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Spectroscopy in the mid-infrared region is an indispensable tool for identifying molecular types in various fields,
including physics, chemistry, and medical sciences. However, conventional infrared light sources, detectors, and noise
from blackbody radiation have been the obstacles to miniaturization and higher sensitivity of infrared spectrometers.
Quantum infrared spectroscopy, which uses visible and infrared photon pairs in a quantum entangled state, has attracted
attention as a new sensing technology that enables infrared spectroscopy with detectors in the visible range. However,
the bandwidth of conventional quantum entangled light sources is at most 1µm or less, which hinders broadband mea-
surements, which are important in spectroscopic applications. Here we have realized an ultra-broadband entangled
state of visible–infrared photons with wavelengths from 2 to 5 µm, harnessing a specially designed nonlinear crystal
with chirped poling structure inside. Furthermore, we constructed a nonlinear quantum interferometer using the
ultra-broadband quantum entangled photons and realized broadband infrared spectroscopy of inorganic and organic
materials using a visible detector made of silicon. Our results show that quantum infrared spectroscopy can achieve
ultra-broadband spectroscopic measurements and pave the way for the highly sensitive, ultra-compact infrared spec-
trometers using quantum entangled photons. © 2024 Optica Publishing Group under the terms of the Optica Open Access

Publishing Agreement

https://doi.org/10.1364/OPTICA.504450

1. INTRODUCTION

Infrared (IR) spectroscopy is a versatile tool in a broad range of
fields from astronomy to medicine [1]. The transmission spectrum
reflects the vibrational modes unique to the molecules in a sample
and is thus widely used to discriminate materials. The current
state-of-the-art IR spectroscopy technique is Fourier transform
IR (FTIR) spectroscopy. However, the relatively low efficiency
of available IR sources and detectors has been an obstacle for the
development of FTIR spectroscopy, such as efforts to miniaturize
FTIR systems. One way to solve the problem is by improving
mid-IR (MIR) thermal light sources and detectors. Quantum cas-
cade lasers (QCLs) in the MIR region have been investigated, but
the bandwidth of off-the-shelf QCLs is still limited [2]. Further,
high-sensitivity MIR detectors often require cryogenic cooling and
are subject to export control [3].

Recently, photonic quantum sensing harnessing quantum
entanglement and/or quantum nonlinear interference has been
attracting attention [4–19]. In particular, a prominent demon-
stration of the absorption measurement in the infrared region
using a visible light source and a detector was performed [4–11,17]
using a nonlinear interferometer [20,21]. Since this novel method,
quantum infrared spectroscopy (QIRS) [4], requires neither a light
source nor a detector in the MIR region, it is a promising candidate
for a compact and low-cost novel MIR spectrometer. Following

this demonstration, the concept of quantum FTIR (QFTIR)
spectroscopy was reported [6,8].

A shortcoming of these demonstrations of QIRS is the limited
spectral coverage [4–11]. To address this problem, the broadband
group-velocity phase matching aimed to use for QIRS has been
demonstrated; however, the bandwidth was still smaller than 1µm
[22]. Alternatively, wavelength tunable QIRS systems have been
recently realized by tuning the angle of a nonlinear crystal [5,23]
or the crystal temperature [24], but with the drawback of a long
measurement time required for the wavelength tuning process.

Here, we experimentally demonstrate the QIRS with an ultra-
broadband frequency-entangled photon pair source using chirped
quasi-phase-matched periodically poled magnesium doped
stoichiometric lithium tantalate (PPMg:SLT). We successfully
observed an ultra-broad spectrum of visible signal photons from
595 to 725 nm, which corresponds to wavelengths of the idler
photons from 2.0 to 5.0µm with a bandwidth of 3.0µm. Then we
constructed a quantum nonlinear interferometer in the low-gain
regime where the average photon flux is below one photon pair
per correlation time for the biphotons. We successfully observed
a quantum interferogram and obtained an MIR broadband spec-
trum of the idler photons. Finally, we performed ultra-broadband
QFTIR spectroscopy over the range of 2.5 to 4.5 µm with a
bandwidth of 2.0µm for solid and liquid samples.
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This demonstration of ultra-broadband QFTIR spectroscopy
covering the whole MIR region, using a visible light source and
detector, paves the way for its use in a wide range of fields from
materials science to medical applications.

2. DEVELOPMENT OF AN ULTRA-BROADBAND
CHIRPED QPM DEVICE

To realize the ultra-broadband visible and MIR entangled photon-
pair source, we developed a chirped quasi-phase-matching (QPM)
device [25,26] with a spatially modulated QPM structure to gen-
erate broadband two-photon states by continuously varying the
phase-matching condition. For comparison, we also experimen-
tally evaluated a non-chirped QPM device with uniform poling
periods suitable for generating photon pairs at specific wavelengths
with relatively narrow spectral bandwidths. In the following, we
compare the experimentally obtained emission spectra of visible
photons from both devices with theoretical calculations to confirm
that photon pair generation occurs in the desired spectral regions.
The QPM device uses PPMg:SLT [25–34]. This nonlinear optical
material is not subject to instability in short-wavelength pumping
[35], has a transmission region from ultraviolet to mid-infrared
wavelengths [36], and has a high damage threshold of the order of
GW/cm2.

Figure 1(a) shows a schematic view of the non-chirped QPM
device. The dimensions of the device are 1× 1× 10 mm3. The
spatial frequencies of the polarization reversals for the segment 0,
corresponding to the inverse of the poling periods, are set based on
a previously reported equation [33]. 1/0 is set to 12.9 µm. The
QPM structure is designed to generate a photon pair with a visible
wavelength of 612 nm and an infrared wavelength of 4100 nm
via collinear type-0 spontaneous parametric down-conversion
(SPDC), assuming a crystal temperature of 30◦C and an excita-
tion wavelength of 532.45 nm. The refractive index of Mg:SLT is
modeled by the Sellmeier equation [25]. The calculated emission
spectrum of the photon pair, shown in Fig. 1(b), is centered at
the designed wavelengths and has a spectral width of 0.4 nm full
width at half maximum (FWHM) for a visible signal photon. The
experimentally observed emission spectrum of the signal photons
has a peak with a FWHM of 0.7 nm, centered at the designed
wavelength, as shown in Fig. 1(c). Compared to the simulation
result, the experimental data have a slightly larger spectral width
due to the finite wavelength resolution of the visible spectrometer
(0.17 nm).

Figure 1(d) shows the chirped QPM device consisting of 50 seg-
ments with different poling periods for simultaneously generating
photon pairs with a variety of combinations of wavelengths. The
dimensions of the device are 1× 1× 10 mm3. The QPM struc-
ture is designed so that the emission spectrum of a photon pair is
continuously distributed in the wavelength range of 595 to 725 nm
in the visible region and 2 to 5 µm in the infrared region. For the
device used in this work, the number of segments n is 50, and
1/0 (1) and 1/0(n) are set to 9.58 and 13.33 µm, respectively,
corresponding to a chirp rate of 39.1.

Figure 1(e) shows numerical simulation results for the emission
spectrum of a photon pair generated from the chirped device,
assuming a pump wavelength of 532.45 nm and a crystal tem-
perature of 55.1◦C. In this simulation, we considered that each
segment has a finite length and is assumed to be a step function to
reflect the actual QPM structure. The calculation results show that

the spectral intensity of SPDC photons generated from the chirped
device is distributed over a much wider bandwidth than that from
the non-chirped device. Visible signal photons are generated in the
wavelength range of 595–725 nm, and infrared idler photons in
the wavelength range of 2.0–5.0µm. Fine ripples are seen through-
out the spectrum, which can be attributed to quantum interference
between the photon-pair generation processes in the different seg-
ments [37]. In the experiment, we measured the emission spectrum
of visible signal photons generated from the chirped QPM device
using the visible spectrometer. Here, the pump power was set to
150 mW and the emission spectrum was accumulated 60 times
with an exposure time of 1 s. As shown in Fig. 1(f ), we succeeded
in observing broadband generation of SPDC photons, ranging
from 595 to 725 nm, equal to the bandwidth of the numerical
simulation (126 nm).

To evaluate the SPDC photon generation rate for the chirped
QPM device, we measured the pump power dependence of the
signal photon count rate, which increased linearly with increasing
pump power. The generation rate for the signal photons collected
through the multimode fiber to the single photon detector, was
estimated to be larger than 2.5× 104 photons/mW. These results
clearly show that the chirped QPM device is a highly efficient
entangled photon pair source suitable for broadband quantum
infrared spectroscopy.

3. EXPERIMENTAL DEMONSTRATION OF
ULTRA-BROADBAND QIRS

A. Experimental Setup

We constructed the QIRS system by a Michelson-type nonlinear
quantum interferometer using the Mg:SLT QPM device and
confirmed that a quantum interferogram can be obtained over the
entire bandwidth of the generated photon pairs. Figure 2(a) shows
the interferometer. In the experimental setup in Fig. 2(a), a pump
light passes through the QPM device twice so that quantum inter-
ference between two photon-pair generation processes occurs. The
QPM device is placed in an oven and set to the optimum operating
temperature by a temperature controller (OV30D+TC-038D,
HC Photonics). A continuous-wave laser with a wavelength of
532.45 nm (Cobolt Samba, output power 300 mW, linewidth
≤ 1 MHz) is used as the pump source. The polarization of the
pump light is adjusted by a halfwave plate (HWP). After being
reflected by a dichroic mirror with a 567 nm cutoff wavelength
(DM1, DMLP567 Thorlabs), the pump light is focused on the
center of the QPM device with a lens (Len, f = 200 mm) gener-
ating visible–MIR photon pairs. The focused beam diameter is
100 µm. The visible signal photons and the pump light are trans-
mitted through the second dichroic mirror with a 2000 nm cutoff
wavelength (DM2, Optical Coatings Japan) and again focused
onto the QPM device by a concave mirror (CM). The infrared
idler photons are reflected by DM2 and spatially separated from
the pump light and the signal photons. After being collimated
by an off-axis parabolic mirror (OAPM, f = 150 mm), the idler
photons pass through a germanium window (G), are reflected by
an end mirror (Mi), and are finally refocused by the OAPM onto
the QPM device. Mi is placed on a high-precision translational
stage (FS-1020UPX, Sigma Koki) to adjust the idler path length.
Then, quantum interference between the photon pair generation
processes occurs when the spatial modes of the first SPDC photons
match those of the second SPDC photons. The signal photons
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Fig. 1. Optical characteristics of non-chirped and chirped QPM devices. The material of QPM devices is Mg-doped stoichiometric lithium tantalate
(Mg:SLT). The crystal length is 10 mm. The height and width are 1 mm. (a) Schematic view of a non-chirped QPM device. The wavelengths of visible and
MIR photon pairs are 612 and 4100 nm, respectively. (b) Numerical simulation results for expected signal (visible) spectrum for visible and MIR photon
pairs generated from the non-chirped QPM device. The lower and upper horizontal axes show signal (visible) and idler (MIR) wavelengths, respectively.
(c) Experimental signal (visible) spectrum for visible and MIR photon pairs generated from the non-chirped QPM device. (d) Schematic view of a chirped
QPM device. The wavelengths of visible and MIR photon pairs are 595 to 725 nm and 2000 to 5000 nm. (e) Numerical simulation results for expected sig-
nal (visible) spectrum for visible and MIR photon pairs generated from the chirped QPM device. (f ) Experimental signal (visible) spectrum for visible and
MIR photon pairs generated from the chirped QPM device.

pass through DM1 and a long-pass filter with a 550 nm cut-on
wavelength and a short-pass filter (SPF) with a 1000 nm cut-on
wavelength. To filter out the unwanted luminescent light, a band
pass filter (BPF) with a center wavelength of 609 nm and a band-
width of 20 nm is placed in the case of a non-chirped device, and
a BPF with a center wavelength of 665 nm and a bandwidth of
150 nm is placed in the case of a chirped device. After the filters,
a pinhole is used to spatially select the center-most part of the
signal beam. The pinhole (P) aperture is set at 150 µm for the

non-chirped device and 200 µm for the chirped device. Finally,
the signal photons are coupled to a multimode fiber guided to
a Si avalanche photodetector (SPCM-AQRH-14FC, Excelitas
Tech.) and the photon count is recorded with a photon counter
(SR400, Stanford Research systems). It is noted that a visible
spectrum is also recorded with a dispersive visible spectrometer
(SR500i+DU416A-LDC-DD, Andor). The grating groove den-
sity and the grating blaze of the spectrometer are 300 l/mm and
1000, respectively. As a result of quantum interference between the
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Fig. 2. Experimental setup and the evaluation of QFTIR spectroscopy. (a) Schematic view of our experimental setup. Non-chirped or chirped QPM
devices are placed on a stage with an oven with a temperature controller. HWP, half-wave plate; DM1, dichroic mirror with 567 nm cutoff wavelength;
L, lens, f = 200 mm; DM2, dichroic mirror with 2000 nm cutoff wavelength; M, mirror; CM, concave mirror; OAPM, off-axis parabolic mirror, f =
150 mm; G, germanium window; Mi, mirror on translational stage; SPF, short-pass filter; BPF, bandpass filter; P, pinhole (150µm or 200µm); MMF, mul-
timode fiber; APD, avalanche photodiode (Si). (b) Quantum interferogram obtained from interference between two visible and MIR photon pair gener-
ation processes by non-chirped QPM device. The inset shows a part of the magnified quantum interferogram close to the quantum interferogram signal.
(c) Fourier amplitude calculated from results in (b). The lower and upper horizontal axes show idler (MIR) and signal (visible) wavelengths. (d) Quantum
interferogram obtained from interference between two visible and MIR photon pair generation processes by chirped QPM device. (e) Fourier amplitude
calculated from the results in (d).

photon-pair generation processes, the signal photon count varies
depending on the optical path length difference 1L inside the
nonlinear quantum interferometer. In the subsequent measure-
ments, quantum interferograms, i.e., visible signal photon counts,
are recorded as a function of1L by translating Mi with a step size

of 100 nm (corresponding to1L of 200 nm) up to a total transla-

tion distance W . At each step, signal counts are integrated for 2 s.

By calculating the Fourier spectrum of the quantum interferogram

measured in this way, the spectral intensity of the infrared idler
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photons contributing to quantum interference can be obtained
[6,8].

Figure 2(b) shows a quantum interferogram taken with the non-
chirped QPM device. The pump power was set to 180 mW and the
average signal photon count was 4.1× 104 counts/2s. We observed
a distinct interferometric signal showing a periodic oscillation
within an approximately 1-mm-wide envelope. The visibility of
the signal was V = (Pmax − Pmin)/(Pmax + Pmin)= 9.1%, where
Pmax and Pmin are the maximum and minimum photon count
rates, respectively. As shown in the inset, the oscillation period of
the interferogram was about 4 µm, corresponding to the design
wavelength of 4100 nm for the idler photons generated by the
non-chirped QPM device. We performed a Fourier transform of
the quantum interferogram shown in Fig. 2(b) using a fast Fourier
transform (FFT) algorithm [6,8]. The wavenumber resolution of
the Fourier spectrum δk is determined by the reciprocal of the total
translation distance, δk =W−1. In this measurement, W was set
to 1.8 mm and the corresponding resolution was δk = 5.6 cm−1.
The obtained Fourier amplitude spectrum is shown in Fig. 2(c).
A spectral peak is centered around 4100 nm with a FWHM of
0.7 nm. This spectral width is compatible with the numerically cal-
culated idler photon generation bandwidth of 0.4 nm [Fig. 1(b)],

indicating that all the spectral components of the photon pair
contribute to quantum interference.

Next, we measured a quantum interferogram using the chirped
QPM device as a broadband photon-pair source. The total trans-
lation distance W was set to 2.5 mm, resulting in a wavenumber
resolution δk of 4 cm−1 in the Fourier spectrum. The quantum
interferogram is shown in Fig. 2(d). The average signal photon
count was 8.0× 105 counts/2s for a pump power of 150 mW. The
visibility was V = 11.0%. The observed quantum interferogram
had a highly asymmetric shape and the duration of the signal was
much longer than that of the non-chirped QPM device [Fig. 2(b)].
This can be attributed to the chromatic dispersion of the QPM
device and germanium window (G) placed on the idler path.

Figure 2(e) shows the Fourier amplitude spectrum of the quan-
tum interferogram in Fig. 2(d). The spectrum is continuously
distributed over the entire wavelength range from 2.0 to 5.0 µm,
where idler photon generation by the chirped QPM device is
expected. The FWHM of the spectrum is 2800 nm, which is in
good agreement with the numerically calculated generation band-
width of the idler photon (2700 nm) as shown in Fig. 1(e). These
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Fig. 3. Transmittance measurement of three various samples with an ultra-broadband QFTIR spectroscopy. (a) Transmittance of UVFS, (b) transmit-
tance of polystyrene film, and (c) transmittance of ethanol, calculated from Fourier amplitude obtained by QFTIR spectroscopy. The black line shows the
experimental results. The dotted red line shows the reference measured by IRTracer-100 (wavenumber resolution: 4.0 cm−1). The insets show the quantum
interferogram obtained from the interference between two visible and MIR photon pair generation processes by a chirped QPM device when the samples
are inserted.
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results indicate that the fabricated chirped QPM device achieves
ultra-broadband QIRS over 1.5 octaves in the MIR region.

B. Ultra-broadband Transmittance Measurement

To demonstrate the effectiveness of the ultra-broadband QIRS, we
measured the transmittance spectra of various samples (fused silica
glass, polystyrene film, and liquid-phase ethanol) by QFTIR spec-
troscopy. In QFTIR spectroscopy, the transmission spectrum of a
sample is calculated from the ratio of the Fourier spectra of quan-
tum interferograms measured with and without the sample. Here,
apodization was performed throughout the Fourier transform
[7]. In the following measurements, the quantum interferograms
were acquired over a total translation distance of W = 2.5 mm.
The precision of a QFTIR measurement can be evaluated from
the variation of the measured values in a transmission spectrum
taken without a sample (T∼100%). From a test measurement, the
median and standard deviation of a transmission spectrum in the
wavelength range from 2 to 5 µm was estimated to be 99± 4%.
We used three samples: fused silica glass (1 mm thickness, UV-
enhanced fused silica, WG41010, Thorlabs), a polystyrene film
(50 µm thickness, Shimadzu Corp), and liquid-phase ethanol
(420 nm thickness, 99.5%, FUJIFILM Wako Pure Chemical
Corporation). Each sample was inserted between the end mirror
(Mi) and the germanium window (G) in the idler path [Fig. 2(a)].
Figure 3 shows the transmission spectrum of each sample measured
by QFTIR spectroscopy. As references, the transmission spectra
measured by conventional FTIR spectroscopy (IRTracer-100,
Shimadzu Corp.) with a wavenumber resolution of 4 cm−1 are
also shown as red dotted lines. The characteristic IR absorption
spectrum of each sample was successfully captured by the QFTIR
measurements. The insets in each figure show the change in the
shape of the quantum interferogram due to the insertion of the
sample.

For the fused silica glass [Fig. 3(a)], we observed an absorption
dip around 2700 nm originating from the stretching mode of
OH impurities [38] and a broad absorption structure increasing
towards long wavelengths.

As shown in Fig. 3(b), a more complex absorption structure
for the polystyrene film was also successfully obtained by QFTIR
spectroscopy. Polystyrene has multiple absorptions with narrow
linewidths; the absorption dips located from 3226 to 3333 nm cor-
respond to C-H stretching modes in the benzene ring, and those
from 3333 to 3571 nm can also be assigned to C-H stretching
in methylene. The QFTIR results are in fair agreement with the
reference data (red dotted line) although the spectrum is averaged
to some extent due to the relatively large effective resolution of the
QFTIR measurement.

In addition to these solid samples, we measured the trans-
mittance of ethanol samples in the liquid phase. We filled a
custom-made 420-nm-gap CaF2 liquid cell with ethanol and mea-
sured its transmission spectrum. Figure 3(c) shows the observed
absorption peaks derived from an O-H stretching mode centered
at 3000 nm and the C-H stretching modes distributed from 3390
to 3509 nm. Although a broadening of the absorption dips is
recognized in the QFTIR results, we succeeded in identifying
the features of the MIR spectrum of ethanol over a broad spectral
range. Note that the modulation of the transmittance due to inter-
nal reflection in the liquid cell is so small that it is almost negligible,
since the refractive indices of ethanol (1.32) and the CaF2 liquid-
cell window (1.42) are close to each other. The transmittance

modulation caused by internal reflection is calculated to be less
than 0.16%.

4. CONCLUSION

In conclusion, we have experimentally demonstrated the QIRS by
an ultra-broadband visible–infrared photon pairs with a chirped
QPM PPMg:SLT device, where the wavelength of the infrared
idler photon ranges from 2.0 to 5.0 µm. Also, we realize the
transmittance measurement using ultra-broadband QFTIR spec-
troscopy using this entangled resource. Our system is capable of
measuring characteristic IR spectra for a variety of samples, includ-
ing fused silica glass, polystyrene films, and liquid-phase ethanol.
The QFTIR measurement results obtained over the entire MIR
region are in good agreement with the reference data measured
by conventional FTIR spectroscopy. The broadband nonlinear
quantum interferometry realized in this work will contribute
to significant performance improvements not only in quantum
infrared spectroscopy, but also in various quantum optical sens-
ing techniques such as quantum imaging and optical coherence
tomography with undetected photons, and quantum information
processing.
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