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Correlations between entangled photons are akey ingredient for testing
fundamental aspects of quantum mechanics and an invaluable resource
for quantum technologies. However, scattering from a dynamic medium
typically scrambles and averages out such correlations. Here we show

that multiply scattered entangled photons reflected from a dynamic
complex medium remain partially correlated. In experiments and full-wave
simulations we observe enhanced correlations, within an angular range
determined by the transport mean free path, which prevail over disorder
averaging. Theoretical analysis reveals that this enhancement arises from
theinterference between scattering trajectories, in which the photons leave
the sample and are then virtually reinjected back into it. These paths are the
quantum counterpart of the paths that lead to the coherent backscattering

of classical light. This work points to opportunities for entanglement
transport despite dynamic multiple scattering in complex systems.

Entangled photons exhibit correlations that cannot be explained by
classical physics. Over the past decades, physicists harnessed entan-
gled states of photons to test some of the most peculiar predictions
of quantum mechanics, such as the violation of Bell'sinequalities’ and
teleportation”. Entangled photons have also proven to be indispensa-
ble for quantum technologies, such as device-independent quantum
communication® and linear optical quantum computation®. While
suchstatesareindeed aninvaluableresource, they are typically prone
to a variety of processes that affect their non-classical correlations.
One ubiquitous and often inevitable process is light scattering from
inhomogeneities. Thus, it is crucial to understand how such scatter-
ing events affect entangled photons, especially given recent rapid
advances in utilizing quantum states of light in real-life scenarios,
such as satellite-based entanglement distribution through turbulent
atmosphere’ and quantum imaging through biological tissue®. While
entanglement can survive multiple scattering fromastatic mediumifall
output modes are accessible’®, the dynamic movement of the scatterers
constantly changes the state of the photons, washing out correlations
indisorder-averaged states’ . Inthe classical regime, researchers have
observed the existence of several so-called mesoscopic phenomena

that survive the dynamic movement and disorder averaging”™¢,

such as long-range correlations'”’® and coherent backscattering
(CBS)"“. Thus, it is invaluable to study whether the quantum coun-
terpartof such phenomena can exhibit correlations thatare robust to
disorder averaging.

Studying quantum states of multiply scattered light poses remark-
able theoretical, numerical and experimental challenges, due to the
huge Hilbert space spanned by multiphoton states that occupy numer-
ous spatial modes. To circumvent this issue, analogies of multiple scat-
tering were studied in one-dimensional arrays of coupled single-mode
waveguides, withengineered and propagation-invariant disorder. Such
arrays mimic quantum walks in disordered potentials, which exhibit
transverse Anderson localization of photon pairs® 2. However, experi-
mentsin such one-dimensional arrays do not account for the angular
degrees of freedom and cannot probe mesoscopic phenomena, such
as CBS, universal conductance fluctuations and universal optimal
transmission. While theoretical studiesindicate that the scattering of
quantum states by volumetric disordered samples can exhibit diverse
mesoscopic effects in the angle-resolved photon correlations”**’,
such features could not be measured in experiments due to the low

'Racah Institute of Physics, The Hebrew University of Jerusalem, Jerusalem, Israel. 2Ming Hsieh Department of Electrical and Computer
Engineering, University of Southern California, Los Angeles, CA, USA. *ESPCI Paris, PSL University, CNRS, Institut Langevin, Paris, France.

e-mail: yaron.bromberg@mail.huji.ac.il

Nature Physics


http://www.nature.com/naturephysics
https://doi.org/10.1038/s41567-022-01895-3
http://orcid.org/0000-0002-2010-0514
http://orcid.org/0000-0003-1255-4417
http://orcid.org/0000-0002-9609-7155
http://orcid.org/0000-0003-2565-7394
http://crossmark.crossref.org/dialog/?doi=10.1038/s41567-022-01895-3&domain=pdf
mailto:yaron.bromberg@mail.huji.ac.il

Article

https://doi.org/10.1038/s41567-022-01895-3

a
-
~~~~~~
~~~
Dynamic
random
medium
C\ass\ca\
source
b
One-photon diagrams
Diffuson Cooperon
Ry, =

Fig.1| Classical and quantum coherent backscattering. a, Typical
experimental scheme of a classical coherent backscattering experiment.

A classical coherent plane wave impinges onto arandom medium, and the
reflected light is collected by adetector (D,). At the precise backscattering
angle, 6=0°,an enhancement of the light is observed, the CBS. b, Classical CBS
diagrams of the mean reflection coefficient R,,, where a (b) represents the input
(output) mode with transverse momentum q, (q,). The first term, the ‘diffuson’,
isanincoherent summation of all path pairings inside the medium. The second
term, the ‘cooperon’, contains all path pairings that visit the same scatterers
butin areversed manner. ¢, Schematic layout of a 2p-CBS experiment. A flux of
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entangled photon pairs illuminates the random medium and the backscattered
photons with transverse momenta q, and q, are collected using two detectors
whose coincidence events are registered. Here, 6 is the angle between the two
output modes. d, The leading diagrams found for 2p-CBS when calculating the
two-photon correlation function I',, of the two output modes a and b. In Klyshko’s
advanced wave picture, the detected mode a is replaced by an illumination mode
that backpropagates through the system with an opposite transverse momentum
(-q,), and is detected in mode b. We call these diagrams the bi-diffuson (first
term) and bi-cooperon (second term), and they represent the two-photon
generalizations of their classical counterparts (see text for more details).

collection efficiency of multiply scattered photons. Experiments in
this regime focused instead on global features of the total reflection
or transmission that do not resolve the angles®°**. Speckles in the
angle-resolved two-photon correlations, coined two-photon speckle,
were measured only for thin, forward-scattering diffusers, but no meso-
scopiccorrelations were reported***. Therefore, mesoscopic features
of quantum light in high dimensions have not been observed so far.

Inthis work, we experimentally and theoretically study quantum
correlations between pairs of entangled photons that backscatter from
a dynamic disordered sample. We discover that even after disorder
averaging, the photon pairs remain correlated, revealing amesoscopic
feature of two-photon speckle, which we coin ‘two-photon coherent
backscattering’ (2p-CBS). We succeeded in collecting enough photons
toobserve apronounced signal by designing a scattering sample made
ofathinrotating diffuser followed by amirror that reflects the photons
back throughit. This double-passage configuration allows each photon
to scatter twice from the same thin and forward-scattering diffuser,
enabling the formation of reciprocal paths, which is a key ingredient
for observing coherent backscattering in disordered media. We also
performatheoreticaland numerical study inatrue multiple-scattering
mediumtoidentify the fundamental scattering processes at the origin
of the 2p-CBS. Our analysis reveals that the experimentally observed
correlations are universal and not unique to the double-passage con-
figuration considered in the experiment. Finally, we show that one
can achieve a better estimation of the transport mean free path using
2p-CBS compared to classical CBS.

When a classical plane wave illuminates a disordered medium,
a twofold enhancement of the backscattered intensity is observed
in the direction opposite to the incoming wave (6 = 0° in Fig. 1a). This
region of enhanced intensity, coined the CBS cone, is revealed only

after ensemble averaging over realizations of the disorder, as a single
realizationis dominated by a strongly fluctuating speckle. Classical CBS
hasbeenstudied by scatteringlaser light offawide array of disordered
samples, including powder suspensions'®??, random phase screens®*°,
amplifying random media*, biological tissues*’, human bones*’, mul-
timode fibres**, ultracold atom gases* and liquid crystals*¢. CBS was
also observed for other types of classical light, such as pseudothermal®’
and Ramanlight*®, as well as for other types of waves, such as acoustic*’,
seismic®® and quantum matter waves®'. The universality and robustness
of CBS arises from the optical reciprocity principle®?, as revealed by a
diagrammatic decomposition of the field over the scattering paths,
featuring two dominant terms of the reflected intensity?. The first
term, the ‘diffuson’,accounts for ahomogeneous background and cor-
responds to all pairs of paths propagating through the same scatterers
identically. The second term, the ‘cooperon’, accounts for the enhance-
ment observed in the backscattering direction and corresponds to
constructive interference of all path pairs propagating through the
same scatterers butinareversed order (Fig. 1b).

The question of whether entangled photon pairs also exhibit
coherent backscattering has not been addressed so far. Quantum
interference of photon pairs is probed by measuring the rate of coin-
cidence events, namely simultaneous detection of two photons by two
single-photon detectors (Fig. 1c). A convenientinterpretation of sucha
detection schemeis provided viaKlyshko’s advanced wave picture™, in
which thejoint two-photon probability of detectinga photonin mode
a and a photon in mode b is mapped to the probability of a photon
launched into the system from mode a and detected in mode b, after
traversing the optical system twice™. Using this representationand a
rigorous diagrammatic expansion, we will show (see discussion and
Supplementary Sections 4 and 6) that two-photon interference of
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Fig. 2| Experimental observation of two-photon and one-photon coherent
backscattering. a, Scheme of the 2p-CBS experiment where entangled photon
pairsilluminate the random sample. The backscattered photons are measured

via coincidence logic of detectors D,and D,. b, The two-dimensional coincidence
map observed and anormalized cross-section along the indicated row (green
arrow). The coincidence distribution exhibits a clear enhancement in the
backscattering direction. ¢, The random sample consists of a rotating diffuser and
aplanemirror placed behindit atadistanceL.d, The single counts registered by
the scanning detector D, exhibit ahomogeneous distribution over the scanned
region. e, Scheme of the 1p-CBS experiment, which mimics classical CBS. Heralded
single-photon illuminationis obtained by a coincidence logic between detector
D, and detector D, which is now placed before the random sample. f, The two-
dimensional coincidence map observed and a normalized cross-section along the

6, p(mrad)

indicated row (blue arrow). Once again, the coincidence distribution exhibits a
clear enhancement in the backscattering direction. Despite the diffuser-mirror
spacing being the same (L = 2.5 cm), the 2p-CBS shape is narrower than the 1p-CBS
shape. Both experiments are performed at the far-field plane of the random
medium. The transverse momenta of the coincidence counts, as well as the single-
counts distribution are expressed in terms of angles 6, , = g, ,/k, where 8, , is the
angular position of the scanning detector (D,) and kis the photon wavenumber
(the same goes for 6,,). The angular location of the static detector (D) 6, was
along the optical axis (6, = 0), such that the background and CBS cones are
concentric. The dashed lines in panels b and findicate the background fit for each
ofthe 2p-CBS and 1p-CBS experiments on which we perform the normalization.
More details about the setup and the fitting procedure are givenin the Methods
and Supplementary Sections1and 5.

the backscattered light does not vanish after disorder averaging and
is governed by two new leading diagrammatic terms. The first term,
which we coin the ‘bi-diffuson’, corresponds to all path pairs that visit
the same scatterers inside the medium, leave it and are virtually rein-
jectedintoit once more, undergoing another scattering sequence. The
second term, which we coin the ‘bi-cooperon’, contains all the path pairs
that visit the same scatterers in the first and second passages but in a
reversed order (see Fig. 1d).

To experimentally study the backscattering of entangled photons,
we illuminate the rotating random sample with a stream of spatially
entangled photon pairs generated by spontaneous parametric down
conversion (SPDC) (Fig. 2a and Supplementary Fig. 1). The photon
pairsaregenerated at the same wavelength of A =808 nmand the same
polarization (see Methods for more details). In the thin crystal regime®*,
the SPDC photons are maximally entangled in their spatial degree of
freedom (see Supplementary Section 2) and can be described by an
Einstein-Podolsky-Rosen (EPR) state [¢) = %v Z:V:l é:liéiqi |0), where
Nis the number of modes illuminating the random sample and c‘;
is the creation operator of an incident mode with transverse momen-
tum q,. We then measure the disorder-averaged coincidence rate
between detectors D, and D,, placed at the far field of the rotating
sample (Fig. 2a). The temporal coincidence window used to register

simultaneous arrival of photons to the detectors is chosento be 800 ps,
muchshorter thanthe average separation time between detected pairs
(afew ps). To overcome the challenge of low collection efficiencies of
photons backscattered from multiple-scattering samples, we imple-
ment the double-passage configuration using a thin diffuser with a
scattering angle of 8, = 4.4 mrad, and amirror ata distance L behind it
(Fig. 2c). This choice of random medium allows us to achieve a collec-
tion efficiency of near unity using low numerical aperture lenses
(NA = 0.1), relaxing the need to use high NA objectives that introduce
multiple backreflections, which typically overwhelm the CBS effect.
The coincidence map of detectors D,and D, reveals asharp peak on
top of awide background, with a peak-to-background ratio of approxi-
mately 2 (Fig. 2b), which we refer to as 2p-CBS. In contrast, the spatial
distribution of the photons detected by the single counts of D, reveals
no discernible structure (Fig. 2d). The fact that the backscattering
enhancementis observed only in the two-photon correlation map and
notinthesingle-counts distributionis a hallmark of two-photoninter-
ference, distinguishing it from classical CBS. Registering only the single
countsofthe photonsarriving atdetector D, corresponds to tracing out
the angular degree of freedom of their twin photonsarriving at detec-
tor D, whichresults inamixed state that cannot exhibit single-photon
interference®. We note that to obtaina prominent enhancement of the
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non-classicallight, one has to surpass the two main noise sources in the
experiment: the speckle noise of the disorder and the Poisson noise of
the coincidence events. To surpass the Poisson noise, we integrated
each pixelinthe coincidence map for over 200 seconds to accumulate
hundreds of coincidence events per pixel. To surpass the speckle noise,
the diffuser was rotated and translated in the transverse direction,
coveringits entire surface, during the acquisition time. In this way, we
were able to achieve a sufficient signal-to-noise ratio and observe a
pronounced peak of the backscattered quantum light.

We now compare the features of the 2p-CBS shape to the classical
CBS shape. Since the flux of classical light is identical to that obtained
byrepeatedlyilluminating the sample with a stream of single photons,
classical CBS is identical to the CBS obtained using a single-photon
source®. Here, we use heralded single photons to measure the classical
CBS, referred to as1p-CBS, by placing the static detector D, before the
scattering sample (Fig. 2e). Now, detection of a photon by detector D,
heralds the presence of its twin and collapses its state to a photon in
aplane-wave mode with a well-defined transverse momentum, which
illuminates the rotating sample. This backscattered photon is then
collected with detector D, and its coincidence counts with detector
D, are recorded. Figure 2f depicts the observed 1p-CBS coincidence
map, whichis clearly wider than the 2p-CBS one.

Toinvestigate the structure of the enhanced regionin 2p-CBS, we
calculate the two-photon correlation function, I, defined as

Tpa = (Yl : fig, Ny, : ), M

where rig = d d is the photon numbgr operator of areflected mode
with transverse momentum qand d, (dq) being the corresponding
creation (annihilation) operator,: (.. ) stands for normal ordering,
and = represents ensemble averaging over different realizations of
disorder. This correlation functionis proportional to the coincidence
rate of two detectors measuring photons reflected by the sample with
transverse momenta q, and q, (see Supplementary Section 3). The
operators of the incoming and outgoing modes are related through
the reflection matrix r of the sample, as d, « = ZarTaga, Cq - INSEIing
the reflection matrix and the EPR state into equation (1), we obtain

2 @)

Toa = | Z Tap.aila0-ail” N|(r PR

whereinthe second equality we used optical reciprocity rq g/ =r_q/._q
to express I, by the matrix product 2.

The 2p-CBS can now be computed by decomposing r? over the
scattering paths. Modelling scattering by the thin diffuser as Gaussian
random processes, we find that in the limit of large diffuser-mirror
spacing, kLHf) > 1 (k=2m/A being the photon wavenumber), I, is
dominated by (Supplementary Section 4)

ool

The first term in the curly brackets can be interpreted as the
bi-diffuson (the background) while the second can be interpreted as
thebi-cooperon (the 2p-CBS peak). Since the scattering is anisotropic,
an envelope representing the finite scattering angle of the diffuser
multipliesboth terms. The envelopeis centred at the same position as
the peak of the coincidence map in the absence of scattering, q, + ¢, =0,
reflecting the fact that scattering broadens the tight momentum anti-
correlations of the EPR state. In contrast, the 2p-CBS peak is centred
at q, - q, =0, revealing that after backscattering the photons tend to
have correlated transverse momenta. Toillustrate the transition from
anticorrelated to correlated momentum, we compare in Supplemen-
tary Fig. 6 the positions of the experimentally measured coincidence
peaks, with and without scattering.
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Fig.3|2p-CBS and 1p-CBS widths against the diffuser-mirror spacing L. The

experimentally measured CBS widths of the 2p-CBS are in green diamonds and of
the 1p-CBS in blue circles. Solid green line corresponds to the predicted width for
2p-CBS A6y, = | [ 62, + (kL)
resolution in the 2p-CBS experiment, determined by the radius of the

fibre-coupled detectors (o =50 pm) and the focal length of the far-field lens
(f,=200 mm). Solid blue line corresponds to the theoretically predicted 1p-CBS
width, A0y, = /&2 + (kL) ",
resolution in the 1p-CBS experiment, determined by the divergence of the
heralding single photon, located at the far field of the crystal (f, =150 mm), and
the angular resolution of the fibre-coupled detector. The CBS width extracted at
each diffuse-mirror spacing was recorded at over 500 realizations of disorder.
Error bars indicate the confidence intervals (95%) of the fit parameter for the
CBS width (tthe variation in that parameter). See Supplementary Section 4 for
more information.

where 6§p = 20%/f2accounts for the angular

where 6%}) = 0*/f? + 0*/fiis the angular

The 1p-CBS, meanwhile, is given by (Supplementary Section 4):
? } X exp [—

R,.isthe meanreflection coefficient that represents the intensity scat-
tered from mode q, to mode q,, where the first term in the brackets
represents the background that corresponds to the diffuson, and the
second term represents the CBS shape and corresponds to the coop-
eron.Once again, anenvelope term accounting for the finite scattering
angle of the diffuser multiplies both terms. We note thatinequation (4)
the peak is centred around q, + q, = 0, since in 1p-CBS q, marks the
transverse momentum of the photonilluminating the sample (Fig.1a),
while in 2p-CBS it marks the transverse momentum of the detected
photon (Fig. 1c).

We then measured the 2p-CBS and 1p-CBS angular widths as a
function of the diffuser-mirror spacing L. The experimental widths
depicted in Fig. 3 (green diamonds for 2p-CBS and blue circles for
1p-CBS) agree with the theoretical curves (solid curves). At small dis-
tances, deviations become more apparent and we attribute this to the
CBS profile being washed out by the finite background. In Supplemen-
tary Section 5 we provide a detailed description of the measuring
process and fitting procedure. We note that as the angular w1dths of
the 2p-CBS and 1p-CBS shapes scale as (2kL6,) 'and (kLGO) ,respec-
tively, this signifies that the shape of the 2p-CBS corresponds to the
shape of the 1p-CBS yet with a two times larger wavenumber. Interest-
ingly, this unique feature of entangled photons mimicking single pho-
tons at double the wavenumber—a quantum feature of entangled
photons that often leads to super-resolution and super-sensitivity**—
appearstosurvive scattering and disorder averaging.

We now address the important question of the universality of
the 2p-CBS. Is this phenomenon restricted to the double-passage
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of the one-photon and two-photon CBS cones. Symbols are numerical data, and
solidlines are 0.78/(k¢) and 0.43/(kf).

configuration and washed out in the presence of strong multiple
scattering, or is it robust against any type and strength of disorder?
To answer this question, we consider the propagation of entangled
photons in opaque disordered media deep in the multiple-scattering
regime. Insuch systems, light experiences, onaverage, arandomwalk,
and the number of scattering paths contributing to the two-photon
correlation function equation (2) becomes exponentially large. We
thus must rely on a diagrammatic expansion of the four-field average
to identify the scattering sequences that will contribute the most to
the 2p-CBS. This requires great care in the reflection geometry since
sequences with few scattering events contribute significantly and
arich variety of diagrams may play a prominent role for strong dis-
order. With the help of two complementary approaches, one based
on a Feynman-path-type decomposition and the other on a random
matrix theory formulation, we show that the correlator in equation (2)
is dominated by the bi-diffuson and bi-cooperonrepresented inFig.1d,
in the regime where the transport mean free path of light, ¢, exceeds
the wavelength A (see Supplementary Section 6 for details). This cor-
relator is expressed as

Iha = To [1+ Fllaq - a5’ ®)

wherelyis the amplitude of the bi-diffusonand F(q) is alineshape func-
tionbetween O and 1, proportional to the transverse Fourier transform
of the diffuse intensity. The latter is a decaying function of range 1/¢,
indicating that most photons experience afew scattering events before
being reflected. Comparing the result for double-passage samples
(equation (3)) and for strongly disordered samples (equation (5)), we
find thatinboth cases the width of the CBS peakisinversely proportional
to the typical transverse distance between the photons when they exit
themedium, L8, for the double-passage configuration and ¢ for strongly
disordered samples. It is instructive to compare equation (5) with the
mean reflection coefficient Ry, = |rg, o,/ that characterizes the
classical 1p-CBS. Using the same diagrammatic framework and assum-
ing negligible single-scattering contribution, we obtain

Rba = RO [1+ F(|qa + qb|)] P (6)

where R, is the amplitude of the diffuson. This means that the contrast
of 2p-CBS is simply the square of the contrast of 1p-CBS, in the limit
k€>1andinthe absence of single-scattering contributioninthe 1p-CBS.
Forasemi-infinite disordered mediumwithoutabsorption, F(q) ~1-2g¢
in the vicinity of the backscattering angle g = O (ref. 14), so that the
2p-CBS is predicted to be cone shaped, with a width approximately
half that of the 1p-CBS cone. Finally, we note that the result in
equation (5) issurprisingly different from the total intensity correlation

function R,R,, where R, = Zarlaaa) |2 which is known to be dominated
by long-range contributions made of pairs of conjugated propagating
fields that exchange diffusing partners inside the medium'*"*%, We
showinSupplementary Section 6 that similar long-range contributions
occur in the evaluation of I, but have arelative weight of -1/k€ with
respect to the bi-diffuson and bi-cooperon.

To rigorously test these predictions of 2p-CBS in the
multiple-scattering regime, we perform numerical simulations that
directly solve the scalar wave equation in two dimensions,
[V2 + K%e,(x,y)| ¢(x,y) = O, with no approximation beyond spatial
discretization. Evaluating the two-photon correlation function through
equation (2) requires the full N x Nreflection matrix r for allincoming
and outgoing states, averaged over alarge number of disorder realiza-
tions to suppress speckle fluctuations. The disordered media should
have width Wz 60¢ to resolve the 2p-CBS cone shape, and thickness
L > ¢to be in the multiple-scattering regime with sufficient long tra-
jectories that contribute to the sharpness of the cone at small angles®.
While full-wave reflection matrix computations of such large systems
would normally take a prohibitive amount of computing resources,
some of us recently developed a scattering-matrix computation
method called augmented partial factorization (APF)*° that is many
orders of magnitude more efficient. Using APF, we compute 4,000
distinct reflection matrices in plane-wave basis for different disorder
realizations, each consisting of 56,000 randomly positioned
0.81-diameter dielectric cylinders in air with 10% filling fraction
(Fig. 4a). The transport mean free path is £=9.51 (see Methods
for details).

Figure 4b shows the numerically calculated 1p-CBS (blue cir-
cles) and 2p-CBS (green diamonds) cones; data across the full
angular range are shown in Supplementary Fig. 11. We find the
peak-to-background ratio of the 1p-CBS cone to be 1.94; the reduc-
tion below 2 comes from single scattering in reflection, which does
not contribute to the cone®*“’. We indeed observe a sharp 2p-CBS
cone, validating our analytical prediction. The enhancement factor
of the 2p-CBS cone is found to be 2 with no reduction; this is because
in the Klyshko’s advanced wave picture for two-photon coincidence,
photons traverse the system twice so they must be scattered at least
twice, with no single-scattering contribution left. The 2p-CBS con-
trast (green diamonds) is narrower and agrees with the square of the
1p-CBS contrast (orange solid line), in agreement with the analytical
prediction above.

To investigate the dependence on the transport mean free path,
we vary the filling fraction between 6% and 17%. The full set of 1p-CBS
and 2p-CBS data are shown in Supplementary Fig. 12. Figure 4c sum-
marizes the transport mean free path dependence of the numerically
computed angular full-width at half-maximum (FWHM) of the 1p-CBS
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and 2p-CBS cones, which are well described by single-parameter fits
of 0.78/(k¢) for 1p-CBS and 0.43/(k€) for 2p-CBS.

Thefactthat the 2p-CBS cone has asmaller width and larger slope
near the cone’s peak suggests that it could yield a better estimate of
the transport mean free path than1p-CBS. To make this intuition quan-
titative, we evaluated the Cramer—-Rao lower bound on the parameter
¢, which sets alower bound on the variance of any estimator of £. It is
givenby theinverse of the Fisher information matrix . Animportant
property of 1p-CBS and 2p-CBS is the presence of speckle fluctuations
inthe CBS map, which add up to the Poisson fluctuations of the detec-
tor. Specifically—and this is a key aspect of the following discussion—
the statistics of two-photon speckle built with an EPR state made of a
large number of modes Nis identical to the statistics of one-photon
speckle, in sharp contrast with the two-photon speckle of
non-entangled states or mixed states”. Taking into account both the
speckle and the Poisson noise, we find the elements of the matrix & for
2p-CBSto be (Supplementary Section 8)

d T, @)

where N,, < I, is the number of coincidences detected during the
acquisition time, 6;are the unknown parameters of the problem at
hand, N, is the number of disorder realizations and the sum runs over
the independent positions (separated by a distance larger than the
angular size of aspeckle grain) probed by the detector D,. Interestingly,
inthe limit where speckle noise dominates (N, < N,,,), 7;becomesinde-
pendent of the amplitude I, of the coincidence rate; in particular, in
thesituation where only #is unknown, we get 5‘;(5") =N, zb(aer,,a/r,,a)z.
Similarly, for 1p-CBS, we find 3" = N, 3, (3;Rpa/Rpa) - With the theo-
retical expressions established previously for I',,and R, (see equations
(5)and (6)), we immediately conclude that 7P = 470" in the vicinity
ofthe cone centre. Remarkably, this result holdsindependently of the
precise expression of the CBS profile F(g), because the 2p-CBS contrast
is simply the square of the 1p-CBS contrast. We conclude that the
Cramer-Rao lower bound on ¢ is reduced by a factor 4 using 2p-CBS
of the EPR state instead of 1p-CBS, in the common situation where
Poisson noise is negligible (long integration time).

Tosummarize, we experimentally observed coherent backscatter-
ing of maximally entangled photon pairs from a dynamically changing
scattering medium. We provided an in-depth analysis of the funda-
mental processes governing the phenomenon, revealing unique types
of diagrams that determine the scattering process, and which are
also absentin classical coherentbackscattering. In particular, we find
that the two-photon CBS shape is precisely the square of the classi-
cal CBS shape in strongly disordered media, as verified by full-wave
numerical simulations. Consequently, the Cramer-Rao lower bound
for estimating the transport mean free path from the two-photon
CBS shape is four times lower than the bound for classical CBS. The
narrower CBS shape can be attributed to the fact that correlations
between entangled photons mimic propagation of a single photon at
halfthe wavelength. While such wavelength scaling is typically sensi-
tive to dephasing and noise, we find that in two-photon CBSit prevails
scattering and disorder averaging. Finally, we note that since both
the Klyshko picture provided to understand two-photon CBS and the
cooperon object employ the optical reciprocity principle, it would be
interesting tostudy itsrole in two-photon CBS by utilizing reciprocity
breaking techniques***.
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Methods

Experiment

WeusedaCW laseratA,=404 nm(OBIS, Coherent) topumpa/h=2mm
long periodically poled potassium titanyl phosphate (PPKTP) crystal
in a collinear type O degenerate configuration. Pairs of degenerate
entangled photons (signalandidler) atA = 808 nm were thus generated
via SPDC. The beam waist at the incidence plane of the crystal was
approximately w, = 550 um, yielding spatially entangled photons
withaSchmidtnumberof K = % ~ 588(ref. 63). The remainder of the

pump beam is deflected via a dichroic mirror located right after the
crystal. The down-converted photons were selected via interference
filtersatA1=809 + 40 nm. Inthe 2p-CBS experiment, both photons were
imaged to a spot area of approximately 1 mm? via a 4f system
(f=150 mm) on a polarization-preserving diffuser of 1inch diameter
(Luminit, circular Light Shaping Diffusers), behind which a plane mirror
was placed. Dynamic scattering was achieved by rotating the diffuser
atapproximately 5,300 rounds per minute using a custom-built rota-
tionstage and simultaneously translating the diffuserin the transverse
horizontal direction at a speed of 2 mm s™. The entire area of the dif-
fuser was therefore covered by the SPDC spot within 6 seconds, cor-
respondingto over 500 disorder realizations that change at an average
rate of approximately 80 realizations per second. The measured
scattering angle of the diffuser, defined by the 1/e width of its
disorder-averaged far-field intensity distribution (see equation (4.3)
of Supplementary Section 4), was measured to be 6, = 4.4 mrad. The
reflected light was then scattered once more off the rotating diffuser,
and collected by a lens (f, =200 mm) and two fibre-coupled
single-photon detectors (Excelitas SPCM-AQ4C) of radius 0=50 pm
located at the Fourier plane of the diffuser. The coincidence circuit was
implemented using Swabian Instruments’ Time Tagger 20 with atem-
poral coincidence window of 800 ps. The figuresin thisarticle presenting
the coincidence countrates are corrected for the accidental coincidence
counts. Inthe 1p-CBS experiment, theidler photon was detected witha
lens (f; =150 mm) and astationary fibre-coupled detector located at the
Fourier plane of the crystal, whereas the signal photon was directed into
the circuit mentioned above. The number of modesin our experiment,
N, issmaller than the Schmidt number Kby afactor of approximately 5,
given by thesquare of the ratio of the SPDC divergence angle (=20 mrad)
andthescatteringangle of the diffuser 6,. For amore detailed description
ofthe experimental setup, see Supplementary Section 1.

Numerical simulations

Numerical simulations were performed by solving the scalar wave
equation in two dimensions, [V?+ k%, (x,y)1¢(x,y) = 0, using
finite-difference discretization with grid resolution Ax=A/10 and sub-
pixel smoothing®*. Each disordered medium consists of 56,000 ran-
domly positioned dielectric cylinders with refractiveindexn =1.5and
diameter 2r,=0.81inair, inside aregion with width W=7004and vary-
ing thickness L. Periodicboundary condition was used in the direction
along Wto mimic an infinite system, so the angle is discretized at a
resolution 66 = A/W at small angles. Perfectly matched layer® was used
inthedirectionalongL toimplement an outgoing boundary. Note that
since the 2p-CBS cone has an angular full-width at half-maximum of
0.43/(k®), a system width of W>4A/FWHM = 58¢ is needed to resolve
five or more angles with 66 spacing within the half-maximum of the
2p-CBS cone. Here, an individual dielectric cylinder has a scattering
cross-section o,., = 3.024 and an anisotropy factor g = (cos ) = 0.825,
obtained from its differential scattering cross-section numerically
computed by near-to-far-field transformation for such cylinders at
Ax=A/10. We obtained the transport mean free path directly through
theindependent-particle approximation'® as ¢ = [o.,p(1 — g)] ", where
p is the number density. To vary ¢, the thickness L of the scattering
region was varied between L = 2321 and L = 6951 while fixing width W

and the number of dielectric cylinders (corresponding to filling frac-
tion zrap between 17% and 5.8%); the numerically computed average
transmission 7 stays between 3.7% and 3.8% for different L, inexcellent
agreement with the analytic prediction of T = [1+ (2/z)(L/&)] " = 3.6%
(ref. 66),indicating the £ computed fromindependent-particle approxi-
mation is accurate for these configurations. We used the full-wave
method APF*’ to compute the complete 2N x 2N scattering matrix
(whichincludes the reflection matrices from both sides) without loop-
ing over the input states, with N=1,425 = 2W/A being the number of
propagating plane-wave channels on one side. We performed the
simulations for 2,000 realizations of disorder at each L, giving 4,000
reflection matrices per thickness. To further suppress the speckle
fluctuations, we also averaged over 29 vertical slices of matrix |ry, 4 |2
and |(r?),, _, [*centred within 20 mrad fromq, = O while excluding q,
at the exact specular direction. The computations were done on the
USC Center for Advanced Research Computing’s Discovery cluster.

Data availability

Source data are provided with this paper. All other data that support
the plots within this paper and other findings of this study are available
from the corresponding author upon reasonable request.

Code availability

Simulations performed in this work use the augmented partial factori-
zation method implemented in software MESTI, available at https://
github.com/complexphoton/MESTI.m.

References

63. Law, C. & Eberly, J. Analysis and interpretation of high transverse
entanglement in optical parametric down conversion. Phys. Rev.
Lett. 92, 127903 (2004).

64. Farjadpour, A. et al. Improving accuracy by subpixel smoothing
in the finite-difference time domain. Opt. Lett. 31, 2972-2974
(2006).

65. Gedney, S. in Computational Electrodynamics: The
Finite-Difference Time-Domain Method 3rd edn (eds Taflove, A. &
Hagness, S. C.) Ch. 7 (Artech House, 2005).

66. Beenakker, C. W. J. Random-matrix theory of quantum transport.
Rev. Mod. Phys. 69, 731 (1997).

Acknowledgements

Funding: Zuckerman STEM Leadership Program, the Israel
Science Foundation (grant no. 2497/21), National Science
Foundation (ECCS-2146021), LABEX WIFI (Laboratory of Excellence
within the French Program ‘Investments for the Future’) under
references ANR-10-LABX-24 and ANR-10-IDEX-0001-02 PSL*.

Author contributions

M.S., O.L. and Y.B. conceived the idea and designed the experiments.
M.S. built the experimental setup, performed the measurements and
developed the theory for the double-passage configuration. A.G.
developed the theory in the multiple-scattering regime and Fisher
information analysis. H.-C.L. and CW.H. performed the numerical
simulations. All authors analysed the results and contributed to the
manuscript preparation.

Competinginterests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41567-022-01895-3.

Nature Physics


http://www.nature.com/naturephysics
https://github.com/complexphoton/MESTI.m
https://github.com/complexphoton/MESTI.m
https://doi.org/10.1038/s41567-022-01895-3

Article https://doi.org/10.1038/s41567-022-01895-3

Correspondence and requests for materials should be addressed to reviewer(s) for their contribution to the peer review
Yaron Bromberg. of this work.

Peer review information Nature Physics thanks Mauro Reprints and permissions information is available at
Paternostro, Bienvenu Ndagano and the other, anonymous, www.nature.com/reprints.

Nature Physics


http://www.nature.com/naturephysics
http://www.nature.com/reprints

	Coherent backscattering of entangled photon pairs

	Online content

	Fig. 1 Classical and quantum coherent backscattering.
	Fig. 2 Experimental observation of two-photon and one-photon coherent backscattering.
	Fig. 3 2p-CBS and 1p-CBS widths against the diffuser–mirror spacing L.
	Fig. 4 Two-photon coherent backscattering from disordered samples in multiple-scattering regime.




