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ABSTRACT

Recent investigations have suggested that the use of non-classical states of light, such as entangled photon pairs, may open new and exciting
avenues in experimental two-photon absorption spectroscopy. Despite several experimental studies of entangled two-photon absorption
(eTPA), there is still a heated debate on whether eTPA has truly been observed. This interesting debate has arisen mainly because it has
recently been argued that single-photon-loss mechanisms, such as scattering or hot-band absorption, may mimic the expected entangled-
photon linear absorption behavior. In this work, we focus on transmission measurements of eTPA and explore three different two-photon
quantum interferometers in the context of assessing eTPA. We demonstrate that the so-called NOON-state configuration is the only one
among those considered insensitive to linear (single-photon) losses. Remarkably, our results show that NOON states may become a potentially
powerful tool for quantum spectroscopy, placing them as a strong candidate for the certification of eTPA in an arbitrary sample.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0128249

I. INTRODUCTION

Nonlinear spectroscopy techniques have been shown to
constitute a powerful tool for extracting information about the
energy dynamics and chemical structure of unknown substances and
molecules.' * As such, they have played a fundamental role in the
development of technologies used in modern society, from process
control and manufacturing to pollution monitoring, also includ-
ing homeland security and healthcare.” While in the optical regime,
these techniques are typically implemented by means of laser light,
recent work has suggested that the use of non-classical light, such
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as entangled photon pairs, may offer new and exciting avenues for
spectroscopy.’ "

The time- and frequency-correlations of entangled photon
pairs have enabled the observation of non-trivial two-photon
absorption phenomena, such as the linear dependence of two-
photon absorption rate on the photon flux.''"’ These correla-
tions have further been used for theoretically predicting effects
such as two-photon-induced transparency,'”"” induction of dis-
allowed atomic transitions,'® manipulation of quantum pathways
of matter,”” *' and control of molecular processes.lz‘z"’ The linear
dependence of two-photon absorption as a function of incident
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photon flux has been particularly attractive because it suggests that
one may effectively excite nonlinear phenomena at much lower
photon fluxes when compared to classical alternatives.”

During the past decade, entangled two-photon absorption
spectroscopy has been identified as a promising tool for extracting
the information about the electronic levels that contribute to the
two-photon excitation of a molecular sample.”” * Moreover, it has
been argued that it might provide a new route for probing broad-
band multi-photon processes with low-power, continuous-wave,
single-frequency laser sources.”* Although there is a lively debate on
the true quantum enhancement that such a technique might offer
for spectroscopy,”’ ** the experimental demonstration of its working
principle, the so-called entangled two-photon absorptlon (eTPA),
has recently become a topic of keen interest.”” "’ Indeed, it has been
argued that the behavior in most of the reported experimental data
so far may, in fact, be due to single-photon-loss phenomena, such
as hot-band absorption® or scattering,"* which might mimic the
sought-after eTPA signals.

Consequently, a large group of physicists, chemists, and
biologists has devoted considerable efforts to developing novel
experimental schemes and metrics for certifying true eTPA. Some
authors have relied on the linear to quadratic transition in the two-
photon absorption rate as a function of incident photon flux."”
Others have proposed new metrics based on single- and two-photon
coincidence measurements, which make use of Hong-Ou-Mandel
(HOM)-like interferometers.”***”" In this work, we explore, in the
context of eTPA, a number of two-photon quantum interferome-
try systems, leading to our demonstration that, among them, the
so-called NOON-state configuration is the only one insensitive to
single-photon losses. Our results show that, in transmission eTPA
measurements, this NOON-state configuration is an ideal candidate
for the true certification of entangled two-photon absorption. More
importantly, and in contrast to other quantum-technology schemes
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in which NOON states are not typically robust,”™”’ our findings
show that NOON states could play an important role in quantum
spectroscopy.

Il. RESULTS
A. Two-photon absorption measurements

In a typical eTPA transmission experiment, pairs of correlated
photons, typically produced by spontaneous parametric downcon-
version (SPDC), interact with an arbitrary sample [see Fig. 1(a)]. The
incident photon pairs are expected to drive a two-photon transition
so that some pairs can be absorbed and, therefore, removed from
the light beam traversing the sample. In most experiments,”"***’
the configuration shown in Fig. 1(b) is used to monitor, through
coincidence measurements, the reduced photon-pair flux. Although
one might be tempted to think that any pair-loss must be due to
eTPA, it has been shown that single-photon-loss mechanisms, such
as scattering™ and hot-band absorption,”’ can lead to a similar
behavior as would be expected for eTPA." In view of this, it natu-
rally becomes desirable to find a new, single-photon-loss insensitive
photon-pair measurement scheme that enables direct certification
of eTPA.

In order to assess the possible candidates for eTPA certification,
we study and compare three distinct two-photon quantum interfer-
ometers, namely single-port and two-port Hong-Ou-Mandel setups
and a NOON-state conﬁguration The three configurations are shown
schematically in Figs. 1(b)-1(d), respectively. Note that the NOON
state configuration makes use of a superposition of both photons
impinging on input port a and both photons impinging on input
port b of the BS. Possible experimental implementations for each
of these configurations are discussed in detail in the supplementary
material. In all configurations, two-photon interference takes place
via a beam splitter (BS), which, for the sake of completeness, is

SAMPLE INTERFEROMETRIC
MEASUREMENT
[, —
—_—

(d) dj
HZ% =4

FIG. 1. Conceptual sketch of a typical eTPA transmission experiment. (a) Photon pairs, produced by spontaneous parametric downconversion (SPDC), interact with an
arbitrary sample that experiences a two-photon absorption process, along with other single photon-loss events. The attenuated photon-pair beam is then probed by means

of an interferometric coincidence-detection scheme. In previous eTPA experiments, ™

" pair losses due to eTPA have been monitored by means of the (b) single-port con-

figuration, where a controllable delay 7 is introduced in the path of one of the photons before it impinges on a lossless 50:50 beamsplitter (BS). Other possible interferometric
configurations are the (c) two-port configuration, which describes a Hong-Ou-Mandel (HOM) interferometer, and (d) a NOON-state interferometer. Note that the photon pairs
in panels (c) and (d) require additional optical elements (not shown) before reaching the BS. These are discussed in detail in the supplementary material.
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assumed for the analysis below to exhibit losses. The input-output
transformation of a lossy BS is given by

dout = Hw) i (w) + r(w)bin (@) + Fa(w), (1)

bout = 1(@)bin (@) + (@) (@) + Fy(w), )

with dinout(@) and bineut(w) depicting the input and output field
modes of the BS, respectively. 7(w) and #(w) are the BS reflection
and transmission coefficients, while F,(w) and £}, (w), which com-
mute with the input field operators, are the Langevin noise operators
associated with the BS losses.” Note that the Langevin operators
lead to reflection and transmission coefficients that do not conserve
energy, i.e., |r(w)[* + |t(w)* < 1.”

We can use Egs. (1) and (2) to monitor the number of photon
pairs that impinge on the BS by measuring the photon-coincidence
rate at the output of the lossy BS. This can be expressed as

R=P(1,1,) = (N.N}), (3)

where (---) denotes an expectation value and the continuum
number operators® for the two output ports are given by
N, = [ dwdl  (0)aou(w) and Ny = [ dwb! ,()bou(w). Note that
Eq. (3) is valid in the case of temporally isolated photon pairs,
that is when the probability of two pairs being present within the
two-photon correlation time is much lower than one. This is the
typical situation in most of the recent eTPA experiments.’®

By considering the simplest case of a lossless 50:50 BS, with
t = +ir, where the i represents the 77/2 phase difference between the
transmitted and reflected beams, and |¢| = |r| = 1/v/2, we can readily
find that the photon-coincidence rate for each of the above config-
urations (see the supplementary material and Ref. 56 for details) is
given by

1
R(7) = f A0 [§(00 Q)" +[$(02 Q)" + $(00, )
x ¢ (Qiy Q) e BT L 67y, Q) B(Qi, Q)
x ), “@

Ry(r) = ¢ [ d0.a0 600 0 + 1601, 0)F + $(00,01)

X 97 (0 1) + ¢ (Qs Q) (2 )]
x {1+ cos[(Qs + Qi + 2w0) 7]}, (5)

with R, (7), R-(7), and Ry(7) describing the coincidence-count
rate for the single-port, two-port, and the NOON-state configura-
tions, respectively. The function ¢(Qs, ;) represents the signal
(s)-idler (i) joint spectral amplitude. The photon-pair state after
interacting with the sample can be written, without loss of gen-
erality, as [y) — [ dQ. dQip(Qs, Q)a"(Qs + wo)a ' (Qi + wo)[0). In
writing Eqs. (4) and (5), we have assumed that the photon pairs
are frequency degenerate, with a central frequency wo. Their fre-
quency deviations from wy are, thus, given by Q; = wj — wo (j = s,1).
Moreover, note that we have introduced an external delay in one
of the input ports of the BS. This delay allows us to perform a
Hong-Ou-Mandel-like measurement on those photon pairs that

APL Photon. 8, 036104 (2023); doi: 10.1063/5.0128249
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are not absorbed by the sample. Interestingly, as we will describe
below, the coincidence rate as a function of delay carries important
information regarding the nature of the photon-pair losses.

B. ETPA as a two-photon spectral filter

Since its conception, eTPA has been described as a process in
which correlated photon pairs satisfying the so-called two-photon
resonance condition'”*" are lost in order to drive a two-photon
excitation of the absorbing medium. This means that the sample
effectively acts as a frequency filter that removes specific resonance
frequencies, thus modifying the joint spectral intensity (JSI) that
characterizes the photon pairs. Mathematically, this transformation
can be described by’

$(Q0 ) = (0 Q)* = [ f1p(Q Q)P(Q )P, (6)

where @(Qs, Qi) and ¢(Qs, Qi) stand for the joint amplitude of
the photons before and after the interaction with the sample,
respectively. The two-photon filter can be readily defined as

F1e(Q6 Q) = 1 - exp[—(Qs + Qi)*/(207p) ], ?)

with o7p describing the two-photon filter bandwidth. Note that, as
pointed out by Schlawin and Buchleitner,”' the diagonal approxima-
tion of eTPA is valid, provided that the intermediate states that con-
tribute to the two-photon excitation of the sample are located below

500

(b)

250

S

v_(GHz)

-250

-500
500

250

v_(GHz)

S

00
-500 -250 0 250
v, (GHz)

500 -500 -250 0 250 500
v, (GHz)

FIG. 2. Filtered joint spectral intensities (JSIs). (a) and (b) Symmetric
(N5 = N;) JSIs modified by two-photon and single-photon filters, respectively.
(c) and (d) Asymmetric (N5 # N;) JSIs modified by a single-photon filter in
each mode and a combination of all (two-photon and single-photon) filters, respec-
tively. Note that two-photon losses are depicted by regions along the anti-diagonal
[see (a)] of the JSI, whereas single-photon losses [(b) and (c)] correspond to hori-
zontal and vertical lines for the signal and idler modes. For the symmetric JSIs, we
use NsL = NL = Ty, whereas for the asymmetric case, NsL = NiL/2 = T,.
In all cases, we set T, = 5 ps (g = 100 GHz) and a7p = 05 = ¢; = 20 GHz.
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the degenerate frequency of the photon pairs—a situation found,
for instance, in tetraphenylporphyrin (H,TPP)'’—and that the life-
time of the doubly excited state is longer than the intermediate
states.

As previously discussed, in realistic experiments, the two-
photon beam may experience single-photon losses (whether at the
sample or elsewhere in the setup) that remove, independently, signal
or idler photons. These losses can then be accounted for by writing
a single-photon filter of the form

Fa(©0, ) = 1~ exp[ (O~ 0%/ (202)] (8)

Here, QY; describes the central frequency deviations of the filter,
whereas o; represents the single-photon filter bandwidth for the
signal and idler modes, respectively. To understand the effects of
the single- and two-photon filters, we assume the most general form
for the initial joint spectral intensity (JSI) of the photons (see the
supplementary material for details),

(D(QS,Q,') = EP(QS,Q,‘)SinC[L(NSQS + N,‘Qi)/Z]

% exp[—iL(N Qs + Ni0)/2]. ©)

In writing Eq. (9), we have used the definition sinc(x) = sin(x)/x.
Ep(Qs, i) = exp[—ZT;(QS + Qi)z] corresponds to the Gaussian
spectral shape of the classical pulsed pump, with a temporal dura-
tion Tp, which pumps the SPDC crystal of length L. Finally,

Ni = ky — kg; describes the difference between the inverse group
velocity of the pump and the signal and idler photons.

Figure 2 shows some examples of filtered JSIs for (a) and (b)
symmetric (resulting from type 0 or 1 SPDC with N5 = N7) and (c)
and (d) asymmetric (obtained from type-II SPDC with N+ N;)
initial two-photon states. Note that two-photon losses [Fig. 2(a)] are
characterized by regions along the anti-diagonal of the JSI, whereas
single-photon losses [Figs. 2(b) and 2(c)] correspond to regions
along the horizontal or vertical lines for the signal and idler modes.

C. Two-photon coincidence rates in the presence
of one- and two-photon losses

Having defined the specific form of the two-photon state
following the interaction with the sample—where one- and two-
photon-loss processes may be taking place—we are now ready to
evaluate the coincidence rates for each of the previously described
interferometric schemes. Here, we consider three cases: (i) no filter
applied, (ii) a two-photon (eTPA) filter applied, and (iii) a linear fil-
ter applied to the idler photon. While other possible cases (including
a linear filter applied to both photons and the application of both
linear and nonlinear filters) were considered in our analysis, they
do not contribute key, additional physical insights and were, thus,
omitted from the presented results.

Figure 3 shows the coincidence rate as a function of delay 7 for
the [(a) and (d)] single-port, [(b) and (e)] two-port, and [(c) and (f)]

Single-port Two-port NOON
i — i 7 === No filter
@) | - -:?;I;I\ter ost (P) (c) A, = =eTPA
08l 1 One-photon loss 05 'r/ky\/\/\/\ o~ 8r v .“ One-photon loss
0.4 6 ;

Normalized coincidence rate

0.6F 0.3 E
EX
2R S . E
RS A ay 0.2 \:j —No filter
041 0.1 “ = =eTPA
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) 1
0.9 ‘ 1 No fil
=== No filter ===No filter
(d) = =eTPA Q) = =eTPA

081
One-photon loss

0.7
0.6

0.5 ==
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FIG. 3. Coincidence rates as a function of delay, z, for the [(a) and (d)] single-port, [(b) and (e)] two-port, and [(c) and (f)] NOON-state configurations. The upper row shows
the results for the symmetric (s = ;) two-photon states, whereas the bottom row shows the results for the asymmetric (s # A/;) two-photon states. Note that for
the NOON-state configuration, the no-filter measurement (blue solid line) and the one-photon loss (yellow dashed-dotted line) curves are essentially fully overlapped, while
the eTPA curve (red dashed line) shows an altogether different behavior. This implies that for the symmetric or asymmetric two-photon states, the only scheme among those
considered that is capable of witnessing pure eTPA is the NOON-state configuration. For the symmetric case, we have set \'sL = A/;L = T,, while for the asymmetric

case, we use AL = N,

iL/2 = T,. In all cases, we set T, = 5 ps (g, = 100 GHz) and o1p = 05 = 0; = 20 GHz. Note that the x-axis scale for (c) and (f) is larger than

that of (a) and (b) and (d) and (e). For the sake of clarity, and because the no-filter and one-photon-loss signals overlap in (c) and (f), we have included a black-dashed line

depicting their envelope.
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NOON-state configurations. The top row shows the results for the
initially symmetric (N = N;) two-photon states, whereas the bot-
tom row shows the results for the initially asymmetric (N # N7)
states. For the symmetric case in the single- and two-port configura-
tions, note that the no-filter (blue solid line) and eTPA (dashed red
line) curves are fully overlapped, with the linear losses curve nearly
overlapped with the other two, implying that one would be unable
to determine the presence or absence of an eTPA sample from
a transmission-based measurement. In striking contrast, for the
NOON-state configuration, while the no-filter and linear filter curves
are fully overlapped, the eTPA curve clearly deviates from the other
two. This means that for symmetric two-photon states, the only
scheme that is capable of witnessing eTPA is, indeed, the NOON-state
configuration.

Let us now turn to the asymmetric case (bottom row of
Fig. 3). Note that both the two-photon (eTPA) and single photon
filter curves exhibit differences with the no-filter curve. Neverthe-
less, because the two effects occur together, broadly with a similar
behavior, one may be unable to distinguish eTPA from single-
photon losses by monitoring changes in the coincidence peak/dip.
It is worth mentioning that in Fig. 3, the bandwidths of the one-
and two-photon loss filters are assumed to be the same. Of course,
if one were to suppress single photon losses, e.g., through a consid-
erable reduction in the single photon filter bandwidth, the resulting
curve would more closely follow the no-filter curve, thus allowing
one to discern the presence of the eTPA process. This case may,
however, not be realizable as, in practice, it is challenging to reliably
ensure the absence of linear losses. Remarkably, in the NOON-state
configuration once again, the single-photon loss follows the no-filter
signal, whereas eTPA clearly shows an altogether different behavior.
In Figs. 3(c) and 3(f), the black-dashed line depicts the envelope of
the interference pattern for the no-filter and one-photon-loss sig-
nals. Note that for the NOON configuration, on the one hand, the
central lobe becomes narrower and, on the other hand, additional
sidelobes appear. This non-trivial interference pattern is a result of
the loss of frequencies in the JSI as a result of the two-photon inter-
action with the sample.”” An interesting point to note in Figs. 3(d)
and 3(e) is that the dip/peak is displaced from 7 =0 due to the
asymmetry of the JSI [Eq. (9)]. By numerically analyzing the photon-
coincidence rate for different values of Ay and A, one can find
that the single-port and two-port coincidence rates for asymmetric
two-photon states will exhibit a (N, — AN;)L/2 temporal delay
shift.

In general, the HOM visibility is unity for a perfectly sym-
metric JSI (upon the interchange of frequency arguments), while
any asymmetry results in a reduction in visibility. Note that the
visibility obtained in the single- and double-port configurations,
in all of the cases considered above, may be understood in terms
of the symmetry properties of the resulting overall JSI, including
the effect of any single-photon or two-photon filters. We would
like to point out that the above-discussed results are equivalent
to those obtained when the BS reflection and transmission coef-
ficients are frequency-dependent (see the supplementary material
for details). Finally, we would like to remark that the NOON-state
interferometry represents a transmission-based ETPA witness.
However, we could expand our ETPA-certification toolbox by inves-
tigating equivalent fluorescence-based schemes, such as two-photon
Ramsey interferometers.”* '

APL Photon. 8, 036104 (2023); doi: 10.1063/5.0128249
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I1l. CONCLUSION

In summary, we have explored three distinct two-photon quan-
tum interferometers that may be used to experimentally certify true
eTPA. Remarkably, we have found that the so-called NOON-state
configuration is the only one among those considered that is insen-
sitive to linear (single-photon) losses. This unique feature makes
such a configuration a strong candidate for effectively certifying the
absorption of correlated photon pairs in an arbitrary sample. Given
the simplicity of the NOON-state configuration, and in contrast to
other schemes for quantum technologies in which NOON states are
not typically robust,””” we expect them to play an important role in
transmission-based quantum spectroscopy.

SUPPLEMENTARY MATERIAL

See supplementary material for (i) the explicit derivation of
the coincidence rate for the three different interferometric con-
figurations described in the main text, (ii) the derivation of the
two-photon state that allows one to control the symmetry properties
of the photons’ JSI, and (iii) some examples of possible experimental
schemes for the implementation of the two-photon interferometers
discussed in the main text.
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