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Abstract: The storage wavelength of quantum nodes based on atomic systems does not match
the wavelength of optical fiber communication, which requires the establishment of an efficient
conversion system between flying bits and storage bits. In this paper, based on the nonlinear
wavelength conversion technology of the periodically poled lithium niobate waveguide, a low-noise
conversion of 852-nm photons to 1560-nm photons was achieved by a 1878-nm pump laser. The
generation mechanism and transmission mechanism of noise due to nonlinear process are analyzed
theoretically. The noise photons introduced by the spontaneous parameter downconversion and
spontaneous Raman scattering process of a strong pump laser are experimentally studied. The noise
suppression near 1560 nm is realized by the fiber Bragg grating (FBG) filter. In the experiment, when
the FBG bandwidth is reduced from 0.257 nm to 0.130 nm, the signal-to-noise ratio (SNR) increases
from 52 to 90. Our results show that the SNR can be greatly improved by using a narrower band filter.
Therefore, the quantum node is connected to the fiber channel, and the signal can be transmitted over
long distances with low loss and high fidelity.

Keywords: PPLN waveguide; frequency conversion; spontaneous Raman scattering; signal-to-
noise ratio

1. Introduction

Quantum frequency conversion (QFC) technology is crucial for constructing the quan-
tum networks that were put forward in 2008. Photon transmission between different
quantum nodes is the foundation for realizing quantum repeaters [1,2]. Generally, the phys-
ical carriers for quantum memories and quantum processors include single atoms, single
molecules, single ions, and single NV color center carriers, as well as spontaneous para-
metric downconversion, and the four-wave mixing process based on an atomic ensemb]e.
The photons emitted by these quantum nodes are in the visible or near infrared spectral
range. Its wavelength is not coincident with the telecom photon, which can transmit in the
fiber as low-loss flying qubits to link two different nodes. Therefore, the efficient QFC is
required to bridge the gap of the wavelength between the quantum node and telecom band.
Based on the above significance, many groups have carried out relevant studies. QFC was
first proposed in theory by Kumar in 1990 [3] and was demonstrated in an experiment in
1992 [4]. In 2011, Ikuta’s research group [5] realized the downconversion of 780-nm photons
to 1522-nm photons with a conversion efficiency of 62%, and proved that the entanglement
between the photon and another photon was maintained before and after the conversion.
In 2012, Zaske’s research group [6] downconverted visible photons emitted by quantum
dots at 771 nm to 1313 nm on the communication band, with a conversion efficiency of
30% and signal-to-noise ratio (SNR) of 50. In 2017, Riedmatten’s team [7] realized the
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information transmission between the cold atoms and another solid-state storage medium
through optical fiber. In recent years, the QFC with preserving polarization has been
applied to maximize the distance between two entangled nodes in a quantum network.
In 2020, Becher’s group [8] transformed photons entangled with the atomic spin state
from 780 nm to the telecom S band at 1522 nm to realize the generation and observation
of entanglement between an Rb atom and a photon at a telecom wavelength transmitted
through up to 20 km optical fiber. In the same year, Jian-Wei Pan’s team [9] also converted
the 795-nm photon to the telecom O band at 1342 nm and realized entanglement over
22 km of field-deployed fiber via two-photon interference, and entanglement over 50 km of
coiled fiber via single-photon interference. In 2022, Becher’s group [10] further demonstrate
heralded entanglement between two independently trapped single Rb atoms generated
over 33-km fiber links by converting the 780-nm photons to the 1517-nm photons.

Cesium atomic ensemble is one of the most important quantum memory nodes,
which emits photons at 852 nm. The photonic frequency is much higher than that of
flying photonic qubits transmitted in the optical fiber networks. In this paper, in order to
connect 852-nm Cs D2 transition and 1560-nm telecom C-band, the conversion of 852-nm
photons to 1560-nm photons is realized by difference frequency generation (DFG) in
a periodically poled lithium niobate (PPLN) waveguide. We analyzed the mechanism of
noise introduction theoretically during downconversion. Futhermore, in order to filter out
these noise photons and improve the SNR, the influence of different bandwidth filters on
SNR are tested experimentally.

2. Theoretical Description of Photonic Frequency Conversion

When light propagates in the medium, due to the electric field component of the
light wave, the medium will produce macroscopic electric polarization. If the electric field
intensity is strong enough, the high-order term cannot be ignored. Therefore, the second-
order nonlinear phenomenon is relatively easy to observe when the dielectric material
interacts with light field. The second-order nonlinear polarization is

P@ = gx P E2. 1)

where the ¢ is the vacuum dielectric constant of dielectric, the x(?) is the second order
nonlinear polarization rate, and the E is the electric field intensity. Suppose two light fields
whose frequency are w; and w, respectively act on the crystal simultaneously:

E = Ejcos(w1t) + Excos(wyt). ()
The second-order nonlinear polarization can be expressed as:

P =eox® [E2cos?(wyt) + Ex2cos?(wat) + E1Eacos(wit)cos(wot)]
1 1 1
=gox? [E(E% + E3) + EE%COS(Zwﬁ) + 5

+ E1Excos(wq + wp)t + EqEpcos(wy — wy)t].

E2cos(2wyt) (©)

It can be seen from the above equation that the output term contains four new fre-
quency generation terms, among which 2w; and 2w, are second harmonic generation
(SHG), w1 + w» is the sum frequency generation (SFG), and wi — w» is the differential
frequency generation (DFG). Theoretically, all four nonzero frequency parts are present;
however, usually only one component of the four nonlinear terms appears. Because of
that, nonlinear polarization can be efficiently generated only by certain phase matching.
In general, this condition does not easily satisfy two nonlinear polarization frequency com-
ponents synchronously. The waveguide used in this paper can meet the phase-matching
condition of DFG. As show in Figure 1, the 1560.5 nm photons are generated by DFG with
852.3-nm photons and 1878-nm photons.
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Armstrong et al. first proposed the theoretical assumption of the concept of quasiphase
matching in 1962 [11-14]. It is different from the birefringent crystal which needs to be
periodically modulated to achieve phase matching when the light waves interact each other.
Changing the domain structure of ferroelectric crystals periodically can realize the 7 phase
inversion so that the total phase mismatch of each period is zero between fundamental
waves and generated harmonics, thus ensuring efficient generation of harmonics. In our
experiment, the PPLN waveguide is used. The cross-sectional area of the waveguide is
20 um, which can limit the pump light and signal light in a small space, thus increasing
the optical power density and improving the conversion efficiency. Theoretically, when
the pump laser is strong enough, the maximum conversion efficiency can reach 100%,
which is usually not achieved due to the loss of fiber sealing during waveguide fabrication,
and some other losses during optical propagation.

Single-photon-level DFG

—-——_————

852 3 nm 1878.0 nm

Figure 1. Conversion diagram of the difference frequency generation. The 852.3-nm single photon
can be converted to 1560-nm telecom C-band based on 1878-nm long-wavelength pump light.

3. Noise Analysis of Frequency Down Conversion Process

In the process of frequency conversion, both conversion efficiency and SNR are crucial
indicators, and many research groups have studied and filtered the noise generated in the
process of frequency conversion [15-18]. We analyze the possible noise in the experiment
before we design the experimental scheme in detail. When the strong pumping laser is
injected into the PPLN waveguide, spontaneous parametric down conversion (SPDC) and
spontaneous Raman scattering (SRS) processes also will occur. The SPDC is the combined
effect of pumped photon flow and quantum vacuum noise on nonlinear crystals which
causes one pump photon to divide into a photon pair, following the laws of conservation
of energy and conservation of momentum. The total energy and total momentum of
the photon pair is equal to that of pump photon. The SPDC generates noise photons at
lower frequency than the pump. In 2010, it was experimentally found by the E.L. Ginzton
Laboratory [19] that the SPDC noise photons spectral density from a 1064-nm pump light
is 10° s~1 nm~! when the collection bandwidth is 44 nm. In 2018, Nicolas Maring et al. [20]
measured an internal SPDC noise-generation coefficient of 76 kHz/mW /cm normalized
to a 1-THz bandwidth. The SRS is a kind of inelastic scattering. The pump laser interacts
with the substance so that the substance molecule vibrates, and the photons are scattered at
the same time. A strong pump field generally generates Raman noise around its central
frequency. The generated photons with a frequency lower than the pump photons are
named Stokes photons, and the photons with a frequency greater than the pump photons
are named anti-Stokes photons. It has been estimated to have a width smaller than 30 THz.
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The anti-Stokes SRS intensity is described by I(Av, T) = Iyo(Av)n(Av, T), where n is the
photon occupation number, Av is the frequency detuning between the Raman-scattered
photon and the pump photon, and T is the temperature [15]. The Raman spectrum for LN is
presented in one reference [21] and shows two major peaks at —260 cm ! and —630 cm 1.
The authors experimentally find I;s/Is ~ 0.11 by comparing the integrated intensities of
anti-Stokes and Stokes Raman peaks. It is confirmed that the intensity of Stokes photons
is stronger than that of anti-Stokes photons in experiment. Both of the above spectra are
broadband, extending to hundreds of nanometers. In our experiment, we are concerned
with the conversion of 852-nm signal photons to the 1560-nm communication band, yet
now the nonlinear process of a strong pumping laser in waveguide and fiber during the
conversion process may also generate photons near 1560 nm, thus introducing noise. This
shows that different pumping laser selection will have different influences on SNR. First,
we analyzed the noise based on a short-wavelength pumping laser whose wavelength is
551 nm. As shown in Figure 2, SPDC (green region) and SRS (gray region) processes occur
in the waveguide when the strong pumping laser was injected. From the figure, both the
noise photons generated from the SPDC and Stokes photons generated from the SRS are
located near the signal laser at 852 nm, which will further interact with the pumping laser
at 1878 nm and generate noise photons near the target photons at 1560 nm. Due to the
limitation of the waveguide’s own phase-matching bandwidth, a natural filter is formed.
However, it is difficult to distinguish noise photons from target photons. Consequently, it
is not conducive to filter the noise generated, and the SNR is relatively low.

- Pump
& 2,=551.2 nm
&
?)
(2- Input
output 1,=852.3 nm
A,=1560.5 nm
Filter anti_
Stokes Stokes
DFG background SRSy =¢/2

Figure 2. Schematic diagram of the difference frequency generation (DFG) and cascaded DFG.
DFG: 852-nm photons near infrared are down converted to 1560-nm photons based on a 551.2-nm
pump laser. SPDC, spontaneous parameter down conversion of 551.2-nm pump laser (green area);
SRS, spontaneous Raman scattering from 551.2-nm pump laser (Stokes and anti-Stokes photons,
gray area); cascaded DFG, differential frequency process between pump laser and noise within the
phase-matching bandwidth (blue area).

Then we analyzed the conversion process based on a long-wavelength pumping
laser at 1878 nm, as shown in Figure 3. Similarly, SPDC (purple region) and SRS (gray
region) processes occur in the waveguide and thulium-doped fiber amplifier (TmDFA),
but only the anti-Stokes photons generated by the spontaneous Raman scattering process
are located near the target laser at 1560 nm. The anti-Stokes photons are relatively weak
and easy to filter, so that the effect of noise can be reduced to a minimum. According to
the above analysis, it introduces less noise in the frequency conversion process to select
a long-wavelength pumping laser. Therefore, we chose an 1878-nm laser as the pumping
laser in the experiment.



Photonics 2022, 9, 971

50f 10

A
£ Pump DFG
b3t Ap= 1878.0 nm
Q
[="
N
Output ﬂlnput
A, =1560.5 nm A, =852.3 nm
anti-
Stokes Stokes
SPDC
>
SRS v=c/A

Figure 3. Nonlinear process of conversion of 852-nm photons to 1560-nm photons based on 1878-nm
pump laser. SPDC, spontaneous parameter down conversion (purple area); SRS, spontaneous Raman
scattering (Stokes and anti-Stokes photons, gray area).

4. Experimental Setup and Experimental Results
4.1. Comparing the Effects of Filters with Different Bandwidths on SNR

Firstly, when 23-mW, 852-nm laser, and a 50-mW, 1878-nm laser were injected, we mea-
sured the changing curve of the output power on 1560 nm with temperature and found the
best matching temperature. As shown in Figure 4a, we know that the optimized matching
temperature of the waveguide is 36.6 °C, and the temperature bandwidth is 6.2 °C through
fitting. Then, we test the curve of 1560-nm power with the signal photon wavelength
keeping the temperature at 36.6 °C. The phase-matching wavelength is 852.356 nm, and the
acceptance bandwidth is 0.548 nm from the Figure 4b.

e : T b
200 (a) 2007 Single-pass DFG with )

Single-pass DFG with Lo = 36.6 °C PPLN Waveguide ho ~ 852.356 nm
PPLN Waveguide HC Photonics]:

< LHC Photonics|: S Length: 20 mm;

Z 150 Leneth: 20 mm; g 150 Poling peoriod: A ~20 um:

T o Poling peoriod: A ~20 pm; \E/ :

g Pys, =23 mW T 62°C S Py, =23 mW A~ 0.548 nm|

b P g7¢= 50 mW. - E Pg7g= 50 mW u

® 100 @07 T_366°C

5 5

g g

-9 -9

o o

50 = = -
i 50 £ 50

T T T T T T T T
25 30 35 40 45 851.5 852.0 852.5 853.0
Temperature of WG (°C) Signal photon wavelength (nm)

Figure 4. (a) Variation curve of DFG conversion power with temperature. (b) Variation curve of DFG
conversion power with signal photon wavelength. The black squares represent experimental data,
and the solid red line represents theoretical fitting curves.

Because the SPDC is a broadband extending to hundreds of nanometers, the noise
photons can be filtered with a narrow band filter. Consequently, we further study the effects
on noise suppression by using different fiber Bragg grating (FBG) filters with different
bandwidths. The experimental setup is shown in Figure 5. The 1878-nm pump laser
is provided by a master-oscillator power fiber amplifier (MOPFA) consisting of a seed
source and a thulium-doped fiber amplifier (TmDFA). The 852-nm laser is provided by
a distributed feedback (DFB) semiconductor laser in a 14-pin butterfly package. Then, the
attenuators are used to attenuate the 852-nm laser to 10 pW, which contains 10° photons/s.
The two laser beams are combined by a wavelength division multiplexing (WDM) into the
PPLN waveguide (HC Photonics) with a length of 20 mm. The filter system consists of
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1800-nm long-pass filters, a band-pass filter and FBG. Three 1800-nm long-pass filters with
1% reflectivity at 1878 nm and 90% reflectivity at 1560 nm are used to separate the 1560-nm
laser from the residual 1878-nm laser when the incidence angle is 45°. The nature of FBG is
a grating with periodic phase distribution in the fiber core to form a narrow-band reflection
filter. The schematic of the FBG is shown in the inset of Figure 5. It requires a circulator to
work with it. The laser output from the waveguide is coupled to the fiber at the first port of
the circulator and transmitted to the second port of the circulator. After filtering by the FBG,
which is connected at the second port, the laser reflected from FBG is input to the second
port and then transmitted to the third port, and finally output. Figure 6 is the reflectance
spectrum of three FBGs, with bandwidth of 0.130 nm, 0.195 nm, and 0.257 nm, respectively.

Bragg

Optical Fibre grating

—

Index modulation > A+~

Reflected Propagating

signal core mode
Input Signal \
852 nm ]
Diode Laser 1 I 0
LPF sunnnnnnnffannnnn TTTIIT annna
Dump :'

5
D}sgs Lr;m Temperature s
o
iode Laser controller 1 en sty
04 *.
N .
1560 nm Cire. m":l :
2% FGS
G
Dump 3 e

SPCM

Figure 5. Diagram of experimental device. TmDFA, thulium-doped fiber amplifier; att., attenuator;
LPF, long wavelength pass filter; WDM, wavelength division multiplexing; BPF, 1560-nm band-pass
filter; Circ., fiber circulator; FBG, fiber Bragg grating filter; SPCM, single-photon counting module.
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Figure 6. Test results of three FBGs with different bandwidth. (a) The result of the FBG with 0.257 nm
bandwidth. Its reflectivity is 62.59%. (b) The result of the FBG with 0.195 nm bandwidth. Its
reflectivity is 88.43%. (c) The result of the FBG with 0.130 nm bandwidth. Its reflectivity is 90.95%.
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Because that the target photons at 1560 nm cannot completely be separated from the
noise photons, the calculation method of Zaske’s team is adopted to minimize the impact of
noise on the experimental results [21]. The target photons are defined as Noyt = Npts — Np,
where N5 represents the counts obtained by injecting the pump laser and signal laser to
the waveguide simultaneously, and N, represents the noise photons counts obtained by
injecting only the pump laser. Therefore, the SNR is defined as SNR = Nyyt/ Nj. Figure 7
shows the effect on noise suppression by using different filters. Figure 7a shows the results
of noise counts as an increasing pump power. The blue triangles represent the noise photon
count when the bandwidth is 0.257 nm, the red circles represent the noise photon count
when the bandwidth is 0.195 nm, and the black squares represent the number of photons
when the bandwidth is 0.130 nm. When the pump power is 600 mW, the noise count
using 0.130-nm FBG is half of that when using the 0.257-nm FBG. Figure 7b shows the
corresponding SNR by using the FBG with different bandwidth, respectively. When the
FBG bandwidth is reduced from 0.257 nm to 0.130 nm, the SNR increases from 52 to 90. It
can be seen that the SNR has been greatly improved with the narrower bandwidth.

20000

100
—=— with 12om BP + 0. 130nm FBG

—e— with 120m BP + 0.1950m FBG o 50
|—a— with 12nm BP + 0.257nm FBG /

// w0

15000

.
g 1
= Z A
g / @ 40 o
@ ./
2
2 5000 /. —®= with 12nm BP + 0.130nm FBG
t 20 4 —o— with 12nm BP + 0.195nm FBG
/ —A— with 12nm BP + 0.257nm FBG|

T T T T T T T T T T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Input Power @ 1878 nm (mW) Input Power @ 1878 nm (mW)

Figure 7. The noise suppression results. (a) The noise photon counts results obtained with three
filters of different bandwidth respectively. (b) The SNR obtained with three filters of different
bandwidths, respectively.

In the experiment, the DFG efficiency is defined as
n= Nout/ Nin, 4)

where Ny, is the number of 852-nm signal photons injected into waveguide, and N,y is the
number of 1560-nm target photons obtained by conversion. Figure 8 shows the conversion
efficiency with increasing pump power. The black square is the result when the bandwidth
is 0.257 nm, the red circle is the result when the bandwidth is 0.195 nm, and the blue
triangle is the result when the bandwidth is 0.130 nm. The solid line represents the fitting
curve of conversion efficiency. The fitting formula is as follows:

n(Py) = qmaxsinz(L nPp), (5)

where L is the length of nonlinear crystal, P, is the pumping laser power injected, and 7, is
the nonlinear conversion coefficient [21-23].
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Figure 8. The efficieny with three filters of different bandwidths, respectively.The black squares are
the result when the bandwidth is 0.257 nm, the red circles are the result when the bandwidth is
0.195 nm, and the blue triangles are the result when the bandwidth is 0.130 nm.

According to the above experimental data, we made a specific comparison for using
the three FBGs with different bandwidths, as shown in Table 1. The first column in the
table represents the bandwidth of FBG. The second column represents the maximum SNR,
and the corresponding pump power. The third column represents the maximum conversion
efficiency, and the corresponding pump power. It can be seen that the narrower bandwidth
filter is used, the higher SNR can be attained, whereas the conversion efficiency is not
significantly affected.

Table 1. Specific comparison of FBG with different bandwidths in the experimental system.

FBG-Bandwidth SNR-Max (Pump Power) n-Max (Pump Power)
0.257 nm 52 (300 mW) 7.9% (650 mW)
0.195 nm 62 (300 mW) 7.2% (650 mW)
0.130 nm 90 (400 mW) 6.9% (650 mW)

4.2. Noise Analysis of Frequency Down Conversion Process

In the above experimental system, the noise photons are also generated from the
nonlinear optical process of SRS in the TmDFA near the wavelength of the target photons
at 1560.5 nm. In order to filter out the noise photons, we use a series of three free-space
long-pass filters placed behind the MOPA laser system at 1878 nm to reflect the photons
near 1560 nm and transmit the pump laser at 1878 nm. The noise photons near 1560 nm
generated by SRS in the TmDFA can be fully filtered through the above methods. The noise
photons with 1800 long-pass filter is compared with that without 1800 long-pass filter
when only the 1878-nm pumped laser is injected into the waveguide. The experimental
device diagram is shown in Figure 9a, and the experimental results are shown in Figure 9b,
where the black squares represent the photons detected when the 1800 long-pass filter is
not added, the red circles represent the photons detected when three 1800 long-pass filters
are in front of the waveguide, and the blue triangles are the difference between the above
two—that are the 1560-nm noise photons generated by the nonlinear process of SRS in the
TmDFA. According to the experimental results, after the thulium-doped fiber amplifier,
placing the 1800 long-pass filter in front of an optical fiber can reduce the noise photons
from 13,000 to 8000 when the power of the pump laser is 700 mW.
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Figure 9. (a) The experimental device diagram. (b) The data of noise photons from TmDFA with or
without 1800 long-pass filter. (T~1.27%@1560 nm, T~91.98%@1878 nm).

5. Summary and Outlook

In summary, 852-nm photons, of the Cs atom D2 line, are converted to the 1560-nm
photons of telelcom C-band by using a PPLN waveguide, which solves the problem of high
loss when 852-nm photons are transmitted via optical fiber. However, due to the fact that
the sealing loss of the waveguide we used at present is still relatively large, the conversion
efficiency has not become high enough. Subsequently, we will try to optimize the input and
output coupling efficiency of the waveguide, or adopt the optimized ridged PPZnO:LN
bare waveguide [9]. Reducing the loss caused by fiber sealing and coupling also can further
improve the efficiency of DFG. In the process of frequency downconversion, the anti-Stokes
photons generated by the spontaneous Raman scattering of the 1878-nm strong pumping
laser in the fiber and waveguide are near the target photons at 1560 nm, thus introducing
noise. Therefore, in the case of weak laser, we investigate the effects on the conversion
efficiency and SNR of the bandwidth of filter. The experimental results show that when
the 300-mW pump laser is injected, the SNR is 52 using the FBG with the bandwidths of
0.257 nm, the SNR is 59 when using FBG with bandwidth of 0.195 nm, and the SNR is
90 when using FBG with bandwidth of 0.130 nm. With the bandwidth improving from
0.257 nm to 0.130 nm, the SNR increases from 52 to 90. It can be seen that the narrower
the bandwidth of the filter used, the higher the SNR. Hence, we will design a narrow-
band temperature-controlled Etalon filter to further filter out the noise near 1560 nm to
achieve higher SNR. We subsequently try to use a filter with a higher extinction ratio to
further improve the SNR [24]. In addition, we will try to optimize the poling period of
the PPLN waveguide to appropriately reduce the quasiphase matching temperature of the
waveguide [15], which can also suppress noise photon generation to a certain extent so
that the SNR can be improved further. Based on full improvement of the conversion efficiency
and SNR, we will proceed, via quantum frequency downconversion, to realize the quantum
entanglement between the ultracold Cs single atom captured in the far-detuning optical tweezer
and the 1560-nm single photon that is attained from a 852-nm single photon through high
efficiency and high SNR frequency downconversion [8-10,25-28].
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