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Abstract

Over the last 50 years entangled photon pairs have received attention for use in lowering the flux in
two-photon absorption imaging and spectroscopy. Despite this, evidence for entangled two-photon
absorption (ETPA) effects remain highly debated, especially at low-fluxes. Here, we structure the
transverse spatial correlations of entangled photon pairs to evidence signs of ETPA at room-temperature
in organic and inorganic chromophores, in the low-flux regime. We demonstrate our scheme to be
robust to common artifacts that have previously hampered detection of ETPA such as linear absorption
and background fluorescence, and show that ETPA scales with transverse correlation area and
chromophore two-photon cross-sections. Our results present a step towards verifying ETPA and
experimentally exploring entangled light-matter interactions.

Introduction

Two-photon absorption (TPA) is a key photophysical process exploited in a wide range of scenarios
including biological imaging'?, (3D) lithography® and for characterizing the electronic structure of
molecular and inorganic materials*. The problem is that TPA is extremely inefficient due to the low
probability of two photons being absorbed nearly simultaneously (within the coherence time of the
system, At; Figure 1a). To overcome this, applications of TPA currently rely on relatively high fluxes
which may result in material damage. Entangled photon pairs have been proposed as a way to exploit
TPA at low fluxes, in a so-called entangled two-photon absorption process (ETPA). Here the rate of

two-photon absorption (TPA) is Rypy = o, ¢pair, i.e., linear in flux, whereas in the classical case,

Rrpa = O ¢paiT2 which is quadratic in flux (o, and & are the entangled and classical two-photon

absorption cross sections; ¢pair
theoretical works e.g., by Landes et al.'?, show that TPA can be enhanced by several orders of magnitude
using entangled photon pairs, they also find that the ETPA rates are too low for the process to be
observable with many of the explored experimental configurations and chromophores. Indeed, the same
authors even replicated a recent experiment which reported the observation of ETPA, without
success'*'*. Consequently, works claiming to have observed ETPA have thus far been met with a large

degree of caution.

is the flux of photon pairs, entangled or otherwise)’~!'. However, while

One of the original ways to test for ETPA was to measure Rypy4, after a sample cell containing two-
photon active chromophores, as a function of the pump laser power (/,) used to produce photon-pairs
via spontaneous parametric down conversion (SPDC). For ETPA, Ryp,4 should scale linearly with /,,
whereas it should scale quadratically for classical two-photon absorption'>'®. However, one-photon
loss-processes such as hot-band absorption'® or single-photon scattering® can also lead to the
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observation of a linear dependence of Rrp, with laser power. Consequently, the above test is not
sufficient to confirm ETPA. Hence, whilst additional measurements can be performed in the above
scheme, e.g., checking Ryp, whilst varying the SPDC flux after generation ?!', more sensitive and
controlled schemes have recently been proposed. For example, methods based on Hong-Ou-Mandel
(HOM) interferometry have been explored to detect ETPA exploiting changes in the HOM dip’s
visibility. However, despite several attempts****, HOM-based techniques have not yet succeeded.
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Figure 1: Entangled two photon absorption and the response in different PDC regimes: a. Two-
photon absorber excited by entangled photon pairs. One photon excites population from the ground
state | g) of a system to a virtual level; if a second photon is absorbed to reach the excited state |e), two
photon-absorption occurs. The incident photon pair flux (¢pair), the photons energies (w; and wg), and
the spatial (4,) and temporal (T,) entanglement area are key parameters driving entangled two-photon
absorption (ETPA). Ideally, T, must be much smaller than the coherence time of TPA, At, and A, should
be minimized (i.e., limited by diffraction), and both photons must have an energy that sums to the

overall energy transition energy. Additionally, ¢pair must be low enough to ensure the average time

between pairs exceeds At. wgpy, is the frequency of the photon emitted through fluorescence. b.
Entangled photon pairs are typically generated via spontaneous parametric down conversion (SPDC)
by optical pumping of a non-linear crystal. At high pump fluences, stimulated PDC occurs and create
multiple photon pairs per mode, leading to a high incident photon pair flux. Absorption can then occur
from photons within the same or different pairs, not qualifying as ETPA. In this high-gain regime, the
two-photon absorption rate (Rrp4) scales quadratically with pump intensity, while at low gain, it scales
linearly7—l 1,2425 .

The schemes described above are all based on analysis of the SPDC photons that have transmitted
through a material. However, in the ideal case, one would use an intrinsic signature of the sample that
is background free e.g., two-photon excited fluorescence, as a probe. If the SPDC pump power is
increased, a few mWs of PDC photons can be generated. This is nominally enough to induce detectable
spontaneous two-photon excited emission from most chromophores that are used to test for ETPA.
However, in this high-gain PDC regime, photon pairs are no longer emitted in isolated time slots (with
the spectrally narrow sources that are required for such experiments). Instead, the probability of multi-
pair emission become significant, leading to a bright squeezed vacuum (BSV) state?’ (Figure 1b). The
two photons involved in a TPA event can thus originate either from the same entangled pair or from
different uncorrelated pairs, resulting in a pump intensity dependence that is both linear and quadratic



ie.,Rrpg ¢ 0.l, +& o lz,z,, with £a unitless parameter that can be on the order unity 8. Both effects
will give rise to an ETPA-like signature i.e., two photon excited fluorescence, but only in the former
case will the PL response be dominated by ETPA. Consequently, as demonstrated by Landes et al. ',
working in the high-gain PDC regime is not appropriate to observe ETPA. Indeed, only in the low-gain
SPDC regime can entangled photon pairs arrive within a small time difference i.e., have a broadband
nature, whilst maintaining an energy that sums to the overall transition energy (unlike uncorrelated
light), as is additionally required for ETPA.

The TPA cross-section of chromophores used for detecting ETPA have also thus-far been low. Almost
all investigations have centred on molecular dyes such as Rhodamine 6g (Rh6g) or Zinc
tetraphenylporphyrin (ZnTpp) with indermediate TPA cross-sections of <300 GM (GM = 10 cm* s
photon). This is despite dyes and nanomaterials existing with TPA cross-sections of >10° GM, that
may more clearly exhibit the effects of ETPA?. Finally, it is essential to realise that . and d. are related

by 0, « —=, where T, and A, are the entanglement time and entanglement area, defined as the time

etle

and area within which photon pairs are tightly correlated®. Generally, minimizing both quantities is
critical for boosting ETPA, but studies of the precise influence of spatial entanglement remain limited
with most focusing on controlling temporal/spectral entanglement'.

Here, we overcome the above discussed problems by developing and applying a new scheme to test for
ETPA at room-temperature in molecular/inorganic systems (i.e., not atomic gases), based on entangled
photon pairs with structured spatial entanglement. We demonstrate our approach to be critically robust
to one-photon losses like scattering or linear absorption. We then apply it to investigate ETPA in the
low-gain SPDC regime, examining the influence of spatial entanglement and choice of chromophores
on the process. We find some evidence for ETPA and characterize deviations in signals. Our results
provide a steppingstone towards understanding ETPA and how it can be robustly verified and utilized.

Main

Our approach is based on a setup previously outlined in Cameron e al’' and shown in Figure 2a.
Spatially entangled photon pairs centred at 814 nm are generated by type-1 SPDC in a B-barium borate
(BBO) crystal pumped by a collimated continuous-wave laser at 407 nm. Near-degenerate down-
converted photons are selected via spectral filters (SF) at 814 + 2 nm. A maximum laser pump power
of 100 mW is used to ensure we remain in the low-flux regime (< 3 x 10° photon pairs/s). The output
surface of the crystal is first Fourier-imaged onto a phase-only spatial light modulator (SLM) that is
itself Fourier-imaged onto the sample plane, where the sample (or other media) are inserted. This plane
is then imaged onto an electron-multiplied charge-coupled device (EMCCD) camera as shown in
Figure 2a (for further setup details see Supplementary Sections A and B).
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Figure 2: Schematic of experimental setup used in this work and methodology for testing for
ETPA: a. Schematic of setup used in this work to test for ETPA. Spatially entangled photon pairs
centred at 814 nm are produced via type-1 spontaneous parametric down conversion (SPDC) using a
collimated continuous-wave laser at 407 nm and a 0.5 mm thick f—Barium Borate nonlinear crystal
(BBO). Pump photons are filtered out by a long-pass filter (LPF) at 650nm. A bandpass filter at 814 +
5nm before the EMCCD filters out non-degenerate pairs. The surface of the BBO, the sample plane and
the camera are in conjugate optical planes, connected by telescopes (fi — f2 , f3 — O and O»-f4). The
spatial light modulator (SLM) is placed in the Fourier plane of the crystal. In ‘Configuration 1°, O; and
O, are conventional lenses (focal length 50 mm), whereas in ‘Configuration 2’ microscope objectives
(0.5 N.A) are used to reduce the entanglement area A4, in the sample plane (see Figure 4a). The intensity
image and the minus-coordinate projection of G - named for clarity the correlation image - are both
returned by the sensor after each acquisition. For further setup details see Supplementary Sections A
and B. b. Correlation images for different SLM phase gratings (images underneath). Scale bar is 400
pm. A line of residual intensity is observed in all cases along the image vertical centre due to a constant
read-out artifact (‘charge smearing’; see Supplementary Section C for discussion). The inset shows
the direct intensity image, which is the same regardless of the phase-grating. c¢. 1D line profile of the
correlation image along the x axis to show separation as a function of the SLM period A, that is inversely
proportional to A,. &, and & denote the values of the central and positive correlation peaks in the 1D
line profile, respectively.

In such a setup, the photon pair beam is broad and Gaussian-shaped (area X) in the sample plane, as
shown in the intensity images in Figure 2b (insets). Additionally, the photon pairs exhibit spatial
correlations. These correlations are revealed by measuring the spatially resolved second-order
correlation function G(Z)(rl, r2)* and projecting it along the minus-coordinate axis (see
Supplementary Section C and D for theory). This projection represents the probability of detecting
two entangled photons at any pairs of pixels with positions (x4, y1) and (x5, y,) separated by a distance
(x; — x1,¥2 — y1). For clarity, we will refer to this projection as the correlation image throughout
the manuscript. Figure 2b shows correlation images measured with different phase gratings
programmed on the SLM. Without any phase structuring, a single peak appears at the centre, indicating
strong spatial correlation between the photons: when one is detected at any position (x1,y;) in the
sample plane, its twin is most likely to be detected very close by, within a region of area 4, (4, K Z).

When a phase grating 6(r) = m/4[sgn (cos (2%)) + 1] is applied to the SLM, two peaks appear in
the correlation image, separated by a distance Ay that is inversely proportional to the grating period A.
In this case, if one photon is detected at any position (xq, ), its twin is most likely to be detected in a
region centred at a distance +A,/2 from this position. Importantly, regardless of the SLM pattern, the
intensity profile of the photon pair beam remains unchanged (insets). This approach thus allows for

controlling the spatial arrangement of the photon pairs at each point on the sample, making them overlap
(Ax = 0) or be separated (A; > ./A,), without affecting the photon flux (see Supplementary Section
E for setup calibration details).

Noting the above, we can use our setup to test for ETPA. When photons pairs are maximally overlapped
(Ax = 0), the peak in the correlation image, denoted &,, is of maximum magnitude. If a medium is
placed in the sample plane and ETPA is occurring, £y should be reduced as compared to when there is
no medium. When the photon pairs are spatially separated at the medium plane (A, > \/A—e ), however,
the probability of ETPA should be reduced to zero and hence the intensity of one of the two peaks,
denoted &(Ay), should be the same with or without the medium present. If ETPA is occurring in a
medium, the ratio £(Ay)/éy should then be larger than in the absence of ETPA, particularly at large
values of A,. Figure 3a shows experimental results demonstrating this conclusion. Here, we consider
two chromophores 0.4 mM Rhé6g (in methanol) or 4 monolayer thick CdSe nanoplatelets (in hexane)
which have GM values of 10" - 10> and 10° respectively at 807 nm*>**. Initially, both samples are placed
in 1 mm pathlength borosilicate cuvettes with a total glass thickness of 2 mm. Plotting &; (Ax)/&, for
these samples alongside air and the non-absorbing solvent (hexane) in Figure 3a, interestingly shows



that &; (Ax)/&, follows the order CdSe>Rh6g>air/hexane, which is especially clear at large Ax values.
This suggests that we are indeed observing some ETPA occurring within these media.

To ensure that these observations do indeed arise from ETPA as opposed to setup related effects, we
conducted control experiments. A critical requirement of the above scheme is that measurement of
&(Ay)/&y for any medium in the setup is (i) highly reproducible and that such a metric is not sensitive
to (ii) linear absorption, (iii) scattering and (iv) the presence of stray light e.g., background fluorescence.
To test these hypotheses, we first trace out £(Ay)/&y in the case when there is no medium (‘air’).
Throughout this manuscript measurement of &, and £ (Ay) are repeated 4 x 1000 times with the mean
&o and &(Ay) used to derive the &(Ay)/€, ratio; the error bar is then calculated by propagation of the
uncertainty on the repeat measurements of these quantities (each 1000 measurement set takes 24 h, with
experiments performed over a 30-day period). The small value of the error bars (>0.01%) in Figure 3a
(‘air’ curve) highlights the reproducibility and sensitivity of the presented scheme. We then compare
this £(Ay)/&y curve obtained for ‘air’ with those obtained in the presence of linear absorption and
scattering. To mimic linear absorption, a linear polariser rotated by approximatively 45 degrees relative
to the polarization axis of the photons is placed in the sample plane, while for scattering, we use a thin-
film of parafilm (orange and light purple colour curves in Figure 3b, respectively). Critically, as shown
in Figure 3b, all curves lie on-top of each other within the uncertainty of the experiment, especially at
large & values, verifying our setup is robust to one-photon loss and scattering effects. In addition, to
mimic fluorescence or any stray light which could be detected in addition to the photon pairs during the
acquisition, we measure & (Ay)/&g with no medium whilst illuminating the camera with an 814 nm
superluminescent diode (SLED); as shown by the red curve in Figure 3b. No statistically significant
difference in £ (Ay)/&, is found. Finally, we also repeat experiments independently (v) reducing the flux
of photon pairs illuminating the sample (by varying the pump power) and by (vi) reducing the number
of pairs used in the G?) measurement (by decreasing the sensor collection area), as shown in Figure
3c and d. While the signal-to-noise ratio on &(Ay)/&, is reduced in these experiments, there is no
quantitative difference on the behaviour of £(Ay)/&, at large Ax values, suggesting this ratio to be
uniquely sensitive to properties of the medium (see Supplementary Sections F-I for further
experimental details).
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Figure 3: Exploring ETPA with CdSe nanoplaelets and Rhé6g dye checking for effects of
scattering, linear absorption, pump power and collection area: a.¢&(A,)/&y curve for the following
media in the sample plane: 4 monolayer thick CdSe nanoplatelets (1 mg/ml concentration in hexane) in
a 1 mm path length cuvette (green), 0.4 mM Rhé6g (in methanol; dark blue), a 1 mm path length cuvette
with hexane (light green) and ‘air’ (light blue). b. £(Ay)/&y curve when in the cuvette there is ‘air’
(purple), a linear polariser at 45 degrees (to mimic linear absorption; orange), a parafilm layer (to mimic
scattering; salmon) and ‘air’ together with ~1mW of a superluminescent diode (SLED) illuminating
the camera sensor (to mimic background light; red). c. £ (Ay)/&y for Ay =40 um as a function of pump
power for ‘air’ and Rh6g in the cuvette. d. £(Ay)/&, curves for different region of interest of the
EMCCD sensor with ‘air’ in the cuvette.

To explore the above observations further we reduce the entanglement area in the sample plane,
A, from 1.72 X107 mm? in the experiments in Figure 3 (Configuration 1) to 69.2 x10° mm?, by
replacing the lenses before and after the sample with 0.5 NA 20x magnification objectives
(Configuration 2). Repeating measurements on Rhé6g solution sandwiched and sealed between two
coverslips we find there is a significant increase in £ (Ay)/é, when A, is decreased, as shown in Figure
4a, which is in-line with the theoretical prediction that the ETPA cross-section is inversely proportional
to A.. Together the above results indicate we are observing some ETPA.
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Figure 4: Influence of entanglement area and dispersion on results: a. &(A;)/&, curves with a
cuvette of 0.4 mM Rho6g in the sample plane measured in configuration 1 (pink) and configuration 2
(green). The blue curve corresponds to a measurement with air in configuration 2. The value of 4, is
1.72 X107 mm? in configuration 1 and 69.2 X10°*mm? in configuration 2. The Ay-axis scale above the
graph corresponds to configuration 1, and the one below corresponds to configuration 2. b. £(Ay)/&,
curves measured for 0.175 mm thick coverslip (black), 2 mm thick sapphire plate (light blue), 4 mm
thick coverslide (red) and air (green) in the sample plane. Measurements were taken in Configuration
2.

It is worth noting that one result obtained remains difficult to interpret. As shown in Figure 3a (pale
blue and bright blue), measuring a cuvette with hexane (same result when measuring an empty cuvette)
in Configuration 1, we find that the §(Ay)/&, curve lies slightly above that of ‘air’, but well below the
curve when the cuvette is filled with Rh6g/CdSe. With hexane not being known as a two-photon
absorber in this wavelength range, we investigated the origin of this small — but statistically relevant —
difference in more detail. For that, we firstly place media of different refractive index (2 mm sapphire
plate n=1.79) or thickness (4 mm borosilicate glass microscope slides n=1.5) in the sample plane
(Figure 4b). For the 2 mm sapphire plate we find the £ (Ay)/€, curve is overlapped with that of ‘air’, as
expected. However, for the 4 mm thick glass coverslide, at large A, values, £(Ay)/&, is raised in a
manner similar to that for the cuvette with solvent. The above observations suggest that for thick media
dispersion may not influence £(Ay) and &, in the same way. However, this effect is relatively small,
with indeed a blank coverslip (0.175 mm thickness) having the same response as ‘air’ in Configuration
2 (Figure 4b, black curve). Indeed, while the refractive index (n at 800 nm) of our investigated media
do follow the same order as our &(Ay)/&, i.e., CdSe nanoplatelets (2.45%) > Rh6g (1.77) > hexane
(1.37), if refractive effects were playing a significant we would also expect our sapphire and Rhég
curves to be overlapped which they are not. We hence suggest refractive index differences cannot be
used to explain the clear increase in £(Ay)/&, at large Ay for CdSe/Rho6g.

Conclusion

In summary we have demonstrated a new measurement method based on structuring the spatial
correlations between entangled photon pairs to detect ETPA at the low photon pair fluxes. We have
highlighted that our scheme is robust to common artefacts that typically plague ETPA measurements
including the presence of stray light such as background fluorescence, one-photon loss processes (linear
or hot absorption) and scattering. We find that with our scheme an effect resembling ETPA can be
observed for Rh6g and CdSe chromophores, irrespective of the transverse correlation width of photon
pairs, SPDC flux or detection parameters.



The confidence in our results relies on the extreme robustness and sensitivity of our measurement
method, including the choice of the metric §(Ay)/&y. Operating the source at low gain and maintaining
a constant total photon flux regardless of the spatial correlation structure of photon pairs, the probability
of two photons from different pairs being absorbed by the sample is not only very low but also not
expected to vary with A,. In addition, our G ?) measurement method involves subtraction of accidental
coincidences, so the measured correlation peak height is proportional only to the rate of genuine
entangled photon pairs. The differences observed between the curves thus cannot be attributed to the
absorption of two photons from different pairs, but rather to the disappearance of entangled photon
pairs, suggesting ETPA.

Our work represents a new stepping stone towards verifying ETPA in condensed phase chemical
systems, at room-temperature, more widely. While our results are promising, given the conflicting
results and challenges that have been reported when detecting ETPA, we proceed with caution. On the
setup side there remains further work e.g., to better characterise dispersion effects by switching from
lens-based setups to ones with only mirrors. which could make the above methods quantitative to
accurately determine ETPA cross-sections. Also, the effect of the phase between photons in the
pair®**(see Supplementary Section H), and testing chromophores with higher TPA cross-sections would
be important to investigate. Similarly, it will be important to explore sum-frequency generation with
our scheme and incorporate additional measurements e.g., of the joint spectral amplitude, to determine
which exact parameters are most sensitive to ETPA effects.

It remains exciting to see if biological media stained with two-photon absorbers can be imaged with
photon pairs at lower photon fluxes than with classical light (for an equivalent signal-to-noise ratio)*.
Beyond two-photon absorbers, the scheme we have detailed could also be used to explore entangled
light-matter interactions in other systems?’ e.g., polaritonic microcavities or plasmonic materials or for
lithographic patterning®. However, increasing the flux of entangled photon pairs while continuing to
operate in a photon-sparse (i.e., < 1 pair per temporal mode) regime will be critical for exploring any
of the above problems. In this respect, the use brighter and purer sources of photon pairs not relying on
SPDC, such as quantum dots*, could play an important role in this research efforts.



Supplementary material: Towards robust detection of entangled two-photon
absorption

A. Additional details in the experimental setup

Figure S1 a and b show full details of the experimental configurations 1 and 2, respectively. The BBO
crystal, measuring 0.5 x5 x5 mm, is cut for type I SPDC at 405 nm with a half-opening angle of 3
degrees (Newlight Photonics). To achieve near-collinear phase matching at the output (where the ring
collapses into a disk), it is slightly rotated around the horizontal axis. The pump source is a continuous-
wave laser at 407 nm (Coherent OBIS-LX) with an output power of approximately 100 mW and a beam
diameter of 0.8 + 0.1 mm. After the crystal, a 650 nm-cut-off long-pass filter is used to block the pump
photons, along with a band-pass filter centred at 814 =2 nm. The camera used is an EMCCD (Andor
Ixon Ultra 897) operating at —60 °C, with a horizontal pixel shift readout rate of 17 MHz, a vertical
pixel shift of 0.3 us, a vertical clock amplitude voltage of +4V above the factory setting, and an
amplification gain set to 1000. The full camera sensor consists of 512 x 512 pixels with a 16 um pixel
pitch and nearly unity fill factor. The exposure time is set to 2ms, and the camera captures
approximately 100 frames per second (fps) within a 150 x 150 pixel region of interest. This region of
interest size was used in all experiments, except in Figure 3d of the manuscript where it was
intentionally varied. The lens f; performing the Fourier transform between the crystal surface and the
SLM in Figure 2a of the manuscript is depicted with one lens for simplicity, but actually consists of
three lenses with focal lengths of f, = 40, f, = 150 and f, = 100 mm. The two-lens imaging system
f> — f3 in Figure 2a of the manuscript is consists of four lenses with focal lengths of f; = 50, f, =
75, fr = 100 and f; = 100 mm. The lens f; in Figure 2a of the manuscript is consists of one lens with
focal length of f;, = 100 mm additionally. In Configuration 1, O, and O, are converging lenses with a
focal length of 50 mm. They are positioned so that they are at the focal distance from the sample plane.
In configuration 2, they are replaced by 0.5 NA microscope objectives (Nikon, Plan Fluorite),
positioned so that both are at the working distance from the sample plane. The magnifications between
the sample plane and the camera are M; = 2 and M, = 10 in Configuration 1 and Configuration 2,
respectively.
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Figure S1. Detailed experimental setups in configuration 1 and 2. In Configuration 1, O, and O, are
converging lenses with a focal length of 50 mm. In configuration 2, they are replaced by 0.5 NA
microscope objectives (Nikon, Plan Fluorite). The magnifications between the sample plane and the
camera are M; = 2 and M, = 10 in Configuration 1 and Configuration 2, respectively.

B. Properties of the spatially entangled photon pair source

In our experiment, a thin-BBO crystal is illuminated using collimated 0.8 mm-diameter 407 nm CW
laser with a power of 100 mW. In such case, SPDC is occurring in the low gain regime, which means
that the production of more than two photons per temporal mode at the output can be neglected. In
addition, the bandpass filter selects only the degenerate photons at 814 nm, which allows us to neglect
spatio-spectral coupling and consider degenerate and quasi-monochromatic photons. Assuming a pure
state, the two-photon states thus reads:

W) ~ [0)+ 1 j $rir) ahail0) (A1)

where ¢ (74, 13) is the spatial two-photon wavefunction. Using the double-Gaussian approximation**#!,
this function can be expressed in the sample plane, which is conjugate with the crystal surface, as
follows:

|1y — r2|2> < [ry + 13|

p(ry,1ry) = Aexp <— 1A, m) (A2)

where 11 = (xq,y,) and 71, = (x,,y,) are the transverse positions of the photons, A, is the
entanglement area and X is the overall beam area in the sample plane (note that 4, and X are related to
the correlation widths in position and momentum, variables that are commonly used in other studies
involving spatially entangled photon pairs *'). In practice, the values of A, and X depend on the crystal
parameters, pump beam diameter, and magnification between the crystal surface and the sample plane.
In our work, we estimate their values experimentally using Gaussian fits. Figure S2 shows the intensity
and correlation images used to estimate the values of 4, and X in both configurations, and Table 1
shows their measured values.
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Figure S2: (a) Intensity image and (b) correlation image in Configuration 1. (c¢) Intensity image and
(d) correlation image in Configuration 2. The areas X and 4, are first measured on the camera by fitting
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converted to values in the sample plane by dividing by the magnifications M; = 2 and M, = 10. Scale

the images with Gaussian functions of the form exp (— xz
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bars in (a) and (b) are 1.6 mm and 48 um respectively. In (c) and (d) the scale bars are 1.1 mm and pink
scale bar are 32 um, respectively, expressed in the camera plane.

Configuration A, (mm?) Xz (mm’)
1 1.72 x10°* 1.92
2 69.2 xX10° 0.0432

Table 1: Measured values of 4, and Z in configuration 1 and 2.
C. Measuring spatially resolved G®) with an EMCCD camera.
a. Measurement process

Given a set of M frames acquired by the EMCCD camera, one can compute (1) the intensity distribution
1(i, )) at pixel (i, j) and (2) the intensity correlations distribution G ®) (i, j, k, I) between pixels (i, j) and

(k, 1):

(1) The intensity distribution is computed by averaging the intensity over all the frames: I(i,j) =
1

M

(2) The second-order intensity correlation distribution between pixels (i, j) and (k, ) is computed by
multiplying the values from the same frame of the two pixels and subtracting the product of the
value of the two pixels from consecutive frames. This is then averaged over all the frames and
reads:

M 1 Im(i,j) where L, (i, j) is the intensity value measured at pixel (i, j) of the m*" frame.

1

M M-1

1
6DG5 kD = Zlmo,j)lm(k.l) ~ T 2 G Dl (D) (A3)
1= =

The first term in equation A3 originates from detections of both genuine photon coincidence (two
photons from the same entangled pair) and accidental coincidence (two photons from two different
pairs, or noise). Because there is zero probability for two photons from the same entangled pair to be
detected in two successive images, the second term originates only from accidental coincidences. In our
experiment, since the exposure times used (~ms) are much larger than the inverse of the photon-pair
rate (~ 10° pairs per second), the accidentals are dominating in the first term. Subtracting it the second
term — which effectively corresponds to calculating a covariance — allows to remove the accidentals and
conserve only the genuine correlations. When the light detected is coming from an SPDC source
operated in the low-gain regime, it was shown in Ref.** that the result of this subtraction is exactly equal

to the spatially-resolved second order correlation function G (2)(1, j, Kk, 1) of the photon pairs.

In practice, the measured G(z)(i, j, K, 1) takes the form a 4-dimensional matrix containing (Nx X Ny)2
clements, where N, X N,, correspond to the region of interest of the camera. It corresponds to the
probability of detecting jointly two photons from the same pair at pixels (i, j) and (k, ). It is a discrete
version of G ®)(ry, 1) that is by definition the absolute square of the spatial two-photon wavefunction
of the two-photon state, where 1y = (x4, y;) and r, = (x5, y,) are continuous transverse positions. In
order to take advantage of the specific symmetries of G related to the experimental configuration
used in our work, we visualize it in practice by projecting it along the minus-coordinates axis, defined
as:

r~(ér) = Jf GABr  —r,r)dr (44)

with 87~ = r; — r,. Using the measured G ® in the discrete-variable formalism, this becomes:
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b. Artefacts removal

Using an EMCCD camera, not all correlation values of G® can be measured using Equation A3, in
particular those (a) at the same pixel i.e., G®(i,j,i,j) and (b) those between vertical neighbouring pixels
ie,G@(,ji,j+ 1):

(a) Since the EMCCD camera cannot resolve the number of photons incident on a single pixel, equation
A3 is not valid for (i, j) = (k, I). In practice, this issue is solved by interpolating all the values in
the diagonal G (i,j, i,j) using neighbouring correlation values on the same row: [G@® (i, j,i+
LD +6PGE5i-1,)1/2- 620510,

(b) Because of the so-called smearing effect®, artefacts due to crosstalk appear in G?) between pixels
located on the same column. In practice, these values are interpolated using neighbouring
correlation values on the same row: [6P(i,ji—1,j+1) +GPq,ji+1,j+1D]/2 -
G@G,j,1,j+1).

More details on the G ®) measurement process and artifacts are found in Refs .*243
D. Theory of structuring spatially entangled photon pairs with an SLM

When a phase mask 6 (r") is displayed on the SLM, it is shown in Cameron et al*' that G @) (rq,13) of
incident photons in the sample plane becomes

CDry,1y) = g« Fle®| (ry— 1) (46)

r2

where, F[...] is the two-dimensional Fourier transform operator, g(r) = e *4e, Y(r') = 6(r") +
6(—r"),r and r'being the spatial coordinates in the sample and SLM plane, respectively. Hence, the
SLM mask and its spatially inverted version will shape the photon-pair correlations (G (2)). If we
consequently consider a [0, 7/2] phase grating on the SLM of the form 6(r') =m/

4[sgn (cos (Z£)) +1 , where sgn is the sign function and A is a controllable grating period , we
g A g g

observe a splitting of the central correlation peak into two symmetric peaks separated by a distance
A, ~1/A, as shown in Figure 2b of the manuscript. The phase grating thus shapes the photon pairs
so that they become spatially separated in the sample plane. By controlling its frequency, we can
monotonically go from a regime where pairs are tightly overlapped in the medium plane to forcing pairs
to be separated from one another by a chosen distance 4,.. Throughout this process, we note that the
area of the peaks remains constant and equal to 4,, akin to the intensity, which exhibits minimal
variation and maintains its gaussian shape of area ¥ . However, the height of the peaks, &, slightly
decreases (see Figure 2c¢ of the manuscript), which is mainly due to the imperfect diffraction efficiency
of the SLM.

a. Theoretical derivation of equation (A6)

This section provides a derivation of equation (46) that is noted above. For that, we consider the

propagation of the two-photon wavefunction from the SLM plane to the sample plane:
2

GA(r'y,1'y) = U Ysim(ry,12) e0T V0TI p(y' v @'y, 12)dr dr, (A7)
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where G (r'y,7'3) is the second-order correlation function in the sample plane, Y,y (1, 72) is the
two-photon wavefunction in the SLM plane, 'y and r’, (r and 1r3) are the transverse positions of the
photons in the sample plane (SLM plane), 6 is the phase mask programmed on the SLM and h(r', 1) =

.T’T

' is the coherent point spread function associated with the optical Fourier transform performed by
the lenses and/or microscope objective between the SLM and sample plane (4 is the wavelength of the
photons and f is an effective focal length). In addition, under our experimental conditions, we assume
that the photon pairs are near-perfectly anti-correlated in the SLM plane i.e., Y5 p(1q,72) =
Yo(ry — r2)8(rq + ry), where § is the Dirac delta function and 1 is the envelope of the two-photon
wavefunction in the SLM plane. This so-called thin crystal approximation*'* is valid in our work
because we use a collimated pump with a diameter larger than the crystal thickness. It remains valid as
long as the spatial frequencies of the phase patterns programmed on the SLM are smaller than the
inverse of the correlation width in the SLM plane. In our experiment, we measured a correlation width
of 0.34 mm in the SLM plane, much smaller than the minimum SLM grating period of 1.3 mm,
confirming the validity of the approximation (see Figure S3). Furthermore, since the crystal is slightly
tilted to produce a disk rather than a ring in the SLM plane, we can use the double Gaussian
Ir|?
approximation and model the envelope 1, in the following Gaussian form: 1 (r) = e *Zstm | where
Xs1m 1s the area of the beam in the SLM plane. Xg; ), depends mainly on the crystal thickness and the
lenses between the crystal surface and the SLM performing the Fourier transform. Under this
hypothesis, the previous equation simplifies to:

T2T2

[rp—74]?
GO 1) = Ufe 48w §(ry+ 1 )e‘g(rl)ele(rz)e ﬂf e A drydr,

1-r'r

2 (r
Je I35im 31(9(r)+0(—r))e ¥  dr

2

|r|?
= ‘ [e 425LM] lll)(r)] (r'y — r'y)
= |g* PO Gy - '2) (A7)
Ir|?

where g(r) = e *4e , with A, is the correlation width in the sample plane, and ¥(r) = 8(r) + (7).
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Figure S3: a-b. Correlation (a) and intensity (b) images acquired by Fourier imaging the crystal onto
the camera. Scale bars are 1.5 mm in both images. The correlation image corresponds to the sum-
coordinate projection of G ?). From these images and lenses used in the measurement configuration, we
can estimate a correlation width in the SLM plane of approximately 0.34mm.

b. Phase grating modulation

Considering the phase 6(r) = m/4 [sgn(cos (2%)) + 1], the Fourier transform in the previous
formula becomes:

?[en/4i[sgn(cos(z%))+sgn(cos(—2%))+2]](r,) — iT[en/Zisgn(cos(z%))](r,)
+ oo /1f
= - 2 2Cipp1 O (x’ —(2n+1) X) (48)

n= -

1 . . Lo .
where ¢, = S Sinc (g) The second order correlation function in the sample plane can thus be written:

2

2
+ © x;—x’z—(2n+1)ATf| |)"1—y£|2
G(Z)(T'LT’z): 2 Con+1 € 44e e 4de (49)
n=-—oo

This result is in accordance with the experimental minus-coordinate projection of G 2 shown in Figure
2b of the manuscript.

E. Experimental calibration of the correlation shaping process

As shown by the previous equation, G ? (', 7'3) has no zero-order term (c, = 0), no even order terms,
and is dominated by the first order terms (c; = c_; = 0.32). This is observed experimentally in Figure
2b of the manuscript. To obtain this result, however, one must carefully calibrate beforehand the lateral
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shift a in the programmed phase mask i.e. 8(r) = /4 [sgn(cos (Z%x + a)) + 1] , where «a is the

lateral shift, to make it precisely equal to zero. Figure S3 shows minus-coordinate projections for a
fixed A = 300pum and different values of «. In practice, we find the best value of a by testing many
shifts and selecting the one that minimize the zero-order peak.

Correlations
High Low

X=X, X=X, X=X, X=X,
Figure S4: Minus-coordinate projections (with no medium) for a fixed A = 300 um and different
values of « (the lateral shift applied to the SLM phase grating). Panel (a) a = 0.34; panel (b); o = 0.38
panel (c) @ = 0.41; panel (d) @ = 0.44. This approach allows us to calibrate the SLM and minimise the
zero (or other) order peak(s).

F. Details on the measurement of &

¢ is defined as the height of the correlation peak visible on the correlation image. This peak, by
definition, represents the sum of all coincidences of entangled photon pairs incident on the same pixel,
detected within the camera's region of interest, making ¢ directly proportional to the total number of
detected entangled photon pairs. It is a crucial metric in our study. Specifically, &, represents the peak
value when no phase mask is applied to the SLM, while £(Ay) is the value of the shifted peak on the
positive side. Note that, given that the correlation image is inherently centrosymmetric, any of the peaks
can be used to define &(Ay).

In all our measurements, we evaluate the ratio &, /&(Ay) for various values of Ax. The resulting curve
consistently decreases. For 'air' (depicted as the light blue curve in Figure 3a of the manuscript), the
ratio decreases from 1 to approximately 0.25, which is close to the theoretically predicted value of ¢; =
0.32. The slight discrepancy can be attributed to the fact that, in practice, the SLM shaping is not perfect,
as some portion of the light remains uncontrolled and ends up in the zero order, thereby reducing the
ratio. Finally, we note that other metrics such as the area of the correlation peaks in the correlation result
in the exact same trends in &, /& (Ay).

G. Metric robustness
a. Insensitivity to noise and stray light

The insensitivity to noise and stray light is related to the method of detecting photon pairs through their
spatial correlations as detailed in Section C of the supplementary document. The signal measured, i.e.,
the peak in the correlation images, is formed solely by the spatial correlations between genuine
entangled photon pairs. Indeed, all accidental coincidences are removed in the subtraction of equation
A3. Thus, noise events or photons from stray and ambient light, which appear as accidental
coincidences, do not contribute to the signal. They only increase the noise in the correlation image,
which practically reduces the signal-to-noise ratio. This effect was previously observed and quantified
in Ref.*® In our work, this is clearly visible in Figure 3b of the manuscript, where the presence of stray
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light from the SLED does not alter the shape of the measured curve. Note that this remains true provided
that the stray light falling on the camera sensor is of sufficiently low intensity to avoid saturating it,
which is a reasonable assumption in our study.

b. [Insensitivity to linear losses

This insensitivity to linear losses is related to the calculation of a ratio between two quantities, {gand
&(Ay), which are affected in the same way by linear losses (i.e., one-photon losses). Indeed, the
probability of losing a photon through this type of absorption is independent of whether the photon is
spatially correlated with another photon or not. Thus, {yand € (Ay) which are two quantities proportional
to the number of entangled pairs detected by the camera, are attenuated in the same proportion in the
presence of single-photon losses, allowing the ratio &y /&(Ay)to remain constant. This insensitivity is
confirmed by measurement shown in Figure 3b of the manuscript.

c. Insensitivity to scattering

This insensitivity to linear losses is related to the calculation of a ratio between two quantities, &, and
&;(Ax), which are affected in the same way by scattering. The presence of scattering causes a dispersion
of the correlation peak in the correlation image. Indeed, photon pairs effectively lose their strong spatial
correlations. In cases of significant scattering (e.g., multiple scattering), the peak spreads completely
across the entire correlation image and can become indistinguishable from noise, as observed in Ref.*.
In cases of weak scattering - which could be the case in our experiment - the peak slightly spread and
lose intensity. Ultimately, regardless of the strength of the scattering, it is an effect that acts on each
photon individually, and therefore has the same effect on {yand £(Ax). The ratio &3/&(Ax) thus
remains constant. This insensitivity is confirmed by measurement shown in Figure 3b of the
manuscript.

H. Variation with the phase

It has been suggested by Bi et al.*® that ETPA can be enhanced when there is a large phase difference
between photons in a pair. To test this, we ramp the phase on one half of the SLM, where the beam
impinges, between 0 and 7 /2 while keeping the other half of the SLM at fixed phase (of 0). Since the
photons in a pair are strongly anti-correlated in momentum (i.e. k 1 = -k 1;), they arrive on the SL in
opposite halves of the beam, so this allows us to control their relative phase. Measuring &, (in Setup 1)
for Rh6g, air and 1 mm thickness borosilicate glass (Figure S5) we find no difference in the response
regardless of the phase difference between pairs. This suggest that further work is required e.g., tuning
the spectral bandwidth of the photon pairs to understand the role of photon phase in ETPA.

1.25{% Air

1.00- HWH—H\H—M
0.751. : : :
1.25{* 0.5 mm Glass

E
2 1.001
oS

0.75

1.25/% Rhég

1.00

0.75_. , . ‘
0.0 0.5 1.0 15

Phase (rad.)
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Figure S5: &, as a function of the SLM phase on one half of the beam; the other half is kept at fixed
phase (0). Measurements are taken for air (green), 0.5 mm thick glass coverslide (green) and cuvette
with 0.4 mM Rho6g (salmon) in the NF medium plane. &, is normalised to its value when the phase
difference is zero.

I. Errorbars

In the main text we display effectively a (£) for each (Ax). In each case this involves measuring &; 1000
times and then repeating this on 4 occasions. The error bar is then determined from the standard error
on all such §; values measured and propagated according to A(§/&y) = (§/&) X [(A(&)/éo) +
(A(&)/&)], where A is the standard error on the given quantity in brackets. The measurement of &; is
exceptionally reproducible and effectively a property of the measurement system, this gives us
confidence in comparing curves of /&, effectively even when they lie close to one another.

J. Variables

Rrpa: two-photon absorption rate

o.: entangled two-photon absorption cross section

d)pair: photon pairs flux

d¢: classical two-photon absorption

I, : pump power

X: photon pair beam diameter in the sample plane

A : Grating period in the SLM plane

A, : Distance between the two correlation peaks in the sample plane
T, : entanglement time of entangled photon pairs in the sample plane
A,: entanglement area of entangled photon pairs in the sample plane
o : value of the correlation peak for A, = 0.

&(A,): value of the positive correlation peak for A, # 0.

I. Chemistry

a. CdSe Nanoplatelet Synthesis

All chemicals were used as received: Octadecene (ODE) (Sigma-Aldrich, 90%), cadmium acetate
dihydrate (Cd(Ac).2H,0) (Sigma-Aldrich, 98%), cadmium oxide (CdO) (Strem 99.99%), myristic acid
(Sigma-Aldrich, 99%), selenium powder (Se) (Strem Chemicals 99.99%), oleic acid (OA) (Sigma-
Aldrich, 90%), oleylamine (OLA, Acros, 80—90%), n-hexane (VWR, 99%), methanol (MeOH) (VWR,
99.8%) and ethanol absolute (VWR, 99.8%) are used.

The cadmium acetate dihydrate was used as purchased and crushed and then dried under vacuum at
70°C overnight.

The Cd(myristate), was synthesized by loading 2.56 g (20 mmol) of CdO and 11 g (50 mmol) of
myristic acid into a 50 mL three-neck flask. The mixture in the flask was heated to 80°C and degassed
for 30 min. Under an argon flow, the solution was kept heating at 200°C until becoming colorless.
During the cooling step, 30 mL of MeOH was added at 60°C in order to solubilize the excess myristic
acid. The obtained white solid was precipitated 5 times with MeOH using a centrifuge tube. The final
product was dried at 70°C under vacuum overnight.

4 monolayer ML 20 nm x 8 nm zinc-blende CdSe NPLs were synthesized using a slightly modified
version of the procedure from Ithurria ez al. In a 25 mL three-neck flask, 170 mg of Cd(myristate),, 12
mg of Se powder and 15 mL of ODE were loaded and degassed under vacuum for 30 min at room
temperature. The mixture was then heated to 240°C under an argon flow. At around 200°C, 90 mg of
dried Cd(Ac), was quickly added to the intense-colored orange solution. The reaction was stopped when
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the 512 nm absorption was stabilized (around 20 min after the addition of Cd(Ac).). During the cooling
step, 150 uL. of OA was injected into the solution at 150°C. After cooling, the NPLs were purified twice
with 15 mL of hexane and 15 mL of ethanol by centrifuging at 6000 rpm for 5 min. the platelets
presented a band-edge at 512 nm.

b. Rhodmine 6G

Rhodamine 6G was used as purchased (Sigma-Aldrich) and prepared to 5 mM concentration in ethanol
(Sigma-Aldrich, 99.9%).

c. Sample preparation

For experiments using ‘Setup 1’ detailed in Figure 2a of the main text the Rhodamine 6G, CdSe
nanoplatelets or hexane were placed in a 1 mm path length quartz cuvette. For experiments with ‘Setup
2’ solutions of Rhodamine 6G, CdSe nanoplatelets or hexane were placed in home-made cuvettes made
by sandwiching two-pieces of 0.17 mm thick coverglass together with an approximately 100 pm thick
spacer. Care was taken to ensure solvent/sample did not evaporate from the cuvettes significantly
throughout the course of experiments and fresh cuvettes were typically made between repeat
experiments to ensure sample degradation did not influence the results*’.
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