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Abstract: Mid-IR light detection based on intracavity upconversion using a compact structure
has been studied experimentally and theoretically. The mid-IR detector consists of a 47.5 mm
MgO doped periodically poled lithium niobate crystal placed in a resonant cavity of a 1064 nm
diode-pumped Nd:YVO;, laser to enhance efficiency. The generated 1064 nm light is mixed with
a mid-infrared source emitting at 3469 nm using an intracavity dichroic mirror. This produces
short wave infrared 814.2 nm light via sum frequency generation (SFG). The upconverted light
overlaps with the high responsivity for commercial off-the-shelf silicon photodetectors, enabling
high speed and high sensitivity detection, surpassing direct mid-infrared detection. The lowest
power detected was 150 nW, and the theoretical noise equivalent power for state-of-the-art Si
detectors is 1.7 - fW/ VHz. The free-running cavity requires no active stabilization, and the total
packaged prototype size is 3.75 x 3.0 X 8.0 cm, which is relatively compact. An experimental
power conversion efficiency of up to 36.0% is observed, which agrees well with theoretical
simulations. A systematic theoretical study is performed to investigate the potential for further
device optimization.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Optical free space communication has benefitted from rapid development and an increase in
interest from the broader scientific community in recent years. It is clear to see why, given the
benefits of optical carriers over radio: larger bandwidths, higher link security, smaller size, weight
and power (SWaP) for transmitters and receivers, and lighter regulatory burden [1]. Most current
efforts focus on using the short-wave infrared (SWIR), specifically the C-band (1525-1565 nm),
for long distance links. This is in large part due to the availability of mature off-the-shelf sources
and detectors with high speed and sensitivity due to advances in fiber telecommunications.
While the SWIR will no doubt serve as the backbone of free space optical communication, it
is not without problems. Atmospheric effects such as scattering and turbulence/scintillation,
as well as weather including fog and haze can greatly reduce link availability. One potential
mitigation technique is to move to longer wavelengths that still fall within one of the atmospheric
transmission windows. A promising candidate is the mid infrared (mid-IR, 3-5 microns) which
greatly reduces scattering and scintillation, and can relax requirements for adaptive optics over
long distances [2,3].

One of the major challenges posed by switching to the mid-IR for atmospheric mitigation is the
lack of detectors with sufficient speed and sensitivity for long distance communications. Current
commercial solutions tend to fall into either of two categories. The first is thermal detectors
making use of microbolometers, which can be made relatively cheap. However, these detectors
must often trade sensitivity for response time, while high speed optical communication often
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requires both to be maximized. The other category is small bandgap semiconductor materials,
such as HgCdTe or InSb. These are commercially available and tend to have much higher
bandwidths than thermal detectors. However, the small bandgap leads to high dark currents due
to thermal noise that typically require cooling to mitigate. While in some instances Peltier coolers
are sufficient for the application, peak performance often requires cryogenic cooling, while
SWIR detectors operate well at room temperature by default [4]. Even with this cooling, direct
mid-infrared detection is several orders of magnitude below comparable SWIR detectors in terms
of detectivity. Detectivity is an important figure of merit classifying the overall performance of a
detector and is defined as the inverse of the noise-equivalent power normalized per square root of
the sensor’s area and frequency bandwidth, with units of Jones (cm - VHz/W). It is a method of
directly comparing detectors while controlling for variables that affect detector performance such
as active area and the signal frequency. Typical values for state-of-the-art direct SWIR detectors
are 10'3 — 10'* Jones, while direct mid-infrared detectors have detectivities of 10'© — 10! Jones
[3,5,6].

Mid-infrared upconversion using nonlinear optics stands as an established method of overcom-
ing these limitations. By mixing an intense pump beam with a mid-infrared idler beam inside a
nonlinear crystal, the mid-infrared idler can be upconverted to wavelengths in the 700-900 nm
range while maintaining the spatial and spectral content of the signal [7]. This coincides with high
responsivity silicon detectors which offer lower noise, higher speed, and the potential for room
temperature operation over both short bandgap semiconductors as well as InGaAs detectors used
in the C-band [5,8]. Before discussing the state-of-the-art for mid-IR upconversion, it is necessary
to clarify some important terminology. Throughout this work, there are many references to power
conversion efficiency and quantum efficiency (QE). Power conversion efficiency is derived from
taking the output upconverted signal power just after the output crystal facet and dividing it by
input mid-infrared idler power just before the nonlinear crystal facet:

PE=— (1)

This is a useful metric for how efficient the overall nonlinear process is. Another important
metric for certain applications like imaging and quantum communications is the quantum
efficiency. When referring to quantum efficiency, the experimental efficiency can be retrieved
from the power efficiency by multiplying by the ratio between the signal and idler wavelengths,
converting it to a photon ratio, which is the definition of quantum efficiency:
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Therefore, by Egs. (1) and (2), we end up with our device’s power efficiency of 36% and

a quantum efficiency of ~8.5%. There is also a useful formula for the theoretical maximum

quantum efficiency derived by Dam et al, who currently hold the intracavity QE record of 20%
[9,10]:

1 67rd5ﬁl2PGauss

OFax = 3)
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where [ is the length of the nonlinear crystal, Pg,,s;s is the circulating pump power of Gaussian
beam in the cavity, d.g is the effective nonlinear coefficient of the nonlinear medium, #; is the
refractive index of the PPLN for the indicated beam, A4, is the wavelength for the indicated beam,
and wy is the beam radius of the pump beam in the center of the PPLN. The main limitation of
this formula is that it was derived assuming the pump and idler beams are defocused inside of
the nonlinear medium to the point that they can be approximated as plane waves. For devices
making use of tightly focused gaussian beams, such as ours, this formula is not applicable. It will
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still serve as a useful formula for suitable devices in the literature, since it estimates the upper
limit of quantum efficiency achievable for a certain pump power and upconversion wavelength.

Now that we have clarified the efficiency terms, we can discuss the state of the art for upcon-
version detectors. This technology is already well established in the SWIR, with upconversion
quantum efficiencies >90% used in imaging and single photon counting applications [8,11-14].
Experimentally demonstrated quantum efficiencies for mid-infrared upconversion tend to be lower
than the SWIR. This is due to the inherent efficiency loss from converting longer wavelengths and
therefore lower energy photons into higher energy ones, as can be seen by the inverse wavelength
dependence in Eqgs. (2) and (3). This is also due to the difficulty of sourcing high quality mid-IR
optics and coatings relative to the SWIR. Another consideration is that for wavelengths longer
than 3.6 microns, higher absorption in the mid-infrared in PPLN is to blame. PPLN is often used
due to its broad transmission spectrum, but it exhibits increasing absorption past 3.6 microns that
limits conversion efficiencies significantly [7,15,16].

There have been a number of interesting developments in the state of the art for mid-infrared
upconversion over the last two decades. Starting with bulk crystal intracavity continuous wave
devices, much work has been performed by Ajanta Barh, Rasmus Pedersen, Peter Tidemand-
Lichtenberg, and Jeppe Dam. As mentioned previously, Dam et al. holds the record for a
CW intracavity bulk crystal upconversion detector with a quantum efficiency of 20% [10,17].
Pedersen et al. and Barh. et al. have iterated on this work, deriving thermal noise equivalent
power for mid-IR upconversion and demonstrating ultra-broadband mid-IR upconversion using
fanned grating PPLN crystals and non-collinear phase matching [7,9,16,18-20]. While this is
the experimental record for intracavity bulk crystal devices, higher quantum efficiencies have
been demonstrated in the mid-IR using pulsed sources, PPLN waveguides, and high pump power
single-pass schemes.

Hogstedt et al. demonstrated a pulsed mid-IR upconversion detector with a signal-to-noise
ratio 500 times higher than that of a cryogenically cooled InSb detector, due to the large reduction
in dark current from using a Si-based detector [21]. In 2007, Imaki and Kobayashi demonstrated
a pulsed upconversion setup with 40% QE, in 2013 Gu et al. achieved 64% QE efficiency using a
pulsed setup, and in 2017 Wolf et al. demonstrated up to 82% QE efficiency using very high
energy pulses [22-24]. A recent development in April 2024 was quantum entanglement and
interference demonstrated at 3 microns by Ge et al [25]. Using a single-pass upconversion
scheme in PPLN with 45 W pumping power, they demonstrated 37.9% QE, which is the current
record for bulk continuous wave PPLN to the best of our knowledge.

Literature on mid-IR waveguide upconverters is harder to find. This is due to the fact that, until
recently, it was difficult to manufacture lithium niobate waveguides with low losses at wavelengths
<2.0 um, preventing efficient upconversion [26—29]. To the best of our knowledge the current
state of the art is 85%/W internal SFG efficiency with a pump power of 0.192 W using a PPLN
ridge waveguide by Lehmann et al [30]. This corresponds to a QE of 16% derived from values
in the paper. This demonstrates that the QE of waveguides can be higher than bulk for much
lower pump powers, given the pump powers in the bulk demonstrations are typically tens of watts.
All of these structures have applications in mid-infrared imaging, military countermeasures,
spectroscopy, remote sensing, gas detection, and free space optical communication, making
upconversion a versatile option with a demonstrated record of performance in the literature
[3,20,31-34].

In this paper, we aim to fill a gap in the literature identified above. While the general
operating principles of upconversion detection are understood, a systematic study utilizing
focused gaussian beams has not been presented recently. We present a systematic study on
mid-infrared upconversion based on quasi phase matched PPLN in a compact intracavity structure
both experimentally and theoretically using tightly focused gaussian beams. We utilize the
thermal lens generated by high power pumping of a Nd:Y VO, gain medium to achieve a smaller
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beam radius in the nonlinear crystal, while making use of a longer nonlinear crystal to maximize
conversion efficiency. The 1064 nm light emitted by the Nd:YVOy is confined in a cavity and
mixed with 3469 nm mid-IR light generated via difference frequency generation using a previously
reported laser from our research group [35]. This generates upconverted light at 814.2 nm, and
we achieved 9.5 mW of 814.2 nm light for 26.3 mW of 3469 nm mid-IR light. As such, we
report a measured upconversion efficiency of 36% and a calculated quantum efficiency of 8.5%.
The lowest optical power measured was 150 nW of DFG which corresponded to 53 nW of SFG
power, limited by the detection circuit. A theoretical calculation of the noise-equivalent power
limit shows a possible floor of ~1.7 - fW/ VHz, enabling single photon counting applications.

While our device does not currently surpass the previous state of the art currently in terms of
efficiency, it is quite compact at 3.75 X 3 X 8 cm which is important for free space communication,
remote sensing, and other relevant applications. Additionally, we show through detailed theoretical
analysis that if certain optimizations are made, it is possible for the device to meet and even
exceed the performance bar set by Dam et al. for significantly lower circulating powers inside of
the cavity thanks to the focusing of the beams in the PPLN coupled with higher pump powers. We
hope that this study will serve as a useful reference point for those looking to create high efficiency
mid-infrared upconversion detectors in the future through a solid fundamental understanding of
the operating principles.

Following this Introduction, we present in the Methods section the experimental set-up, the
cavity design and optimization, the cavity and upconversion simulation work, and the theory for
beam overlap. In the Results section, we present the leaking 1064 nm and SFG output power
dependence on pump power, show the potential optimization work to be done with the beam
overlap, characterize the linearity of the SFG response, measure the stability of the output SFG
light, measure the conversion efficiency for various lengths of nonlinear crystal, and determine
the temperature response of the upconversion process. In the Discussion section, we calculate
the theoretical noise equivalent power for a state-of-the-art silicon detector and discuss the
potential optimizations and future work identified in the results section from the experimental
and theoretical results.

2. Methods

A schematic diagram of the SFG intracavity setup is shown in Fig. 1.

The setup consists of an 808 nm F-mount diode that is linearly polarized, has an integrated
fast-axis collimator, and is capable of up to 10W output power (Focuslight FLOFMO01-10-808-Y).
This was followed by an Nd:Y VO, gain medium where the facet facing the 808 LD was coated
for high reflection at 1064 nm (R > 99.9%) and high transmission at 808 nm (T > 95%), while
the output facet had an anti-reflection coating for 1064 nm (T > 99.8%). A dichroic mirror was
used to couple mid-infrared light into the cavity. This mirror was a custom unit fabricated at
the National Research Council: it was a 1.8-mm thick N-BK?7 substrate coated on both surfaces
with high transmission at 1064 nm (R~99.4%), high reflectivity in the mid-infrared (R > 82.4%),
and high reflectivity at 808 nm (R > 99.9%) to help reduce leaking 808 nm light. These values
were valid only for an angle of incidence of 45° and for s-polarized light. To confirm the filters
removed leaking 808 nm light, the output was measured via optical spectrum analyzer down to
the nanowatt level. There was no signal at or around 808 nm, and the only signal present was the
814.2 nm light from the upconversion process. The mid-infrared light was generated by a DFG
module previously described by our research group [35]. It was coupled into the cavity via two
gold-coated mirrors (Thorlabs PF05-03-MO1) in a Z-fold configuration, then passed through a
2X beam expander (Thorlabs LA5763-E, LA5817-E) and focusing lens (Thorlabs LA5042-E) in
order to achieve the desired focus in the center of the nonlinear crystal. In the future, this setup
will be replaced by an appropriate fiber collimator and focusing lens to make the signal arm of
the setup more compact.
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Fig. 1. Experimental schematic diagram of the intracavity SFG laser. The DFG module is
described in a previous manuscript from our research group [35].

The nonlinear crystal was a 47.5 mm long periodically-poled 5% MgO-doped lithium niobate
crystal (MgO:PPLN) with a period of 22.75 um that was fabricated in-house by our group. The
MgO:PPLN was coated on both facets with an AR coating at 1064 nm (T > 99.8%) and at
3369 nm (T > 95%), while the output facet was also coated for high transmission at the SFG
wavelength of 814.2 nm (T > 99%). The MgO:PPLN was mounted to a copper heatsink via
thermal compound and temperature controlled via a thermoelectric cooler (TEC) to an accuracy
of 0.05 °C. The output coupling mirror (OC) was a custom unit on a Calcium Fluoride substrate
that was 6 mm in diameter and had a high reflectivity coating at 1064 nm (R > 99.85%) and high
transmission at the SFG wavelength (T > 99.9%). Residual 1064 nm and 3469 nm light was
filtered after the OC using a bandpass filter centered at 820 nm with 10 nm FWHM (Thorlabs
FBHS820-10) and a 1064 nm notch filter (Thorlabs NF1064-44). Measurements above 0.01 mW
were captured using a Thorlabs S401C thermal power meter, while measurements below this
value were captured using a Thorlabs PDA36A2 variable gain Si detector. The cavity was <8 cm
in length measured from the Nd:YVO,4 HR coating to the OC.

A hemispherical cavity was selected due to its relative simplicity and ease of alignment. In
order to optimize the pump beam distribution inside of the PPLN, a cavity model was set up using
the open-source ReZonator software [36]. This software implements ABCD matrix methods for
cavity mode simulations in standing wave and ring resonators. A block diagram of the cavity and
a plot of the pump beam evolution inside of the cavity can be seen in Fig. 2. The cavity consists
of a plane mirror representing the HR coating of the Nd:YVO4 (M1) immediately followed by
the 5 mm long Nd:YVOy4. To model the effect of thermal lensing, a thin lens F1 is inserted
in the middle of the Nd:YVO, sample and a thermal lens of 75 mm was found to match the
experimental results well, and is in line with prior characterizations of thermal lensing effects in
Nd:YVOq [37]. The thermal lens is important as it allows us to attain a smaller beam radius in
the PPLN for the pump, which increases the efficiency due to the higher intensity. Following the
Nd:YVOy is a5 mm gap (d1) and then a 1.8 mm thick plate of N-BK7 representing the dichroic
mirror. This is followed by a 10 mm gap (d2) and a 47.5 mm slab of material representing the
PPLN. The final gap of 5 mm (d3) leads into the output coupler for the cavity with a radius
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of curvature of 100 mm (OC). In the beam radius plot, the vertical dashed lines represent the
location of the thermal lens (blue), the dichroic facets (green), and the PPLN facets (red). A
beam radius of ~110 um is obtained in the center of the PPLN with a symmetric Gaussian profile.
The focus for the mid-IR beam in the center of the PPLN was found to be 55 um.
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Fig. 2. A block diagram of the cavity model (upper) and a plot of the 1064 nm pump beam
radius as it evolves through the cavity left to right (lower). The distance is measured relative
to the plane cavity mirror M1.

In order to simulate the expected SFG output power, we first simulated the cavity to estimate
the circulating intracavity power, and then used the nonlinear wave equations for SFG to estimate
the output power without accounting for beam overlap. This allows us to account for the nonlinear
conversion process, which is an additional source of loss within the cavity. Once the SFG power
was estimated, a nonlinear loss was calculated and the intracavity simulation was run again. This
updates the circulating intracavity power which was then used to generate a new SFG power
estimate. This process repeated until the SFG power and intracavity power converged, i.e. the
change between iterations was negligible. In this case, the nonlinear loss ends up being negligible
as the depletion was negligible, due to the pump intensity being many orders of magnitude higher
than both the signal and SFG intensities. Should the signal and SFG intensity approach that of
the pump, depletion and thus the nonlinear loss would become noticeable. The cavity simulation
is the same as the one presented in our previous work for a DFG intracavity source using a
spatially dependent rate equation from Risk, omitted here for brevity [35,38]. The nonlinear
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where A1, Ay, Az represent the electric field amplitude of the mid-IR signal, the 1064 nm pump,
and the upconverted 814 nm SFG, respectively. deq is the nonlinear coefficient (14 pm/V typ. for
PPLN). Ak is the phase mismatch for SFG where k; is the wave vector for the indicated wave
(Ak = k1 + kp — k3), c is the speed of light, w; is the optical frequency for the indicated wave, and
z is the propagation direction along the optical axis in the nonlinear crystal. In this case, there is
no rate equation for the pump Aj, as it is assumed to be high enough in intensity that depletion is
negligible and thus A; is constant.

Another important consideration for optimizing the output power of the SFG device is the
beam overlap inside of the crystal. The most straightforward way to treat this problem for tightly
focused gaussian beams is using overlap integrals as covered by Guha and Falk [40,41]. While
the treatments are derived for single pass, we have found that using the above cavity simulation
to estimate the circulating power coupled with Guha and Falk’s approach gives results that agree
well with the experimental data. The derivation for the formula itself is several pages and so is
omitted here, although it can be found in its entirety in the cited works by Guha and Falk. The
general idea is to integrate over the entire plane of the output crystal facet to obtain the output
signal power for a given pump and idler power. The result of the derivation is the complex double
integral 4 with many variable terms, found below:
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where * denotes complex conjugates where appropriate. The resulting integral is hA((Akl), &;,
&, k, B) where (Akl) represents the phase mismatch for a crystal of length /, with phase mismatch
for quasi-phasematching determined by Ak = k; + kp — k3 — 2% where k; = 2’{_’” and A is the
period of the periodically poled crystal. &; is the focus factor, found by dividing the length of the
crystal by twice the Rayleigh length of the given beam inside of the crystal (also known as the
confocal parameter). k = k; /k; is the ratio of the wavenumbers of the pump and idler, and B is a
term representing the phase walk-off. Since we are using PPLN, B = 0 for all cases. By varying
the phase mismatch through adjusting the temperature of the PPLN, the value of the integral &
can be maximized for a given crystal. By doing this, 4 is then only a function of the focus factors,
allowing us to see how adjusting the size of the beams in the crystal may affect the output power.
The goal is to maximize /4 for a given crystal. This treatment can be found in the results section,
as it is relevant to future improvements for the device. The simulation work above is compared to
the experimental results in the following section.

®)

3. Results
3.1.  Output power characterization

The leaking 1064 nm power was experimentally measured with the dichroic mirror and PPLN
crystal in the cavity. This allows accurate characterization of the total cavity loss for the simulation,
while also enabling estimation of the circulating intracavity power for PE estimation. Figure 3
shows the experimental results compared with our simulation results. The 1064 nm power is
measured after the output coupler and is used to determine the circulating power in the cavity
for both the QE calculation and the SFG calculation. To simulate this, the cavity simulation
from earlier is used with all known loss values from coatings and other intracavity components
accounted for. The agreement between simulation and experiment is good, with the simulation
overestimating slightly with respect to the best fit line. This agreement means that we can be
confident that the input circulating power estimates for the SFG simulation are accurate with
respect to the real cavity setup. For all plots, a 3% error bar is applied, as this was the dominant
error from the uncertainty of the Thorlabs S401C photodetector used. However, given the size of
the red square markers used to designate the experimental data, these bars are not always visible.
In this case, the marker itself is an accurate representation of the experimental error.

After characterization of the circulating 1064 nm power, the next step is to measure and estimate
the produced SFG power. The results are shown in Fig. 4, where again we see good agreement
between the simulated predictions and the experimental line of best fit. For the simulation work,
the cavity power from the simulation is used as input to the nonlinear wave equations and the
beam overlap simulation as described in the Methods section. The simulated SFG power is
estimated just after the output facet, and so need to be adjusted for the transmission of the OC
and filters before the detector. A maximum SFG power of 8.5 mW is measured at the detector
and needs to be adjusted for optical filter transmission. The output coupler (T = 99.9%), 1064 nm
notch filter (Thorlabs NF1064-44, T = 99.57%), and bandpass filter (FBH820-10, T =90%) are
considered to estimate the SFG power just after the PPLN output facet. The adjusted maximum
SFG power obtained just after the PPLN output facet was 9.5 mW for 26.3 mW of input mid-IR
power measured just before the PPLN input facet, leading to a measured power efficiency of
36.0%.
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Fig. 3. Measured and simulated leaking 1064 nm power vs 808 nm pump power. Error bars
are present on all markers but are smaller than the data markers for most points. The solid
blue line is the simulation, while the dashed red line is the line of best fit for the experimental
data.

3.2. Beam overlap characterization

Here we evaluate the overlap of the pump and idler beams in the nonlinear crystal, and see if any
further improvements could be made. From Eq. (7), the focus factors for the pump and idler
for refractive indices of 2.15 and 2.08 and beam radii of 110 wm and 55 pm are &; = 0.31 for
the 1064 nm pump and & = 4.2 for the idler, respectively. This shows that the idler beam is
overfocused while the pump beam could be focused further, and so there is room for improvement
in terms of device efficiency. In practice, further focusing of the pump beam is difficult to achieve
with the hemispherical cavity, as cavity simulation suggests further decreasing the beam size in
the PPLN would require a larger thermal lens, which could lead to significant cavity instability.
However, since a different cavity design could theoretically be utilized, we will examine two
cases. First, we will look at the value of h for the current device and see how changing the idler
focus factor could lead to further efficiency gains. We will then calculate a second curve for h
assuming an ideal pump beam in the nonlinear crystal as well, with a target focus factor of 2.3.
In the following discussion, the pump focus factor is assumed fixed since we cannot significantly
change the focus factor for the current cavity design. Both curves have been optimized for ideal
phase matching as well. The results can be found below in Fig. 5:

We can see that there are significant efficiency gains that could be made to the current device
structure. Starting with the blue curve representing the current device and the fixed pump focus
factor of 0.31, the current value of h is 0.385 for & = 4.2. However, since the idler beam
is overfocused, we could relax the beam focusing such that we hit the maximum value of h,
which is 0.541 at a idler focus factorof & = 1.39 (or a radius of 94 microns vs the current 55).
This alone would correspond to an increase in efficiency of ~% = 40.5%, increasing the
power efficiency and quantum efficiency to 50.6% and 11.9% respectively. This will require
reconfiguring the focus lens and collimator used for the idler arm of the experiment, which can be
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Fig. 4. Measured and simulated output SFG power vs 808 nm pump power. Error bars are
present on all markers but are smaller than the data markers for most points. The solid blue
line is the simulation, while the dashed red line is the line of best fit for the experimental
data.

accomplished by using a lower power focusing lens, which we do not currently have to perform
this experiment.,That being said, it is otherwise a straightforward change to make. A harder
change is optimizing the pump beam, as achieving the target focus factor of 2.3 requires a pump
beam radius of 40 microns. Using ReZonator, there are no configurations that can achieve such
a small beam size in the PPLN while retaining the compact hemispherical cavity. However, if
we assume an equally compact alternate cavity design is possible, the maximum value of h is
0.735 with an idler focus factor of 1.58 (or an idler radius of 88 microns). In this case, that
would represent a total efficiency gain of 91% over the current device, with theoretical power and
quantum efficiencies of 68.8% and 16.1% respectively. This is for a circulating power of 17W,
which is about 6 times lower than that required for Dam et al’s record quantum efficiency of
20%, which required 100W of circulating power in the cavity. On paper, if we were to apply this
circulating power to the theoretical optimized device, quantum efficiencies >90% seem possible.
Despite this, an important consideration that our treatment lacks are the effects of temperature
and intense focusing inside of the nonlinear medium. Tightly focused gaussian beams for cavity
powers as high as Dam et al’s could potentially lead to significant thermal effects if not outright
damage to the crystal, which is a concern that would require more detailed modelling to overcome.
One possible work-around is to move to a pulsed regime, where intensities can be maximized for
short periods of time, limiting the potential for damage. A recent example of this is from Huang
et al. in 2021, where they utilized ultrafast lasers to achieve a quantum efficiency of 80% in the
mid-infrared [42]. Additionally, there are trade-offs to using tightly focused gaussian beams
depending on the application. Tighter focuses inside of the nonlinear medium coupled with
longer crystals significantly limits the field of view (FOV), which can be limiting for imaging
and remote sensing applications. As our target domain is optical satellite communication, the
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Fig. 5. A plot of the overlap integral for the current device (blue curve) as well as a
hypothetical fully optimized device (orange curve). The current device efficiency is marked
with the blue circle. We can see that there are significant efficiency gains to made with the
current device even if the pump beam is not changed due to cavity design restrictions.

FOV is already quite low compared to other domains, and so this is less of a concern. It still
bears repeating however and it shows that tightly focused gaussian beams, while potentially more
efficient, are not always a suitable solution.

3.3. Device linearity and limit of detection

An important practical and theoretical consequence of upconversion is that the SFG output power
should have a linear dependence with respect to input mid-IR signal power. It is important
to validate this, as linear responses are typically desirable for photodetectors, and a nonlinear
response would introduce additional difficulties when using the device. To ensure linearity, the
SFG power was measured as a function of input mid-IR light power. Then, we produce a log-log
plot using base 10 logarithms and fit a linear curve to the data. In theory, the closer the slope
of the curve is to 1, the more confident we can be that the y variable depends linearly on the x
variable. The results are plotted in Fig. 6, where we can see the equation for the line of best fit
is y = 1.0059x — 0.5864. As our slope is quite close to 1, we can confidently say that the SFG
upconversion demonstrates a linear dependence on the input mid-IR signal power.

We also tested the limit of detection using the equipment on hand. The lowest power we
measured was 53 nW (-42.8 dBm) of SFG corresponding to ~150 nW of DFG. The results are
plotted in units of dBm in Fig. 7 to demonstrate the continued linearity on the low end of the
power scale. The error bars represent a 3% error from the detector and an additional flat error
from the limited precision of the oscilloscope used to read the output voltage from the detector
(~2 mV). This is why the error bars get more pronounced with decreasing magnitude of the
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Fig. 6. A base 10 log-log plot of the SFG power dependency on the input signal power.
This is done to check linearity, as in theory the closer the slope of the line of best fit to 1, the
more confidently we can say the SFG has a linear dependence on input mid-IR power.

measured power. While the selected photodetector could detect lower powers than this, we ran
into issues with electronic noise introduced by the old model of oscilloscope being used for the
readings. A full re-design of the detector circuit using more modern components would allow us
to provide an experimental demonstration of the practical limit of detection. As we currently lack
the equipment to measure the limit of detection, a theoretical value for the noise equivalent power
for this detector can be found in the Discussion, alongside other important noise considerations.

3.4. Length dependence

Since our group has in-house PPLN fabrication capabilities, several lengths of PPLN were
produced with the same period of 22.75 um. Each sample was tested to see if the measured
conversion efficiency deviated from the theoretical expectation, and to test the variability in
PPLN quality between samples. The results are shown in Table 1 below.

Table 1. Nonlinear Crystal Length Dependence Results

PPLN Length (mm) Measured Power Efficiency Length Corrected Power Nonlinear Conversion
(%) Efficiency (%) Efficiency per unit length
(%/W-cm)
35 25.34 34.39 1.61
43 31.13 34.38 1.61
475 36.0 36.0 1.69

We see that, as expected, the conversion efficiency drops with nonlinear crystal length. For the
third column, “length corrected” refers to adjusting each crystal’s conversion efficiency by the
ratio between the crystal length with respect to the longest crystal. For example, to adjust the
second sample, the conversion efficiency is multiplied by % = 1.10 to correct it, since SFG
power is linearly proportional to PPLN length for small mid-IR intensities [43]. In theory, if all
PPLN are identical, then the corrected conversion efficiencies would be identical. We can see
some variance in the corrected conversion efficiencies, though they are all within ~1.6% of the
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Fig. 7. A plot in dBm showing the lowest powers detected in our experiments. In theory
much lower powers can be detected, but the detection electronics proved to be insufficient for
this purpose. A theoretical discussion of the limit of detection is included in the discussion
as a result.

expected value of 36%. This can be attributed to manufacturing errors in the PPLN coupled with
variations in alignment caused by removing and inserting different PPLN samples repeatedly.
This is also shown with the conversion efficiency per unit length in the final column, which was
found by dividing the SFG power by the product of the input idler power and the 808 nm pump
power used. In a well-poled crystal, there is minimal dependence on crystal thickness, so long as
the crystal is thick enough to fully contain both the pump and idler beams to avoid beam clipping.
However, manufacturing errors during the domain inversion of the crystal could lead to imperfect
poling (i.e. not vertical with respect to the input beam), and poling may not be uniform in the
direction perpendicular to the input beam, leading to a position dependence as well. On top of
this, lithium niobate does not have a high thermal conductivity, meaning the closer the beam
is to the surface of the PPLN, the better the thermal dissipation is. All of this can account for
potential differences between PPLN samples. The main takeaway is that there is no significant
difference between any of the PPLN samples tested, and longer crystals directly lead to higher
power efficiencies as expected.

3.5. Stability and beam profile

Stability over time is another important metric for an optical instrument. To test this, the DFG
module was held at a constant input power while the SFG measurement was allowed to run
freely for two hours with no adjustments. The SFG power was measured over this two-hour
period, and then the stability is calculated as the root mean square deviation of the SFG dataset.
The experimental measurements are plotted in Fig. 8. To keep the number of data points
reasonable, the SFG power was sampled every 30 seconds during the two-hour experiment.
Typical stability values for nonlinear DPSS-based lasers are 1-4% [12,44,45]. The stability of the
SFG upconversion was found to be 3.75% after 2 hours, which is in line with this range. The
dip in power around 140 samples is due to a sudden drop in power from the DFG input module
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because of instability from using an unpolarized 808 nm pump source and is not due to a change
in performance from the SFG module.
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Fig. 8. The measured SFG power fluctuations over a two-hour period to determine stability.
Each sample represents a 30 second interval, after which SFG power was measured.

3.6. Temperature dependence

Finally, the temperature dependence of the SFG power was measured to ensure the poling period
was accurate and the developed mid-IR detector has sufficient temperature tolerance for practical
applications. Experimentally, the temperature of the PPLN was varied by 1 degree increments,
tracing out a temperature tuning curve. In the simulation, the temperature dependence of the
refractive index of the lithium niobate was modelled using Sellmeier equations [46]. The results
can be seen in Fig. 9. The FWHM of the experimental curve is ~8 degrees Celsius, while
the theoretical curve fits well. 8 degrees Celsius temperature tolerance should be sufficient for
most of the practical applications. In general, there is good agreement, although the peak is
slightly off from the experimental value, perhaps due to experimental error and not allowing
enough time for the crystal to reach thermal equilibrium. We see that focused gaussian beam
theory can also account for the elongated “tail” on the left-hand side of the experimental data.
This is a well-known phenomenon that occurs when one or both of the pump and idler beams
deviate from plane wave behavior and begin to transition into focused gaussian beams. This can
also be due to ellipsoidal beams or tip/tilt misalignment of one or both beams with respect to
the optical axis [39—41]. In our case, it is likely due to strong focusing of the idler beam and
moderate focusing of the pump, leading to a confocal parameter smaller than the length of the
nonlinear crystal. If a broader temperature response is required, the use of chirped nonlinear
gratings will help at the cost of conversion efficiency [43]. Alternatively, Barh et al. demonstrated
ultra-broadband mid-IR upconversion by physically translating a fanned grating PPLN crystal to
achieve upconversion from 3.6—4.85 microns in the mid-IR [16,19].
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Fig. 9. Theoretical temperature tuning curve calculated via Sellmeier equations compared
to experimental data. The solid blue line is simulated while the red dots are experimental
data.

4. Discussion

The results show that we have achieved a power conversion efficiency of 36% (QE 8.5%) with
good agreement to a theoretical treatment using focused gaussian beams. We also see that the
main area for improvement is in the overlap between pump and idler, with a potential 40% gain to
be implemented by defocusing of the idler beam. This will be implemented in a future iteration
after simulating the appropriate focus lens and fiber collimator to pair with the signal, as in the
future we anticipate the idler beam originating from a fiber-coupled source. This alone raises
the PE to 50.6% (QE 11.9%), and we’ve seen a fully optimized pump beam could theoretically
push the device to a PE of 68.8% (QE 16.1%). This is for an 808 pump power of 5W and
a circulating power of 17W 1064 nm, which means comparable performance to Dam et al’s
intracavity conversion record of 20% with significantly less circulating power required. One
potential way to surpass the intracavity record set by Dam et al. would be to increase the 808
nm pump power, as the Nd:YVO4 easily supports 10W pumping. Assuming a linear relation,
this would double the circulating 1064 nm power and thus the efficiency, meaning that our
current device with an optimized idler beam could reach a PE of 101.2% (QE 23.8%), and a fully
optimized cavity redesign might reach a PE of 137.6% (QE 32.1%) which would represent a
new experimental record. Another method of improving the efficiency would be optimization
of the cavity itself, mainly by improving the coatings further on any intracavity components.
Simulation work suggests this could lead to further improvement of the circulating 1064 nm
power for a given 808 nm pump, although the coatings are already performing well so this may
not be worth the cost. Regardless of the selected path forward, there is significant work to be
done to implement this, and there may be additional problems like the aforementioned thermal
effects that limit the total efficiency. However, the theoretical analysis is promising and shows
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that there is a possibility for our device to meet and even exceed the current state of the art for
intracavity upconversion detectors, which is an exciting avenue for future work. Of course, for
readers interested in developing improved mid-IR upconverters, the FOV required by the intended
application must be considered heavily as well, as focused beams do limit FOV heavily.

The noise properties of upconversion detection are important as well. While we currently lack
the necessary equipment to present a detailed treatment of upconversion noise considerations,
this has been covered thoroughly in the literature. Specifically, Pedersen et al. and Barh et
al. have theoretically and experimentally determined the various noise limits due to thermal
considerations, SPDC, and other relevant phenomena [7,18,20]. Another consideration is phase
noise and intensity noise, which is relevant depending on the modulation format used, given the
device is intended for free space communication. This requires characterization of the power
spectral density of the phase noise, typically using an RF spectrum analyzer. Unfortunately,
we do not currently have access to this equipment, which is why the treatment is missing from
this study. We hope to perform this in a future study alongside gigabit modulation detected
via upconversion. However, Gray et al. and Tawfieq et al. performed a similar analysis for
an upconversion detector in 2020, and so interested readers can refer to their manuscript for a
breakdown on the contributions from shot noise, relative intensity noise, and other phenomena
[47,48].

Another important metric for upconversion detection is the effective noise-equivalent power
(NEP) achievable in the mid-infrared via the use of upconversion detection. As one might expect,
higher conversion efficiencies lead to lower effective NEPs, which can broadly be considered an
increase in sensitivity for a given measurement bandwidth. First, we must characterize the NEP
limit from the upconversion process alone. This has been extensively derived by Pedersen et al.
and Barh et al. and can be calculated from the following formula [7,18]:

NEP= —""_ 9)

where E, is the energy per photon, 7, is the upconversion efficiency, o is the square root of
the mean number of events for a Poisson distribution, Af is the frequency bandwidth, and w
represents the mid-IR and upconverted optical frequencies. Now that the upconversion NEP
is known, we must consider two different regimes for potential detector set-ups. The first is
represented by the formula above, and is valid when the electronic noise of the detector is
negligible relative to the magnitude of the upconversion NEP. In the second, the electronic noise
in the detector dominates, and the NEP of the upconversion setup can be estimated as:

WIR
WupTup

NEP =

NEP et (10)

We can see both cases have the same dependence on upconversion efficiency. Our quantum
efficiency may be 42% that of the record set by Dam et al., but it can still produce a respectable
NEP. Using previous estimates by Pedersen et al. as a baseline, our device is theoretically capable
of a floor for upconversion noise of ~1.7 - fW/VHz. This would be for upconversion at 810 nm
with an integration time of 1 second [18]. This is still suitable for a number of high sensitivity
applications and outcompetes direct mid-infrared detection with low-bandgap semiconductor
materials.

Another goal of this work was to make the mid-IR detector more compact to enable portable
remote sensing and gas detection applications. The current cavity length is <8 cm and is mainly
limited by the length of the PPLN. As we tested multiple lengths of PPLN, we have shown that
PE values >25% can be maintained for crystal lengths as low as 35 mm, so there is potential to
reduce this further depending on the specific application needs. We are also currently pursuing
professional packaging in-house, and we have machined a prototype module with dimensions
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of 3.75%x3.0x 8.0 cm. Through redesigning the optical lens train coupling the mid-infrared
light into the cavity according to the findings of the simulation work, we hope to reduce this
further in the future. This should allow an upconversion module to be used in a wide variety of
applications where a portable, high quality room temperature mid-infrared detector is needed.
We also hope to demonstrate a mid-infrared free space optical link in atmosphere as part of
the High Throughput Secure Networks program in Canada. This is part of a broader goal to
demonstrate gigabit speed mid-infrared communication for atmospheric mitigation purposes and
will be explored in more detail in future work from our group.

5. Conclusion

In conclusion, we have demonstrated a compact intracavity SFG upconversion with an experi-
mental power efficiency of 36.0% (quantum efficiency 8.5%). This was achieved in a compact
packaged form factor of 3.75 % 3.0 x 8.0 cm, making it suitable for remote sensing, free space
communication, and other applications where a compact, high speed, high sensitivity mid-infrared
detector is required. The experiment generated a maximum upconverted output power of 9.5
mW of 814.2 nm for 26.3 mW of input 3469 nm light using bulk PPLN. The experimental
results agree well with theoretical predictions from cavity simulations and focused gaussian beam
theory. This has been achieved using a novel linear cavity design to for ease of alignment and
to minimize size. Given the short time scale of nonlinear optical phenomena, the input mid-IR
signal could be modulated at high speed to enable a new class of detectors for mid-IR optical
communication links. In future work, we hope to improve the device efficiency considerably
according to the optimizations identified by the simulation work, which could lead to almost
double the power and quantum efficiency for the same pump power. We also aim to demonstrate
long-distance communication at gigabit signal rates using a high-speed modulated mid-infrared
source to further emphasize the usefulness of this module for free space optical communication.
The module also has other applications in mid-infrared spectroscopy, gas detection, autonomous
vehicle LIDAR, imaging, and more.
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