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Harnessing the quantum interference of the pair generation processes, infrared quantum spectroscopy,
based on nonlinear interferometers with visible-infrared photon-pair sources, enables the extraction of the
infrared optical properties of a sample through visible photon detection without the need for an infrared
optical source or detector. We develop a theoretical framework for quantum Fourier-transform infrared
(QFTIR) spectroscopy. The proposed Fourier analysis method, which fully utilizes the phase information
in the interferogram, allows us to determine the complex transmittance and optical constants for a sam-
ple in a simple setup without the use of any dispersive optics for spectral selection. In the experimental
demonstrations, the transmittance spectrum of a bandpass filter and the refractive index of silica glass are
measured in the near-infrared region using QFTIR operated in a low gain regime; these results agree well
with the independently measured spectrum using a conventional spectrometer and an value estimated from
references. These demonstrations prove the validity and great potential of QFTIR spectroscopy.
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I. INTRODUCTION

Advances in infrared spectroscopic techniques over
the past half-century have made it possible to perform
fast, nondestructive material identification and molec-
ular recognition. Infrared spectroscopy has become an
indispensable tool in both science and industry, finding
numerous applications, such as product inspection, envi-
ronmental sensing, and security checking [1]. However,
conventional infrared spectrometry has technical difficul-
ties owing to the low sensitivity of detectors and low
efficiency of light sources in the infrared region.

In the last decade, the field of photonic quantum tech-
nologies has been growing rapidly. Various types of entan-
gled photon sources have been investigated [2] and applied
to quantum information [3—7] and sensing [8—14]. Among
them, nonlinear interferometers, consisting of multiple
entangled-photon sources, as demonstrated by Mandel and
his collaborators [15], have been attracting considerable
attention [16] and, for example, used for “quantum imag-
ing with undetected photons” [12]. It should be noted
that these experiments performed in a so-called “low gain
regime,” where the average photon flux is below one pho-
ton pair per correlation time of the biphotons, cannot be
described by classical theory and should be understood as
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a result of the quantum interference of the pair generation
processes [17,18].

Recently, infrared quantum absorption spectroscopy
(IRQAS) techniques based on nonlinear interferometers
operated in a low gain regime were proposed and demon-
strated by Kalashnikov et al. [19,20]. In this method, infor-
mation on optical loss and/or phase retardation of infrared
photons, caused by interactions with a sample of interest,
can be converted to a generation probability for correlated
visible photons [21,22]. This feature of IRQAS allows
us to extract infrared optical properties of the sample,
requiring only a visible light source and detectors.

In the actual implementation of IRQAS, it is impor-
tant to spectrally resolve the visible photon spectrum and
quantitatively evaluate the visibility of interferograms at
each wavelength to obtain the IR absorption spectrum.
Since photon-pair sources, usually based on spontaneous
parametric down-conversion (SPDC) in optical nonlinear
crystals [23], emit an infrared-visible photon pair with
a finite bandwidth, a measured interferogram is spec-
trally averaged if there is no spectral filtering compo-
nent. The most straightforward way to get a spectrally
resolved interferogram is to use dispersive optics for vis-
ible light to spread its spectral components in space, as
experimentally demonstrated using a spectrograph [19] or
monochromator [20].

Another possible approach is to apply Fourier analy-
sis to the nonlinear interferometric signal. Very recently,
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Lindner et al. have experimentally demonstrated that an
infrared spectrum can be inferred from a Fourier analy-
sis of interferograms measured with a nonlinear Michelson
interferometer [24]. In their experiment, the visible photon
count rate was measured as a function of the optical path
length difference between the interferometer arms, which
exhibited an interferometric fringe pattern. In their experi-
ment, the transmission spectra were obtained using Fourier
transformed interferograms with and without a sample
(polypropylene film) for the wavelength range 3.2—3.9 ym.
The results agreed well with data obtained by conventional
FTIR spectroscopy. However, while they presented the
procedure using the Fourier transformed interferogram, the
theoretical background for the procedure was not provided.
Related to this, the analysis was limited to the magnitude
of the transmittance, and the ability to obtain the complex
transmittance of the sample was not discussed.

In the present study, we develop a theoretical framework
for QFTIR spectroscopy, which provides a clear procedure
to determine the infrared spectrum via Fourier analysis of
the interferogram obtained with a nonlinear interferom-
eter operated in a low gain regime (hereinafter called a
“quantum interferogram™). Similar to conventional FTIR
spectroscopy, QFTIR spectroscopy has advantages com-
pared to dispersive (scanning) spectroscopy, such as a
high throughput, multiplexing, and wave number accuracy
[1,25,26]. In addition, direct measurement of the phase
information in a Fourier spectrum allows us to determine
the complex transmittance and, consequently, to calculate
the complex-valued optical constants for a sample, such
as the refractive index, without using a Kramers-Kronig
transformation. This is highly beneficial for material char-
acterization in the infrared region, as is well known in
time-domain spectroscopy [27,28]. We also build a non-
linear interferometer to experimentally realize a QFTIR
spectroscopy system and demonstrate a transmittance mea-
surement for a bandpass filter in the near-infrared region,
at around 1550 nm; the results show good agreement with
an independently measured spectrum using a conventional
spectrometer. We also measure a complex transmittance
for silica glass and calculate its complex refractive index
fully utilizing the phase information of the quantum inter-
ferogram. The obtained value for the refractive index coin-
cides with the literature value. Since the size of the IR light
source and IR detector have been obstacles to the minia-
turization of conventional FTIR, QFTIR requiring only a
visible light source and detectors has strong potential as a
compact and cost-effective IR spectroscopy system. These
results prove the validity and great potential of QFTIR
spectroscopy.

II. THEORY FOR QFTIR SPECTROSCOPY

In this section, we provide a theoretical basis for QFTIR
spectroscopy. First, we derive an analytical expression

for the quantum interferogram measured with a nonlin-
ear interferometer, that is, the count rate for signal photons
recorded as a function of the optical path length difference
between the signal and idler photons. Second, we show that
the Fourier transform of a quantum interferogram gives
information about the complex transmission coefficient for
the sample, from which the complex refractive index can
be directly calculated.

A. Analytical expression for quantum interferogram

Let us consider a nonlinear Michelson interferome-
ter, schematically shown in Fig. 1(a). In this setup, a
monochromatic pump light with a frequency w, passes
through a nonlinear optical crystal twice, triggering two
consecutive photon-pair generation processes. In the first
passage through the crystal, the pump photon is converted
into a photon pair via SPDC. Energy conservation requires
a correlation between the signal photon frequency, w,, and
the idler photon frequency, w;, such that their sum equals
that of the pump photon, w, = w, + w; [29]. Suppose that
the phase matching condition for SPDC is satisfied for vis-
ible (signal)-infrared (idler) photon-pair generation. The
pump and signal photons are reflected by a dichroic mir-
ror and propagate together along an interferometer arm.
They are reflected back to the nonlinear crystal by an end
mirror M;. The optical path length of this interferometer
arm is fixed at L;. The idler photon transmitted by the
dichroic mirror, spatially separated from the pump and sig-
nal photons, is sent into the other arm of the interferometer
with a variable path length. An end mirror M; reflects the
idler photon back to the nonlinear crystal. The optical path
length of the interferometer arm for the idler, L;, can be
tuned by the position of M; as L; = L? + AL; here, L? isa
reference point, where the optical path length of the idler
matches that of the signal, L? = L,, and AL is the optical
path length difference between the two arms of the inter-
ferometer introduced by the translation of M;. The sample
whose optical properties in the infrared region are of inter-
est is placed in the idler path. Then, the idler photon passes
through the sample twice. All the pump and SPDC pho-
tons are recombined in the nonlinear crystal and the second
passage of the pump light causes another photon-pair gen-
eration via SPDC. The signal photon count rate is recorded
as a function of AL as the quantum interferogram.

We follow the approach in Refs. [20,30] to describe the
generation and evolution of frequency-correlated photon
pairs in the nonlinear interferometer in a low gain regime,
where multiple photon emission can be neglected. For sim-
plicity, we assume that all the SPDC photons are generated
in a collinear geometry and there are no optical losses
within the pump and signal paths in the interferometer. A
final state for the SPDC photons is given by a superposi-
tion of two states, [y), and | ),, produced by the first and
second SPDC processes, respectively [Fig. 1(b)].
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FIG. 1. (a) Schematic of nonlinear Michelson interferometer. Photons are generated via SPDC in a nonlinear crystal. NLC, nonlinear
crystal with second order nonlinear susceptibility x ¥; M ;, end mirrors; DM, long-pass dichroic mirror. L; and L; are the optical path
lengths of the signal and idler. L? is the reference point, and AL is the optical path length difference between the interferometer arms.
(b) Schematic diagram of SPDC photon-pair generation and mode conversions in the nonlinear interferometer. The pump, signal,
and idler modes are indicated by green, blue, and red arrows, respectively. The lower illustration describes a splitter model, which
represents the optical loss and phase retardation due to a sample inserted in the idler path. At the first beam splitter (first passage
through the sample), the incident idler mode a;; is converted to a;;» on being coupled with a vacuum mode a,, which enters from the

open port of the beam splitter. Similarly, a;- is converted to a;; on being coupled with another vacuum mode a,,.

W) = ¥ )1 + |¥)2 = |vac)

+ f / dwgdwF’ (ws,wi)aj,l (ws)ajl (w;)|vac)

+ ae? // afwsa’a)iF(a)s,a),~)aj2 (a)s)a:.f2 (w;)|vac),
(1)

where |a|?> is the conversion efficiency of the SPDC
processes, F'(ws, ;) is the two-photon amplitude, which
defines the spectral profile of the generated photon pair
[31], a;rl(z)(a)s) and ajl(z)(w,-) are photon creation opera-
tors, the subindices s1(2) and i1(2) indicate spatial modes
of the signal and idler generated by the first (second) SPDC
process, respectively, |vac) is the vacuum state, and ¢,
is the phase acquired by the pump during propagation
in the interferometer arm [32]. Here, the conversion effi-
ciency |a|? is given by sinh? (gz), where g is the parametric
gain (proportional to the pump field) and z is the inter-
action length of the SPDC process [17,33]. In the low
gain regime, the conversion efficiency is much lower than
unity (Ja|? < 1). Given that the optical paths are aligned

J

such that the spatial modes of the first SPDC photons per-
fectly match those of the second SPDC photon, the relation
between photon creation operators for the signal (idler)
for the first and second SPDC can be written as follows

[Fig. 1(b)]:

a:fz = e iosls ajl , ()

ah = e {[T* @)l + @) @)al, +r* @paly),

3)

where #(; is the propagation time of the signal (idler) pho-

ton in the interferometer arms, and the acquired phases for
each mode are given by wyt; and w;t;, respectively. In Eq.

(3), the optical loss and phase retardation caused by the
sample in the idler path are described by a complex trans-
mission coefficient 7 (w;) and reflection coefficient r(w;) =
V1 — t2(w;), using the beam splitter model [34], and a,;
and a,, denote vacuum fields entering from open ports of
the beam splitters as depicted in Fig. 1(b). The signal pho-
ton count rate is given by Py = (V| EVEM| W), where
EM (1) « [ dwas(w)e™™ is the positive frequency part of
the electric field operator. From Egs. (1)~3), we obtain

EP (0|W) o / / dewsdwe™ ' F (w5, o) {[1 + et iosts=ioni o2 () ]al ()

eI )T (@)l (@) + raly ()] [vac).

“)

As the signal frequency is uniquely determined from the conjugate idler frecg ency under monochromatic excitation, the

two-photon amplitude can be rewritten as F'(wy, w;) = F'(w;)d(ws + w; — w)

Then, Eq. (4) can be rewritten as

EP0|W) « / / dwdwe™'F'(w;) (w5 + w; — w,) {[1 + e%—"ws’s—"wﬂfr*z(w,-)]ajl (w;)

+ ettt [ (o) T (wp)al | () + ’”*azz(“)i)]} |vac)
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— / da)l_e—i(wp —a)i)[F/(a)S) { [1 + ei(pp —i(wp —a)l‘)ts—ia),‘tir*z (a)l)]aj‘l (a)l)

eI ()2 ()al, (@) + raly @)]] Ivac). (5)

The signal photon count rate is given by

o0
Pooc2+ / dolF' (@) {[* (@) erier oot emion [ (@ et ien—ontsgtion ) (6)
0

where the interval of integration is indicated for the sake
of clarity. Here, we used the normalization condition for
the two-photon amplitude, f dw;|F /(a),-)lz = 1. Equation
(6) shows that the quantum interference of the photon-
pair generation processes results in a variation of the
signal photon count rate as a function of the relative phase
between the pump and SPDC photons. As the optical path
lengths of the pump and signal paths are fixed, ¢, and
t; can be considered to be constant; the idler propaga-
tion time, f;, is the only variable parameter for observing
the quantum interference. Moreover, it is indicated that
the visibility and phase of the interferometric signal are
affected by t, which represents the infrared absorption
and phase retardation caused by the sample. We note
that the frequency dependence of the transmission coef-
ficient is explicitly represented in Eq. (6), while, in Ref.
[20], T was regarded as a constant since the authors per-
formed a wavelength-selective measurement with a narrow

J

(

detection bandwidth using a monochromator, where the
chromatic change in optical constants for the sample was
negligibly small.

In conventional FTIR spectroscopy, interferograms are
typically obtained as a function of the optical path length
difference, with the wave number, k, used for spec-
tral analysis. In the following sections, we show the
use of the quantum interferogram in the same man-
ner, with the Fourier spectrum given in terms of the
wave number. The analytical expressions derived in
this section can be easily converted to the parameter
AL, using the following relations between each set of
parameters: the propagation time and path length, #, =
Ly/c, t; = (L; + AL)/c; the frequency and wave num-
ber, wy) = ckyp), where ¢ is the speed of light in vac-
uum. Using the parameters defined above, Eq. (6) can be
rewritten as

oo
PS(AL) o 2 + / dk1|F/k(k1)|2 {[_E];k(ki)]Zel'(ﬂp*i(kp7ki)Ls*ik[L?efl'k[AL + [Tk(ki)]ze*i(ﬂp+i(kp7ki)Ls+ikiL?eikaL} s (7)
0

where Fj (k) = F'(ck) and t;(k) = t(ck) are the two-photon amplitude and transmission coefficients, respectively,

represented as functions of £.

B. Fourier analysis of interferogram

In the previous section, we derive the analytical expression for the quantum interferogram. Here, we develop the
theoretical basis for the Fourier analysis applicable for IRQAS. The Fourier spectral amplitude of the interferogram at

wave number £ is defined as

Ay (k) = % / dALPy(AL) &*AL (®)

By substituting Eq. (7) into the above equation and integrating, we get the following for a positive wave number, k& > 0,

o0
As(k) x / dAL/ dkl‘eikAL|F/k(ki)|2 {[le (ki)]2ei(ﬂp*i(kp*ki)Ls*ikiL?e*ikiAL + [Tk(ki)]Ze*i(ﬂp+i(/€p7ki)Ls+ikiL?eikiAL}
0

= / kil F )17 { L G Petn =016 — ) -+ [y ) P90 0 R0t g |
0

= |F (0P[5} (e =iy —hhs it

)
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and for a negative wave number

o0
AS(—k) x / dAL f dkiefikAL |F/k(ki) |2 { [T];k (ki)]zeitpp —i(kp 7ki)Ls*ikiL? e*ikiAL 4 [Tk(ki)]ze*ﬂﬂp*H(kp 7k,')L5+ik,‘L? eikiAL }
0

oo
— / dkl'|F/k(kl') |2 { [t/:( (ki)]zei(ﬂp—i(kp —ki)Ls—ikiL?(s(k + kl) + [Tk(ki)]ze—i(ﬂp+i(kp _ki)LSJrikiL?(S(k _ kl) }
0

— |F/k (k) |2 [Tk (k)]zefi(ﬂp +i(kp 7k)Ls+ikL?

= [4,(B)]".

Here, we have omitted an integral of the constant value,
1/Q2n) [ dAL(Q2)e* L, which gives a zero-frequency com-
ponent. To extract the information about the complex
transmittance, we need to measure the quantum interfero-
gram without a sample, PE(AL), and calculate the Fourier
spectrum, A%(k) = 1/(27) [ dALP’(AL) ¢*AL. Clearly,
A%(k) is given by setting the value of the transmission coef-
ficient in Eq. (9) to 1. The ratio of the complex Fourier
spectra directly gives the complex transmittance,

A (k) /AL (k) = [ (DT, (1D
Note that the total transmission coefficient, 7 = 72,
described by Eq. (11), takes into account the double pas-
sage of the idler photon through the sample. The transmis-
sion coefficient for a single passage can be obtained by
taking the square root of Eq. (11).

Once the complex transmittance at each frequency is
determined, we can directly calculate the complex-valued
optical constants for the sample. Following the conven-
tional procedures of time-domain spectroscopy, we con-
sider the extraction of the refractive index for a slab sample
in a transmission geometry. For normal incidence of a
photon with wave number £ into a slab sample with thick-
ness d and complex refractive index N = n + ik, where
n and « are real and imaginary part of refractive index,
respectively, 7(k) for a double passage can be written as

ANGDY 7.
(k) ]2} GATkdIN (D11 (12)

Tth) = ——
*) {[I—I-N(k)

In this equation, the exponential term describes the optical
absorption and phase retardation during the passage inside
the slab sample. Substituting the experimentally obtained
values of T(k), we can determine N(k) from Eq. (12).
In the next section, we describe the experimental realiza-
tion of a QFTIR spectroscopy system and demonstrate the
refractive index measurement for a sample.

III. EXPERIMENTAL SETUP

Figure 2 depicts our experimental setup. As we consid-
ered in the previous section, the quantum interferogram is

(10)

(

obtained with a nonlinear Michelson interferometer based
on a SPDC photon-pair source. A continuous wave (cw)
laser with a wavelength of 532 nm (power 150 mW,
linewidth <1 MHz) is used as a pump. The pump light is
focused by alens L1 (f = 150 mm) into a nonlinear optical
crystal, and reflected by a dichroic mirror DM1. The pump
beam diameter is 2 mm before the focusing lens L1. For the
nonlinear crystal, we chose a 5-mol% MgO-doped LiNbO3
(LN) crystal with a thickness of 0.5 mm. We utilize
the type-1 (e — 00) collinear SPDC process for visible-
infrared photon-pair generation, where the pump light
with extraordinary polarization (e) is down-converted into
signal and idler photons with ordinary polarizations (o).
The polarization of the pump is rotated in the appropri-
ate direction for this SPDC condition by a half-wave plate,
HWP. The SPDC wavelength of the infrared idler can be
selectively tuned over a wide spectral range up to 4700 nm
by mechanical adjustment of the propagation angle of the
pump beam against the optic axis in the LN crystal [35].
The propagation angle is set at around 70°, so that the
SPDC wavelengths are phase matched at around 810 nm
(signal) and 1550 nm (idler).

After the first SPDC process, the pump and signal are
reflected by a dichroic mirror, DM2, and refocused into the
LN crystal by a concave end mirror, CM (f = 100 mm).
The idler transmitted by DM2 is collimated by a lens,
L2 (f=100 mm), and propagated along an interferome-
ter arm. An end mirror, M;, is placed on a translational
stage (FS-1050UPX, Sigma Koki), which acts as a high-
resolution feedback stage with a position repeatability of
42 nm. The optical path length, and equivalently the
propagation time for the idler, can be tuned by a trans-
lational shift in the position of M;. The sample is placed
between L2 and M; in the idler arm, then the idler pho-
ton passes through the sample twice. The idler photon is
also refocused into the crystal and recombined with the
pump and signal. The second passage of the pump causes
another photon-pair generation. As explained in the pre-
vious section, the total photon-pair emission rate depends
on the relative phase between all the photons related to
the consecutive SPDC processes. The visible signal pho-
ton leaving the nonlinear interferometer passes through
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FIG. 2. Schematic of the experimental setup. HWP, half wave plate; L1, focusing lens for the pump (f = 150 mm); L2, collimation

lens for the idler (f= 100 mm); L3, collimation lens for the signal (f = 150 mm); DM, long-pass dichroic mirror (edge wavelength
600 nm); DM2, long-pass dichroic mirror (edge wavelength 1000 nm); CM, concave end mirror; M;, end mirror; BPF, bandpass filter
(center wavelength 850 nm, bandwidth 50 nm); MMF, multimode fiber; APD, Si avalanche photodiode; S, sample (silica glass plate).
A continuous wave (cw) laser with a wavelength of 532 nm (power 150 mW, linewidth <1 MHz) is used as a pump.

a dichroic mirror, DM, and is collimated by a lens, L3
(f =150 mm), placed after DM1. A bandpass filter, BPF,
transparent to the signal wavelength, filters out unwanted
spectral components, such as the residual pump transmit-
ted by DM1 and luminescence from the LN crystal; the
bandwidth of BPF is wider than the spectral width of the
signal emission. If necessary, an iris is placed after L3
to spatially select only the center-most part of the signal
beam where the SPDC emission angle is close to perfect
collinear geometry.

The signal photons are coupled to a multimode fiber,
MMEF, and sent to a detection system for quantum inter-
ferogram measurement (dashed box 1 in Fig. 2). The
flux of the signal photons is measured by a single pho-
ton counting avalanche photodiode, APD (SPCM-AQRH-

14FC, Excelitas Tech.), and a photon counter (SR400,
Stanford Research System). The signal photon count rate,
P, is recorded as a function of AL, translating M; in
the idler path. From the obtained quantum interferograms,
measured with and without a sample, we calculate the
Fourier spectra and extract the complex transmittance
according to Egs. (8)«11). The signal photon is also sent
to a dispersive spectrometer with a CCD array detector
(SR500i + DU416A-LDC-DD, Andor, with wavelength
resolution 0.1 nm, shown in dashed box 2 in Fig. 2) to
measure the spectral profile of the signal emission. From
the obtained signal spectrum and energy correlation of the
SPDC photon pair, we can infer the center wavelength and
bandwidth of the infrared idler spectrum.

Note that we used the cw laser for pumping the crys-
tals. In this case, the conversion efficiency |a|? is given by
the number of generated photon pairs per the correlation

time of biphotons, which is about 90 fs. The number of
generated photon pairs from the crystal is estimated to
be at most 4.7 x 107 pairs/s for the pump intensity of
150 mW, considering the count rate of signal photons
2.8 x 10° counts/s and the effective total detection effi-
ciency of 6% (the quantum efficiency of the APD is 60%
and the coupling efficiency of photons to the multimode
fiber including optical loss in the system is at least 10%).
As a result, the estimated number of photon pairs per
the biphotons’ correlation time |o|? is 4.2 x 107¢ and |«|,
which is approximately equal to gz, is 2.1 x 1073, which
is much less than 1. Thus, we can conclude that our exper-
iment shown in the next section is performed in the low
gain regime.

IV. RESULTS AND DISCUSSION

A. Observation of quantum interferogram

First, we measure the quantum interferogram without
a sample. The angle of the LN crystal is adjusted such
that the signal and idler wavelengths are phase matched
at around 809 and 1554 nm, respectively. The aperture of
the iris in the signal path is set to 1.5 mm. The signal pho-
ton count rate measured by the APD is shown in Fig. 3(a)
as a function of AL. We translate M; with step sizes of
50 nm (equivalent to a change in AL of 100 nm) up to a
total scanning length, W, of 200 ym. The photon count is
integrated over 300 ms for each step. The inset of Fig. 3(a)
is an expanded plot of the same data around AL = 0. The
origin of the optical path length difference is defined as the
position where the interference fringe takes the maximum
value. The periodicity of the interferogram is estimated to
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FIG. 3. (a) Quantum interferogram
with signal and idler wavelengths of
809 and 1554 nm, respectively. The
inset shows the expanded plot around
AL = 0 nm. (b) Signal emission spectra
measured with AL = 0nm is denoted
by the red line, and 800 nm, denoted by
the blue line. The light gray line shows
an emission spectrum measured with
the quantum interference suppressed by
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be around 1550 nm, as expected from Eq. (7), coincident
with the center wavelength of the idler.

We also investigate how quantum interference affects
the signal photon generation in the spectral domain. In
Fig. 3(b), the light gray plot shows the signal emission
spectrum when the quantum interference of the SPDC
processes is completely suppressed by blocking the idler
photon generated via the first SPDC (the i1 mode photon).
To remove unwanted fluorescence from the LN crystal
and stray light, we perform a background measurement,
rotating the pump light polarization by 90° to suppress
the SPDC emission, and subtract the background spectrum
from each measurement of the signal spectra. The cen-
ter wavelength of the signal is located at 809 nm and the
bandwidth (full width of half maximum) is about 10 nm.
Next, we introduce the i1 mode idler photon into the non-
linear crystal to observe the quantum interference. Then,
the signal emission spectra are measured at AL =0 nm
(red line) and 800 nm (blue line), which approximately
correspond to the bright and dark fringe positions in the
interferogram [Fig. 3(a)], respectively. It is clearly seen
that the whole signal spectrum is drastically modulated
depending on AL. At the center wavelength, the visibility
of the spectral modulation reaches 80%. This result indi-
cates that all the spectral components of the signal photon,
ranging from 800 to 820 nm, are involved in the nonlinear

820 840 blocking the idler path.

Signal wavelength (nm)

interference, and the spectral coverage of the IRQAS can
be determined from the bandwidth of the measured signal
emission spectrum, which is expected to be much larger
than 100 cm~! in wave number units.

B. Transmittance measurement using QFTIR
spectroscopy

Next, to demonstrate a transmittance measurement by
QFTIR spectroscopy, we measure the transmittance of
a bandpass filter (BFH1550-12, Thorlabs, with a center
wavelength of 1550 nm and bandwidth of 12 nm). In these
measurements, the step size is set to 100 nm (equiva-
lent to a 200 nm step of AL) and W is set to 2000 and
200 um for the signals with and without the sample,
respectively. The photon count is integrated over 50 ms
for each step. The sample is inserted in the idler path.
Figure 4(a) shows interferograms taken with and without
the sample, P;(AL) and Pg(AL). The peak position of the
interferogram with the sample (sample signal) is shifted
by about 2000 ym compared to that without the sam-
ple due to phase retardation. Discrete Fourier transforms
(DFTs) of the interferograms are performed based on the
fast Fourier transform algorithm. To perform Fourier trans-
forms of the signals in the same transform window, the
signal without the sample is extended to a total data length

-1500 -1000 -500 0

(c)

Transmitttance

» T 50F
2 1ol (@ IR )
S £ 40t
&z 5
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FIG. 4.

O 1
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Wave number(104 cm 1)
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(a) Waveforms and (b) magnitudes of Fourier spectra of quantum interferograms with and without the sample (bandpass

filter, BFH1550-12, Thorlabs) denoted by red and blue lines, respectively. (¢c) Magnitude of transmittance of the sample measured by
QFTIR spectroscopy (solid red circle) and measured by conventional dispersive spectrometer (UV-3600 Plus, Shimadzu Corp.) (black

line).
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red circle) and with the
sample (open blue circle).
(c) Phase retardation (upper

Wave number (104 cm_1)

of 2000 4m by padding additional data points. To extrapo-
late the dc offset of the signal, the value of the padded data
is determined by the average of the signal data (without the
sample) over a scanning range of AL=—100 to —70 um.
In a DFT, the wave number resolution Ak is determined
by the inverse of the width of the transform window, that
is, Ak = 1/W =5 cm~'. The magnitudes of the obtained
complex Fourier amplitudes, |4;| and |A2|, are plotted in
Fig. 4(b). The center wave number of the spectrum without
the sample is located around 6435 cm™!, corresponding to
an idler wavelength of 1554 nm, and the detection band
spans from 6300 to 6600 cm~!. Figure 4(c) shows the
transmittance of the sample obtained by taking the ratio
of |4y| to |Ag|, which is in good agreement with a trans-
mittance spectrum measured by a conventional dispersive
spectrometer (UV-3600 Plus, Shimadzu Corp.) in terms of
the magnitude and bandwidth.

C. Complex transmittance measurement and
estimation of complex refractive index using QFTIR
spectroscopy

Finally, we experimentally demonstrate that QFTIR
spectroscopy enables complex transmittance measurement
and the extraction of complex-valued optical constants.
We apply the analytical method involving the phase infor-
mation described in the previous section to determine the
complex refractive index for a sample of silica glass (thick-
ness 158 + 4 um; the error is the standard deviation of the
thickness measurements). The iris in the signal path is fully

~ 40 1.51 4 panel) and magnitude of the
§ (c) (d) T 5x10 transmittance (lower panel)
= 20 1.501, a4 of the sample. (d) Complex
> . :

2 o 149l 4_’ 13 refractive index for the
10k s I s sample calculated from the
~ : ° -2 = transmittance data in (c).

Lo oot OO 00 o o 1.48}¢ g . .
g >~0-0 : —> 41 - Real and imaginary parts
2 o8l 7 of the complex refractive
% 1.47 [0~ 000000000000 q 1 index are denoted by solid
= . . ! L : . red circles and open blue
0.63 0.64 0.65 0.66 0.63 0.64 0.65 0.66 circles, respectively.

Wave number (104 cm_1)

open and there is no spatial selection of the signal modes
in the following measurements. Figures 5(a) and 5(b) show
the waveforms and magnitudes, respectively, of Fourier
spectra of the interferograms taken with and without the
sample. Here, the step size is set to 100 nm (equivalent
to a 200 nm step of AL) and W is 400 um. The photon
count is integrated over 50 ms for each step. As shown
in Fig. 5(a), the peak position of the interferogram with
the sample (blue line) is shifted by approximately 150 ym
compared to that without the sample (red line), due to the
phase retardation caused by the sample. To measure the
whole waveform of the interferogram within the scanning
length of 400 um, the start position of the AL scan for the
sample signal is shifted by 140 um. To perform Fourier
transforms of the signals in the same transform window so
that the spectra share a common phase origin, the inter-
ferogram signals are extended to a total data length, W, of
680 um by padding additional data points. The value of the
padded data is determined by the average of the signal data
(without the sample) over a scanning range of AL = 145 to
275 pm. The magnitudes of the obtained complex Fourier
amplitudes are plotted in Fig. 5(b). Note that the wave
number resolution is essentially determined by the original
data span (400 um), that is, Ak = 1/W = 25 cm™!, while
the data spacing in the spectral plots [Fig. 5(b)] is a bit finer
because of the data padding, AKX’ = 1/W =14.7cm™!.
From the obtained Fourier spectra, we calculate the com-
plex transmittance, 7 = 72, according to Eq. (11). Figure
5(c) shows the magnitude of the complex transmittance,
|T|, and the phase retardance, arg 7. Since the phase values
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for each complex Fourier amplitude, arg 4, and argA°,
are given in the regions —7 < arg 4, arg4°? < 7w, arg T =
arg A, — arg A% is also given as a wrapped phase spectrum,
-2 < arg T < 2mw. We unwrap the spectrum as a mono-
tonically increasing function by adding integer multiples of
2/ to (or subtracting from) the original data. Figure 5(d)
shows the refractive index N (k) for the silica glass plate
from the measured complex transmittance [Fig. 5(c)] and
Eq. (12). At the peak wave number of the Fourier spectra,
k= 6440 cm~! (1550 nm), the real part of N is estimated to
be 1.50 £ 0.02, which is in good agreement with the litera-
ture value (1.506 at 1550 nm) [36], and the imaginary part
is 1.9 (4+0.1/—0.4) x 1073, which is fairly close to zero as
expected from the fact that the silica glass is transparent in
this spectral region. Here, the errors in NV are estimated by
taking into account the uncertainty of the sample thickness
d (158 & 4 um). It should be mentioned that, while spectral
coverage in a single measurement is limited to 300 cm™!,
determined by the bandwidth of the SPDC emission from
the nonlinear crystal, the center wavelength of the detec-
tion photon can be tuned over a wide spectral region; for
example, in the case of LiNbOj, the detection wavelength
can be extended up to around 4.7 um [35].

V. CONCLUSION

In conclusion, we have developed the theoretical frame-
work for QFTIR spectroscopy and experimentally con-
firm the validity of the method. The analysis method
allows us to measure the complex transmittance of a sam-
ple and calculate the complex-valued optical constants
without using a Kramers-Kronig transformation. Using a
nonlinear Michelson interferometer with an SPDC-based
visible-infrared photon-pair source, we observe a quantum
interferogram with high visibility spectrum modulation,
reaching 80% at a signal wavelength of 809 nm. We have
demonstrated the transmittance measurement of a band-
pass filter by QFTIR spectroscopy in the near-infrared
region around 1550 nm (6440 cm~!), and have found
that the obtained transmission spectrum is in good agree-
ment with that measured with a conventional dispersive
spectrometer. Finally, we have performed a complex trans-
mittance measurement of silica glass and calculate its
complex refractive index, fully utilizing the phase informa-
tion of the quantum interferogram. The obtained value for
the refractive index coincides with the literature value. The
spectral coverage of QFTIR spectroscopy is estimated to
be larger than 300 cm™' and a typical value of the spectral
resolution is 25 cm~! in our setup. Owing to the multi-
plexing nature of Fourier transform spectroscopy, QFTIR
spectroscopy does not require dispersive optics and array
detectors. Since the IR light source and the IR detec-
tor have been the obstacles for the miniaturization of the
conventional FTIR, QFTIR requiring only a visible light
source and detectors without dispersive optics has a strong

potential as a compact and cost-effective IR spectroscopy
system.

The detection bandwidth can be significantly improved,
combined with a broadband photon-pair source [37,38].
The operating wavelength of QFTIR spectroscopy could
be extended to the mid- and far-infrared regions by choos-
ing a suitable nonlinear crystal as the photon-pair source
[39—42]. Our method can be applied to a variety of quan-
tum spectroscopy systems, such as those based on a
Mach-Zehnder nonlinear interferometer, with minor mod-
ifications, and is also applicable for infrared hyperspectral
imaging [43].

It may also be interesting to explore the quantum to clas-
sical transition of the proposed optical system when the
nonlinear gain is increased. Our simple analysis based on
Ref. [17] suggests that in the high gain regime (gz > 1),
the visibility V(T) of the interference converges to that
predicted using classical theory, but V(T) shows nonlinear
behavior and the slope of V(7) at the optical transmittance
T=1 is 0, suggesting that the interferometer is insensi-
tive to a small absorption, which is in clear contrast to our
QFTIR where V(T) is linear between 7=0 and 1. [As Eq.
(6) indicates, the visibility of the quantum interferogram P;
is linearly dependent on the transmittance | 7| = |7 |* in the
low gain regime.] However, the details of the gain depen-
dence of the sensitivity is beyond the scope of this paper
and left for future investigation.
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