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Abstract

CrossMark

We report on a highly efficient waveguide resonator device for the production of 775 nm light
using a titanium indiffused LiNbO5; waveguide resonator. When scanning the resonance, the
device produces up to 110 mW of second harmonic power with 140 mW incident on the device
—an external conversion efficiency of 75%. The cavity length is also locked, using a Pound—
Drever—Hall type locking scheme, involving feedback to either the cavity temperature or the
laser frequency. With laser frequency feedback, a stable output power of approximately 28 mW

from a 52 mW pump is seen over one hour.
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1. Introduction

Integrated optical waveguide technologies offer improvements in
size, scalability, integrability and nonlinear efficiency over their
bulk counterparts. These properties have been used to create a
myriad of impressive devices, such as high-speed switches [1],
optical parametric oscillators [2], sources of optical squeezing
[3, 4] and frequency conversion devices [5]. Frequency conver-
sion is often used to produce laser fields at wavelengths inac-
cessible to current materials [6], but can also be used to interface
individual parts of a network [5] or to transfer information from
one field to another at a different wavelength [7].

Traditionally, the main advantage of waveguide devices has
been very high nonlinear efficiency, allowing for relatively high
conversion efficiencies at low input and low output powers.
However, for many applications both high conversion efficiency
and high output powers are desired. For example, recent work
has shown that one can use high performance second harmonic
(SH) generation to up-convert the frequency of a squeezed
vacuum field [8]. Furthermore, observations of frequency comb
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generation in second-order free-space resonator devices [9, 10]
has driven further understanding of these systems [11] and are
generating demand for high performance, high-power, second-
order devices. The integration of devices such as these is the
natural step towards moving these technologies into the com-
mercial realm. Unfortunately, the performance of waveguides
has traditionally been limited due to a number of factors such as
large waveguide losses, poor mode shape profile and high-
power effects such as the photorefractive effect. Only recently
have large improvements in stable, high conversion efficiency
and high-power waveguides been realized. The most common
architecture used to this aim is MgO:LiNbO; ridge waveguides
[6, 12-16]. Sun et al have recently produced single-pass
waveguides with internal SH conversion efficiencies of around
70% and with output powers exceeding 400 mW at 532 nm [13]
and Li et al have more recently shown that tailoring the periodic
poling can lead to higher output powers (up to 1.13W at
532 nm) in single-pass [12].

One can further enhance the strength of the nonlinear
interaction by resonating the optical field within the wave-
guide. This method of enhancement has been demonstrated
by various groups in a number of different architectures, albeit

© 2018 IOP Publishing Ltd  Printed in the UK


https://orcid.org/0000-0001-5379-3460
https://orcid.org/0000-0001-5379-3460
https://orcid.org/0000-0002-2349-5443
https://orcid.org/0000-0002-2349-5443
mailto:stefszky@mail.upb.de
https://doi.org/10.1088/2040-8986/aac1d5
http://crossmark.crossref.org/dialog/?doi=10.1088/2040-8986/aac1d5&domain=pdf&date_stamp=2018-05-14
http://crossmark.crossref.org/dialog/?doi=10.1088/2040-8986/aac1d5&domain=pdf&date_stamp=2018-05-14

J. Opt. 20 (2018) 065501

M Stefszky et al

at low operational powers [17-21]. Resonators also allow one to
shape the spectrum of the output light [17] and to tailor the
system for optimum conversion for a given pump power and
waveguide loss [18]. Despite these benefits, investigation of
waveguide resonators for high-power and high conversion effi-
ciency applications has not been experimentally realized. This is
likely due to increased sensitivity to temperature fluctuations
(over their single-pass counterparts) as well as traditionally high
waveguide losses. Titanium indiffused waveguides exhibit the
lowest losses observed from any nonlinear waveguide technol-
ogy, with losses as low as 0.02dB cm ™' [17]. Ridge waveguides
have shown measured losses as low as 0.1 dB cm™ !, [22]. At the
same time, ridge waveguides have demonstrated single-pass SH
conversion efficiencies of around 240% W' cm™> (for SH at
340 nm) [14] whilst titanium indiffused waveguides produced in
our group have shown single-pass SH conversion efficiencies up
to around 40% W' cm ™~ in short samples.

Due to the low losses exhibited in titanium indiffused
waveguides, the resonator was produced using this technology.
Indiffused waveguides also have a very high spatial overlap with
single mode fibers (of up to around 94%, necessary for
achieving a high external conversion efficiency). The major
disadvantage of titanium indiffused waveguides is the presence
of the photorefractive effect [23—26]. Whilst this effect can be
compensated for at lower operational powers, the photorefractive
effect may enter a chaotic regime at higher powers (also known
as chaotic photorefraction) and will produce large amounts of
noise on the produced second harmonic generation (SHG) [27].

In this paper, we present the realization of a high-power
waveguide resonator, whose external SH conversion effi-
ciency (defined here as the amount of SH power exiting the
device divided by the amount of fundamental power incident
on the device) is shown to be as high as 75%. The resonance
condition has also been locked using a Pound-Drever—Hall
(PDH) type locking scheme with feedback to the laser fre-
quency [28], resulting in a reduced conversion efficiency of
slightly more than 50%, but with stable output power of up to
around 30 mW over an hour.

The device highlights the previously unadvertised perfor-
mance capabilities and limitations of titanium indiffused wave-
guides as resonators in applications where high-power and low
losses are important. Whilst the wavelength of the converted light
from this particular device is easily accessible by various laser
technologies, it does provide access to a phase congruent fun-
damental (which lies in the communications band) and SH field.
This is useful, for example, in nonlinear optics experiments that
pump any process with the SH of the field such as parametric
amplification and oscillation [2], as well as detection of these
states using, for example, balanced homodyne detection [29, 30].

2. The waveguide SHG device

Waveguides are fabricated in z-cut LiNbOj3 by an indiffusion of
lithographically patterned 7 pm wide, 80nm thick titanium
strips at 1060 °C for 9 h. In order to mitigate LiO, outdiffusion,
the diffusion takes place in a platinum box in a diffusion tube
that is flushed with oxygen. A second lithography step provides

an insulating photoresist pattern for electric field periodic poling.
Finally, in order to reduce stress at the domain walls the sample
is annealed at 300 °C for 2 h. We have chosen a poling period of
approximately 17.0 um to achieve the desired Type 0 quasi-
phase matching at a temperature of around 180 °C, in order to
reduce photorefractive damage [31]. A short sample length of
8 mm long is chosen as a smaller sample is easier to stabilize in
temperature and ensures that phase matching is uniform across
the entire sample. For all measurements, the sample is heated to
the ideal phase matching temperature of around 180 °C.

In order to optimize the conversion efficiency, one needs to
correctly choose the mirror coating reflectivities. We choose to
have the SH exit the rear of the sample whilst the pump enters
through the front, as illustrated in figure 1. The rear surface
therefore has an anti-reflection (AR) coating at 775 nm and a
high-reflectivity (HR) coating for 1550 nm. The front surface is
coated with a 77% mirror at 1550 nm and a HR coating at
775 nm, thereby resulting in a double-pass configuration for the
SH field [32]. The 77% coating is chosen to achieve optimal
coupling of the pump assuming linear intra-cavity losses of
0.07 dB cm ™" and a pump power of approximately 50 mW using
the expected nonlinear properties of the device [18]. Note that
finding this working point is not as trivial as finding the standard
critical coupling in the non pump-depleted regime because the
large nonlinear ‘loss’ on the fundamental field due to upcon-
version has to be taken into account (One can find the optimum
working point using the theory described in section 3.2.2). The
coatings for the device are produced in-house using ion-beam
assisted vapor deposition. Lithium niobate ‘witness samples’ are
coated in the same coating runs and from these the properties of
the coatings are determined (using an Agilent Cary5000 spec-
trophotometer, which has a specified transmittance error of
approximately 0.2% at 1550 nm). The HR coatings are expected
to have a reflectivity greater than 99%, and AR coatings a
reflectivity of around 0.5%. We note that the performance of the
double-pass SH device depends critically on the phase relation-
ship between the forward and reverse-propagating fields. To
address this issue, the waveguide sample consists of many
(around 100) waveguides. The polishing of the waveguide
sample end-faces is not perfectly parallel and therefore the phase
relationship varies from waveguide to waveguide and provides a
means for searching over this parameter [32].

3. Waveguide resonator characterization

3.1. Linear properties

We begin by determining the linear properties of the device at
the fundamental wavelength of 1550 nm. Using the standard
Fabry—Perot equations, one can find expressions for the ratios
between the transmitted power and the power entering the
waveguide mode (Pyans)/(Pin) as well as the reflected power
and the incident power on resonance (Pst)/(Py) [33],
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Figure 1. A schematic of the device is shown in (a). A pump field at
1550 nm is incident on the front coating of the device and the
generated second harmonic escapes the sample from the coating on
the rear. Only a single waveguide and a representation of its periodic
poling is shown and is not to scale. A photograph of a similar
waveguide sample is shown in (b).
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where L is the sample length in centimeters, « is the loss rate
per centimeter of the fundamental field, Ry is the power
reflectivity for the front mirror and R, is the power reflectivity
for the rear mirror. If the reflectivity of the front mirror is well
known, then these equations can be solved to find the intra-
cavity loss rate and the reflectivity of the HR mirror.

The experimental layout is shown in figure 2. The
waveguide is pumped by a Tunics tunable C-band laser that is
amplified using an EDFA. For this measurement the wave-
length of the laser is offset by 10nm, such that the phase
matching condition is not met, thereby removing the non-
linear interaction. The light passes through a Faraday isolator
that is used to measure the light reflected by the cavity, at
PDI1. The light then passes through an EOM, later used in
combination with the Toptica digilock system (which consists
of a high voltage amplifier, a mixer and a waveform gen-
erator) for locking the cavity length. The feedback signal from
this locking system can be connected to the waveguide heater
or the laser frequency control. The power can then be fine-
tuned using a half-wave plate followed by a polarizing beam-
splitter. A dichroic mirror before the front surface of the
waveguide can be used to measure the amount of SH light
leaking from the coating on this surface incident at PD2. A
second dichroic mirror at the exit of the waveguide separates
the transmitted pump light, which can be measured at PD4,
from the generated SH light, which is measured at PD3. All of
the relevant light powers are then measured using a Thorlabs
PM100 power meter and are cross-referenced using the
photodetectors in the setup, ensuring that all results are
consistent.

For accurate conversion efficiency measurements the
mode overlap between the (fiber-coupled) laser mode and the
waveguide mode is first precisely determined. The coupling
of the laser beam into the mode of the waveguide is optimized
and the light transmitted through the cavity is then coupled
into a fiber as shown in figure 2. The fiber containing the laser
field is then disconnected from the experiment and recon-
nected to this rear fiber-coupling, resulting in the laser field
entering the waveguide from the rear surface. The Faraday
isolator is then removed such that the light transmitted
through the front face of the cavity (and therefore in the cavity

spatial mode) is incident upon the fiber coupler. One can then
measure the amount of power incident on and exiting the first
fiber coupler to determine a lower bound for the mode
overlap. From this measurement, the overlap between the
fiber mode and the waveguide mode is determined to be
0.93 + 0.02.

Next, approximately 300 W of power is coupled into
the waveguide cavity. The laser frequency is scanned and on
reflection we find that the power on resonance is 36% + 1%
of the power off resonance. We also find that the transmitted
power on resonance is 6.3% =+ 0.1% of the power entering
the cavity. Inserting these values into the ratios derived from
equations (1) and (2), one finds that the intra-cavity loss at the
fundamental wavelength is o = 0.16 £ 0.01 dBcm ™' and
the reflectivity of the rear mirror at the fundamental wave-
length is 99.4% =+ 0.1%. The waveguide loss for the SH field
is typically found to be a factor of 2 or 3 greater than that
found for the fundamental field and here we assume
that a,,, = 2c. Using these values one can now determine

the cavity finesse F = lﬁﬁ =20, free spectral range

—r
FSR = -* = 87GHz and cavity linewidth v =% =
440 MHz; where n is the refractive index of the fundamental
wave and r = /Ry R, R;. The loss is unfortunately higher than
desired, this is due to the fact that it is necessary to find a
waveguide with the right phase matching condition, a high
nonlinear conversion efficiency and low losses. This wave-
guide is the best compromise of the three parameters on this
particular device.

3.2. Conversion efficiency

3.2.1. Non pump-depleted regime. With the fundamental
cavity well characterized, attention is now turned to the
nonlinear properties of the device. We begin our treatment in
the low-power regime, where analytic solutions can be found
and from these the desired parameters can be determined. To
further simplify the treatment, it is assumed that the coating
on the front face does not transmit any power at 775 nm and
that the coating on the rear face perfectly transmits power at
this wavelength. The normalized (single-pass) internal
conversion efficiency, 7,om, 1S first defined,

Psy

nnorm

where Pgy is the SH power exiting the waveguide resonator at
the rear surface and P;, is the pump power entering the
waveguide mode.

The resonator provides an intra-cavity build-up of the
pump field, which can be characterized with the build-up
factor, f[18],

1 - R
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This build-up factor can be combined with the single-pass
normalized conversion efficiency to determine the conversion
efficiency of the resonant device. The conversion efficiency
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Figure 2. Experimental layout. Tunics: tunics 1550 nm tunable laser, EDFA: erbium-doped fiber amplifier, FC: fiber coupler, PD:
photodetector, FI: Faraday isolator, HP: half-wave plate, EOM: electro-optic phase modulator, PBS: polarizing beam-splitter, BD: beam
dump, WG: temperature-controlled waveguide, DM: dichroic mirror, FM: flipper mirror.

(in the absence of pump depletion) for the double-pass pump-
resonant device described here is defined [18, 32],

P
=5 R 2o hPin f2 (2 — 2c0s(6)),

mn

&)

where 0 represents the relative phase shift between the SH
and fundamental fields due to the HR mirror at 775 nm on the
front surface of the device and the width of the domain
adjacent to this coating. The term in the parentheses
represents the interference between the forward- and
reverse-generated fields. It can be seen that constructive
interference between these two waves, given by 0 =
(2m — 1)m where m € Z, results in a factor of 4 improve-
ment in the conversion efficiency. The conversion efficiency
of the double-pass device with an ideal phase shift is therefore
identical to a device operated at the same power with a length
of 2L. The waveguide length is replaced by the loss-corrected
form, A, and is given by [18],

2
e—(}'L _ e—(yz_uL/Z
h=|—|,
o — an,/2

(6)

where «y,, is the waveguide loss for the SH wave. Note that &
reduces to L in the limit that the losses go to zero and that
L’Hopital’s rule must be used when a;,, = a.

The conversion efficiency of the device is determined by
measuring the SH power exiting the rear surface of the device
as the pump power is varied. The pump power entering the
waveguide is varied through rotation of a half-wave plate in
the beam path and through varying the fiber amplifier gain.
The frequency of the laser is scanned (using a triangle
function with an amplitude that corresponds to a laser
frequency shift of 3 GHz at a scanning rate of approximately
20Hz) such that the laser frequency passes through one
resonance of the cavity. Note that the zero frequency
reference is chosen arbitrarily. The central wavelength of
the laser is then shifted such that the optimal cavity
resonance, the one that is closest to the center of the phase
matching curve, is found. Due to the fact that thermal heating
is dependent on the amount of SH power and fundamental
power, which both depend on the phase matching and
resonance conditions, further fine tuning is then required to
fully optimize the SH production. The generated SH power on
resonance is detected on PD3 after attenuation via a calibrated
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Figure 3. Measured conversion efficiency of the waveguide
resonator in both the high-power and low-power regimes. The main
figure shows the high-power measurements (blue dots) and the
solution to the coupled equations (dashed line), equations (7) and
(8). The inset shows a zoom-in on the low-power regime, showing a
fit of equation (5) (dashed line) to the low-power data (blue dots).
The offset from the origin is due to the offset from the
photodetectors. Data points are shown with error bars.

neutral density filter. These results are cross-checked for
consistency using power meter measurements.

Figure 3 shows the measured conversion efficiency of the
device as the input pump power is varied and the generated
SH power is measured. A high-power run is shown in the
main figure, while the inset shows a zoom-in on the low-
power regime. The inset shows a fit to the data using the
model described in equation (5). The only free parameter for
the fit is the nonlinear coupling coefficient, which is found to
be k = 0.71. The internal conversion efficiency is defined as
the SH power exiting the waveguide divided by the pump
power matching the waveguide mode. Note that the relative
phase shift 6 and exact magnitude of the normalized
conversion efficiency both affect the conversion efficiency
of the device and cannot be independently determined.
However, if one assumes that the phase shift gives complete
constructive interference § = (2m — 1) where m € Z, then
the best fit of the conversion efficiency (using equation (5))
requires a normalized nonlinear conversion efficiency of
38% /(W cm?). This value coincides with the expected value
from both theory [18] and previous measurements of other
samples with similar length, thereby giving us confidence in
the initial assumption about the phase. Using mode size
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measurements from similar waveguides and RSoft simula-
tions, which give us an expected effective interaction area
[18] of 85 umz, we determine the nonlinear coefficient to be
degr = 26 pm V. The d.g is not precisely known at 1550 nm
but it has been measured to be 20 pm V" at 1330 nm and up
to 34pm V™! at shorter wavelengths [34].

3.2.2. Pump depletion regime. The expected performance of
the device at higher powers (the main part of figure 3), where
the non pump-depleted approximation is no longer valid, is
found by numerically solving the coupled-mode equations in
the same way as presented by Fujimura et al [35]. The coupled-
mode equations for perfect phase matching are written,

4G = ik B@AGY — LAQ), )
dz 2
4o 2 Qw
dzB(Z) = —ik[A(2)] 2 B(z), ¢))

where A(z) and B(z) are the complex amplitudes for the
fundamental and SH waves, respectively, and « is the nonlinear
coupling coefficient. We assume here that « is real because the
low-power modeling has shown that our system is well modeled
under the assumption of perfect constructive interference
between the forward and reverse traveling waves, or in other
words, no phase shift on the quasi-phase matching grating.

A brief summary of the iterative method is described
here, a full description can be found in [35]. At each end-face
the internal fields are separated into forward and reverse
traveling components. By assuming some initial conditions
the coupled equations can be solved. These solutions are then
checked for self-consistency with the initial conditions to
ensure a meaningful result. If the fields are not self-consistent
then a new initial condition is calculated based on the result of
the previous iteration until self-consistency is reached. After
many iterations a self-consistent solution for the internal fields
is found, from which the external fields can be calculated
using the boundary conditions. Given the external fields, the
internal conversion efficiency of the device is calculated, as
shown in the main part of figure 3 (dashed line). The
nonlinear coupling coefficient x = 0.71 from the fit of
equation (5) in the low-power regime is used and all other
parameters are as used in the low-power regime fit. Note that
the high-power theory curve therefore has no free parameters,
and still reasonably predicts the behavior of the system.
Furthermore, closer examination reveals that the non pump-
depleted theory and the full theory taking pump depletion into
account are effectively indistinguishable over the power range
illustrated in the inset of figure 3, as one would expect.

The external conversion efficiency is defined as the SH
power exiting the waveguide divided by the input pump
power directly before the waveguide in-coupling lens. Note
that the pump power measured in this way includes losses due
to imperfect overlap between the pump and waveguide
modes. It can be seen that an external conversion efficiency of
75% is achieved for input powers of around 70 mW, which
we stress is achieved when the frequency of the laser is
scanned over the cavity resonance. In section 5, it will be

shown that we are unable to stabilize the cavity length at this
power, nevertheless this scanning mode of operation may be
useful for some applications. At fundamental input powers of
140 mW and above the maximum transmitted power level
seen as the laser was scanned over resonance was observed to
rapidly fluctuate. This behavior may indicate that the
photorefractive effect has entered the chaotic regime, but
may also be due to other instabilities arising due to the high-
power levels, such as third-order nonlinearities or photo-
thermal instabilities. This is investigated further in the
following section.

4. High-power limitations

The high-power performance of the device is limited by
photothermal and/or photorefractive effects. These effects are
difficult to distinguish due to the fact that they are both
expected to shift the cavity resonance in a similar fashion
[36]. It is expected that as the device produces more power
the magnitude of these effects will increase and the task of
keeping the resonator on resonance will become more
difficult.

Whilst it is difficult to get a quantitative analysis of these
effects, it is possible to look at them qualitatively. By scanning
the frequency of the laser one can scan over the cavity reso-
nance approaching from both high and low frequency sides
while detecting the transmitted power on PD4 (see figure 2).
The presence of photothermal heating will produce an asym-
metric pump transmission around the resonance frequency in
response to the laser frequency scan. This is because as reso-
nance is approached from one side, heating of the cavity will
tend to bring the cavity closer to resonance, leading to a very
rapid transition to resonance. Approaching resonance from the
opposite side will then cause heating that pushes the system
away from resonance. A similar explanation can be formulated
for the photorefractive effect. In fact, both effects are expected
to affect the refractive index in a similar way, and hence the
two can be difficult to distinguish [37].

Such a cavity scan is shown in figure 4, where
approximately 110 mW of fundamental light is incident on
the cavity. The direction of the laser frequency scan (scanned
using a triangle function) is reversed at around zero seconds.
The black trace shows the transmitted fundamental power
when the cavity temperature is held at phase matching,
resulting in a SH power of around 70 mW. We note that the
expected Airy function describing the transmitted power
through the cavity is not seen. Instead an asymmetric function
of transmitted power is found, indicating some minor amount
of photothermal and/or photorefractive effects.

To investigate the wavelength dependence of the asym-
metry the frequency of the laser was varied, such that the
device was far from phase matching and no SH power was
produced. The transmitted power was again measured as the
cavity was scanned and is shown by the blue trace. One
immediately notices that, as expected, the cavity bandwidth
has reduced due to both the absence of the nonlinear ‘losses’
on the fundamental field (which reduce the finesse of the
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Figure 4. Measured transmitted fundamental power (left axis) with
the cavity temperature on- (black trace) and off- (blue trace) phase
matching. Approximately 110 mW of fundamental power enters the
sample as the frequency of the laser is scanned over resonance with a
triangle function (red trace), the magnitude of which corresponds to
a laser frequency shift of 3 GHz (right axis). The oscillations on top
of the cavity scan are due to interferences caused by the laser
frequency scan.

fundamental cavity) and the absence of the SH field, which is
expected to have a higher absorption and hence provide more
heating. However, a large asymmetry is still seen, the mag-
nitude of which is similar to that seen in the phasematched
case. The strength of the photorefractive effect is expected to
increase by orders of magnitude between the pump and SH
wavelengths [36], whilst the absorption is typically seen to
only increase by a factor of 2 or 3 between these wavelengths.
We also note that the profile of the transmitted power in the
off-phase matching case is dependent upon which direction
the cavity resonance is approached from. This is the expected
behavior in the presence of photothermal heating of the cavity
system due to the fact that the cavity resonance will always
shift towards one direction [38] and is more apparent in this
case due to the increased cavity finesse when the system is far
from phase matching.

The observed results therefore indicate that there is not a
significant contribution from photorefractive effects. Raising
the temperature of the system has most likely reduced the
photorefractive effect to a point where the performance of
the device under these conditions is not limited by the effect.
We therefore conclude that the observed instabilities in the
device are most likely not due to photorefractive effects.

5. Stability

The stability of frequency conversion devices is a critical
factor in many applications. One typically requires device
stability that is at least equal to the required measurement
time. Therefore, a preliminary investigation into device sta-
bility over longer time periods is undertaken. Note that there
is very little prior information regarding the long-term stabi-
lity of high-power waveguide resonators. Due to the narrow
linewidth of the cavity resonance this requires very stable,
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Figure 5. Output power of the SHG device over one hour with a
temperature (blue) feedback loop and a low-power (red) and high-
power (black) laser feedback loop enabled. The output SH power is
normalized to the amount of power seen after the system has
stabilized over a few minutes. The inset shows a zoomed in view of
the data.

fine temperature tuning and for greater stability, some form of
feedback that locks to the cavity resonance.

The issue of stability is addressed in two steps. The first
step is to optimize the standard temperature loop that heats the
sample to around 180 °C. The two-stage oven is enclosed in a
Teflon housing and is then encased in a larger housing with
openings only for the input and output fields. With this setup
the temperature of the cavity is stable to a couple of milli-
kelvin or better and this is enough to ensure that the cavity
resonance is held, at low input powers and without the PDH
loop, on the minute time scale. This scheme is limited because
it does not sense the resonance condition. As such, system
drifts may force the cavity off resonance in a way that is not
sensed by the temperature sensor in this loop and are therefore
not compensated. A second step is required to provide sta-
bility over longer time scales and at higher powers.

The second step is the PDH locking loop which directly
senses the resonance condition (of the fundamental field),
thereby providing a means of compensating system drift over
longer times. This locking loop was first achieved for low
powers. The field entering the waveguide resonator is phase
modulated via an electro-optic modulator at 25 MHz, as
shown in figure 2. Its sidebands are well within the cavity
linewidth and as such are transmitted through the cavity with
the carrier and are detected at PD3. This signal is then fed into
a Toptica Digilock system, therein undergoing mixing and
filtering to produce the error signal. This error signal is then
used to lock the system to resonance via feedback. It is
possible to achieve this feedback via two methods; the first is
by feeding back to the temperature controller of the wave-
guide, and the second by feeding back to the laser frequency
through actuation of a piezoelectric transducer. Feeding back
to the laser provides a much faster lock but results in the
center frequency of the laser shifting, which will be an
unwanted effect for some applications.

The performance of the two low-power locking schemes
is illustrated in figure 5. The temperature feedback lock (blue
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Table 1. Comparison of selected waveguide SH performances. Agy is the second harmonic wavelength (nm), Py is the maximum second
harmonic power generated (mW), Ext. is the external conversion efficiency (where N.G. = not given), Int. is the external conversion
efficiency (where N.G. = not given), material is the waveguide material used (Ti:LN = titanium indiffused lithium niobate, MgO:

LN = magnesium oxide doped lithium niobate), Sch. is the scheme used (where Res. = resonator and S.P. = single-pass), and stab. is
whether or not the device stability has been shown over at least one hour (Y = yes and N = no). ! Note that this paper does not specify how
the pump power is measured, here we have assumed the maximum possible value.

Paper Asu Psu Ext. Int. Material Sch. Stab.
This paper 775 110 75%  84% Ti:LN Res. Y
Li 2017 [12] 532 1130 ~75%' N.G. MgOLN SP. N
Sun 2012 [13] 532 466 ~40% T70% MgO:LN S.P. N
Jechow 2007 [39] 488 100 24% 38% MgO:LN S.P. Y
Sakai 2006 [15] 488 73 N.G. 27% MgO:LN S.P. Y
Iwai 2003 [6] 473 189 ~30% T74% MgO:LN S.P. Y
Mizuuchi 2003 [14] 340 22 N.G. 28% MgO:LN S.P. N
Parameswaran 2002 [40] 775 420 47% N.G. MgO:LN S.P. N
Regener 1988 [18] 546  0.002 0.1% N.G. Ti:LN Res. N

trace) is performed with approximately 30 mW of funda-
mental field entering the cavity, resulting in approximately
10mW of SH power generation, whilst the laser feedback
scheme (red trace) has approximately 22 mW of fundamental
field entering the cavity and 9 mW SH power exiting the
system. As expected, the temperature feedback scheme does
not perform as well as the laser frequency feedback as an
accumulated offset is observed, likely due to the cavity
resonance condition shifting away from the peak of the phase
matching as the localized temperature of the waveguide shifts
due to heating of the sample. In contrast, at the powers used
here the laser feedback scheme locks to the maximum power
immediately and has been locked stably for more than 6 h, the
first hour of which is illustrated in figure 5.

In order to achieve a more stable lock at higher pump
powers, the quality of the lock has to be improved. The
Tunics laser is replaced with a New Focus velocity laser,
providing a greater tuning range for the laser feedback. Fur-
thermore, an integrated phase modulator allows for higher
frequency modulation (of 302 MHz), improving the capture
range and allowing for detection of these sidebands on
reflection of the cavity where the beat signal is stronger (with
a fiber integrated photodiode replacing PD2). Approximately
52 mW of fundamental field enters the cavity and the SH
power stabilizes to around 28 mW of SH after approximately
20 minutes, as illustrated by the black trace of figure 5. This
level of combined performance; high conversion efficiency,
high-power, and long-term stability, has not been presented
previously from a waveguide resonator and highlights the
versatility and quality of this device.

Currently, it is not possible to stably lock the SH cavity at
higher input pump power. In contrast to the seemingly ran-
dom fluctuations seen when scanning resonance with a pump
power of 140 mW, pumping the locked cavity above 50 mW
results in the output SH power oscillating between two dis-
tinct output power levels, the frequency of which is dependent
on the exact amount of pump power, but is typically on the
time scale of seconds. Imaging the output SH spatial mode
onto a camera reveals that the output SH mode hops between
two possible spatial modes. This effect requires a drastic

change in the phase matching properties of the system and
therefore may be due to a localized photorefractive effect or
even a Kerr effect. Operation at higher powers will require an
understanding of this effect if one wishes to operate the
system with a stable continuous-wave output.

6. Discussion

For ease of comparison, the main results from this work are
compared to previous waveguide SHG results in table 1. It
can be seen that waveguide resonators as a source of high
performance SH generation have been overlooked since the
results of Regener et al in 1988. However, the results pre-
sented in this paper clearly show that waveguide resonators
can indeed be used in demanding applications, even in the
pump-depleted regime, as we demonstrate here for the first
time. In addition, we have shown for the first time that tita-
nium indiffused waveguide SHG devices are capable of
producing tens of milliwatts of SH power stabilized over long
time scales, a critical performance measure for both research
and commercial applications. These results will be of interest
in a number of fields where high performance devices are
required, for example, in integrated quantum optics where the
external conversion efficiency is ofen paramount [8].

7. Conclusion

In conclusion, we demonstrated a high external conversion
efficiency, high-power, SH waveguide resonator device. This
was achieved in an 8 mm long titanium indiffused lithium
niobate waveguide device. With a 1550 nm pump field, an
external conversion efficiency of 75% was measured as the
laser frequency was scanned, with output powers up to
110 mW. The device was locked stably over an hour using a
PDH scheme producing 28 mW of SH power (conversion
efficiency greater than 50%) via a laser frequency feedback
scheme. The results presented here showcase the suitability of
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titanium indiffused waveguide resonators for high-power, low
loss applications.
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