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ABSTRACT: It has been proposed that entangled two-photon absorption (E2PA) can be
observed with up to 1010 lower photon flux than its classical counterpart, therefore enabling
ultralow-power two-photon fluorescence microscopy. However, there is a significant
controversy regarding the magnitude of this quantum enhancement in excitation efficiency.
We investigated the fluorescence signals from Rhodamine 6G and LDS798 excited with a CW
laser or an entangled photon pair source at ∼1060 nm. We observed a signal that originates
from hot-band absorption (HBA), which is one-photon absorption from thermally populated
vibrational levels of the ground electronic state. This mechanism, which has not been
previously discussed in the context of E2PA, produces a signal with a linear power dependence,
as would be expected for E2PA. For the typical conditions under which E2PA measurements
are performed, contributions from the HBA process could lead to a several orders of magnitude
overestimate of the quantum advantage.

The implementation of nonclassical light sources in
spectroscopic and sensing methods has been a long-

standing goal for advancing many practical applications of
quantum science. One particularly intriguing possibility is to
use a time−energy entangled photon pair source for two-
photon absorption (2PA) excitation instead of a coherent,
laser-based (classical) source. Here we refer to the latter
regime as classical two-photon absorption (C2PA). It has been
predicted that if entangled photons generated via spontaneous
parametric down conversion (SPDC) are used for excitation,
then the resulting entangled two-photon absorption (E2PA)
rate should scale linearly with the excitation flux, and the
process efficiency can be boosted relative to C2PA at low
photon flux.1,2 Entangled photon excitation might therefore
enable ultralow-power two-photon excited fluorescence
imaging, which would be particularly advantageous for limiting
perturbation and damage of fragile biological samples. The
favorable scaling behavior stems from the linear dependence of
the 2PA rate on the second-order correlation function, g(2).3,4

In addition to this absorption efficiency enhancement from the
photon statistics, further enhancement is possible from the
spectral shape and bandwidth of the frequency anticorrelated
photon pairs.5,6 Whether these mechanisms can provide a
practical advantage for E2PA in molecules is still unclear.
Since 2004, numerous publications have reported E2PA and

entangled two-photon excited fluorescence (E2PEF) for many
different chromophores, reporting large excitation efficien-
cies.7−14 The resulting E2PA cross sections, σE2PA, may be as
large as 10−17 cm2, which is on the same order of magnitude as
a moderately strong one-photon absorption (1PA) transition.
More recently, however, a number of studies have reported
conflicting results which cast doubt on the large enhancements

claimed in those reports.15−19 For example, three different
groups employed E2PEF measurements to determine the σE2PA
of Rhodamine 6G (Rh6G).4,20,21 Tabakaev et al.20 measured
E2PEF using CW SPDC excitation at 1064 nm with up to 5 ×
108 pairs/s. Although several tests were performed to rule out
one-photon mechanisms as the origin of the measured signal,
the observed dependence on time delay was inconsistent with
expectations.22 The authors concluded that σE2PA was 9.9 ×
10−22 cm2 to 1.9 × 10−21 cm2 for a range of fluorophore
concentrations. In a separate study, Parzuchowski et al.4

observed no E2PEF using a pulsed SPDC excitation source at
810 nm with ∼9 × 109 photons/s. This result was used to
determine an upper bound on the cross section for Rh6G of
σE2PA ≤ 1.2 × 10−25 cm2, which is nearly 4 orders of magnitude
smaller than the value reported by Tabakaev et al.20 The null
result of Parzuchowski et al. was supported by results from a
study by Landes et al.21 In this case, a CW SPDC excitation
source at 1064 nm with 2 × 109 pairs/s was used along with
dispersion control and sum frequency generation measure-
ments to optimize the excitation radiation parameters and the
signal collection efficiency. However, no measurable E2PEF
was observed.21 The origin of the ∼10000-fold variation in
reported σE2PA values is unclear.
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Here we focus on hot-band absorption (HBA) which can
contribute to signals measured with SPDC and mimic certain
characteristics of E2PA. HBA is a classical 1PA process from
the thermally populated vibronic levels of the ground
electronic state. Figure 1 shows a schematic of a two electronic

level system (solid gray lines) with vibronic levels of the
ground state indicated by dashed gray lines. A 2PA transition is
allowed between these two electronic states (blue vertical
arrows, Figure 1a). If the excitation source has a broad
spectrum or is tuned far away from the peak of the “0−0”
transition, its radiation can stimulate transitions involving the
vibronic manifold of the ground electronic state. If 1PA
transitions between these levels and the upper electronic state
are allowed, HBA may take place (red vertical arrows, Figure
1b). Although the probability of HBA transitions is very low,
C2PA is also inefficient; thus, the magnitude of the signals
from the two processes can be comparable under certain
conditions. The system relaxes back to the ground electronic
state emitting fluorescence photons (“anti-Stokes” emission;
green vertical arrows), which are indistinguishable for the two
mechanisms.

HBA has been shown to play a crucial role in C2PA
measurements23−28 but has not been discussed in the E2PA
literature. The importance of including HBA in the analysis of
C2PA data has been detailed in a study by Drobizhev et al.,25

where C2PA and HBA were simultaneously observed in a
series of meso-tetraalkynylporphyrins. In this study, the
excitation frequency ν was detuned far to the red of the
chromophore’s “0−0” transition frequency (νmax) to avoid
direct one-photon excitation of the lowest energy transition.
However, the detuning (νmax − ν) was insufficient to avoid
excitation from the vibronic manifold of the ground electronic
state. Temperature-dependent measurements were conducted
to decouple the roles of the two excitation pathways.
An additional complication arises in distinguishing HBA

from E2PA by using power dependence. Because HBA is a
1PA process, it scales linearly with excitation power. When the
SPDC photon flux is sufficiently low that pairs are separated in
time, the E2PA rate is also predicted to scale linearly with
excitation power. However, when linear losses act on the
produced pairs, E2PA exhibits the unique signature of scaling
quadratically with attenuation of the SPDC beam. This
behavior is also expected for other two-photon processes, as
clearly demonstrated for sum frequency generation.29 Thus, to
confirm the origin of a potential E2PA signal, both power
dependencies should be measured. In earlier reports the linear
dependence on the pump laser (for SPDC generation) power
alone was taken as proof that the signals originated from E2PA.
However, this signature is consistent with many one-photon
mechanisms,4 including HBA. This amalgamation of signals,
corrupting the purely quantum-enhanced 2PA signal, would
lead to misleading conclusions regarding the efficiency of
E2PA and its dependence on molecular properties and on the
quantum state of the light.
Here we report 2PA measurements on Rh6G and LDS798

(CAS No. 92479-59-9) dissolved in methanol and deuterated
chloroform (CDCl3), respectively. Rh6G is particularly
interesting because it was studied in the prior E2PA reports
mentioned above and has well-known C2PA properties.30

LDS798 is another commercially available fluorophore with a
large C2PA cross section at 1064 nm.31,32 According to a
simple probabilistic model of the E2PA process proposed in
Fei et al.,33 a large C2PA cross section implies a large E2PA

Figure 1. Schematic of 2PA (a) and HBA (b) with electronic and
vibronic levels indicated by solid and dashed lines, respectively. The
2PA excitation source (blue) may have high-energy components (red)
that resonate with 1PA (hot-band) transitions. Note that the
fluorescence emitted by the two mechanisms (green arrows) is
indistinguishable.

Figure 2. Results of classical (coherent) two-photon excited fluorescence measurements on a log−log scale. Fluorescence signals (vertical axis, in
counts per second, cnt/s) versus the laser excitation power (lower horizontal axis, in mW) or versus the excitation photon flux (upper horizontal
axis, in photons per second per cm2, ph/s/cm2) measured for Rh6G and LDS798 are shown in panels a and b, respectively (black squares). The
slope values obtained from the fit (red lines) and the derived cross-section values in GM units are indicated in the insets. In the case of LDS798 the
slope value changes from quadratic (1.91) to nearly linear (1.10) with decreasing power. Error bars correspond to one standard deviation.
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cross section as well. We use two CW sources operated near
1060 nm a laser and time-energy entangled photon pairs
generated via SPDCto independently excite the samples
under identical conditions. We observe no measurable E2PEF
signal from Rh6G with the maximum available SPDC power.
In contrast, a signal is observed from the LDS798 sample.
Upon further investigation, we find this signal does not show
the excitation power scaling characteristics of E2PA. We
attribute this fluorescence signal to HBA. Temperature-
dependent measurements, excitation wavelength-dependent
measurements, and modeling of the signals support our
conclusions. We propose that HBA may be responsible for
absorption signals observed with SPDC excitation. We
emphasize the importance of including additional verification
tests to elucidate the origin of signals measured with SPDC
excitation.
A detailed description of the experimental setup and the

measurement procedures is provided in the Supporting
Information. Classical two-photon excited fluorescence
(C2PEF) measurements on Rh6G were used to ensure the
proper alignment of the optical system and characterize its
sensitivity. In Figure 2, the detected fluorescence signal for
classical excitation is plotted versus the excitation photon flux
or the excitation power on a log−log scale. The minimum
count rate that we could assign to fluorescence photons
measured above the background level (3 cnt/s to 5 cnt/s) is
determined to be ∼0.5 cnt/s. The power dependence of
C2PEF for Rh6G (Figure 2a) in the range 0.1 mW to 2 mW is
found to be near-quadratic with a slope (power exponent) of
1.96 ± 0.01. The sample concentration (1.1 × 10−3 mol/L),
fluorescence quantum yield (0.934), and the measured and
calculated excitation condition parameters are used to derive
the value of the C2PA cross section, σC2PA = 9.9 GM (see
details in the Supporting Information), which agrees with the
literature value of 9.8 GM.30

We repeat the C2PEF measurement with LDS798, which
has a large σC2PA, but is less advantageous for fluorescence
detection because its quantum yield is only 0.054 (see the
Supporting Information), and its emission spectrum is red-
shifted from the peak of the detector sensitivity (Figure S3).
Makarov et al.31 reported σC2PA of 515 GM for LDS798 excited
at 1060 nm. This value was probably overestimated by a factor
of 2 due to an issue with a Rhodamine B reference standard
used in that work as was discussed in de Reguardati et al.30 In
our experiment the C2PEF power dependence in the range 50
mW to 500 mW is found to have a slope value of 1.91 ± 0.01
(Figure 2b). Using a sample of 10−4 mol/L LDS798, we derive
σC2PA = 220 GM.
The methods and apparatus used here are very similar to

ones employed in our earlier study,4 where the uncertainty for
determining σC2PA was estimated to be ∼28%. We therefore
assume it is similar in the present experiment.
Upon decreasing the excitation power for LDS798, we

observe that the slope of the power dependence decreases and
reaches a value of 1.10 ± 0.09 in the 5 × 10−5 W to 10−3 W
range. Overall, the data show a transition from a quadratic (i.e.,
C2PA) to a linear (i.e., 1PA) excitation regime. Although a
transition of this type is rather uncommon in C2PEF
experiments, there are several reports of similar behavior
indicating the presence of the HBA process.23−28 As suggested
by Drobizhev et al.,25 the collected fluorescence signal, F (in
cnt/s), can be written as a sum of two terms, one describing
the excitation via HBA and the other via C2PA

σ ϕ σ ϕ= +F NK NK
1
2 CHBA 2PA

2
(1)

where N is the number of molecules in the excitation volume,
K is the overall fluorescence collection efficiency, ϕ is the
excitation photon flux, and σHBA is the HBA cross section. The
σHBA is a function of the excitation frequency ν and sample
temperature T (see the Supporting Information for details).
Lowering the temperature is expected to decrease the rate of
HBA but not affect the rate of C2PA. In our temperature-
dependent experiments (see the Supporting Information), we
observe a maximum 12 nm red-shift in the steady-state
emission spectrum of the fluorophore and 23% decrease in
quantum yield while increasing the temperature, both of which
are accounted for in the analysis.
Equation 1 indicates that the relative contributions of C2PA

and HBA vary with excitation flux. The HBA term depends
linearly on excitation power while the C2PA term depends
quadratically; thus, at higher powers the latter should be
dominant. This is consistent with what we observe in our
experiment with LDS798 (see more on this below and in the
Supporting Information).
Next, we block the 1060 nm laser and switch to SPDC

excitation. For Rh6G we are unable to detect any fluorescence
signal with the maximum available SPDC power of ∼1.3 μW.
However, for LDS798 we measure a strong fluorescence signal
(up to 40 cnt/s) under SPDC excitation (Figure 3). First, we

carefully verify that this signal is not a scattered portion of the
SPDC light and not related to the solvent itself. Replacing the
LDS798 sample with pure CDCl3 results in no signal observed
above the background level. To assess whether the signal from
the LDS798 sample is E2PEF, we test for a unique signature of
the process as discussed above. In two separate measurements,
we vary the SPDC pump power and attenuate the SPDC beam.
Figure 3 is a plot of the measured fluorescence signals versus
the excitation power or, equivalently, versus the flux on a log−

Figure 3. Results of measurements with SPDC excitation of LDS798
on a log−log scale. Fluorescence count rate (in cnt/s) versus the
SPDC power (lower horizontal axis, in nW) or the excitation photon
flux (upper horizontal axis, in ph/s/cm2). The SPDC excitation flux is
calculated assuming the effective wavelength of 1064 nm. The
excitation power was controlled by attenuating the SPDC (black
squares) or pump laser (green squares) beams. In both cases the
signal dependence was linear as determined by the slope values
(shown in the inset) calculated from the fits (dashed black and green
line, respectively). Error bars correspond to one standard deviation.
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log scale. Varying the SPDC pump power (green squares), we
observe that the fluorescence follows a linear dependence
(slope value of 1.02 ± 0.02), which is consistent with E2PEF.
However, attenuation of the SPDC beam power (black
symbols) also results in a linear dependence (slope value of
1.01 ± 0.03). The latter result clearly indicates that the
fluorescence signal is not related to E2PA because attenuating
the SPDC beam with a neutral density filter randomly removes
individual photons rather than photon pairs, thus making the
excitation more classical, and classical 2PA scales quadratically
with power.
We perform two additional experiments that confirm the

observation of HBA. We characterized the temperature
dependence of the C2PA signal from LDS798 encapsulated
in a polydimethylsiloxane (PDMS) matrix. A rigid polymer
rather than a liquid is selected to ensure that changes in solvent
viscosity with temperature do not influence the radiationless
relaxation rate of LDS798 and thus its fluorescence quantum
yield.35 The fluorescence signal in PDMS was observed to
increase nearly 4-fold with increasing temperature from 283 K
to 323 K and is well fit by a Boltzmann function (Figure S4a).
The experiment was repeated with SPDC excitation (Figure
S4b,c). The measured signal scales with temperature in the
same manner. In addition, we used an independent setup
designed for characterizing absorption cross sections32 to
measure the HBA cross section of LDS798 as a function of
wavelength in the 680 nm to 900 nm region. We compared this
to the cross section we derived from the data shown in Figure
2b. The cross sections in the red tail region, including our 1060
nm data point, fit to a Boltzmann function (Figure S8), which
is consistent with HBA theory (eq 6 in the SI). Finally, we note
that a model entirely based on HBA without any adjustable
parameters is consistent with both the laser-excited and SPDC-
excited fluorescence signals (Figure S7).
Several important points can be concluded from this study.

We have shown that even when the excitation wavelengths are
detuned hundreds of nanometers from the 1PA peaks of a
chromophore, vibronic states can still be excited via HBA.
Although this effect is known from previous reports on C2PA,
it has not been discussed in previous studies of E2PA.
Explaining the origin of inconsistency among different
experiments is the most significant challenge currently facing
the development of E2PA spectroscopy and its applications. As
shown here for LDS798, the HBA signal can partially mimic
the power scaling of E2PA. It seems likely that this mechanism
could be contributing to E2PA measurements on any other
chromophore. Potential HBA contributions should be carefully
quantified since they could lead to a significant overestimate of
the quantum enhancement for the 2PA efficiency. Our results
underline a critical need to perform stringent tests for unique
signatures of E2PA in measured signals with SPDC excitation
to distinguish one-photon processes from E2PA. In particular,
to confirm a signal is from E2PA as opposed to other potential
mechanisms, the proper validation procedure is to vary the
incident power from the entangled photon source both by
attenuating the power input to the SPDC crystal and also by
attenuating the power afterward. To demonstrate E2PEF, these
two methods of varying the incident power must show
different fluorescence power dependencies.
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