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Orbital-angular-momentum- (OAM) based photonic nonlinear interfaces, such as the nonlinear manipu-
lation of a single-photon OAM state between the communication wavelength for entanglement distribution
and the near-visible wavelength for quantum memories. Here, we experimentally demonstrate this kind
of quantum state transformation for simultaneously adjusting the weight of the spatial OAM modes and
operating the wavelength of single photons by effectively cascading the frequency conversion and electro-
optical (EO) polarization coupling in a periodically poled lithium niobate crystal. The fidelity of the OAM
state is measured to be higher than 95% before and after the frequency conversion. The results show that
the OAM state of single photons can be modulated on demand by applying a transverse electric field
across the nonlinear crystal. Our work demonstrates the integration and high performance of our proposed
transformation interface, and paves a route toward connecting different remote nodes based on quantum
memories in a large-scale OAM-encoded quantum network.
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I. INTRODUCTION

Quantum relay network based on quantum entanglement
is a useful choice for realizing large-scale quantum com-
munication network [1,2]. Quantum state modulation is
a promising technique for fundamental physics research,
which is closely related to quantum relay switches, and
quantum storage and processing of quantum states. To
date, optical orbital-angular-momentum (OAM) modes,
one of the foundations of spatial modes, have become
a popular choice for quantum information experiments
[3,4]. Since OAM single photons carry a unique phase
intensity profile and multiple modes of operation, efforts
to stimulate various quantum communication tasks [5—7]
are increasing, such as quantum key distribution, quantum
teleportation, entanglement swapping, etc. Establishing
connections between different quantum systems to transmit
information requires some basic components [8,9], such as
quantum memory, relay nodes, quantum processors, etc. In
order to realize the functions of these components, different
physical systems usually work at different wavelengths. To
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connect these systems, it is necessary to establish a wave-
length connection such as a frequency converter, which
can effectively realize the manipulation and wavelength
conversion of photonic states [10—12]. Such frequency
converters can be implemented using nonlinear crystals
for second-order nonlinear processes [13—16]. In addition,
great advances have been made in the cascade process
[17,18] of frequency conversion and electro-optical (EO)
polarization coupling, which have a broad range of appli-
cations in the control of OAM superposition states and the
nonlinear optical interaction [19,20]. However, the electri-
cal nonlinear modulation of OAM quantum states is useful
for constructing the communication nodes in the quantum
communication. At the same time, the traditional quantum
state electrical manipulation and frequency-conversion
process need to be carried out in the Mach-Zehnder inter-
ferometer (MZI) and the nonlinear crystal, respectively.
Experimental demonstration of the electromanipulation is
badly required, while combining integration and indepen-
dence. Here, we demonstrate the nonlinear quantum state
transformation for a quantum repeater network with the
cascaded sum-frequency generation (SFG) and EO polar-
ization coupling of OAM single photons in a periodically
polarized lithium niobate (PPLN) crystal. By using input
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photons with different OAM in orthogonal polarization
components, we manage to adjust the weight of the spa-
tial modes of the generated photons. The cascade process
can be efficiently and conveniently balanced by apply-
ing an external electric field, realizing the superposition
of quantum states with different OAM modes. The struc-
ture of the PPLN provides a general solution for combining
optical spin-orbit coupling with nonlinear optics [21], and
simultaneously enhances both the up-conversion efficiency
and EO effect of OAM quantum states, resulting in bet-
ter tunable performance. Through the cascade effect, we
realize the OAM states’ modulation on a single PPLN
and convert the photons in the communication band to
the storage band, which reduces the complexity of the
experiment and makes the whole device more independent
and stable. Furthermore, we clearly demonstrate that the
transformation of different OAM quantum states maintains
high fidelity during the conversion. In routing-based quan-
tum networks, a single photons with a nonlinear process
manage to convert the communication wavelength to the
storage wavelength to realize the connection of two remote
nodes. This holds more promise for practical applications
of quantum storage and a quantum repeater in quantum
networks.

II. THEORY

Under the effect of the second-order nonlinear of the
crystal, quantum frequency conversion can be realized by
SFG, in which the annihilation of a strong pump photon
(wp) and a weak signal photon (wy) produce a SFG photon
with frequency wem = w, + w,. Under certain tempera-
ture conditions, the cascade of SFG and EO polarization
coupling is achievable with one single poling period. Then,
in the quantum physics, the effective Hamilton operator for
the cascade process can be described by the following form
[15]:

H = ih(xasv alyy i xeEpndan il ~He), (1)

where @; and &;r represent, respectively, the annihilation
and creation operators for the wave at frequency wy;,
with i = s and sum representing signal and SFG photons,
respectively. H and V represent the quantum polarization
states in the horizontal and vertical directions, respectively.
And / denotes the OAM index of the signal and SFG pho-
tons. Because of OAM conservation in the SFG process,
the signal photon’s OAM is linearly transferred during the
SFG process. E,y is the electric field amplitude of pump
lasers. x; and x; are, respectively, the coupling coefficients
of EO polarization coupling and SFG that are proportional
to the second-order susceptibility x ® of the crystal. In the
PPLN sample, the coupling coefficient of sum frequency
X2 is constant. H.c. denotes a Hermitian conjugate.

Considering the condition in the PPLN sample, two fun-
damental waves, denoted as S{ (single photon) and S;
(pump) propagate along the x direction, and the upper
superscript represents the polarization direction. SFG pho-
tons (SUM®) are generated under the condition of type-0
QPM condition. Let S¢ also satisfy the QPM condition of
transverse EO polarization coupling (S¢ < S?). Using the
Heisenberg equation of motion, the coupled-mode equa-
tions describing the cascaded processes can be obtained
from Eq. (1):

d&sH,l A * A

d = X14sv,] — X2EpHasumH,l:

t
d&sVl N

d = —X14sH,» (2)
d&sumH,l X & E

= X24sH,[EpH-
dt i

III. EXPERIMENT AND RESULTS

In our scheme, the internal structure of the PPLN is
sketched in Fig. 1. The light propagation direction is along
the X axis and the Z axis is the optical axis. The dimen-
sion of PPLN is 25.0(x) x 0.3(y) x 1.0(z) mm?>. The elec-
trodes are coated on its Y surface and connected to an
adjustable voltage supplier. The poling period A of the
PPLN is 20.65 pm at 21 °C, which is designed to fulfill
the quasi-phase-matching (QPM) condition. In the theoret-
ical calculation, the matching points satisfying the cascade
condition are calculated by the Sellmeier equation [22],
as shown in Fig. 1(b). Because of the relatively weak
dispersion of PPLN, SFG has the same period as second-
harmonic generation (SHG). The period of PPLN we use
in the experiment is in accordance with theoretical sim-
ulation. When a transverse electric field is applied along
the Y axis, the positive and negative domains are alter-
nately rearranged at small rocking angles of 6 and —6
of the optical axis about the x axis with the expression
of 6 ~ )/51E/[(1/ng) - (l/ng)] [23], where E is the trans-
verse electric field intensity, ys; is the EO coefficient,
and n,, n, are the extraordinary and ordinary refractive
indices, respectively. Meanwhile, the QPM condition is
determined by A = A(n, — n.) corresponding to the oper-
ating wavelength. At the QPM condition, the polarization
of the output is rotated by an angle of 2N6 relative to its
horizontal or vertical initial state. The geometry is the same
in the previous reports [24].

We first apply a polarization analyzer to carry out EO
polarization coupling experiment with only S¢ input. The
experimental setup of the PPLN device for polarization
control is depicted in Fig. 6 (Appendix). In polarized-
coupling process, both vertically and horizontally polar-
ized inputs exhibit the same properties. With a voltage
supplier, the upper limit of electrical modulation rate for
EO polarization coupling is measured to be approximately
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FIG. 1. (a) Schematic diagram of the cascading process. (b)

The theoretical matching period of the PPLN corresponding to
the cascade condition. The condition of the matching point is the
period of PPLN used in our experiment.

2 MHz [24]. Figure 2 shows the experimental matching
relation of EO polarization coupling, and the tuning slope
is —0.76 nm/°C. Then, we implement a power meter and a
filter to test the QPM conditions of SFG. We inject two fun-
damental waves with e polarization to generate e-polarized
SFG wave at the wavelength of 785.4 nm. We determine
the cascade condition by interacting the EO polarization-
coupled S7 wavelength with the pump light (S5 + S, —
SUM?), and also find a better experimental condltlon at
approximately 1556.6 nm at 34.5°C. The slope of linear
fitting is 0.28 nm/°C. This demonstrates the ability of up-
conversion and efficient mode conversion for EO coupling
of the PPLN device.

These characteristics of single photon with OAM modes
are investigated next. Our experimental setup is shown
in Fig. 3, which first describes a schematic diagram of
spontaneous parametric down-conversion (SPDC) source.
Light from a femtosecond laser with a repetition rate of
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FIG. 2. Temperature tuning of EO polarization-coupled cas-

caded SFG processes. The intersection of the two curves is the
experimental matching point.

60 MHz is separated by coarse wavelength division multi-
plexing (CWDM) and a filter and, respectively, amplified
by two erbium-doped optical fiber amplifiers (EDFAs),
which are used as signal light (International Telecommu-
nication Union channels: CH34) and pump laser with a
wavelength of 1585.3 nm (S}), respectively. S is first
amplified by L-band EDFA and then collimated to free
space. The pulses (CH34) amplified by the EDFA are
frequency doubled in a PPLN waveguide by SHG, and
then the remaining pump laser is suppressed by a WDM
with an extinction ratio of 180 dB. The second SH is
injected to another 5-cm-long PPLN waveguide for the
type-0 SPDC process to generate single photons in the
communication band. We use cascaded 100-GHz dense
WDM (DWDM) filters to transfer signal photons to chan-
nels with wavelengths of 1556.6 nm (CH26) and 1543.5
nm (CH42), respectively. At the output of the SPDC mod-
ule, photons (CH26) with different polarizations are split
into different paths by PBS-1. The single photon from
CHA42 is directly detected by the superconducting nanowire
single-photon detectors (SNSPDs, Photec Corp.) with the
detection efficiency of over 90%. To deterministically gen-
erate the topological charge of the OAM superposition
quantum state, spiral phase plates (SPPs) as mode shifters
are inserted into the two arms of modified MZI [25] for
converting Gaussian photons to OAM-carrying photons.
The diffraction efficiency of the SPPs is over 98%. In our
experiments, another continuous-wave laser with a central
wavelength of 1550 nm is injected into another input of
the beam splitter (BS) as the feedback to perform phase-
locking operation of the interferometer [26]. Then, we
prepare the polarization of the quantum state with OAM
mode /=1 as horizontal, and when / = —1, the polar-
ization of the OAM quantum state is vertical, which can
generate an initial state: |)o = 1/ﬁ(|1)H +|—=1Dyp). 1
is an integer and represents the topological charge of the
photon generated with SPP. Although /=1 is used in
our experiment, all experimental results can be extended
to other / values. Considering that the quantum state of
the incident photon is the superposition of any two OAM
modes / and —/ with opposite signs, the polarizations of
signal photons with different modes are perpendicular to
each other. For convenience, we denote the OAM qubit
basis by [1)(]/)) and | — 1)(| — [)). The signal photons are
combined with pump laser in BS, and launched into the
PPLN device for cascade process after passing the optical
4f focusing-collimation system (composed of two convex
lenses L1 and L2). Here, the PPLN device includes a PPLN
sample, voltage supplier, and a temperature controller at an
accuracy of 0.1 °C. For detecting the signal photon before
(after) SFG at 1556.6 nm (785.4 nm), a lens L4 (L6) is used
to image the single photon to the spatial light modulator
(SLM-A/SLM-B).

To demonstrate the flexibility and adaptability of nonlin-
ear manipulation with the OAM quantum state, we apply
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FIG. 3.

Experimental setup. HWP, half-wave plate; PC, polarization controller; L1 lens of /i = 75 mm, L2 lens of f, = 40 mm, L3

lens of f3 = 300 mm, L4 and L6 lens of f; = fg = 200 mm, L5 and L7 lens of /5 = f; = 400 mm; DM, dichromatic mirror; efficiency of
the photon transmittance in the filter of 30%; the detection efficiency of SAPD is (50 &+ 0.2)% (dark-count probability per nanosecond,

D=1x1079%.

the single photon carrying the single-mode OAM for the
cascade process, and replace the structure of the interfer-
ometer with a single input of signal photons. We set the
orientation of the PBS-3 (PBS-4) so that only H-polarized
photons pass, and then measure the single-photon counts.
The ability to control the polarization of the single pho-
ton are observed by measuring the SFG photon counts
on the silicon avalanche photodiode (SAPD) under dif-
ferent applied voltages. The detection events of SAPD
are recorded by time-correlated single-photon counting
(TCSPC, ID900-mustane, Inc. Company), and the mea-
surement window is set to 500 ps. As shown in Fig. 5(b),
the SFG photon number decreases with increasing voltage
because of the change of polarization of the signal photons,
resulting in a decrease of SFG efficiency. To characterize
the quality of frequency-correlated photon pair, we test the
coincidence-to-accidental ratio (CAR) of entangled pho-
ton pairs after SFG. In the case of the pump power for
the SPDC process approximately equal to 5 wWW, we can
obtain CAR approximately equal to 20.38. In addition, we
also perform the coincidence measurements of the photon
counts as a function of time delay, corresponding to Fig.
4(a). Here, the SFG photons are directly collected by the
optical fiber to the SAPD. Each detection is accumulated
for 10 s with the dark count subtracted. We measure the
SFG efficiency of the transfer interface, when the pump
power of the SFG is 20 mW, the conversion efficiency is
16%, as shown in Fig. 4(b).

Now, we characterize the performance of the SFG
process by using the state |1) distributed on a Bloch
sphere and then performing quantum state tomography
(QST) before and after SFG to reconstruct the density

~

matrix p. In order to evaluate the p with four Stokes

parameters [27], projection measurements are performed
on the four basis vectors |1), | — 1), |D), |L), where |D),
|L), respectively, represent |D) = 1/\/§(|1) 4+ | —1)) and
L) = l/ﬁ(ll) +i] — 1)). Two spatial light modulators
(SLM-A for signal photons and SLM-B for SFG photons,
calibrated at wavelengths 1550 and 780 nm, respectively)
are employed in combination with SAPD to characterize
OAM-entangled states. Due to the restriction of QPM, the
output polarization of SFG photons is the horizontal polar-
ization state, which is also the polarization state that can be
modulated by the SLM. The spiral phase front of SFG pho-
tons is then flattened to a plane wave front and converted
to an Airy-like transverse pattern with most of its intensity
in the center by SLM with the basis vector | — 1), which
can be efficiently coupled to a single-mode fiber. For the
projection measurements of single-photon OAM quantum
states, the real and imaginary parts of the density matrix p
are experimentally reconstructed by using the maximum-
likelihood estimation, as presented in Fig. 5(a). We also
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FIG. 4. (a) The number of SFG photons versus delays of the
two paths measured by SAPD. (b) Curve of SFG efficiency as a
function of pump power.
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FIG. 5. (a) The measured density matrices of the OAM states.
(b) Variation trends of the number of SFG photons are recorded
by varying the applied voltage with dark count subtracted. Each
count is measured for 10 s. (c) Output of the OAM superposition
state represented on the Poincaré sphere as the applied voltage
varies from 0 to 100 V with 20-V steps.

calculate the fidelity relative to the ideal quantum state
and obtain the average fidelity Fpefore sSFG = (@]0]@) =
(98.79 £ 0.2)% and Fifier s, = (97.34 £ 0.14)% with the
dark count subtracted, where |¢) is the ideal quantum state.
Notably, the high fidelity shows the reliable performance
of'the SFG in our PPLN device, thus paving the way for the
realization of frequency conversion with different OAM
quantum superposition states.

We further verify the manipulation capability of EO
polarization coupling to transform different quantum states
in the PPLN device. The initial state can be transformed
into different OAM quantum superposition states via EO
polarization coupling, which can be described as |¢) =
al|l) + B| — 1), where |a|? + |B]> = 1,  and B depend on
the EO polarization coupling effect in PPLN. We measure
the transformed OAM states of the experimental output
at different voltages and represent them on the Poincaré
sphere, respectively, as illustrated in Fig. 5(c). As can be
seen, the trajectory of quantum state evolution gradually
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FIG. 6. Experimental setup of the cascade process.

changes from the South Pole to the North Pole with respect
to the increase of the applied voltage.

IV. DISCUSSION

In our experiments, the OAM states of the nonlinear pro-
cess can maintain a high fidelity of over 95%. However,
after frequency conversion, the fidelity of the quantum
state decreases. This is mainly due to the influence of
the detection efficiency of SAPD and the imperfection of
optical devices, the system loss caused by the nonuni-
form coupling efficiency in space and fibers, which can be
improved by optimizing system parameters and utilizing
higher-efficiency SAPD. Compared with general waveg-
uides, a variety of OAM modes can be transmitted in our
PPLN structure, thereby realizing the switching of different
modes in practical condition. It is worth noting that the key
feature is the tunability of different wavelengths in the cas-
cading scheme, which releases the constraints on the input
light. This provides more flexible applications for quan-
tum states’ manipulation of quantum relay. Under classical
optical conditions, / reaches 100 in the SH process [28]. If
OAM states with higher topological charge would be used,
the efficiency and fidelity may be degraded due to the inho-
mogeneity of the photon frequency conversion of the SFG
process within the PPLN. If the conversion efficiency prob-
lem is solved, the size on / will not be limited. We can
solve this problem by using a laser source with uniform
intensity to achieve higher sum-frequency efficiency [29].
In our experiments, the OAM mode with / = 1 is only used
as an example, which can be extended to different modes
to form OAM quantum states with different / numbers in
the future work. In addition, if the OAM of the pump
is considered, the topological charge of the SFG photon
can be controlled by the SFG interaction process between
the pump and the signal photon if required. Interestingly,
we hope to explore the interaction between vector struc-
tured light and the more complex vector fields of nonlinear
optics, extending the frontier of electrically manipulated
quantum states to different physical phenomena [29-31].
Another application is the combination of OAM-entangled
quantum states and nonlinear regulation to inspire vari-
ous quantum communication tasks [26]. We can construct
such a state |W) = 1/«/5(|1)|1) + | — 1)| — 1)) to realize
the control of entanglement-based OAM states in com-
bination with the above-mentioned cascade process for
dense-encoded quantum communication [32]. This inter-
face can be applied to control the OAM mode of the
entangled states and provides great potential applications
in large-scale quantum networks.

V. CONCLUSION

In conclusion, we demonstrate a method for nonlinear
manipulation of OAM quantum states by taking the advan-
tage of the cascading process in PPLN. We successfully
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manipulate different OAM superposition states and con-
trol the intensity of frequency conversion through the EO
polarization coupling while maintaining a high fidelity.
Furthermore, we expect that our scheme holds promise for
realizing quantum information tasks such as superdense
teleportation, dense encoding, and multinode integrated
space-to-fiber communication networks.
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APPENDIX A: EXPERIMENTAL SETUP OF THE
CASCADE PROCESS

The experimental setup is depicted in Fig. 6. Light from
a femtosecond laser with a repetition rate of 60 MHz is sep-
arated by CWDM and a filter and, respectively, amplified
by two EDFAs, which are used as signal light (Inter-
national Telecommunication Union channels: CH26) and
pump laser with a wavelength of 1585.3 nm, respectively.
The signal photon is optically delayed and together with
the pump wave, nonlinear processes are performed. The
signal light after the spiral phase plates (SPPs) and the
pump light are collimated into the free space, and then
combined by the 50:50 beam splitter (BS). OAM qubits
are generated with a SPP placed in the optical path. The
combined beam injected into the PPLN device after pass-
ing through a lens. The output is collimated to free space
by a short focal-length Iens, and then captured by a silicon-
based CCD in the visible band after passing a polarized
beam splitter (PBS) and a filter with 150-dB isolation.
Under the condition of QPM of the above SFG process,
the Gaussian-mode intensity profile is imaged by a spher-
ical lens and captured by the CCD, and we can recognize
that the central intensity of the profile gradually becomes
weaker with the increase of the applied voltage, as shown
in Fig. 7.

APPENDIX B: INTENSITY PROFILES OF THE
GENERATED SFG AND SHG WAVES

To demonstrate the electrical manipulation ability of the
cascade process, we apply a voltage change to invoke EO
polarization coupling and monitored the intensity change
of SUM? as shown in Fig. 7. We introduce the OAM mode
of the SH waves (marked as 2w) and SFG waves (marked

(@

SFG without
SPP

Nonlinear process

(b) (c)

EO effect

SHG
120 =2

-

SFG

[®sum = 1

FIG. 7. (a) Intensity profiles of the generated SFG waves with-
out SPP (left). The pattern on the right is the weakening change
of the intensity with the applied voltage. (b) Intensity distribu-
tion of the generated SHG and SFG wave in the midplane of
the PPLN imaged with a spherical (left) or cylindrical (right)
lens during the nonlinear process. (c) Intensity profiles with
increasing voltage.

as wgm) as optical states, where / is an integer and repre-
sents the photon’s topological charge generated with SPP.
When a Gaussian photon is transmitted through the SPP,
its azimuthal phase acquires a phase factor exp(ilf), and
its profile becomes an OAM mode with respect to /. 6 is
the polar angle in the transverse plane. Similarly, for the
SHG process, we switch the fundamental frequency light
to the central wavelength at 1570 nm and then determine
the temperature under QPM conditions to match the max-
imum nonlinear conversion efficiency. PPLN is pumped
by a collimated fundamental wave with OAM state of
[ that generates a SHG with the state of /°“. Initially,
as the applied voltage increases, part of the e-polarized
fundamental wave becomes o-polarized wave due to the
EO polarization coupling, and the intensity of SFG waves
(SUM®) gradually decreases. When the applied voltage is
further increased, the energy of the o-polarized wave cou-
ples back to the e-polarized wave. As a result, the intensity
of the SFG profile gradually increases. Obviously, we ver-
ify that the efficiency of the nonlinear process in PPLN is
successfully controlled by the applied electric field, thus
extending the method for the modulation of superposi-
tion states of single-photon OAM. Intensity profiles of the
corresponding spots of the generated SHG and SFG field
imaged using a spherical and cylindrical lens, respectively.
Finally, the intensity profile at the midplane of PPLN can
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be recorded by the CCD, as shown in Fig. 7(b) for /2 and
[?somThe number of dark fringes allow the magnitude of /
to be determined. The drop of the intensity in the profile is
sufficient to effectively demonstrate the mismatched QPM
conditions for frequency conversion in combination with
EO polarization coupling.
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