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We report the generation of polarization-entangled photon pairs in the 1550 nm band by pumping an uneven nonlinear
interferometer loop with two orthogonally polarized counterpropagating pump pulses. The uneven nonlinear interferom-
eter, providing a more ideal interference pattern due to the elimination of secondary maxima, consists of four pieces of
dispersion-shifted fibers sandwiched with three pieces of standard single-mode fibers, and the lengths of the nonlinear
fibers follow the binomial distribution. The mode number of the photon pairs deduced from the measured joint spectrum is
∼1.03. The collection efficiency of the photon pairs is found to be ∼94% (after background noise correction). The directly
measured visibility of two-photon interference of the polarization-entangled photon pairs is ∼92%, while no interference is
observed in the direct detection of either the signal or idler photons.

Keywords: polarization-entangled photon pairs; nonlinear interferometer; quantum state engineering; optical fiber.
DOI: 10.3788/COL202422.052701

1. Introduction

Quantum-entangled photon pair sources are essential resources
for quantum information processing (QIP)[1]. Among various
kinds of entangled degrees of freedom, such as polarization,
orbital angular momentum, frequency, and temporal mode[2–4],
the techniques for polarization control and manipulation are
the most mature. Since the polarization entanglement was suc-
cessfully generated via optical parametric processes in nonlin-
ear media[2], it has been widely used in implementing various
QIP tasks. On the other hand, for many applications involving
two-photon interference between independent sources, such as
quantum teleportation[5], entanglement swapping[6], and multi-
photon entanglement generation[7], entangled photon pairs in
pure single mode and with high collection efficiency are desir-
able. Single-mode operation requires complete elimination of
the spectral and spatial correlations between the entangled sig-
nal and idler photons. By using χ�2� or χ�3� nonlinear waveguides
supporting a single spatial mode, the spatial correlation can be
straightforwardly eliminated[2,8]. However, it is nontrivial to get
rid of the spectral correlation without sacrificing collection effi-
ciency[9,10]. Exquisite efforts have been made in solving the
problem[11–18]. When a single-piece nonlinear medium is used,
frequency de-correlated, namely, spectrally factorable, photon

pairs can be achieved only at some specific wavelengths with
sophisticated dispersion design because the spectral tailoring
and phase matching are mixed in parametric processes[13–16].
To engineer the mode structure of the quantum states, it has

been proposed that precise state engineering for near ideal single
mode operation and near unity efficiency can be achieved by
using SU(1,1) nonlinear interferometers (NLIs)[19–21]. Since
the interferometric method separates the spectral control from
the phase matching of the nonlinear process, photon pairs
simultaneously possess the features of high purity and high
collection efficiency, and high flexibility in wavelength and
bandwidth selection can be generated. In particular, we have
experimentally demonstrated the generation of spectrally factor-
able photon pairs using a fiber-based NLI, formed by a sequen-
tial array of identical nonlinear fibers with a gap in between
made of a linear dispersive medium. The heralding efficiency
and the visibility of two-photon interference between two inde-
pendent sources of heralded single photons could be simultane-
ously greater than 90%[22]. However, the achievable factorability
is limited due to the secondary maxima between the principal
maxima of the interference term, sin�Nθ�= sin θ, where θ is
the phase shift induced by the dispersive media in the NLI[19].
In this paper, we show that the secondary maxima in the

interference term can be eliminated by using an uneven
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four-stage NLI. The length ratio of the four nonlinear fibers
in the NLI is 1:3:3:1, which follows the binomial distribu-
tion[20,23]. In this case, the parametric gain is varied in each stage
and results in a more ideal interference pattern. By simultane-
ously pumping such an uneven NLI loop with two orthogo-
nally polarized counterpropagating pulse trains, we generate
polarization-entangled photon pairs with improved mode
purity and collection efficiency.

2. Method

Our experimental setup is shown in Fig. 1. The uneven four-
stage NLI is formed by four pieces of dispersion-shifted fibers
(DSFs) with three pieces of standard single-mode fibers
(SMFs) in between. The DSFs with zero dispersion wavelength
and dispersion slope of 1549 nm and 0.0075 ps=�km · nm2�,
respectively, function as the nonlinear media of four-wave mix-
ing (FWM). The lengths of DSF1, DSF2, DSF3, and DSF4 are 50,
150, 150, and 50 m, respectively. In the pump-degenerate FWM
process, two photons with frequency ωp from the pump field are
scattered into a pair of correlated signal and idler photons with
frequency ωs and ωi, respectively, and energy conservation
2ωp = ωs � ωi is satisfied. Because of the isotropic nature of

the χ�3� nonlinearity in silica fibers, the photon pairs are pre-
dominantly co-polarized with the pump. The SMFs function
as linear dispersive media and have the same length of 20 m.
We submerge the NLI into liquid nitrogen to suppress the pho-
tons from spontaneous Raman scattering (RS)[24]. The transmis-
sion efficiency of the NLI is ∼41%, and the interstage efficiency
is ∼74%. The loss is mostly due to the splicing loss between the
DSFs and SMFs, which is ∼0.6 dB per splicing point.
The pulsed pump originates from a mode-locked fiber laser

and is filtered by a Gaussian-shaped bandpass filter (not shown
in the setup). The repetition rate of the pulse train is 50 MHz.
The central wavelength and bandwidth of the nearly transform-
limited pump pulses are 1549.3 and 1.4 nm, respectively.

The pump is passed through a polarization beam splitter
(PBS), PBS1, to ensure its horizontal polarization. By adjusting
the half-wave plate (HWP) placed in front of PBS2, the pump is
equally decomposed into horizontally and vertically polarized
components PH and PV , respectively. The component PH propa-
gating clockwise in the NLI produces correlated photon pairs
jHisjHii, whereas PV propagating counterclockwise produces
jVisjVii. A fiber polarization controller (FPC) is used to com-
pensate for the birefringence introduced by the bending and
coiling of the NLI loop. The correlated wave packets jHisjHii
and jVisjVii are coherently combined at PBS2; then, the polari-
zation-entangled state jΨi = 1��

2
p �jHisjHii � eiϕjVisjVii� is cre-

ated, where ϕ is the phase difference between the two wave
packets[25,26]. For the above described setup, we have ϕ = 2ϕp,
where ϕp is the relative phase between PH and PV and equals
zero. So, the obtained state is jΨ�i = 1��

2
p �jHisjHii � jVisjVii�.

To reliably detect the entangled signal and idler photons, a
high pump-to-signal rejection ratio is required. In our NLI,
about 0.03 photon pairs are produced within a typical 2.5-ps-
duration pump pulse containing 107 photons. By passing the
output of PBS2 through a dual-band filter (DBF), we can sepa-
rate the photon pairs from the pump with an isolation greater
than 100 dB. The DBF consists of a notch filter and a program-
mable optical filter (Finisar Waveshaper 4000), which has two
tunable rectangle-shaped passbands. With the DBF, we can
realize single-channel or joint spectral scan measurements. To
characterize the polarization entanglement, we place two polari-
zation analyzers (PA1 and PA2) in the signal and idler channels,
respectively. Each PA consists of an HWP and a PBS. The pho-
tons are detected by using two superconducting nanowire
single-photon detectors (SPDs) with quantum efficiency of 85%.
The total detection efficiencies of the signal and idler photons,
ηs and ηi, are both ∼12% (including transmission efficiency in
the NLI, efficiencies of the filters and analyzers, and quantum
efficiency of the SPDs).
When analyzing state jΨi = 1��

2
p �jHisjHii � eiϕjVisjVii�, the

single-channel photon counts in the signal (idler) channel can
be expressed as 1

2 ηs�i�α, and the true coincidence counts of the
entangled photon pairs can be expressed as[26]

Ct =
1
2
ηcηsηiα�cos2 θ1 cos2 θ2 � sin2 θ1 sin2 θ2

� 2 cos ϕ sin θ1 sin θ2 cos θ1 cos θ2�, (1)

where α is the rate of photon pairs produced from NLI, ηc is the
collection efficiency of the entangled photon pairs, and θ1 and θ2
are the angles of PA1 and PA2, respectively.

3. Results

We first characterize the spectral profile of the entangled photon
pairs. Under the approximation of perfect phase matching of
FWM, the joint spectral function of the photon pairs from an
uneven N-stage NLI can be expressed as[20,23]
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Fig. 1. Experimental setup for generating polarization-entangled state by
using a four-stage uneven NLI. DSF, dispersion shifted fiber; SMF, single-mode
fiber; PBS, polarization beam splitter; QWP, quarter-wave plate; HWP, half-
wave plate; FPC, fiber polarization controller; DBF, dual-band filter; PA, polari-
zation analyzer; SPD, single-photon detector.
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FNLI�ωs,ωi� ∝ exp

�
−
�ωs � ωi − 2ωp0�2

4σ2p

�
× cos2�N−1�θ, (2)

where ωp0 and σp are the central wavelength and bandwidth
of the pump, respectively. The phase shift is introduced by
the SMFs θ ≈ λ2p0DSMFLSMF�ωs − ωi�2=�16πc�, where DSMF =
17 ps=�nm · km� is the dispersion of SMF at the pump wave-
length λp0, and LSMF is the length of each SMF. Just as the
multi-slit interference in classical optics, the interference term
of an even NLI can be expressed as sin�Nθ�= sin θ, which means
there are secondary maxima occurring between the primary
maxima. In contrast, the interference term cos2�N−1�θ in Eq. (2)
has no secondary maximum. The calculated joint spectral inten-
sity (JSI) jFNLI�ωs,ωi�j2 of the photon pairs from our NLI is
shown in Fig. 2(a). One sees that there is no secondary island
between two adjacent principal islands, which is different from
the pattern in Ref. [22], and the island labeled m = 1 is round-
shaped. Once we carve out the m = 1 island by using rectangle-
shaped bandpass filters with proper bandwidths [see the dashed
lines in Fig. 2(a)], photon pairs with factorable spectra can be
obtained. After performing a mode decomposition on the joint
spectral function, we find the calculated mode number K of the
carved-out photon pairs is ∼1.01, which is very close to the
single-mode case.
We experimentally measure the JSI of the polarization-

entangled photon pairs from the NLI loop. In the experiment,
the average power Pave of both pumps PH and PV is fixed at
60 μW, the bandwidth of the DBF is adjusted to 0.2 nm, and
the angles of PA1 and PA2 are both set to 45°. We scan the cen-
tral wavelength of the signal (idler) channel of the DBF from
1553.0 nm (1545.4 nm) to 1558.2 nm (1540.2 nm) with a step
of 0.2 nm. For each wavelength setting, we record the twofold
coincidence counts Cc and accidental coincidence counts Ca

of the signal and idler photons, which are obtained bymeasuring
the signal and idler photons from the same pump pulse and
adjacent pump pulses, respectively. Then we can deduce the true
coincidence countsCt = Cc − Ca. The contour map of measured
Ct is plotted in Fig. 2(b), which reflects the JSI of the entangled
photon pairs. One sees that themeasured JSI agrees well with the
calculated result in Fig. 2(a), and the m = 1 island centering at
λs = 1554.1 nm and λi = 1544.5 nm has a round shape.
Next, we carve out the m = 1 island for further characteriza-

tion. The central wavelengths of the signal and idler channels of

the DBF are adjusted to 1554.1 and 1544.5 nm, respectively, and
the bandwidth of both channels is set to 2.2 nm. We first mea-
sure the collection efficiency of the photon pairs. In the measure-
ment, we change the average power Pave of the two pumps, and
record the single counts Rs�i� of individual signal (idler) field
and the true coincidence counts Ct . The main and inset plots
of Fig. 3(a), respectively, show the measured Ri and Ct versus
Pave. We fit the measured Ri with polynomial s1Pave � s2P2

ave,
where s1 and s2 are fitting parameters. The linear and quadratic
terms s1Pave and s2P2

ave represent the photons from spontaneous
RS and FWM, respectively. The RS photons can be seen as noise,
so we can subtract them from the signal channel counts. Using
Eq. (1), we can deduce the collection efficiency of the entangled
photon pairs via ηc =

Ct
ηss2P2

ave
. After substituting the measured and

fitted results, we find the collection efficiency ηc is ∼94%.
We then measure the second-order intensity correlation

function g�2� of the individual signal or idler field to examine
the mode purity. g�2� is related to mode number K via g�2�=
1� 1=K . The inset of Fig. 3(b) shows the measured g�2� of
the individual idler field, which is obtained by sending the out-
put of PA1 into the HBT interferometer (see inset of Fig. 1). One
sees that the measured g�2� increases with pump power Pave

because the proportions of photons originated from RS and
FWM vary. We extract the correlation function of photons from
FWM by utilizing the method in Ref. [27]. First, we replot the
measured g�2� as a function of the proportion of FWM photons
in the idler field R = s2P2

ave=Ri, as shown by the data points in
the main plot in Fig. 3(b). Note that R = 0 and R = 1, respec-
tively, correspond to the correlation functions of photons exclu-

sively from RS and FWM, namely, g�2�RS and g�2�FWM. We obtain

g�2�RS = 1.52 by only sending PH into the NLI, connecting the out-
put port of the FPC directly to the DBF, and selecting the pho-
tons cross-polarized with pump by adjusting PA1. In this
condition, photons from FWM are blocked, and all the photons
sent into the HBT interferometer are from RS[28]. We then
fit the data points in Fig. 3(b) with function[27] g�2� = 1�
R2�g�2�FWM − 1� � �1 −R��1 −R� 2VR��g�2�RS − 1�, where V
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Fig. 2. (a) Theoretically calculated and (b) experimentally measured joint
spectral intensity of the entangled photon pairs.
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power Pave. Inset: measured true coincidence Ct versus Pave. The solid line
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Inset: measured g(2) versus pump power Pave.
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describes the mode overlap between the FWM and RS photons.
From the fitting result shown by the solid curve, we deduce the

intensity correlation of the FWM photons g�2�FWM = 1.97, which
corresponds to a mode number of ∼1.03. The measured mode
purity is in accordance with the simulated result using the cal-
culated joint spectral function. We think that the deviation is
mainly due to the chirp existing in pump pulses.
We measure the two-photon interference (TPI) of the

entangled photon pairs. In the measurement, the average
power Pave of both pumps is 60 μW. For state jΨ�i=
1��
2

p �jHisjHii � jVisjVii�, we fix the angle of PA1 θ1 at 45°

relative to the horizontal polarization defined by the PBS con-
necting the loop, while the angle of PA2 θ2 is varied. For each
setting of θ1 − θ2, we record the single-channel counts and
coincidence counts of the two SPDs. The results are shown in
Fig. 4. One sees that interference pattern exists in the coinci-
dence counts, whereas no interference is observed in the single
counts. By fitting the coincidence with the cosine function in
Eq. (1), we find that the TPI visibility is 92%, without subtracting
the noise and dark counts of the SPDs. Note that our source can
produce all four polarization-entangled Bell states. By inserting
a quarter-wave plate (QWP) (see Fig. 1) with its axis parallel
to PBS1, we have ϕp = π=2. In this case, the state at the output

of PBS2 becomes jΨ−i = 1��
2

p �jHisjHii � jVisjVii�. The other

two Bell states jΦ±i = 1��
2

p �jHisjVii ± jVisjHii� can also be cre-

ated when ϕp = 0 or π=2 and a properly oriented HWP is placed
in front of PA1 in the idler channel.
Moreover, we experimentally characterize the influence of

interstage loss on the performance of the NLI scheme. We pre-
pare two uneven NLIs for the characterization. One is a three-
stage NLI in which the lengths of DSFs are 50, 100, and 50 m,
respectively; the other is a four-stage NLI in which the lengths of
DSFs are 50, 150, 150, and 50 m. The lengths of all SMFs in the
two NLIs are 20 m. We apply an adjustable attenuator on each
SMF so that the interstage efficiency can be controlled. In the
experiment, we employ the DBF as a tunable filter and use the

same method as that in the JSI measurement. First, we measure
the spectra of idler photons from the two NLIs by recording the
single-channel photon counting rates as a function of idler wave-
length, and we repeat themeasurement at different pump powers.
Then, by using the fitting method shown in Fig. 3(a), we extract
the spectra of idler photons solely from spontaneous FWM.
Figure 5 shows the obtained spectra from the two NLIs when

the interstage efficiency ηinter is 40% and 78%, respectively. The
measurement is conducted at room temperature; compared with
the case of submerging the NLI in liquid nitrogen, the zero-
dispersion wavelength of the DSFs shifts towards the longer
wavelength. To achieve the best phase-matching condition,
we increase the pump wavelength by 5.6 nm to 1554.9 nm.
Therefore, the wavelengths of the maxima and minima in the
measured spectra accordingly shift by about 5.6 nm compared
with the results in Fig. 2. By fitting the measured data and exam-
ining the m = 1 island, we can get the visibility of nonlinear
interference fringes. From the results of both NLIs, one can see
that the visibility drops sharply as ηinter changes from 78% to
40%, accompanied by the huge decrease of the photon counting
rates. Comparing the three- and four-stage cases, one sees that
the visibility in the four-stage case is significantly higher, which
is because the islands become more isolated[20]. Moreover, the
influence of ηinter on the fringe visibility is less significant for
NLI with a larger stage number. However, on the other hand,
the interstage loss accumulates as the stage number increases,
which results in a decreased efficiency of the source. This can
be revealed by that the total length of DSFs in the four-stage
NLI is 2 times that in the three-stage NLI, but photon counting
rates of both cases are at the same level.
Our investigation shows that to further improve the mode

purity and collection efficiency of the entangled photon pairs,
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the interstage loss should be as low as possible. In the current
setup, the splicing loss between DSF and SMF is relatively high.
However, new fusion techniques such as tapering and flattening
have been developed, and the splicing loss between DSF and
SMF can be reduced to about 0.13 dB per slicing point or less[29].
Our scheme can be further improved by utilizing these
techniques.

4. Conclusion

In conclusion, we have demonstrated a source of polarization-
entangled photon pairs by employing an uneven four-stage NLI
loop, which consists of four DSFs with three standard SMFs in
between. The spectral factorability of the entangled photon pairs
is realized by exploiting the active filtering effect of the NLI.
Because the lengths of the DSFs follow the binomial distribution,
the active filtering of our NLI is more ideal than that of an even
NLI with the same stage number but with each DSF having iden-
tical length[22]. Experimental results indicate that the mode
number of photon pairs is ∼1.03, while the collection efficiency
of photon pairs is ∼94% (after correcting influences of the RS
photons and detection efficiency). The directly measured two-
photon interference visibility of the entangled state is ∼92%.
Such a source can be further developed into an all-fiber device
if the fiber length in the NLI is properly designed so that the
wavelength and bandwidth of the photon pairs match the stan-
dard components of a fiber communication system. Compared
with previous fiber sources of polarization-entangled photon
pairs at 1550 nm band[25,26,30,31], our source simultaneously
has the advantage of mode purity and high collection efficiency.
We also find that the interstage loss in the NLI is a crucial factor
for the performance of the scheme. Reducing the interstage loss
can dramatically increase the visibility of the nonlinear interfer-
ence, which can lead to higher modal purity. Moreover, our
uneven NLI scheme can also be transplanted to other platforms,
such as integrated nonlinear waveguides, to realize a miniatur-
ized source of entangled photon pairs with tailored joint spectra.
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