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Experimental realization of one-dimensional optical quantum walks™
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We analyze the process of a discrete-time quantum walk over 4 steps and 5 positions with linear optics elements. The
quantum walk is characterized by a ballistic spread of wavepackets along 4 steps. By employing different initial coin states,
we observe non-Gaussian distribution of the walkers’ finial position, which characterizes a quadratic enhancement of the
spread of photon wavepackets compared to a classical random walk. By introducing controllable decoherence, we observe
the quantum-to-classical transmission in a quantum walk architecture.
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1. Introduction

Quantum walks (QWs) were introduced in 1990s and
they exhibit distinct features compared to classical random
walks (RWs).!!) Hence, QWs can be used to develop quantum
algorithms!>! and to study quantum effects, such as the An-
derson localization effect,!*= topological phases!'’! and en-
ergy transport in photosynthesis.!'!! For the last two decades,
QWs have been demonstrated experimentally using energy
levels in nuclear magnetic resonance,''?) phase and position
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space of trapped ion I trapped neutron atoms, [!! the fre-

quency space of an optical resonator, [!”! photons in beam split-
ter array, in a fiber loop, and in waveguide structures.[!8-23]

In this paper, we present an experimental realization of
photonic QWs in space. We investigate the evolution of pho-
tons moving in a discrete environment presenting controllable
decoherence. Due to the intrinsically stable interferometers
used in our experiment, our approach is robust and is able to
introduce and control decoherence. In our experiment, we re-
alize the QW of photons by employing a linear optical net-
work and a controlled amount of decoherence to explore the

quantum-to-classical transition.

2. Experiment and results

Before we proceed with our experiment on QW, let us re-
call the standard model of a one-dimensional (1D) discrete-
time QW, which consists of a quantum walker carrying a
quantum coin. The coin is flipped before each step and the
walker takes steps according to the outcomes of the coin toss.
An arbitrary unitary operation C in SU(2) can be used as
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coin toss, followed by a conditional position shift operation
S=Y,|x+c){x|®|c){c| with ¢ = £1 representing two sides
of the coin. The evolution of the walker+coin system is given
by a unitary operation U = S(I ® C) and the initial state |¢(0))
evolves in time 7 according to |@ (7)) = U'|9(0)).

The position variance of the walker 62 = (x*) — (x)? is
linear on the number of steps N for RWs. Whereas, the vari-
ance of QWs grows quadratically with N and the position dis-
tribution shows a ballistic diffusion compared to that of RWs.
With decoherence the spreading of a QW is transmitted from a
ballistic to diffusive scaling, and with quantumness losing the
QW is transmitted to RW.[26-31]

A straightforward implementation of an optical QW
is realized with multiple beam splitters (BSs) and phase
shifters.['”] However, this increases the experimental com-
plexity because it is difficult to achieve high optical stability
and exact alignments of BSs. In our experiment, to solve the
obstacle we instead use birefringent calcite beam displacers
(BDs) to build interferometers. The optical axis of each cal-
cite prism is cut so that vertically polarized light is directly
transmitted and horizontal light undergoes a lateral displace-
ment into a neighboring mode, which will interfere with the
vertical light in the same mode.

We generate the input photons with a pulsed laser (Ti:
sapphire laser systems) with a central wavelength of 800 nm, a
pulse width of 150 fs, and a repetition rate of 76 MHz. The in-
put power is typically 1.7 mW, resulting in an output power of
tens to hundreds pW at the power meter. Although the exper-
iment has been performed using a coherent source rather than
single photons, it is sufficient for describing single-photon be-
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haviour in QWs as it has been proven in Refs. [17] and [32]—
[34]. The experimental realization of QWs depends on the in-
terference of the probability amplitudes of wavepackets, while
the behavior of QWs is not influenced by the statistic property
of photons. Hence, we can realize a photonic QW with coher-
ent light instead of a true single photon source. Compared to
the previous realization of a QW with single photons,?!! our
protocol is easier to be realized experimentally by releasing
the requirement of a true single photon source.

The coin state is encoded in the polarization |H) and
[V) of the input photon.
plates (QWPs and HWPs), the initial coin states are set to
c(6,%)) = cos(8/2)|H) + e'*sin(8/2)|V) with 8 € [0, 7]
and x € [0,27), leading to symmetric or asymmetric proba-
bility distributions. In the basis {|H),|V)}, the coin flipping

Using a quarter- and half-wave

operation for each step is given by

cos(29) sin(2¢
()= <sin((219)) —co(s(21)9)> ’
with ¥ € (0,7/4), consisting of a polarization rotation, which
is realized with a HWP setting. For example, the Hadamard
operator is realized with a HWP set to ¢ = 22.5°.
The positions of the walker are represented by longitudi-
nal spatial modes. The unitary operator for each step

U =Y (lx+1)(x| @ [H)(H|+[x— 1) {x]

X

[V)(V))1eC(d)),

with the position shift operator acting on these modes, is im-
plemented by a BD with length 28 mm and clear aperture
10 mm x 10 mm. The optical axis of each calcite prism is
cut so that vertically polarized light is directly transmitted and
horizontal light undergoes a 2.7-mm lateral displacement into
aneighboring mode, which will interfere with the vertical light
in the same mode. Each pair of BDs forms an interferometer.
Since the probability of the walker appearing in other sites is
zero, only odd sites of the walker are labeled at each odd step,
while at each even step only even sites are labeled.

The 4 steps of a QW are shown in detail in Fig. 1. The
longitudinal spatial modes after the st step are recombined
interferometrically at the 2nd step. The interference visibility
reaches 0.9985 per step. Phase shifters are used to compensate
the phase shifts due to the imperfect surface of the BDs. The
photons emerge in the N + 1 spatial modes at the output of an
N step and are subsequently detected by a power meter. Due to
the size of the BDs, the light of the lowest spatial mode leaks
out from the 4th BD and can still be detected by laterally mov-
ing the BD via a power meter. The experimentally measured
probabilities and the theoretical predictions for 1 to 4 steps of a

standard Hadamard QW are shown in Fig. 2. The probabilities
are obtained by the normalizing light intensity at each position
to the total intensities for the respective step. The experimen-
tal data are in excellent agreement with the theory, with an
average distance d = (Zx |PP(x) — P (x) | ) /2, of 0.018 for
the standard Hadamard QW and 0.013 for the simulated RW
(a fully decohered QW). For the asymmetric initial coin state
|H), the final state of the walker after 3 steps clearly shows
non-Gaussian distribution, while it shows the characteristic
shape of a standard Hadamard QW for the symmetric initial
coin state (|H) +i|V))/+/2 only after 4 steps: two pronounced
side peaks (measured as 0.367 £0.015 and 0.360+0.011, the-
oretical simulated as 0.375) and the low probability (measured
as 0.151 +0.009, theoretical simulated as 0.125) in the origi-
nal position of the walker shown in Fig. 3(a). For large steps,
the relative phase shifts between the neighboring BDs caused
by the nonplanar optical surfaces might lead to decoherence

and have a significant impact on QWs, as shown in Fig. 3(b).

V)
(a) 0 | - I I
—>—\— 1 78-1 ~ 2| The ~ —D
pa Sau Ine EOE 1% B 0 B
- | H) S+H28E 8  HE =
S
(b) Ab v

|
=TS =
\_L I T F—
SAS S—
_§\=
Ne————

NpPBS HWP |QWP [ ]
BD B detector

Fig. 1. (color online) Experimental schematic diagram. (a) Detailed
sketch of the setup for the first 4 steps of QW. A laser field is coupled
to the optical network. Arbitrary initial coin states are prepared by the
polarizing beam splitter (PBS) and wave plates. Due to the size of the
beam displacers (BDs), the light of the lowest spatial mode leaks out
from the 4th BD and can still be detected by laterally moving the BD
via a power meter. (b) A relative angle AO between two BDs reduces
the recombined photon’s spatial mode overlap, which introduces con-
trollable dephasing.

The controllable decoherence, such as dephasing, can
transmit QWs to RWs. A non-zero relative angle between
neighboring BDs leads to both a temporal delay and a transver-
sal mode mismatch between the interfering wavepackets,
which cause the dephasing that is shown in Fig. 1. The dephas-
ing can be tuned by adjusting relative angle values. The inter-
ference visibility at each step reduces to O for the relative angle
of A@ =10.375° and Ax =2.7 (1/cosAB — 1) = 0.0449 mm,
and the QW is transited to RW completely. Figure 3(b) shows
the experimentally measured probability distribution of a fully
decohered QW at the 4th step, compared to theory. From the
experimental data of the normalized variance 62/N, we ob-
serve a ballistic spread for a standard Hadamard QW and dif-
fusive spread for a fully decohered QW in Fig. 4.
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Fig. 2. (color online) Experimentally measured and numerically simulated probability distributions for successive steps of the Hadamard QW
with the asymmetric initial coin state |H) up to 4 steps ((a)—(d) the first, second, third and fourth steps, respectively). The blue bars show

experimental data and the red bars show theoretical predictions.
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Fig. 3. (color online) Experimental data of probability distributions for suc-
cessive steps of the standard Hadamard QW (a) and a fully decohered QW (b)
with the symmetric initial coin state (|H) 4-|V))/v/2 up to 4 steps, with re-
spective theoretical simulation. The blue bars (right bars) show experimental
data and the red bars (left bars) show theoretical predictions.
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Fig. 4. (color online) Measured and simulated normalized position variances
for a Hadamard QW (green triangles) and a fully decohered QW (red dia-
monds) for 1 to 4 steps, with respective theoretical simulation (blue and black
lines). The error bars are due to photon statistics and some of them are smaller
than the symbol size.

3. Conclusion

In conclusion, we implement a stable and efficient way
to realize QWs embedded in a broader framework and show
that the decoherence can influence the evolution of wavepack-
ets. The standard Hadamard QW spreads ballistically and the
fully decohered QW spreads diffusively. In contrast to pre-
vious experiments, we benefit from the high stability and full
control of both coin and walker at each step and at each given
position. Further work could implement QWs with a walker
in two-dimensional lattice, in which richer choices of defects,
such as string defects, would help us to study the topology
of QWs and develop applications, such as quantum transport
problems.
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