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Quantum-light probe for molecular femtosecond dephasing in dyes

T. I. Rajib ,1,2,* A. Dharmasiri ,1,2 M. Pochechuev ,1,2 X. Liu ,1,2 G. S. Agarwal ,1,2,3 and A. M. Zheltikov1,2

1Institute for Quantum Science and Engineering, Texas A&M University, College Station, Texas 77843, USA
2Department of Physics and Astronomy, Texas A&M University, College Station, Texas 77843, USA

3Department of Biological and Agricultural Engineering, Texas A&M University, College Station, Texas 77843, USA

(Received 7 July 2025; accepted 17 February 2026; published 17 March 2026)

We report an experimental method that combines quantum interferometry with molecular spectroscopy using
indistinguishable photon pairs generated via spontaneous parametric down-conversion of continuous-wave
(CW) pump radiation in a Hong-Ou-Mandel (HOM) setup. Introducing a resonant organic medium into one
interferometer arm leads to measurable changes in the coincidence signal due to the coherence response of
the medium, from which we determine a molecular dephasing time of 40.1 ± 0.7 fs for concentrations ranging
from 2 to 40 µg/mL. Unlike classical techniques, this approach leverages photon correlations with low photon
flux, making it immune to even-order dispersion and insensitive to classical losses. The results align with
a theoretical framework that incorporates the joint spectral properties of the photon pair and the molecular
transmission response. This work extends the technique of Eshun et al. [J. Am. Chem. Soc. 143, 9070 (2021)] to
the CW domain, demonstrating the potential of CW-pumped HOM interferometry for probing ultrafast molecular
dynamics and highlighting its promise as a foundation for advanced quantum-light spectroscopic techniques in
organic systems.

DOI: 10.1103/2zpv-g7w2

I. INTRODUCTION

The progressive advancement in understanding of quantum
light has facilitated the utilization of its intrinsic quantum
properties for significant developments in quantum infor-
mation science, encompassing domains such as quantum
computing, quantum cryptography, quantum imaging, and
quantum sensing [1–8]. Quantum-light spectroscopy has gar-
nered interest for its potential to surpass classical Fourier
limits, which is the fundamental trade-off between temporal
and spectral resolution dictated by the Fourier uncertainty
principle. It enhances light-matter interactions through unique
photon statistics as opposed to simply the intensity and
introduces new control via the photon wave function. Experi-
mentally, entangled two-photon absorption has been explored
through studies using absorption, fluorescence, and mi-
croscopy techniques. These measurements have significantly
advanced with enhanced resolution in two-photon cross-
section analysis and allowing spectroscopy at ultralow light
levels, minimizing potential sample damage [9–21]. We aim
further to advance the experimental capabilities of quantum-
light spectroscopy.

When a medium is excited by coherent light, its subsequent
evolution is primarily governed by the relaxation of excited-
state populations back to thermal equilibrium, known as
nonequilibrium population decay, and the loss of phase coher-
ence among the induced dipole moments, which is determined
by phase relaxation time T2 (also known as dephasing time)
[22–25]. The resonant medium can be effectively modeled as
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a two-level system (TLS), with its quantum state described
by the density matrix ρ. The diagonal elements ρ11 and ρ22

denote the populations of the ground and excited states, while
the off-diagonal elements ρ12 and ρ21 = ρ∗

12 represent the co-
herence between them. In an ensemble of identical frequency
TLSs, the absorption profile is Lorentzian, with a linewidth
inversely related to the dephasing time T2, characterizing ho-
mogeneous broadening. In contrast, static variations in the
local environment can lead to a distribution of transition fre-
quencies across the ensemble, resulting in inhomogeneous
broadening [26]. Determining T2 with precision is impor-
tant for understanding and characterizing atomic collisions,
molecular vibrational behaviors, and surface state phenomena
[27–32]. Time-resolved spectroscopy, with its femtosecond
(fs) time resolution, is commonly used to determine T2 across
various processes [22,33,34]. Utilizing these approaches, one
can extract the homogeneous dephasing time T Homo

2 from
the total dephasing time T2 that can be defined as 1/T2 =
1/T Homo

2 + 1/T Inhomo
2 , where T Inhomo

2 is the inhomogeneous
lifetime [34]. T Homo

2 is expressed by the energy relaxation time
T1 and pure dephasing processes (e.g., spectral diffusion and
collisional broadening) T Pure

2 as 1/T Homo
2 = 1/2T1 + 1/T Pure

2 ,
where T1 is often significantly larger than T Pure

2 . Notably,
an increase in sample concentration raises the collision rate,
resulting in a reduced dephasing time. However, time-resolved
spectroscopy faces practical hurdles, including the need for
fs lasers with pulse durations shorter than T2, reliance on
nonlinear wave mixing for precise signal detection, and the
potential for sample damage due to the high peak power of
ultrafast pulses. The dephasing time T2 is evident in coherent
transient phenomena, which can, in principle, be measured
using linear techniques. For instance, free-induction decay has
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been observed through interferometric methods employing
broadband incoherent light [35–37]. However, this approach
is still limited by group velocity dispersion (GVD), which can
distort the signal and affect measurement accuracy.

We use continuous-wave (CW) Hong-Ou-Mandel (HOM)
interferometry to probe the molecular dephasing time T2

in organic molecules for different concentrations, typically
characterized by inhomogeneously broadened optical transi-
tions. A key motivation is the advantage of CW pumping in
HOM interferometry, which yields a much narrower spon-
taneous parametric down-conversion (SPDC) bandwidth and
nearly perfect photon indistinguishability, leading to higher
HOM interference visibility (∼96%) than fs-pumped systems
(∼40%). This, in turn, enhances precision and sensitivity for
T2 measurements in resonant organic media on the order of
tens of fs. This method eliminates the need for costly fs laser
systems, offering a more accessible approach to characteriz-
ing optical coherence properties using a CW laser. The present
work builds directly upon the conceptual framework of Eshun
et al. [38], who employed pulsed-SPDC HOM interference to
extract a dephasing time from the IR-140 molecule. Here, we
extend this concept to the CW-SPDC regime, achieving fs sen-
sitivity without the need for an ultrafast pump, and enabling
measurement of the dephasing time within a few tens of fs.
While the underlying physics remains the same, the present
method constitutes a quantitative and low-photon-flux exten-
sion technique rather than a repetition, offering improved
spectral stability, reproducibility, and scalability for molecular
coherence studies. The HOM interference appears in various
contexts, spanning fundamental quantum mechanics studies to
applied quantum technologies. Notable applications include
evaluating entangled photon purity [39,40], facilitating entan-
glement processes in linear optical quantum computing [41],
quantum microscopy and imaging [42–45], quantum metrol-
ogy [46–49], and probing foundational aspects of quantum
mechanics, particularly the wave-particle duality of photons
[50]. The HOM interference occurs when two identical pho-
tons generated by SPDC enter a 50:50 beam splitter (BS)
from two different inputs; quantum interference ensures they
always exit together through the same output port. As a result,
a characteristic dip in coincidence detection is measured as
a function of relative time delay. This HOM interference is
named after Hong, Ou, and Mandel, who first theorized and
later experimentally confirmed it in 1987 [51–56]. The key
requirement for the HOM interference was the indistinguisha-
bility of two photons. However, in the experiment, the SPDC
was used because it was the simplest way to obtain two indis-
tinguishable photons. The two-photon entanglement between
two photons was not a requirement. This point is clarified by
explicit calculation in Appendix A. The characteristic HOM
interference dip exhibits a symmetric shape, determined by
the Fourier transform of the entangled two-photon spectral
distribution. The inverse of the photon-pair bandwidth de-
termines its dip width and thus corresponds to the mutual
coherence time of the photons, which is typically on the order
of tens of fs [57,58].

By analyzing changes in photon correlations, we can
isolate the effects of light-matter interaction, as these interac-
tions alter the statistics and indistinguishability of the photon
pair. Leveraging the photons’ indistinguishability, the HOM

interferometry-based approach offers advantages, such as re-
duced systematic errors and lower photon flux compared to
classical methods. Beyond the advantages of low intensity and
reduced noise offered by correlated photon pairs and two-
photon interference, this quantum interferometric approach
can effectively probe optically thick samples and media with
intrinsically high optical density, where traditional classical
transmission spectroscopy often faces limitations [59]. Even-
order dispersion compensation is uniquely applicable to HOM
interferometers, unlike classical spectroscopy, which cannot
utilize this feature. As a result, the HOM interferometer
provides improved temporal resolution without the need for
dispersion correction. Even-order dispersion in HOM inter-
ference refers to phase shifts that affect both photons equally,
often canceling out due to their frequency anticorrelation
[60,61].

The coincidence count in a HOM interference experiment
encodes critical information about the material properties.
This intrinsic connection between the matter properties and
the HOM interference coincidence count allows the use of the
HOM interference signal to probe and determine the optical
properties of a resonant medium. Because the HOM interfer-
ence signal encompasses the full linear susceptibility of this
medium, it can be utilized directly to extract the molecular
dephasing time upon coherent excitation. The pump band-
width influences the shape of the HOM interference dip. A
narrower bandwidth enhances both the visibility and the ac-
curacy of the measurement. The narrow bandwidth of CW

lasers yields a higher spectral overlap of SPDC photon pairs
than fs pulsed lasers with broader spectra. High visibility
substantially improves the signal-to-noise ratio and reduces
the acquisition time, which is particularly advantageous when
probing fs-scale coherence times associated with broad reso-
nant absorption bands, which are expected to be on the order
of tens of fs.

In this work, we extract the molecular dephasing time T2

provided by the high-visibility HOM interference dip. The
fs-scale two-photon coherence time enables measurements of
molecular dephasing on fs timescales even with a CW pump
laser. To our best knowledge, the effect of an organic resonant
medium’s coherent response on the HOM interference dip
shape has not been previously reported using quantum light
via a CW pump.

The manuscript is organized as follows: Sec. II describes
the experimental setup for HOM interferometry, employing
CW pump radiation and Type-II phase-matched SPDC for
photon pair generation. Section III outlines the theoretical
foundation for measuring coincidence counts. Section IV de-
scribes the preparation and properties of the solvent and dye
samples. Section V presents the results and discussion, and
finally, Sec. VI offers the conclusions.

II. EXPERIMENTAL SETUP

Our experimental setup is shown in Fig. 1, where entangled
photon pairs (signal and idler) are generated via a SPDC
process. As discussed earlier, the HOM interferometry needs
only the indistinguishable photons; however, one of the best
sources for indistinguishable photons is the SPDC source,
which produces entangled photons. Hence, we keep the usage
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FIG. 1. The experimental configuration featured a SPDC source
combined with a HOM interferometer. The setup utilized the follow-
ing components as SM: single-mode optical fiber, FC: fiber coupler,
BBO (II): β-barium borate crystal cut for Type-II phase matching
for 404 nm, DM: dichroic mirror (long-pass), BD: beam dump, P:
pinhole, IF: interference filter, PBS: polarizing beam splitter, HWP:
half-wave plate, M: mirror, S: sample, RR: retroreflector, BS: beam
splitter (50:50 nonpolarizing), APD: avalanche photodiode. A rep-
resentative image of the SPDC rings using an EMCCD camera is
presented in the inset.

of entangled photons in this section. This setup is primarily
composed of an SPDC source and a HOM interferometer. A
CW laser (Toptica iBeam Smart) with pump power of 50 mW
at a central wavelength λp = 404 nm and bandwidth σp =
0.149 meV is used to pump a β-barium borate (BBO) crystal
(1 mm thick), which is cut for Type-II phase matching. The
SPDC photon pairs are frequency degenerate (i.e., originated
from the same source, and the frequency is equal to half
its pump frequency: ωs = ωi = ωp/2) and are orthogonally
polarized. The BBO crystal is precisely positioned using a
three-axis rotational stage to achieve collinear phase match-
ing, visually confirmed by observing the tangent signal and
idler rings on an electron-multiplying charge-coupled device
(EMCCD) camera (Andor iXon 897). In a Type-II BBO crys-
tal, the generated photon pairs are typically characterized by
a bandwidth of roughly 10–20 nm [62]. A pinhole aperture
is used in the collinear phase-matching arrangement to se-
lect the central region where the SPDC rings overlap. To
remove the remaining pump photons and isolate the gener-
ated photon pairs, two identical 505-nm long-pass dichroic
mirrors and a bandpass filter are utilized. During the align-
ment step, the 810-10 nm premium hard-coated bandpass
filter (Thorlabs, FBH810-10) was used. By narrowing the
bandwidth of the SPDC photons, this filter further improves
the indistinguishability of photon pairs and increases the depth
of the HOM interference dip [63]. In Fig. 2(a), it is seen
that the narrow-bandwidth filter improved photon indistin-
guishability, achieving 96.48% ± 0.12% visibility compared
to 87.08% ± 0.21% for the broader-bandwidth filter. This
statement is confirmed by authors [38] for CW lasers, as the
narrow-bandwidth filter enhances the indistinguishability of
photon pairs compared to the broadband-width filter. It val-
idates that our system is well optimized for high-visibility
quantum interference, demonstrating improved photon indis-

FIG. 2. (a) HOM interference dip measured for the propagation
of SPDC photons in the air with the cuvette removed, using two
different filter configurations. (b) Absorption spectrum and structure
of IR-140.

tinguishability with spectral filtering. Using the 800-40 nm
filter, we obtain the coefficient of determination R2 ≈ 0.99;
with the 810-10 nm filter, R2 ≈ 0.98. The corresponding
residuals are shown in Appendix B, Fig. 5(a). The discrepancy
in residuals between the two filters arises from their distinct
spectral transmission shapes and experimental artifacts. For
the experimental measurements, the narrow bandpass filter
was replaced with an 800-40 nm bandpass filter (Thorlabs,
FBH800-40) to optimize the spectral overlap between the
photon pairs and the absorption spectrum of the organic dye
IR-140 in methanol.

In the HOM interferometry setup, the polarization-
entangled photons generated by Type-II SPDC are first sent
to a polarizing beam splitter (PBS), which separates them
into two distinct optical paths: one for the signal photon
(which passes through the sample) and the other for the idler
photon (which passes through the delay stage). After passing
through the PBS, the idler photon travels through an opti-
cal delay stage, which consists of a retroreflecting hollow
roof prism mirror (Thorlabs HR1015-AG with an ultrafast-
enhanced silver coating) attached to a motorized translation
stage (Thorlabs PT1-Z8). In this setup, the relative optical
delay between photon pairs can be controlled by modifying
the path length of the idler photon while maintaining their
propagation direction. The motorized stage offers a resolution
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of 29 nm, which translates to a time delay resolution of 0.2 fs.
A zero-order half-wave plate is set in the signal photon path to
make the photon pairs indistinguishable in their polarization.
The signal photon then travels through the sample before
combining with the idler photons at a 50:50 nonpolarizing BS,
forming a HOM interferometer. A 1-mm path-length quartz
cuvette with antireflective B coating (Thorlabs, wavelength
range: 650–1050 nm and reflectance: Ravg < 0.5%) holds the
sample. The BS outputs are directed onto the single-photon
avalanche photodiodes, SPADs (Excelitas, SPCM-AQRH-13-
FC), which are connected to a coincidence counting module
(IDQ900, 4.0-ns coincidence window) to detect photon co-
incidences. The HOM interference profile is obtained by
measuring the coincidence counts as a relative time-delay
function between the SPDC photon pair. To simplify the align-
ment process and ensure the long-term stability of the setup,
single-mode fibers are used both to deliver pump radiation
from the CW laser to the HOM interferometry setup and to
detect the SPDC photons by the photon-counting detectors.

The signal and idler photons must be precisely over-
lapped in space to ensure the indistinguishability of a photon
pair in the HOM interferometer. Given the typical SPDC
conversion efficiency of 10−7–10−11 in a BBO crystal, an
indistinguishable photon pair cannot be used directly for
alignment [64]. Instead, a 780-nm CW external cavity diode
laser (ECDL) is employed for alignment, with an EMCCD
camera verifying its overlap with the down-converted pho-
tons in both near and far fields. Interferometer alignment is
confirmed through high-visibility interference fringes. Once
aligned, a flip mirror is used to replace the ECDL beam with
a 404-nm diode laser (not shown in our experimental setup).
Due to the long coherence length of the ECDL, an additional
prescan is needed to locate the zero-delay position, ensuring
identical optical paths for the signal and idler photons.

III. THEORETICAL BACKGROUND

Since light-matter interactions are embedded in the field
correlations, the biphoton state and the sample’s transmission
function are used to derive the electric field operators of the
photon modes passing through the sample. These operators,
combined with the beam-splitter transformation, are then used
to calculate the coincidence counting rate that depends on
the joint spectral amplitude (JSA). A theoretical framework
is used to explore the influence of a resonant medium on
HOM interference [38,63,65]. We consider a biphoton field,
generated via SPDC, entering a HOM interferometer with a
resonant sample placed in one arm (signal arm). The twin-
photon state is characterized by a JSA that captures the
frequency correlations and enables analysis of interference
modifications due to the medium. This biphoton state can be
represented mathematically as follows [65–67]:

|ψ〉 =
∫∫

dωsdωi f (ωs, ωi )a
†
s (ωs)a†

i (ωi )|0s, 0i〉, (1)

where f (ωs, ωi ) = αpump(ωs + ωi )βphase(ωs − ωi ) is the JSA
of the photon pairs, αpump(ωs + ωi ) is the pump envelope,
and βphase(ωs − ωi ) is the phase-matching function, i.e., JSA
depends both on the spectrum of the pump and the properties
(length, cutting angle, and phase-matching condition) of the

BBO crystal. a†
s and a†

i (as and ai) are the creation (annihila-
tion) operators for the signal and idler photons, respectively,
and follow the boson commutation relation [aj (ω), a†

j (ω
′)] =

δ(ω − ω′), where j = s, i. The PBS splits the SPDC photons
into two different paths, i.e., one photon propagates through
the delay stage (idler), while the other passes through the
sample (signal). Therefore, after transmission through the
sample, the annihilation operator as(ω) for the signal becomes
a′

s(ω) = T (ω)as(ω) + η(ω)aν (ω), where T (ω) represents the
transmission function of the sample that carries its optical
properties; aν (ω) is the vacuum noise operator; and η(ω) =√

1 − |T (ω)|2 is the quantum noise associated with the ab-
sorption process. Note that the vacuum noise term does not
affect the correlation since it is normal-ordered for thin sam-
ples. This T (ω) can also be expressed using the sample length
L, the speed of light c, and the complex refractive index
n∗(ω) = n(ω) + iκ (ω) of the sample as follows:

T (ω) = eiωn∗(ω)L/c = eiω(n(ω)+iκ (ω))L/c. (2)

This T (ω) is governed by the medium’s dielectric constant
ε(ω) or linear susceptibility χ (ω), which is complex; the com-
plex refractive index of the sample satisfies the given equality
n∗(ω) = √

ε(ω) = √
1 + χ (ω). The real component of the

complex index modifies the signal operator phase, while the
imaginary component represents the medium absorption. The
positive-frequency electric field operator for the photon mode
after transmission through the sample is given by E+(ω) ≡
T (ω)E+

0 (ω) = [1 + iωL
c n∗(ω)]E+

0 (ω), where the sample’s ef-
fect is captured by the transmission function T (ω). After
passing through the sample, the signal photon merges with
the idler photon—which traveled through the other arm of the
HOM interferometer—at the 50:50 BS, where the idler photon
experiences a controllable phase delay τ (in fs range) caused
by a retroreflecting mirror placed on a movable translational
stage (i.e., due to the travel path difference of the SPDC two
photons). Therefore, the annihilation operator ai(ω) for the
idler becomes a′

i(ω) = ai(ω)e−iωτ . After recombining both
photons on a lossless BS, it produces the output modes [68]
that are then subsequently detected by two SPADs and ex-
amined using a coincidence counter. The detector response
time τd is around 1 ns, whereas the correlation time of SPDC
photons typically ranges from 0.1 to 1.0 ps [62]. Therefore,
the detector response time is significantly longer than the
entangled photons’ correlation time. To approximate the effect
of the bandpass filter, a super-Gaussian fit of the transmission
spectrum provided by the manufacturer was performed. Due
to the nearly rectangular transmission function of the 800-
40 nm bandpass filter, the following fitting function was used:
Tf (ω) = a f e−( ω−b f

c f
)20 + d f . For the narrow bandpass filter

810-10 nm, the exponent is 6. Finally, we get the following
general equation for coincidence count as a function of the
temporal delay τ introduced between the two-photon path-
ways [65]:

Rc(τ ) = 1

8π2

∫∫ [
f ∗(ω1, ω2) f (ω1, ω2)T ∗(ω1)T (ω1)

− f ∗(ω1, ω2) f (ω2, ω1)T ∗(ω1)T (ω2)e−i�τ
]

× |Tf (ω1)|2|Tf (ω2)|2dω1dω2, (3)
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where � = (ω1 − ω2) with ω1(ω2) the signal (idler) photon
frequency. The coincidence count rate Rc(τ ), as expressed
in the double integral above, characterizes the probability
of detecting one photon at each output port of a 50:50 BS
as a function of their relative temporal delay τ . The inte-
grand contains two distinct contributions via JSA f (ω1, ω2),
which can be interpreted as the autocorrelation (no frequency
exchange; compares the two-photon amplitude with itself)
and cross-correlation (frequencies are swapped; captures in-
terference between exchanged photon paths). In the first term
f ∗(ω1, ω2) f (ω1, ω2) = | f (ω1, ω2)|2 represents the autocor-
relation of the JSA and corresponds to the joint spectral
intensity, reflecting the probability density of generating pho-
ton pairs at frequencies ω1 and ω2. This term contributes
to the noninterfering background and is independent of the
temporal delay. In the second term f ∗(ω1, ω2) f (ω2, ω1) e−i�τ

corresponds to the cross-correlation between the JSA and
its frequency-exchanged counterpart. It encodes two-photon
quantum interference and is sensitive to both the spectral
symmetry and the arrival time difference between the photons.
The exponential factor accounts for a delay-dependent phase
shift introduced by the temporal mismatch.

In the ideal scenario where the JSA is symmetric, i.e.,
f (ω1, ω2) = f (ω2, ω1), T (ω) = Tf (ω) = 1, and the photons
arrive simultaneously (τ = 0), the cross-correlation term ex-
actly cancels the autocorrelation term, leading to Rc(0) = 0.
This completely destructive interference produces the HOM
interference dip, a hallmark of photon indistinguishability.
The visibility of the dip, defined as in Eq. (6), quanti-
fies the degree of interference. In this ideal case, V =
1 (i.e., 100%), corresponding to perfect indistinguishabil-
ity. Any spectral asymmetry in the JSA or temporal delay
degrades the overlap between f (ω1, ω2) and f (ω2, ω1), di-
minishing the cross-correlation term and thus reducing the
HOM interference visibility. As a result, the dip becomes
shallower, and Rc(τ ) asymptotically approaches its classical
limit [69].

After getting the JSA f (ω1, ω2) and the transmission func-
tion T (ω) of a sample, one can get the coincidence counts
using the above equation. When the signal photon passes
through the sample and resonates with one of its excited states,
it induces a coherent excitation. This excitation gradually
loses coherence (via damping processes) over a characteristic
time known as the dephasing time T2, which is influenced
by the group delay contribution [38,70]. This T2 describes
how quickly the quantum coherence of the system is lost.
A Lorentzian model for a TLS can relate these to the lin-
ear susceptibility as modes to the frequency domain if the
molecular response is dominated by a single resonance at
� with T2. For near-resonance absorption ω ≈ �, the linear
susceptibility can be expressed as follows:

χ (ω) = α

� − ω − i/T2
, (4)

where α is a constant (Lorentzian amplitude in fs−1) pro-
portional to the length and concentration of the sample. A
Gaussian JSA for a frequency-correlated two-photon distribu-
tion with both photons centered at half of the pump frequency

FIG. 3. (a) Joint spectral amplitude | f (ω1, ω2)| governs the spec-
tral correlations of photon pairs in SPDC, as discussed in Eq. (5). (b)
Normalized HOM interference coincidence counts measured for the
solvent methanol (open circles). The solid blue curve shows the fit to
the experimental data, from which the SPDC photon bandwidth σ− is
extracted. The shaded region indicates the experimental uncertainty
at the ±3σ level. The data were acquired for a solvent-only configu-
ration, with no absorbing sample present in the interferometer.

ωp/2 can be expressed as follows:

f (ω1, ω2)= (2πσpσ−)−1/2e−(ω1+ω2−ωp)2/(16σ 2
p )e−(ω1−ω2 )2/4σ 2

− ,

(5)

where ωp (σp = 0.149 meV) is the center frequency (band-
width) of the pump laser [65]. Note that f (ω1, ω2) is
normalized by

∫∫ | f (ω1, ω2)|2dω1dω2 = 1. For the 404-nm
CW laser in this experiment, we have a pump frequency of
ωp = 3.069 eV. Therefore, the center frequencies of the sig-
nal photon and idler photon are ω1 = ω2 = ωp/2 = 1.535 eV.
Here, σ− (11.09 ± 0.02 meV) represents the effective two-
photon bandwidth (i.e., a coherence parameter) of the SPDC
photon pair after propagation through the solvent, as shown in
Fig. 3(b). This bandwidth is related to the intrinsic photon-pair
entanglement time Te of the bare SPDC source via σ− ∼ 1/Te;
in the absence of any sample or solvent, the corresponding
two-photon coherence time Tc, defined as the full width at half
maximum (FWHM) of the HOM interference dip, satisfies
Tc = 2Te, as shown in Fig. 2(a).

To characterize the interferometric visibility of a HOM
interference dip, the parameter V is defined as [66]

V = Rc(max) − Rc(min)

Rc(max) + Rc(min)
, (6)

033725-5



T. I. RAJIB et al. PHYSICAL REVIEW A 113, 033725 (2026)

where Rc(max) is the maximum coincidence counts and
Rc(min) is the minimum coincidence counts, respectively,
where Rc(max) is measured far from the coherence re-
gion via averaging; however, Rc(min) is measured for the
zero delays between the signal and idler photons. In the
HOM interferometry experiment, visibility quantifies photon
indistinguishability, with higher values indicating stronger
quantum interference.

With all previously undefined parameters now specified,
we have derived a general theoretical expression describing
the coincidence counts as a function of optical delay in the
HOM interferometer. By fitting this theoretical model to ex-
perimental HOM interference data, the molecular dephasing
time T2 can be accurately extracted for various sample con-
centrations.

IV. SAMPLE AND SOLVENT CONFIGURATION

In our study, IR-140 serves as the reference sample for
modifying the HOM interference shape, prepared in methanol
at varying concentrations between 2 and 62 µg/mL. The dye
IR-140 is investigated as the primary molecular system due
to its strong absorption in the near-infrared region, with a
peak at 800 nm and a broad absorption spectrum spanning
700–850 nm [38]. This spectral range makes it an ideal res-
onant medium. Its strong absorption and emission properties,
along with compatibility with our setup, make IR-140 highly
suitable for optical applications requiring precise spectral
and temporal control, such as SPDC and quantum-light ex-
periments. We experimentally determined that the maximum
absorption wavelength of IR-140 in methanol is 800 nm [see
Fig. 2(b)]. We chose methanol as a solvent for IR-140 due
to its higher polarity, which can enhance the solubility of the
dye and potentially improve its stability in solution. Before
introducing a new sample, the cuvette was cleaned three times
with methanol, followed by a single wash with the sample
intended for the subsequent experiment. Methanol evaporates
very quickly, making it a more convenient solvent for the
experiment than ethanol. We express the sample concentration
in µg/mL and it can be converted to molar units using molarity
(M ) = moles of solute/volume (L), where the moles of solute
is given by mass (g)/molar mass (g/mol). For IR-140, the mo-
lar mass is 779.14 g/mol. Thus, a concentration of 2 µg/mL
corresponds to 2.57 µM. At 20 ◦C, 50 mL of liquid methanol
(density = 0.7918 g/mL, molar mass = 32.04 g/mol) contains
about 7.44 × 1023 molecules, while the number of IR-140 dye
molecules is N ≈ 7.73 × 1016 × C per 50 mL, where C is the
concentration in µg/mL.

V. RESULTS AND DISCUSSION

Before conducting measurements with absorptive dye sam-
ples, a calibration experiment is performed using the pure
solvent (methanol), for which the transmission function is set
to |T (ω)|2 = 1, T (ω) = exp( iω

c nmL), where nm is the refrac-
tive index of methanol ≈1.33. A substitution of T (ω) in Eq.
(3) changes τ to (τ − nmL

c ). Thus, the phase shift introduced
by the solvent redefines the τ coordinate. This is why the
dip in Fig. 3(b) is at τ = 0. In this nonabsorptive regime, the
resulting HOM interference dip allows the extraction of an

essential parameter such as the two-photon bandwidth σ−. Fit-
ting the theoretical model Eqs. (3) and (5) to the experimental
HOM interference data obtained without dye yields a value
of σ− = 11.09 ± 0.02 meV with R2 ≈ 0.99. This extracted
bandwidth parameter is subsequently used for analyzing all
experimental measurements involving dye solutions at var-
ious concentrations. Residual traces appear in Appendix B
[Fig. 5(b)].

Theoretical modeling of the SPDC two-photon amplitude
reveals that the JSA forms a narrow, stretched ellipse, dictated
by Eq. (5) and illustrated in Fig. 3(a). The major axis of the
ellipse is determined by the phase-matching condition (∼σ−),
while the minor axis is governed by the pump bandwidth
(∼σp). This highlights the incentive of using a CW laser,
which provides a narrower pump bandwidth and improved
frequency correlations of the biphoton state. The HOM in-
terference profile is fitted to the experimental data acquired
for the solvent-only configuration. The results show that the
fitting produces a symmetrical HOM interference dip in the
delay range of ±220 fs. The extracted FWHM from the fit is
≈140 fs. As shown in Fig. 3(b), the fitting aligns well with the
experimental data and can be used with confidence for further
sample analysis.

Now we use the transmission function as T (ω) =
exp{ iω

c n∗(ω)L}, n∗(ω) = √
n2

m + χ (ω), with χ (ω) given by
Eq. (4). Since nm is large compared to |χ (ω)|, we can ap-
proximate n∗(ω) ∼= nm + χ (ω)

2nm
→ χ (ω)

2nm
, where we drop nm as it

redefines τ . Thus, effectively, T (ω) = exp{ iωL
2cnm

α
(�−ω−i/T2 ) } =

exp{ iωαeff
�−ω−i/T2

} with αeff = L
2cnm

α and � = 800 nm. We will
fit the experimental data using this T (ω) and determine the
parameter αeff (dimensionless) and T2 from the experimental
data. Here, αeff < 0 corresponds to absorption in the transmis-
sion function T (ω). For convenience, in the remainder of the
manuscript, we adopt the convention |αeff|. First, we calculate
the covariance and corresponding correlation for two free
parameters αeff and T2. Corr(αeff, T2) remains high (≈0.8–0.9)
across all concentrations, showing a consistently strong corre-
lation between them. Then, to improve the sensitivity of T2,
we fix the αeff via a global fit.

Through the global fit of αeff and T2 using Eq. (3), we
extract αeff for different dye concentrations. After applying
a linear fit and subtracting the background contribution, we
obtain αeff ≈ 5 × 10−4 × C, consistent with the linear Beer-
Lambert law [see Appendix B of Fig. 5(c)], where C is the
concentration in µg/mL. We then proceed by fixing αeff, al-
lowing us to demonstrate that T2 is robust.

Now using the JSA f (ωs, ωi ) and transmission function
T (ω), we can calculate and observe a change in the coinci-
dence counts Rc(τ ), dip shift due to phase shift, and visibility
V for the different concentrations of the dye. Interaction with
the dye T (ω) modifies Rc(τ ), due to the absorption Rc(τ )
decreasing with the increase of the concentration of the dye
[see Fig. 4(a)]. The dye molecules also behave as a phase
shifter, which is frequency dependent and introduces a phase
shift in the signal photon a(ω)e−iφ(ω). The phase shift is de-
termined from the phase of the transmission function T (ω).
The impact of the relative delay between two SPDC photons
varies based on the sign of τ and φ(ω), either compensating or
amplifying their difference. Consequently, the dip undergoes
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FIG. 4. (a) Coincidence counts as a function of relative time delay for various dye concentrations. (b) Coincidence counts and correspond-
ing visibilities plotted against optical density at different concentrations. (c) Variation of HOM interference dip position (temporal shift) with
dye concentration. (d) Dephasing time of the dye vs concentration. In Figs. 4(b) and 4(d), the shaded parts represent the range of working OD.

a shift, with Figs. 4(a) and 4(c) illustrating that the sample dip
is displaced relative to the solvent dip with the increase of the
dye concentration.

We quantified the effect of attenuation by converting co-
incidence rates into effective optical density (OD), defined
as OD = −log10[Rc(τ )/Rc(τ = 0)]. In Fig. 4(b), OD values
derived from coincidence counts are shown together with the
corresponding visibilities on the same plot. We note that at
the highest concentrations (60 and 62 µg/mL), the signal-to-
noise ratio is reduced, which can limit the precision of the
extracted dephasing time T2 [see Fig. 4(d)]. For this reason,
while we report T2 values for 60 and 62 µg/mL for complete-
ness, we restrict our quantitative analysis of the concentration
dependence T2 to the 2–40 µg/mL range with higher visibili-
ties >85% and reasonable coincidence counts around 2100.
Accordingly, we regard OD ≈ 1.4–1.6 as the practical up-
per limit of our method. At our highest concentration within
the main dataset (62 µg/mL), the coincidence rate dropped
to 395 ± 7 counts per 5 s, corresponding to OD = 1.62 ±
0.01, while the HOM interference dip visibility remained at
67.93% ± 2.31%. Similarly, at 60 µg/mL, the coincidence rate
was 605 ± 29, giving OD = 1.44 ± 0.02 with a visibility of

73.19% ± 1.16%. As shown in Fig. 4(b), coincidence rates
decay with increasing OD, but interference contrast remains
robust up to OD ≈ 1.6. Beyond this range, the coincidence
counts are too low to resolve a clear HOM interference pro-
file; this is why we restrict our analysis to the 2–62 µg/mL
concentration range. For completeness, the 64 µg/mL data are
provided in Appendix B [Fig. 5(d)].

Our primary goal is to extract molecular information from
the data, particularly the T2 associated with the molecular
coherent excitation and its variation with concentration. The
HOM interference data provide insight into T2, as linear sus-
ceptibility is directly related to both molecular coherence and
dephasing behavior through the Lorentzian function [Eq. (4)].
By applying Eqs. (3)–(5), we fit our experimental data for both
the solvent-only and sample dissolved in the solvent cases to
determine the T2. Given the broad linewidth of the IR-140
absorption band, a short coherence time in the range of tens
of fs was anticipated.

From the best-fit results where the coefficient of determi-
nation is R2 > 0.95, we extracted T2 for IR-140 in methanol.
Across the concentration range of 2–40 µg/mL, the extracted
dephasing time remained approximately constant within
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FIG. 5. (a) Residuals for two filters. (b) Residuals for methanol. (c) αeff vs concentration showing Beer-Lambert scaling. (d) Coincidence
counts vs relative delay for IR-140 at 64 µg/mL.

uncertainties: 40.1 ± 0.7 fs with a 95% confidence interval
of 1–2 fs, as shown in Fig. 4(d). This is expected, since the
concentrations correspond to less than a few parts per mil-
lion, where dye-to-dye molecular collisions are negligible,
and no concentration-dependent effects should be observed
(see Sec. IV for detailed calculations). The invariance, which
persists even as the coincidence count decreases by nearly an
order of magnitude, highlights the robustness of the fitting
procedure for T2 extraction. The observed deviations from
this range are most likely attributable to experimental un-
certainties stemming from thermal effects and variations in
the local environment, such as oxygen presence. At higher
concentrations, the apparent change of T2 is most likely due
to reduced fit (R2 < 0.95) quality rather than genuine molec-
ular dynamics. Overall, our approach provides reliable results
up to optical densities of about 0.9, and further refinement
of the theoretical model, for example by including unac-
counted effects such as dispersion of optical elements, should
allow extension of the usable concentration range. HOM in-
terference profiles (averaged) and their residuals across dye
concentrations from 2 to 62 µg/mL are provided in Appendix
B (see Fig. 6). The residual discrepancies across all datasets
originate from the same baseline effects observed in methanol.

They result from minor dispersion and path imbalance in the
interferometer. In dye samples, these effects become slightly
stronger due to additional absorption and phase dispersion
introduced by the medium.

Our experimental data agree well with previously re-
ported T2 results for the same or similar dyes and resonant
medium. Carl et al. [71] found 50 ± 5 fs using the degen-
erate four-wave mixing (DFWM) technique at a higher dye
concentration 171 µM to minimize the photobleaching effect.
Moreover, our results are matched within the predicted range
of 30–60 fs [72]. In contrast, another study found a similar
dye to have T2 of 100 fs [73], while Eshun et al. [38] observed
102 fs for the same dye at a single IR-140 concentration of
20.4 µM.

At the same dye concentration (∼20.4 µM), the fs-SPDC
system yields T2 = 102 fs, whereas the CW-SPDC system
gives T2 ≈ 40 fs. Both techniques probe the linear suscep-
tibility χ (1), but in the fs-SPDC case, the broadband pump
modifies the biphoton spectrum through phase-matching and
dispersion effects, which broaden the effective HOM inter-
ference kernel and inflate the apparent T2. In contrast, the
CW-SPDC configuration generates a spectrally cleaner bipho-
ton (as CW’s narrow pump bandwidth fixes the sum frequency,
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FIG. 6. Fitted HOM interference profiles with residuals for IR-140 dye concentrations spanning 2–62 µg/mL.

making the biphoton spectrum filter-limited—hence cleaner
and more indistinguishable), enabling a more direct mea-
surement of the intrinsic dephasing time. Importantly, our
measured HOM interference dips are nearly symmetric, indi-
cating negligible residual arm imbalance or dispersion; thus,
asymmetry (higher shot noise) is unlikely to account for
the observed difference. Moreover, Carl et al. [71] reported
(via DFWM) T2 = 50 ± 5 fs for IR-140 at 171 µM, while
our HOM interference data from 2.57 to 51.4 µM give T2 ≈
40 fs. The difference is modest and reflects both concentra-
tion difference and methodology: DFWM probes a nonlinear
χ (3) response under strong fields, whereas HOM interference
measures the linear χ (1) response at the single-photon level.
In conclusion, this discrepancy likely reflects fundamental
methodological differences, where the linear method via χ (1)

can apply in lower concentration levels and the nonlinear
method via χ (3) in comparatively higher concentration levels.

The present implementation differs from the pulsed-SPDC
approach of Eshun et al. [38] in several important ways that
collectively advance the technique from a qualitative demon-
stration to a quantitative spectroscopic framework. First, our
interferometer operates in the CW-SPDC regime rather than
with a fs-pulsed Ti:sapphire pump, yielding a substantially
narrower JSA and coherence bandwidth. This configuration
enables direct probing of fs-scale molecular dephasing with-
out any ultrafast laser or external timing reference. Second,
instead of extracting a dephasing time for a single dye con-
centration, we perform a systematic study over different
concentrations to examine the dependence of the extracted
T2 on concentration and calculate the optical density, reveal-
ing a clear scaling relation between molecular attenuation

and coherence loss while our system is optimized. Third,
we implement a rigorous Lorentzian fitting and uncertainty
analysis, achieving R2 > 0.95 with ±σ residual control across
averaged coincidence scans, thereby providing statistically
reproducible and validated dephasing times. Fourth, through
spectral and filter engineering, we employ high-order super-
Gaussian models for bandpass filters, quantitatively linking
spectral confinement to photon indistinguishability that has
not been explored previously. Incorporating filter functions
also enables accurate correction of filter-induced spectral ef-
fects, leading to more reliable extraction of the molecular
dephasing time. Finally, the CW source operates in a low-
flux regime compared with fs systems, demonstrating that
quantum-light spectroscopy can be performed at ultralow pho-
ton fluxes in suitable domains.

Our present study aims to demonstrate that photons in
an HOM interferometer can enable complex spectroscopy of
organic, biological samples, and more by detecting changes in
the HOM interference pattern due to transmission through the
sample. The coincidence measurements conform to models
based on the full linear susceptibility, permitting retrieval of
the molecular dephasing time T2. The sensitivity of the setup,
even at low photon flux, makes it a strong candidate for precise
molecular spectroscopy.

VI. CONCLUSION

We have demonstrated an experimental approach com-
bined with a theoretical framework to quantify the molecular
dephasing time of an organic sample on the fs timescale. This
approach exploits the quantum interference effects between
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indistinguishable photons as generated by the SPDC process
using a CW laser, avoiding the use of intricate and high-cost fs
laser configurations. This method is unaffected by even-order
dispersion (i.e., GVD), which represents a key limitation in
traditional techniques. Our findings demonstrate that the pres-
ence of a resonant medium modifies the HOM interference
dip by shifting its position, reducing visibility, and altering
its shape. These effects arise from the sample wavelength-
dependent transmission function, which causes phase shifts,
decreases photon indistinguishability, and ultimately changes
the interference pattern in the HOM setup. Experimentally, we
determine T2 to be on the order of a few tens of fs for the or-
ganic resonant medium IR-140, in agreement with theory, and
observe a concentration-independent constant dephasing time
40.1 ± 0.7 fs over the 2-40 µg/mL range where the contribu-
tion from dye-dye collisional interactions is insignificant. This
demonstrates the broad applicability of HOM-interferometry-
based spectroscopy as a tool for probing optical behavior
across diverse scientific contexts. Due to its operation at the
single-photon regime, the technique is ideal for analyzing
sensitive biological, chemical, and nanostructured samples.
We believe that the technique will provide valuable insights
into the ultrafast dynamics of organic molecules, contributing
to a deeper understanding of their optical properties.
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APPENDIX A: HONG-OU-MANDEL EXPERIMENT
REVISITED: COMPARISON OF THE COINCIDENCE

COUNTS AS PRODUCED BY THE USE OF ENTANGLED
PHOTONS FROM THE SPDC AND TWO

INDISTINGUISHABLE INDEPENDENT PHOTONS

In the classic HOM experiment, an entangled source of
idler and signal photons as produced by Type-I SPDC was
used, though in principle, what was required was a source
of two independent but indistinguishable photons. Thus, the
question arises: What is the role of entanglement, if any?
In this Appendix, we revisit this question by giving explicit
results for the coincidence count for two cases.

For an entangled source modeled by the distribution given
by Eq. (5), we obtain the coincidence count from Eq. (3):

Rc(τ ) = 1

8π2

[
1 − exp

(
−σ 2

−τ 2

2

)]
, (A1)

where we set in Eq. (3), T (ω) = 1 and Tf (ω) = 1. Next,
we consider the case of independent but indistinguishable
photons. We can write

f (ω1, ω2) = s(ω1) s(ω2). (A2)

The factorization of f (ω1, ω2) implies separability, i.e., no
entanglement. Then, Eq. (3) reduces to

Sc(τ ) = 1

8π2

∫ ∫
|s(ω1)|2|s(ω2)|2[1 − e−i�τ ] dω1 dω2,

(A3)

where we renamed it Rc(τ ) to Sc(τ ) to indicate separable
photons. The single-photon spectral distribution can be taken
as

|s(ω)|2 = 1√
2π σs

exp

[
− (ω − ωp/2)2

2σ 2
s

]
. (A4)

Using Eq. (A4) in Eq. (3), we obtain

Sc(τ ) = 1

8π2

[
1 − exp

(−σ 2
s τ 2)]. (A5)

Note the similarity of Rc(τ ) to Sc(τ ) except for a difference
in the width of the spectral dip.

APPENDIX B: HOM INTERFERENCE FITS, RESIDUALS,
AND CONCENTRATION DEPENDANT ANALYSIS

The residual discrepancies between the two filters result
from differences in their spectral transmission characteris-
tics and experimental artifacts [see Fig. 5(a)]. Note that the
two side peaks in the coincidence counts around the HOM
interference dip arise because the bandpass filter used ex-
perimentally has a rectangular (flat-top) transmission profile
rather than a Gaussian one [74]. In the SPDC source, the spec-
tral bandwidth of the photon pairs determines their temporal
coherence: a narrower bandwidth corresponds to a longer co-
herence time. The 810-10 nm filter restricts the SPDC photons
to a narrow spectral window, extending their coherence time
and producing well-defined Fourier side lobes on both sides of
the HOM interference dip. In contrast, the broader 800-40 nm
filter transmits most of the SPDC photon spectrum essentially
unchanged, resulting in a much shorter coherence time and a
smooth, nonoscillatory HOM interference profile without side
peaks.

The small residual discrepancy in methanol arises because,
while the solvent introduces no absorption at the measurement
wavelength, minor dispersion, phase shift, and imbalance be-
tween the interferometer arms lead to slight deviations from
the ideal symmetric HOM interference profile, defining the
baseline precision of the fit [see Fig. 5(b)]. We have αeff ≈
5 × 10−4 × C, consistent with the linear Beer-Lambert law
illustrated in Fig. 5(c), where C is the concentration in µg/mL.
Due to the very low coincidence counts at 64 µg/mL, no dis-
cernible HOM interference feature is observed, as presented
in Fig. 5(d).

Normalized coincidence counts and corresponding residu-
als for IR-140 dye in methanol across concentrations ranging
from 2 to 62 µg/mL are shown in Fig. 6. Each panel shows
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the experimental HOM interference profile together with the
Lorentzian fit and residual deviations within ±1σ confidence
bounds. The fits yield high coefficients of determination
(R2 ≈ 0.98–0.99) up to moderate concentrations, indicating
excellent agreement between experiment and model. As the

concentration increases, the coincidence counts decrease due
to enhanced absorption, while the residual noise gradually
rises. Beyond 60 µg/mL, the signal becomes too weak, and
at 64 µg/mL no clear HOM interference feature is resolved
[see Fig. 5(d)].
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