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Interferometric spectroscopy with undetected photons (ISUP) utilizing quantum mechanically path-
entangled photon pairs has received considerable attention as an optical-measurement platform. Recently,
we carried out a proof-of-concept experiment to show that ISUP can be used to measure the transmission
spectrum of a Fabry-Perot resonator. Here, we demonstrate that ISUP with dual stimulated parametric
down-conversion (StPDC) processes, which allows us to perform infrared rovibrational spectroscopy with
visible photons. In our ISUP method, quantum coherence between two independent signal photons from
each StPDC crystal is induced by the indistinguishability of conjugate idler fields and results in high
visibility of the signal single-photon interferometry at the nondegenerate wavelength. If the seed-beam
intensity is imbalanced due to the sample absorption, the corresponding envelope modulation of the inter-
ference fringe as a function of the seed-beam frequency reveals the absorption spectrum of the optical
sample. As a proof-of-principle experiment, the full rovibrational transmission spectrum at 1550 nm of
the hydrogen cyanide (H13C14N) molecules in a gas cell is measured from the single-photon interfer-
ence fringe of the signal fields at 807 nm. We thus anticipate that the single-photon ISUP technique with
dual StPDC crystals will find broad use for the development of high-resolution atomic and molecular
spectroscopy with undetected photons.
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I. INTRODUCTION

Various platforms for precision optical measurements
utilizing quantum-entangled photon pairs have been devel-
oped over the past few decades for quantum spectroscopy
[1–6], imaging [7–10], and metrology [11]. In particu-
lar, a pair of path-entangled photons from two sequential
parametric down-conversion (PDC) processes that exhibits
an induced single-photon quantum coherence has been
used in various quantum erasing experiments without
necessitating heralded detection [3,4,7,12–17], contrary to
the conventional two-photon interference measurements
by coincidence detection. Then, the introduction of an
optical material (sample) to one arm of the idler path
would alter the degree of indistinguishability of the idler
fields generated from two PDC crystals in phase-sensitive
single-photon interferometry (SPI) [3,7,12,13]. As a result,
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the spectral information about the sample can be mea-
sured in SPI, consisting of the conjugate signal photons
that never interact with the sample. This single-photon
interference-based spectroscopy technique enables one to
measure either the amplitude or phase changes of the
idler field that interacts with materials through controlling
the degree of which-way information without any tem-
poral correlation detection of entangled signal-and-idler
photon pairs. For infrared spectroscopy of CO2 gas with
visible light, for example, Kalashnikov et al. have investi-
gated a proof-of-concept experiment based on the induced
single-photon interference of frequency-entangled visible
photons by using two cascaded spontaneous parametric
down-conversion (SPDC) crystals [3]. The spectral resolu-
tion of the SPDC-based quantum spectroscopy, however,
is limited in principle by the inherent broad bandwidths
of the generated idler and signal fields. Thus, spectro-
scopic detection of the individual rovibrational transition
of the gas-phase molecules with this method is technically
tricky [3,12]. Thus, a spectroscopy method in SPI with
high-resolution capability would find broad applications
for atomic and molecular spectroscopy in various phases.

Recently, we demonstrated high-resolution interfero-
metric spectroscopy with undetected photons (ISUP) with
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dual stimulated parametric down-conversion (StPDC) pro-
cesses by employing a Fabry-Perot resonator as a test
optical sample [4], where the line width of the seed
laser limits the frequency resolution. In Ref. [4], the
single-photon coherence of the signal photons is induced
by erasing the which-way information of the conjugate
idler photons via indistinguishability of the single-photon-
added coherent states of two idler fields at the lim-
its of the high seed-beam photon number (ni = |αi|2 �
1) and ultralow coupling of the pump beams [14,15].
This is in sharp contrast to the previous ISUP method
with dual SPDC crystals, where the single-photon coher-
ence is induced by erasing the which-way information of
the idler fields at the single-photon level through align-
ing them collinearly [3,7,16,17]. Furthermore, our dual-
StPDC-based ISUP method differs from the other optical-
measurement techniques based on optical-frequency con-
version [18–22], because our method uses quantum-
correlated signal-idler photon pairs, where the entangled
signal photons from different StPDC sources generate
an interference fringe with unit visibility and its phase
is modulated by the optical sample interacting with the
seed beam. In the present work, we apply our pro-
posed ISUP method with dual StPDC crystals for the
high-resolution rovibrational spectroscopy of H13C14N
molecules in a gas phase. This experiment demonstrates
that the proposed ISUP method indeed has a high-
resolution capability, such that it is able to detect each
individual rovibrational transition line of molecular gas,
overcoming the spectral-resolution limit of the SPDC-
based ISUP techniques. We anticipate that our proposed
ISUP method can find further use for tomography and
microscopy with undetected photons [23] at the single-
photon level [24].

II. OPERATION PRINCIPLE OF ISUP

In this section, we describe the operation principle of
the proposed ISUP with dual StPDC crystals. As illus-
trated in Fig. 1(a), our ISUP setup mainly consists of two
parts, i.e., the detection section (dotted box) in which two
StPDC crystals pumped by the same optical frequency
comb (OFC) generate independent signal photons for SPI,
as well as the spectroscopy section (solid box), in which an
optical sample (H13C14N gas) interacts with the frequency-
tunable laser (seed). The extended optical layout of the
experimental setup is described in Fig. 4 of Appendix
A and the theory of SPI with dual StPDC crystals is
described elsewhere [4,14] and summarized in Appendix
A. Here, we briefly explain the main features of the SPI
with dual StPDC crystals. Two nonlinear crystals (peri-
odically poled lithium niobate, PPLN) are pumped by an
OFC at the center wavelength of 530 nm with the optical
bandwidth of 2.6 nm (10-ps pulse width), which is gener-
ated from the frequency doubling of a 1060-nm Yb fiber
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FIG. 1. (a) A schematic diagram of the interferometric spec-
troscopy with undetected photons (ISUP). Path-entangled and
nondegenerate signal-idler photon pairs are generated from two
identical PPLN crystals to form single-photon interferometry
with signal photons (dotted box). Electric fields and optical spec-
tra for the pump, idler (seed), and signal fields are depicted in
(b) and (c). The pump beam, with amplitude Ep and center fre-
quency ωp , is an optical frequency comb (OFC) with a repetition
frequency fr, while the seed beam, with an amplitude Ei and fre-
quency ωi, is a continuous coherent laser. Then, the signal fields,
of amplitude Es and center frequency ωs, have discrete frequen-
cies satisfying the frequency relation ωi + ωs,m = ωp ,m, where m
is the mode number of the OFC. In an experiment with |�L| �= 0,
only one of two seed beams interacts with the molecular sample
(solid box), H13C14N, in the gas phase.

OFC with a repetition frequency, fr, of 250 MHz and a
carrier-envelope-offset frequency, fceo, of 20 MHz. These
2 rf degrees of freedom of the OFC are phase locked to the
reference frequencies from a GPS-disciplined Rb atomic
clock. The PDC efficiency at the pump and seed powers
of 3 mW and 2.5 μW, respectively, is very low. Thus the
resulting signal field at the output of two StPDC crystals
can be safely described as a single-photon state [4,14].
With these pump parameters, the detected single-photon
count rate is measured to be 3 × 107 photons per sec-
ond by using a single-photon-sensitive two-dimensional
CCD array detector (EMCCD), which corresponds to 0.1
photons per pulse. As illustrated in Fig. 1(b) in the time
domain and in Fig. 1(c) in the frequency domain, the
train of generated signal pulses also consists of multi-
ple discrete-frequency components, fs,m = mfr + fceo − fi,
with m denoting integers. In other words, each comb com-
ponent of the pump OFC with mode number m and the
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FIG. 2. (a) The photon count
per 10 ms without an optical sam-
ple versus the frequency scan time
�T with |�L| = 0.52 m. (b) The
oscillation frequency versus the path-
length difference |�L| for |�L| =
{0.37 m, 0.52 m, 0.64 m, 1.66 m}. (c)
The same as (a) but with |�L| = 1.66 m
in the presence of HCN molecules.
Here, ωi is tuned across the P16 rovi-
brational line (λ = 1554.590 79 nm)
and �ν = 9.26 MHz per 10 ms. The
envelope (green line) is altered by the
absorption of the H13C14N molecu-
lar resonance. (d) The transmittance
spectrum (open square) of the P16
rovibrational transition retrieved from
the interference fringe in (c); the solid
line is its Voigt fit (R2 = 0.92).

monochromatic seed field with a frequency of fi gener-
ates single photons with a discrete spectrum satisfying
the type-0 phase-matching condition and energy conser-
vation of the StPDC process. Thus, the signal photons also
form an OFC at the single-photon level in the frequency
domain and a single-photon pulse train in the time domain
[14,24].

Let us next consider the spectroscopy section depicted
in the solid box of Fig. 1(a). The frequency-tunable seed
beam with a narrow line width of approximately 10 kHz
is split into two paths by a 50:50 fiber beam splitter
and the upper seed beam interacts with the optical sam-
ple, i.e., H13C14N molecules in a fiber-coupled gas cell
at 25 Torr and room temperature. Then, each seed beam
is transferred to the detection section through 5-m-long
polarization-maintaining optical fiber and used to stimulate
idler photons at each PPLN crystal. Also, the seed-beam
path-length difference �L = Lu − Ll can easily be made
asymmetric by adjusting the upper-path fiber length Lu or
lower-path fiber length Ll; thus |�L| gives an additional
degree of freedom that changes the phase-variation speed
of the SPI [see Eq. (1) and Fig. 2], which can be adjusted to
optimize the measurement efficiency of our ISUP method.
In the experiment, the frequency of the injected seed beam
can be scanned either discretely with a frequency step of
50 GHz or continuously within the range of ± 25 GHz.
Thus, within the continuous-frequency-tuning range with
a constant tuning rate η, the angular frequency of the seed
beam can be written as ωi(t) = 2π(f 0

i + ηt), where f 0
i

is the step-scanned laser frequency in an interval of 50
GHz. Then, when �L �= 0, a linear phase variation asso-
ciated with the linear frequency tuning of the seed field is

given by

�φi(t) = 2πηt�Ln/c, (1)

where c is the speed of light and n is the refractive index
of the fiber. Thus, the total phase difference can be writ-
ten as �
i(t) = �φi0 +�φi(t), where �φi0 includes all
other time-independent phase differences associated with
the seed path difference. As will be shown below, this lin-
ear phase difference between the idler (seed) fields at each
PPLN crystal results in the fast oscillation of the single-
photon interference fringe generated by superposed signal
fields from each PPLN crystal.

Then, the single-photon count Rs per integration time�t
of the interference fringe at the detector in Fig. 1 may be
written as (see Appendix A) [14–16]

Rs(�T) ∝ I1
[|α(ωi)|2 |T(ωi)|2 + 1

] + I2
[|α(ωi)|2 + 1

]

+ 2 |α(ωi)|2
√

I1I2 |T(ωi)| cos [�φi(�T)+�φ0] ,
(2)

where �T = n�t is the frequency scan time, n is an inte-
ger, Ij is the pump-beam intensity, and |α(ωi)|2 is the
average number of photons of the seed beam. It is noted
that the phase of the interference fringe in Eq. (2) can
be altered by two terms: the phase difference �φi(�t)
of Eq. (1) as well as �φ0 = �φp0 +�φs0 +�φi0, a sta-
tionary phase factor associated with the constant pump,
signal, and seed path-length differences. From Eq. (2),
the visibility V of the single-photon interference fringe is
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given by

V = 2 |T(ωi)| |α(ωi)|2
|α(ωi)|2 + |T(ωi)α(ωi)|2 + 2

, (3)

when I1 = I2, i.e., the same pump-beam conditions for
two StPDC crystals with the seed-beam photon num-
bers |T(ωi)α(ωi)|2 and |α(ωi)|2, respectively, at the upper
and the lower PPLN crystals. This result shows that the
measured fringe visibility depends not only on the trans-
mission coefficient |T(ωi)| of the optical sample but also
on the average number of photons |α(ωi)|2 of the input
seed beams [14]. The latter dependence can be under-
stood by noting that the quantum state of the photon pair
becomes a maximally path-entangled single-photon state
as |α(ωi)|2 → 0, which causes the visibility of the single-
photon interference fringe to be zero. In the experiment,
we choose |α(ωi)|2 ≈ 100 per pump-pulse duration of 10
ps [4] to make V(�ωi) = 1, in principle, at the idler fre-
quency far off from the molecular resonance frequency ω0,
i.e., |�ωi| = |ωi − ω0| � 0.

III. MOLECULAR ROVIBRATIONAL
SPECTROSCOPY WITH UNDETECTED

PHOTONS

Now, we present the experimental demonstration of
our ISUP method with dual StPDC crystals for rovibra-
tional spectroscopy using the setup in Fig. 1(a) (see also
Fig. 4). If we take into account the experimental conditions
for ISUP, i.e., equal pump-beam intensities (I1 = I2) and
single-photon interference with high visibility (|α(ωi)|2 �
1), we have the single-photon counting rate from Eqs. (2)
and (3) as

Rs(�ν)� R0

4
[
1+ |T(�ν)|2] {1+V cos [�φi(�ν)+�φ0]},

(4)

where�ν = η�t is the frequency step per integration time
�t and R0 ≈ 1.25 × 108 is the measured single-photon
count per second [see, e.g., Fig. 2(a)]. From Eq. (4), we see
that Rs(�ν) ≈ R0/2 {1 + V cos [�φi(�ν)+�φ0]}, when
there is no optical sample or |�ωi| � 0, i.e., |T(�ν)| = 1.
To verify that our SPI has a high phase sensitivity for fixed
η and �L without an optical sample, we measure Rs with
respect to the seed-frequency scanning time �T, as shown
in Fig. 2(a). We find here that the oscillation frequency of
the signal Rs(�T) is proportional to �L as expected from
Eqs. (1) and (4) and confirmed experimentally in Fig. 2(b).
From Fig. 2(b), it becomes clear that the phase sensitivity
of our frequency-comb SPI can be enhanced with a longer
path-length difference |�L| for a given scan rate.

After the optical sample is inserted, we again measure
Rs as a function of �T, when the seed-beam frequency

is tuned across the P16 rovibrational transition of the
H13C14N molecules (λ = 1554.590 79 nm) as shown in
Fig. 2(c), with |�L| = 1.66 m. In Fig. 2(c), the frequency
scan rate η is set to be 0.926 GHz/s. Thus, the frequency-
tuning step �ν per integration time of 10 ms is 9.26 MHz.
Notably, the scanning time- or seed-frequency-dependent
envelope of the fringe (green line) is altered by the pres-
ence of the optical sample. This is because the intensity
attenuation of the seed beam by the absorptive HCN
molecules in the gas cell modulates the distinguishabil-
ity of the quantum-entangled signal fields in the upper
and lower paths of our frequency-comb SPI. In order to
extract the spectral information |T(�ν)|, we first deter-
mine the visibility Vm at |�ωi| � 0 from Eq. (4) and
Fig. 2(c), i.e., Vm = (Rs,max − Rs,min)/R0 ≈ 0.88, where
Rs,max(Rs,min) is the maximum (minimum) value of Rs(�ω)

at the far-off detuning frequency. The measured visibil-
ity Vm is slightly off from unity due to the insertion of
the sample cell. Then, we can measure |T(�ν)| from the
measured values of Rs(�T) near resonance, i.e., �ωi ≈ 0,
from the relation |T(�ν)| =

√
2/R0

(
Rs,max + Rs,min

) − 1.
To get the fine transmission spectrum, however, it is also
possible to find |T(�ν)| by fitting the experimental data
in Fig. 2(c) with Eq. (4) near the molecular resonance fre-
quency with V = Vm. The transmittance spectrum of the
P16 line retrieved in this way is shown in Fig. 2(d) (open
square) and the solid line is its Voigt fit.

The experimental results in Fig. 2 demonstrate the
capability of our ISUP method with dual StPDC crystals
for high-resolution rovibrational spectroscopy with unde-
tected photons. Specifically, it measures the complex near-
IR susceptibility of molecular systems with high phase
sensitivity having a frequency-converted single-photon
counting feature, e.g., the seed-beam absorption at approx-
imately 1550 nm is directly transferred to the interference-
fringe modulation of the signal SPI at approximately 810
nm. This wavelength-converted counting capability of our
dual-StPDC-based ISUP method enables us to measure
the entire vibrational spectra of the H13C14N molecular
gas by merely tuning the seed-beam frequency across
the whole wavelength span of the HCN rovibrational
transitions.

In Fig. 3, we summarize the ISUP-measured com-
plete transmission lines belonging to both the R and P
branches of the H13C14N rovibrational transitions in the
wavelength range from 1528 nm to 1566 nm. The cen-
ter wavelength of the StPDC-generated signal field varies
from 801 to 812 nm when we tune the seed-beam wave-
length (see Fig. 5). This result is understandable from the
fact that the wavelengths (frequencies) of the tunable seed
and the generated signal beams from the phase-matched
PPLN crystal are anticorrelated when the spectrum of
the pump beam is fixed (see Appendix C). The entire
spectrum in Fig. 3(a) results from the reconstruction of

014045-4



MOLECULAR ROVIBRATIONAL SPECTROSCOPY... PHYS. REV. APPLIED 14, 014045 (2020)

FIG. 3. (a) The complete rovibrational transmission spectra of H13C14N molecules measured with a 16.5-cm gas cell at 25 Torr and
room temperature. The blue and red dots are, respectively, measured by the ISUP method and conventional spectroscopy. The peak
frequency of each rovibrational line is calibrated from NIST SRM2519a for H13C14N molecular gas in a 15-cm gas cell at a pressure of
25 Torr (solid green line). The spectrum shown in (a) is constructed from 50 separately measured spectra. (b) The expanded spectrum of
the R8 (λ = 1536.704 nm) and P16 (λ = 1554.59079 nm) lines with line widths of 2.8 GHz and 2.2 GHz, respectively. The solid blue
and dashed red lines are Voigt fits (R2 = 0.97 and 0.96 for R8 and P16, respectively) and the green dotted lines are from SRM2519a.

more than 50 rovibrational lines measured separately by
changing the center frequency of the seed beam with an
interval of 50 GHz. The blue dots in Fig. 3 are the mea-
sured ISUP spectrum and the red dots correspond to the
spectrum independently measured for comparison using a
conventional spectrometer, meaning here that the probe
and detection wavelengths are the same, with the same
seed laser and a photodetector with high sensitivity at
1.5 μm. The center wavelength of each line is calibrated
to that from the NIST SRM2519a(15-cm H13C14N cell at
25 Torr and room temperature) [25]. Two representative
rovibrational lines, R8 and P16, are shown in Fig. 3(b)
and they have signal-to-noise ratios of 15 and 10, respec-
tively. The measured line widths of 2.8 GHz for R8 and
2.2 GHz for P16 lines originate from the convolution
of homogeneous pressure broadening and inhomogeneous
Doppler broadening (approximately 450 MHz). To further

compare our experimental results with the NIST SRM data
at different pressures, we measure the same rovibrational
line, P16, at two different pressures, i.e., 25 Torr and 100
Torr, with the same cell length of 16.5 cm (Appendix E).
They are in quantitative agreement with the SRM data
as well. It should be pointed out that not only are the
line widths of the transmission lines at the same pres-
sure and temperature across the whole R and P branches
of the rovibrational transitions of the H13C14N molecules
in Fig. 3 but the absorption strength of each transition
line agrees well with that of the SRM data. Thus, from
the experimental results in Fig. 3, it becomes clear that
the dual-StPDC-based ISUP technique demonstrated in
this work presents rovibrational-resolved molecular spec-
troscopy with undetected photons in the gas phase and
has the potential to be used for high-resolution atomic and
molecular spectroscopy covering various spectral ranges
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by the wavelength-converted detection technique at the
single-photon level.

IV. FEATURES OF ISUP

Finally, we want to emphasize the features of our ISUP
method for the rovibrational spectroscopy compared to
other approaches. First, our ISUP method demonstrated in
the present work has a high-frequency resolution limited
only by the line width of the seed laser. It can be under-
stood by noting that we use a narrow-band seed laser in an
idler mode near 1.55 μm to stimulate the two PDC pro-
cesses to generate two independent single-photon sources
in the signal mode near 807 nm for interferometric detec-
tion of undetected photons by the induced coherence (see
Fig. 1), which is substantially different from other meth-
ods. For example, the Krivitsky group [3] have employed
two spontaneous PDC processes for IR spectroscopy with
undetected photons. This difference in the way of gen-
erating two pairs of signal-idler photons, i.e., stimulated
PDC with two (pump and seed) lasers versus spontaneous
PDC with just one (pump) laser, makes some huge dif-
ferences: (i) an improvement of the PDC efficiency via
induced emission in the low pumping limit, by a few orders
of magnitude, (ii) an enhanced frequency resolution with
a narrow-band seed laser, (iii) the possibility of remote
spectroscopy due to the separability of the measurement
and probing parts of our setup, and (iv) controllability of
the signal photon interferometry from the classical to the
quantum regime via adjusting the power of seed beam
in an idler mode. Thus the generated idler field in our
case is a single-photon-added coherent state (SPACS),
whereas that in the work of the Krivitsky group is a one-
photon Fock state. Thus, the experimental details of our
approach are significantly different from those reported
by the authors of Ref. [3]. In addition, our ISUP method
has an enhanced SNR due to the common noise cancel-
lation in the single-photon interferometry involving two
identical StPDC crystals. The induced coherence between
a pair of signal photons from two independent StPDC
crystals originates from the statistical indistinguishabil-
ity of the SPACS of the conjugated idler photons at the
limit of the high coherent amplitude of the seed beam.
For high-resolution rovibrational spectroscopy, we contin-
uously scan the wavelength of the seed beam across each
rovibrational molecular transition and then the modulated
visibility of the single-photon interference fringe due to
the molecular absorption reveals the molecular-absorption
spectra. Furthermore, we use an optical-frequency comb as
the pump source for the two StPDC crystals and a narrow-
line-width seed beam at the idler wavelength, resulting in
the optical-frequency comb at the signal wavelength, con-
sisting of a few photons per mode. This frequency-comb
signal field [14] could be of use for the development of
quantum OFC spectroscopy in the future.

V. CONCLUSION

In summary, we demonstrate rovibrational spectroscopy
with undetected photons for H13C14N molecules in the gas
phase. In the proposed ISUP technique, we use an opti-
cal frequency comb as the pump source and a coherent
cw laser as the seed and spectroscopy beam at the idler
wavelength for two StPDC crystals to generate quantum-
correlated signal photons for the SPI operating at the
nondegenerate visible wavelength. The differential absorp-
tion of one of the seed beams by the H13C14N molecules,
depending on the seed-beam frequency, results in the high-
resolution measurement of the individual rovibrational
spectrum. We anticipate that the efficient single-photon
detection by the greatly enhanced single-photon emission
rate in the dual-StPDC-based ISUP method beyond the
spectral range specific to the optical material will be of
particular use for the development of frequency-resolved
spectroscopy and microscopy with undetected photons.
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APPENDIX A: THEORY OF THE ISUP METHOD
WITH DUAL STPDC CRYSTALS

In a SPDC process, a two-mode squeezed vacuum state,
i.e., a well-known photon-number entangled state, is gen-
erated [26,27]. Because the conversion efficiency of the
SPDC process is extremely low in the weak-coupling
regime, it is safe to ignore all the multiphoton-generation
events except for the generation of a single pair of signal-
and-idler photons. In the present work, we consider a
stimulated PDC (StPDC) process in the weak coupling
limit, where the pump is down-converted by the stim-
ulation process, with a coherent seed beam in the idler
mode. Then, the signal field is initially in a vacuum state
and the idler field is initially in a coherent state with fre-
quency ωi and complex amplitude α(ωi). Thus, the initial
composite quantum state for the signal and idler fields
can be written as |ψ(0)〉 = |0〉s|α(ωi)〉i and a two-mode
squeezed coherent state is generated by the StPDC process.
In this low-coupling limit, the quantum state of the bipar-
tite system can be approximately described as a product of
the single-photon state in signal mode and single-photon-
added coherent state (SPACS) [28] in the idler mode, i.e.,
|1〉sâ

†
i |α(ωi)〉i, where â†

i is the creation operator of idler
photons.

To develop a theory for the dual-StPDC-based SPI
in Figs. 1(a) and 4, we first consider the time-
dependent quantum state under the influence of the StPDC
interaction Hamiltonian in the weak-coupling regime,
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FIG. 4. The experimental setup of the
ISUP method with dual StPDC crystals
for molecular spectroscopy with unde-
tected photons: OFC, optical frequency
comb; SHG, second-harmonic gener-
ation; EMCCD, electron-multiplying
charge-coupled device; cw, continuous
wave, H-C ≡ N; H13C14N; PBS, polar-
ization beam splitter; BS, beam splitter;
PPLN, periodically poled lithium nio-
bate; L, lens; M, mirror; DM, dichroic
mirror; RR, retroreflector; HWP, half-
wave plate; LPF, long-pass filter; FBS,
fiber beam splitter; ATT, attenuator.

ĤI = i�gEp(ωp , t)â†
s (ωs)â

†
i (ωi)+ h.c., which can be approx-

imately written as

|ψ(t)〉 �
[

1 − i
�

∫
ĤI (t)dt

]
|0〉 |α(ωi)〉i , (A1)

where g is the coupling coefficient, which is proportional
to the second-order susceptibility χ(2) of the PDC crystal,
Ep is the complex amplitude of the pump beam, â†

s,i(âs,i)

is the creation (annihilation) operator for the signal (s)
and idler (i) photons, and F(ωs,ωi) is the joint spectral
function determined by the phase-matching condition of
the nonlinear crystal. Because the PDC is a parametric
process, the frequency of the generated signal photon is
given as ωs = ωp − ωi. Here, the signal beam has multi-
ple frequency-comb components, i.e., ωp ,m = ωc + 2πmfr
with m denoting integers, where ωc = 2π(mcfr + fceo) is
the center frequency of the pump beam, mc is its mode
number, fr is the repetition frequency of the pulse train,
and fceo is the carrier-envelope-offset frequency [14].

In our dual-StPDC-based SPI, two identical nonlin-
ear crystals are pumped by the same OFCs and their
idler photons are stimulated by the same seed beams but
only one of two idler beams is allowed to interact with
the optical sample. In the low-coupling-efficiency regime,
i.e.,

∣
∣gj tEp ,j

∣∣2 ∣∣αj (ωi)
∣∣2 
 1, where j = 1(2) refers to the

upper (lower) path, the resulting composite quantum state
in the dual-StPDC-based SPI, |ψ(t)〉 = |ψ(t)〉1 ⊗ |ψ(t)〉2,
is approximately given as

|ψ(t)〉 ≈ |1, 0〉s1,s2
â†

i,1 |T(ωi)α1(ωi),α2(ωi)〉i1,i2

+ |0, 1〉s1,s2
â†

i,2 |T(ωi)α1(ωi),α2(ωi)〉i1,i2 (A2)

after omitting the vacuum state and ignoring the probabil-
ity of simultaneous generation of two signal-idler photon
pairs by each StPDC crystal [4,14]. Then, the single-
photon interference fringe (or single-photon count rate)
of the superposed signal photons after the beam com-
biner can be calculated as Rs = 〈ψ(t)|E−

s E†
s |ψ(t)〉, where

E†
s = ∑

ωs

[
eiϕs1 âs1(ωs)+ eiϕs2 âs2(ωs)

]
, E−

s = (E†
s )

† and
ϕsj is the phase acquired by the j th signal field. Since
T(ωi)α(ωi) �= α(ωi) due to the sample absorption, Rs could
be written as [14–16]

Rs ∝ I1[|α(ωi)|2 |T(ωi)|2 + 1] + I2[|α(ωi)|2 + 1]

+ 2 |α(ωi)|2
√

I1I2 |T(ωi)| cos

⎡

⎣
∑

k=p ,s,i

�ϕk

⎤

⎦ , (A3)

where the pump-beam intensity is denoted as Ij = ∣∣Ep ,j
∣∣2

and the phase differences of the pump (p), seed (or idler,
i), and signal (s) fields are defined as �ϕk = ϕk1 − ϕk2 .
From Eq. (A3), the expression for the fringe visibility can
be obtained as Eq. (3) in the main text when the two
pump intensities are the same, i.e., I1 = I2. Equation (A3)
indicates that both the measured photon count rate at the
detector and the fringe visibility depend on (i) the trans-
mission spectrum T(ωi) of the optical sample at the idler
frequency ωi, (ii) the frequency-dependent average photon
number of the seed beam, i.e., |α(ωi)|2, and (iii) the path-
length differences of the pump, seed, and signal beams in
the interferometry. The most important aspect of our dual-
StPDC-based SPI is that the fringe visibility in Eq. (3) of
the signal field at 807 nm can be modulated by the intensity
imbalance, i.e., T(ωi)α(ωi) �= α(ωi), between two seed
beams at 1.54 μm in the idler mode. As experimentally
demonstrated in the present ISUP experiments, |T(ωi)| can
thus be obtained by analyzing the experimentally measured
single-photon interference fringe of the signal photons
with Eq. (4) in the main text.

APPENDIX B: DETAILS OF THE ISUP
EXPERIMENTAL SETUP

An optical frequency comb (OFC) pump at 530 nm with
a spectral bandwidth of 2.6 nm and temporal pulse width
of 10 ps is prepared from the second-harmonic generation
(SHG) of a fundamental OFC laser (Menlo Systems) at
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1060 nm with a spectral bandwidth of 40 nm. An lithium
triborate crystal (Newlight Photonics, 3 × 5 × 5 mm3, type
I phase-matching temperature of 143 ◦C) is used for the
SHG. The repetition frequency and carrier-envelope-offset
frequency of the fundamental OFC are actively stabilized
at 250 MHz and 20 MHz, respectively, by using a GPS-
disciplined Rb atomic clock. The 6-mW pump beam is
divided into two beams and their relative intensities are
controlled by using a half-wave plate (HWP) and a polariz-
ing beam splitter (PBS). Each pump beam is focused onto
a periodically poled lithium-niobate (PPLN) crystal (HCP,
type-0, 15 × 7.9 × 0.5 mm3, grating width of 7.3 μm) by
using an achromatic lens with a focal length of 100 mm.
Both the pump and seed beams are vertically polarized to
satisfy the type-0 phase-matching condition.

A portion of coherent cw light along the upper path
is fiber coupled to the optical sample of the (H13C14N)
molecules in a fiber-coupled gas cell (Wavelength Refer-
ence, 25 Torr, 16.5 cm), and the total length difference
between two seed-beam paths is set to be nonzero, i.e.,
�L �= 0. Two seed beams are then guided to two PPLN
crystals by using 5-m-long PM fibers and used to stim-
ulate idler photons at two PDC crystals pumped by two
OFC lasers. The transmitted seed beam from the PPLN
crystal is separated from the signal beam path by using
a dichroic mirror (DM). Then, signal photons from two
PPLN crystals are combined by the beam combiner for
the generation of single-photon interference fringes. To
obtain high-contrast interference fringes, we optimize the
overlaps of two signal beams in the spectral, spatial, and
temporal domains [4,14].

The interference fringe produced by the two sig-
nal fields is then detected by a single-photon-sensitive
two-dimensional EMCCD camera (Andor Technology)
attached to the output port of the spectrometer (Sham-
rock SR-303i-B, Andor Technology, grating 600 lines/mm
at 500-nm blaze). The spectrometer is used not only to
measure the center wavelength of the generated signal pho-
tons with a wavelength resolution of 0.02 nm but also
for wavelength-selected single-photon counting during an
integration time of 10 ms by the EMCCD camera attached
to the exit of the spectrometer. Note that the integration
time of 10 ms is much longer than the pulse-to-pulse time
interval of 4 ns and slightly longer than the coherence time
of the generated single fields [14].

APPENDIX C: JOINT-SPECTRAL-INTENSITY
PLOT OF PPLN CRYSTAL

In the experiment, a pair of path-entangled photons
are generated from two identical PPLN crystals via the
type-0 phase-matching nondegenerate PDC process. The
joint spectral intensity for the SPDC process is given

790 800 810 820
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FIG. 5. The joint spectral intensity of the signal-idler photon
pair for the type-0 phase-matching SPDC process in PPLN crys-
tal. Gaussian pump-beam parameters at 530 nm with a spectral
width of 2.6 nm and the Sellmeier equation of the PPLN crys-
tal with a poling period of 7.3 μm at 121 ◦C are used for the
calculation.

as [14,29,30]

∣∣F(ωs,ωi)Ep(ωs + ωi)
∣∣2

∝
∣∣∣∣∣
sinc

(
�kl

2

)
Ep exp

[

−
(

c/λs + c/λi

σp

)2
]∣∣∣∣∣

2

, (C1)

where �k = kp − ks − ki is the wave-number mismatch,
l is the length of the PPLN crystal, Ep is the pump elec-
tric field with Gaussian amplitude Ep , and σp is the pump
spectral width. The calculated joint spectral intensity as
a function of the signal and idler wavelengths is shown
in Fig. 5. For this calculation, the Sellmeier equation of
the PPLN crystal for noncritical phase matching [31] and
Gaussian pump-beam parameters are used, i.e., the cen-
ter wavelength of 530 nm and the spectral width of 2.6
nm. Indeed, the joint-spectral-intensity plot shows a wide
phase-matched spectral width of the nondegenerate signal
and idler photons at the phase-matching temperature of
121 ◦C, supporting the measured wavelength anticorrela-
tion of the idler and signal wavelengths of the rovibrational
transition lines in Fig. 3(a) for a fixed pump wavelength at
530 nm with 2.6 nm spectral width.

APPENDIX D: ISUP WITH FREQUENCY
STEP-SCAN METHOD

As shown in Fig. 2 in the main text, the proposed ISUP
method works when the seed-beam frequency is scanned
linearly with a constant rate η. Equation (4), however, also
suggests that the ISUP method should work equally when
η = 0, i.e., the frequency of the seed beam is scanned

014045-8



MOLECULAR ROVIBRATIONAL SPECTROSCOPY... PHYS. REV. APPLIED 14, 014045 (2020)

stepwise and stabilized during the integration time for pho-
ton count Rs(�t) (the frequency step-scan method, FSM),
because the StPDC process is phase sensitive. In the FSM,
either �φp or �φs can be linearly scanned instead. To
confirm that the FSM is useful and quantitatively reliable
for molecular ISUP, we independently measure |T(ωi)|
in Fig. 6(a) for the R8 rovibrational line of the HCN
molecules in the gas phase. Here, the stabilized-frequency
of the seed beam is tuned with an interval of 100 MHz
in a stepwise manner. Also shown in Fig. 6(a) are the
same spectra measured by the conventional interferome-
ter (red square) and from the SRM2519a (green square)
for comparison. In Fig. 6(b), the path-length difference of
pump beam �xp , i.e., �φp in Eq. (A3) is linearly scanned
by using a piezoelectric transducer [4] and three repre-
sentative interference fringes are shown at three different
seed frequencies, i.e., (i) 195.0840 THz, (ii) 195.0866
THz, and (iii) 195.0880 THz, respectively, across the R8
rovibrational transition frequency. As expected, the fringe
visibility becomes smaller as the transmittance of the opti-
cal sample decreases due to the molecular absorption.
The transmittance extracted from the interference fringe in
Fig. 6(b) from Eq. (4) is in quantitative agreement with
those values obtained by using the continuous-scanning
method discussed in the main text.

(a)

(b)

FIG. 6. (a) The normalized spectrum of the R8 rovibrational
transition of HCN molecules (blue square) measured by the fre-
quency step-scan method. (b) Three representative interference
fringes are shown at three different seed frequencies: (i) 195.0840
THz, (ii) 195.0866 THz, and (iii) 195.0880 THz, respectively.

APPENDIX E: PRESSURE DEPENDENCE OF THE
SPECTRAL WIDTH

Figure 7 compares the normalized transmission spectra
of the (a)P16 and (b) R8 rovibrational transitions of the
H13C14N molecules measured at two different pressures
at 25 Torr (3.3 kPa) and 100 Torr (13.3 kPa), respec-
tively. The blue squares and gray up-triangles correspond
to the spectra obtained by the ISUP method at 25 Torr
and at 100 Torr, respectively. The solid lines are Voigt
fits for each spectrum, with R2 values of (a) 0.96 (25
Torr) and 0.94 (100 Torr) for P16 and (b) 0.94 (25 Torr)
and 0.97 (100 Torr) for R8 (b), respectively. The green

(a)

(b)

FIG. 7. A comparison of the normalized transmission spectra
of the (a) P16 and (b) R8 rovibrational transitions of the H13C14N
molecules measured at two different pressures of 25 Torr (3.3
kPa) and 100 Torr (13.3 kPa), respectively. The coefficient-of-
determination values for the Voigt fits are (a) R2 = 0.96 (25 Torr)
and 0.94 (100 Torr) for P16 and (b) 0.94 (25 Torr) and 0.97 (100
Torr) for R8, respectively.
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dashed-dotted lines in Figs. 7(a) and 7(b) are the spectra
of the SRM2519a at 25 Torr. One can see that the spectra
at 100 Torr have significantly broader line widths, i.e., (a)
17 pm at 25 Torr and 30 pm at 100 Torr for P16 and (b) 65
pm at 25 Torr and 100 pm at 100 Torr for R8, respectively,
due to the collision-induced homogeneous line broaden-
ing. The absorption depth also increases as the gas pressure
is increased and its ratios depend on the transition-line
strength. In Fig. 7, we take into account the pressure-shift
coefficients of −0.139 pm/kPa and −0.021 pm/kPa for
(a) P16 and (b) R8, respectively, to match the center fre-
quencies of the two spectra. Figure 7 suggests that the
present ISUP technique for rovibrational spectroscopy is
sensitive enough to study collision-induced line broaden-
ing of the 1.5 μm absorption line through examining the
800-nm signal-photon interference pattern, which is an
experimental demonstration of quantum spectroscopy with
undetected photons utilizing dual-StPDC single-photon
interferometry.
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