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We devise an approach to characterizing the intricate interplay between classical and quantum
interference of two-photon states in a network, which comprises multiple time-bin modes. By controlling
the phases of delocalized single photons, we manipulate the global mode structure, resulting in distinct two-
photon interference phenomena for time-bin resolved (local) and time-bucket (global) coincidence
detection. This coherent control over the photons’ mode structure allows for synthesizing two-photon
interference patterns, where local measurements yield standard Hong-Ou-Mandel dips while the global
two-photon visibility is governed by the overlap of the delocalized single-photon states. Thus, our
experiment introduces a method for engineering distributed quantum interferences in networks.
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Introduction.—The naive idea that our world consists of
particles, reminiscent of tiny billiard balls, which govern
the laws of physics has been refuted. Rather, it is waves, be
it classical or quantum, which describe nature best—
covering areas ranging from gravity to hydrodynamics to
optics to subatomic systems. For example, quantum field
theories merely consider elementary particles as excitations
of an underlying quantum field, such as photons for light
[1]. Thus, even particles must be able to interfere, which
was demonstrated, e.g., in pioneering double-slit experi-
ments with electrons [2]. To speak of genuine quantum
interference, we must consider at least two particles,
like in the seminal Hong-Ou-Mandel (HOM) effect
in the interference of two photons [3]. With recent
theoretical and technological advances in the control of
quantum systems, there is a spur of interest in how such
multiparticle interferences can manifest themselves in large
networks [4–10].
The control of classical coherence properties and

its utilization is ubiquitous in multichannel optical systems
[11], which rely on different interfering pathways.
Examples include coherent control in spectroscopy, chem-
istry, and various imaging systems. The strong demand for
developing efficient coherent control strategies for large
quantum systems arose from innovations in quantum
information processing and technologies that exploit quan-
tum coherence to its full extent [12–14].
Photonic networks provide an excellent platform for

studying large-scale coherence effects under designed
conditions [15]. For both practical and fundamental pur-
poses, the quality of a network—benchmarked by stability,
scalability, and reconfigurability—mainly depends on its

coherence and control properties. Networks allow for a
natural distinction of local and global features, and the
introduction of multiple quantum particles to passive net-
works is key to many quantum communication schemes
[13]. Earlier studies aimed at manipulating coherence of
photons to alter the fundamental HOM effect [16], expos-
ing an intricate connection of classical and quantum
interference [17–20]. This further inspired many studies
of passive multiphoton interferences dedicated to determin-
ing or certifying nonclassicality of generated states for their
potential future applications. [5–10]. Little attention, how-
ever, has been paid in multiphoton interference scenarios to
the role of coherence distributed across the extent of the
network. Yet, the inherent difference between local and
global interferences suggests that their active control might
offer unique insight into the interplay and convertibility of
different forms of coherence within photonic networks.
In this Letter, we use coherent control over heralded

single photons, spread over multiple nodes of a network, to
demonstrate how their superposition state affects quantum
interference patterns. We put forward correlation measures
which certify the presence of two-particle quantum coher-
ence across a linear optical network for probing local versus
global coherence. Our implementation introduces a time-
bin-multiplexing architecture with a compatible source of
photons and configurable measurement for accessing
various types of correlations. Identifying local and global
correlations enables us to study contributions of the
coherence properties of the source and distributed coher-
ence properties of the network.
Controlling and observing two-photon interference.—

We outline our approach in Fig. 1(a). The core of our
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system is a mode synthesizer which allows us to individu-
ally shape the time-bin mode structure of heralded single
photons and, thereby, their interference characteristics. This
is implemented using a linear photonic network, its crucial
feature being reconfigurability. The realization of a mode
synthesizer requires the ability to coherently manipulate
selected degrees of freedom, such as polarization, fre-
quency, or time-bin modes. Naturally, suitable single-
photon sources and detectors must be available too.
Our experiments use a time-multiplexing fiber loop setup

that provides a resource-efficient, scalable, stable, and
flexible platform for the implementation of networks, and
which has beenused, amongothers, to realize quantumwalks
[21–24] and boson sampling [24–27]. Still, the dynamic
operation of our network with multiple nonclassical single-
photon states has not been shown to date, partly owing to the
unavailability of a compatible source. The mode synthesis
phase of our experiment is implemented by employing fast
modulators and stable delay lines, resulting in each photon
being coherently spread over multiple time bins. In the
analysis phase, photons are brought to interference and

measured with detectors capable of resolving individual
time bins. In contrast to established HOM-type analysis
procedures, coincidence events at the same time bin allow for
assessing local correlations, and combined coincidences
across multiple time bins are used for extracting global
correlations [cf. Fig. 1(b)].
Ideal model for local and global correlations.—Using

the standard quantum optics formalism [28], we can intro-
duce a theoretical model that describes our system in the
absence of imperfections. We label the initial photons as A
and B, distributed in the control network over time bins
as Â†jvaci ¼ P

τ ατâ
†
τ jvaci and B̂†jvaci ¼ P

τ βτb̂
†
τ jvaci,

where â† and b̂† are bosonic creation operators for themodes
under study (the index τ identifies the individual time-bin
modes) and α and β are the corresponding probability
amplitudes. A superposition of these photons on a 50∶50
beam splitter results in output modes ðâτ � b̂τÞ=

ffiffiffi
2

p
. The

output correlations aremeasuredwith the top (þ) and bottom
(−) detector in Fig. 1, represented through photon-
number operators n̂�;τ. This yields the first-order correlation

(a)

(b)

(c)

FIG. 1. (a) Two-photon interference protocol. Heralded single photons A and B are generated in different (time-bin) modes. Using a
highly reconfigurable network, we synthesize arbitrary mode structures over which the photons are coherently distributed. In a
subsequent HOM-type configuration, the two photons are superimposed, and correlations are measured. (b) Illustration of the two
fundamentally different measures of correlation. Local correlations involve signals from the top and bottom detectors at the same time
bin, while global correlations beyond HOM interferences access coincidences across multiple time bins. (c) Schematics of our setup.
Our setup comprises state-of-the-art building blocks: a compatible photon source, a flexible control network (implemented as a time-
multiplexed Mach-Zehnder interferometer with a feedback loop and deterministic in- and out-coupling), and a versatile detection stage.
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Gð1Þ
�;τ ¼ hn̂�;τi ¼ ðjατj2 þ jβτj2Þ=2, giving the same values

for both detectors, and the second-order cross-correlation

Gð1;1Þ
τ;τ0 ¼ hn̂þ;τn̂−;τ0 i ¼

jατβτ0 − ατ0βτj2
4

: ð1Þ

To arrive at a refined notion of local and global correla-
tions, we select a set ofmodesS, potentially being a subset of
all networkmodes. For convenience,we associate thevectors
α⃗ ¼ ½ατ�τ∈S and β⃗ ¼ ½βτ�τ∈S with the photons A and B,
respectively. This allows us to identify counts from a single

detector, Gð1Þ
� ¼ P

τ∈S G
ð1Þ
τ ¼ ðα⃗†α⃗þ β⃗†β⃗Þ=2.

Moreover, we arrive at compact formulas for correlation
measures which characterize two-photon interference. For
any selected set S of modes, we introduce local and global
correlation measures via the sums

Gð1;1Þ
local ¼

X

τ∈S
Gð1;1Þ

τ;τ and Gð1;1Þ
global ¼

X

τ;τ0∈S

Gð1;1Þ
τ;τ0 ; ð2Þ

respectively. By using Eq. (1), these correlations then obey

Gð1;1Þ
local ¼ 0 and Gð1;1Þ

global ¼
ðα⃗†α⃗Þðβ⃗†β⃗Þ − jα⃗†β⃗j2

2
: ð3Þ

Expressions for experimentally relevant quantitites, such as

normalized correlation functions, g ¼ Gð1;1Þ=½Gð1Þ
þ Gð1Þ

− �,
and visibilities, V ¼ 1–2g, can be readily obtained.
Beyond common HOM-type correlations, our approach

offers a much deeper insight into the interplay of first- and
second-order coherence properties of a network by evalu-
ating the measured coincidences and interference visibil-
ities. Since local correlations Gð1;1Þ

local depend only on the
source quality and imperfections of the network, the
obtained visibilities relate to photon distinguishability at
each time bin separately, exhibiting high visibility for high

indistinguishability. In contrast, global correlations Gð1;1Þ
global

are additionally sensitive to the synthesized mode structure
by correlating coincidences over multiple time bins.
Implementation.—At the core of our experimental setup

lies a fiber-based unbalanced Mach-Zehnder interferometer
with a feedback loop, as outlined in Fig. 1(c), that serves as
a dynamically reconfigurable, time-multiplexing network
[29]. The length difference of the single-mode fibers at
the two interferometer arms sets the time-bin spacing
(∼105 ns). A translation stage (TS) allows for a fine
scanning of the time delays in the picosecond regime
between the two interfering photons. The network contains
fast electro-optic modulators (EOMs), capable of imple-
menting controlled polarization rotations at any time bin.
EOM2 and EOM3 ensure deterministic in- and out-
coupling of the photons, whereas EOM4 allows syntheti-
zation of complex mode structures by programming appro-
priate switching patterns. A detailed description of our

time-multiplexing scheme along with its specifications, and
the details of our switching patterns, including the actual
timings of the EOM operations for synthesizing the desired
photon modes, are provided in the Supplemental Material
(SM) [30].
In addition, we implement a new source via a type-II

parametric down-conversion process in periodically poled
potassium titanyl phosphate waveguide as an engineered
source of heralded single photons with high spatial and
spectral purity [31]. A picosecond pump laser at 775 nm
and a bandwidth of ∼0.3 nm together with a 2.5 cm long
waveguide generates relatively broad (∼2.7 ps) photon
pulses at telecom wavelength. These picosecond photon
pulses barely suffer from the difference in dispersive
broadening in the fibers, thus maintaining good indistin-
guishability even after several round-trips through the
network. To ensure that the two interfering photons are
generated in desired time bins, we implement pulse picking
on the pump laser using EOM1 and a polarization beam
splitter (PBS). As a measure of the source quality, we
obtain a visibility of the HOM coincidence count suppres-
sion of up to V0 ¼ 0.801� 0.067, limited by the residual
spectral distinguishability as well as higher photon-number
terms in the heralded photon states. It is worth emphasizing
that the nonunit visibility of our source is not an obstacle to
accomplish our main objective of characterizing local and
nonlocal coherence properties. To this goal, however, it is
imperative to monitor the source visibility in each experi-
ment that serves as a reference to exclude the source
imperfections from the interference of the synthesized
modes (see SM [30]).
Our detection scheme consists of two superconducting

nanowire single-photon detectors with dead time and jitter
well below the time-bin spacing, together with a PBS for
separating the two polarizations, thus allowing both polari-
zation and time-bin resolved measurements.
Results.—In Fig. 2, we present the results of our

instructive two-photon interference analysis. In Figs. 2(a)
and 2(b), the measured local and global coincidences are
plotted against the delay introduced by the TS. Figure 2(a)
corresponds to the case when the photons are distributed
over two time bins such that their mode structures are
expected to be orthogonal, described by two orthogonal
vectors α⃗ and β⃗, while correlations obtained for photons
that are designed to have identical mode structures are
given in Fig. 2(b). In both cases, the local correlations
behave identically, and with visibilities significantly
exceeding the classical threshold, certify local quantum
features. Moreover, as expected from our simulations, the
local visibilities resemble the corresponding source vis-
ibility. Global correlations that incorporate network effect
via modal superposition, however, exhibit a remarkably
different behavior depending on the global mode structure
of the photons. For the first case [Fig. 2(a)], no interference
is observed, certifying vanishing mode overlap, i.e.,
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orthogonality of the photons’ global mode structures Â and
B̂. However, for the latter [Fig. 2(b)], the visibility of
interference is roughly equal to those of local correlations,
indicating an almost perfect mode overlap, thus validating
that the photons’ modes are identical.
The complete disappearance of the HOM dip in the

orthogonal case in contrast to its maximum visibility in
the parallel case (only limited by the source quality) high-
lights the near-perfect performance of the network and
control over relative phases between the photons. Since
the imperfection of the source can be factored out from the
global visibilities, the markedly different behavior of global
and local correlations allows for exact quantification of the
nonlocal coherence, linked to the network and the local
coherence dependent on the source. It is important to note
that the certification of nonclassicality via a visibility> 50%
is only relevant for source (i.e., local) coherence, which is
successfully achieved at this point. Studying the global
coherence shows that our nonclassical states can exhibit
completely different two-photon interference behavior with
visibilities which we can engineer to our will by designing
appropriate global mode overlaps. For instance, the global
visibility in Fig. 2(a) is zero although the states are clearly
nonclassical single-photon states (as certified by local
interference).
To explore the impact of coherent control for

more complex mode structures, we synthesized various

single-photon states involving three time bins, Figs. 2(c)–
2(h). To factor out the effect of initial impurities, as argued
above, we normalize all obtained visibilities by the corre-
sponding reference (source) visibility and observe remark-
ably good agreement with the ideal model (thick solid lines).
For additional details about the source visibility and the
normalization, see the SM [30].
For Figs. 2(c) and 2(d), we considered photons spreading

across two time bins but with a relative offset of one time
bin. This is achieved through our unique control over the
parameters α⃗ and β⃗. This does not change the maximal local
interference, Fig. 2(c). However, due to the reduced overlap
between the photon states, our model predicts a reduced
global visibility of 25% in Fig. 2(d) to which our exper-
imental data agree with within the error margin. (Errors are
obtained from standard statistical error analysis and error
propagation.)
In Figs. 2(e)–2(h), we depict our results with photons in

superposition of three modes. The preservation of the
quality and the quantum nature of two-photon interference
through the network is certified by local correlations shown
in Fig. 2(e). Cross-correlations between all pairs of time
bins, Fig. 2(f), are expected to yield a global visibility of
1=9 ≈ 11% for the generated pulse shapes, again being
confirmed by our data. To reveal coherence between parts
of the network, we consider correlations restricted to
subsets of modes S. For instance, when restricted to the

(c)

(d)

(e)

(f)

(g)

(h)

(a)

(b)

FIG. 2. Two-photon interference patterns for various synthesized mode structures. Plots (a) and (b) depict the interference via
coincidences, where red and green data points indicate local and global detection scenarios (see insets). The curves indicate values
obtained from a numerical model that includes imperfections, and the dotted line marks the quantum-classical boundary, certifying
photon antibunching [32]. The characteristic HOM dip can be observed via local measurements, with visibilities close to the reference
(i.e., source) value; see the SM for additional information [30]. Global coincidences correspond to the overlap of the synthesized photon
modes, showing high two-photon coherence for parallel mode structures (b) and no interference for the orthogonal case (a). Plots (c)–(h)
depict our results for different multimode interference scenarios. Assuming that V0 is the dominant limiting factor on all cases, the
visibilities (circles including error bars) are normalized by this value. The good agreement with the ideal model (thick solid line) justifies
this assumption.
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first two time bins, the two photons have orthogonal
submode structures [Fig. 2(g)], thus yielding no visible
interference. However, coincidences from time bins one
and three [Fig. 2(h)], in which the photons have identical
submode structure (up to a global phase), exhibit quantum
coherence limited only by the photons’ distinguishability
[compare to Fig. 2(e)]. Additional details in the SM further
support the excellent performance of our network [30].
Therefore, these results demonstrate how classical coher-

ent control over the mode synthesizing network can be used
to alter global quantum interference across several optical
modes. Thus, by tailoring the time-bin-distributed shape of
the input quantum light, we can generate and analyze the
intricate details of coherent correlations of interfering
quantum particles, despite our source not producing perfect
single-photon states.
Summary and conclusion.—In summary, we established

a generic scheme for jointly controlling and characterizing
local and global coherence effects in the interference of
multiple quantum particles. Using a time-multiplexed net-
work for our on-demand mode synthesis, we determined
interference visibilities to quantify the amount and kind of
quantum coherence imprinted in the temporal distribution
of two photons. Thereby, our experiment demonstrates an
intricate interplay between classical mode interference and
quantum coherence, and it serves as a testimony for how
classical coherence can be used to govern quantum effects.
Beyond purely assessing standard quantum HOM interfer-
ence, our framework applies to any network architecture for
the realization of a manifold of multimode coherence
phenomena at will.
In the context of time multiplexing, our concepts can be

intuitively related to extending standard HOM interference.
However, this framework is applicable to any network
implementation, e.g., spatial or frequency multiplexed,
yielding a powerful tool for realizing and analyzing
networkwide quantum coherence phenomena. The advan-
tage of our characterization scheme is that instead of
complex measurement settings and elaborate communica-
tion protocols between distant nodes of the network, it
relies only on sufficient synchronization that allows indi-
vidual parties to identify different runs, hence coincidence
events. In addition to the high-performance network and
intricate detection part, a compatible source of single
photon has been implemented, requiring a setup overhaul
and optimization to reliably operate in the single-photon
regime instead of using bright coherent light.
Our results certify an unprecedented level of control that

extends over multiple modes and which enables us to
manipulate quantumness not only locally, but globally. This
includes engineering interference between arbitrarily
selected parts of the full system. Our coherent control
renders it possible to purposefully alter our system toward
any desired interference for studying the rich landscape of
quantum superpositions of particles. Furthermore, our

network has no fundamental restrictions regarding future
increments of the number of modes and photons, thus
paving the route for photonic quantum information science,
such as quantum simulators [33] and remote state prepa-
ration protocols [34], which exploit different forms of
multiphoton quantum interference phenomena.
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