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2 um Ghost Spectroscopy with an Integrated Silicon

Quantum Photonics Source

Matteo Sanna, Davide Rizzotti, Stefano Signorini, and Lorenzo Pavesi*

A ghost spectroscopy measurement with an entangled photon source is
demonstrated. The transmission spectrum at the 2 pm absorption peak of
gaseous carbon dioxide (CO,) is measured in a highly noisy environment.
Despite the noise, a high sensitivity S = (5.7 +£ 0.1) X 1072 (g/l) ' is
obtained, a value that is larger than the one found for a classical spectroscopy
measurement performed in the same conditions. The probe photons are
time-energy correlated photon pairs generated through intermodal
spontaneous four-wave mixing in a silicon waveguide. This observation opens
the way to low-cost on-chip MIR sensors insensitive to environmental noise.

1. Introduction

Photon pair sources are at the basis of many quantum
applications, ranging from quantum computing/'?l and
communication,l’! to sensing!¥ and imaging.®! Typically,
quantum photonic applications focus on degenerate or mod-
erately non-degenerate correlated photon pairs (a wavelength
separation < 100 nm between the photons). However, extremely
non-degenerate generation (2 500 nm) can be a unique resource
with intriguing applications. This is the case when dealing with
gas spectroscopy, where one would like to exploit simultaneously
the advantages of two different spectral regions: on the one
hand, mid-infrared (MIR) photons are needed to probe the
strong and unique MIR fingerprint absorption lines of gases,!°!
while, on the other hand, infrared (IR), or visible (VIS) photons
are preferred because of the more mature and efficient detection
and spectroscopy technologies.”®! A way to exploit both the
advantages is by means of ghost spectroscopy (GS), also known
as correlated photon spectroscopy.['®!!l The basic idea of GS
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is to use correlated photon pairs, where one
photon of the pair probes the sample and
triggers the spectral analysis of the other.
The first advantage with respect to tradi-
tional absorption spectroscopy is to time fil-
ter the events not in coincidence, reduc-
ing the overall background noise.['?] This is
especially useful when dealing with highly
noisy environments, where the noise is un-
known and changes during the measure-
ment. In this case, GS outperforms tradi-
tional absorption spectroscopy.'*l A second
advantage is related to the energy corre-
lation between the paired photons, which
gives the possibility to move the spectral analysis at wavelengths
where optical technologies (e.g., monochromators, detectors, fil-
ters...) are less expensive and more efficient. In fact, thanks to
energy correlation, the spectrum probed by one of the photons
in the pair, is “mirrored” at the wavelengths where the other
one is analyzed. Moreover, any action on the heralding photon,
such as spectral filtering, will reflect on the other one. Finally, if
the source is operated at the single photon level, sub shot-noise-
limit (SNL) measurements are possible. This is also appealing to
reduce illumination effects in samples, which are highly sensi-
tive to light intensity.'*] The idea of exploiting correlations for
quantum-improved transmission measurements dates back to
1986.1%%] The first experimental demonstration arrived in 1995
with the first ghost imaging (GI) measurement.l'®! Subsequently,
pair-based quantum sensing and imaging experiments, like GS,
GI, and undetected photon measurements, have been exten-
sively investigated. For the generation of photon pairs, most
works rely on spontaneous parametric down-conversion (SPDC)
in bulk or poled crystals!'’! sources. Second order nonlinear op-
tical crystals have high generation efficiency and allow broad-
band generation.'® However, these depend critically on align-
ment and temperature, both for stability and for tuning the gen-
erated wavelength. An alternative has been proposed by using
spontaneous four-wave mixing (SFWM) in a birefringent fiber,
that has been applied to GS between VIS and IR.[!?] Fiber-based
solutions offer robustness and low costs. Moreover, being based
on SFWM, just by moving the wavelength of the pump, the gen-
erated wavelengths can be easily tuned, resulting in an easier
spectral measurement. Even higher robustness and lower costs
would be possible with silicon photonics. However, until now,
GS or GI have never been demonstrated on this platform. On-
chip GS would enable even lower costs and footprints than the
fiber counterpart, with potentially higher efficiency. Demonstrat-
ing a fully integrated device able to perform GS on a minia-
turized chip would open the way to the development of low-
cost, robust, and compact sensors for medical diagnostics, air
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Figure 1. a) The scheme of the experimental setup. A pump beam generated by a tunable continuous-wave (CW) laser is amplified through an erbium-
doped fiber amplifier (EDFA) and filtered through a band-pass filter (BPF) to remove the amplified spontaneous emission (ASE) produced by the EDFA.
Wave-plates are used to adjust the polarization. Light is coupled to the chip through edge-coupling using a lensed tapered fiber. The same yields for the
output coupling. After the chip, the idler is polarized by means of WPs. Raman and pump photons are rejected through a short-pass filter with the cut-off
wavelength at 1337 nm. The idler photons are detected via an InGaAs single photon avalanche diode (SPAD model IDQ-id210). The signal photons,
after being polarized, pass through the CO, gas cell, after which they are up-converted to the visible by means of the up-conversion module (UC). The
up-converted signal is then detected by means of a Silicon SPAD (Excelitas SPCM-AQRH-12). Coincidence counts between the two SPADs are recorded
through a time-tagger (time-tagger 20 Swabian Instruments). b) PIC design. On-chip, the pump beam is split by a 3-dB multimode interferometer
(MMI). Half of the power propagates through the multimode waveguide (MMWG) on the TEO. The other half is converted to the TE1 mode, through
an asymmetric directional coupler (ADC), ADCT1 in figure, before entering as well the MMWG. In the MMWG, idler, on the TEO, and signal, on the
TE1, are generated through intermodal SFWM. Idler and signal are separated on-chip by means of a second ADC (ADC2) and are out-coupled via two

edge-coupled tapered lensed fibers.

monitoring or spectroscopy at large. The fundamental compo-
nent for such integrated device is the source, whose desirable
properties are large detuning from the pump, tunable genera-
tion, and high coincidence-to-accidental ratio (CAR). Recently,
we demonstrated a photon pair source in silicon able to gener-
ate photons beyond 2 pm by means of intermodal SFWM.!*]
In the present work, we improve such source in terms of max-
imum CAR (105.8), and we use it to demonstrate a GS measure-
ment based on a photonic integrated circuit (PIC). In particular,
we perform GS of carbon dioxide (CO,), also showing its supe-
rior performance with respect to classical approaches when deal-
ing with a highly noisy environment. Referring to photon pair
sources beyond 2 pm, our source exhibits the best performance
for integrated sources®” and it is close to the best poled crystals
solutions.!?!] The paper is organized as follows: in Section 2 the
source is presented and characterized, while in Section 3 the re-
sults of the GS measurement of the CO, spectrum around 2 pm
are shown. Section 4 concludes the paper.

2. Photonic Integrated Circuit Design and
Characterization

The source is based on intermodal SFWM in a SOI multimode
waveguide.[*”) Intermodal phase matching leverages the differ-
ent effective indices of distinct spatial modes to achieve phase

Adv. Quantum Technol. 2024, 7, 2300159 2300159 (2 of 10)

matching. We used transverse electric polarization (TE), with one
pump photon on the fundamental mode (TE0), the other pump
photon on the first excited mode (TE1), the signal photon on TE1,
and the idler photon on TEO. We name signal the photon in the
pair with higher wavelength, while idler is the lower wavelength
one. The multimode waveguide is a channel waveguide 1.5 cm
long with 2 pm %0.220 pm cross-section, which phase-matches
signal and idler wavelengths around 2000 and 1290 nm, respec-
tively, with the pump in the L-band. Figure 1 shows the design of
the PIC that was fabricated at IMEC within a MPW run. The low
propagation losses 1.8 dBem™! at 1550 nm allows CW pumping
of SFWM unlikely in our previous work.'”! The use of an inter-
modal process has three main advantages: far detuning from the
pump and high non-degeneracy of idler and signal, filter-free
narrowband generation, and high tunability of the signal wave-
length while keeping the idler almost unchanged.?*?* These
peculiarities enable easy pump and Raman noise rejection,
IR-MIR entangled pair generation with easy and broadband tun-
ability of the MIR photon.['] A detailed description of the setup
is provided in Figure 1. To be noticed that to perform the signal
detection beyond 2 pm, we convert the signal to visible wave-
lengths around 690 nm through the same up-converter used in
Ref. [19, 25].

In order to characterize the source, a number of parameters
have been measured and simulated. The first is the wavelength
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Figure 2. a) Frequency conversion of the SFWM process: in blue the pump-idler conversion, while in orange the pump-signal conversion. The blue points
are the measured values (Ten measures per point to estimate the standard deviation), while the red ones are obtained through energy conservation from
those of the idler. The dashed lines are linear fits. b) In blue the CAR as a function of the on-chip pump power. In orange the raw (void dots) and net
(filled dots) coincidence rates as a function of the on-chip pump power. Both the CAR and the coincidence rates have been measured with a coincidence

bin width of 0.35 ns. The lines are a guide for the eye.

dependence of the generated photons on the pump wavelength,
reported in Figure 2a. Thanks to energy conservation, it is possi-
ble to obtain the signal dependence (in the MIR) by only measur-
ing the idler one (in the NIR). It can be seen that small variations
of the pump wavelength (about 12 nm span) correspond to large
variations in the MIR region (about 30 nm span), improving what
can be achieved by commonly used intramodal FWM.[2226] We
also measured and simulated the spectrum width of the gener-
ated photons. The widths remain constant in the range of wave-
lengths that we considered and are respectively (0.8 +£0.1) nm
for the idler and (1.8 +0.3) nm for the signal, see Figure A2.
As Figure 2a shows, the modes and the waveguide geometry
have been chosen in order to generate the signal around the
CO, absorption peak near 2 pm when pumping in the L-band.
This absorption peak has been chosen being free from H,O ab-
sorption lines!?’”] and because the present source cannot reach
wavelengths higher than 2020 nm with the available pump wave-
lengths (< 1575 nm).

Another key parameter to be characterized in a photon pair
source is the CAR, reported in Figure 2b. The CAR represents
the signal-to-noise ratio of the coincidence measurement. As ob-
served in Figure 2b and in accordance with Equation A14, the
CAR is limited at low powers by dark counts and environmental
noise and at high power by multi-pair generation. This last limit
is due to the fact that the generation of multiple photon pairs
gives rise to a higher probability of accidental counts between
signal and idlers belonging to different pairs.”! We measured
a fourfold improvement of the CAR with respect to the state of
the art of silicon sources, compared at the same net coincidence
rate of & 1 Hz.[1%2%] The maximum CAR achieved (105.8 + 2.5) is
more than two times higher with respect to the state of the art in
integrated photonics!’! and close to the values reported for y?
crystals.[2!]

To complete the characterization of the source, we also mea-
sured the heralded second-order coherence function, gg), re-
ported in Section A4, which quantifies how close the source is
to single photon behavior.[2®]
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3. Ghost Spectroscpy Measurements

The time-energy correlation of the photons in the pair provides
four concurrent advantages when coming to GS:

1. increased measurement visibility even in low signal-to-noise
ratio (SNR) conditions - thanks to the temporal filtering
provided by coincidence measurement, which rejects noise
counts falling outside the coincidence window;

2. no degradation of the sample - thanks to the fact that GS can
operate at the single-photon level while keeping higher visibil-
ity of the measurement compared to classical spectroscopy!'*;

3. real-time background removal - thanks to the simultaneous
monitoring of coincidences and accidentals, that allows also
to deal with varying background noises;

4. conversion of the spectral information from the MIR to the
IR - this makes the MIR spectral analysis easier.

Therefore, in conditions of high and variable noise, the GS
outperforms the standard absorption spectroscopy. This can be
shown quantitatively by using Equation (1), where the SNR of a
classical measurement done with the signal beam and the CAR
for a GS measurement are compared:

SNR = % CAR= —L 2 1)

; o(oni+v)) v

where vsl‘fi is the noise rate read by the signal/idler detector, p is
the generation rate of the source, 7, is the overall transmission
efficiency of the system for the signal/idler beam and 7 is the tem-
poral window used to count the coincidences. Equation (1) is valid
in the low intensity regime (i.e., a mean number of photons « 1
in a time window 7) and with an unknown noise much greater
than the signal itself. Detailed derivation of Equation (1) is re-
ported. Equation (1) shows that, given the same ratio pz, /v, and
considering the typical values of (pn; + v) ~ 150 kHz, 5, = 10~
and 7 ~ 0.35 ns, the CAR improves by a factor of 38 with respect
to the SNR.
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Figure 3. a) Transmission spectra of CO, in a cell filled with 1atm CO,, measured with both classical absorption spectroscopy done with signal photons
counts (red dots) and GS (blue dots). The black lines are the simulated spectra with (dashed line) and without (solid line) noise. The simulations account
for the spectral resolution of the system too. b) Transmission through the gas at a fixed wavelength, A = 2003.3 nm, as a function of the CO, pressure in
the gas cell. Both the classical measurement with signal photons (red dots) and the GS measurement (blue dots) are shown. The black lines represent
the simulated values for a system with (dashed line) and without (solid line) noise. A time window of = = 1.1 ns around the center is used.

In Figure 1 the setup used for the GS measurement is re-
ported. By tuning the CW pump wavelength in the range 1565 —
1572 nm, the signal generation covers the spectral range of inter-
est to probe the CO, absorption peak around 2 pm (see Figure 2a).
We performed two types of measurements, shown in Figure 3.
In the first, we retrieved the spectrum of CO, through GS, and
compared it with the spectrum acquired by measuring directly
the signal photons transmission. In the second measurement,
we fixed the wavelength of the signal and varied the CO, pres-
sure in the cell to measure the transmission losses as a function
of gas concentration. The procedure to set the pressure (concen-
tration) of CO, in the cell, is to first empty the cell down to 0.001
mbar using a rotary pump and, then, flux CO, in the cell un-
til the wanted value is reached. A strain gauge is used to moni-
tor the pressure. Even in this second measurement, we compare
the result of the GS method with the classical approach. In order
to demonstrate the advantage of GS in noisy environments, we
increased the background noise in the signal channel through
a halogen lamp placed between the upconverter and the visible
SPAD. We tuned the lamp in order to decrease the SNR from 5.8
to 0.04.

The measurement of the CO, transmission spectrum is re-
ported in Figure 3a. Blue dots have been measured through GS
via net coincidences. Red dots have been evaluated as the ratio be-
tween the unheralded signal counts in the presence and absence
of gas. No noise subtraction has been applied, since we wanted
to simulate a measurement in real time, without a separate mea-
surement of the noise alone. A reference measurement without
gas in the cell is used to normalize the plots.

Each point is calculated from a set of 45 acquisitions of 20 s
each. The error bars take into account both the standard devi-
ation and the reference measurement error. In the same graph
(Figure 3a), the simulated CO, transmission in presence (dashed
line) and absence of noise (solid line) is reported. They are
calculated as the convolution between the CO, spectrum from
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Hitran/®! and the signal spectrum in absence of noise. It is ev-
ident how the GS points (blue dots), despite the noisy environ-
ment, are compatible with the expected CO, transmission with-
out noise. This means that, in our conditions (SNR = 0.04), GS is
not affected by the environmental noise within the measurement
error. This is not the case for the unheralded measurement (red
points), i.e., the standard absorption spectroscopy, which is com-
patible only with the simulated spectrum taking into account the
background noise (dashed line).

In Figure 3b the transmission as a function of the pressure
of the gas at a fixed wavelength, 4 = 2003.3 nm, is shown. The
wavelength has been chosen to maximize the absorption from
the gas. While the GS measurements (blue dots) are compatible
with the theoretical values expected in the absence of noise (solid
line), the unheralded measurements (red points) match with the
model that accounts for noise (dashed line). As a consequence, in
a real-world scenario, the GS measurement can retrieve the gas
concentration even atlow SNRs, while the classical one struggles.
To compare quantitatively the GS and the classical sensing, we
calculated the sensitivity (S) and the limit of detection (LOD) in
both cases. These parameters are defined as(*"]

s=-2L jop=32 2
aC H

where T is the measured transmission for the classical and GS
measurement, C is the CO, gas concentration related to its pres-
sure and expressed in g17!, and ¢ is the standard deviation of the
data. These two parameters can be calculated through a linear fit
of the curves in Figure 3b. The results are shown in Table 1.

The sensitivity of the GS measurement is almost an order of
magnitude better than in the classical measurement. However,
due to the lower coincidence rate of GS compared to the de-
tection rate of the classical experiment, the GS exhibits poorer
measurement statistics and thus higher uncertainty compared

© 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Table 1. Sensitivity, S, and limit of detection, LOD, values for conventional
and ghost spectroscopy measurements generated from Figure 3b.

Ghost spectroscopy Classical spectroscopy

Sflg™ (5.7+0.1) x 1072
LOD g™ (6.7 +1.8) x 107!

(5.9+0.1)x 1073
(1.3 £0.84)

to its classical counterpart. As a result, the LOD of GS is only
slightly improved with respect to the classical case. The better
LOD proves that, given the same background noise, coincidence-
based sensing allows measuring smaller variations in the concen-
tration with respect to the classical approach. This advantage can
be further improved by optimizing the losses on the idler chan-
nel, which results in increased coincidences while keeping the
signal rate (i.e., the corresponding classical rate) constant. Note
that with the classical approach it would be possible to recover
the same S and LOD as with GS, but at the price of a higher illu-
mination intensity, which is needed to overcome the effect of the
background noise.

A further advantage of GS is the possibility to increase the res-
olution of the measurement without the use of MIR equipment.
This is possible by narrowing the idler bandwidth through filter-
ing. Indeed, as a consequence of the energy correlation of the
photon pair, the effect on the coincidence count is the same as
filtering the signal.®!) Another way to increase the resolution is
through the use of a longer multimode waveguide source. The
longer the waveguide, the narrower the generation spectrum,/??!
resulting in higher spectral resolution. S and LOD can be im-
proved too, by probing an absorption peak with higher cross-
section (e.g., for CO, around 4.3 pm). This clearly requires a new
source that reaches phase matching at this wavelength. It can be
achieved by engineering the mode dispersions, e.g., by changing
the waveguide cross-section or the spatial modes involved in the
process. In Appendix, we propose a new integrated device for the
GS of CO, at 4.3 pm (Figure A4 b). Another way to further im-
prove LOD is to decrease o, that is closely related to the relative
error on the measurements. A model of this parameter is pre-
sented in the Appendix (see Equation A16), where we show how
it depends on critical parameters of the system, such as losses
and the time window .

4. Conclusion

In this paper, we used an integrated silicon source of photon
pairs to demonstrate ghost spectroscopy beyond 2 pm. We probed
the CO, absorption spectrum and concentration in low SNR
conditions, demonstrating the advantage of ghost spectroscopy
over classical measurement. Particular advantage is seen when
the background noise cannot be known a priori. The integrated
source, based on intermodal SFWM, shows performances that
surpass the state-of-the-art for silicon sources beyond 2 pm.
Moreover, intermodal SFWM is ideal for spectroscopy, thanks
to the unique spectral tunability of the generated photons. This
work is a proof-of-concept of gas spectroscopy, but the same mea-
surement and source can be applied to all those applications re-
quiring high visibility and device compactness. Our result paves
the way for fully integrated quantum sensors, which can chal-
lenge the current classical devices in terms of performance and
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costs. Our device can work at room temperature, it is extremely
compact and robust, and has the advantage to be tunable and nar-
row band in the probing spectrum, making it much more selec-
tive and specific with respect to state-of-the-art miniaturized sen-
sors (e.g. semiconductor metal oxide sensors).

Appendix A

A.1. Improvement of Coincidence Counting

Here, we show how to extract the theoretical SNRs and relative errors on
measurements done both with quantum ghost spectroscopy and conven-
tional spectroscopy. In the latter case, unlike in the main text, we consider
a situation in which it is possible to measure and subtract the noise from
the classical measurement. In this way, we can quantitatively estimate the
improvement of our device with respect to a similar classical one.

Assumption and Basic Parameters

We assume a Poisson distributed beam generated by the chip and a con-
stant thermal background noise that is also Poisson distributed, with rates
p and v, respectively. 5 indicates the system efficiency, which includes the
detector efficiency and the transmission losses of the system (gas absorp-
tion included). The noise is assumed to be generated before the chip and
co-propagating with the generated beam. The assumption does not reflect
the experiment, where the majority of the noise comes from the halogen
lamp after the chip; however, it simplifies the calculations while not chang-
ing the results. This is due to the fact that noise is classical light and, so,
it does not change its statistics when it experiences losses. Eventually, we
will drop this assumption and rewrite the results with vM, defined as the
measured noise at the detectors.

In order to perform the calculations we need few basic results from the
theory of Poisson distributions. Considering a rate p and a time window
7, both the mean value and the variance of the distribution are equal to
pt. Moreover, the probability of having zero photons in the time window
is equal to

P(0) =" (A1)

Another fundamental parameter for the calculations is the probability of
detecting n photons using a bucket detector of efficiency 5321

Po(m)=1-(1~ n)”w nn (A2)

Parameters of Interests

We want to show a quantitative comparison between the GS measurement
and the classical one. To do so, we calculate two parameters: the SNR (also
called CAR when speaking about coincidence measurements) and the rel-
ative error on the transmission measurement. By comparing the CAR with
the SNR, we quantify the improvement provided by GS with respect to the
classical approach in terms of visibility of the measurement, given a cer-
tain amount of background noise. The relative error allows to understand
how GS can positively impact the error on the spectral measurement, even
when the absolute number of counts is much smaller compared to the
classical method.

Conventional Spectroscopy

In this type of measurement the noise cannot be measured simultaneously
with the signal. An independent measurement must be acquired in order
to be able to subtract it from the transmission measurement. However,
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Table A1. Conventional spectroscopy measurements with a photodiode.
includes the transmission coefficient of the system, that of the gas and the
detector efficiency. In the final row, the assumption that v and v have the
same statistics is used.

Measurement Mean Error (std)
Transmission signal on+vn g +2
Noise vp=vn %

Transmission signal - Noise o ”—T" + 2%

this is possible only if the noise remains constant during both measure-
ments. We need to distinguish between the noise measured without the
signal, ¥, and the actual noise present during the signal measurement,
v. Note that the two noise measurements are uncorrelated and, in gen-
eral, different. However, in the calculations we assume ¥ and v to have the
same statistics, so that we can remove the contribution of the noise from
the transmission measurement.

When performing spectroscopy with intense light, photodiodes (PDs)
are typically used. These devices are sensitive to the number of photons
impinging on the detector, hence their behavior differs from that of bucket
detectors (see the end of the paragraph for this case). For PDs, the mea-
surement is done averaging the output signal over a time T. In Table A1
we show the measurements (first two rows) and the calculated final result
(final row), with their respective errors. The final row is calculated as the
difference between the first and second row and by propagating the errors.

From the values in Table A1 we can calculate the SNR and relative error
on the final result:

sSNR=2 (A3)
12

1 1 v
O-re/,d:\/; E<1+2;>_.‘::0 (A4)

The limit is for long integration times and represents the best case sce-
nario for this type of measurements. Note that neither the SNR and the
relative error depend on the integration time in this limit.

Let us now discuss the case in which the detection is made with a bucket
detector, as in our experiment. The detector is now insensitive to the num-
ber of photons and the counting mechanism gives a binomial distribution
to the measurement: either the detector clicks or not. This modifies the
statistics of the measurements as described in the next paragraph in Equa-
tion A15, but under certain assumptions it yields the same result as Equa-
tion A3 and Equation A4. For the sake of clarity, all the approximations
used to reach this result are presented in the next paragraph.

Quantum Ghost Spectroscopy

Let us introduce the coincidence time window z. Its definition relies on
the coincidence counting mechanism. If both the idler and signal detec-
tors click within a time window 7 we measure that event as a coincidence,
otherwise not. All the calculations will be based on the statistics within
this time frame. Therefore, we introduce the mean number of photons
within the time window = coming from the generated beam, r, and from
the noise, n. These are calculated starting from the rates as

r=pt n=vrt (AS5)
Using these parameters, it is possible to write the probability that a single

bucket detector, with finite efficiency #, clicks in a time window = when
both the processes are present. The formula and its limit reads!32:

rn + ni)?
N U £l
<1 2

—(r+n)

Pk =1—¢€ (A6)
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The limit in Equation A6 represents the single photon regime and it is the
Taylor expansion to the second order.

Let us now calculate two probabilities: the one for an accidental count,
P,..» and that of coincidence counts, P,.. The former is defined as the prob-
ability that the signal detector clicks after a time |At| > 7/2 with respect to
the idler detector. The latter, instead, is the probability that the detectors
click at the same time (or better, in the same time window), |At| < 7/2.
Since we are interested in the coincidences between the time-correlated
photon pairs, the accidental coincidences play the role of noise as the cal-
culations will show. Note that, from now on, we use the subscripts s and i
to indicate the signal and idler, respectively.

Accidental counts probability is given by the product of three probabil-
ities: probability that the idler detector clicks within a time 7, probability
that the signal detector does not click for a time |At| > 7/2 (without loss
of generality, At > 0) and probability that the signal detector clicks within
atime 7. The first and third terms are given by Equation A6. For the second
one, we must define 7 = pAt and i = v,At and the result is 132];

L n + fin)?
Proui (M) = e~ 1 _ (5 4 7y LE)
i, in<< 2

(A7)
Since the photon-pair generation probability is typically very low, the non-
zero order terms in Equation A7 are negligible, meaning that the prob-
ability of reading a photon in a time interval At is very low. In formula,
this reads 7, in < 1and italso implies ry, nin;, ngn, << 1 (since At > 7/2).
Therefore, the probability of an accidental count is:

p

e = ('| — e—(’+";)'h') (e—(7+ﬁs)ns)(1 — e_(’+”s)"ls)

———— (r+m)ui(r +n)ng (A8)
rm,nin,nan<<1

Let us now calculate the probability of coincidences at time At =0, i.e.
within the same time window 7. There are four different events that gener-
ate a coincidence. The best way to proceed is to calculate this probability
as one minus the probability of not having a click. In turn, this probabil-
ity is easily calculated as the product of the probabilities of not having a
coincidence from any of the four events. The events are: 1) coincidence
between the generated idler and signal photons (P;), 2) coincidence of a
generated idler and a noise signal (P,), 3) coincidence of noise idler and
a generated signal (P;) and 4) coincidence between two noise photons
(P4)1331. The probability of not having these events are:

P, = e Ms 4 g=Mi — gMshi=rMs ="M
Py = e i 4 ¢7MsMs — g~ s
Py = e Ms 4 g~ Nifli — g~ Ms—NiMli

Py = e "Ml 4 g7 Mslls — g iMli=NsNs (A9)

Hence, after applying the assumption of low intensity regime, the final
result yields:

Pee =1—=P1P,P3P,

2 (1
ey, T1sMi F Cs | st = (1) |+ Poce

(A10)

The result is composed of three terms: the first one is proportional to ;,
thus also to the losses induced by the gas. Hence, if isolated, it represents
a simple way to recover the spectrum of the gas. The third one is identi-
cal to P, hence it can be measured independently and simultaneously,
as shown in Equation A8. Finally, the second term has a nonlinear de-
pendence from the losses induced by the gas, hence, if present, it poses
difficulties on retrieving spectral information. Then, let us introduce an-

other assumption: 7, #; < 1, that is satisfied by our system. Under all the
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assumptions made so far, we can conclude that the second term becomes
negligible with respect to the first one and so P, can be written as:

Pog 2 rogn; + Pog, (A17)

Let us now connect this theory to the measurements. The calculated prob-
abilities are valid for a time window 7. We can define M = T/z to link the
measurement time T to the time window 7. If we add the assumption that
each time window is independent to one another, that means that a click
in a certain time window does not affect the probability of having a click
in any other time window,[34] we can relate the counts N, and so the rate
R, to the probabilities:

P
=Pucc'M©Racc= % (A12)

N,

acc

=P, ,-M=R —i A13
= Pec” - ( )

N,

cc

From these equations, the signal to noise ratio, also called coincidence to
accidental ratio (CAR) in this case, is:

CAR = Rcc — Racc — l
Rac: 4

p
(p+vs)(p + )

(A14)

A key feature of this equation is its dependence from the time window
7: the smaller it is, the higher CAR we get. This is what in the paper we
call “temporal filtering” of the noisy counts. It happens because the sig-
nal/idler counts that generate a coincidence that brings information of the
gas spectrum happen simultaneously,**] while the accidental counts are
spread uniformly over all possible delays At. Hence, if one infinitely re-
duces the time window, the noise can be completely eliminated. This is
obviously not possible in a real experiment, because of the limited time
resolution of the instruments (e.g., time jitter of the detectors, time res-
olution of the time tagger, ...). However, the formulas does not change,
except that the time window has a lower limit. A graphical interpretation
of this filtering mechanism is shown in the Section A.2.

Let us now consider the relative error on the final measurement. A count
can be seen as a binomial event: either it happens or not. Hence, acci-
dental counts and coincidence counts are binomial distributed with prob-
abilities P, and P, respectively. Moreover, since they are uncorrelated
events, error propagation is straightforward. The variance of a binomial
distribution is given by:

var = MP(1 = P)—— MP (A15)
Px1

where Pis either P, or P, and the approximation is valid thanks to the as-

sumptions made before. The final measurement is calculated subtracting

R, to R, thus its relative error is:
VitV VvV,
a,g,q,,:i ! +2L<1+;+£> (A16)
' T Y prins - ming p p?

Note that, as for the classical case, the longer the measurement the better
the relative error.

A.1.1. Limit for Very High Signal Noise

Let us discuss more in detail the environment in which the experiment
took place. As explained, we made use of a halogen lamp to increase the
noise in the signal detector. Hence, this noise does not propagate through
the system and can be rewritten by substituting v,; = vx/ns,,-, where the
apex stands for “measured”. Moreover, in the approximation of very high
noise, st > pi,, the SNR and CAR read:

o

SNR = —
(o + VM) v

PHs _
— CAR =

(A17)

s
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The difference between SNR and CAR is represented by the first fraction
in the CAR equation. This parameter shows that lower losses in the idler
channel, smaller time windows and lower idler rates, improve the CAR with
respect to SNR. To be noticed that the former depends also on idler losses
and noise. This is expected, since the coincidences depend both on signal
and idler rates.

The relative error can be rewritten from Equations A4 and A16 as

. 1 v . 1 ] 2tV M
lel = Lqu =
T s T Ao 1l

Equation A18 shows that the main contribution to the classical error
comes from the noise, while the quantum error is the error of a Poisson
process plus a correction for noise. From the one hand, the quantum er-
ror has the disadvantage of being affected by a much lower number of
counts due to the idler losses. On the other hand, the time filter filters
out most of the noise contribution to the error. In our conditions, this cor-
rection is not negligible, but it can be further improved by decreasing the
time window and the losses. As a whole, due to high losses and limits on
the time window 7, our system has higher relative errors when perform-
ing ghost spectroscopy rather than classical spectroscopy. By substituting
typical values under measurement condition we get

(A18)

Orel,
e Ly (A19)

Orel,cl

Even if in our conditions we do not get an advantage from this point of
view, Equation A18 is useful to understand which are the parameters that
are critical to improve the relative error of the quantum case.

A.2. Temporal Filter Graphical Explanation

Previously we have introduced the concept of “temporal filtering” by dis-
cussing coincidence counting. Here, we describe the origin of this name.
It is depicted visually in Figure A1. The dark blue histogram is the graph
of a measurement taken with a standard electrical device data acqui-
sition (Swabian Instruments Time Tagger 20). It represents the coinci-
dence counts as a function of the time delay at which they occur. The
spectrum information is all enclosed in the central peak because of the

100
[ Coincidences
Total accidentals
" 80 r I Filtered accidentals
<
5
Q
© 60Fr
®
o
C
3
2 40t
£
e}
(@)
20+
0
-20 -10 0 10 20

Detections time delay At [ns]

Figure Al. In dark blue a typical data acquisition of coincidence counts
from the time tagger device. The instrument records the coincidences as
a function of the time delay at which they happen. The time resolution is
50 ps. Two rectangles are superimposed to the measurement: the light
blue one shows a portion of the total noisy counts that are present in the
system, while in red the only portion of noisy counts considered in GS
measurements.
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time-correlations of the generated photons. The noisy counts, instead, are
spread all over the x-axis because they come from uncorrelated sources
(light blue rectangle). As a result, we can limit our observations to the
counts that occurs during the 7 = 1.1 ns window around the center. In
this way, the noisy counts are largely filtered while the spectral informa-
tion is restored (only the ones in the red rectangle remains). This intuitive
description is valid under all the assumptions introduced in the previous
Section A.1.

A.3. Generated Spectra

In this section, we analyze the spectrum of generated photons. In
Figure A2 a the measured and simulated spectrum of the idler pho-
tons when the chip is pumped at 4 = 1569 nm are compared. The mea-
surement is performed under the same pump power levels as when we
performed GS (on-chip power of 45 mW) and was done using a cus-
tom monochromator with resolution of 2.5 nm. The simulated spectrum
comes from the simulation of the JSI of the SFWM process.[28] The sim-
ulation matches the experimental graph and predicts a full-width-half-
maximum (FWHM) of # 0.87 nm for the idler and & 2.1 nm for the signal.
These widths remain constant over the range of pump wavelength that
are used. Figure A2 b shows the simulation of the signal photon spectrum
without the influence of the resolution of any instrument. Hence, it is the
spectrum of the probe used for the CO, spectrum measurement. There
are two unbalanced main peaks, surrounded by various smaller peaks that
come from the multiple curves on-chip, as explained in ref. [31].

A quantitative measurement of the FWHM of the generated photons
further validates the simulation. Since we had just an estimation of the res-
olution of the monochromator, we performed the measurement by mea-
suring the spectrum of the up-conversion module (that is part of the signal
detection stage) both with a MIR laser and with GS (measurement shown
in ref. [31]). By propagating the errors, we found a FWHM = 0.8 + 0.1 nm
for the idler photons and FWHM = 1.8 + 0.3 nm for the signal photons.
Both of them are compatible with the shown simulated values.

2

A.4. Second-Order Coherence Function g/,

Information on the photon statistics of the probe state can be retrieved
from the second-order coherence function g (t).128] In particular, g (0)
gives a quantitative estimation of how good the single-photon approxima-
tion is. Using the signal as the heralded photon and the idler as the herald
photon, the single-photon behavior of the source was proved by measur-
ing the heralded g (0) (gg) (0)).[1%281 A Hanbury-Brown and Twiss (HBT)
interferometer is used in the signal line to carry out this measurement. The

value of the gﬁ) (0) as a function of the pump power is shown in Figure A3.
By obtaining a minimum gg) (0) =0.06 + 0.02 at 10.5 mW, we were able

to confirm the anti-bunching regime of the generated photon in the MIR
and, hence, the single photon regime of our source.

€ 1 —— Simulated spectrum
g ——Expected spectrum
15} J—

8 08 Measured spectrum
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Figure A3. Heralded g (0) as a function of pump power. Measurement

for the gg) (At) at an on-chip power of 10.5 mW is reported in the inset.
The adjacent bins to the zero-delayed one have been removed due to the
SPAD-emitted photons.

A.5. Ghost Spectroscopy at Longer MIR Wavelengths

In our paper, we demonstrated, as a proof of concept, a GS measurement
with one photon around 2 pm. Generating correlated photons with one
of them at longer wavelengths would be of great interest for probing the
fingerprint of molecules. In this section, we show through a simulation
that this scenario is possible by properly engineering the waveguide ma-
terial and geometry. Let us consider 4.3 pm as our target wavelength for
one of the photons in the pair. At this wavelength CO, exhibits the high-
est absorption, allowing for higher detection sensitivity. In order to keep
our device cheap and integrable, we consider a pump in the C- or L-band
and, so, the idler will be generated in the NIR, around 950 nm. As a con-
sequence, we cannot use silicon as the material for the waveguide, being
not transparent at this wavelength. Other materials, such as Silicon Ni-
tride (Si;N,)[3¢] and Silicon Oxynitide (SiON),3*”] should be used. For our
simulation, we consider Siz;N,4, which exhibits higher nonlinearity and re-
fractive index with respect to SION. In this case, phase matching reads

Ak =k 4k — K i
(A20)

M, 2 My
K = Znl (1)

wherex = p1, p2, i, s (pumps, idler, signal), M is the spatial mode, 4 is the
wavelength, Ak is the phase mismatch and kIM is the wavevector of beam
x in mode M. According to our simulations, when pump photons are in
the fundamental mode (TEO) and idler and signal in the first excited mode
(TET), phase matching can be achieved around 4.3 pm.

1
g — Simulated spectrum
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Figure A2. a) Qualitative comparison between a direct measurement of the idler spectrum (blue line) with the simulated spectrum considering the
monochromator (dark red line) and not (red lines). The pump wavelength is 1 = 1569 nm. The relative error on each blue point is less than 5%. b)
Simulation of the signal photon spectrum without the influence of the resolution of any instrument.
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Figure A4. a) Simulated dispersion of the TEO and TE1 modes in the examined region. The MMWG is a channel waveguide made of Silicon Nitride,
(Si3Ny) , surrounded by air. Dimensions are 6 pm width by 800 nm height. b) Phase matching condition for the intermodal combination TEO, TEO, TE1,

TE1 (pump, pump, signal, idler photon, respectively).

We are considering a suspended channel waveguide, to avoid the prob-
lem of absorption from silica cladding.38] A waveguide height of 800 nm
is used, a typical value for MIR photonics. The waveguide width that op-
timizes the generation at the wavelength of interest is 6 um. Figure A4 a
shows the dispersions of the fundamental mode, TEQ, and the first excited
mode, TE1, with the waveguide cross-section adopted. In Figure A4 b the
generated wavelengths of signal and idler as a function of the pump wave-
length are shown.

This simulated result allows to understand the flexibility of the inter-
modal SFWM source, showing that it is possible to develop an integrated
photonic device suitable for MIR quantum photonics and sensing.
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