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Quantumwalks on photonic platforms represent a physics-rich framework
for quantum measurements, simulations and universal computing. Dynamic
reconfigurability of photonic circuitry is key to controlling the walk and
retrieving its full operation potential. Universal quantum processing
schemes based on time-bin encoding in gated fibre loops have been proposed
but not demonstrated yet, mainly due to gate inefficiencies. Here we present
ascalable quantum processor based on the discrete-time quantum walk of
time-bin-entangled photon pairs on synthetic temporal photonic lattices
implemented on a coupled fibre-loop system. We utilize this scheme to
path-optimize quantum state operations, including the generation of

two- and four-level time-bin entanglement and the respective two-photon
interference. The design of the programmable temporal photonic lattice
enabled us to control the dynamic of the walk, leading to anincrease in the
coincidence counts and quantum interference measurements without
recurring to post-selection. Our results show how temporal synthetic
dimensions can pave the way towards efficient quantum information
processing, including quantum phase estimation, Boson sampling and the
realization of topological phases of matter for high-dimensional quantum
systems in a cost-effective, scalable and robust fibre-based setup.

Entanglement and non-classical states are vital resources at the
heart of many quantum technologies, including computation’,
secure communication?, metrology’ and imaging®. Exploiting these
resources requires phase-stable quantum circuitries®® delivering
key operations, such as entanglement generation, quantum state
manipulation and detection’. In this regard, quantum walks (QWs)®°
have proven to be a promising framework for search and universal
quantum computing, among others", which can be realized with a
variety of quantum systems, including ion traps™, superconducting
spins® and photons®’. In conventional all-optical QW platforms, the
light flow (walk) is performed along optical paths that are connected

inreal-space interferometer meshes either in free space’® orin on-chip
architectures®* ™, Alternatively, QW implementations on large topolo-
gies can be offered by so-called synthetic photonic lattices*, which
build onthe intrinsic parallelism of optical operations at reduced device
complexity. Inasynthetic photonic lattice, the real space dimension—
givenby the optical path—isreplaced by a photonic degree of freedom.
Photonic modes that are mostly used to create synthetic dimensions
are polarization, orbital angular momentum?, frequency” and time*.

Discrete temporal modes (also known as time bins**™) offer an
ideal platformto create synthetic scalable dimensions, due to the sev-
eral advantages they bring about, including noise robustness, as well
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Fig.1|Illustration of entangled state preparation and quantum interference
with the coupled fibre-loop system. a, A schematic of the four-step process to
generate a double-pulse sequence from asingle laser pulse. Optical modes can
be dynamically gated in and out of each loop. Labels S and L represent the short
and long fibre loops, respectively, with ultrafast central couplers in between to
couple them. Angular grids inside the loops show the position of the time bins
with~100 ns delay. b, The corresponding spatial network with synthetic position
ninthe lattice and the number of roundtrips m. Itillustrates two roundtrips

resulting in four pulses (two per loop) from a single pulse. A step to the left (right)
corresponds to light propagation in short (long) loops. ¢, An artistic depiction

of light propagationin the fibre-loop system for a few roundtrips. Light spreads
along the synthetic temporal space created by the interloop delay with an
increasing number of roundtrips (depicted as different five-level spirals).

d, The corresponding DTQW network. With each roundtrip, the complexity of
the modal contribution to each time bin, indicated by the colour-coded bullets in
both candd, increases, resulting in different quantum interferences.

as room-temperature manipulation of multiple time modes in single
fibre channels and compatibility with standard optical telecommuni-
cationsarchitecture. In temporal photonic lattices (TPLs)*, time bins
are typically realized via temporal delays between optical pulses® and
canbeimplemented using off-the-shelf fibre technologies. TPLs offer
excellent testbeds to simulate intriguing effects, such as parity-time
symmetry”**°, superfluidity of light* and topological structures®.
However, despite multiple proposals to use TPLs for quantum infor-
mation processing®?*, single- and few-photon-based experimental
implementations have been hampered by limitations in current pho-
tonic devices, such as gate inefficiencies.

Here, we show how TPLs can be employed for practical and scalable
quantum information processing based on a discrete-time quantum
walk (DTQW)'?*>*¢ of time-bin-entangled photon states. We realize
the TPL on afully fibre-based coupled-loop system, which is used for
two-photonstate preparation, manipulation and quantuminterference
measurements. Building on the dynamic control over the quantumwalk
and circuitry, we can achieve two-level quantum interference without
recurringto post-selection, as well as four-level quantuminterference
atenhanced detection efficiencies.

In our experiment, we operate on a one-dimensional synthetic
TPL created through an unbalanced fibre-loop system with a differ-
ence of 6/=20 mbetween the length of the two loops. Light can enter

the system at defined modes (that is, lattice grid points) in one loop
(the long one) through an optical switch (gate) and then dynamically
couple to the other loop through an ultrafast optical variable cen-
tral coupler that acts as a dynamic interconnect between the loops®
(Methods). As pulses propagate through the two loops, they arrive at
the coupler at different times (Fig. 1a) delayed by 7=100 ns, and hop
to their next-neighbouring mode at the upcoming roundtrip. Inother
words, the delay between the pulses propagating within the two loops
is equivalent to a transverse dimension in a conventional photonic
mesh lattice resembling a spatial QW model', as illustrated in Fig. 1b
for two roundtrips. Depending on the targeted operation, the pulses
remain in the loops for two (or four) roundtrips to generate two (or
four) classical pulses. The steps to prepare a classical double pulse
sequence in our practical loop-based implementation and its corre-
sponding representationinthe synthetic space are depictedinFig.1a,b,
respectively. These pulses are then taken out from the long loop (via
the optical switch shown in Fig. 1a) and pass through a series of two
periodically poled lithium niobate (PPLN) nonlinear waveguides***to
generate two-level (or four-level) time-bin-entangled photon pairs via
spontaneous parametric downconversion (SPDC; Fig. 2 and Methods).
As illustrated in Fig. 1c,d, the time bins are considered as the initial
quantum state and sent back to the short loop (via the optical switch)
to perform quantum interference measurements.
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Fig. 2| Experimental setup. A coupler connects two polarization-maintaining
fibre loops of 120 m (600 ns) for the long loop and 100 m (500 ns) for the
shortloop. AFGs dynamically control the coupler’s transmittance. The setup
alsoincludes a pulsed laser; an acousto-optic modulator (AOM) to reduce

- 9 y g
Filter **%
Phase
modulator

the repetition rate of the laser; PPLN nonlinear crystals to generate photons
through SHG and SPDC; phase modulator; wavelength demultiplexer (WDM);
oscilloscope; photodetector (PD); and two SNSPDs. The oscilloscope and PDs are
used in the classical part of the experiment.

The state of a quantum walker can be defined as |) = ), a,|k),
where a, is the probability amplitude of finding the walker at the mode
k), while|k) := |n),|o)., with p and c labelling the position and coin
states of the walker, respectively. In our platform, the coin state
|0). = {IS). L)} isgivenby theshort (|S)) and thelong (|L)) pathsinthe
loop, while the synthetic position ), is given by thetimebin. The whole
evolution of aquantum walker canbe attributed to the repeated action
of a unitary operator resulting from the product of the position shift
and the coin operators (Methods and Supplementary Section 1). A
unique feature of our all-fibre designis the dynamic tuneability of the
reflectance and transmittance ratio enabled by the ultrafast dynamic
(central) coupler positioned between the two fibre loops. The coupler
further enables transitions from full transmission () to both 50:50
splitting (F) and full reflection (R) within 50 ns, thatis, half of the spac-
ing between the time bins.

We used this ‘dynamic’ TPL to prepare and process time-
bin-entangled photon pairs via DTQW. In the preparation stage, we
inject a single laser pulse into the TPL through the long loop. After d
roundtrips, we obtain asequence of d pulses, used to pump a cascade
oftwo PPLN waveguides (Fig.2). Asaresult, we generate d-level photon
d—
t:

pairsoftheform® |¢y) = éeﬂf‘ﬂt)s |t); withd=2o0r4,sand irespec-

1
Tile=
tively denoting the signalandidler photons, @ being the relative phase
between consecutive time bins and ¢ indicating the time bin. In this
notation, ‘level’ refers to the number of temporal modes encoded per
photon. Here, the time width is 7 ps (corresponding to an ~150 GHz
bandwidth), while the temporal delay between the bins is =100 ns.
The generated entangled states are transferred back into the TPL
through the optical switch in the short loop to tune their evolution.
The photons are finally taken out from the fibre-loop system via the
shortloopandrouted each to two different channels of a superconduct-
ing nanowire single-photon detector (SNSPD) system for coincidence
counting (Fig. 2).

We utilize the TPL to implement projections measurements of
the form®

1 d-1 ) d-1 )
o) = 5 (Z e’f"lt>s) (Z e‘f"|t>i) o))
t=0 t=0

to realize quantum interference (Methods), with the subscript p
labelling the projection. These are accomplished by using both
‘uncontrolled’ and ‘controlled’ DTQW schemes. In the uncontrolled

configuration, the central coupler is maintained at a fixed 50:50 ratio
throughout the experiment, while, in the controlled case, itis dynami-
cally switched at different coupling ratios (full reflection, full transmis-
sionand 50:50).In other words, the central coupleris tuned during each
roundtrip (m) and at each synthetic position (n) (Methods).

We first utilize the uncontrolled scheme to perform quantum
interference measurements of two-level (qubits) time-bin-entangled
photon pairs. To this end, we inject/transfer the two-photon state
|,y = \/%(|—IS>S|—IS>I. +€e291S)_|1S),),, where, for example, the nota-

tion |-1S) represents the state of the signal photon in the synthetic
positionn=-1andinthe coinstate S (thatis, theshortloop) of the TPL,
andso forthforthe other terms. We thus let the photons propagate for
two roundtrips, as schematically shownin Fig. 3a. Upon post-selecting
the coincidence events between the photons extracted fromthe short
loop, as shownin Fig. 3b, we measure quantum interference as a func-
tion of the phase 6, yielding a raw visibility of V., =97.82%, which
exceeds the threshold 0f 70.71% required to violate the Bell inequality*°
(Fig. 3¢). We then repeat quantum interference measurements by
applying the controlled DTQW scheme on the QW. As schematically
describedinFig.3d, the quantumstate evolutionisrealized by directing
the photon(s) in the earlier time bin (position n = -1) for the long loop
and by fully reflecting the photon(s) in the later time bin (position
n=+1) for the short loop (S) using the dynamic central coupler. The
delay experienced by the timebinsin the second roundtrip allows them
to coherently interfere at the central coupler, where they both arrive
simultaneously. Setting the coupler at a 50:50 ratio results into only
one bin in each loop. We then measure coincidences between the
photons extracted from the short loop as a function of the phase 8
across the entire gated time window (550 ns) of the SNSPDs, meaning
that no post-selection is applied to remove the side peaks (Fig. 3e).
Fitting the expected interference response to the data yields a raw
visibility (that is, including background noise) of V' .., = 96.83%, as
shown in Fig. 3f. We also repeat the same measurement with classical
light and compare the obtained normalized light intensity with the
quantuminterference pattern. The controlled DTQW scheme enables
quantum interference without any noise subtraction with maximum
detection efficiency py = 1(Methods), which can be explained as fol-
lows. In this scheme, the presence of side bins is, ideally, avoidable. In
this experiment, only negligible peaks appear on the sides, as shown
in the single-photon histogram in Fig. 3e. The residual counts can be
attributed to photons’ leakage due to the non-ideal behaviour of both
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Fig.3|Two-level quantum interferences. a,d, Spatial representation of two
roundtrips of the DTQW in the coupled fibre-loop system under uncontrolled

(a) and controlled (d) schemes. The legend in the centre introduces the action of
the three operators used in the experiment (Fourier (50:50), transmission and
reflection). b,e, Single-photon histograms obtained through the uncontrolled
(b) and controlled (e) schemes. The light-blue box in the single-photon
histogram represents the interference coincidence window at zero relative time
delay taken from the central interference bin. ¢,f, Normalized coincidence counts
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of entangled photons and classical light intensity (blue squares and grey circles,
respectively) as a function of the relative phase difference (6) between the time
bins, yielding two-photon quantum interference patterns for the uncontrolled
(c) and controlled (f) schemes. Experimental measurements are fitted with
theoretical models (blue solid line for entangled qubits and dashed grey line
for classical light). From two-photon quantum interference measurements,

raw visibility values of V,_, = 97.82% and V' .., = 96.83% were extracted for the
uncontrolled (c) and controlled (f) schemes, respectively.

the central coupler and the gate. It is noteworthy that these photons
do not contribute to the coincidence counts, which means that
post-selection is avoidable in this case. In contrast, the uncontrolled
DTQW scheme exhibits a significantly lower detection probability of
Po = 1/4 (Supplementary Section 3) due to the distribution of the
photonsinto three time bins (Fig. 3b). Asaresult, the controlled DTQW
scheme enables an increase of the coincidence counts from 21 to 77
per minute with respect to the uncontrolled counterpart.

A peculiarity of the TPL demonstrated therein s its scalability to
higher-level time bins. Increasing the dimensionality of the temporal
modestypically requires multiple-arm unbalanced interferometers to
perform multi-level projections for quantum state processing.
However, stabilizing multiple-arm fibre interferometers can be
highly resource-demanding, time-consuming and overallimpractical.
Our system bypasses the need for multiple-arminterferometers. Here,
we demonstrate the scalability of TPLs by generating and pro-
cessing four-level time-bin-entangled photon pairs. The laser pulse
was sent into the fibre-loop system (via the optical switch in the long
loop) to prepare a sequence of four pulses, so as to pump the
PPLN waveguides. The generated entangled photon pairs were then
injecteld back into the TPL through thg short loop in the form
l¢4) = 5 (1-3S),|-3S); + €20|—1S)|-1S)+e*?|1S) |1S), + e%?|3S)|3S),),
where we adopted the same notation as for the state |¢,).

Toimplement two-photon four-level quantuminterference meas-
urements, we employed two controlled DTQW strategies, namely,
inter-roundtrip and intra-roundtrip control schemes (referred herein
asschemelandscheme2, respectively).Incontrol schemel, depicted
inFig.4a, the central coupleris fixed in a specific configuration within
the same roundtrip, while it is dynamically tuned into a different con-
figurationbetween roundtrips. Incontrol scheme 2, depictedinFig. 4c,
the central coupler is dynamically tuned in different configurations
both within the same roundtrip (thatis, between synthetic positions)
and between roundtrips (see Supplementary Sections1and 3 for more

details on step-by-step operation). Figure 4b,d shows two-photon
quantum interference measurements obtained through both con-
trol schemes. Coincidences were measured for different phases 6
by extracting the two photons from the short loop. Control scheme
2 allows for an enhancement in the coincidence counts, specifically
from 4.5 counts per minute for scheme 1to 8.3 counts per minute for
scheme 2 (see Supplementary Section 3 for more theoretical details).
We extracted raw visibility values of V,_, = 91.55% and V' ._, = 89.61%
for control scheme1and 2, respectively. These values exceed the vis-
ibility threshold necessary to violate the Collins-Gisin-Linden-Mas-
sar-Popescu inequality** (81.70%; Supplementary Section 2). The
higher degree of controlin scheme 2 comes at the price of higher losses
introduced in the system. This justifies the lower visibility value meas-
ured through that scheme as compared withscheme 1. We also repeat
the same measurement with classical light and compare the obtained
normalized lightintensity with the two-photon quantum interference
pattern (see grey data pointsin Fig. 4b,c).

We demonstrate the quantum properties of temporal photonics
lattices as a promising framework for the preparation, generation
and manipulation of d-level time-bin-entangled photon pairs based
on a dynamically coupled fibre-loop system and DTQW. We could
implement a controlled QW scheme enabling us to measure quan-
tum interference for two-level entangled states without recurring to
post-selection, as well as to optimize the evolution of the quantum
walker for higher detection efficiencies and coincidence counts for
both two- and four-level cases. Quantum interference measurements
without post-selection can only occur if a single time bin, contain-
ing all necessary information, is present throughout the detection
window. In the two-level case, it was possible to reduce all the three
interfering bins into one, while, in the four-level case, it was not pos-
sible to decrease the number of time bins to less than 3 owing to the
given number of roundtrips, which made it necessary to post-select
the central interference peak.
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Fig. 4 |Four-level quantum interferences. a,c, Spatial representation of four
roundtrips of the DTQW in the coupled fibre-loop system under a roundtrip-wise
controlled scheme (scheme 1) (a) and roundtrip- and synthetic position-wise
controlled scheme (scheme 2) (c). Coincidence counts are measured at the
central time bin coincidence window of the fibre loop’s interference output,

and at zero photon time delay. b,d, Normalized coincidence counts of four-level

entangled photons and classical light intensity (blue squares and grey circles,
respectively) as a function of the relative phase difference (6) between the time
bins. Experimental measurements are fitted with theoretical models (solid blue
line for entangled qudits and dashed grey line for classical light). From two-
photon quantum interference measurements, raw visibility values of V., = 91.55%
and V', = 89.61% were extracted for scheme 1(b) and scheme 2 (d), respectively.

The proposed measurement strategy, based on TPLs, can be
theoretically generalized to perform quantum interference, as well
as to maximize detection efficiency for any number of levels (time
bins; Methods and Supplementary Section 4). Hence, the proposed
approach may inspire new designs for engineering TPLs capable of
generating, processing and detecting entangled modes with arbitrarily
high dimensions at maximal efficiencies.

In particular, we show how temporal synthetic photonic lattices
can be used on a fully fibre-based coupled-loop system for quan-
tum experiments, specifically for the preparation and processing of
high-dimensional time-bin-entangled photon pairs. Thisis achieved by
mapping the temporal synthetic photoniclattice to the DTQW formal-
ism, which allows for the control of the evolution of the QW network,
leading to optimized quantuminterference measurements. Moreover,
our entireimplementationis fibre-based and operativein the telecom
range. As such, we expect our system to be combined with currentand
future telecom infrastructures towards enhanced quantum infor-
mation processing for quantum networks, such as phase estimation
problems (Supplementary Section 5). The controllability of our design
boosts coincidence counts, whichis vital for applications like quantum
key distribution protocols where measurement control and count rate
increase are key to enhancing secret key rates*'. Indeed, a faster optical
coupler (-1 ns response time) with lower injection losses («1 dB) will
be pivotal to boost the technological potential of our scheme. It can
indeedlead toanincreaseinthe control speed and, hence, the number
of modes and achievable roundtrips. Given these improvements, our
work suggests that TPLs based on synthetic scalable dimensions have
the potential to support a variety of quantum information protocols,
suchas entanglement transfer*’, Boson sampling®*, state estimation/
discrimination*** and quantum metrology*.
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Methods
Experimental setup
The sketch of the experimental setup used to realize the synthetic
dimension is shown in Fig. 2. This setup is used for generating the
time-bin-entangled photon pairs from classical light pulses and for
performing quantum state projections. Initially, a single pulse from
afemtosecond fibre laser source (PriTel Femtosecond Fiber Laser
series, 1,550 nm wavelength, 10 MHz repetition rate and timingjitter
<1ps) is sent into the fibre-loop system after its repetition rate and
bandwidth arereduced to181.8 kHzand 0.3 nmusing an acousto-optic
modulator (AOM, 40 dB suppressionratio) and a tunablefilter, respec-
tively. Duetothelength of the fibre loops (<100 m (500 ns) and 120 m
(600 ns)), reducing the repetitionrate is necessary to have sufficient
time to complete the measurement procedure. Pulses and time bins
are injected and taken out from the fibre-loop system using optical
switches (gates) (Nanona optical switcher from BATi). The short and
thelongloops are connected viaadynamic (central) coupler (Nanona
optical switcher from BATi). Both switches and coupler are precisely
controlled viaarbitrary function generators (AFGs by Agilent 33600A).
All control patterns could be realized via rectangular waveforms with
outputsof O V(gate closed or coupler in full reflection), 1.16 V (50:50
splitting ratio) and 2.6 V (gate open or coupler in full transmission).
The AFG is also used to drive a phase modulator after the photon
source (Fig. 2), which is utilized to apply and tune the relative phase
6 between the temporal entangled modes, that is, two successive
time bins, as necessary for quantum interference measurements.
This results in a phase shift of 20 for the two-photon state. The light
pulse injected into the fibre-loop system through the optical switch
located in the long loop is then split by the central coupler into two
pulses, one circulatinginthe longer and the other in the shorter loop.
The pulsesreturnto the central coupler withal00 ns temporal delay
between them before they are split again by the coupler. Repeating
this processineach roundtrip eventually leads to the generation of a
d-fold burstineachloop.

In the next step, pulses are taken out from the long loop to pump
a cascade of two PPLN nonlinear waveguides (embedded in the fully
fibre-integrated system and commercially available; here, we use
SRICO, model 2000-1547). An Erbium-doped fibre amplifier (Keopsys
model PEFA-SP-C-PM-27-B202-FA-FA) was used to increase the peak
power of the prepared classical pulse sequence from the fibre loop to
enhancethe power injected into the PPLN waveguides for subsequent
photon state generation. An isolator ensured the rejection of back-
propagating noise photons from this amplifier to the loop system. The
first PPLN up-converts the classical pump pulses at 1,550 nm to an
intense pulse sequence at 775 nm through the second harmonic genera-
tion (SHG) process within a 0.5 nm conversion bandwidth. Residual
pump photonsat1,550 nm are filtered out after the up-conversion by
a90 dB-rejectionshort-pass edge filter (by Lightwave). The generated
signal pulse trainat 775 nmis then used toinduce a probabilistic photon
pair generation in a second PPLN waveguide. Here, SPDC converts a
photonat 775 nminto two twin photons within1,530 nmand 1,570 nm
bandwidths. Due to the temporally modulated pumping and
energy-momentum conservation of the SPDC process, both photons
aremutually entangledin discrete time bins defined by the pump pulse
sequence (two and four pulses for the two-level and four-level cases,
respectively). Subsequently, residual pump light at 775 nm is filtered
by the 90 dB-rejectionlong-pass edge filter and the entangled photon
pairs are launched into the fibre loop for quantum state processing.
Finally, photon pairsare generated in atime-bin-entangled state of the
form|yy) = % Ef:_; ey |y, where, for the cases analysed here, d =2
or 4. These dimensionalities are given by the injection of two- and
four-folded bursts after two and four roundtrips, respectively. This
results into a two-photon entangled state, where each photon s in a
superposition oftwo and four time modes, respectively. The generated
and phase modulated entangled photon pairs are reinserted into the

loop through the optical switchlocated inthe shortloop for quantum
interference measurements.

After they haveinterfered, signal and idler photons are separated
by a dense wavelength division multiplexer (DWDM, by Lightwave)
at ~1,553 nm and 1,547 nm, respectively, and then routed onto two
SNSPDs (Opus One by Quantum Opus). A time tagger (by PicoQuant
HydraHarp 400) records timing events and is used for coincidence
measurements.

Uncontrolled DTQW scheme

In the uncontrolled configuration, the coupler was maintained at a
fixed 50:50 splitting ratio throughout the experiment. We used clas-
sical light for setup alignment and sent two (or four) pulses directly to
theloop system without passing through the PPLNs. After the required
number of roundtrips, we obtained the data and transmitted them to
classical detectors, repeating this procedure for arange of phase val-
ues. Subsequently, we performed quantum measurements by sending
aprepared quantum state into the loop system. From the single-photon
histograms obtained from the SNSPDs, we identified different bins and
measured coincidence counts within a specified window, repeating
this procedure for arange of phase values. In the case of the two bins,
the measurement of each phase point took ~3 min. Subsequently, we
utilized equation (2) to perform curve fitting and determine the vis-
ibility, as demonstrated in Fig. 3¢ of the main text.

Controlled DTQW scheme

Inthe controlled operations, the measurement procedure resembled
thatof the uncontrolled case, with the difference that the central cou-
pler was dynamically controlled instead of being fixed at 50:50. To
this end, we generated (via MATLAB) precise waveforms for different
schemes, which were then transferred to the central coupler as per the
desired application. Also here, we carried out measurements using
classical light for alignment purposes, before conducting quantum
experiments.

In the case of two time bins, the controlled configuration led to
asignificant decrease in photon counts outside the coincidence win-
dow, compared with the uncontrolled scheme, as evidenced by the
single-photon histograms shownin Fig. 3b,e. While no temporal filter-
ing was required to measure the coincidence counts, the number of
coincidences remained the same for a specific coincidence window
and the entire roundtrip window. Each phase point measurement had
aduration of approximately 1 min. Finally, we utilized equation (2) tofit
the curve and determine the visibility, with the results shownin Fig. 3f
of the main text. In the case of four time bins, it was necessary to con-
duct deterministic measurements to perform quantum interference.
Two different schemes were investigated: aroundtrip-wise controlled
scheme (scheme 1) and a roundtrip- and synthetic position-wise con-
trolled scheme (scheme 2). The controlled scheme1resultedintoalow
countinthe coincidence window (still sufficient to draw conclusions),
while the controlled scheme 2led to alower number of bins (here, three)
after the same four roundtrips and a higher count in the coincidence
window. Each phase point measurement took 60 min, and curvefitting
using equation (3) was performed to determine visibility. The results
areshowninFig.4b,d, respectively.

Overall performance efficiency

The loss per gate mainly determines the maximum number of propa-
gation steps in the walk. Considering that the photons pass through
the coupler (-0.7 dB), the fibre (splice losses ~0.44 dB, transmission
losses negligible) and one gate (-0.7 dB) in each roundtrip (that is, a
propagation step), the overall losses per roundtrip totalto1.84 dB. An
additional 0.7 dB needs to be added for the out-coupling. Inthe present
experiments, aminimum of two roundtrips is needed for qubit process-
ing and four roundtrips for the four-level qudit processing, amounting
to4.38 dBand 8.06 dBintotal losses, respectively.
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Theoretical considerations of quantum interference
measurement

We performed biphoton quantum interference measurements to
extract the visibility associated with d-level states of the form
[Pg) = \/LE E;:; e2®|¢) |¢), with d =2 or 4. The intended quantum inter-
ference measurement is given by the operator £, = |¢,)(¢,| (see
equation (1)), whichideally resultsin = |(¢d|¢p)l2- We implemented
the measurements by making the two photons propagate according
to a controlled unitary evolution for m roundtrips, which is
g (m)) = Hj’:ll?jzpd (0), where t;is the controllable unitary evolution at
roundtrip j. Ultimately, we choose a proper coincidence window
between the signal and the idler photons, leading to the expected
biphoton quantum inference patterns given by*

B (€)= 5 (L +¢€;c0526), 2)

Ny

P (€4) = Zlé (4 + 2€4 (30520 + 2 cos 46 + cos 60)). 3)

Here, assuming the white noise model, ¢, and ¢, are the probability
for the quantum state to be affected by noise and must take values
larger than ¢, = 0.7071 for d=2 and ¢, = 0.8170 for d =4 to violate the
Bell and the Collins-Gisin-Linden-Massar-Popescu inequalities for
two and four levels, respectively.

Data availability
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