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Squeezed light is a critical resource in quantum sensing and information processing. Due to the inherently weak
optical nonlinearity and limited interaction volume, considerable pump power is typically needed to obtain ef-
ficient interactions to generate squeezed light in bulk crystals. Integrated photonics offers an elegant way to in-
crease the nonlinearity by confining light strictly inside the waveguide. For the construction of large-scale
quantum systems performing many-photon operations, it is essential to integrate various functional modules
on a chip. However, fabrication imperfections and transmission cross talk may add unwanted diffraction and
coupling to other photonic elements, reducing the quality of squeezing. Here, by introducing the topological
phase, we experimentally demonstrate the topologically protected nonlinear process of four-wave mixing, ena-
bling the generation of squeezed light on a silica chip. We measure the cross-correlations at different evolution
distances for various topological sites and verify the nonclassical features with high fidelity. The squeezing param-
eters are measured to certify the protection of cavity-free, strongly squeezed states. The demonstration of topo-
logical protection for squeezed light on a chip brings new opportunities for quantum integrated photonics,
opening novel approaches for the design of advanced multi-photon circuits. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.445728

1. INTRODUCTION

Over the last few decades, researchers have witnessed the
emerging field of quantum information [1]. Various advances
have been achieved in a plethora of hardware platforms [2,3]. A
photon, due to its fast speed and robustness with respect to the
thermal environment, is considered a perfect information
carrier for quantum information processing [4,5]. Thus, non-
classical light sources, particularly indistinguishable correlated
photon pairs, are a key resource for quantum communica-
tion [6,7] and quantum computation [8–11]. Besides these
advances focusing on Fock-like states, squeezed light also serves
as another fundamental resource for quantum information
[12–15]. Parametric frequency conversion in nonlinear crystals
is an indispensable approach in quantum optics to obtain non-
classical light [16,17], as well as to generate multi-photon
entangled states [18–21].

To obtain efficient nonlinear interactions in bulk crystals,
tight focusing is required. That, however, leads to small
Rayleigh length, limiting the interaction volume. An alternative

approach of using high pump powers may lead to undesired
effects, including photorefraction and damage to the material.
In the last few years, integrated photonics has stood out by of-
fering a compact solution in the form of optical waveguides
[22,23], which greatly reduces such undesirable effects by con-
fining the pump light inside the waveguide, offering both tight
focusing and large interaction volume at the same time. Recent
progress in this field includes waveguide-based quantum
sources implemented by femtosecond laser writing [24],
UV-laser writing [25], and silicon photonics [26,27]. These
platforms feature excellent generated photon brightness, purity,
and low propagation loss on a chip. Recent work has shown the
potential for an integrated source to encode information in
both discrete and continuous variables [28].

To construct large-scale photonic quantum systems, high-
quality building blocks should be integrated in a compact
footprint with considerable complexity [29]. Compared to
the silicon photonics platform, femtosecond laser writing chips
show the capability of fully three-dimensional integration,
which is suitable for efficient simulation of two-dimensional
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structures [30,31], and can be used to carry out various
quantum information processing tasks [32–34]. When a
nonclassical light source module is embedded into a complex
on-chip arrangement, unwanted cross talk is prone to occur
between adjacent waveguides due to the evanescent coupling.
This cross talk not only modifies the generated quantum states
of light, but also decreases the generation efficiency, since the
pump light diverges into neighboring sites. The nonclassical
features of the generated photons, for example, the photon-pair
cross-correlations and the squeezing quality, can also decay be-
cause of this unwanted coupling. The key challenge is to pro-
tect efficient use of nonlinearity and quantumness of the
generated photon pairs.

The topological phase allows protection of physical fields
against unavoidable disorder. This effect was at the heart of re-
cent demonstrations of topological protection for various non-
linear optical processes [35,36], including photon-pair
generation [37–42]. The above, however, was studied only
in the regime of low photon numbers, while strongly squeezed
light remained out of scope despite the significant importance
of squeezing in quantum optics. In this paper, we experimen-
tally demonstrate the topological protection of squeezed light
with a dimerized-type chain resembling Su–Schrieffer–Heeger
(SSH) lattices on a photonic chip. We observe robust localiza-
tion of topological states at different wavelengths. We verify the
topological protection of quantum resources by measuring the
transport dynamics such as light field distributions, cross-
correlations, and squeezing by switching incident pump light
between different input ports. Our results demonstrate that

the topological protection is robust to the change in wavelength
of nonclassical states, and can help to construct quantum
squeezers in complex photonic circuits tolerant to fabrication
imperfections.

2. EXPERIMENTS

Our topologically protected lattices are inscribed in a
20 mm × 35 mm × 1 mm fused silica block by femtosecond
laser direct writing. The writing laser has a wavelength of
513 nm and a repetition rate of 1 MHz. Based on our previous
work [28], the waveguide itself can function as a four-wave-
mixing (FWM) source, following energy and momentum con-
servation, 2ℏωp � ℏωs � ℏωi and 2ℏkp � ℏks � ℏki, where
ω stands for frequency, k stands for wave vectors, and indices
p, s, and i correspond to pump, signal, and idler waves, respec-
tively. In this process, glass absorbs two photons from the pump
wave, and generates signal and idler photon pairs, where the
birefringence induced phase matching condition is fulfilled as

Δk � 2�n�ωp� � Δn�ωp

c
−
n�ωs�ωs

c
−
n�ωi�ωi

c
� 0. (1)

Here, n stands for refractive index, c is the speed of light,
and birefringence Δn fulfills the phase-matching condition.

The lattices for the topological protection of quantum light
are composed of coupled waveguides with two sets of spacings,
corresponding to the modulation of alternating couplings J1
and J2, which can be described by the following Hamiltonian:

Fig. 1. Schematic diagram of the lattice with topological protection for squeezed light. (a) The structure of the lattice contains seven groups with
lattice distances ranging from 5 mm to 35 mm. The short and long separations between adjacent waveguides are 7 μm and 9 μm, respectively.
(b) Spectrum of the lattice. There are only two quasi zero-energy modes E10 and E11 and two extended bulk bands. Modes E10 and E11 are located
inside the bandgap and decouple from the bulk bands, which promotes topological protection. a.u., arbitrary units. (c) Spatial distribution with
combined local density of states (LDOS) for the quasi zero-energy modes E10 and E11 (upper line) marked by red in (b) and bulk modes (bottom
line) marked by gray in (b).
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H �
X
n

�J1a†nbn � J2b†nan�1� � h:c: (2)

Terms a†n �an�1� and b†n �bn� are the creation (annihilation)
operators at corresponding sites with different spacings (see
Appendix B for details of the SSH model). The lattices possess
two topologically protected channels: the edge-state channel
and the interface-defect channel, as shown in Fig. 1(a).
Here, we set separation distances l 1 � 7 μm and l 2 � 9 μm,
respectively. The dimerized-type chain resembling the SSH
model [43] enables topological nontrivial phases with edge
states described by the bulk-edge correspondence [44,45].
The edge states can be regarded as the topological transition
interface between trivial vacuum and nontrivial lattice struc-
ture. In addition, the interface-defect channel in the middle
of the lattice acts as a topologically protected interface state
[46] by interfacing two versions of the dimerization patterns
with distinct Zak phases [47,48], which is supported by the
existence of the topological phase transition between them.

We further illustrate the band diagram by characterizing the
spectrum of the lattice, as shown in the Fig. 1(b). The band
diagram contains two extended bands separated by the
bandgap. Inside the bandgap, there are two modes E10 and
E11 pinning on the quasi zero-energy level and decoupled from
the bulk band, which reveals the existence of topological edge
states. The spatial distribution can be characterized by the ei-
genmode local density of states (LDOS) [49–51], which can be
defined as Dn�E� �

P
m δ�E − Em�jφ�m�

n j2, where Em is the
energy of the mth eigenstate with wave function φ�m�

n , and n
is the site label. As shown in Fig. 1(c), the combined LDOS
of the two gapped zero-energy modes indicates that the modal
amplitudes with maxima appear at ports 1 and 10, while the
minima appear at other ports including port 20. In addition, in
the bulk modes, there is no confinement in the chain. It shows
localization in edge channel 1 and interface-defect channel 10
supported by the norm of topologically protected zero-energy
modes. In contrast, the low amplitude at port 20 for all modes
indicates that edge channel 20 is trivial, allowing photons to
diffuse into the bulk of the lattice. Therefore, among the three
input ports in the lattice used for squeezed light (depicted in
Fig. 1), edge-state channel 1 and interface-defect channel 10
both are topologically protected, while edge channel 20 is not.

The experimental setup is schematically depicted in Fig. 2(a)
(see Appendix F for experimental details). The mode-locked
780 nm femtosecond pump pulses (80 MHz) with vertical
polarization (prepared by a combination of wave plates and
a Glan–Taylor polarizer) can be injected into three different
ports, namely, 1, 10, and 20. The output light intensity distri-
butions of the pump light are accumulated by a CCD camera,
and the evolution patterns under different distances varying
from 5 mm to 35 mm [see I, II, and III in Fig. 2(b)] are also
recorded. We experimentally verify the localization effect in the
above three ports by comparing the measured pattern with
theoretical simulation in Fig. 2(b). It is obvious that the pump
light propagates locally as time evolves in the edge-state channel
and the interface-defect channel (topological cases), while the
beam diffuses and gradually couples to the adjacent sites in edge
channel port 20 (trivial case). The localization effect in the
topological channel ports indicates protection of the pump

intensity, and provides sufficient power for generating photon
pairs during FWM. The diffusion degrades the intensity as the
propagation length increases, and the decreased pump intensity
fails to achieve a high-quality quantum source during the FWM
process. It can be deduced that the FWM in ports 1 and 10 is
well protected at the wavelength of 780 nm. The pump light
is spatially confined, and this localization makes FWM more
efficient.

After verifying the spatial protection of the pump light, we
further test whether the on-chip generated correlated photons
can also be protected. We first calculate the light intensity dis-
tributions of the signal and idler photons, and the theoretical
simulation results are presented in Figs. 3(a) and 3(b),

Fig. 2. Experimental setup and intensity distributions of pump
light. (a) Experimental setup for generation, filtering, and evolution
measurement of nonclassical light. The input ports can be switched.
DM, dichroic mirror; MCCM, multi-channel coincidence module.
(b) Simulated intensity distributions of the pump light from ports
1, 10, and 20. The evolution distance is marked in white. (I), (II),
and (III) show the experimentally measured intensity distributions
from three input channel ports at 5 mm, 20 mm, and 35 mm evo-
lution distances, respectively. The protected states from ports 1 and 10
always maintain localization as the propagation distance increases,
while the unprotected state from port 20 diffuses over the lattice.
The intensity distribution is normalized to its maximum.
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respectively. Even for light with different wavelengths, the
localization effect still emerges in the topologically protected
channels. To retrieve the signal and idler photons, we first filter
out the residual pump light using both the polarization filter
(Glan–Taylor polarizer) and spectrum filter (notch filters cen-
tered as 780 nm). Then, signal and idler photons are separated
into two different spatial modes by a dichroic mirror, where
idler photons are transmitted while signal photons are reflected.
The photon pairs are coupled into single mode fibers, and then
detected by avalanche photodiodes. All the coincidence counts
are recorded by a homemade multi-channel coincidence
module (MCCM). The experimental layout can be found in
Fig. 2(a). To quantify the nonclassical features of the correlated
photon pairs, we introduce the cross-correlation function as
follows:

g �2�si �0� �
hâ†s â†i âi âsi
hâ†s âsihâ†i âii

: (3)

In the FWM case, a value higher than two of the cross-
correlation function g�2�si �0� is evidence of nonclassical light,
although, for instance, the violation of the Bell inequality re-
quires g�2�si �0� larger than six [52].

The cross-correlations g �2�si �0� are measured for the pump
power of 1 mW with integration time of 50 s. The cross-cor-
relations g �2�si �0� in edge-state port 1 vary from 50.03� 3.85 to
89.34� 9.53 with evolution distances from 5 mm to 35 mm,
which is strong evidence of nonclassical light. The cross-
correlations g �2�si �0� in interface-defect port 10 vary from
49.01� 2.75 to 99.25� 10.07, indicating the protection of
the photon pair generation process. For the same transport
length, in contrast, the maximum cross-correlation g �2�si �0�

from unprotected edge port 20 reaches only a range of
10.58� 1.82 to 25.65� 5.6. As can be seen in Fig. 3(c),
the topologically protected structure can provide nearly five
times higher cross-correlation values than those in unprotected
states. In the low pump regime, higher values of g�2�si �0� indicate
topological protection, which can help with losses and
decoherence during transmission [53]. We also study the un-
heralded autocorrelation functions for signal and idler fields in
the low-gain regime (pump power at 5 mW) for the multi-
mode analysis (see Appendix D for details). The results indicate
that our on-chip sources are broadband multimode squeezers.

Due to the strong confinement of the pump light, our
source can function as a squeezed light source [54] in the
high-power regime. The threshold for optical damage, photo-
refraction, and other unwanted effects for fused silica is very
high; thus, combined with the lattices for topological protec-
tion, both weak pump and strong pump regimes can be imple-
mented. In the strong pump regime, the high-order terms of
the photon-pair generation process are dominant, leading
to the generation of squeezed light. In this work, we compare
the squeezing parameters among three different structures.
Squeezing parameter λ can be calculated by measuring the au-
tocorrelation function g�2�H �0� and heralding efficiency ηH using
the following formula (see Appendix A for details of the for-
mula and the fluctuation analysis) [25]:

λ2 � g �2�H �0� ηH
2�1 − �1 − ηH �2�

: (4)

As shown in Fig. 4, the squeezing parameters for the three
channels are depicted in different colors under different evolu-
tion distances, where two distinct features can be observed. In
the long evolution distance regimes, the squeezing parameters
of the topologically protected channels are larger than that of

Fig. 3. Performance of topological protection for the generated photon pairs. (a) Evolution of the signal photons generated with pump in different
input ports. (b) Evolution of the idler photons generated with pump in different input ports. (c) Cross-correlations g2si�0� with different input ports
1, 10, and 20 at different propagation distances from 5 mm to 35 mm with a step of 5 mm. The pump power is 1 mW with the integration time of
50 s. Cross-correlations g2si�0� of channel ports 1 and 10 are depicted in green and red, respectively, with high values, which demonstrates the
topological protection of FWM. Cross-correlation g2si�0� in port 20 is depicted in blue, with the corresponding values being five times lower than the
protected states from ports 1 and 10.
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the unprotected channels. In addition, the measured fluctua-
tions using Possionian statistics in port 20 are greatly influ-
enced by the beam diffusion unlike the topologically protected
ports. These results indicate that the squeezed states can be well
protected in the topological structure.

3. CONCLUSION

In conclusion, we have reported the topological protection of
on-chip FWM and the generated squeezed light. By introduc-
ing a topological phase with a dimerized-type chain resembling
SSH lattices on a silica photonic chip, we have observed locali-
zation and strong confinement of the pump light in topologi-
cally protected channels. The protected pump field fulfills the
tight focusing condition to allow the waveguide to function as a
high-quality quantum squeezer. We have demonstrated that
the protection applies to different wavelengths, impacting
the cross-correlations and squeezing parameters. It showcases
a robust generation of quantum resources for future practical
quantum information tasks, such as Gaussian boson sampling
and bosonic error correction. We have verified the validity of
the topological protection of on-chip squeezers, which may
play an essential role in photonic quantum information
processing (see Appendix C for discussions of robustness
and validity) [55].

APPENDIX A: CALCULATION OF THE
SQUEEZING PARAMETER

In this paper, we adopt the Oxford group’s method to evaluate
the squeezing parameter [25]. The two-mode squeezed vacuum
state is defined as

jψTMSVi � Ŝ0j0i �
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − λ2

p X∞
n�0

�λÂ†
0B̂

†
0�n

n!
j0i: (A1)

We measured the squeezing parameter λ by relating it to the
heralded second-order correlation g2H �0�, which is regularly
defined as

g �2�H �0� � N 12tN t

N 1tN 2t
� P12tPt

P1tP2t
: (A2)

As shown in Fig. 5, N 1 and N 2 are the photon counts of
the heralded path split by a 50:50 beam splitter (BS). N t is the
heralding path acting as a trigger. Taking advantage of the
MCCM, we can measure the coincidences between the desired
channels. N 1t , N 2t , and N 12t are coincidence counts of the
corresponding channels. P is the probability of observing
coincident events in the subscripted modes.

The heralding efficiency ηH is calculated by

ηH � N 1t � N 2t

N t
� N si

N s
: (A3)

As can be inferred from Eqs. (2) and (3), only when the
higher order emission occurs will channels 1 and 2 and the trig-
ger fire simultaneously. Then the probability of detecting these
photons in channels 1 and 2 is η1η2. The corresponding prob-
ability that at least one of the two photons is not lost is
1 − �1 − ηH �2. Thus, we have

P12t � λ4�1 − �1 − ηH �2�η1η2∕2. (A4)

We can obtain other terms in a similar way. Then we multi-
ply these terms together and finally obtain the squeezing
parameter:

λ2 � g �2�H �0� ηH
2�1 − �1 − ηH �2�

: (A5)

Regarding the fluctuation in Fig. 4, the values are calculated
by the following error transfer formula:

1

2
λ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N 1t
� 1

N 2t
� 1

N 12t
� 1

N t

s
: (A6)

The fluctuation of the detected photon number is governed
by Poisson statistics.

APPENDIX B: HAMILTONIAN OF
TOPOLOGICALLY PROTECTED QUANTUM
LIGHT LATTICES

As shown in Fig. 6, the topologically protected lattices for
quantum light are composed of 20-site dimer chains with alter-
nate large and small spacings. In the waveguide system, the

Fig. 4. Experimental verification of topological protection for
squeezed light. The squeezing parameters in ports 1, 10, and 20
are depicted in deep red, red, and blue, accordingly. The values of
the squeezing parameters are more uniform and higher in two pro-
tected cases compared with unprotected port 20. The variance among
three topological channels is different since unprotected port 20 fluc-
tuates in a wider range. The inset shows the average fluctuation from
each port. Compared to the results of the other two channel ports,
channel port 20 is unprotected.

Fig. 5. Experimental schematic of measuring the heralded second-
order correlation g �2�H �0�.
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coupling coefficient is determined by the spacing of adjacent
waveguides [56]. Here, the large (small) spacing is 9 μm
(7 μm), corresponding to the coupling coefficient of 0:3 mm−1

(0.8 mm−1). Therefore, the photonic system can be described
by the dimer Hamiltonian

H �
X
n

�J1a†nbn � J2b†nan�1� � h:c., (B1)

where J1∕J2 � 0.375 when n ≤ 5, and J1∕J2 � 2.67 when
6 ≤ n ≤ 10. The unit cell in the lattice consists of two sites
labeled as a and b (see Fig. 2). Terms a†n �an�1� and b†n �bn�
are the creation (annihilation) operators of two sites in the unit
cell labeled as n. Parameters J1 and J2 represent the intracell
and intercell coupling strengths, respectively. In addition, there
is a large-spacing defect between unit cell 5 and unit cell 6,
which resembles a so-called long-long defect[46].

APPENDIX C: ROBUSTNESS AND VALIDITY OF
TOPOLOGICAL MODULES

In this section, we explain the motivation for topologically
protected quantum light sources. Our work realizes the protec-
tion of squeezed light by a topological lattice. It is applicable to
large-scale photonic structures where unwanted cross talk can
pose a significant problem. Our method for protecting
squeezed light may be practical in the following future
scenarios.

1. Integrated photonics is now an emerging and promising
platform for photonic quantum computing. Large-scale inte-
gration requires compact photonic device alignments.
Photons, which are expected to be confined in a certain device,
may diffuse into nearby photonic circuits on the same chip due
to the inevitable evanescent coupling. In that case, our method
can isolate quantum resources well against such diffusion loss
by appropriate layouts.

2. In analog photonic computing, the Hamiltonian of a
quantum system can be designed and engineered via geometric
design. Our protocol offers an additional degree of freedom for
the problem of Hamiltonian engineering by lifting many geo-
metric limitations.

To further verify the robustness and validity of our model,
we design and simulate different topological modules to test the
cross talk effect in a one-dimensional lattice. As shown in
Figs. 7(a) and 7(b), modules that contain two different topo-
logically protected modes (port 1 and port 10) are inserted into
a one-dimensional lattice with uniform spacing. Modules con-
taining port 1 have 4 waveguides, while modules containing
port 10 have a seven-waveguide structure. As a comparison,

the trivial scenario containing port 20 [Fig. 7(c)] is also
considered.

The uniform-spacing lattices are chosen to have three differ-
ent spacings, as Figs. 7(d)–7(f ) show. It is obvious that the
topological modules inserted in different lattices all possess
the power to confine the pump light in the injected port.
Also see that the modules contain only a small number of wave-
guides, and such a structure is very compact. The performance
verifies the robustness and validity of the topological modules
to function as an independent unit to alleviate the cross talk
problem. Such a degree of freedom for engineering
Hamiltonians can be helpful for complex photonic integration
design.

APPENDIX D: MULTI-MODE ANALYSIS OF FWM
PROCESS

We can calculate the source joint spectral amplitude (JSA) us-
ing the following expression:

F �ωs,ωi� � N
Z

L

0

dz
Z

dωpαp�ωp − ω
0
p�

× αp�ωs � ωi − ωp − ω
0
p� exp�−iΔkz�: (D1)

Here, N is a normalization coefficient, αp is the pump
envelope amplitude, L is the length of the waveguide, ω0

p is
the central frequency of the pump light, and Δk is the first-
order Taylor series about the phase mismatch parameter.

Using Schmidt decomposition on the JSA, we can obtain

F �ωs,ωi� � Σkλkφk�ω1�φk�ω2�, (D2)

where φk�ω1� and φk�ω2� are two orthogonal basis sets
called the Schmidt modes. Cooperativity parameter K is then
defined by

K � 1∕
X
k

λ4k : (D3)

Experimentally, we probe K by directly measuring the
unheralded autocorrelation functions for signal and idler pho-
tons [53]:

g �2��0� � 1�
P

kλ
4
k

�Pkλ
2
k�2

� 1�
X
k

λ4k � 1� 1

K
: (D4)

In the low-gain regime (pump power is 5 mW), the mea-
sured results are 1.42� 0.08 and 1.77� 0.05, respectively.
Thus, we can obtain K signal � 2.38 and K idler � 1.3. It is
therefore confirmed that our on-chip sources are broadband
multimode squeezers, which are regarded as powerful quantum
resources.

APPENDIX E: ESTIMATION OF THE MODE
FIELD DIAMETER

To estimate the mode field diameter of the fabricated wave-
guides, we extract the intensity distribution of each single light
spot from the data collected by the CCD. One of the light spots
is shown in Fig. 8(a) as an example. The intensity distribution
is fitted by a 2D Gaussian function:

Fig. 6. Sketch of lattices for topological protection of squeezed light.
There are 20 sites and 10 unit cells in the lattice. The red line marks
the large spacing 9 μm with weak coupling of 0:3 mm−1, while the
blue line marks the small spacing 7 μm with strong coupling of
0.8 mm−1.
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I � I0 � A exp

�
−
1

2

�
x − xc
w1

�
2

−
1

2

�
y − yc
w2

�
2
�
: (E1)

Through fitting, we can calculate the pixel numbers of the
horizontal and vertical field diameters at 1∕e2 peak intensity
points. The intensity profile after fitting is shown in the right
part of Fig. 8. Then, we compare the pixel numbers between
the adjacent waveguides with the real separations in the

photonic chip. From this ratio, we can determine the scale
of the CCD collected data and estimate the mode field diam-
eter of the waveguides.

To reduce errors in the estimation process, we collect the
intensity distribution of 18 light spots from three different
groups, and calculate the average mode field diameter,
which is �5.466� 0.389� μm in horizontal direction and
�5.207� 0.217� μm in vertical direction.

Fig. 7. Verification of topological protection effect provided by topological modules. We design two topological structures containing ports 1 and
10 from the main text, and a module containing port 20 is considered as a comparison. These modules are embedded into equally spaced arrays
(d � 7 μm, d � 8 μm, and d � 9 μm) to confirm the robustness and validity of topological protection. (a)–(c) Waveguide arrays inserted into
different topological modules, namely, ports 1, 10, and 20. (d)–(f ) Simulation result of the field distributions using three modules.
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APPENDIX F: EXPERIMENTAL DETAILS OF THE
PHOTONIC CHIP AND THE MEASUREMENT
SETUP

In our experiment, we use an ultrafast Ti:sapphire oscillator
centered at 780 nm as the pump light. The generated signal
and idler photon pairs are first separated by a dichroic mirror
and three cascaded notch filters (Semrock, NF03-785E-25).
Then, in both signal and idler photon arms, additional filters
(Semrock, FF01-770/SP-25 and Semrock, BLP01-785R-25)
are added to suppress the noise photons.

We also measure the spectra of both signal and idler pho-
tons, and the central wavelengths are 732.5 nm and 834.3 nm,
respectively. The measured spectra are shown in Fig. 9. As can
be inferred from Ref. [28], the fabrication accuracy is main-
tained in waveguide arrays as well. The perturbation of the bi-
refringence is still within 5% for both idler and signal photons.

The collection efficiencies for the signal and idler photons
into the optical fibers are almost the same, all beyond 85%.
Through the subsequent on-chip filtering and further plans
for “all on-chip project,” we believe the coupling loss can be
further decreased. However, in our current work, the relatively
small photon losses do not have a strong impact on our results.
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