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Quantum-correlated biphoton states play an important role in quantum communication and processing,
especially considering the recent advances in integrated photonics. However, it remains a challenge to
flexibly transport quantum states on a chip, when dealing with large-scale sophisticated photonic designs.
The equivalence between certain aspects of quantum optics and solid-state physics makes it possible to
utilize a range of powerful approaches in photonics, including topologically protected boundary states,
graphene edge states, and dynamic localization. Optical dynamic localization allows efficient protection of
classical signals in photonic systems by implementing an analogue of an external alternating electric field.
Here, we report on the observation of dynamic localization for quantum-correlated biphotons, including
both the generation and the propagation aspects. As a platform, we use sinusoidal waveguide arrays with
cubic nonlinearity. We record biphoton coincidence count rates as evidence of robust generation of
biphotons and demonstrate the dynamic localization features in both spatial and temporal space by
analyzing the quantum correlation of biphotons at the output of the waveguide array. Experimental results
demonstrate that various dynamic modulation parameters are effective in protecting quantum states without
introducing complex topologies. Our Letter opens new avenues for studying complex physical processes
using photonic chips and provides an alternative mechanism of protecting communication channels and
nonclassical quantum sources in large-scale integrated quantum optics.
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Photons have been widely used as qubits in photonic
platforms to implement various quantum protocols, such as
quantum walks [1–4], boson sampling [5], and quantum
fast hitting [6]. Photonics also benefited significantly from
the equivalence between certain aspects of solid-state
physics and optics [7]. In this vein, many optical analogies
are proposed to simulate particle dynamics [8,9], such as
optical solitons [10–13], Anderson localization [14,15], an
optical dimerized-type chain resembling the Su-Schrieffer-
Heeger (SSH) model [16–20], Bloch oscillations [21,22],
and dynamic localization (DL) [23–27]. The extraordinary
nonclassical behavior of particles in these special examples
is difficult to observe in the solid state due to sophisticated
interactions in matter. Optics, however, provides a platform
for the demonstration of these effects, and also benefits
from utilizing them to enhance photonic designs and their
functionality [8].
Dynamic localization was originally introduced by

Dunlap and Kenkre [28], where they predicted a periodical

suppression of the broadening of the electron wave packet
synchronized with the alternating oscillation of an external
potential. Experimental observation of optical DL has been
reported in sinusoidally curved waveguide arrays [25–27],
where the curvature acts as an external driving force by
analogy with the original model. Optical DL effect shows
good correspondence with diffraction cancellation [29,30]
and self-collimation [31,32], and provides a new strategy
for the manipulation of optical signals on a chip.
A range of quantum states, especially multiparticle

implementations, can offer unique advantages in quantum
algorithms. For example, driven quantum walks within a
nonlinear lattice can perform a faster search algorithm than
classical ones [33]. Thus studies of behaviors of quantum
states in waveguide arrays, most commonly generated via
spontaneous parametric down-conversion (SPDC) [34,35]
and spontaneous four wave mixing (SFWM) [20,36,37],
will further promote the development of quantum photonics.
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Although several demonstrations of optical DL in different
systems have been reported, the study of DL effects on
quantum states remained unresolved.
On-chip generation of quantum states in nonlinear

waveguides is essential for a range of quantum devices
[38,39]. The design of various components in future
quantum photonic circuits will be significantly influenced
by the consideration of geometry, footprint, and crosstalk
between the channels. As the photonic chip scales increase,
the integration of protected nonclassical quantum sources
and the crosstalk-free communication channels become
ever more important. However, most protection mecha-
nisms require a large number of auxiliary wave-
guides, which greatly limits the integration of photonic
chips.
In this Letter, we report on the observation of dynamic

localization for biphoton quantum states in sinusoidal
waveguide arrays. We theoretically and experimentally
investigate the dynamics of correlated biphoton states
generated within the array via the SFWM process sup-
ported by cubic nonlinearity. We record coincidence count
rates that are 3 times higher in curved arrays than in the
straight array as evidence of robust generation of biphoton
states. We further verify the DL in both spatial and temporal

space by measuring the cross-correlation gð2Þs;i ð0Þ with a
minimum value of 239.19 and correlation matrices in
which only the central peak attains a nonzero value [40].
In contrast, the crosstalk between waveguides in the
straight array reduces the maximum value of the correla-
tions by a factor of 5 and results in strong correlations
between the photons from different waveguides. Our results
demonstrate this dynamic modulation as a quantum state
protection mechanism that allows us the freedom to design
the modulation parameters without introducing defect
states. We also discuss the case of off-chip injection of
biphoton states to demonstrate the power of this mechanism
in a passive device in section C of the Supplemental
Material [41].
In our experiment, the waveguides are set to periodically

bend in the (x-z) plane along the propagation direction z,
which can be mathematically characterized by a profile
function x0ðzÞ. The effective two-dimensional wave equa-
tion describing beam propagation reads [8,9,25,27,42]

iƛ
∂ψ

∂z
¼ −

ƛ2

2ns

∂
2ψ

∂x2
þ Δn(x − x0ðzÞ)ψ ð1Þ

where ψ is the beam envelope function, ƛ≡ λ=ð2πÞ is the
reduced wavelength, ΔnðxÞ ≃ ns − nðxÞ is the effective
refractive index variance forming the waveguides, nðxÞ is
effective refractive index of the array with period d
½nðxþ dÞ ¼ nðxÞ�, and ns is the substrate refractive index.
For single-mode waveguides, light transport in the lattice

can be predicted by coupled-mode theory (CMT) using the
nearest-neighbor tight-binding approximation and lowest

Bloch band excitation assumption. Equation (1) is then
derived as [25,27,43]

−i
dan
dz

¼ iC exp ½−i_x0ðzÞ�anþ1 þ iC exp ½i_x0ðzÞ�an−1 ð2Þ

where an is the field amplitude in the nth waveguide, and
C ¼ Re½C� is the coupling constant in a lossless waveguide
array. The periodic revivals of the field amplitude an are
referred to as the optical DL effect, i.e., anðz0Þ ¼ anð0Þwith
z0 ¼ Λ; 2Λ; 3Λ;… In the case of sinusoidal waveguide
arrays, the DL condition can be deduced to JmðζÞ ¼ 0with
Jm being the mth order Bessel function and ζ satisfying the
condition ζ ¼ 4π2nsdA=Λλ [25,27,44].
The evolution of the correlated photon pairs generated

via SFWM can be characterized by the biphoton wave
function ψns;niðzÞ. Under the nondepleting pump assum-
ption, the linear propagation of the pump light is indepen-
dent of the generation of biphotons. The dynamic equation
for biphoton states can be decoupled from the dynamic
equation of the pump light [37]:

dψns;niðzÞ=dz¼ iCs exp ½i_x0ðzÞ�ψns−1;niðzÞ
þ iCi exp ½i_x0ðzÞ�ψns;ni−1ðzÞ
þ iCs exp ½−i_x0ðzÞc�ψnsþ1;niðzÞ
þ iCi exp ½−i_x0ðzÞ�ψns;niþ1ðzÞ
þ iΔβð0Þψns;ni þ γaðpÞns ðzÞaðpÞni ðzÞδns;ni : ð3Þ

Here ns and ni are the waveguide numbers describing the
position of the signal and idler photons. Cs, Ci are coupling

constants of signal and idler photons [41], and aðpÞn is the
pump amplitude in the nth waveguide. Δβð0Þ ¼ 2βp − βs −
βi and γ refer to linear four-wave mixing phase mismatch in
a single waveguide and nonlinear constant, respectively.

The cross-correlation gð2Þns;nið0Þ between signal and idler in
the ns, nith waveguide is obtained as Γns;ni ¼ jψns;niðzÞj2.
Three groups of waveguide arrays with different modu-

lation parameters, termed array (1), array (2), and array (3),
are inscribed by means of femtosecond laser direct writing
in a silica chip with χð3Þ nonlinearity [36,41,45]. The
overview of our chip is shown in Fig. 1(a). The total
length of the chip is L0 ¼ 19.5 mm. Each array includes a
set of 25 identical waveguides with the same propagation
length L ¼ 19 mm evenly distributed by a spacing d ¼
9 μm and labeled from n ¼ −12 to n ¼ 12. Waveguides
with n ¼ −12;−6, 0, 6, 12 are lengthened by 0.5 mm for
the convenience of light injection. Without the loss of
generality, the main text only discusses the case of light
propagation in an infinite array, where the pump light is
injected from waveguides with n ¼ −6, 0, 6 (which
are termed as port 1, port 2, and port 3). For more
discussion of the boundary waveguides see section B of
the Supplemental Material [41]. Arrays (2) and (3) are
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modulated with periods Λ ¼ L=2 and Λ ¼ L=3 and the
corresponding amplitudes A ¼ ζΛλ=4π2nsd that satisfy the
DL condition, respectively, to observe the effect of different
modulation parameters. Straight array (1) is equivalent to a
specially modulated array with period Λ ¼ ∞ and ampli-
tude A ¼ 0 corresponding to the case where the ac field is
absent. The transverse shift function of each port now reads

x0ðzÞ ¼
(
0; if 0 ≤ z < z0

A
n
cos

h
2πðz−z0Þ

Λ

i
− 1

o
; if z0 ≤ z ≤ L0

ð4Þ

with z0 ¼ 0.5 mm.
The wavelength of the pump light is 780 nm and we

choose the DL parameter ζ to be 2.405, being the first root
of the zero-order Bessel function. The propagation of the
pump light is visually demonstrated based on the CMT
calculation in the left panel of Fig. 2(b). Light in sinusoidal
arrays is predicted to be localized at the output, whereas in
the straight array it should spread linearly with respect to
the propagation distance z.
For verification of the DL effect, we record the output

intensity distribution of the pump light injected from port 2

of each array. The experimental layout is schematically
depicted in Fig. 2(a). By moving the chip placed on a three-
dimensional translating stage, we can switch the injection
of the pump light between different arrays and ports.
Intense pump pulses from a mode-locked femtosecond
laser at a wavelength of 780 nm are vertically polarized by a
combination of wave plates and Glan-Taylor polarizer and
injected into the chip, which is then reflected to a CCD
camera by another Glan-Taylor polarizer at the chip’s
output for intensity measurement. Numerical and exper-
imental data are normalized to their local maxima and
collated in the right panel of Fig. 2(b) for comparison. Clear
contrast reveals DL effects in sinusoidal arrays (2) and
(3) after two and three periods of Bloch oscillations,
respectively, as well as a strong diffusion in the array (1).
We further investigate the behavior of biphoton states in

different arrays. Correlated photon pairs are generated in
cubic nonlinear waveguides via the SFWM process. The
phase-matching condition determines the spectral features

FIG. 1. Schematic of the on-chip dynamic protection system
and the physical demonstration of dynamic localization. (a) The
lattice contains three waveguide arrays with different modulation
periods Λ and the corresponding amplitude A fulfilling the DL
condition. Straight waveguides correspond to Λ ¼ ∞ and A ¼ 0.
Each group includes 25 uniformly fabricated waveguides with the
same propagation length L ¼ 19 mm. The separation distances
d ¼ 9 μm between the adjacent waveguides are equal, and
waveguides with n ¼ −12;−6, 0, 6, 12 are lengthened by
z0 ¼ 0.5 mm. We refer to the waveguides with n ¼ −6, 0, 6
(red colored) as ports 1, 2, 3, respectively. (b) Schematic of DL
effect on electrons, in analogy with optical lattices. The localized
particle will return to its initial state after a period of motion if a
periodically oscillated electric potential field E exists, otherwise
the particle wave packet will keep broadening. (c) Optical
analogy for the motion of a particle. The curvature of waveguides
provides the optical equivalent of E. The red color represents the
light being injected into the certain waveguide.

FIG. 2. Experimental setup and visualization of pump light
dynamics. (a) Experimental setup for the measurement of the
correlated biphotons. (b) Visualized dynamics of the pump light
in different arrays. We take the pump light in port 2 as a
representative. Left: evolution of the pump light predicted by
CMT. Right: experimentally measured 2D output intensity
pattern and the corresponding cross section. Red solid line:
experimental data. Dashed line: numerical data based on CMT
calculation. n refers to the waveguide number.
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of photon pairs between different waveguides, thus the
protection of it is important to improve the scalability of on-
chip integrated quantum sources [36,41,45].
We inject the pump light into ports 1, 2, and 3 of each

array, respectively, and collect coincidence count rates
between signal and idler photons from the pumped wave-
guides. Residual pump light is filtered by a notch filter.
Signal and idler photons are separated by a dichroic mirror
(DM) and coupled to single photon avalanche diodes
(SPADs) via two couplers [41]. The SPADs are connected
to a homemade multichannel coincidence module
(MCCM). We detect individual photons in each channel
and record their arrival times to further calculate their
coincidence count rate with an accuracy of 2 ns. Results are
depicted in Fig. 3(a). The coincidence count rates witness
the temporal correlations between signal and idler photons
and are regarded as an important criterion for evaluating
the performance of chip-scale quantum sources [38].
Higher count rates in the sinusoidal arrays suggests that
the biphotons are protected by the localization effect. The
dynamic modulation suppressed the broadening of the
biphoton wave packet, which is discussed in section C
of the Supplemental Material [41]. We also measure the
wavelengths of signal and idler photons from each port of
each array, as shown in Fig. 3(b). The deviation of the
central wavelength is within�2 nm even with the existence
of a transverse shift, which implies that this protection
mechanism is still valid for the phase-matching in SFWM.
It is notable that the coincidence count rate cannot

adequately address the quantum correlation property within
the photon pairs. Cross-correlation gð2Þs;i ð0Þ described by
Eq. (5) is introduced to quantify the nonclassical feature of

biphotons [46,47]. A higher value of gð2Þs;i ð0Þ suggests that
signal and idler photons are more likely to be bunched
together, which ensures that they are indistinguishable in
the degree of time and thus allows the potential establish-
ment of entanglement [40].

gð2Þs;i ð0Þ ¼
hâ†s â†i âiâsi
hâ†s âsihâ†i âii

ð5Þ

We measure gð2Þs;i ð0Þ at the output of each pumped port,

see Fig. 3(b). The gð2Þs;i ð0Þ has a minimum value of 239.19 in
sinusoidal arrays (2) and (3) which is almost 5 times greater
than the maximum value of 48.72 in the straight array (1).
This large disparity implies that the sinusoidal arrays can
effectively protect the quantum correlation between paired
photons, which is reminiscent of the localization effect in
the temporal domain. Similar results for both arrays
demonstrate the equivalence between different modulation
parameters. Considering the absence of topological states
due to symmetry between the bulk waveguides (with

n ≠ �12), the uniformity of gð2Þs;i ð0Þ values across all three
ports in the same array implies that the quantum correlation

is universally protected among all bulk waveguides. For
boundary waveguides with n ¼ �12, the symmetry break-
ing can lead to different behavior in the biphoton gen-
eration process, which will be discussed in section B of the
Supplemental Material [41].
We next measure the cross-correlation matrices between

port 2 and its most adjacent waveguides gð2Þns;nið0Þ. The
results are compared with CMT calculation (Fig. 4). Given
that port 2 is designated as n ¼ 0, ns, and ni should be −1,
0, 1. We place the couplers on a high-precision translation
stage to pick up the photons from different waveguides and
block unwanted photons from waveguides with jnj > 1
(see section D of the Supplemental Material [41]).
Diffusion of the biphoton wave packet in the straight
array (1) leads to substantial but varying degrees of

FIG. 3. Experimental verification of the protective mechanism
for quantum biphoton states. (a) The coincidence count rate is
recorded as evidence of the generation of biphoton states. Higher
count rates in curved waveguide arrays indicate the DL of photon
pairs under periodically changed potential. (b) The wavelengths
of signal (left) and idler (right) photons are shown in the first row.
The deviation of the central wavelength from the average
wavelength is within �2 nm, indicating that the phase-matching
process is effectively protected. The values for correlations

gð2Þs;i ð0Þ are measured at the output of each port in three arrays.
The shaded part corresponds to the error bars. Different colors
refer to arrays with different modulation parameters as shown in
the legend.
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correlation between signal and idler photons from
the distinct waveguides, suggesting severe crosstalk.
Considering the difference in coupling constants due to
the different wavelengths of signal and idler photons, the
photons collected from each waveguide come from differ-

ent waveguides and will lead to a decrease in the gð2Þs;i ð0Þ
value in the straight array (1). In contrast, the correlation is
predicted to become strongest when paired photons are
detected at the output of the pumped waveguide (n ¼ 0) in
sinusoidal arrays (2) and (3). Experimentally we measure
and find that only photon pairs from the central waveguide
have quantum correlations. This is understandable because
it is difficult to pick up photons from waveguides with n ≠
0 due to the spatial DL effect and therefore we cannot
observe their correlations in this experiment. This demon-
stration shows that the wave packet broadening of biphoton
states is strongly suppressed in sinusoidal arrays. The
experimentally measured correlation matrix of the straight
array suggests more severe crosstalk than expected due to
the fluctuation of the coupling constants introduced in the
fabrication process; however, the quantum correlation

property of correlated photon pairs can still be effectively
protected by this dynamic modulation.
In summary, we experimentally observe the DL effect on

correlated photon pairs in the spatial and temporal domain
in sinusoidally curved waveguide arrays. The dynamic
modulation of the waveguides has an indirect effect on the
generation of quantum states by localizing the pump light,
and directly regulates the evolution of correlated photon
pairs. By introducing nonlinearity into the waveguides, our
Letter may further promote the use of the correspondence
between solid state and optical systems to improve exper-
imental accessibility, and provide a new vision of observing
complicated physical processes [48].
From the perspective of practical applications, our results

demonstrate a protective mechanism against crosstalk and
diffraction, which is effective for both the generation and
the propagation of quantum states. This mechanism
eliminates the need to introduce sophisticated topologies,
thus allowing more freedom in designing photonic circuits
with different geometries and further improving the inte-
gration. We believe that it will open new opportunities
in the development of large scalable integrated quantum
photonics [49].
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