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Broadband Spectroscopy and Interferometry with
Undetected Photons at Strong Parametric Amplification

Kazuki Hashimoto,* Dmitri B. Horoshko, and Maria V. Chekhova

Nonlinear interferometry with entangled photons allows for characterizing a
sample without detecting the photons interacting with it. This method enables
highly sensitive optical sensing in the wavelength regions where efficient
detectors are still under development. Recently, nonlinear interferometry has
been applied to interferometric measurement techniques with broadband
light sources, such as Fourier-transform infrared spectroscopy and infrared
optical coherence tomography. However, they have been demonstrated with
photon pairs produced through spontaneous parametric down-conversion
(SPDC) at a low parametric gain, where the average number of photons per
mode is much smaller than one. The regime of high-gain SPDC offers several
important advantages, such as the amplification of light after its interaction
with the sample and a large number of photons per mode at the
interferometer output. This work presents broadband spectroscopy and
high-resolution optical coherence tomography with undetected photons
generated via high-gain SPDC in an aperiodically poled lithium niobate
crystal. To prove the principle, reflective Fourier-transform near-infrared
spectroscopy with a spectral bandwidth of 17 THz and optical coherence
tomography with an axial resolution of 11 pum are demonstrated.

1. Introduction

Spectroscopy and interferometry with broadband light sources—
e.g., Fourier-transform spectroscopy (FTS)!!! and optical coher-
ence tomography (OCT)!?*)—are widely used in a variety of fields,
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such as chemistry, biology, medicine, and
industry. They noninvasively measure
broadband absorption/reflection spectra or
high-resolution depth profiles of samples
under study, exploiting the linear interfer-
ence of a broadband light source, typically
created by a Michelson interferometer.
For FTS and OCT, the mid-infrared (MIR)
region is important because it allows for
measuring fundamental vibrational modes
of molecules!!! and larger depths of sam-
ples with less influence from the dispersion
and scattering,[*l respectively. However, in-
frared measurements often suffer from low
measurement sensitivity because infrared
detectors tend to have higher noise and
lower efficiency than visible ones. Up-
conversion spectroscopy®®! or OCTI!*11]
has recently been developed to improve
the sensitivity of infrared measurements
by exploiting wavelength conversion pro-
cesses, such as sum-frequency generation
(SFG) and difference-frequency generation
(DFG). In addition, electro-optic (EO)
sampling!'>13] techniques have been applied to broadband in-
frared spectroscopy. However, those methods often require high-
power MIR pulsed laser sources (e.g., fs MIR ultrashort pulsed
lasers), dispersion compensation schemes, and/or other W-level
lasers for wavelength conversion, which adds complexity to the
system.

A quantum SU(1,1) interferometer!'*"! with a narrowband
pump source enables sensitive infrared measurements with a
much simpler setup. It replaces the beamsplitters of a classi-
cal interferometer with nonlinear media, such as y® nonlinear
crystals or photonic crystal fibers, to exploit pairs of entangled
photons (signal and idler) generated via spontaneous paramet-
ric down-conversion (SPDC) or spontaneous four-wave mixing
(SFWM), respectively. Since the phase delays of all three photons
(the pump, signal, and idler) in the interferometer contribute
to the signal interferences at the output,[**! we can analyze the
idler absorption or reflection of a sample without directly de-
tecting the idler photons but by detecting the signal photons.
This “measurement with undetected photons” can be applied to
broadband infrared spectroscopy or OCT. Several groups have
already performed spectroscopy!'®?* and OCT!®*-?7] with unde-
tected photons using an SU(1,1) interferometer (or a conven-
tional scheme of “induced coherence”) based on frequency non-
degenerate broadband photon pairs generated via SPDC pumped
with a continuous-wave (CW) laser. Those techniques are demon-
strated in the low-gain regime, where the number of photons per
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Figure 1. a) Schematic of a high-gain SU(1,1) interferometer with an APLN crystal. HWP: half-wave plate, DM: dichroic mirror. b) Broadband twin beams
generated from an APLN crystal via nondegenerate SPDC pumped by a 532-nm picosecond pulsed laser.

mode generated by SPDC is much smaller than one, and the av-
erage power to be detected is up to ~100 nW.[24]

Alternatively, SU(1,1) interferometry can be performed in
the high-gain regime of SPDC with an intense pulsed pump
source.[?®] In the high-gain regime, the number of photons per
mode is much larger than one because photon pairs, initially gen-
erated via SPDC, seed photon pair generation further along the
crystal—that is, they undergo optical parametric amplification
(OPA). The average power of the generated bright twin beams can
be uW- or mW-level,[?8] easily detected with detectors with mod-
erate sensitivity (e.g., a Si power meter). In addition, the seed-
ing effect allows for noninvasively interrogating a sample with
a weak idler beam and detecting it as an amplified signal beam
with sufficient power for detection. Machado et al.[23% recently
performed OCT with undetected photons with an SU(1,1) inter-
ferometer operating in the high-gain regime. However, the spec-
tral bandwidth was limited to a few THz, which resulted in the
OCT depth resolution of ~30 um (an optical path-length differ-
ence (OPD) of ~60 um).

In this study, we develop an SU(1,1) interferometer based on
broadband bright twin beams generated from an aperiodically
poled lithium niobate (APLN) crystal®'-3} strongly pumped by
a 532-nm picosecond pulsed laser. The spectral bandwidth of
the twin beams generated from the APLN crystal is about three
times larger than in the previous high-gain experiment.””! We
use the interferometer to demonstrate broadband FTS and high-
resolution OCT with undetected photons. This method exploits
the seeding effect of signal and idler photons inside the crystal,
leading to an average detected power of up to ~10 uW. As a proof-
of-principle demonstration, we measure near-infrared (NIR) re-
flection spectra of an optical filter at a spectral bandwidth of
17 THz and OCT depth profiles of thin samples with an axial
resolution of 11 um.
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2. Results

Figure 1a shows the schematic of an SU(1,1) interferometer with
an APLN crystal pumped by picosecond pulses. The crystal has a
poling period varying in a nonlinear fashion; see Note S1 (Sup-
porting Information) for details. The 1-mW 532-nm picosecond
laser with a repetition rate of 1 kHz is focused onto an APLN
crystal to generate broadband twin beams via high-gain SPDC.
After passing through the crystal, the pump and generated signal
beams go to the reference arm and travel back by the same path
after being reflected from a spherical mirror. The idler beam is
steered into the sample arm, collimated with a lens, and reflected
by a reflective sample. The pump, signal, and idler beams are
combined and again focused onto the APLN crystal. The signal
beam is amplified or de-amplified by the APLN crystal depend-
ing on the relative phase of the pump with respect to the sum
of the signal and idler phases. The amount of amplification de-
pends on the amplitudes of the signal and idler fields. In other
words, the absorption or reflection of the idler beam interrogat-
ing a sample can be detected as an intensity modulation of the
signal beam (signal interferogram). The average signal power at
the interferometer output is up to ~#10 uW, and the idler power
on the sample, contributing to the signal interference, is tens
of nW (Note S2, Supporting Information). A time-domain sig-
nal interferogram for FTS is measured with a Si power meter
with motorized-stage scanning and digitized with a digitizer. A
spectral interferogram for OCT is measured with a visible spec-
trometer with a fixed stage position. The detailed schematic for
the interferometer is described in the Experimental Section.

We first characterize the broadband twin beams generated
from the APLN crystal. Figure 1b shows broadband signal and
idler spectra individually measured with a visible (AvaSpec-
ULS3648-USB2, Avantes) and a NIR (AvaSpec-NIR512-1.7TEC,
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Figure 2. a) Time-domain FTS interferograms of a mirror (top) and a 1.55-um band-pass filter (bottom) used as a sample. The inset in the upper panel
shows the enlarged view of the interferogram. b) FTS reflection spectra of the mirror (dotted green) and the band-pass filter (solid red). c) Idler (intensity)
reflectance spectra of the band-pass filter measured with the SU(1,1) interferometer and an OSA.

Avantes) spectrometer, respectively. We focus the radiation of
a 532-nm picosecond pulsed laser with an average power of
~350 uW onto the crystal using an f = 100 mm lens for this evalu-
ation. The signal and idler spectra span from 768 to 824 nm (364—
390 THz) and from 1470 to 1661 nm (181-204 THz) at —10-dB in-
tensity levels, respectively. The spectral-shape difference between
the twin beams is due to the wavelength-dependent sensitivity of
the two spectrometers.

Next, we measure time-domain FTS interferograms and the
spectra using the SU(1,1) interferometer. The FTS (signal) inter-
ferogram measured with the interferometer is described as (see
Note S1, Supporting Information)

AN (1) = { I(Q) Ry (—Q) cos [(w, — Q) T+ p (Q) ‘;—2 (1)
where AN(z) is the delay-dependent part of the total number
of signal photons detected at the interferometer output. 7, w,,
Q, R,(—9), and p(Q) denote the idler delay, the center angular
frequency of SPDC light (half of the pump angular frequency),
the detuning from w,, the amplitude reflectance of a sample,
and the phase acquired due to dispersive propagation in the
crystal and sample, respectively. I(Q2) is proportional to J (Q) =
1 M*(Q)sinh’[2r(Q)], where M(Q) and () denote the frequency-

ependent loss inside the crystal and the squeezing parameter,
assuming the parametric gains of the first and second crystals
are the same. Integration in Equation (1) is over the positive val-
ues of Q corresponding to the signal band. The negative values
of Q correspond to the idler band. The phase, p(Q2), becomes a
quadratic function due to the aperiodic poling of the crystal. The
FTS spectrum is obtained by Fourier transforming Equation (1).
The resultant complex spectrum is written as

F (wy—Q) == I(Q R, (-9Q) e " (2)

N =

where Q is limited to the signal band [0, w,]. Equation (2) shows
that the spectral intensity, |F(w, — )|, is linear in the amplitude
reflectance, |R,(—€)|. The FTS interferogram and the spectrum
are discussed theoretically in detail in Note S1 (Supporting Infor-
mation).

The upper panel in Figure 2a shows an averaged FTS inter-
ferogram with radiofrequency (RF) band-pass filtering for re-
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moving higher and lower RF components outside the target
RF region. The OPD of the FTS interferogram is calibrated
with zero-crossing resampling with the CW interferograms of
a helium-neon (HeNe) laser. We observe sinusoidal waveforms
in the centerburst of the interferogram. The dotted green line
in Figure 2b presents the FTS spectrum obtained by Fourier
transforming the interferogram shown in the upper panel in
Figure 2a. The bandwidth of the spectrum evaluated at —10-dB
intensity level is 17 THz (135 nm). We also measure an FTS in-
terferogram of a 1.55-um optical band-pass filter used in the re-
flection geometry as a sample (lower panel in Figure 2a). The
decay appears on one side of the interferogram because of the
wavelength-dependent reflectance of the sample. The solid red
line in Figure 2b shows the FT'S spectrum of the 1.55-um band-
pass filter obtained by Fourier-transforming the interferogram
shown in the lower panel in Figure 2a. The large dip in the
spectrum originates from the passband of the band-pass filter
(192 THz (1564 nm)-196 THz (1533 nm)). The (intensity) re-
flectance spectrum of the filter is obtained by squaring the am-
plitude reflectance spectrum, derived by dividing the filter spec-
trum by the mirror spectrum. Figure 2c shows the comparison of
the reflectance spectra of the filter obtained with the SU(1,1) in-
terferometer and an optical spectrum analyzer (OSA) (AQ6374,
Yokogawa). The OSA spectra (of a mirror and a filter) are mea-
sured at 2 nm spectral resolution and convoluted with a 450-GHz-
width (3.6 nm at 1550 nm) sinc function to match the instrumen-
tal spectral resolution between the two spectrometers. The slight
mismatch (by #3 nm) of the cutoff wavelengths in the SU(1,1)
interferometer case is probably because of the OPD mismatch
between the idler beam and the HeNe laser for the OPD axis
calibration.!!

Next, we demonstrate spectral-domain OCT using the SU(1,1)
interferometer. The OCT depth profile of the sample under study
is obtained by inverse Fourier transforming the spectral interfer-
ogram. We assume the sample introduces the idler delay 7 =
2Az/c, where 2Az and ¢ denote the OPD and the speed of light,
respectively. The spectral interferogram is written as

Sac (@ +Q) = J(Q) R, (—Q) cos [(w, — Q) 7 + p (Q)] (3)

The interferogram is highly chirped in frequency due to
the quadratic phase, p(€2), which should be compensated for
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Figure 3. a) Signal spectra measured at the interferometer output with different mirror positions in the sample arm. The middle and top plots are
measured at a mirror position of +40 and +80 um from the bottom one, respectively. IFFT: inverse fast-Fourier transform. b) The depth profiles of the
mirror in the sample arm for the position varied in 20-um steps. The X-axis (depth) is half of the OPD between the reference and sample arms. The OCT
peaks are obtained by inverse Fourier transforming the spectral interferograms after numerical processing. The sensitivity roll-off is due to the spectral
resolution of the visible spectrometer. The axial resolution, determined by the peak width at 50-um depth, is 11T um.

numerically using the Hilbert transform before applying the in-
verse Fourier transform. The resultant OCT peak is described as

i -n(=x) 4Q

focr (@)= | [ ST Q) R, (e - (4

where z denotes optical depth assumed to be positive. There-
fore, the waveform of the OCT peak located at Az is described
as the inverse Fourier transform of = J(Q)R,(—€), and thus, the
linewidth is dominated by the band2w1dth of the spectral inter-
ferogram. The spectral-domain OCT is discussed theoretically in
detail in Note S1 (Supporting Information).

Figure 3a shows signal spectra measured at the interferome-
ter output when a mirror was used as a reflective sample. The
middle and top plots in the figure are obtained at a mirror (in
the sample arm) position of +40 and +80 um from the bottom
one, respectively. The period of the spectral interference of the
signal spectrum varies depending on the mirror position. The
frequency chirp in raw interferograms is numerically corrected
by exploiting the Hilbert transform before applying the inverse
Fourier transform. The correction procedures are shown in the
Experimental Section. Figure 3b shows the OCT depth profiles
obtained by displacing the mirror in discrete 20-um steps, with
the depth shown in the X-axis being half of the OPD between

Lithium niobate thin film
15 um
—

0 50 100 150 200 250 360
Depth (um)

Figure 4. OCT depth profiles of a lithium niobate thin film and a cover glas
and back surfaces of the samples.
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the sample and reference arms. The peak position appropriately
changes following the mirror-position changes. The axial resolu-
tion is 11 um, which is defined by the full width at half maximum
(FWHM) of the peak at a depth of 50 um. Thus, this system can
measure sub-10-um thickness materials, accounting for the typi-
cal group index of materials (>1.3). The OCT intensity gradually
decreases as its depth increases because of the visible spectrom-
eter’s spectral resolution (1.4 nm; i.e., 0.640 THz at 370 THz).
Further, we estimate the thicknesses of a lithium niobate thin
film and a microscope cover glass using the SU(1,1) interferome-
ter. Figure 4 shows the OCT depth profiles of the samples placed
in the sample arm. The double peaks appearing in the profiles
originate from the idler-beam reflections from the front and back
surfaces of the samples. The amount of dispersion used for the
numerical chirp compensation of the spectral interferograms is
the same as in Figure 3. The intensity drop of the peak corre-
sponding to the back face of the cover glass case is due to the
sensitivity roll-off discussed in Figure 3b. The optical depths of
the lithium niobate thin film and cover glass evaluated by the
double-peak distances are 15 and 156 pm, respectively. Consid-
ering the group index of the samples (lithium niobatel®]: 2.2,
cover glass!®l: 1.5), we estimate the thicknesses of the lithium
niobate thin film and the cover glass to be 7 and 102 pm, respec-
tively, which agree well with the reference measurements shown

Cover glass
156 um

150 200 250 300

O L n
0 50 100
Depth (um)

s. The double peaks correspond to the idler-beam reflections from the front
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in Note S3 (Supporting Information, 7 and 104 um, respectively).
The spectral-domain OCT for the thickness measurement of a
sample is also discussed theoretically in Note S1 (Supporting In-
formation).

3. Discussion

We evaluate the sensitivity of the developed system. The signal-
to-noise ratio (SNR) for the 36-averaged FTS spectrum shown as
solid-red in Figure 2b is 164, where the pump power is 1 mW, the
signal power onto the photodetector is ~5 uW, and the measure-
ment time for a single-shot FTS interferogram is 67 s (OPD =
0.8 mm). It is obtained from the ratio of the peak intensity of the
FTS spectrum to the standard deviation of the spectrum where no
peaks exist. The SNR of spectral-domain OCT is estimated from
the OCT depth profile in Figure 3b, where the signal power onto
the spectrometer is ~#100 nW, the acquisition time is 50 ms, and
the number of averages is 200. We evaluate the SNR as 46 dB
following the definition of the SNR often used in OCT, which
is the decibel expression of the ratio of the intensity squared to
noise squared.[**) The SNR is derived from the OCT peak located
at 128 um depth as intensity and the standard deviation of the
region where no peaks exist (from 166 to 239 um) as noise.

The SNR of our system is dominated by the signal pulses’ rel-
ative intensity noise (RIN), which originates from thermal statis-
tics of the high-gain SPDC photons and the pulse-to-pulse inten-
sity fluctuation of the pump pulses for SPDC generation. In the
latter case, the amount of RIN depends on the pump power. FT'S
or OCT with undetected photons in the low-gain regime was per-
formed under shot-noise-limited SNRI'*?”] using highly sensi-
tive photodetectors (e.g., avalanche photodetectors). Our method
has enough signal power to be detected with moderate sensi-
tivity photodetectors, while the RIN limits the SNR. The RIN-
limited SNR remains unchanged with respect to the signal power
onto the photodetector. The effect of RIN can be suppressed by
increasing the number of modes and/or stabilizing the pump
pulses’ intensity in the future.

Compared to spectroscopy with undetected photons in the
low-gain regime, ! this method improved the average power by
two orders of magnitude with a similar spectral bandwidth of
~20 THz. Due to the use of an aperiodically poled (chirped) crys-
tal, this method also increased the spectral bandwidth by a factor
of three compared to the previously demonstrated OCT with un-
detected photons in the high-gain regime.!?”! Our system can be
improved further by modifying the setup. First, broadband twin
beams can also be generated even with a periodically poled crys-
tal by exploiting sweet spots in the group delay curve.’”! This
method can be applied to hyperspectral imaging or 3D OCT us-
ing a 2D optical sensor (e.g., a charge-coupled device (CCD) or
a complementary metal-oxide-semiconductor (CMOS) camera)
or a 2D raster scanner. In this case, the system in the high-gain
regime can use an inexpensive camera with moderate detection
sensitivity because it can have a large number of photons per
pixel. In addition, the measurement rate can be improved by in-
creasing the repetition rate of the pump source (under the suffi-
cient pump photon flux to reach the high-gain regime) and apply-
ing state-of-the-art infrared spectroscopy techniques (e.g., rapid-
scan FTS¥] or time-stretch infrared spectroscopy!®!). Further-
more, this method can be applied to multimodal spectroscopy by
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exploiting a part of the pump pulses for exciting other nonlinear
optical phenomena.[*!

4, Conclusion

In conclusion, we developed an SU(1,1) interferometer based on
broadband bright twin beams generated from an APLN crystal
strongly pumped by a pulsed light source. With this system, we
performed broadband FTS spectroscopy of an optical filter in the
reflection geometry at a spectral bandwidth of 17 THz and high-
resolution OCT of thin transparent samples with an axial resolu-
tion of 11 um. We also found the FTS-spectral and the OCT-peak
intensity measured with a high-gain SU(1,1) interferometer were
linear in the idler amplitude reflectance, while the interference
visibility was nonlinear.?! Our system allows for spectroscopy
and interferometry with undetected photons at a high average
detected power of up to 10 uW (energy per pulse: 10 nJ), which
can be detected with photodetectors with moderate sensitivity.
Meanwhile, the idler pulse energy on the sample (contributing
to the signal interference) is expected to be tens of pJ, which is
well below the typical photodamage threshold for biological sam-
ples (=1 nJ*!l but varying for different samples and the laser pa-
rameters). Our system can be beneficial for a wide range of ap-
plications that use broadband spectroscopy and high-resolution
OCT.

5. Experimental Section

SU(1,1) Interferometry: A 532-nm picosecond pulsed laser with a rep-
etition rate of 1 kHz (PL2210A-1K-SH/TH, Ekspla) was used as a pump
source for the SU(1,1) interferometer. The coherence length of the pump
laser evaluated by measuring the linear interferogram was 15 ps. The aver-
age pump power was ~1 mW (pulse energy of 1)), and the pump polar-
ization was adjusted with an HWP. The pump beam was focused onto a 5-
mm-length type-0 APLN crystal (Gooch & Housego) using an f =200 mm
lens. The poling period of the APLN crystal varied from 7.35 to 8.76 pm
along the crystal. The grating vector (defined by 2z /A, where A denotes
the poling period) varied along the crystal as the squared hyperbolic func-
tion as described in previous works.[3233] The high-gain SPDC process in-
side the crystal, pumped by the 532-nm pulsed laser, generated broadband
bright twin beams (signal: ~0.8 pum, idler: 1.6 um). The phase-matching
bandwidth expected from the poling period variation was ~70 THz,[*']
while the experimentally measured bandwidth was up to ~30 THz at —10-
dB intensity level. The pump, signal, and idler beams were spatially and
spectrally separated with a DM with a cutoff wavelength of 980 nm. The
pump and signal beams went to the reference arm and traveled back to
the same path after being reflected by an f = 100 mm spherical mirror. The
idler beam went to the sample arm and was collimated with an f= 100 mm
achromatic lens. The collimated idler beam was reflected back with a re-
flective sample and traveled back to the same path. The sample holder was
placed on a motorized stage for scanning the OPD between the reference
and sample arms. The three beams were again focused onto the APLN
crystal. The signal beam at the crystal output was reflected by a DM with
a cutoff wavelength of 650 nm, collimated with an f = 100-mm lens, and
detected with a detector. A 550-nm long-pass filter and another DM (HR:
600-900 nm, HT: 1300-2200 nm) were installed in the signal beam path
to filter out the pump and idler beams.

Detection: The time-domain FTS interferogram was detected with a
Si power meter (S130VC, Thorlabs) with RF 15 Hz low-pass filtering and
digitized with an 8-bit digitizer (USB-5133, National Instruments) with a
sampling rate of 1.53 x 103 samples s~'. The interferogram was recorded
by moving the motorized stage in the sample arm with a scan velocity

© 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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of 6 um s~'. The maximum OPD of the interferogram was 0.8 mm, cor-
responding to the stage displacement of 0.4 mm. The OPD of the inter-
ferogram was calibrated with a simultaneously measured HeNe interfero-
gram. The HeNe interferogram was measured with a conventional Michel-
son interferometer whose scanning mirror is on the same motorized
stage as the SU(1,1) interferometer. For the spectral-domain OCT mea-
surements, the signal beam was coupled into a 400-um-core multimode
fiber and detected with a visible grating-based spectrometer (AvaSpec-
ULS3648-USB2, Avantes) with a spectral resolution of 1.4 nm (0.640 THz
at 370 THz). The power coupled into the multimode fiber was attenuated
with neutral density filters. The spectral interferogram was measured at a
fixed motorized-stage position.

Data Analysis:  The FTS and the HeNe interferograms were numer-
ically RF band-pass filtered. The filtered FTS interferogram was resam-
pled at the zero-crossing points of the HeNe interferogram. The corrected
FTS interferogram was coherently averaged, zero-filled, and Fourier trans-
formed to obtain the FTS (idler) spectrum. For OCT, the measured signal
spectrum was divided by the background spectrum measured at a suffi-
ciently large OPD, whose fringes were not resolvable with the visible spec-
trometer. The DC offset of the resultant interferogram was numerically
subtracted. The dispersion appearing in the interferogram (mainly due to
the aperiodic poling of the APLN crystal) was numerically corrected by ex-
tracting the complex waveform with the Hilbert transform and adding a
group delay dispersion of —3500 fs? to the spectral phase.[?”42] The cor-
rected spectral interferogram was triangular-apodized, zero-filled, and in-
verse Fourier transformed to obtain the OCT depth profile.
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