ was subtracted from a measured insertion
loss and the remaining loss divided by the waveguide length to give an initial value of αp . The
other initial values were: αs = 2αp [4] and deff = 14 pm/V [18]. An insertion loss of -1.2 ± 0.06
dB was measured for this waveguide by comparing the incident and residual pump power off
phase matching for each spectrum collected within the data set used to plot Fig. 3, here a mean is
taken over the data set and the error is generated by taking the standard deviation. The coupling
efficiency was calculated by evaluating the mode mismatch of the waveguide pump mode and
that of a Gaussian spot from a lens launch, from which the overlap integral [17] was calculated to
be 94%. This value of 94% is the upper limit of the achievable coupling efficiency. To allow for
experimental misalignment within our model ξ was varied in percent steps from 94% to 80%,
and a ξ = 88% yielded the lowest sum of residuals. After optimisation and fitting to the measured
data in Fig. 3, we determine values of αp = 0.12 dB/cm, αs = 0.58 dB/cm, and a deff = 7.6 pm/V,
the deff being a similar value measured by Wang et al. [19]. To show consistency between
measured spectra and the ability for our model to predict spectral narrowing; we have plotted
measured results from the small and large conversion regimes along with modelling in Fig. 4.
Using the results and model above, Figs. 4(a) and 4(b) plot our measured and theoretical SHG
phase matching spectra for the small and large conversion regimes of operation, respectively.
Figure 4(a) has the expected sinc2 shape for phase matching in the small conversion regime
and has a calculated nonlinear drive of Γ = 21.3 for an SHG output power of 0.113 ± 0.003 W.
Figure 4(b) shows spectral narrowing of the sinc2 profile, which is predicted via Eqs. (3) and (4)
for the large conversion regime and results in an expected increase to Γp= 53.6 for an SHG output
of 2.50 ± 0.08 W. Γ in Figure 4 has been calculated by evaluating Γ = ηo Pp (0) and ηo = κ 2 Iov2 ,
using the optimised values of κ and Iov generated by the model for the small and large conversion
regimes. When the bandwidths are compared between Figs. 4(a) and 4(b) the full width half
maximum (FWHM) is reduced by 35.7% in the large conversion regime. Figures 4(c) and 4(d)
show the measured residual pump and its depletion with phase matching; notice the magnitude
of depletion corresponds to the SHG output.
All spectra in Figure 4 have been normalized in the x axis for ease of comparison as our model
described in section 2 does not account for thermal detuning caused by linear absorption. All
detuning of our measured spectra is red shifted as input power is increased, which we attribute to
linear absorption and heating of the waveguide. No blue detuning was measured, which would
have indicated photorefractive damage as reported by Pal et al. in Ti indiffused PPLN waveguides
[8]. PPLN waveguides doubling to 671 nm at 2.4 W with an internal efficiency of 54% have
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Fig. 4. Measured (spots) and modelled (solid lines) phase matching spectra and pump
depletion from a PPLN ridge waveguide operating in the small (a)(c) and large (b)(d)
conversion regimes. Figures 4(a) and (c) was recorded at a SHG output of 0.113 ± 0.003 W
resulting in a calculated nonlinear drive of Γ = 21.3, with a FWHM of 0.28 nm. Figures 4(b)
and (d) were recorded at our maximum SHG output of 2.50 ± 0.08 W corresponding to a
nonlinear drive of Γ = 53.6 and a FWHM of 0.18 nm. The x-axis wavelength tuning range of
all plots has been normalized and compensated for thermal effects to enable comparison as
the model does not account for phase matching wavelength change from absorption.

been demonstrated and did show a phase matching spectrum that departed from the sinc2 at 2.4
W [20]. However, asymmetry shown in their phase matching spectrum was accounted for by
light absorption mechanisms causing inhomogeneous heating within the waveguide at the SHG
wavelength of 671 nm, rather than the nonlinear drive explanation we give here. Equations (3)
and (4) also do not account for SHG spectral changes caused by imperfections in waveguide
fabrication, which can cause asymmetry in the side lobes and a departure from the expected
symmetrical SHG intensity profile [5,21,22].
The spectra in Figs. 4(a) and 4(b) show clear similarities to those calculated by Eckardt et
al. in [3] where conversion efficiency of a modelled bulk PPLN crystal at 56% is shown to
have a sinc2 spectrum and at 99% the central peak is narrowed with increased amplitude of side
lobes. In work by Parameswaran et al., spectral narrowing of a PPLN waveguide was previously
demonstrated and fitted with good theoretical agreement [4,11], albeit to a laser that was only ‘on’
for 1/20,000 of CW (50 ns at 1 kHz) and with an average power at least four orders of magnitude
lower. Here, our results demonstrate the first reported measurement of spectral narrowing in a
PPLN waveguide operating in the large conversion regime with a true CW source.
7.

Conclusion

We have demonstrated CW spectral narrowing in a zinc indiffused MgO:PPLN diced ridge
waveguide performing 1560 nm SHG with an output power of 2.5 W at 780 nm and crystal
conversion efficiency of 74% (device efficiency 58%), the highest reported power and efficiency
combination in a waveguide of this type to date. We have modelled conversion efficiency,
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showing excellent agreement to experimental data and fit to SHG spectra in both the small and
large conversion regimes. Spectral narrowing of up to 35.7% was measured as nonlinear drive
is increased in the large conversion regime. This device represents a new platform for PPLN
waveguides that can generate SHG output powers at the multi-watt level with >50% conversion
efficiencies.
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