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Abstract
In this paper, we review the state of the art of mode selective, integrated sum-frequency generation
devices tailored for quantum optical technologies. We explore benchmarks to assess their
performance and discuss the current limitations of these devices, outlining possible strategies to
overcome them. Finally, we present the fabrication of a new, improved device and its
characterization. We analyse the fabrication quality of this device and discuss the next steps
towards improved non-linear devices for quantum applications.

1. Introduction

In the last two decades, there has been a significant push towards the implementation of the quantum
internet [1] and quantum computation. Different building blocks of these quantum technologies have been
investigated: quantum memories and repeaters [2, 3], single-photon sources [4], quantum gates and
interfaces [5]. One of the most studied systems to interface all these components are photons [6]: they can
be operated at room temperature without suffering from decoherence, can be transmitted through standard
optical fiber networks with minimal losses and offer many degrees of freedom to encode information, e.g.
polarisation, frequency or phase.

When choosing the encoding scheme, a high-dimensional one is preferrable, as it offers many
advantages, e.g. higher security in quantum key distribution and higher information rates [7–10]. One of
the most robust schemes to encode high-dimensional quantum information is that of temporal modes, as
they are robust against dispersion in the fiber and naturally provide a high-dimensional basis set. In this
scheme, information is encoded in the temporal degree of freedom of light at infrared wavelengths and then
routed via the fiber network to different devices or users. To readout quantum information in these
temporal modes, a quantum interface that can separately address each temporal mode of the input signal,
i.e. that is characterised by single-mode operation, is then necessary.

Recent years have seen the rise of the quantum pulse gate (QPG) [11] as an ideal single-mode interface
to manipulate temporal modes of light. Thanks to a reconfigurable, single-mode transfer function, the QPG
can select individual temporal modes from the input signal; the selected mode is up-converted via a sum
frequency generation (SFG) process to a shorter wavelength and the part of the signal orthogonal to the
transfer function is left unconverted. In this way, a QPG device naturally fulfills two independent key
requirements for a quantum interface: it allows the communication of quantum optical devices operating at
different wavelengths and exploits temporal modes for quantum communication, computation and
metrology. The single-mode operation of the QPG has already been successfully employed in many
applications [5], e.g. in quantum state tomography [12], spectral bandwidth compression to interface
different quantum systems [13] and in quantum metrology [14, 15].

To further develop these demonstrations towards everyday applications, efficiency and pure
single-mode, this includes spatial and temporal, operation are of utmost importance. However, the ultimate
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Figure 1. Phase-matching function and JSI of a QPG at 200◦C calculated following the model proposed by Strake et al [19]. The
pump field used to obtain the JSI is a Gaussian pulse centered around 841nm with 2.12nm σ bandwidth, in dashed lines on the
plot.

limit to the temporal-spectral performance of the devices are the manufacturing and experimental
imperfections, which have not been considered in detail so far. Characterising, understanding and
compensating these imperfections is the key to the improvement of these devices [16].

In this paper, we review the impact of inhomogeneities in already existing QPG and other SFG based
devices. To characterise the performance of these devices we consider three commonly used benchmarks,
namely the process selectivity, the conversion efficiency and the bandwidth compression. We show that, in the
presented cases, these benchmarks have been very far from the theoretical estimations, which can be
explained in terms of imperfect fabrication or operation of the devices [16]. To test this hypothesis, we
carefully monitor both the fabrication and the operating conditions of our QPG devices. With a set of
improved fabrication parameters and by developing an algorithm to estimate the impact of inhomogeneities
in our systems, we are able to realize a new QPG device with outstanding performance, outperforming
former experiments and setting a new Frontier for non-linear quantum devices.

2. Quantum pulse gate benchmarks

The QPG is an engineered type II SFG process, implemented in titanium in-diffused lithium niobate
waveguides. This platform is characterised by a high nonlinearity, allowing extremely efficient frequency
conversion processes [17], as well as the unique dispersion properties that will be discussed in the following.
In order to achieve temporal single-mode operation, the SFG process is tailored such that the input
(1550nm) and pump (850nm) fields are group velocity matched and result in an output (idler) field in the
visible (550nm), at an operating temperature of 200◦C and with a poling period of 4.4 μm. The high
temperature operation avoids effects arising due to photo-refraction, allowing high pump field powers for
increased efficiency [18].

The group velocity matching of input and pump fields is necessary to achieve a flat joint spectral
amplitude/intensity (JSA, JSI), which corresponds to the transfer function of the systems. The flat JSA,
depicted in figure 1, grants the process single-mode operation and high bandwidth compression [11].

The JSA is the product of the pump field and the phase-matching function

JSA = φ(ωo,ωs) α(ωp), (1)

where α(ωp) is the pump field envelope and φ(ωi,ωs) the phase-matching function, functions of the
frequency of the output ωo, signal ωs and pump fields ωp.

The phase-matching function φ is completely defined by the wave vector mismatch Δβ = ks + kp − ko

of the three fields involved in the SFG process, where ks, kp and ki are the wavenumbers of the signal, pump
and output fields respectively. The phase-matching function can be described with [20]:

φ ∝ 1

L

∫ L

0
eiΔβ(ωi ,ωs,ωp)zdz → sinc

(
Δβ(ωo,ωs,ωp)L

2
ei

Δβ(ωo,ωs,ωp)L
2

)
, (2)

where L is the length of the waveguide and z the propagation axis.
The single-mode transfer function of the QPG can be easily reconfigured by spectral shaping of the

pump field α(ωp) into different temporal modes. In particular, only the components of the input signal that
overlap in spectrum and time with the chosen pump modal distribution are converted to the output. The
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Figure 2. The QPG performs SFG on the input modes that overlap with the pump modes, the remaining modes propagate
unperturbed.

mode selective process and examples of temporal mode selectivity using the Hemite–Gaussian basis set are
sketched in figure 2.

From this discussion, it is clear that single-mode operation depends on the phase-matching function.
Therefore, achieving the ideal phase-matching function is necessary to push the device performance to its
limit. Unfortunately, direct comparison of the phase-matching spectra of different devices is not trivial, as it
is hard to find a single metric to quantify the spectral differences between different samples. Therefore, we
will consider in the following three common performance metrics used in the field, namely the conversion
efficiency, the bandwidth compression and the temporal mode selectivity. Their relation to the phase-matching
properties is discussed in the following paragraphs.

2.1. Conversion efficiency
The conversion efficiency is measured by taking the ratio of output, converted power to input signal power.
It can be theoretically estimated by solving the coupled mode equations of the three fields interacting
through the waveguide in the non-linear material. Assuming no pump depletion, the efficiency η of a SFG
process in a waveguide with length L and excited with pump power Pp scales as [20]

η =
Pconverted

Pinput
= sin2

√
ηnorm PpL, (3)

with ηnorm the efficiency of the process, normalized per unit pump power and sample length [21]. The
normalized efficiency depends on the effective non-linear coefficient for the process considered, the spatial
overlap, the effective refractive indices and frequencies of the interacting fields. For ultrafast pulses, it also
depends on the characteristics of the pulses. Therefore, under the same experimental conditions, i.e.
identical nonlinear crystal and pulse properties, the only way to increase the conversion efficiency of the
QPG is by increasing its length. However, as we will discuss later on, this is not always straightforward, as
longer samples are more sensitive to fabrication imperfections and experimental instabilities.

2.2. Bandwidth compression
As previously mentioned, the flat JSA allows the conversion of broadband, input signals in the infrared to
output pulses in the green. Bandwidth compression is achieved when the bandwidth of the output field is
smaller than the input one. If the QPG process is properly engineered, it results in a more efficient
bandwidth compression than could be achieved by simple spectral filtering [13].

For a given material, the output bandwidth is determined by the length of the sample. In contrast, the
input bandwidth depends on the signal that must be compressed for the communication protocol.
Therefore, assuming a well-defined, constant input signal, the bandwidth compression is directly related to
the width of the phase-matching function and can be improved by employing longer samples [16].

2.3. Mode selectivity
The QPG has been described so far as a device implementing an ideal single-mode transfer function.
However, this is only an approximation. The frequency correlations in the pump spectrum, related to
energy conservation, are imprinted on the transfer function of the system and reduce the performance of
the QPG. In particular, they increase the number of modes of the transfer function. The net result is that
spectral components of the input signal that are orthogonal to the pump spectrum are converted by the
non-ideal transfer function of the system, leading to cross-talk between orthogonal temporal modes during
the frequency conversion operation.

3
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Table 1. Results from different on non-linear frequency conversion. The bandwidth compression has been
calculated with an input of 963GHz. Normalized conversion efficiency ηnorm (W−1cm−2) has been estimated
for the processes where the pulse properties were known. The last entry of the table contains the results
presented in this paper.

Length Output FWHM Extinction ratio Bandwidth Internal conversion ηnorm Reference
(mm) (nm) (dB) compression efficiency

22 0.14 7 6.98 87% — [28]
27 0.13 — 7.47 61.5% 2.32 [13]
17 0.1 7.7 9.71 5% — [12]
17 0.03 22.9 — 18% 3.32 [14]
27 0.08 — — — — [29]
15 — — — 80% — [25]
47 — — — 86% — [26]
60 — 8.4 — 80% — [24]
50 — — — 35% 0.06 [30]
22 0.5 — — — 5.00 [31]
14 — — — 62% 0.86 [32]
2.2 × 10-6a — — — 1.1% — [33]
40 — — — 33% 0.10 [34]
71 0.03 21.5b 16 18%c 1.07 —

a.Diamond crystal.
b.Estimated from experimental results, see discussion in section 4.
c.At maximum available power, see discussion in section 4.

The amount of cross-talk can be quantified using the final benchmark, mode selectivity. It quantifies the
portion of the input field up-converted from the temporal modes orthogonal to the desired one.

Analysing the JSA and its underlying Schmidt mode structure provides information on the temporal
mode selectivity. From this analysis, the selectivity can be calculated from [22]

S :=
|ρm|2
∞∑

n=0
|ρn|

, (4)

where m is the desired mode, n is the order of all the modes in the JSA and
√
ρn are the Schmidt coefficients

for each mode, normalised to
∑

n ρn = 1. The selectivity, as defined in equation (4), is hard to quantify
experimentally.

On the other hand, the modal extinction ratio, defined as ε = −10 log10(
√

S), can be retrieved
experimentally from the up-converted intensities, when the process is pumped with different orthogonal
temporal modes and a fixed signal. We can measure the output field intensity P produced by the fixed signal
on the first temporal mode and changing the pump mode from that of the signal to the next orthogonal
mode. With each pump mode, we obtain the up-converted intensity P0 and P1, where the subindex is the
order of the mode.

The ratio P1/P0 between the up-converted intensity in both cases is the separability from which we
obtain the extinction ratio, used from now on to characterise the mode selectivity of the process.
Experimentally, it suffices to approximate 4 with just the first two modes of the Schmidt distribution as
higher modes will be hindered by dark counts and noise of the detection system.

In practical applications, one generally cannot achieve single-mode operation. Since the pump is aligned
at +45◦ (for energy conservation), shaping the pump with higher order HG modes introduces spectral
correlations. This can be greatly mitigated by narrowing the PM bandwidth.

As we can conclude from our discussion, the properties of the phase-matching function are decisive for
all benchmarks, namely the process efficiency, the selectivity and the bandwidth compression. All of them
can be can be dramatically improved by reducing the phase-matching bandwidth, i.e. by increasing the
waveguide length.

As we will review in the next sections, manufacturing long waveguides has limited results in the past
decade. In recent years, the effects of waveguide inhomogeneities have been studied in detail and found to
be the possible source of many experimental sources of error. Santandrea et al [16, 23] studied the effects of
waveguide inhomogeneities in titanium in-diffused lithium niobate waveguides and, in particular, their
connection to variation of the Δβ along the waveguide, which is related to the spectral quality of the
phase-matching function. Since longer devices are required to improve the given benchmarks, the impact of
the inhomogeneities is higher and a more careful manufacturing and characterisation is needed to achieve
the maximum performance.
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Figure 3. (a) Expected phase-matching function full width at half maximum (FWHM) (blue) and extinction ratio (red) for the
length of the device. The reviewed articles and the results presented in this paper are shown for comparison. (b) Minimum
resolvable distance in terms of the 1/e bandwidths (σ) of two close signals expected for the extinction ratio.

3. State of the art and future perspectives

In the last decade, research groups have found highly efficient devices with good performance that already
allow for proof of concept of real applications: in metrology [14], interfacing quantum memories [13],
manipulation of temporal modes [12, 24] and new photon detection schemes [25, 26]. In table 1, results
from different publications using the QPG process or similar are listed.

Conversion efficiency has consistently improved over the years, reaching the predicted maximum
efficiency of 80%, limited by time-ordering corrections [27].

Regarding the achieved bandwidths and selectivity, the current limits are 0.1nm and around 7dB
respectively. In [14], the output bandwidth of the device was tightly filtered down to the reported
bandwidth to increase the selectivity. However, this severely reduced the external conversion efficiency and
renders the process useless for quantum state inputs and bandwidth compression.

The current high-performance QPG devices have always been shorter than 30mm. At the same time,
frequency conversion in longer samples has been shown. However, the performance of these devices is
usually quite away from the theoretically expected one and therefore further optimisation is required.
Nevertheless, the systems presented in table 1 show that these devices work in principle, although further
optimisation is necessary to increase their applicability in future quantum technologies.

We calculated the expected bandwidth and extinction ratios for the QPG process in lithium niobate
waveguides. The published results from table 1 are compared to the theoretically achievable values in
figure 3(a). One immediately sees that device performance is, in general, far from the theoretical limit; the
spectral bandwidths are always much wider than expected and the selectivities lower than estimated. The
only exception are the results by Donohue et al [14], where a tight spectral filter was used to improve the
performance of the process at the expense of efficiency. The widening of the bandwidth is usually the result
of varying phase-matching condition along the waveguide. This is usually connected to imperfect waveguide
fabrication or non-ideal operating condition of the device [16].

As discussed in [16], for a given technology and operating conditions, a nonlinear process is
characterised by a well-defined critical length. Samples longer than this critical length are much more prone
to exhibit non-ideal phase-matching spectra and reduced conversion efficiencies. In particular, for the QPG
device under investigation, Santandrea et al [16] fix the critical length between 1 and 2cm. To increase this
critical length it is usually necessary to dramatically improve the fabrication technology and/or the
operating conditions of the device, which is a non-trivial task. However, the benefits stemming from
correcting or compensating these effects justify the efforts toward the continuous improvement of the
fabrication and operation of these samples.

If bandwidth compression is improved and the output bandwidth reaches values around a few tens of
GHz, most Raman quantum memories could be easily interfaced with single photon sources [13, 35].
Several advantages are to be expected also when using the QPG for metrology applications [14, 15]. For
example, smaller bandwidths would greatly increase the extinction ratio and therefore the minimum
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Figure 4. (a) Experimental setup to measure the phase-matching of the sample at room temperature. The signal is a tunable
tunics CW laser. The pump source is a Ti:sap CW laser. Both are coupled into the sample and the 550nm output intensity is
measured with a photodiode. An optical amplifier is used in combination with a chopper to amplify the signal and the data is
stored on a computer. (b) Experimental setup to measure the phase-matching of the sample at 200degrees Celsius. The signal
comes from an OPO system and the pump from the Ti:sap that pumps it. This are ultrafast pulses of 200fs duration. The fields
are coupled into the waveguide and the generated field is measured on a fiber-coupled spectrometer.

estimable separation between signals when using the QPG as a device to estimate the separation of two very
close signals, as shown in the calculations in figure 3(b).

Since the theoretical estimations presented in figure 3 have not been reached yet, it is clear that the
current fabrication technology and the operation of these systems can still be greatly improved.

4. Steps toward improved devices

To increase the length of our samples and achieve the expected bandwidth and extinction ratio, it is
essential to identify and reduce the primary sources of phase-matching variation along the waveguide. Such
inhomogeneities can be caused by errors in the width and depth of the waveguide, purity of the titanium or
gradients during the diffusion process, but also uneven temperature distribution of the device when in use.
To optimize the fabrication process, we considered a smaller range of fabrication parameters with higher
resolution. To this aim, new photolithography masks with smaller changes in the poling periods between
waveguides and a single waveguide width of 7μm have been produced in order to minimise poling errors
due to uneven current densities during electric field poling; the use of a pristine titanium batch was
ensured; the UV-lamp was carefully adjusted for more homogeneous illumination of the photolithography
mask. Several devices have been produced, where the poling charge has been varied, to test its effect on the
poling patterns. The best results were found for the sample that had been poled with double the nominal
electrical charge required for domain inversion. We believe that this is a measurement error caused by
conductive domain walls. After these modifications, we manufactured ∼70mm long QPG devices and
characterised them.

To quantify the improvements, we characterise a 71mm long lithium niobate sample with titanium
indiffused waveguides, with a poling period of 4.4μm. The experimental setup used to measure the
phase-matching function at room temperature is shown in figure 4.

The waveguide is pumped with both a signal and a pump field. The signal wavelength is scanned from
1574 to 1578nm with a fixed pump at 875nm. The intensity of the generated SFG field is then recorded at
each signal wavelength. The result is shown on the left plot in figure 5. The measured phase-matching
exhibits a bandwidth of σ = 0.47nm, very close to the expected one. The measured spectrum is slightly
narrower than the theoretical one due to the presence of the interference fringes caused by the measurement
technique. The overall symmetry and side lobes do not fit. This is due to fabrication errors on the
waveguide. Altogether, this is an outstanding result for such a long waveguide, as the expected critical length
for the process, characterised in [16], is below 20mm. This outstanding result does not contradict the
discussion in [16] as critical length of the device depends upon the quality of the fabrication process
altogether and thus it is expected to increase as the fabrication improves.
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Figure 5. Simulated and measured phase-matchings of the sample at room temperature (≈21◦C) and at 200◦C. At 200◦C the
simulation was performed with the spectrometer’s resolution. The 1/e bandwidth (σ) of each spectra is annotated in the legend
in wavelength and frequency units.

Figure 6. 2D phase-matching of the QPG process measured at 200◦C. The intensity beating seen is an artifact of the
experimental measurement.

With the sample performing close to expected at room temperature, the phase-matching spectrum is
then characterised at 200◦C on the experimental setup depicted in figure 4(b). In this setup, the sample is
heated up to 200◦C inside a copper oven. The oven is kept at constant temperature with a heating cartridge
controlled on a feedback loop by a temperature controller (Oxford instruments Mercury iTC). Ultrafast
pulses at the signal and pump wavelengths, with a duration of 200fs, are launched into the sample and the
generated field is directly measured on a spectrometer [Andor Newton EMCCD, 2400 lines per mm grating,
resolution (≈0.03nm)]. Note that the spectrometer resolution allows us to measure reliably phase-matching
spectra from samples around 40mm long. The recorded spectra is presented in a 2D plot in figure 6 and a
measured 1D slice of it is shown on the right plot on in figure 5.

The 1D phase-matching function at 200◦C shows a narrow, slightly asymmetric spectrum, close to the
expected one. The 1/e bandwidth of the measured SFG field, corrected for the resolution of the
spectrometer, is σ = 0.0215nm while the expected value is σ = 0.005nm. The side lobes present at room
temperature have disappeared and the main peak displays an asymmetry that will impact the performance
of the QPG. Nevertheless, the achieved bandwidth is much narrower than any previous results.

The internal conversion efficiency was measured by recording the depletion of the signal power through
the device for different pump powers. With the maximum available power, 4mW, the conversion efficiency
was 18%. The normalised conversion efficiency, calculated from 3, is 1.15W−1cm−2. With respect to
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Figure 7. Comparison between the conversion efficiencies calculated from the ηnorm in [13, 14, 30–32, 34] and in this paper with
equation (3). The dots mark the values measured experimentally in this work.

Figure 8. Flowchart of the optimisation algorithm.

previous results [13], we measure much higher internal conversion efficiency, even with lower ηnorm.
Therefore, the reduction of ηnorm due to fabrication imperfection is more than compensated by a fourfold
increase in the interaction length [16]. The enhancement is evident when one calculates the conversion
efficiencies from 3 for the ηnorm of the reviewed experiments, the length increase allows to reach unit
efficiency at much lower pump powers than previous shorter samples. This can be seen in figure 7.

The phase-matching function at room temperature showed a nearly ideal main peak. However, we
observe some imperfections in the phase-matching spectrum at 200◦C, namely slightly wider bandwidth
and a secondary peak. A natural question is whether the spectrum at 200◦C is consistent with the one at
room temperature. To this aim, one can estimate the inhomogeneities at room temperature and see if they
fit at high temperature. To do this, it is necessary to retrieve the Δβ variation along the waveguide at room
temperature and use it to simulate what should happen at 200 ◦C.

Although it is possible to measure the profile of waveguide inhomogeneities, the required experimental
setups are generally very complicated [36]. This method requires its own dedicated experimental setup and
a frequency resolved optical grating (FROG) system to reconstruct the Δβ profile of the structure.

A different approach is to obtain the Δβ profile directly from the phase-matching function
measurement. To do this, we describe the phase-mismatch profile as a function of the propagation axis z,
dividing the waveguide into m sections with constant Δβ given by fm(z): Δβ(fm(z)). Then, by tuning the
Δβ value of each section of the profile, we can find the profile that generates the best fit to the measured
phase-matching function.

To find the best fm(z) for each section we use a genetic algorithm combined with a minimisation
routine. We look for the profile that results in a phase-matching function that minimises the mean square
error (MSE) between the simulated and the measured room temperature phase-matching spectra. The
algorithm uses the MSE between the phase-matching functions produced by randomly generated Δβ(fm(z))
profiles and the measured phase-matching as a fitting function. Each profile’s MSE is first minimised using
the Broyden–Fletcher–Goldfarb–Shanno algorithm and then some low MSE profiles are selected with a

8
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Figure 9. The resulting Δβ(fm(z)) profile after running the genetic algorithm is on the left. The y axis on the right are the
equivalent waveguide width deviation for the profile. The best profile’s phase-matching function is plotted against the measured
one at room temperature on the right. The MSE is 0.0001.

Figure 10. The simulated phase-matching function fits the main feature of the measured one.

tournament selection rule [37]. The selected profiles are crossed over to generate new profiles. This process
is repeated for a number of generations to reduce the MSE of the best profile. A flowchart describing the
algorithm is shown in figure 8.

We divide the waveguide in 14 sections of constant fm(z). This was chosen so that each section of the
profile is smaller than the critical length for this process [16]. This might cause oversampling of the
problem and the solution not being unique but the overall profile is useful to quantify the magnitude of the
inhomogeneities nonetheless. We run our algorithm for a 100 generations with a population size of
100 profiles. The tournament has 4 participants. This took around 10 hours of computing time on 16Gb of
RAM. The best profile and resulting phase-matching spectrum can be seen in figure 9.

The algorithm produces a very good match with the measured phase-matching with a resulting MSE of
0.0001. This optimal profile is characterised by the presence of significant inhomogeneities, despite the
measured spectrum being very close to the ideal one. This is a useful tool to estimate inhomogeneities in
waveguides and gain a better knowledge of the fabrication process. The algorithm gave a similar result for
another poled waveguide within the same sample with a resulting MSE of 0.0001 too.

We can now combine the profile at room temperature and the effect of the high temperature 200◦C.
Henceforth, we simulate the full profile of the waveguide to estimate the experimental phase-matching
function. The result is shown in figure 10.

9
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The full simulation matches perfectly the main peak on the measured phase-matching function. The
simulated bandwidth is very close to the measured one. The results are now fully explained by fabrication
inhomogeneities and only the peak on the right side is unexpected. This may be caused by an
inhomogeneity of the temperature distribution over the device on the copper oven.

Overall, considering the bandwidth of the phase-matching spectrum at 200 ◦C, this QPG device has a
bandwidth compression of 16, doubling on previous results. The internal conversion efficiency of 20% at
4mW pump power outperforms the current state of the art thanks to a fourfold increase in the sample
length. Finally, the device is estimated to reach extinction ratios around 21.5dB by just filtering the
asymmetry on the right side or addressing the temperature distribution. Furthermore, if the asymmetries
are addressed, a measurement with higher resolving power could reveal an ideal phase-matching function
with 35dB extinction ratio or serve to further improve the fabrication process.

5. Conclusions

We analysed the current state of the art of non-linear wavelength converters using three benchmarks:
conversion efficiency, bandwidth compression and extinction ratio. This review reveals that current
state-of-the-art samples do not reach the expected theoretical benchmark values due to fabrication errors.

To overcome current technological limit, a detailed analysis of the fabrication process has been
performed. Consequently, the manufacturing process was drastically improved to correct sources of error in
the fabrication of the devices and allow the fabrication of samples much larger than any comparable devices
known to the authors. The improved fabrication allowed us to produce a 71mm long QPG device, which
has been shown to outperform previously published results by every benchmark under study. This is due to
a phase-matching spectrum very close to the ideal one and much narrower than any of the previous results
thanks to the increased sample length. This immediately increases its bandwidth compression ratio to 16
and allows it to potentially reach the bandwidth of many current quantum memories. Due to the fourfold
increase of the sample length, we have measured a conversion efficiency much higher than previous devices,
even with a lower ηnorm. Finally, from the measured spectrum, we estimate 21.5dB extinction ratio. This
pushes the discussed minimum estimable separation down to 0.5σ and allows interfacing with Raman
quantum memories. Moreover, having characterised a near-ideal phase-matching spectrum at room
temperature, we expect the 35dB extinction ratio to be achievable by addressing the observed temperature
inhomogeneities at higher temperatures.

A computational method to retrieve the Δβ profile of the non-linear process is given to infer the profile
along the propagation direction of the devices. The profile can be obtained from the phase-matching
function measurement, without any extra experimental effort. This profile can be use to compensate for the
inhomogeneities found.

The study presented here highlights the importance of an optimized fabrication technology in order to
achieve long and highly efficient QPG devices and that careful tuning of all the fabrication and
experimental parameters involved can lead to a dramatic improvement of the desired non-linear process.
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