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Nonlinear spectroscopy and microscopy techniques are ubiquitous in a wide range of applications across
physics and biology. However, these usually rely on high-powered pulsed laser systems. A promising alternative
is to exploit entangled two-photon absorption (ETPA), which can lead to tens of orders of magnitude lower
incident fluxes than in conventional two-photon absorption schemes. However, the role of different entangled
degrees of freedom in ETPA was unclear following recent experimental studies, when compared to earlier
theoretical works. Here, we first demonstrate a linear dependence of the ETPA rate with the photon-pair rate,
a clear signature of ETPA, and estimate the values for the concentration-dependent ETPA cross section for
Rhodamine 6G. We then investigate the signature of energy-time entanglement and polarization dependence in
the ETPA fluorescence rate and demonstrate a strong dependence of the signal on the interphoton delay that
reflects the coherence time of the entangled two-photon wave packet.
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I. INTRODUCTION

Building on Marie Goppert-Mayer’s discovery of two-
photon absorption (TPA), nonlinear spectroscopic techniques
have become invaluable tools for both fundamental and ap-
plied research, providing the opportunity to study atomic and
molecular transition levels that would be unattainable with
linear spectroscopy [1]. However, these techniques typically
use relatively high peak power pico- or femtosecond pulsed
lasers to compensate for the low probability of two photons
arriving simultaneously at the same atom or molecule [2,3].

A promising solution to address this photo-sensitive lim-
itation is to exploit the concept of entangled two-photon
absorption (ETPA) [4]. Consider a simple model for two-
photon absorption [4] where one photon excites an absorbing
specimen from the ground state (g) to a virtual level and
the other photon further excites this to the final state (f), as
illustrated in the energy level diagram on the right of Fig. 1. In
the case of classical TPA, the absorption rate of two photons is
a product of two independent single-photon absorption rates,
resulting in a quadratic dependence on the photon flux ¢,
R. = 8,.¢> [1/s] [4-6]. Here, 8, is the classical TPA cross
section in units of cm* s. However, if the photons are produced
in the form of entangled pairs, they act more like a single
object, resulting in a linear absorption rate, R, = 0c@pair [1/5],
where ¢pi; is now the photon-pair flux—a photon-pair rate
per unit area—and o.[cm?] is the ETPA cross section [4].
We can then write the overall two-photon absorption rate as
Ry, = 8r¢2 + Ue¢pair~

The linear dependence of the absorption rate on the photon-
pair rate is a signature that the process is due to ETPA [4,6—
13]. The ETPA process dominates at low flux, before the
classical, quadratic, TPA takes over at ¢puir = ¢ = 0./5,. To
give an idea of the advantage provided by ETPA in terms
of the required flux, the typical values for classical TPA are
around 8, ~ 10~%7 cm®s [14], while for ETPA, values as high
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as 0, ~ 10717 cm? have been obtained for certain molecules
[8,9,11].

Motivated by this, there have been numerous theoretical
studies to develop spectroscopic techniques based on ETPA
to investigate a wide range of molecular systems [7]. If we
consider the energy-level diagram on the right of Fig. 1, in
the case of TPA, the transition from the ground state is due
to absorption of two photons with bandwidths A; and A,
which are comparable in value to the bandwidth of the final
state Ay [for Rhodamine 6G (Rh6G)]. In contrast, due to the
energy-time entanglement, the ETPA transition behaves like
it is induced by a spontaneous parametric down-conversion
(SPDC) pump photon with bandwidth A, < Ay, similarly to
single-photon absorption (SPA).

Recently, experiments have started to explore this concept,
primarily looking at the linear dependence of ETPA with
respect to the photon pair rate [8§—13,15]. While the original
theoretical works [4,5] and other experiments [16—18] focused
on energy-time entanglement [19], some of these recent ex-
periments emphasized the role of polarization entanglement
[10,13,15,20] or did not distinguish which degree of freedom
is entangled. In this work we investigate this situation by
analyzing the ETPA-induced fluorescence intensity of Rh6G
with respect to different degrees of freedom of the pairs.
This choice for the molecule is motivated by strong absorp-
tion properties of Rh6G in the desired wavelength range
510-540 nm and its high quantum yield [21]. The mea-
surements we performed allow us to demonstrate that the
correlations due to energy-time entanglement provide the fun-
damental advantage for ETPA.

II. EXPERIMENTAL SETUP

The experimental setup is based on a periodically poled
lithium niobate (PPLN) Type-O0 SPDC source for generating
entangled photon pairs and three different elements as shown
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FIG. 1. Experimental schematic: A 532 nm laser beam (Coherent Verdi V5) was sent through a prism (P), coupled to a single-mode fiber,
and focused to a 230 um waist by an 11 mm focal length lens L, inside a 2 cm Type-0 quasi-phase-matched PPLN crystal, producing SPDC
pairs, which are then collimated by a 20 cm focal length lens L,. A Glan prism (G) and wave plate (1/2) were used to ensure linearity of
the pump polarization before the crystal. To remove any residual 532 nm pump photons, two long-pass interference filters (IF.) (Thorlabs
FELHO0750) were used. The photon coincidence counting setup (a) consists of a 50:50 fiber beamsplitter, free-running single-photon detector
(Dfree) (ID Quantique ID220), gated single-photon detector (Dgyeq) (ID Quantique ID201), and a time-to-digital converter (TDC) (ID Quantique
ID801). In panel (b), the pairs were coupled to a fiber, passed through a reflective collimator (RC), and focused by a 20 cm focal length lens
L; (10 cm for the free-space setup) into an integrating sphere (Thorlabs IS236A-4) containing a custom-made cuvette filled with the Rh6G
solution. The counts were collected with a CCD camera (Atik 383L+) attached to one of the integrating sphere’s ports. A short-pass filter (IFs)
(Thorlabs FESH0650) was installed before the camera to further reduce spurious detection events. Pairs sent to the interferometer (c) were
separated on the beamsplitter (BS), to introduce either a delay (A7) or a polarization rotation (1 /4 waveplate) between the photons. The figure
on the right represents the energy level diagram of the absorbing specimen and the various bandwidths for ETPA and TPA regimes.

in Fig. 1(a)-1(c)]. This type of source allows us to avoid
any ambiguity about the nature of ETPA by minimizing the
entangled degrees of freedom. This photon-pair source also
allows us to improve the photon-pair rate, and hence to have
a greater measurement dynamic compared to previous studies
[9,10,13].

Calibration of the pair-source is done by sending the
pairs to a standard coincidence detection scheme comprising
two single-photon detectors and a time-to-digital converter
[Fig. 1(a)]. We measured an average coincidence detection
rate of 1100s~! at 5.1 mW of pump power. Taking into
account losses, the beamsplitter, and the detection efficien-
cies of around 3% at 1064 nm, this corresponds to around
2.6 x 10° s~! fiber-coupled pairs. This calibration was made
in a low rate regime to avoid saturating the detectors.

Once the calibration was done, the SPDC pairs were sent to
the fluorescence detection setup [Fig. 1(b)], where they were
focused (60 wm waist) into the cuvette containing the Rh6G
molecules in an ethanol solution. The cuvette was placed in-
side a 2 inch integrating sphere, with a (17.6 mm x 13.52 mm
sensor) CCD camera attached to one of its 1/2 inch ports, to
maximize collection and detection of SPDC-induced fluores-
cence. Another port of the sphere was left open, opposite the
input, to allow the unabsorbed pairs to pass through minimiz-
ing the chances of spurious detection events due to residual
1064 nm photons, which is further reduced by a short-pass
filter installed before the camera.

The role of energy-time entanglement in the ETPA-induced
fluorescence was investigated by inserting a Michelson inter-
ferometer before the fluorescence detection setup as shown
in Fig. 1(c). In one arm of the interferometer a variable path
length can be controlled to introduce a delay between the pho-
tons, and hence, the arrival time difference of the photons sent
to the cuvette. Additionally, a /4 waveplate is introduced in
one path of the interferometer to rotate the polarization of

one photon with respect to the other to test any polarization
dependence of the input state.

III. ETPA LINEARITY AND CROSS SECTION

The measurement of the ETPA-induced fluorescence de-
pendence on the photon pair rate represents the first step to
demonstrate the linear signature of ETPA. The combination
of an integrating sphere and camera was used to improve the
collection efficiency; however, the large camera sensor area
also introduces a high background noise rate.

To calibrate them, a series of measurements were made to
quantify all contributions to the detected signal (see Fig. 2
for typical values). To obtain the true signal we extracted
the background camera counts from measurements with a
sample of pure ethanol (Ng) from those with Rh6G (Npy).
These measurements were repeated for each data run and
concentration. Importantly, we also ensured that there were no
events due to leakage of the 532 nm pump (Nypar), which, due
to its high single-photon-absorption cross section, would also
produce a linear response to pump power. This was achieved
by tuning the temperature away from the phase-matching con-
dition, such that no pairs were produced. To further check the
absence of the 532 nm pump leakage, the output of the fiber
was connected to a single-photon detector (ID Quantique ID
100) where only detector dark counts were observed even at
maximum pump power. Np corresponds to the camera’s dark
counts when the laser was turned off. These tests confirmed
that the detected signal is due only to the fluorescence of
Rh6G induced by 1064 nm photon pairs.

Figure 3 shows the measurements of the fluorescence
Ry rate for three different Rh6G concentrations, C =
{110 mmol/I, 4.5 mmol/1, 38 umol/1} as a function of the
number of SPDC pairs sent to the sample. These ETPA-
induced fluorescence measurements with Rh6G clearly
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FIG. 2. Contributions to the detected photon count rate signal.
Npy: Raw ETPA-induced fluorescence for a 110 mmol/l Rh6G
ethanol solution with 1W of pump power. Nyp),: Nonphase matching
condition, PPLN crystal temperature decreased below that for de-
generate SPDC. Ng: Cuvette with pure ethanol, no Rh6G in cuvette.
Np: The laser was turned off and there were no photons incident on
the sample. Each result is an average of 10 measurements of 300 s
Error bars (in all figures) are standard deviations over the set of
measurements.

demonstrate a linear dependence of the fluorescence rate on
the photon-pair rate. The pump power was varied over 0.25—
1.5 W, which corresponds to 108-10° pairs per second sent
to the Rh6G solution through the fiber. However, taking into
account the dispersion in the fiber (2 m, connecting source
and sample) and the width of the down-converted spectrum,
only 10% of the overall SPDC rate, corresponding to 1063—
1065 nm range, arrived within the (140 fs) coherence time
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FIG. 3. ETPA-induced fluorescence rate as a function of the
SPDC photon-pair rate for different Rh6G concentrations in ethanol:
110 mmol/1 (blue circles), 4.5 mmol/l (orange squares), and
38 umol/1 (green triangles). A supplementary measurement (blue
crosses) uses a free-space setup at 110 mmol/1 allowing for higher
rate (inset). Each point is an average of 10 measurements of 300 s.

TABLE 1. Results for the ETPA cross section for two different
Rh6G concentrations.

C [mmol/1] o, [em?]
4.5 (9.94+4.9) x 1072
0.038 (1.940.9) x 107

of the SPDC two-photon wave-packet. Thus, the effective
photon-pair rate incident to the Rh6G solution varies from
2.0x 107 to 1.2 x 108571,

The measured fluorescence rate Ry can be described by

Npy — N, G
Ry = PM E

(1

9
texp Ncoll Mcam

where e, is the integration time and the fluorescence rate is
weighted by the gain factor of the camera G, the collection
efficiency 701, and the camera quantum efficiency neam.

Assuming the photon pair rate is undepleted, the ETPA and
fluorescence rates are related through the quantum yield Y that
is concentration- and solvent-dependent [8]:

Ry =YRups =Y cv Ny o, ¢pair- (2)

Here, C [mol/]] is the concentration, V = 5.6 x 10~ [ is the
active volume, Ny is Avogadro’s number, and 0,¢pir = R, is
the ETPA absorption rate per molecule.

In Eq. (1), the factors G, 1. and ncm are difficult to
quantify individually. We therefore determined them from a
relative measurement with the 532 nm pump laser for SPA
and estimate them all together. To do this, we sent the 532 nm
pump laser through the system and replaced the long-pass
filters IFy with a short-pass filter (Thorlabs FESH0650). The
pump beam was attenuated to SPDC-intensity levels, such that
103 photons per second were focused in the cuvette. We then
use Eq. (1), Eq. (2), and our knowledge of the SPA cross
section to determine G/(Ncol Neam) = 4.5 £ 0.9 (counts)’l.

Table I shows the values obtained for o, for low concentra-
tions, where the quantum yield Y = 0.95 is known for Rh6G
in an ethanol solution [21]. This would suggest values of o, ~
10~2! cm?, which can be compared to SPA cross sections of
around 107'7 cm? and TPA of around 10™% cm*s [14]. A
value of the yield for concentrations of 110 mmol/I in ethanol
is not available, to the best of our knowledge, so we can re-
port only the product, Yo, = (6.4 & 0.5) x 10723 cm?. This
clearly demonstrates a significant quantum advantage with
respect to the necessary photon fluxes compared to the TPA
cross section. While these, and the following interferometric,
measurements were more practical in fiber, we performed one
series in free space. These results (crossed points in Fig. 3
and inset) match well with the fiber-based measurements but
also provide a higher pair rate (losses due to dispersion were
negligible).

The free-space measurement also allows us test the in-
fluence on the ETPA of the uncertainty in the photon pairs’
spatial correlations, e.g., with respect to the concept of
“entanglement area” [4]. In both the free-space and fiber
configurations the whole focal spot is inside the sample, thus
all pairs—spatially correlated or not, respectively—have a

033701-3



D. TABAKAEV et al.

PHYSICAL REVIEW A 103, 033701 (2021)

4.5

(104s™)
@
w (@) EAN

2.

o N o

Fluorescence rate

©
o

O T T

50 o 100 150
Interphoton polarization angle (degrees)

FIG. 4. Polarization dependence of ETPA-induced fluorescence
rate for a 110 mmol/1 Rh6G ethanol solution and an SPDC pair
rate of 4.2 x 107 pairs/s as a function of the relative angle between
the polarization of photons exiting from each arm. Each point is an
average of 15 measurements of 300 s.

chance of interaction with a Rh6G molecule. The similarity of
the results for both geometries indicate no such dependence.

IV. ETPA POLARIZATION AND
TEMPORAL DEPENDENCE

To investigate the dependence of ETPA-induced fluores-
cence on the polarization of the pairs, we rotated the A/4
waveplate in one of the interferometer arms [Fig. 1(c)]. As
the photons probabilistically take either the same or different
paths in the interferometer, we change the two-photon state
from |HH) to a (50:50) mixture of states with orthogonal
and parallel polarizations. In the case where photons separate
and have the same polarization, there will be interference,
which will cause rapid fluctuations; however, these will be
averaged over due to the long integration times. Nonetheless,
the mean photon pair rate sent to the cuvette remains constant
as the polarization is rotated. Figure 4 shows the resulting
fluorescence rate as a function of the polarization angle where
the values vary by less than 10% indicating that there is no
significant variation in the fluorescence due to the polarization
state of the input photons. This is expected, as molecules in
solution should not be polarized in the absence of magnetic
fields or high molecular structure asymmetry.

A simple way to test the role of energy-time correlations
of the photons arriving to the unit of absorbing media on the
ETPA rate is to vary the time delay between the photons on the
scale of their coherence time [see Fig. 1(c)]. Figure 5 shows
the fluorescence rate as a function of the time delay between
photons from an entangled pair for a fixed Rh6G concentra-
tion and photon-pair flux. The solid line is a Gaussian fit with
a full width at half maximum of approximately 140 fs, which
corresponds to the coherence time of the photon pairs. The
small nonzero experimental background is due to photons that
take the same path in the interferometer and hence do not have
any time delay dependence, and the “shoulders” are from pairs
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FIG. 5. Temporal dependence of ETPA-induced fluorescence
rate for a 110 mmol/1 Rh6G ethanol solution and an SPDC pair rate
of 4.2 x 107 pairs/s, as a function of the interphoton delay Az. The
interferometer arm was scanned in 20 fs steps, and each point is an
average of 15 measurements of 300 s. The solid line corresponds to
a Gaussian fit with a FWHM ~140 fs.

that have their (fiber) dispersion canceled by the time delay.
In principle this background should be half the maximum;
however, here it drops almost to the noise level. This drop is
due to a lower than expected fluorescence signal at low input
pair rates, especially for high concentrations (see Fig. 3). This
drop is consistently reproducible, but further study is required
to understand its origins.

V. CONCLUSION

We have performed a detailed study of ETPA in a molec-
ular solution of Rh6G in ethanol and extracted values for the
ETPA cross section, which shows a concentration-dependent
response similar to [8]. We demonstrated the main signature
of ETPA, i.e., a linear dependence of the absorption rate with
the photon-pair rate for both open-space and fiber-coupled
geometries. The similarity in these geometries indicated that
the spatial correlations related to entanglement area do not
play a role in the experimentally relevant case, i.e., beyond
the single molecule approximation [4]. Also, as expected,
there was no apparent dependence on the polarization of
the photons probing the sample. Finally, we demonstrated a
strong dependence of the signal on the interphoton delay that
reflects the coherence time of the entangled two-photon wave
packet. This can be seen as a fs-sensitive coincidence scheme,
analogous to a Hong-Ou-Mandel experiment [22], revealing
the form of the wave packet and a strong indicator that it is
the energy-time entanglement that plays a fundamental role
in ETPA.
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