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Single-photon frequency conversion via cascaded quadratic nonlinear processes
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Frequency conversion of single photons is an important technology for quantum interface and quantum
communication networks. Here, single-photon frequency conversion in the telecommunication band is experi-
mentally demonstrated via cascaded quadratic nonlinear processes. Using cascaded quasi-phase-matched sum and
difference frequency generation in a periodically poled lithium niobate waveguide, the signal photon of a photon
pair from spontaneous down-conversion is precisely shifted to identically match its counterpart, i.e., the idler
photon, in frequency to manifest a clear nonclassical dip in the Hong-Ou-Mandel interference. Moreover, quantum
entanglement between the photon pair is maintained after the frequency conversion, as is proved in time-energy
entanglement measurement. The scheme is used to switch single photons between dense wavelength-division
multiplexing channels, which holds great promise in applications in realistic quantum networks.
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I. INTRODUCTION

Quantum networks rely on many nodes for quantum infor-
mation storage and processing and optical channels connecting
them [1]. To date, quantum storage and information processing
have been demonstrated in a wide variety of physical systems,
such as single atoms [2], atomic ensembles [3], rare-earth ions
in solids [4], quantum dots [5], nitrogen-vacancy centers [6],
and superconducting circuits [7]. They operate at different
optical frequencies, thus single photons have to be converted
to the telecommunication band before transfer in fiber for
long distance quantum communication [8]. Moreover, dense
wavelength-division multiplexing (DWDM) channels in fiber
have been exploited in quantum communication to reduce
the cost [9] and increase communication efficiency [10–12].
Optical cross-connect switching for single photons will be-
come significantly important in the future. However, frequency
mismatch between quantum systems and the DWDM channels
would make it difficult to realize efficient quantum networks.
To overcome this problem, it is crucial to realize tunable
quantum frequency convertors while maintaining the quantum
characteristics carried by photons.

For this purpose, sum frequency generation (SFG) and
difference frequency generation (DFG) have been used to
transfer the frequency of photons while preserving their quan-
tum characteristics [13]. To date, they have been widely used in
frequency conversion between quantum systems and telecom-
munication bands over a span of several hundred terahertz
[14–19]. Also, there are attempts to exploit them as interfaces
to quantum memory in terms of both the wavelength and
waveform [20]. On the other hand, precise frequency transfer
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can also be realized with single sideband modulators [21]. But
the span of frequency transfer, limited by the bandwidth of
rf modulation response, is only tens of gigahertz. Realizing
frequency transfer with a span from several hundred gigahertz
to several terahertz is essential for DWDM quantum commu-
nication, which is still challenging using the aforementioned
methods. Although four-wave mixing (FWM) in dispersion-
engineered highly nonlinear fiber has been proposed to solve
this problem [22], the quantum characteristics preservation
feature has not been demonstrated.

In this paper, we report single-photon frequency conversion
in a wide telecommunication band based on cascaded quadratic
nonlinearity, i.e., SFG and DFG, in a periodically poled lithium
niobate (PPLN) waveguide. Although SFG and DFG have been
exploited individually in quantum frequency conversion, the
cascaded process has not yet been studied at the single-photon
level. In this configuration, we show that the frequency of single
photons can be precisely transferred to a different frequency
with continuous tunability in a wide telecommunication band
and their quantum characteristics are maintained after the
frequency conversion.

II. THEORY AND EXPERIMENT

In our scheme, the frequency of single photons ωs is
converted to the target frequency ωt when pumped by two
lasers P1 and P2 at ωP1 and ωP2 simultaneously. Figure 1 shows
an energy-level diagram of the SFG and DFG processes as
they are coupled via mediate photons (not shown in the figure)
with frequency ωm = ωs + ωP1 = ωt + ωP2, according to the
energy conservation law. To achieve maximum conversion
efficiency, the phase-matching conditions for both the two
processes need to be simultaneously satisfied and the two pump
lasers are strong without depletion. Then, the quantum physics
of this process can be described by the following effective
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FIG. 1. Level scheme for the cascaded SFG and DFG process.
The signal photon (ωs) is converted to the targeted photon (ωt ) at a
lower frequency at the presence of pump1 (ωp1) and pump2 (ωp2) via
the SFG and DFG process.

Hamiltonian [13]:

Ĥ = ih̄(χ1EP1âs â
†
m + χ2E

∗
P2âmâ

†
t − H.c.), (1)

where âi is the annihilation operator for the wave at frequency
ωi, with i = s,m,t representing signal, mediate, and target
photons, respectively. χ1,2 are coupling constants that are pro-
portional to the second-order susceptibility χ (2) of the crystal,
EP1 and EP2 are the electric-field amplitudes of pump lasers,
and H.c. denotes a Hermitian conjugate. Using the Heisenberg
equation of motion, the coupled mode equations describing the
cascaded processes can be obtained from Eq. (1):

dâs

dt
= −χ1E

∗
P1âm,

dâm

dt
= χ1EP1âs − χ2EP2ât , (2)

dât

dt
= χ2E

∗
P2âm.

By applying the boundary conditions EP1(0) =√
PP1 exp (−jϕ1) and EP2(0) = √

PP2 exp (−jϕ2) to Eq. (2),
the conversion efficiency is yielded as [23]

ηc(t) = 〈â†
t (t)ât (t)〉

〈â†
s (0)âs(0)〉

= χ2
1 χ2

2 PP1PP2| cos[2(ϕ1 − ϕ2)]|(
χ2

1 PP1 + χ2
2 PP2

)2

× {
1 − cos

[(
χ2

1 PP1 + χ2
2 PP2

)(1/2)
t
]}2

. (3)

Then, after an interaction length of L, the conversion
efficiency ηc can be expressed as

ηc(L) = η1η2PP1PP2| cos[2(ϕ1 − ϕ2)]|
(η1PP1 + η2PP2)2

×{1 − cos[(η1PP1 + η2PP2)(1/2)L]}2, (4)

with

η1 = κsκmν2, η2 = κm
′ κtν

2, κi =
(

2ω2
i nid

2
eff

ni1ni2cε0

)1/2

, (5)

where ϕ1 and ϕ2 are the phases of the two pumps P1 and P2, re-
spectively. ν is the spatial overlap factor, ni (i = m,P1,s,P2,t)
are the crystal refractive indices, and deff is the effective
nonlinear coefficient. c is the vacuum speed of light, and
ε0 is the permittivity of vacuum. η1 and η2 are defined as
the normalized power efficiencies and η1 ≈ η2 = 1.1/W cm2.
Perfect wavelength conversion is achieved when PP1 = PP2 =
π2/(2η1L

2).

In practice, realizing simultaneous phase matching for
two processes is very challenging due to dispersion in a
medium. The stringent restriction can be eased using quasi-
phase-matching (QPM) schemes. In our experiment, we use a
5-cm-long PPLN waveguide with a poling period of 19.0 μm,
to take advantage of both the type-zero QPM configuration and
its weak dispersion property in the telecommunication band,
which allows simultaneous phase matching for the cascaded
SFG and DFG process in a broad bandwidth [24]. Additionally,
the cascaded χ (2) : χ (2) processes give rise to a large effective
third nonlinearity typically 104–105 times larger than a pure
χ (3) process, which manifests an advantage over its counterpart
of FWM, e.g., in fibers [25]. The experimental setup of the
frequency convertor is shown in Fig. 2(a). The wavelengths of
the two pump lasers P1 and P2 are 1547.72 nm (CH37) and
1544.53 nm (CH41), respectively. Both of them are narrow
linewidth cw lasers amplified by erbium doped fiber amplifiers
(EDFAs). A set of DWDM filters is used to suppress noise
photons by 150 dB. The pump lasers are combined with the
signal photons using another set of DWDM filters and then fed
to the PPLN waveguide, where the signal photons are converted
to the target photons via the cascaded quadratic nonlinearity.
At the output of the waveguide, we pick out the target photons
with another set of DWDM filters which further suppress the
pump lasers by 180 dB. The frequency of the target can be
tuned by shifting the wavelength of either pump laser.

To test the performance of the frequency convertor, we
use the photon pairs generated from spontaneous parametric
down-conversion (SPDC) other than weak coherent pulses.
As shown in Fig. 2(b), a 1555.8-nm cw laser amplified by
an EDFA is frequency doubled in a PPLN waveguide by
second-harmonic generation (SHG). A wavelength division-
multiplexing (WDM) filter is used to suppress the 1555.8-nm
laser with an extinction ratio of 180 dB. The second harmonic
is then used to generate photon pairs through SPDC in another
PPLN waveguide. The generated photon pairs are separated
from the second harmonic with another WDM with an extinc-
tion ratio of about 180 dB. The signal (1554.13 nm, CH29)
and idler (1557.36 nm, CH25) photons are then diverted in
corresponding DWDM channels using another set of DWDM
filters.

The overall conversion efficiency is calculated using the
ratio of the net counts of InGaAs single-photon detectors
before and after the frequency conversion. In our experiment,
the photon-pair generation rate is set to 0.002 per detection
gate. Each detection result is accumulated for 1000 s with
the dark count subtracted. The measured conversion efficiency
is about 0.55% at a low pump power of 20 mW. The noise
counts caused by the frequency convertor are about 10−7 per
detection gate. In principle, perfect conversion can be realized
with both pump lasers at 179.5 mW according to Eq. (3).
However, only low pump powers are used in our experiment,
to avoid damage of the PPLN waveguide. We note that this can
be improved by using MgO doped PPLN waveguides which
have similar dispersion property but higher damage threshold.
Another aspect is that the relative phase between the two pump
lasers (P1 and P2) is not locked. Therefore, the random phase
difference decreases the conversion efficiency by a factor of 2.
Similar to other frequency conversion schemes, eventually the
conversion efficiency is limited by the loss of fiber coupling and
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FIG. 2. Experimental setup of (a) the single-photon frequency convertor, (b) photon-pairs preparation, (c) Hong-Ou-Mandel interference, and
(d) measurement of time-energy entanglement. EDFA, erbium doped fiber amplifier; WDM, 780–1550-nm wavelength-division multiplexing;
DWDM, 100-GHz dense wavelength-division multiplexing; Filter, combination of DWDM and bandpass filter (200–1540 and 1560–1800 nm);
CH25 and CH37 and CH41, DWDM channels with 100-GHz spacing defined by ITU-T G.694.1; PC, polarization controller; SPD, single-photon
detector (quantum efficiencies, ηd = 10.0 ± 0.2%; repetition frequency of gate, f = 50 MHz; width of gate, 1 ns; dark count probability per
nanosecond, D = 1×10−6); TDC, time-to-digital convertor (coincidence time window, t = 1 ns); Delayer, fiber path-length delayer; BS, 50:50
fiber beam splitter; MZI, 1-GHz unbalanced planar lightwave circuit Mach-Zehnder interferometers.

filters, which leaves some room for improvement. For instance,
the total loss is about 5.0 dB in Ref. [15] and 7.5 dB in Ref. [18]
using DFG in PPLN waveguides, and about 15 dB in Ref. [20]
using FWM in fiber. In our experiment, the total propagation
and coupling loss in the PPLN waveguide and the filters is only
4.9 dB.

The noises caused by the two pumps are mainly through the
cascaded SHG or SFG+SPDC process. Considering that the
conversion rate of SPDC is lower than 10−6 pairs per pump
photon, the numbers of noise photons per second with quasi-
phase mismatching (Nno) are given by [26]

Nno = Nn1 + Nn2 + Nn3, Nn1 ≈ ξ1P
2
P1,

Nn2 ≈ ξ2P
2
P2, Nn3 ≈ ξ3PP1PP2, (6a)

ξm = ωs
′ ωi

′ ωm′ωSHm′ |dSH/SF|2|dSP|2
64ns

′ ni
′ n2

SHm′πc6ν2ε2
0

�ω

× |�βSH/SF �βSP|−2, (6b)

where ξm (m = 1,2,3) is the efficiency of SHG or SFG plus
SPDC, dSH/SF and dSP are the effective nonlinear coefficients of
SHG or SFG and SPDC, respectively (the effective nonlinear
coefficient of SFG is twice that of SHG). �ω is the 100-GHz
bandwidth and �βSH/SF/SP are phase mismatchings of QPM
[24]. The measured average photon pair per gate is 8×10−4

with 10-mW cw pump with respect to a normalized generation
efficiency in CH25. Under this condition, the average noise per
gate is 1.76×10−7 when the total relative generation efficiency
is about 2.21×10−4.

III. RESULTS AND DISCUSSION

In quantum protocols such as quantum teleportation [27]
and measurement device independent quantum key distribu-
tion [28], it is crucial to realize interference between photons
sent by different users. Therefore, in DWDM quantum net-

works, photons in different channels should be converted to
the same frequency with high precision. In our experiment,
we convert the frequency of the signal photons to that of the
idler photons using the frequency convertor and measure the
Hong-Ou-Mandel (HOM) interference with the setup shown in
Fig. 2(c) [29]. Interference between the idler photons and the
frequency shifted signal photons takes place at the 50:50 beam
splitter. If the photons are indistinguishable in the two output
ports, the two photons will bunch at the same output port.
The measured HOM interference, as shown in Fig. 3, shows a
clear dip with a fitted visibility of (80.5 ± 3.5)%, implying the
frequency conversion of single photons.

The visibility of the HOM dip is significantly beyond the one
that can be obtained with two weak coherent pulses. Besides
the noise Nno discussed earlier, the degradation of the visibility
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FIG. 3. Coincidence count as a function of the path-length change
of one photon. The standard deviation is calculated by assuming a
Poisson distribution of photon counts. The dashed horizontal line
at 50% is the dividing line between the classical and nonclassical
interference.
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FIG. 4. Two-photon interference pattern (a) before and (b) after
the frequency conversion. T1 is the temperature of the MZI in the
signal channel and T2 is the temperature in the idler channel. The
integration time for each dot is (a) 15 s and (b) 3000 s.

is mainly due to the multiphoton-pair emission effect [30] and
the dark count of SPDs. In addition, the noises coming from
spontaneous Raman scattering may also have some impact on
the visibility [31]. In the ideal situation, the visibility of HOM
interference after conversion can be expressed as (ηd � 1)

Vmax = ηc + η2
cμ + ηc(1 − ηc)μ

ηc + 3ηcμ + 1/2(1 − ηc)2μ
, (7)

where μ is the generation rate of one pair per gate. For ηc =
0.55% and μ = 0.2%, we find Vmax = 85%. The degeneration
is mainly caused by the dark count of SPDs.

Another important feature of the frequency convertor is
that it maintains the quantum characteristics of signal photons
during frequency conversion. To demonstrate this feature,
time-energy entanglement between the two signal and idler

photons [32] is measured, which is inherent in photon pairs
generated via cw-laser pumped SPDC. The two-photon quan-
tum states generated within the coherence time have a relative
phase determined by the product of their time delay τ and the
pump laser frequency (ωp = ωs + ωi). The time-energy entan-
glement can be revealed using a Franson-type interferometry
as shown in Fig. 2(d). If the relative path delay between the
two arms of the interferometer is shorter than the coherence
length, interference fringes can be observed by sweeping the
relative phase of one interferometer. In our experiment, we use
planer lightwave circuit Mach-Zehnder interferometers (MZIs)
with 1-ns relative delay. The relative phase is controlled by
adjusting the temperature of an MZI device while keeping
the other constant. Both the interference fringes before and
after the frequency conversion of the signal photons are
measured. The measurement results are shown in Fig. 4.
We obtain average fitted visibilities of V = 93.8 ± 1.6 and
88.2 ± 5.1% for time-energy entanglement before and after
frequency conversion, respectively. The result convincingly
shows that quantum entanglement is well preserved during the
frequency conversion. Thus, the photon pairs can still be used
for quantum communication tasks. We expect that our scheme
may have applications in quantum systems, such as quantum
cryptography on multiuser optical fiber networks and quantum
teleportation with independent sources.

IV. CONCLUSION

In conclusion, we have demonstrated single-photon fre-
quency conversion using a cascaded quadratic nonlinearity in
PPLN waveguides. The clear HOM dip observed in our exper-
iment shows that the frequency has been precisely switched
between DWDM channels. Moreover, the time-energy entan-
glement is well preserved during the frequency conversion.
In addition, we note that this quadratic cascading mimics a
third-order nonlinearity with an effective χ (3) much larger than
a direct one. Therefore, our scheme has the potential to achieve
high efficiency and low noise frequency conversion.
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