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Abstract: The availability of photon states with well-defined temporal modes is crucial for
photonic quantum technologies. Ever since the inception of generating photonic quantum states
through pulse pumped spontaneous parametric processes, many exquisite efforts have been put
on improving the modal purity of the photon states to achieve single-mode operation. However,
because the nonlinear interaction and linear dispersion are often mixed in parametric processes,
limited successes have been achieved so far only at some specific wavelengths with sophisticated
design. In this paper, we resort to a different approach by exploiting an active filtering mechanism
originated from interference fringe of nonlinear interferometer. The nonlinear interferometer
is realized in a sequential array of nonlinear medium, with a gap in between made of a linear
dispersive medium, in which the precise modal control is realized without influencing the phase
matching of the parametric process. As a proof-of-principle demonstration of the capability, we
present a photon pairs source using a two-stage nonlinear interferometer formed by two identical
nonlinear fibers with a standard single mode fiber in between. The results show that spectrally
correlated two-photon state via four wave mixing in a single piece nonlinear fiber is modified into
factorable state and heralded single-photons with high modal purity and high heralding efficiency
are achievable. This novel quantum interferometric method, which can improve the quality of the
photon states in almost all the aspects such as modal purity, heralding efficiency, and flexibility
in wavelength selection, is proved to be effective and easy to realize.
© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1.

Introduction

High quality photonic quantum states are essential resource for fundamental test of quantum
mechanics and for quantum information [1–4]. Although recent advances in quantum computers
put focus on trapped ions and superconducting qubits because of their ability to scale up [5, 6],
optical qubits are nevertheless still quite popular ever since the beginning of the quantum
information processing (QIP) [3]. This is mostly because of the easiness in generation and
manipulation of photons. Moreover, quantum communication in a quantum network highly
relies on photons as information carrier [4, 7]. Recently, quantum simulations such as Boson
sampling are also achieved with photonic states [8, 9]. On the other hand, optical QIP protocols,
such as quantum teleportation and entanglement swapping etc., rely on quantum interference of
photons for the desired results [3, 4, 7–11]. Nowadays, despite of the tremendous advances in
the on-demand generation of single photons [12, 13], the most economic and convenient photon
sources are from spontaneous parametric processes, in the form of either two-photon states or
heralded single-photons by projecting on the detection of one of the two-photons [14]. So, if
more than two photons are involved in optical QIP, the photons are most likely from two or more
independent sources of spontaneous parametric processes [7–11].
#364965
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Quantum interference stems from indistinguishability, which requires the mode match between
photons. On the other hand, because of the broadband nature of spontaneous parametric processes
using pulsed lasers as the pump, frequency or temporal correlation of two-photon states are usually
very complicated. As a result, the photons generated from these processes are of multi-mode
nature [15, 16]. This diminishes quantum interference effects and thus prevents optical QIP
protocols from achieving desired goals. There are two approaches for combating the temporal
indistinguishability issue: one is to use a narrow band two-photon source so that photo-detectors
are fast enough to resolve the arrival of photons [17]; the other is to engineer the spectrum of
spontaneous parametric processes to achieve single mode operation [11, 15, 16, 18]. The latter
approach is more popular because of the easiness in operation and the precise timing in pulsed
mode.
For the pulsed operation, the foremost issue is the temporal profile of pulses. Since the
temporal mode and spectral mode of an optical field are Fourier transform of each other, in
this paper, we use the term temporal modes to describe the temporal-spectral property of
photon states. It was realized in the early days that a factorized joint spectral function (JSF)
of the two-photon state is required for the single mode operation [15, 19]. A straightforward
method to obtain factorable JSF is reshaping the spectrum with optical filters [7, 20]. However,
passive filtering usually deletes photons at random, thus destroying two-photon correlation
and resulting in low two-photon events [21]. This detrimental effect of passive optical filters
leads to the idea of spectral engineering parametric processes to achieve factorization without
filtering [15, 16]. Tremendous efforts were spent through the years along this line, including
the employment of photonic grating for active temporal mode shaping [22], special selection of
χ(2) -nonlinear crystals with desired properties [18], engineering of the dispersion of nonlinear
optical fibers [23–27], and engineering of the structure of nonlinear photonic crystals [28, 29].
While most sources were successful to some extent, many are limited to a specific wavelength
range of operation due to strict requirement on dispersion and phase matching. The operation
ranges of these sources are usually restricted to tens of nanometers, and a tunable pump is usually
required to achieve this kind of tunability.
The JSF of spontaneous parametric processes is affected by dispersion-dependent phasematching condition. Thus, changing dispersion will affect the phase matching, leading to
complicated dependence of JSF on dispersion. So everything has to be perfect to achieve the
goals. This is why most of the schemes are lack of tunability. In this paper, we resort to a
different approach in which we separate nonlinear gain control from linear dispersion engineering
by the method of controlling quantum interference in nonlinear interferometer [30–32]. The
nonlinear interferometer (NLI), originally designed to achieve the Heisenberg limit in precision
phase measurement [33], has found applications in quantum interferometry beyond standard
quantum limit [34], in imaging with undetected photons [35], and in infrared spectroscopy [36],
etc. Here we investigate the application of NLI in reshaping the JSF. Different from previous
NLIs containing two pieces of nonlinear media [36], our NLI is realized in a sequential array of
nonlinear media, with a gap in between made of a linear dispersive medium, in which the precise
modal control is realized without influencing the phase matching of the parametric process.
Moreover, we will extend NLI from two-stage to multi-stage, in which the number of nonlinear
media is greater than two.
Figure 1 shows the conceptual representation of the nonlinear interferometer. The pulsepumped nonlinear interferometer achieves quantum interference between two nonlinear interaction
processes taken place in nonlinear media (NMs) NM1 and NM2 , respectively, so that the outcome
depends on the phases in between. We can therefore realize spectral control and shaping with
a linear dispersive medium (DM) independent of the nonlinear interaction processes. Using
the interferometric method, we are able to engineer the JSF of photon pairs at the output of
NLI. Indeed, an NLI formed by two pieces of χ(2) -nonlinear crystals with a quartz spacer in
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between had been used to experimentally modify the spectral correlation of a two-photon state
from asymmetry to symmetry [37]. Here we will show that the NLI can improve the quality of
the photon states in almost all the aspects such as modal purity, heralding efficiency, brightness
and wavelength tunability.
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Fig. 1. Conceptual representation of the SU(1,1)-type nonlinear interferometer (NLI)
consisting of two identical nonlinear media (NM1 and NM2 ) with a linear dispersive medium
(DM) in between. fs (ωs ) and fi (ωi ) are the transmission functions for signal and idler
output fields provided by dual-channel filter.

The rest of the paper is organized as follows. Base on the theoretical model in Fig. 1, in Sect.
2, we first examine the output characteristics of a two-stage NLI and compare it with that of a
single piece NM through a series of simulations. To avoid the complexity originated from the
coupling between spatial and temporal modes of photon pairs [21], we assume that the NMs
are in waveguide structure and support single spatial mode. In Sect. 3 we verify the theoretical
analysis by performing an experiment using a two-stage NLI, which is formed by two identical
single mode nonlinear fibers with a standard single mode fiber in between. The experimental
data agrees with the theoretical predictions. However, the results indicate that the temporal
mode property of photon pairs obtained from two-stage NLI slightly deviates from the ideal case
of single mode. We then discuss how to better control the temporal mode of photon pairs by
extending the theory of the two-stage NLI to the multi-stage NLI in Sect. 4. Finally, we briefly
conclude in Sect. 5.
2.

Theoretical analysis and simulation results

Since single photons and single photon qubits are among the foundations of most quantum optical
information processing technique, let’s start from analyzing the modal purity of single photon
state. Single-photon state can be obtained by heralding on the detection of one of the two-photons.
It can be shown that the purity of the heralded single-photon state with density operator ρ̂1 has
the following form [32]:
p = Tr( ρ̂21 ) = h2 /K + (1 − h)2,

(1)

where K ≥ 1 is Schmidt mode number [38] and h ≤ 1 is heralding efficiency [32] after excluding
the detection efficiencies of the two-photons. The definition of h is given later in Eq. (6), which
shows the heralding efficiency usually depends on the spectra of the two-photons and the filters
applied. Ideally, we prefer to have p = 1 for K = 1 and h = 1.
In general, the quantum state from spontaneous parametric process has the form of [19]
|Ψi ≈ |vaci + G|Ψ2 i

(2)

with the two-photon state
|Ψ2 i =

∫

dωs dωi F(ωs, ωi )âs† (ωs )âi† (ωi )|vaci,

(3)
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where |vaci represents the vacuum state, F(ωs, ωi ) is the joint spectral function (JSF) for the
generated two photons dubbed “signal" and “idler" with ωs,i denoting their frequencies, and G is
a quantity related to the power of the pump.
Schmidt mode number K is related to the normalized intensity correlation function [19]
ḡ (2) = 1 + 1/K = 1 + E/A,

(4)

with ḡ (2) = 2 or K = 1 for single mode case and
∫
E ≡
dωs dωi dωs0 dωi0 F̄(ωs, ωi )F̄(ωs0 , ωi0)
∫
A

≡

×F̄ ∗ (ωs, ωi0)F̄ ∗ (ωs0 , ωi ),
dωs dωi dωs0 dωi0 | F̄(ωs, ωi )F̄(ωs0 , ωi0)| 2,

(5)

where F̄(ωs, ωi ) ≡ F(ωs, ωi ) fs (ωs ) fi (ωi ) is the two-side filtered JSF with fs(i) (ωs(i) ) being the
transmission function of filter placed in the signal (idler) field. However, the experimentally
(2)
measurable quantity is the one-side-filtered intensity correlation function ḡs(i)
of the individual
signal (idler) field, which can be obtained from Eqs. (4)-(5) with F̄(ωs, ωi ) replaced by
(2)
F(ωs, ωi ) fs(i) (ωs(i) ). Generally ḡs(i)
sets a lower bound for ḡ (2) [32] and we use it for characterizing
the modal purity of photon pairs. By definition, the heralding efficiency of the signal (idler)
photons is the ratio of probability of recording two-photons, Pc , to that of individual idler (signal)
photon, Pi(s) , and is related to JSF by
∫
dωs dωi |F(ωs, ωi ) fs (ωs ) fi (ωi )| 2
Pc
hs(i) ≡
.
(6)
= ∫
Pi(s)
dωs dωi |F(ωs, ωi ) fi(s) (ωi(s) )| 2
Obviously, hs(i) = 1 when no filter is applied. Under this condition, it is impossible to obtain
K = 1 for frequency anti-correlated JSF. With optical filtering, while near unity modal purity
(K → 1 or ḡ (2) → 2) can be achieved, heralding efficiency drops significantly below one (as
demonstrated later in Figs. 2(c) and 2(d)). Moreover, to decrease the contribution of higher
photon number states, which degrade the quality of heralded single photons, it is important to
make both heralding efficiencies hs , hi as high as possible [32, 39].
To investigate the effect of the two-stage NLI in Fig. 1, we employ single-mode dispersionshifted fibers (DSFs) and conventional standard single-mode fiber (SMF) as the NMs and DM,
respectively. We calculate the JSF, modal purity, and heralding efficiency of photon pairs
generated from the NLI and compare the results with those obtained from non-NLI case. Here
the non-NLI case refers to the situation, in which only one piece of NM of used to generate
photon pairs. We first conduct simulation for the non-NLI case of a single-piece DSF. For the
photon pairs from pulse-pumped spontaneous four-wave mixing (SFWM) process in a DSF with
length L, the JSF is written as [40]


FN M (ωs, ωi ) ∝ exp − (ωs + ωi − 2ω p0 )2 (1 + jCp )/4σp2
×sinc(∆k L/2)e j(∆k L/2)
(7)
where ω p0 , σp and Cp are the central frequency, spectral width and chirp of pump, respectively,
∆k = 2k(ω p ) − k(ωs ) − k(ωi ) − 2γPp with γ and Pp respectively denoting the nonlinear
coefficient and peak pump power is the wave vector mismatch between the pump, signal, and idler
fields in DSF. Using Eq. (7), we plot in Fig. 2(a) the JSF (|FN M (ωs, ωi )| 2 ) from a single-piece
600-m-long
DSF. We also calculate the marginal intensity distribution for the signal (idler) field
∫
( dωi(s) |FN M (ωs, ωi )| 2 ). Owing to the symmetry of the signal and idler fields, we only plot the
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Fig. 2. Contour plots of squared modulus of JSF for (a) the non-NLI case (a 600-m DSF
as the single-piece NM) and (b) the NLI case (two 300-m DSFs as the NMs and 17.2-m
SMF as the DM). The marginal intensity distributions of signal field are next to the JSFs.
(2)
Calculated (c) intensity correlation function ḡs and (d) heralding efficiency hs as function
of filter bandwidth ∆λ f in signal band for different cases.

calculated results for the signal field in Fig. 2 except for the JSFs. The results are presented in
the wavelength space, and the parameters used in our simulation are based on the experiments in
Sect. 3, except for the chirp of pump pulses Cp being zero. The JSF in Fig. 2(a) exhibits a strong
frequency correlation and thus a low mode purity. To produce a better quality two-photon state,
we can respectively apply two filters to the signal and idler fields. Assuming that the central
wavelengths of both filters satisfy the energy conservation and have rectangular windows with a
common bandwidth of ∆λ f (in term of wavelength, see the dotted lines in Figs. 2(a) and 2(b)),
we calculate the correlation function ḡs(2) and heralding efficiency hs of individual signal field
using Eqs. (4)-(6) when the detuning between signal/idler and pump fields is about 6 nm. From
the results shown in Figs. 2(c) and 2(d) (thick solid curves), one sees ḡs(2) and hs have an opposite
trend as ∆λ f changes.
We then examine the NLI case in which a DM (i.e., an SMF) of length Ld is sandwiched
between two identical DSFs of length L. Depending on the phase difference induced by DM,
two-photon interference occurs between the spontaneous two-photon processes in two DSFs.
The JSF is then modified as
FN LI (ωs, ωi ) = FN M (ωs, ωi )e jθ cosθ

(8)

θ ≡ (∆k L + ∆φ d )/2,

(9)

with

where the phase shift ∆φ d = ∆k d Ld induced by DM is wavelength dependent and ∆k d ≡
2k d (ω p ) − k d (ωs ) − k d (ωi ) is the wave vector mismatch between pump and photon pairs per
unit length in DM. Equation (8) shows that the interference term cosθ determined by dispersion
of DM is independent of the nonlinear interaction in each NM described by FN M (ωs, ωi ) in Eq.
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7. Usually, we have ∆k → 0 to guarantee the satisfaction of phase matching condition in each
nonlinear medium. So ∆φ d becomes the main term determining θ, and the interference term
cosθ in Eq. (8) is mainly determined by dispersion of DM. For the pump, signal and idler fields
satisfying the nearly degenerate condition of |ωs(i) − ω p0 |  ω p0 , ∆k d can be approximated
as ∆k d ≈ 14 k d00(ω p0 )(ωs − ωi )2 , where k d00(ω p0 ) is the second order dispersion of DM at central
frequency of pump.
Figure 2(b) shows the simulation result of JSF modified by NLI, in which the lengths of SMF
and each DSF are 17.2 and 300 m, respectively. Because of the interference, the modified JSF is
divided into islands, which are separated from each other. As a result, the marginal intensities in
both the signal and idler fields exhibit similar interference patterns. For brevity, we only plot the
marginal intensity in signal field in Fig. 2(b), which is obviously different from the non-NLI case
in Fig. 2(a). Due to the interference induced active filtering effect, each island in Fig. 2(b) itself
can be viewed as an individual JSF when selected by filters. In this case, the state in Eq. (2) can
be written as
Õ
|Ψi ≈ |vaci + G m
|Φ(m)
(10)
2 i,
m=0

where G m are properly scaled quantities and |Φ(m)
2 i has the same form as |Ψ2 i in Eq. (3) but with
the JSF being changed to FN LI (ωs, ωi ) fs(m) (ωs ) fi(m) (ωi ). Here, fs(m) (ωs ) and fi(m) (ωi ) are the
rectangular filter functions that can properly isolate the m-th island in the JSF. Taking advantage
of the active filtering function of NLI, we expect to simultaneously achieve hs,i → 1 and ḡ (2) s,i
by properly picking out one island.
For each island, we calculate the correlation function ḡs(2) of individual signal field using Eqs.
(4) and (5) but with F̄(ωs, ωi ) replaced by the modified JSF, FN LI (ωs, ωi ) fs(m) (ωs ). Likewise,
we evaluate the heralding efficiency hs from Eq. (6). The results for islands with numbers m = 1,
2 and 3 are respectively shown by the dashed, dotted and dash-dot curves in Figs. 2(c) and
2(d). For the sake of comparison, we also conduct simulations for the non-NLI cases when the
central wavelengths of photon pairs respectively correspond to the centers of the three islands of
NLI. We find that the results of the non-NLI case (thick curves) for photon pairs with different
wavelengths cannot be visually identified from each other. Compared with the non-NLI case, one
sees that although ḡs(2) and hs of the NLI case still behave oppositely as the filter bandwidth ∆λ f
changes, significant improvements can be observed. Especially, there exists an optimum value of
∆λ f (∆λ f = 2.2 nm for m = 1, 1.5 nm for m = 2, and 1.2 nm for m = 3), at which hs reaches
its peak (up to 0.9) while ḡs(2) higher than 1.9 can be maintained. For the idler field, similar
improvements can also be observed (not presented in the figure): when the heralding efficiency
hi reaches its peak value of up to 0.9, the correlation function ḡi(2) maintains higher than 1.9.
Note that the dual-band filter placed at the output of NLI is employed to select out a specific
island of JSF. The usage of filter does not significantly alter the spectra of the selected island
when the filter bandwidth is optimized, since the spectra-reshaping of NLI is realized by the
two-photon quantum interference effect. Therefore, rectangular-shaped filters are preferred in
our scheme. In practice, a number of rectangular- or near rectangular-shaped filters with near
perfect transmission efficiency are available, such as wavelength-division multiplexing filters and
fiber Bragg grating filters. So the filter used in the NLI will not cause the reduction in brightness
of photon pairs.
3.

Experimental implementation and results

To verify the simulation results in Sect. 2, we experimentally generate photon pairs by using a
two-stage NLI. The experimental setup is shown in Fig. 3. The NLI consists of two identical
300-m-long DSFs and a 17.2-m-long standard SMF. The zero group velocity dispersion (GVD)
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wavelength and GVD slope of each DSF with nonlinear coefficient γ of about 2 (W · km)−1 are
about 1548.2 nm and 0.075 ps/(km·nm2 ), respectively. The GVD coefficient of the SMF is 17
ps/(km·nm) in the vicinity of 1550 nm band. Note that the DSFs serve as NMs, and the standard
SMF functions as the linear dispersive medium because the phase matching of SFWM is not
satisfied in it. The central wavelength and full width at half maximum (FWHM) of the pulsed
pump sent into the NLI are 1548.5 nm and 1 nm, respectively. So the phase matching condition
of SFWM is satisfied in DSF. For the photon pairs produced by SFWM in DSF, spontaneous
Raman scattering (SRS) is the major source of background noise [41]. We therefore submerge the
NLI into liquid nitrogen to suppress SRS. The transmission loss of the NLI is mainly originated
from imperfect splicing of DSF and SMF, and transmission efficiency of NLI for all the waves
involved in SFWM is about 85 %.
The pulsed pump is obtained from a mode-locked fiber laser, whose central wavelength and
repetition rate are about 1550 nm and 41 MHz, respectively. The pulse train from the laser is first
filtered by a grating filter (F1 ) and amplified by an erbium-doped fiber amplifier (EDFA) to achieve
the required power. Then the pulse train is further cleaned up by a Gaussian-shaped bandpass
filter F2 with an FWHM of 1 nm. The pulse duration of the pump is ∼ 4.6 ps, corresponding to a
(2)
linear chirp of Cp = 0.84. Note that the existing of chirp will decrease the value of ḡs(i)
[26].
The pump power is controlled by a fiber polarization controller (FPC1) and a fiber polarization
beam splitter (FPBS1).
D
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Fig. 3. (a) Experimental setup of generating photon pairs from a two-stage NLI formed
by two identical dispersion shifted fibers (DSF) with a standard single mode fiber (SMF)
(2)
in between. The inset is the setup for measuring intensity correlation function ḡs(i) of
individual signal (idler) field. (b) The spectra of dual-band filter F3 . F1(2) , single-band
filter; EDFA, erbium-doped fiber amplifier; FPC, fiber polarization controller; FPBS, fiber
polarization beam splitter; BS, 50/50 beam splitter; SPD, single photon detector.

Because the correlated photon pairs from SFWM are co-polarized with the pump while the
noise photons from SRS are scattered to all polarization directions, FPC2 and FPBS2 at the output
port of the NLI are employed to select signal and idler photons having the same polarization
with the pump so that the SRS photons can be further suppressed [41]. The dual-band bandpass
filter F3 , which is realized by cascading two coarse wavelength division multiplexing filters and a
programmable optical filter (POF, model: Finisar Waveshaper 4000S), is used to select the signal
and idler photons. By using the POF, the central wavelength and bandwidth of the signal and
idler passbands of F3 can be flexibly adjusted. The pump-rejection ratio provided by F3 is in

Vol. 27, No. 15 | 22 Jul 2019 | OPTICS EXPRESS 20486

(b)
1.0

gs

(2)

2.0
1.8

0.5

1.6
1.4
0

1

2

NLI case (m=1)

3

f

0.0
0

1

2

3

(nm)

Fig. 4. (a) Measured marginal intensity distributions of signal (λs ) and idler (λi ) photons.
The main plots of (b) and (c) are the corrected measurement results of intensity correlation
(2)
function ḡs and heralding efficiency hs of signal photons as a function of filter bandwidth
∆λ f . The insets of (b) and (c) are the corresponding raw data. The diamonds and circles
represent measured results for the NLI and non-NLI cases, respectively, while the curves are
simulation results.

excess of 120 dB when the detuning between signal/idler and pump photons is greater than 4 nm,
so photon pairs can be reliably measured by using single photon detectors (SPDs).
The signal and idler photons are then detected by SPD1 and SPD2, respectively. The SPDs are
operated at gated Geiger mode with a gate repetition rate of 6.8 MHz. The detection efficiencies
of SPD1 and SPD2 are about 12.5% and 15%, respectively. The overall detection efficiencies
for the signal and idler photons (including insertion loss of F3 ) are ηs ≈ 2.7% and ηi ≈ 3.3%,
respectively (deduced from fitting).
We first measure the spectra of the signal and idler photons produced from NLI (i.e., the
marginal intensity distributions). In this experiment, the average pump power Pa is fixed at
120 µW, and the bandwidths of both channels of filter F3 are set to 0.2 nm. The results (solid
diamonds) in Fig. 4(a) are obtained by recording the single channel counting rate for signal
(idler) field as the central wavelength of the signal (idler) channel of F3 is scanned from 1552
(1545) nm to 1561 (1536) nm with a step of 0.2 nm. As a comparison, we then repeat the spectral
measurement for the non-NLI case by removing the SMF and connecting the two DSFs directly,
and the results (solid circles) are shown in Fig. 4(a) as well. The fitting curves in Fig. 4(a)
are obtained by using the same theoretical model as that employed in plotting Figs. 2(a) and
2(b). Two free-fitting parameters are used to reflect the detection efficiencies in signal and idler
channels, respectively. Note that adjusting the two parameters can proportionally change the
whole level of the curves, but does not change the periodic pattern. From Fig. 4(a), one sees
the measured spectra of signal and idler photon pairs are in good agreement with the theoretical
predictions.
Next, we characterize the modal purity and heralding efficiency of the photon pairs from the
NLI. In the experiment, the average pump power Pa is about 83 µW, and the central wavelength
of the signal (idler) channel of F3 is fixed at 1554 (1543) nm, corresponding to the m=1 island
(2)
of the JSF (see Fig. 2). The one-side-filtered intensity correlation function ḡs(i)
and heralding
efficiency hs(i) are measured when the filter bandwidth ∆λ f for both signal and idler channels is
adjusted to 0.5, 1, 1.5, 2, and 2.5 nm, respectively.
During the measurement of hs(i) , we record the single channel counting rates of SPD1 and
SPD2, R1 and R2 , as well as the total coincidence and accidental coincidence rates of both
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SPDs. The total coincidence is the coincidence of photons from the same pump pulse, while
the accidental coincidence is the coincidence of photons from the adjacent pump pulses. The
true coincidence rate Ct can be obtained by subtracting the accidental coincidence from the total
(2)
coincidence. We then deduce hs(i) using hs(i) = R2(1)Cηt s(i) . When ḡs(i)
is measured, we send the
individual signal (idler) field to a beam splitter (BS), then feed its two outputs into two SPDs
(2)
(see inset of Fig. 3) and record the coincidence rates. We deduce ḡs(i)
by calculating the ratio
between the measured total coincidence and accidental coincidence rates.
Since the variation tends of ḡs(2) and hs of the signal field are similar to those of ḡi(2) and hi of
the idler field, here we only present the results of ḡs(2) and hs , as shown in Figs. 4(b) and 4(c),
respectively. The measured raw data is shown in the insets of Figs. 4(b) and 4(c), which clearly
demonstrates that the results of ḡs(2) and hs for the NLI case are better than those for the non-NLI
case. To verify the validity of the theory in section 2, we correct the raw data by excluding the
influence of background noise photons contributed by SRS (see Appendix and [42] for details)
The corrected data of the NLI case (solid diamonds) and non-NLI case (solid circles) are fitted
by the curves, which are obtained by using the same theoretical model in plotting Figs. 2(c) and
2(d). There is no free-fitting parameter used in fitting ḡs(2) , while two free-fitting parameters
related to the detection efficiencies for the signal and idler photons (ηs = 2.7% and ηi = 3.3%)
are used in fitting hs . One sees the experimental data agree with the theoretical expectations
quite well. The results indicate that modal purity and heralding efficiency can be simultaneously
improved by using the NLI. It is worth to pointing out that if the background noise of SRS was
almost completely suppressed by cooling the fiber to about 4 K [43], the performance of our
source should be characterized by the corrected data.
4.

Discussion

Although our idea of modifying JSF with quantum interference is verified by the proof-of-principle
experiment, the results in Figs. 2 and 4 are not ideal. ḡ (2) s,i and hs deviate from their desired
values of ḡ (2) s,i → 2 and h s,i → 1. This is because adjacent islands of JSF are not separated
enough from each other and there is overlap between them. To make the islands well separated,
we need to finely control the phase by upgrading the crude phase control unit of DM. One solution
is to replace the SMF with a programmable optical filter [44], with a large insertion loss though,
to achieve arbitrary state engineering [32]. The other solution, which is more economic and
practical, is to use a multi-stage NLI having high transmission efficiency.
As shown in Fig. 5(a), an N-stage NLI consists of N pieces of NMs and N − 1 pieces of DMs.
Assuming all the NMs and DMs are identical, the JSF is modified as
FN(NLI) (ωs, ωi ) = FN M (ωs, ωi )H(θ)

(11)

H(θ) = (sin Nθ/sin θ)e j(N −1)θ

(12)

with
denoting the modulation function of multi-stage quantum interference, where θ is the same as
in Eq. (8). From Eq. (12), we find the modulation function of two-photon state out of the
multi-stage NLI is similar to the interference factor of multi-slit interferometer in classical optics.
To characterize this N-stage NLI, again we conduct simulations by employing DSFs (each of
length 50 m) and SMFs (each of length 7 m) as the NMs and DMs, respectively. The contour
plots of JSF FN(NLI) (ωs, ωi ) for N = 3, 4, and 5 are shown in Fig. 5(b). One sees that the
separation between two adjacent islands is farther apart as N increases and the shapes also vary
among islands with only one as the most factorable (rounded) for a specific N. Accordingly, the
visibility of the interference pattern in marginal intensity distribution for signal field (see Fig.
5(b)) increases with N. The modal purity (ḡs(2) ) and heralding efficiency (hs ), corresponding
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Fig. 5. (a) Schematic of N-stage nonlinear interferometer (NLI) with N pieces of nonlinear
media (NMs) and N − 1 pieces of linear dispersive media (DMs). (b) Contour plots of JSF
and marginal intensity distribution in signal field for N-stage NLIs with DSFs and SMFs as
the NMs and DMs, respectively. (b1)-(b3) are results for N=3, 4, and 5, respectively. (c)
(2)
Calculated intensity correlation function ḡs and heralding efficiency hs as a function of
filter bandwidth ∆λ f for the most factorable islands in (b1)-(b3).

to the most factorable islands of m = 3, 2 and 1 for NLI with N = 3, 4, and 5, respectively, are
plotted as a function of the filter bandwidth ∆λ f in Fig. 5(c). Progressive improvement toward
the ideal case of ḡs(2) = 2 and hs = 1 can be seen as N increases.
We note that different from the active filtering function in generating photon pairs from an
optical parametric oscillator [45], which is an overall result of the resonant cavity, in the proposed
N-stage NLI, each intermediate stage can be separated. Figure 5 shows that an N-stage NLI only
has one island which corresponds to the most factorable JSF. However, we can make full use
of the multiple stages by successively carving out the factorable islands, which can be realized
by inserting proper dual-channel filters having reflection ports [32]. For example, for the case
depicted in Fig. 5(b), we can insert a dual-channel filter after the 3rd NM (DSF) to carve out the
m = 3 island and feed the reflect port of the filter to the next stage, then, use another dual-channel
filter after the 4th NM (DSF) to obtain the m = 2 island. In this way, a multi-channel source of
photon pairs with high purity and efficiency can be realized and can be further used to obtain
multi-photon entanglement in multi-dimensions or multi-channel single photon source [46, 47].
The JSA from a multi-stage NLI might be influenced by the length difference of different
segments of nonlinear/dispersive media. Because the modulation term H(θ) in Eq. (11) is mainly
determined by the dispersive media, the influence of length difference of dispersive media is far
more crucial than that of nonlinear media. Actually, one important reason for using optical fibers
in our schemes is that the length of fiber can be easily and accurately prepared. In practice, by
using time-of-flight measurement and precise fiber-splicing, the length fluctuation of different
dispersive fibers can be kept less than 0.1%. According to our simulation, this 0.1% fluctuation
in length of dispersive fibers has subtle influence on the final JSF of a four-stage NLI, e.g., the
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central wavelength of the island fluctuates less than 0.01 nm.
In fact, the idea of multi-stage NLI was previously proposed by U’Ren et al in the form of
χ(2) -crystal sequence with intermediate birefringent spacers [31]. They also derived Eq. (11).
As a comparison, however, our fiber-based nonlinear interferometers are much easier to realize
and control. Moreover, we have the additional option of having multi-stage outputs by making
use of the full spectrum satisfying phase matching condition of parametric process [32].
5.

Conclusion

In summary, we propose a novel interferometric method to engineer the joint spectral function of
a two-photon state generated from pulse pumped spontaneous parametric emission. As a proof-of
principle demonstration, we successfully modify an originally un-factorized JSF from SFWM in
one piece of dispersion shifted fiber to a nearly factorized JSF by using a two-stage NLI formed
by two identical dispersion shifted fibers with a standard single mode fiber in between. Both the
modal purity and heralding efficiency of photon pairs can be simultaneously improved without
affecting the phase matching condition of SFWM.
The underlying physics of reshaping JSF is the interference fringe of photon pairs created
by multi-stage NLI. By using the active filter effect of interference, the JSF of two-photon
state in single piece nonlinear medium is divided into islands, which are separated from or
orthogonal to each other and can be viewed as an individual JSF of two-photon state. The
shape of each island and the distance between two adjacent islands can be flexibly adjusted by
changing the length of linear dispersion medium and the stage number of the NLI. Therefore,
the interferometric method is versatile and precise, arbitrary engineering in the production of
entangled photon pairs can be easily realized. We believe the NLI can be used to generate various
kinds of entangled states, such as spectrally uncorrelated polarization entangled photon pairs [28],
multi-photon entanglement [11], and high-dimensional entangled state in multi-wavelength
channels, etc. [46, 47]. Moreover, we think the NLI can be used for studying continuous variable
quantum states with different temporal mode properties [48–50] when the parametric process of
NLI is operated in high gain regime.
Appendix
Correction of data due to spontaneous Raman scattering (SRS)
The generation of correlated photon pairs through spontaneous four wave mixing (SFWM) in
optical fiber is inevitably accompanied by the production of background noise originated from
SRS, so the measured data should be corrected by subtracting the noise photons contributed by
SRS.
The correction of collection efficiency hs(i) is straightforward. Since noise photons from SRS
have no contribution to the true coincidence counts Ct , there is no need to correct Ct . For the
photon counting rates R1(2) in individual signal (idler) channel, we measure R1(2) as a function
of average pump power Pa and then fit the measured data with a second-order polynomial
R1(2) = s1 Pa + s2 Pa2 , where s1 and s2 are the fitting parameters. The linear and quadratic terms,
s1 Pa and s2 Pa2 , are respectively proportional to the intensities of SRS and SFWM [41]. By
subtracting the portion of SRS photons from the raw data, we can correct R1(2) and then calculate
the collection efficiency. For example, Fig. 6 shows the measured single channel counting rate of
the idler photons in the NLI case. In this measurement, the common filter bandwidth is ∆λ f =2.5
nm. The solid curve is the fitting polynomial with the dash-dotted and dashed curves being the
linear and quadratic terms, respectively.
(2)
For the intensity correlation measurement in the signal (idler) channel ḡs(i)
, the influence of
background noise cannot be directly subtracted due to the two-photon interference between two
independent thermal fields. The signal (idler) photons, originated from both SFWM and SRS,
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Fig. 6. Measured photon counting rate in individual idler channel R2 as a function of
average pump power Pa . The solid curve is the fitting polynomial R2 = s1 Pa + s2 Pa2 with
s1 =39.8 and s2 =3.11. The dash-dotted and dashed curves are the linear and quadratic terms,
respectively.

are in thermal state. In a recent paper [42], we have studied the two-photon interference effect of
an interference field formed by mixing two thermal fields. Our investigation indicates that the
(2)
measured raw data of ḡs(i)
is always less than the intensity correlation of signal (idler) photons
generated from SFWM only. The amount of drop not only depends on the relative strength
between SFWM photons and SRS photons (deduced from the measurement similar to Fig. 6),
but relates to spectral properties of the two thermal fields. Hence, we also characterize the
spectral property of SRS photons by measuring its intensity correlation function when the filter
bandwidth ∆λ f takes different values. This is done by selecting the SRS photons cross-polarized
with SFWM photons [41] and fulfilling the g (2) measurement. Since the mode of signal photons
originated from SFWM in NLI is very close to single-mode, we evaluate the factor V as the ratio
between the bandwidths of SFWM photons and SRS photons, to describe the mode overlapping
(2)
of two thermal fields. Finally, by substituting the raw data of ḡs(i)
, the deduced relative strength
of two thermal fields, and the evaluated value of V into Eq. (25) in [42], we obtain the corrected
(2)
ḡs(i)
for the photons contributed by SFWM.
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