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ABSTRACT: Entangled two-photon absorption (ETPA) has
recently become a topic of lively debate, mainly due to the
apparent inconsistencies in the experimentally reported ETPA cross
sections of organic molecules obtained by a number of groups. In
this work, we provide a thorough experimental study of ETPA in
the organic molecules Rhodamine B (RhB) and zinc tetraphenyl-
porphirin (ZnTPP). Our contribution is 3-fold: first, we reproduce
previous results from other groups; second, we on the one hand
determine the effects of different temporal correlations—introduced
as a controllable temporal delay between the signal and idler
photons to be absorbed—on the strength of the ETPA signal, and
on the other hand, we introduce two concurrent and equivalent
detection systems with and without the sample in place as a useful
experimental check; third, we introduce, and apply to our data, a novel method to quantify the ETPA rate based on taking into
account the full photon-pair behavior rather than focusing on singles or coincidence counts independently. Through this
experimental setup we find that, surprisingly, the purported ETPA signal is not suppressed for a temporal delay much greater than
the characteristic photon-pair temporal correlation time. While our results reproduce the previous findings from other authors, our
full analysis indicates that the signal observed is not actually due to ETPA but simply to linear losses. Interestingly, for higher RhB
concentrations, we find a two-photon signal that, contrary to expectations, likewise does not correspond to ETPA.

B INTRODUCTION possible use of these sources in delicate systems without
causing damage by high incident powers.®”'® Recent
investigations exploit nonlinear processes such as spontaneous
parametric down conversion (SPDC) and spontaneous four
wave mixing (SFWM) in order to generate entangled photon
pairs to be used as source for TPA in a phenomenon referred
to as entangled two-photon absorption (ETPA).'”~** By virtue
of the strong correlations between the photons in each pair, the
phenomenon has been reported at significantly lower photon
fluxes, on the order of 1012 photons s7! em™?, which
corresponds to a photon rate of 10 pairs/ 5,33 representing a
clear advantage over classical TPA. However, a detailed
analysis is needed in view of recent findings on the
improvement achieved on the fluorescence signal using
squeezed light over a coherent source in a two-photon

Since its inception in 1931, the work of Maria Goeppert Mayer
on two-photon absorption (TPA) has become a fundamental
tool for probing processes that require a sharp resolution and
high energy density concentrations, as in the case of biological
imaging and microscopy.' Remarkably, TPA has also improved
spectroscopic methods by enabling the study of the symmetry
of excited states in organic molecules, including electronic
transitions of a system that are normally inaccessible by one-
photon absorption (1PA).>?

Despite its broad applicability, TPA is an extremely
inefficient process, often requiring 0.01—1 nJ pulse energy to
achieve optimal excitation efficiencies.” > This high peak-
excitation is required to compensate for the low probability
that two photons will reach a molecule nearly simultaneously
so as to secure the excitation. The latter, however, can result
either in photobleaching due to its dependence on the square
of the intensity, or in heating-induced damage.(”7 Nevertheless,
theoretical research developed in the last three decades has
presented a promising solution by proposing the use of
nonclassical light sources so as to induce the two-photon
excitation at considerably lower incident fluxes, leading to the
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absorption experiment,”* where the authors report an
enhancement lower than 10% This result is in the same
direction as in a recent work by Landes et al.” in which a
thorough analysis of the quantum advantage is carried out for
realistic experimental scenarios, showing that while this
enhancement could be of several orders of magnitude when
compared to a corresponding (classical) TPA experiment, the
actual ETPA rates are too low to be observable in typical
experiments. Note that if a quantum-enabled advantage of
ETPA over classical TPA were to be experimentally confirmed,
the resulting low photon flux regime would open up the
possibility of performing two-photon spectroscopy with more
compact and cost-effective devices.

The absorption cross sections drps and oy constitute useful
metrics for TPA and ETPA, respectively; the first has typical
values on the order of 6p, ~ 107* cm* s/photon for most
organic molecules.*® Several investigations have discussed the
potential quantum advantage in the ETPA process. This has
led to a number of experiments on organic molecules including
biological samples, such as proteins,?'7 thienoacenes,®® and
commercially available dyes such as fluorescein,” zinc
tetraphenylporphyrin (ZnTPP) and Rhodamine B (RhB).*’
These experiments have reported ETPA cross sections on the
order of oy ~ 10718-107! cm?/molecule. However, these
numbers have recently been challenged by new experimental
evidence, based on transmission- and fluorescence-based
measurements, that place realistically detectable ETPA cross
sections in the range of 1072-10"2 cm?/molecule.>”*°

An important property of ETPA is its dependence on the
temporal delay between the absorbed entangled photons. This
dependence is such that the absorption is expected to be
suppressed if the photons arrive at the molecule with a
temporal delay much larger than the entanglement time, T, of
the photon pairs.'””*° A recent report has shown a possible
time dependence on the ETPA signal for Rh6G in ethanol.*!
However, it is worth pointing out that, although the presented
behavior is broadly consistent with theoretical predictions, the
interferometric scheme used to control the temporal delay
introduces a dependence of the incoming photon-pair flux on
the delay, i.e., unrelated to the ETPA process, which ultimately
influences the ETPA signal.

This possible artifact deserves, without any doubt, a more
detailed analysis, particularly in view of a recent work by
Landes et al,*” in which the authors report no measurable
ETPA signal using the same molecular system, and a similar
experimental arrangement. Note also that other related works
studying the temporal-delay dependence of the ETPA signal
have focused on its nonmonotonic behavior'**** rather than
its suppression outside the time-correlation of the absorbed
photons.

A recent work by Mikhaylov et al.** has drawn attention to
the difficulties in discriminating the effects due to ETPA from
those resulting from other (linear) phenomena which are not
dependent on the temporal delay. Because in that work the
introduction of a deterministic delay is not possible; i.e., part of
the photon-pair flux always reaches the sample without delay,
full ETPA suppression may not be observed directly. One of
the main motivations of our work is to perform an ETPA
experiment with a deterministic temporal delay introduced
between the two photons as a key test of the observed signal.
Because of the manner in which the delay is introduced (see
below), the photon-pair flux ends up being delay-dependent, as
indeed is also the case in ref 41. In our case, there is a factor of
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2 difference between the photon-pair flux at zero delay
compared to large delay. In our present work, we introduce an
analysis that is insensitive, on the one hand, to any linear losses
in the system and, on the other hand, is insensitive to the
photon-pair flux used and therefore is unaffected by the above
factor of 2 difference.

In this work, we aim to assess the viability of the
transmission-based scheme, commonly used to measure the
ETPA cross-section values of organic molecules. Our setup was
designed so that the experimenter can choose one of two
configurations: a collinear configuration which permits a direct
comparison with previous works’” and a noncollinear
configuration which permits on the one hand the introduction
of a temporal delay between the signal and idler photons and
on the other hand allows us to compare the purported ETPA
behavior with a reference arm that does not contain a sample.
In addition, we present a new model that accounts for time-
independent effects and therefore effectively estimates the
ETPA cross sections. Conveniently, we have selected the
organic molecules RhB and ZnTPP for our ETPA exgeriments,
50 as to facilitate comparisons with previous works.””*%**

B THEORY

It is known that SPDC light exhibits a high degree of
correlation so that the detection of one of the photons in a
given pair, at a particular space-time location, determines the
corresponding location where the detection of its twin is
expected.”® Due to the fact that in a photon-pair stream the
presence of any one photon is accompanied by its twin, the
probability of excitation of an atom (or molecule) by an
individual photon pair is independent of the flux and
consequently the two-photon absorption process exhibits a
transition rate with a linear dependence on the incident flux.®
Let us consider the total number of excited molecules (per

unit volume) during an interaction time, T,
@

molec

~
~

1
L T W
where oy denotes the entangled-photon absorption cross-
section of a molecule, ¢ = N,;,/(AT) is the photon flux (with
N, the number of incident photons and A the transverse area
of the photon-pair spatial mode), and ny = cN, is the density of
molecules (with ¢ the concentration and N, Avogadro’s
number). As a result, the total number of absorbed photon-
pairs, also referred to as biphotons, N}(,%l), in an interaction
volume V, is expressed as follows

NG~ 20l V = %NV

molec A ph

(2)

Interestingly, from the experimental parameters, we can obtain
the following expression

cVN, cIN,

o
' 3)
where m is the slope calculated from the linear relationship
between NI(,%,) and N, at different concentrations. Note that the
rightmost expression in eq 3 is obtained by approximating the
interaction volume, determined by the photon-pair spatial
mode, as a cylinder with transverse area A and length / < zp,
where / is the length of the cuvette which contains the
molecules and z; is the Rayleigh range. For the specific case of
a cuvette of / = 1 cm length, this approximation is valid if the

https://doi.org/10.1021/acs.jpca.2c00720
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biphoton spatial mode is focused to a spot size with a radius
236 ym.

Sensitivity of the Transmittance Scheme. In typical
transmission-based ETPA measurements, two different signals
are needed: a reference signal, which is obtained by probing a
cuvette containing the solvent only (R,), and a second signal,
obtained with a solution of the sample under study (Rymp),
where these two signals are the photon rates (photons/s)
passing through each system. The difference between these
signals yields the absorption rate (R,y,). Because the reference-
signal values take into account linear effects produced by the
solvent and the cuvette, Ry, arguably exhibits only the effects
due to the ETPA process.

In what follows, we describe a method for estimating the
sensitivity of an instrument that relies on transmission
measurements for obtaining ETPA cross sections. Let us
define the mean number of photons detected within a time
interval At as Nﬂ = AtR”, with standard deviation ANH

(where p corresponds to “solv’ or “sam”). Therefore, a
statistically significant difference between the signals will occur
if

N,

sam sam — olv T solv

1 = 1
+ —AN,, <N, —AN,
2 2 )
Note that because our measurement is based on photon
counting with Poissonian statistics, each uncertainty corre-

sponds to the square root of the mean value, so that

ANﬂz Nu' As a consequence, the quantity
b=1/(24/N,,,) serves as a lower bound for the ratio

/Y/abs/}vsolv (Wlth }((abs = /Vsolv — /Vsam)’
/_Vabs > ;_ =b
N 2 Nig, (s)

Using the definition
bounded by o5, i.e.,

of the cross-section in eq 3, oy will be
op > o5F, with

b
o= b
cIN, (6)
In a typical experiment using SPDC light,"”** N, ~ 10°

photons in a time At = 1 s, which implies that the bound is b ~
107>, This means that for concentrations in the range of tens of
uM, the lower bound is on the order of ox° ~ 107 cm?/
molecule, whereas for concentrations in the range of tens of
millimolar the lower bound is on the order of 107%* c¢m?/
molecule.

Biphoton Absorption Rates. In order to obtain a value
for the ETPA signal R, /Ry, = 1 —Esamp/ R, previous works
rely on directly computing the ratio Ry,,,,/ Ry, from the singles
or coincidence counts obtained in transmission through the
cuvette, containing the sample Tisamp and the solvent only Ry,
This approach, however, can be misleading, as it ignores the
various losses throughout the experiment. Therefore, we follow
Schneeloch et al.,* using a simple model which relies on the
actual photon-pair flux expected at the cuvette. Let us assume
that R® biphotons per second reach the cuvette and, after the
ETPA sample, these are separated into two arms by a 50/50
beamsplitter. The resulting photons in each of the two arms
are coupled into an optical fiber and detected at a single
photon detector. This results in a rate of singles detection for
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each of the two channels (R;, R,) and a coincidence rate R;,,
expressed as follows

R, = (elKﬁl)R(z) + ¢, (7a)
R, = (5,)R” + ¢, (7b)
R, = (€1€2K1K‘2ﬂ12)R(2) + ¢, (7¢)

with the coupling efliciencies being k; and «;, for the signal and
idler arms, respectively. The linear absorption, detector
efficiencies, scattering, and all other losses are taken into
account in the transmission efficiencies €; and €,, while the
probabilities that the photons in each pair are transmitted,
reflected or separated by the beamsplitter are described by 3,
By, and f,, respectively (with values 8, = ff, = */,, and f;, =
!/,). We also incorporate in this simple model the dark-count
rate in each of the two detectors (¢; and @,), as well as
accidental coincidence count rate ¢,,. Note that by combining
the set of equations in (7), the biphoton rate that reaches the
cuvette can be expressed as

R® — [&]@
ﬁ]ﬁz RIZ (8)

where the symbols with a tilde represent each of the rates
corrected for dark or accidental counts, i.e., 1~2M = R(Z)—(pﬂ, with
u € {1, 2, 12}. Interestingly, because of the structure of this
last expression, we are able to correctly estimate the two
photon rates R, irrespective of linear losses quantified by ¢,
€5, k1, and k,. Note from eqs 7a—7c, that the effect of ETPA is
to reduce the photon-pair rates from R to Rgr)np, according to
Rg&‘p = eprpa R, where €grpa represents the photon-pair rate
reduction produced by ETPA.

We can now use eq 8, considering that 3, f,, and f3}, are all
independent of whether or not ETPA takes place, to express
the ratio of absorbed to incident biphotons as

r®

samp

RE)

=1- 0 = 1 — €grpa

solv

/5 sampf samp ; 75 samp
RIRy™P /R

=l - — =G =
R‘ RZ /RIZ

(9)

From eqs 3 and 9, we may then express the cross-section as
follows

T
cIN,

o
: (10)

In the experimental section below we discuss two experi-
ments, one of which involves the introduction of a temporal
delay 7 between the signal and idler photons prior to reaching
the ETPA sample. Because of the specific method used to
introduce this delay (based on Hong—Ou—Mandel interfer-
ence), the available photon-pair rate R depends on 7
(specifically, with R® at 7= 0 being twice as large as compared
to the corresponding value at a large positive or negative delay,
see Supporting Information. However, considering that the
quantities €, €, Ky, Ky f, P, and B, are all delay-
independent, any delay dependence of the photon-pair rates,
ie, R® = R(Z)(T), will cancel out in eq 9, thus not affecting the
ETPA signal R/ R Therefore, remarkably, we can use eq
10 to monitor the ETPA signal behavior in the transmission
scheme, unaffected by any intrinsic dependence of the
incoming photon-pair flux on the delay between the absorbed

https://doi.org/10.1021/acs.jpca.2c00720
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Figure 1.

Experimental setup designed to measure the ETPA rate with a transmission-based scheme. Two different experimental configurations

were used, based on (i) a collinear SPDC source and (ii) a noncollinear SPDC source, in which two equivalent photon-pair streams with a signal-
idler temporal delay 7 are obtained through a Hong—Ou—Mandel interferometer. These two photon-pair streams are directed to two detection
systems, the sample and reference arms, which allows us to study the ETPA signal in comparison with an equivalent setup without a sample. Note
that regardless of the configuration used, the photon-pair stream interacts with the ETPA sample collinearly; in the noncollinear configuration, the
signal and idler photons are controllably delayed upon reaching the sample.

photons and/or on any linear loss mechanisms sustained by
the photon pairs.

Also note that due to the existing linear relationship between
the rates (singles and in coincidence) for solvent and samples,
ie, R = mﬂR;OIV (with g = 1, 2, 12), the biphoton ratio in eq
9 can be calculated using the expression

5 (2
Ra(bs) L L)
RS miy (11)

where each m, can be obtained by a linear fitting of the

corresponding experimental transmission data.

B METHODS

As stated above, our experimental design incorporates two
distinct configurations, which can be selected by the
experimenter, based either on a collinear or a noncollinear,
frequency-degenerate SPDC source. In both cases, a
continuous wave (CW) laser centered at 405 nm is used as
a pump for the SPDC process, as shown in the pump
preparation stage in Figure 1, for the generation of photon
pairs centered at 810 nm. The pump beam is spatially filtered
and its optical power is controlled by a half-wave plate
(HWP1) placed between two polarizers. Following the second
polarizer, the pump power is monitored by means of a portion
of the beam reflected by a coverslip, coupled into a multimode
fiber, and detected by an avalanche photo diode (APDS). A
second half-wave plate (HWP2) is used to adjust the
polarization and optimize the SPDC generation rate, while
the pump beam is brought to a focus on the plane of the
nonlinear crystal [BBO1 (BBO2) for the collinear (noncol-
linear) configuration] using a 100 cm focal-length lens (L1).
Note that a folding mirror (FM) allows the experimenter to
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choose between the collinear and noncollinear configurations,
in such a way that the pump characteristics (spatial mode and
optical power range) are identical in both cases.

In both configurations, pump suppression is achieved by
transmitting the generated photon pairs through a composite
filter (IF) comprised of (i) a long-pass filter (designed to
transmit wavelengths 4 > 488 nm) and (ii) a band-pass filter
centered at 800 nm with a 40 nm width. Note that because in
both configurations the unfiltered SPDC spectral width is
much greater than 40 nm, the resulting filtered SPDC spectral
width is defined solely by the filter bandwidth. In the collinear
configuration (see Figure 1), the photon pairs are further
transmitted through a telescope composed of lenses with focal
lengths 10 and 3 cm (with an M = 10/3 magnification) and
coupled, with the help of an aspheric-lens-based coupling
system (CS1), into a multimode fiber which leads to the
sample arm detection system (see below).

In the noncollinear configuration (see Figure 1), the signal
and idler photons are reflected by two right-angle prism
mirrors coated on their front surfaces for high reflectivity
(PM), and in each resulting path, the corresponding photon is
transmitted through a collimating lens with 10 cm focal length.
While the idler photon is directly coupled into one of the
single-mode input ports of a fiber-based beamsplitter (FBS1)
using a coupling system (CS2), the horizontally polarized
signal photon is transmitted through a polarizing beam splitter
(PBS), and subjected to two passes through a quarter wave
plate (QWP) so that the polarization is switched to vertical,
and reflected from PBS on its return path. Note that the end
mirror (EM) following QWP is mounted on a computer-
controlled linear motor which permits the introduction of a
controllable signal-idler temporal delay. Following its reflection
from PBS, the signal photon is coupled into the other single-

https://doi.org/10.1021/acs.jpca.2c00720
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mode input port of FBS1 using a coupling system (CS3). The
signal and idler photons (traveling in the single mode optical
fibers) are each transmitted through a fiber polarization
controller (FPC1 and FPC2) prior to being combined. On
account of the Hong—Ou—Mandel (HOM) interference that
occurs at the beamsplitter, at zero delay both photons emerge
together through either of the two output ports (and they still
emerge together half of the time for a large-delay setting). Note
that one beamsplitter output is relayed, through coupling
system CS4, into a multimode fiber which leads to the sample
arm detection system (see below). The other, single-mode
beamsplitter output is directed to the reference arm detection
system (see below).

Our experimental design includes two separate detection
systems, referred to as the sample and reference arms. While, in
the former, the photon pairs are transmitted through the
sample so that ETPA can take place, in the latter, the photon
pairs are directly detected in coincidence in the absence of the
sample, so that ETPA cannot take place. In the case of the
sample arm, a stream of photon pairs conveyed through a
multimode fiber is outcoupled into free space using coupling
system CSS. Once in free space, the photon pairs are focused,
using a 5 cm focal length lens, to a 122-ym-diameter spot. The
sample, in the form of a molecular solution contained by a
quartz cuvette of 1 cm length, is placed on the focal plane. The
photon stream which emanates from the sample is collimated
with the help of a second lens (with a 7.5 cm focal length), and
is transmitted through a long-pass filter (LP) (designed to
transmit wavelengths 4 > 750 nm) in order to eliminate any
fluorescence emitted by the sample. A beamsplitter (BS) then
splits the photon pairs (nondeterministically) into two spatial
modes and each output is coupled into a multimode fiber
leading to an avalanche photodiode (APD1 and APD2). The
electronic signals from APD1 and APD2 are recorded with the
help of a time to digital converter (TDC), from which singles
and coincicence rates are obtained.

In the case of the reference arm, the single-mode output of
the HOM beamsplitter FBS1 is connected to one of the input
ports of a second fiber-based beamsplitter (FBS2) which splits
the photon pairs (nondeterministically). Each of the output
ports of FBS2 leads to an avalanche photodiode (APD3 and
APD4). As in the case of the sample arm, the electronic signals
from APD3 and APD4 are recorded with the help of a time to
digital converter, from which singles and coincidence rates are
obtained. The reference arms allows us to monitor the
expected ETPA behavior, in the sample arm, in comparison
with an equivalent setup in which ETPA cannot occur.

It is important to note that the collinear configuration leads
to a greater SPDC flux as compared to the noncollinear
configuration because while, in the latter case, only a portion of
the emission SPDC cone is utilized, in the former, in principle,
all emitted photon pairs can participate. In addition, the
simpler setup in the collinear configuration, with fewer optical
elements, implies lower losses. For this reason, we take two
types of measurement for the collinear configuration: (i) a flux-
restricted measurement, in which the pump power is limited so
that the resulting SPDC flux range matches the maximum flux
range observed in the noncollinear configuration, thus allowing
us to make direct comparisons between the two configurations,
and (ii) a flux nonrestricted measurement for which the full
available pump power is used resulting in a higher SPDC flux
by 1 order of magnitude.
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Importantly, apart from permitting the two detection
systems discussed above, the noncollinear configuration also
allows us to freely vary the signal-idler temporal delay 7. In our
experimental work, we have used two particular delay settings:
7 = 667 fs (selected so that Izl > T, with T, the entanglement
time which in our case has a value of T, & 100 fs; this value is
obtained through HOM interference—see Supporting In-
formation) as well as 7 = 0. The idea behind the use of these
two delay settings is that they provide a useful experimental
test: while we expect that ETPA can occur for the delay setting
7 = 0, ETPA clearly cannot occur for 7 = 667 fs, so that any
apparent ETPA signal occurring for this latter delay value
cannot be ascribed to ETPA. It is worth pointing out that due
to group velocity dispersion (GVD), mainly occurring in our
optical fibers, even in the zero delay setting only a limited
percentage of the photon pairs arrive at the sample with 7 = 0
to within the entanglement time T, i.e. with Izl < T,/2. In our
case, considering the two meters of optical fiber (GVD = 35
fs’/mm) used in our experiments, the percentage of pairs that
arrive with zero delay is ~3.7%. Note that this value is obtained
by computing the overlap between the temporal shape of
photon wave-packets with and without the effect of GVD, a
method previously used in the context of ETPA measure-

We have performed ETPA experiments, based on the setup
described above, for solutions of two organic compounds: (i)
Rhodamine B (RhB) in methanol, and (ii) zinc tetraphenyl-
porphyrin (ZnTPP) in toluene. In particular, we have used the
following concentrations: 0.5, 1, 4.5, 10, and 58 mM for RhB
and 1, 17, 120, 500, and 1400 uM for ZnTPP.

An experimental run consists of varying the pump power,
using 12 distinct values as controlled by the motorized rotating
half-wave plate HWP1, while the time to digital converter
registers detection times for detectors APD1, APD2, and
APDS (collinear configuration), or for all detectors APDI-
APDS (noncollinear configuration). From these data, singles
and coincidence counts may be extracted, while the effect of
any pump power fluctuations can be compensated for through
the signal from APDS (see Supporting Information). Note that
we have used a 7 ns coincidence window and an detection time
of 1 s for each power value. The cycle of 12 measurements is
repeated 45 times to obtain an average over 45 s per power
value; while the experimental setup is thermally shielded,
taking data in this manner minimizes the effect of temperature
fluctuations which can mask the small flux differences through
which ETPA is manifested. This procedure is repeated for the
solvent and for each of the samples (defined by the organic
compound and its concentration value). Note that in order to
avoid optical deviation of the photon pairs which could
likewise mask the effects under study, the cuvette is left in
place, with the solution removed or inserted with a pipette as
needed. The experimental procedure described above is carried
out for each of the two configurations (collinear or
noncollinear). In the collinear case, the procedure is completed
twice, for each of the flux-restricted and flux nonrestricted
measurements. In the noncollinear case, the procedure is
likewise completed twice: for the zero delay (z = 0) and
temporally delayed (7 = 667 fs) settings. As already mentioned,
while in the collinear case only the sample arm detection
system can be used, in the noncollinear case data is taken
concurrently with both detection systems (sample and
reference arms).
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Figure 2. Absorption rates, quantified through coincidence counts, as a function of the incident photon-pair rates, for the four types of
measurement: (i) collinear flux restricted, (ii) collinear flux nonrestricted, (iii) noncollinear with 7 = 0, and (iv) noncollinear with 7 # 0. Results are
shown for five different concentration values of RhB (top row), and ZnTPP (lower row).
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Figure 3. Absorption rates, quantified through singles counts, as a function of the incident photon-pair rates, for the four types of measurement: (i)
collinear flux restricted, (ii) collinear flux nonrestricted, (iii) noncollinear with 7 = 0, and (iv) noncollinear with 7 # 0. Results are shown for five
different concentration values of RhB (top row) and ZnTPP (lower row).

B RESULTS AND DISCUSSION

As discussed in the Theory section, in order to experimentally
determine the ETPA signal in molecular solutions, we can
record the photon-pair rate reduction, R,y as a function of the
incident photon-pair rate, as quantified by R,; note that this
can be done either in terms of singles or coincidence counts.
We have followed this strategy for our two configurations
(collinear and noncollinear). On the one hand, for the
collinear configuration we have carried out these measure-
ments for the flux-restricted (in the figures below labeled as
Col Low) and non-flux-restricted (Col High) cases. On the
other hand, for the noncollinear configuration, we have carried
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out these measurements for the zero delay (labeled as NC 7 =
0) and nonzero delay (NC 7 # 0) settings.

Figures 2 and 3 show the results obtained for absorption
rates in coincidences and singles counts, respectively. In both
figures, the upper row corresponds to RhB while the lower row
corresponds to ZnTPP. Each column shows one of the four
possible types of measurements: (i) collinear flux-restricted,
(i) collinear non flux-restricted, (iii) noncollinear with 7 = 0,
and (iv) noncollinear with 7 = 667 fs. Each panel shows five
curves, one for each concentration, where the solid line
represents a linear fit to the experimental points obtained as
the average of the 45 1-s-duration measurements. The error
bar indicates the standard-error of the mean calculated as o/
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\/ n where o is the standard deviation among the n = 45
measurements.

Note that all curves have a linear behavior, as expected from
Equation 3, with a slope that grows monotonically with the
concentration. Note also that for a given sample and
concentration value, the slope values are not only of the
same order of magnitude but in fact are very similar to each

other, across the four types of measurements. For the collinear
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configuration, this would indicate that for a R

soly Tanging from
around 200 to 3 X 10 coincidences per second, the absorption
rate is characterized by a linear behavior (see the first two
columns of Figure 2). The same goes for singles counts, as it is
observed that for a Ry, ranging from 2 X 10* to 2 X 10° counts
per second the trend is also linear. Surprisingly, when analyzing
the behavior of the last column, it can be seen that neither for
RhB nor for ZnTPP is the absorption signal suppressed as
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expected when the condition |zl > T, is fulfilled, i.e., a linear
absorption vs incident photon rate behavior with a slope that
increases monotonically with the concentration value is still
observed. Moreover, the slopes obtained for the 7 = 0 and Il
> T, cases have very similar values. Note that while the
behavior shown in these figures is similar to that reported
previously by other groups, the fact that the absorption is not
suppressed for the large-delay setting implies that, actually, the
observed behavior cannot be attributed to ETPA. The
characteristics apparent in our results (linear behavior with a
slope which increases monotonically with concentration; see
Figures 2 and 3), may in fact be due to the presence of other,
linear, contributions. In order to eliminate such linear
contributions from our data, and retain only the signal from
two-photon processes, we calculate I" using eq 9.

The values for I' that we obtain from our experimental data
are shown in Figure 4, plotted vs the incident photon rates on
the sample. The results for RhB are shown in the upper row,
whereas those for ZnTPP are shown in the lower row. Note
that in this type of plot, the presence of ETPA would be
consistent with a constant value of I' (with respect to the
incident photon rate), which increases with the concentration,
since I' = R®Y)/ R, represents the fraction of biphotons
absorbed from the total available. It is apparent from the
Figure 4 that in the case of higher photon rates (see
particularly the second column), the error bars are smaller,
because of the reduced fluctuations in singles and coincidence
counts. It can be observed that for ZnTPP the curves for all
concentrations are grouped around I' = 0, regardless of the
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type of measurement (each corresponding to one of the
columns). This indicates that the results for ZnTPP shown in
Figures 2 and 3 are due exclusively to linear losses and not to
two-photon losses, which reinforces the argument that they
cannot be attributed to ETPA. A similar behavior is observed
for RhB, with the curves for the lower concentrations again
largely grouped around I' = 0. However, for the higher
concentrations (particularly for 58 mM), I' fluctuates around
nonzero values. Note that this is the case for all types of
measurement, with I' values clearly separated from those
corresponding to lower concentrations. Although this effect
probably represents a two-photon process, it does not exhibit
all of the expected characteristics of ETPA. In particular, as can
be seen in Figure 4, the signal is not suppressed for 7 = 667 fs,
as would have to be the case for ETPA.

As mentioned above, one of the key features of our
experimental setup is that it includes a reference arm, which is
equivalent to the sample arm except that there is no sample
present. Thus, while running the absorption experiments in the
various samples with different concentrations, the behavior of
the signal is also recorded for the reference arm. Because data
are taken concurrently in both the sample and reference arms,
we may plot in the reference-arm a I' vs incident counts curve,
corresponding to each such sample-arm plot, as if absorption
were taking place in the reference arm; see Figure S. Note that
the color code represents the concentration of the sample, in
the sample arm.

The absence of a sample in the reference arm implies that
there cannot be any two-photon losses, so that we expect that
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Table 1. Apparent ETPA Cross Section for All RhB Concentrations Calculated through Equation 3, in Coincidences, for All

Four Types of Experiment

op X 1072 [cm?/molecule]

¢ (mM) Col Low Col High 7=0 T =667 fs
0.5 18.150(42.703) 6.468(10.256) 4.508(24.466) 24.248(4.612)
1 6.663(18.404) 16.814(8.788) 3.031(7.933) 16.243(5.965)
4.5 11.478(3.921) 15.132(2.173) 10.390(2.194) 10.411(2.688)
10 12.699(2.449) 12.933(1.774) 10.342(1.574) 10.848(1.302)
58 9.107(0.668) 8.136(0.538) 8.643(0.844) 8.832(0.914)

Table 2. Apparent ETPA Cross Section for All ZnTPP Concentrations Calculated through Equation 3 with Coincidences

Measurements, for All Four Types of Experiment”

o X 107 [cm?/molecule]

¢ (mM) Col Low Col High
5 - _

17 - 0.358(8.462)
120 0.0432(1.040) 0.877(1.334)
500 0.813(0.366) 0.683(0.179)

1400 0.676(0.088) 0.680(0.0901)

=0 T =667 fs
13.490(13.693) 8.117(18.528)
3.461(5.115) 1.849(4.021)
1.231(1.993) 2.041(1.243)
1.001(0.269) 1.052(0.242)
0.827(0.093) 0.823(0.063)

“Cases where a value is not displayed have been omitted on account of yielding a negative effective section; however, when considering the error,

they are all consistent with a positive cross-section.

all curves should be grouped around I" = 0. Our results (Figure
5) show this expected behavior for all concentration values of
both RhB and ZnTPP. Note that these results also showcase
the excellent stability of our setup: fluctuations are kept low
enough so that the value of I" remains stable. Note also that the
departure from I' = 0 observed for higher concentrations of
RhB in the sample arm is not observed for the reference arm.
Generally speaking, transmission-based ETPA experiments
can be challenging because the measured effects hinge upon
small differences in the resulting count rate with and without
the sample in place. Photon counting naturally presents
fluctuations which must be made as small as possible so as to
obtain meaningful results. In this context, so as to assess our
experimental reproducibility, Figure 6 shows a graphical
summary across all our types of measurement, with the
upper row corresponding to RhB and the lower row to ZnTPP.
The first column shows the slope of the R, vs Ry, curves (in
terms of coincidence counts; see Figure 2). In each panel, there
are four blocks, each corresponding to a type of measurement:
(i) collinear flux-restricted, (ii) collinear non flux-restricted,
(iii) noncollinear with 7 = 0, and (iv) noncollinear with 7 =
667 fs. Within each block, a boxplot (colored according to the
concentration value) represents the spread of slope values
obtained among six or seven independent measurements, so
that all measurements are contained between the error bars of
the graph, except outliers marked with “+” symbols (which
significantly depart from the group trend). The median is
represented by the horizontal line within each box, while the
lower and upper box edges represent the lower and upper
distribution quartiles. The second column is similar to the first
except that it is based on slope values of R, vs R, curves
obtained from singles, rather than coincidence, counts; see
Figure 3. The third column shows the values for I obtained
across all types of experiment, also including data correspond-
ing to the reference arm, for both 7 = 0 and 7 = 667 fs.
From an analysis of Figure 6, it becomes apparent that,
within the fluctuations of the experiment, the results are
remarkably repeatable. While in the case of the two leftmost
columns, the slope values increase monotonically with the
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concentration, in the rightmost column the I'" values group
around O for all concentrations of ZnTPP, as well as for the
lower concentrations of RhB. Note that for a given sample and
concentration value, the obtained slopes (see the two leftmost
columns) have remarkably similar values across all four types
of measurements.

As previously discussed, we conclude that despite the
reproducibility of these results, because the purported ETPA
signal occurs for Izl > T, (and is very similar to that obtained
for T = 0), it in fact cannot be attributed to ETPA. Recent
experimental work has pointed out that this type of behavior
might be due to one-photon loss mechanisms, such as hot-
band absorption,50 that could mimic ETPA. We believe this
type discussion will motivate future investigations toward
finding single-photon-loss-independent metrics (or witnesses)
for ETPA, such as our own analysis in terms of the I" quantity
[see eq 9] which is indeed linear-loss-independent.

In addition, as we previously stated, our results help to
conclude that for the higher concentrations of RhB there is an
apparent two-photon loss mechanism, which likewise cannot
be attributed to ETPA. One could argue that this spurious
signal might be a result of high-concentration molecular
aggregation,25 that creates low-lying energy levels, from which
one-photon absorption events may take place. We are certain
that this discussion will trigger new investigations on the role
of molecular aggregation in ETPA experiments.

Finally, although we conclude that the results which we
obtain do not originate from the ETPA process, we have
calculated the apparent ETPA-cross section values, as obtained
from eq 3; these values are shown in Tables 1 and 2, for RhB
and ZnTPP, respectively. Note that these values are of the
same orders of magnitude as compared to those previously
reported by other groups. Moreover, they are within the
bounds established by eq 6, i.e., for RhB on the order of 1072
cm?/molecule and for ZnTPP on the order of 107 cm?/
molecule.
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B CONCLUSIONS

We have presented a new method for the estimation of the
entangled two-photon absorption (ETPA) rate in a trans-
mission-based experiment. Unlike the standard scheme based
on the slope of the absorption (obtained by switching between
sample and solvent) vs the incident photon-pair rates,
quantified either in coincidence or singles counts, our method
relies on taking into account both singles and coincidences and
works irrespective of any linear loss mechanisms and/or any
intrinsic dependence of the photon-pair flux on the signal-idler
temporal delay introduced. Our experimental design includes
two different configurations: based either on a collinear or
noncollinear SPDC source, in both of which we can vary the
photon-pair flux and the sample concentration. The noncol-
linear configuration additionally permits the introduction of a
controllable signal-idler temporal delay and also permits two
distinct detection systems, the sample and reference arms, the
second differing from the first in that an ETPA sample is not
present. Because the photon-pair streams reaching the two
detection systems (which are obtained from the two output
ports of a Hong—Ou—Mandel interferomer) are equivalent,
the reference arm acts as a useful control to assess the behavior
of the sample arm.

We find that our own measurements carried out in the
standard scheme are compatible with those obtained
previously by other authors, with apparent ETPA cross
sections fulfilling the bound established in eq 6. We
nevertheless also find through our noncollinear configuration
that (i) the ETPA signal is not suppressed for temporal delays
7 greater than the photon-pair characteristic correlation time
T, ie, Il > T, and (ii) the two-photon absorption signal
obtained through our method, I', is not appreciably different
between the sample and reference arms, except at higher
concentrations of RhB (particularly 58 mM), for which a two-
photon signal is obtained, which however is not suppressed for
Izl > T,. In view of these findings, it is fair to conclude that the
transmission-based methods that are currently employed to
explore ETPA are not entirely reliable. Our work and that
presented by Li et al,,”* in which only a 40 times enhancement
of the absorption signal was reported (despite using large
fluxes of strongly correlated photons), suggest that the
available flux of entangled photons in our work and several
others with similar photon-pair flux levels is insufficient to
produce an ETPA signal that is strong enough to be
distinguished from other effects such as linear absorption
and scattering. Alternatively, the cross sections of these
molecules could be inaccessible through a transmission-based
method, which is in agreement with the work presented by
Parzuchowski et al.”” We believe that our work will shed light
on the current debate regarding the viability of the trans-
mission-based scheme for ETPA in organic compounds.
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