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ABSTRACT: Single-photon stimulated four-wave mixing (StFWM) is an important
nonlinear optical phenomenon at the single-photon level. In this process, signal and
idler photons are stimulated by seeded single photons when two pump photons are
annihilated. The generated photons are correlated with each other, and more
importantly, one of them is in the same mode with the seeded photons. Hence,
StFWM has great potential to realize complex functions of photonic quantum
information processing, such as quantum state manipulation and quantum cloning.
In this paper, we provide the ﬁrst experimental demonstration of single-photon
StFWM in a piece of optical ﬁber. By using heralded single photons as the seeded
photons, a true single-photon StFWM process is realized at the telecom band. It is
conﬁrmed by time-resolved four-photon coincidence measurement and variation of
four-photon coincidence counts under diﬀerent seed−pump delays. According to the
experiment results, the potential performance of a quantum cloning machine based
on this process is estimated.
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manipulation or superposition of the correlated state generated
via SpFWM. They can be realized in third-order nonlinear
media such as optical ﬁbers,21,22,25,26 integrated waveguides,
and resonators based on silicon27,28 or Si3N4,24 generating
biphoton states at the telecom band. SpFWM can also be
realized in atomic ensembles, by which generation of photonic
quantum states with a subnatural line width is realized.23
Recently, frequency-uncorrelated biphoton states are generated
via SpFWM in a dispersion tailored waveguide,30 showing its
ﬂexibility in applications of quantum light sources.
If not only strong pump wave(s) but also single-photon level
waves are injected into the nonlinear medium, other types of
FWM could be expected. A well-known example is the FWM
Bragg scattering. In this process, the two pump waves are
nondegenrate, a pump photon at a speciﬁc frequency is
annihilated, while a new pump photon at the other pump
frequency is created. At the same time, the input single photon
is also annihilated with the creation of a new photon with
diﬀerent frequency. Hence, it can be used to realize the
frequency conversion of single photons,31 which is an
important and challenging task in photonic QIP. Recently,
this has been demonstrated experimentally.32,33 In this paper,
our attention is focused on another process: single photon
stimulated FWM (StFWM). In this process, two pump photons
are annihilated (whether they are degenerate or non-

our-wave mixing (FWM) is an important parametric
nonlinear process in media with third-order nonlinearity
(χ(3)). In the classical theory of nonlinear optics, the third-order
nonlinear polarization terms lead to the nonlinear coupling
among the four waves propagating in the medium, which is
described by coupled-mode equations.1 It occurs signiﬁcantly
only when the matching conditions of frequencies and wave
vectors are satisﬁed. It is phase sensitive so that not only the
amplitudes but also the phases of the four waves would evolve
in this process. Since the observations of FWM over half a
century ago,2 a variety of applications have been proposed and
demonstrated, such as parametric ampliﬁcation,3 phase
conjugation,4 optical wavelength conversion,5 and optical signal
regeneration.6,7 It is worth noting that FWM is also an
important way to realize squeezed states,8,9 a type of
nonclassical states in quantum optics; hence, it is widely used
in the research of quantum metrology and quantum
information processing (QIP)10 based on continuous variables.
If some of the waves in FWM are at the single-photon level,
it should be looked at in a quantum way. A widely investigated
case is spontaneous FWM (SpFWM), in which two pump
photons from the degenerate or nondegenerate strong pump
wave(s) are annihilated and two photons with other wavelengths are created from the vacuum ﬂuctuation simultaneously.11−20 Due to the energy and momentum conservation
in this process, the generated photons are correlated. Hence, it
is a promising candidate for photonic quantum state
generation. Generation schemes for various entangled biphoton
states have been demonstrated,21−29 based on the coherent
© 2017 American Chemical Society
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degenerate), while a pair of signal and idler photons are
stimulated by the seeded single photons. They are not only
correlated with each other but also correlated with the seeded
photons. It can be expected that single-photon StFWM could
largely extend the applications of FWM for photonic QIP, from
only the biphoton state generation to more complex
applications, such as quantum state manipulation,34 optimal
quantum cloning,35,36 and multiphoton entanglement generation.37,38 Especially, this process is preferred to telecom band
QIP since it could be realized in third-order nonlinear
waveguides and resonators at the telecom band. Recently,
Agarwal et al. demonstrated that phase-sensitive ampliﬁcation
could be applied on time-bin entangled photon pairs to
improve their transmission over optical ﬁbers.39 It is essentially
an application of StFWM in which the seeded state is a
biphoton state. However, to the authors’ knowledge, the
observation of StFWM stimulated by single seeded photons has
not been reported in any media.
In this paper, we demonstrate single-photon StFWM in a
piece of optical ﬁber. The seeded photons are generated by
SpFWM in the same ﬁber with a conﬁguration of heralded
single photon source (HSPS); hence they are true single
photons (Fock states). The single-photon StFWM is conﬁrmed
by the time-resolved four-photon coincidence measurement
and the variation of four-photon coincident counts under
diﬀerent delays between seeded photons and pump pulses. To
show its potential for applications of photonic QIP, the
performance of a quantum cloning machine based on this
process is estimated according to the experiment results.

RESULTS
In the SpFWM and StFWM process, pairs of pump photons are
annihilated, and pairs of correlated photons are generated,
which are usually named as signal and idler photons,
respectively. In the interaction picture, the simpliﬁed
Hamiltonian for SpFWM and StFWM in an isotropic medium
can be expressed as
(1)

where ℏ is the reduced Planck constant. k is a nonlinear gain
parameter, proportional to the nonlinear parameter χ(3), pump
power, and also includes the eﬀect of the phase matching
condition. â†s (â†i ) is the creation operator of signal (idler)
photons, and hc is the hermitian conjugate.
In the SpFWM process, correlated photon pairs are
generated with a vacuum state as the initial state, i.e.,
⎛ Ĥ ⎞
int
t ⎟|00⟩ = |00⟩ + g |11⟩
|Ψ⟩
1 = exp⎜
⎝ iℏ ⎠

(3)

Comparing with the output state of the SpFWM process
shown in eq 2, there is an increase in the probability of
generating photon pairs by a factor of 2 due to the seeded
photons. The generated signal photons are in the same mode
with the seeded signal photons, and the idler photons are also
correlated with the two signal photons.
Experiment. The experiment is designed to demonstrate
single-photon StFWM. True single photons are generated by
an HSPS based on the SpFWM process in a piece of dispersionshifted ﬁber (DSF). Then the heralded single photons are
reﬂected back to the DSF as seeded photons with the pulsed
pump light. By adjusting the time delay between the seeded
photons and pump pulses (seed−pump delay) to make them
overlap with each other, single-photon StFWM would occur
and new pairs of photons would be generated. By statistically
analyzing the cumulative time stamps of the four photons (the
heralding photons, the heralded photons (used as the seeded
photons), and the two photons generated by the StFWM
process), time-resolved four-photon coincidence measurement
can be realized. Here the DSF is used as the nonlinear medium
since its nonlinear interaction length can be very long due to
the waveguide nature and the low loss property. On the other
hand, its zero dispersion wavelength is near 1.5 μm, which is
preferred to realize SpFWM/StFWM at the telecom band. A
degenerate pumping scheme is used so FWM Bragg scattering
would not occur. According to eq 3, comparing with the
SpFWM process (in the same nonlinear medium and under the
same pump level), in the StFWM process, the photon pair
generation rate would increase by a factor of 2 due to the
single-photon stimulation. This property could be veriﬁed in
two ways according to the results of the four-photon
coincidence measurement. First, the coincidence to accidental-coincidence ratios are diﬀerent in the cases with/without
StFWM. Second, it can also be veriﬁed by the variation of fourphoton coincident counts under diﬀerent seed−pump delays.
The experiment setup is shown in Figure1. The pump source
is realized by a mode-locked ﬁber laser, which has a repetition
rate of 40 MHz, and three unbalanced Mach−Zenhder
interferometers (MZIs) made by 50:50 optical beam splitters
(50:50BS). The three unbalanced MZIs have diﬀerent time
delays between their arms, which are about 12.5, 6.2, and 3.1 ns,
respectively. They are cascaded to multiplex the light pulses,
leading to a repetition rate of 320 MHz, aimed at high photonpair generation rates. A 100 GHz dense wavelength division
multiplexer (DWDM, Fp1) is used as an optical ﬁlter to select
the pump light with the center wavelength (1552.52 nm) and
narrow its line width (0.3 nm). After being ampliﬁed by an
erbium-doped ﬁber ampliﬁer, an optical ﬁlter (Fp2) with a high
extinction ratio (>120 dB) made by cascaded DWDM devices
is used to suppress noise photons at the signal and idler
wavelengths. The pump pulses are injected into a piece of DSF
through an optical circulator to generate correlated photon
pairs via the SpFWM process. The DSF, with a length of 280
m, is cooled to 2 K and placed in a Giﬀord−Mcmahon
cryocooler shared by superconducting nanowire single-photon
detectors (SNSPDs). Such a low operation temperature aims to
suppress noise photons generated by the spontaneous Raman
scattering in the ﬁber.13 The ﬁlters for signal photons (Fs,
central wavelength: 1549.32 nm) and for idler photons (Fi1,

■

Ĥ int ≈ ℏkaŝ †a î † + hc

2 g |21⟩

(2)

where |mn⟩ is a photonic quantum state with m photons in the
signal mode and n photons in the idler mode. g = −ikt, where t
is the interaction time. Higher order terms have been neglected
for g ≪ 1. On the basis of this process, various complex
photonic quantum states have been realized by coherent
manipulation and superposition of the generated correlated
state.21−29
In the StFWM process, the initial states of the signal or idler
modes are no longer vacuum states. In this paper, we focus on
the StFWM process with single photons in one mode as the
initial state. Assuming that there are single photons in the signal
mode as the seeded photons, the input state is |10⟩. After the
FWM process, the output state can be expressed as
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propagating backward in the DSF.40 Through a variable optical
delay line (VDL), the delay between reﬂected signal photons
and pump pulses (seed−pump delay) can be adjusted. The
forward SpFWM process is used as an HSPS in which the signal
photons are heralded by the idler photons. The coincidence to
accidental-coincidence ratio is 58.2 ± 0.4, with a conditional
second-order correlation g2(0) = 0.061 ± 0.0007.
The reﬂected signal photons, being seeded photons, would
stimulate the FWM process backward pumped by the reﬂected
pumps when they are temporally overlapped. The seeded
photons and the signal and idler photons generated in the
backward FWM process are separated by a ﬁlter module. Before
the ﬁlter module, a polarizer and a ﬁber polarization controller
are used to block the noise photons, with the polarization
perpendicular to the pump light, which is mainly due to the
spontaneous Raman scattering in the ﬁber pigtails of the optical
devices outside the cryostat. A 50:50 beam splitter (BS) is used
to probabilistically split the seeded and the stimulated signal
photons and direct them to two SNSPDs. The SNSPD
detection eﬃciency is about 30% for each channel in the
experiment. The loss of the DSF is about 3 dB (the loss
increases in the cryostat). The insertion losses of ﬁlters F and
Fi2 are about ∼2 dB, while the losses of Fs and Fi1 are fairly
small (0.2−0.3 dB). After being detected by SNSPDs, their
channel numbers and arrival time stamps are recorded using a
four-channel time-correlated single-photon-counting module.
The data are postprocessed using a personal computer to fulﬁll
the time-resolved four-photon coincidence measurement.
Time-Resolved Four-Photon Coincidence Measurement. The idler photons in the forward SpFWM process, the

Figure 1. Experiment setup. MLL: mode-locked pulsed laser;
50:50BS: 50%:50% optical beam splitter; Fp1, Fp2, Fi1, Fi2, Fs, F: ﬁlters
realized by (cascaded) 3-port 100 GHz DWDMs; CIR: optical
circulator; FPC: ﬁber polarization controller; FM: Faraday mirror;
VDL: variable optical delay line; P: polarizer; SNSPD: superconducting nanowire single-photon detector. C (T, R): common
(transmission, reﬂection) port of DWMD devices.

central wavelength 1555.75 nm) are used to separate the signal
photons, idler photons, and the residual pump. These ﬁlters are
realized by cascaded 3-port DWDM devices. The idler photons
are detected using a SNSPD (SNSPD1) after a DWDM-based
ﬁlter (Fi2) with a high extinction ratio. The signal photons and
the residual pump pulses are reﬂected back to the DSF by two
Faraday mirrors (FM1, FM2), respectively, which also
guarantees that they are in the same polarization state when

Figure 2. Results of time-resolved four-photon coincidence measurement. (a) Four-photon coincidence related to the delays of the recorded singlephoton events (ti: time stamps of single-photon events in the i ∈ {iF, iB, s1, s2} channel, as shown in Figure 1). Only at some speciﬁc bins are there
obvious four-photon coincident counts. (b−d) Four-photon coincidence distribution in the plane ts1 = tiF + tiB − ts2 in (a). (b−d) Results of diﬀerent
seed−pump delays τ. (b) τ = −18.98 ps; (c) τ = 0.62 ps; (d) τ = 21.62 ps. T is the repetition period of the pump.
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idler photons in the backward FWM process, and the two signal
photons are labeled as iF, iB, s1, s2, respectively. The time stamps
are denoted as tiF, tiB, ts1, and ts2, respectively. The photon
counting rates in the four channels are 2.8, 0.5, 0.5, and 0.8
MHz, respectively. Since four photons are involved, three time
delays, tiF − ts2, tiB − ts2, and ts1 − ts2, are used as temporal
variables for the four-photon coincidences. By statistically
analyzing the cumulatively recorded time stamps of photons in
the four channels in 120 s, we can calculate the four-photon
coincident counts with diﬀerent delays (tiF − ts2, tiB − ts2, and ts1
− ts2). In the experiment, the time-stamps are recorded with a
resolution of 1 ps, while the timing jitters of the SNSPDs are
about 70 ps. For simplifying the calculation of the coincident
counts, the time bin width is set to 2.56 ns, which is much
larger than the timing jitters of SNSPD, but smaller than the
period of pump pulses (T = 3.2 ns). Because of the low-noise
photon level due to 2.2 K ﬁber-cooling and the low dark
counting rates of SNSPDs (about 100 Hz), such a bin width
would not deteriorate the noise properties in the coincidence
measurement.26 The results of the time-resolved four-photon
coincidence measurement are shown in Figure 2. Figure 2a is a
typical result of the four-photon coincidence distribution
related to the three time delays among photons in the four
channels. The bubble size is proportional to the four-photon
coincident counts. It is obvious that the four-photon coincident
counts are much larger than zero only at some speciﬁc bins.
These bins satisfy the relation

R=

1 fpTCC
2 fpACC

(5)

where the factor 1 is due to the probabilistic properties when
2
the two signal photons are split at the 50:50 BS.
In Figure 2b and d, the time delays are larger than the
coherence time of the seeded photons and the pump pulses,
which are approximately tc = 10 ps for both, determined by the
bandwidths of corresponding optical ﬁlters (∼0.3 nm). Hence,
in the backward FWM process, the seeded photons and pump
pulses are not overlapped in these cases and there would not be
single-photon StFWM (and also the increase of generation rate
of photon pairs). According to the experiment data, the ratios
are R = 0.94 ± 0.16 for τ = −18.98 ps and R = 1.04 ± 0.18 for τ
= 21.62 ps, agreeing well with the theoretical value RSpFWM = 1
for the case in which there is no single-photon StFWM in the
backward process (shown in the Methods).
The condition is diﬀerent for Figure 2c, in which the seed−
pump delay is τ = 0.62 ps. In this case the reﬂected seeded
photons and pump pulses are overlapped temporally, and an
increase of the probability of generating photon pairs in the
backward FWM process could be expected, due to the singlephoton StFWM. Theoretical analysis (shown in the Methods
section) shows that the fpTCC to fpACC ratio should be
RStFWM = 2 if perfect single-photon StFWM occurs in the
backward process. The measured value is R = 1.71 ± 0.27
according to the experimental results in Figure 2c, conﬁrming
the existence of the single-photon StFWM process. The
deviation between the experimental results and the theoretical
values may be due to the imperfect match of temporal and
polarization modes between the seeded photons and the pump
pulses due to temporal dispersion and birefringence of ﬁbers.
Coincidence Measurement under Diﬀerent Seed−
Pump Delays. As mentioned earlier, by the variation of
fpTCC at diﬀerent seed−pump delay τ, the single-photon
StFWM can be veriﬁed. In the experiment, except for the
fpTCCs, we also measured the two-idler-photon coincidence
(iF ∧ iB) under diﬀerent seed−pump delays τ. In principle, both
iF ∧ iB and fpTCC would increase when seeded photons and
pump pulses are overlapped, due to the single-photon StFWM.
The results are shown in Figure 3. The coincident counts are
measured in 120 s. The results of iF ∧ iB are shown in Figure 3a.
The iF ∧ iB counts increase with |τ| → 0, indicating the
existence of the single-photon StFWM. However, the increase
factor is only 1.13 ± 0.003 according to the curve-ﬁtting results,
which is far lower than the photon pair generation rate
increasing factor (2) due to single-photon StFWM. In our
analysis, the increasing factors of iF ∧ iB due to the StFWM are
mainly limited by the transmission loss of the seeded photons.
If the seeded photons are lost before injecting into the DSF,
there would not be single-photon stimulation in the backward
FWM process. The increase factor of iF ∧ iB can be estimated as
(see Methods for details)

(t iF − ts2) + (t iB − ts1) ≡ (t iF − ts1) + (t iB − ts2) = 0,
tx = nT , x ∈ {iF, iB, s1, s 2}, n ∈ 
(4)

where T is the repetition period of the pump pulses. Equation 4
indicates that the four-photon coincidence is mainly due to two
pairs of correlated photons generated by SpFWM or StFWM.
The contributions of the noise photons and dark counts of the
SNSPDs are quite small and can be neglected. Hence, we focus
only on the coincident counts in these speciﬁc time bins
satisfying eq 4, which is a scalar equation of a plane, as shown in
Figure 2a.
In Figure 2b,c,d, we plot the distributions of four-photon
coincidence in these time bins with diﬀerent seed−pump delays
τ, τ = −18.98 ps, τ = 0.62 ps, and τ = 21.62 ps, respectively. In
the following, we denote the positon of time bins as (x, y),
where x = tiF − ts2 and y = tiB − ts2.The central bars (0, 0) are
deﬁned as the four-photon true coincident counts (fpTCC),
since they result from four photons generated by the same
pump pulses, i.e., a pair in the forward process and another pair
in the backward process, which would increase due to the
single-photon stimulation in the backward FWM process when
the seeded photons are overlapped with the pump pulses. In
these ﬁgures, counts in the time bins (±T, 0), (0, ±T) are also
much larger than zero. The average count in these bins is
deﬁned as the four-photon accidental coincident count
(fpACC), since these counts result from two pairs of photons
generated by two adjacent pump pulses: one pair of photons
generated in the forward SpFWM process driven by one pump
pulse, another pair of photons generated in the backward FWM
process by the other pump pulse. Because the seeded photons
and the new generated photon pairs are not overlapped
temporally in these cases, there would be no StFWM in the
backward process for fpACC. The ratio of fpTCC and fpACC
is deﬁned by

R iF∧ iB = 1 + 10−L /10

(6)

where L (dB) is the loss seeded photons pass, including the loss
of DSF (3 dB), Fi1 + Fs (0.5 dB), and FM1 (0.3 dB). Because of
the double pass through DSF and Fi1/Fs, the total loss of
seeded photons is L = 7.3 dB. Hence, the estimated two-idlerphoton coincident count increase factor should be 1.18. The
reasons that the measured value is less than the estimated value
749

DOI: 10.1021/acsphotonics.6b01020
ACS Photonics 2017, 4, 746−753

ACS Photonics

Letter

StFWM, in which the seeded photons and pump light could be
reﬂected together and the VDL is not required.
Estimation of the Performance of Universal Quantum
Cloning Based on Single-Photon StFWM Process. One
important application of the single-photon StFWM process is
the universal quantum cloning. Although perfect cloning of an
arbitrary quantum state is prohibited by quantum mechanics
(the no-cloning theorem41), it has been proven that imperfect
cloning of an arbitrary quantum state is possible. In the process
of quantum cloning, ﬁdelity is an important f igure of merit,
which is deﬁned as F = ⟨ψin|ρout|ψin⟩, where |ψin⟩ is the state to
be cloned and ρout is the reduced density matrix of the output
states. For a universal quantum cloning machine (UQCM), the
ﬁdelities are independent of the input state. If the ﬁdelities of all
ouput states are equal to each other, the process is called a
symmetrical QCM. It has been proven42 that in a symmetrical
UQCM for two-state quantum systems, the upper bound of
ﬁdelity for cloning one qubit to produce two qubits (1 → 2) is
5
-1 → 2 = 6 . If a UQCM can obtain the related theoretical
bound, it is called an optimal UQCM. It has been proposed
that the optimal UQCM can be realize by single-photon
stimulated emission. The 1 → 2 UQCM based on singlephoton stimulated parametric downconversion in second
nonlinear crystals has been demonstrated in ref 36, which
clones a qubit in the degree of freedom of polarization, with a
ﬁdelity of 81 ± 1%.
However, the lack of the observation of single-photonstimulated FWM results in the lack of the demonstration of
optimal UQCM on a third-order nonlinear platform, including
nonlinear optical ﬁbers and integrated waveguides.
In this paper, we demonstrate the single-photon StFWM. It
can be realized in third-order nonlinear waveguides at the
telecom band, such as optical ﬁbers and silicon waveguides. It
has great potential to realize UQCM at the telecom band. Here
we provide an estimation of the upper limit of the ﬁdelity if the
single-photon StFWM process in the ﬁbers of our experimental
setup is used to realize a 1 → 2 UQCM (cloning time-bin
qubit, for example). Acording to ref 36, the ﬁdelity can be
estimated by the value of R′,

Figure 3. Coincidence variance under diﬀerent seed−pump delays. (a)
Two-idler-photon coincidence (iF ∧ iB); (b) four-photon coincident
counts (fpTCC, red) and four-photon accidental coincident counts
(fpACC, blue).

are similar to the discussion on the time-resolved four-photon
coincidence measurement results.
Comparing with the iF ∧ iB coincidence, the four-photon
coincidence is more robust to the loss of the seeded photons,
because of the postselection detection (only keeping the
successfully heralded photons in the HSPS). The results are
shown in Figure 3b, in which the red circles and blue squares
denote the fpTCCs and fpACCs, respectively. The red line is
the ﬁtting curve of fpTCCs, and the blue horizontal line is the
ﬁtting line of the fpACCs. The red shadow around the ﬁtted
curve shows the uncertainties of the curve-ﬁtting results. It can
be seen that when the seed−pump delay τ approaches zero, the
fpTCC increases obviously. The obvious increase of the fpTCC
occurs only when the time delay τ is in a range of about 10.6 ps,
which agrees well with the coherence time of the seeded
photons and the pump pulses. As a comparison, the fpACCs
are independent of the seed−pump time delay with small
ﬂuctuations only due to measurement uncertainties, indicating
that the pump power is stable in the measurement.
According to the experimental results and the ﬁtted curve
shown in Figure 3b, the increasing factor of fpTCC due to the
single-photon StFWM is
R′ =

Cτ = 0
= 1.65 ± 0.06
Cτ ≫ tc

F=

2R′ + 1
= 81.1 ± 0.4%
2R′ + 2

(8)

which is very close to the theoretical upper bound of the ﬁdelity
of symmetrical 1 → 2 UQCM, 83.3%. It can be seen that the
single-photon StFWM process has great potential for quantum
information processing based on quantum cloning, especially
the applications at the telecom band.

■

DISCUSSION
As a summary, in this paper we have demonstrated the truesingle-photon StFWM process in a piece of DSF, which is
placed in a 2 K cryostat to suppress the Raman noise eﬀectively.
The true single photons are generated by an HSPS based on
the SpFWM process in the same ﬁber. We characterize the
StFWM process by the time-resolved four-photon coincidence
measurement. The StFWM process is demonstrated by the
fpTCC to fpACC ratio R = 1.71 ± 0.27 > 1 when the seeded
photons and pump pulses are overlapped. The StFWM process
is also characterized by the variation of four-photon coincident
counts under diﬀerent seed−pump delays. There is an increase
by a factor of 1.65 ± 0.06 > 1 in the fpTCC when the seeded
photons are overlapped with the pump pulses, which also

(7)

where Cτ=0 is the fpTCC at τ = 0 and Cτ≫tc is the fpTCC when
τ is much larger than the coherence time of seeded photons and
pump pulses tc. This increase veriﬁes the single-photon StFWM
in the backward FWM process. It can be seen that the
increasing factor R′ agrees well with the fpTCC to fpACC ratio
R. Actually, R and R′ are equivalent, because Cτ≫tc result from
two pairs of photons by SpFWM in the forward and backward
direction, similar to the fpACC. It should be noted that the
fpTCC to fpACC ratio R is calculated only based on the results
of the four-photon coincidence measurement when τ is close to
zero. Hence the experiment could be simpliﬁed if only the
fpTCC to fpACC ratio R is used to varify the single-photon
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conﬁrms the existence of StFWM. This is the ﬁrst
demonstration of the true-single-photon StFWM process, and
the process can be applied in QIP, extending the set of capable
tasks based on an FWM process. As a typical example, the
upper limit of the ﬁdelity of a 1 → 2 UQCM based on the
single-photon StFWM in our experiment is estimated to be
81.1 ± 0.4%, close to the theoritical upper bound.

depending on the time delay between the seeded photons and
the pump pulses. Assuming that r1 is the photon pair generation
rate in the forward direction and r2 is that in the backward
process, when the seed−pump delay is much larger than their
coherence time, both the forward and the backward processes
are SpFWM processes. The fpTCC rate will be

■

rfpTCC =

METHODS
Analysis of the fpTCC to fpACC Ratio. Timing relations
of photons for diﬀerent four-photon coincident counts are
shown in Figure 4. As shown in Figure 4a, the fpTCC results

1
ηr1r2
2

(9)

The factor 1 comes from the fact that there is half the
2
probability that the two signal photons will go to the same
output port of the 50:50 BS and no four-photon coincidence
count can be expected in this case. η is a coeﬃcient related to
the system collection eﬃciency, including the channel loss and
detecting eﬃciencies of the SNSPDs. fpACCs are due to two
pairs of photons generated by two adjacent pump pulses, one in
the forward direction by one pump pulse and another in the
backward direction by the other pump pulse. In the following,
the two adjacent pump pulses are denoted as pulse 1 and pulse
2, and pulse 1 is in advance of pulse 2. The signal and idler
photons generated by the pump pulse 1(2) are indexed by
s1(s2) and i1(i2), respectively. The two pairs of photons are
generated in the forward and backward direction in the DSF,
and there are two cases as shown in Figure 4b,c. In one case
(Figure 4b), s1 and i1 are generated in the forward direction and
s2 and i2 are generated in the backward direction, denoted as
forward s1 and i1 and backward s2 and i2. The other case (Figure
4c) is just the contrary and denoted as backward s1 and i1 and
forward s2 and i2. The channels through which photons will go
out and related probabilities are shown in Table 1. The cases in
which four photons are detected in four diﬀerent channels
would result in fpACCs at speciﬁc time bins in Figure 2, which
are indicated by (x, y), x, y ∈ {0, ±T} with tiF − ts2 = x and tiB −
ts2 = y.
The four terms of fpACC in Table 1 are related to the four
accidental coincident count bars in Figure 2b,c,d. Hence,
according to Table 1, for every fpACC bar, the fpACC rate is
rfpACC = ηr1r2/4

(10)

According to the deﬁnition (eq 5), for the case when only
the SpFWM process occurs in the backward direction, the
theoretical prediction of R would be
1 rfpTCC
R SpFWM =
≡1
2 rfpACC
(11)

Figure 4. Timing relation of photons for diﬀerent four-photon
coincident counts. (a) Cases related to fpTCC. (b) One of the two
cases related to fpACC, forward s1 and i1 and backward s2 and i2. (c)
One of the two cases related to fpACC, backward s1 and i1 and forward
s2 and i2.

On the other hand, if the seeded photons and the pump
pulses are overlapped temporally, the StFWM process would
occur in the backward direction; hence, the generation rate of
photon pairs in the backward direction would increase by a
factor of 2, i.e., r2 → r*2 = 2r2, according to eq 3, while the

from two photon pairs generated by a single pump pulse, one
pair by the SpFWM process in the forward direction and the
other pair by SpFWM or StFWM in the backward direction

Table 1. Probabilities of All Possible Outputs of the Four Photons and Their Corresponding Bins of Accidental Coincident
Counts
forward s1 and i1, backward s2 and i2
i1
s1
i2
s2
prob
bin

1
3
2
4
1/4
(−T, 0)

1
3
2
3
1/4
no ACC

1
4
2
3
1/4
(0, T)

backward s1 and i1, forward s2 and i2
1
4
2
4
1/4
no ACC
751

2
3
1
4
1/4
(0, − T)

2
3
1
3
1/4
no ACC

2
4
1
3
1/4
(T, 0)

2
4
1
4
1/4
no ACC
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fpACC rates remain unchanged. Hence, the theoretical
prediction of R, when the StFWM process occurs in the
backward direction, would be
R StFWM =

1 ηr1r2*/2
≡2
2 ηr1r2/4

(12)

Relation between Two-Idler-Photon Coincidence
Increasing Factor and the Loss of Seeded Photons.
The two-idler-photon coincidence measurement records the
events in which the two idler photons iF and iB are detected
simultaneously. It can be expected that the two-idler-photon
coincidence would increase when the seed−pump delay τ is
close to zero, due to the single-photon StFWM. However, the
increase factor is impacted by the loss of the seeded photons. If
the loss of the seeded photons is L (dB), under the condition
that the iF photons are detected, the probability that there are
seeded photons is P(seed|iF) = 10−L/10. If the seed−pump delay
is larger than the coherence time of pump pulses or the seeded
photons are lost before being injected into the DSF, only the
SpFWM could occur in the backward FWM process. The
generation rate of photon pairs is indicated by G (the unit is
(pump pulse)−1). On the other hand, if the seed−pump delay τ
is close to zero, the single-photon StFWM would occur when
seeded photons are inject into the ﬁber. The generation rate of
photon pairs is 2G ((pump pulse)−1) according to eq 3. Hence,
when the seed−pump delay is zero, under the condition that iF
is detected, the average generation rate of photon pairs is
P(seed|iF)2G + (1 − P(seed|iF))G = (1 + P(seed|iF))G.
Therefore, the increasing factor of the two-idler-photon
coincident counts due to the single-photon StFWM can be
expressed as
R iF ∧ iB =

■

(1 + P(seed|iF))G
≡ 1 + 10−L /10
G

(13)
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