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The spontaneous parametric down-conversion (SPDC)
source of entangled-photon pairs is important for applica-
tions in the quantum information process and quantum
communication, but suffers from scattering by sample
defect and air impurity. Here, we proposed an alternative
scheme to manipulate the scattered SPDC process, where
only a spatial light modulator was used to control the
incident wavefront. The scheme was experimentally tested
and also applied on the manipulation of photon pairs
through the SPDC process with spectral control. This work
proved the feasibility of manipulating nonlinear signals
at quantum level with feedback-based wavefront shaping
and also indicated applications in long-distance quantum
key distribution, quantum communications, and quantum
imaging, especially in complex environments. © 2018
Optical Society of America

OCIS codes: (270.5565) Quantum communications; (190.4410)

Nonlinear optics, parametric processes; (140.3300) Laser beam

shaping; (070.6120) Spatial light modulators.

https://doi.org/10.1364/OL.43.003985

Entanglement is the main resource for many applications
of quantum information processing, including quantum key
distribution (QKD) [1–3], quantum teleportation [4,5], and
quantum imaging [6]. The standard source of entangled-
photon pairs is nowadays the nonlinear optical process of
spontaneous parametric down-conversion (SPDC) in optics.
SPDC sources of entangled-photon pairs of high quality and
brightness can be routinely realized using various methods
in nonlinear bulk crystal, waveguide crystal, and optical fiber
[7–11]. In reality, photon pair generation and propagation with
long distance in free space will be scattered by sample defect
and air impurity, which influences the efficiency of propagation
and even the rate of reception [12]. Hence, an appropriate
way to restore the SPDC process is desired.

Feedback-based wavefront shaping (FBWS) was experimen-
tally proved a new and valid method of optical focusing and
imaging through complex scattering media in 2007 [13], where
the incident light is scattered to form a random speckle pattern
and then recovered by using an optimization algorithm to con-
trol the phase of incident light [14–16]. In recent decades,
wavefront shaping has been widely used in linear and nonlinear
optics [17–19]. With the rapid development of adaptive optics,
the application of FBWS has been extended to various fields,
such as biomedical optics [16] and quantum optics [20,21].

Here, we demonstrated an adaptive scheme for manipulat-
ing the SPDC process with spectral control via FBWS through
scattering media. In the experiment, we first modulated pump
phase based on FBWS to compensate the domain structure’s
scattering effect of periodically poled lithium niobate (PPLN)
to restore the SPDC process. The heralding efficiency was
improved by 26.6%. Second, while propagating through long
distance in free space, photon pairs would encounter the impu-
rity in the air. The scattering media were added to simulate the
impurity. The heralding efficiency was recovered to 94.6% of
the value obtained in the experiment without scattering media.
Third, the manipulation of the SPDC process with spectral
control was also realized. Arbitrary wavelengths in the broad-
band emission could be selected to enhance by around 96%.
Our scheme provides an alternative way for manipulating
SPDC photon pairs in both space and frequency domains.
It not only further proved the application of FBWS in nonlin-
ear optics, but also showed the possibility for controlling
quantum signals.

The schematic configuration is shown in Fig. 1. Without
wavefront shaping, photon pairs were both generated and scat-
tered from PPLN because of the domain structure’s defect
[22,23], then further scattered by air impurity when propagat-
ing with long distance in free space [Fig. 1(a)]. A spatial light
modulator (SLM) was applied to modulate pump phase, which
compensated the scattering effect and increased the signal in-
tensity [Fig. 1(b)]. The concept of the SPDC process with spec-
tral control via FBWS could be described by a simple model
theoretically. As the signal and idler photons were scattered,
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they formed a speckle pattern with a broadband spectrum. The
broadband characterization of the signals and idlers through
scattering media was described by the multispectral transmis-
sion matrix [24,25]. The overall output photons at the detected
target at the wavelength of λk show

jnout�λk�i �
XN

i�1

αikeiφik jnini �λk�i, (1)

where αikeiφik is the coefficient of the multispectral transmis-
sion matrix with φik being the spectral phase component
and, jnini �λk�i is the input photon. The summation represents
the integration of all SLM segments. The spectrum is given by
the defined integral of overall wavelengths. φik can be opti-
mized by FBWS, which lead to a coherent superposition of
selected wavelength λk.

Pairs of single photons in our experiment were generated
under the setup as shown in Fig. 2(a). The pump light source
was a pulse laser with the center wavelength at 1556 nm,

a pulse width of 1.0 ns, and repetition rate of 10 MHz. It
was amplified by an erbium-doped fiber amplifier and con-
verted via second-harmonic generation (SHG) in a PPLN
waveguide. A polarization controller was used to ensure the
high efficiency of SHG. The emitted laser centered at
778 nm was then used to pump the PPLN bulk to generate
photon pairs. Here, two collimator fibers (CF1 and CF2) with
high transmission at 780 nm and 1560 nm, respectively, were
applied. A half-wave plate was used after the pump for polari-
zation control because of the response characteristics of the
SLM. Lens 1 and lens 2 were used as the expanding system
in order to pump more SLM area, which was composed
of 192 × 1080 pixels, each with a rectangular area of
8 μm × 8 μm. The SLM, lens 3, lens 4, and lens 5 formed
a 4f -optical imaging system. In our experiment, the nonlinear
crystal to generate collinear photon pairs is a type-0 PPLN
bulk, 1 cm in length. A filter was then used to reject the pump
laser.

The detector setups for scattering compensation and SPDC
spectral control are shown in Figs. 2(b) and 2(c), respectively.
The SPDC photons were separated by a 50:50 single-mode fi-
ber beam splitter (BS) or filtered by different channels of the
coarse wavelength division multiplexing (CWDM). The single-
photon counting module (SPCM) (10� 0.2% quantum
efficiencies and about 100 dark counts) was applied to count
photon pairs. SPCM1 was extern-triggered by SPCM2,
in order to obtain the heralding efficiency (H ) by measuring
the conditional detection efficiency (ηD) of heralded photons
[26,27]. ηD was defined as the coincidence counting rate
(RC ) divided by the trigger photon detection rate (R), such that

ηD � RC∕R: (2)

H was corrected by considering transmittances of all optical
elements (η) shown as

H � ηD∕η, (3)

where η included SPCM1 and 2 quantum efficiencies of 10%,
the influence of BS, estimated 4% reflection loss upon CF1
into free space, 5% loss due to the antireflection-coated surfaces
of the five lenses, and the filter transmission of 95% at
1560 nm. Then two output ports of SPCM 1 and 2 were both
connected to a time-to-digital converter (TDC) to measure the
coincidence count in Fig. 2(b). All SLM and SPCMs were con-
nected to a computer with a genetic algorithm (GA) for opti-
mization. Here, H served as the feedback signal, and GA was
selected in the optimization process because it worked better in
noisy environments [26]. All SLM pixels were regrouped and
subdivided into 32 × 18 phase segments (N) for a faster
optimization speed.

The temperature of PPLN was adjusted at 320� 0.1 K in
order to meet the quasi-phase matching (QPM) condition. The
CF2 was adjusted to get the maximum SPCM count. First of
all, scattering media were not added, and the detector setup in
Fig. 2(b) was applied. A typical compensation result of the do-
main structure’s scattering effect is shown in Fig. 3. The her-
alding efficiency H increased with the iteration as expected and
eventually reached a stable value. After 30 iterations, maximum
H arrived at 41.9% [Fig. 3(a)]. In other words, when a signal
photon is detected by an SPCM, the probability of its twin idler
photon being present is 41.9% [27]. H was improved by
26.6% because the structure defect of PPLN was partly
compensated by the optimization process. The final H was

Fig. 1. Schematic configuration of the experiment. (a) Without
wave-front shaping, signal and idler photons were generated from
PPLN and scattered by structure defects of PPLN and air impurity.
(b) SPDC focus with appropriate phase of pump by using SLM.

Fig. 2. Schematic of experimental setup. EDFA, erbium-doped
fiber amplifier; PC, polarization controller; HWP, half-wave plate;
M, mirror; Lens, L1–6 (f 1–5 � 30 mm, 500 mm, 200 mm, 50 mm,
10 mm, 10 mm); SLM, spatial light modulator; CF1, 2, collimator
fiber; BS, fiber beam splitter; SPCM 1, 2, single-photon counting
module; TDC, time-to-digital converter.
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determined by the scattering strength of the PPLN domain
structure and the number of defects in the crystal itself. It also
depended on some details of GA, such as the segment size and
mutation probability [28]. There are also many other optimi-
zation algorithms valid for the procedure, such as the continu-
ous sequential algorithm, transmission matrix, and ant colony
optimization. Each optimization algorithm has its exclusive
characteristics but may not be well suited for noisy environ-
ments [28–30]. GA has its particular advantages in low
signal-to-noise environment, and the convergence is fast, so
it was chosen to do the optimization.

In traditional quantum researches, the coincidence count
and the ratio of coincidences to accidental (CAR) were
usually used to describe the entangled-photon pairs quality.
Coincidences per pulse generated through SPCD can be
expressed as

C � μηsηi, (4)

where μ is the number of pairs generated per pulse, ηs and ηi are
the overall collection efficiencies for the signal and idler
photons, respectively [31]. CAR was calculated by taking the
ratio of coincidences to accidentals such that

CAR � C∕��μηs � d s��μηi � d i��, (5)

where d s and d i are the dark counts in the signal and idler
detectors, respectively. In our experiment, d s compared to
μηs or d i compared to μηi is small enough. So, we can substi-
tute C in the denominator to obtain an equation that is depen-
dent only on μ, which is

CAR � 1∕μ: (6)

In our experimental setup, the coincidence events were
averaged five times every 60 s during each iteration. As shown
in Fig. 3(b), the coincidence count (C) increased, and the CAR
decreased (μ increased) with the iteration increasing, which
proved the entangled-photon pairs were indeed increasing
under the optimization. At the same time, the multiphoton ef-
fect was stronger because μ increased, which showed the noisy
environments. In Eq. (2), ηs and ηi were regarded as equal in
estimation, which includes the collection efficiency and quan-
tum efficiencies of SPCM in our experiment. The heralding
efficiency H is identical to the collection efficiency. The in-
crease of H and the decrease of CAR demonstrated that the
FBWS optimization not only compensated for the scattering
due to defects in PPLN but also increased collection efficiency.

Second, a scattering medium was added behind PPLN to
simulate the air impurity that photon pairs propagating with
long distance in free space would encounter [Fig. 2(a)]. In
our experimental design, the scattering medium was some
TiO2 nanoparticles deposited on an indium-tin oxide coated
glass substrate by an electrophoresis method [32]. The detector
setup is shown in Fig. 2(b). The initial value of H was 38.7%,
and it was down by 50.9% after adding the scattering medium.
During a similar optimization, it was increasing with the iter-
ation as expected, and the saturated value was 36.0% after 250
iterations [Fig. 4(a)]. That means the scattering effect by the
turbid medium has been compensated by 94.6%. During op-
timization, the coincidence events and CAR of each generation
were also measured and are presented in Fig. 4(b), showing a
conclusion similar to the above. The optimization needs more
time (iterations) to achieve saturation. H was lower but im-
proved by 92.7% because of the stronger scattering effect.
Generally speaking, our scheme is more efficient, especially
for an extra scattering medium or samples with defects.
What is more, focusing and quantum imaging could be ex-
pected with an electron multiplying charge-coupled device
or other quantum detectors.

Furthermore, manipulation of the SPDC process with spec-
tral control was realized, indicating possible applications of
long-distance quantum communication in complex environ-
ments. The experimental setup is illustrated in Figs. 2(a)
and 2(c). The SPDC photons with 70 nm bandwidth (from
1530 nm to 1600 nm [33]) were divided by the CWDM with
13 nm bandwidth in each channel. As the theory in Eq. (1), any
channel could be chosen to be enhanced by FBWS. For exam-
ple, signals and idlers in different channels with central wave-
lengths of 1550 nm and 1570 nm were detected by SPCM1
and SPCM2, respectively. SPCM1 was extern-triggered by
SPCM2, in order to obtain H . Then H of frequency-conjugate
pairs was regarded as the feedback for optimization. The initial
value of H was about 18.2%. After optimization, H was esti-
mated to be 37.2%. Besides the feedback wavelength, the H of
another frequency-conjugate pair (1530 nm and 1590 nm) was
measured before and after optimization. During this similar
optimization, we regarded H (frequency-conjugate pairs from
1530 nm and 1590 nm channels) as the feedback and repeated
the experiment. Some typical results are shown in Table 1.

There was also a little enhancement of the nearby wave-
lengths in the optimization, similar to some previous results
because of the total signal enhancement [25]. With the im-
provement of the detection efficiency and algorithms, dense

Fig. 3. (a) Heralding efficiency of the SPCM count for each gen-
eration. A typical value was estimated to be 41.9% after 30 iterations.
(b) Yellow triangles and red squares represent the coincidence events
and the ratio of coincidences to accidentals, respectively.

Fig. 4. (a) Heralding efficiency of the SPCM count for each gen-
eration. A typical value was estimated to be 36.0% after 250 iterations.
(b) Yellow triangles and red squares represent the coincidence events
and the ratio of coincidences to accidentals, respectively.
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wavelength division multiplexing was expected in our
experimental setup to realize spectral control of SPDC photons
with narrower bandwidth. The same experimental setup can
also be applied to other linear optics or nonlinear frequency
conversion in quantum level.

In conclusion, we put forward a method of manipulating the
SPDC process in space and frequency domains theoretically
and experimentally. First, the pump phase was modulated to
compensate the structure scattering effect of PPLN, which en-
hanced the SPDC process by H 41.9%. Second, a scattering
medium was used to simulate the air impurity that SPDC pho-
ton pairs propagating in long distance may suffer, and this
scattering effect was compensated by 94.6%. Finally, manipu-
lation of the SPDC process with spectral control was realized.
This work proved the possibility of manipulating nonlinear
signals at quantum level with FBWS and also indicated appli-
cations in long-distance QKD, quantum communications, and
quantum imaging, especially in complex environments.
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Table 1. Value of H Before and After Optimization for
1550 nm and 1590 nm, Respectivelya

ω (nm) 1530/1590 1550/1570 1550/1570 1530/1590

Before 17.8% 18.2% 17.6% 18.0%
After 32.2% 37.2% 30.5% 35.4%

aω is the central wavelength of the CWDM.
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