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Abstract:

We investigate the impact of waveguide loss on the generation rate of quantum correlated photon-pairs through
four-wave mixing in a chalcogenide glass fiber. The obtained results are valid even when the photon-pairs are
generated in a medium with non-negligible loss, αL  1. The impact of the loss is quantified through the
analysis of the true, total and accidental counting rates at waveguide output. We use the coincidence-toaccidental ratio (CAR) as a figure of merit of the photon-pair source. Results indicate that, the CAR parameter
tends to decrease with the increase of the waveguide length, until L < 1/α. However, a continuous increase of
the waveguide length tends to lead to an increase on the CAR value. In that non-negligible loss regime, αL  1,
we are able to observe a significant decrease on the value of all coincidence counting rates. Nevertheless, that
decrease is even more pronounced on the accidental counting rate. Moreover, for waveguide length L = 10/α
we are able to obtain a CAR of the order of 70, which is higher than the CAR value for the specific case of
α = 0 with L = 2 cm, i.e. CAR=42. This indicates that the waveguide loss can improve the degree of quantum
correlation between the photon-pairs.
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INTRODUCTION

Quantum correlated photon-pairs are important resources in the field of quantum communications (Gisin et al., 2002). That correlated photonpairs can be used to implement heralded single photon
sources (Castelletto and Scholten, 2008) or entangled
photon sources (Yuan et al., 2010). In both cases, that
kind of sources are important elements in quantum
key distribution applications (Gisin et al., 2002). The
four-wave mixing process (FWM) can provide a solution to obtain quantum correlated photon-pairs already inside of optical waveguides (Fiorentino et al.,
2002; Lin et al., 2007). Moreover, when implemented
in a chalcogenide glass fiber (As2 S3 ) the FWM process appears as a natural solution to implement onchip quantum technologies for generation of quantum
states (Ta’eed et al., 2007; Eggleton et al., 2012; He
et al., 2012). This due to the fact that the chalcogenide glass presents a high value of nonlinear parameter (Lamont et al., 2008), that allows efficient generation of photon-pairs through FWM over very short
distances, and an almost negligible two-photon absorption process (Lamont et al., 2008). Moreover, that
glass also presents a low Raman-gain window, which

is essential to reduce the generation rate of uncorrelated photons (Xiong et al., 2010; Xiong et al., 2011;
Lin et al., 2007), and a high photosensitivity (Eggleton et al., 2012).
Recently, in (Xiong et al., 2010; Xiong et al.,
2011; Clark et al., 2012) authors investigate the generation of correlated photon-pairs in As2 S3 chalcogenide glass through FWM process. Nevertheless,
those studies were performed in the limit L  1/α,
where L is the waveguide length, and α is the loss
coefficient. In that regime the loss can be neglected.
In this work, we report theoretically the impact of
waveguide loss on the generation of quantum correlated photon-pairs through FWM process, in As2 S3
chalcogenide glass fiber. We achieve a coincidenceto-accidental ratio of the 70, for αL = 10 and for
a pump power of 0.5 W, at waveguide input. We
demonstrate that the difference between total coincidences and true coincidences decreases with the increase of αL, which can be very important for future
implementation of on-chip quantum technologies.
This paper contains four sections. Section 2 deals
with the theoretical model that describes the generation of the photon-pairs inside a chalcogenide glass
fiber with non-negligible loss through spontaneous
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where Âu (L, τ) is the field annihilation operator, and
∆νu is given by
Z
1
∆νu =
dωu |Hu (ωu − ω̄u )|2
(2)
2π
with Hu (ωu − ω̄u ) being a filter function centered at
ω̄u , with u = s or i representing the signal or idler
field. In (1), Fu (L) is given by (Silva and Pinto, 2012;
Silva and Pinto, 2013; Lin et al., 2007)
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Figure 1: Schematic representation of the spontaneous
FWM process in a chalcogenide glass fiber as a source of
correlated photon-pairs. Details of the setup are presented
in the text.

+αv (Nv +1)

FWM process. Section 3 reports the obtained theoretical results. The final section summarizes the main
conclusions of this work.

where L is the waveguide length, αu is the loss coefficient at frequency ω̄u with u 6= v = s or i represents the
signal or idler field, Θ(−Ωup ) is the Heaviside step
function,
1
,
(4)
Nu =
exp{~ω̄u /(kB T ) − 1}
and
1
Nup =
,
(5)
exp{~|Ωup |/(kB T ) − 1}
where Ωup = ω̄u − ω p , kB is the Boltzmann constant,
T is the waveguide temperature, and ~ = h/(2π) with
h representing the Planck constant. In (3), gR (Ωup ) is
the Raman gain coefficient, A p is the pump field envelope function, such that Pp (L) = |A p (L)|2 represents
the pump power at a distance L in the waveguide, and
νu (L, z) and µu (L, z) are defined in (Voss et al., 2006;
Silva and Pinto, 2012; Silva and Pinto, 2013).
The cross correlation between the signal and idler
photons is given by (Silva and Pinto, 2012; Silva and
Pinto, 2013; Lin et al., 2007)

2

THEORY

In the FWM process, two pump photons (ω p ) are annihilated and two new are created, one at Stokes frequency ωi (know as idler field), and other at antiStokes frequency ωs (known as signal field), such that
2ω p = ωs + ωi . In Fig. 1, we present a schematic
representation of the spontaneous FWM process in a
chalcogenide glass fiber as a source of quantum correlated photon-pairs. Inside the waveguide and simultaneously with the FWM are also generated noise photons through the Raman scattering process. In Fig. 1,
an unique pump field is sent a chalcogenide glass fiber
in order to induce the spontaneous FWM process. At
waveguide output the signal and idler photons generated through FWM and Raman scattering, plus the
pump field passes through an arrayed waveguide grating (AWG) to separate the optical fields. The signal
photons are spectrally filtered by a tunable band-pass
filter (TBPF) centered at ω̄s and collected by the photon counting module, Det1 . The idler photons passes
through a TBPF centered at ω̄i and collected by the
photon counting module, Det2 . The central frequencies of the filters are chosen such that 2ω p = ω̄s + ω̄i .
The output signals from the two photon detectors in
Fig. 1 are collected by a time interval analyzer (TIA)
in order to measure the coincidences.
For a filter bandwidth, ∆ωu , much narrower than
its mid-frequency, ∆ωu  ωu , the flux of signal and
idler photons at chalcogenide waveguide output is
given by (Silva and Pinto, 2012; Silva and Pinto,
2013; Lin et al., 2007)

Iu = hÂ†u (L, τ)Âu (L, τ)i ≈ ∆νu Fu (L),

6

(1)

×

Z L
0

0

2

dz Ā p (z)µu (L, z) − Ā∗p (z)νu (L, z) , (3)

(2)

G(si) (τ) = hÂ†i (L,t)Â†s (L,t + τ)Âs (L,t + τ)Âi (L,t)i
≈ |φc (τ)|2 |F c (L, ω̄s , ω̄i )|2 + Ii Is , (6)
where φc (τ) is the filters cross correlation function
Z
1
φc (τ) =
dωHs (ω − ω̄s )Hi (ω̄s − ω)e−iωτ , (7)
2π
and (Silva and Pinto, 2012; Silva and Pinto, 2013; Lin
et al., 2007)

F c (L, ω̄s , ω̄i ) = µs (L, 0)νi (L, 0)+
αs (Ns + 1)
+ αi Ni

Z L
0

×

Z L
0

dzµs (L, z)νi (L, z)

dzνs (L, z)µi (L, z) − (Nip + Θip )|gR (Ωip )|

Z L


Ā p (z)µs (L, z) − Ā∗p (z)νs (L, z)
0

× Ā p (z)µi (L, z) − Ā∗p (z)νi (L, z) dz. (8)
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From (6) we can define the total coincidence counting rate, Rcc , the accidental coincidences, Rac , and the
true coincidence counting rate, Rtc , as follows



|φc (τ)| dτ |F c (L, ω̄s , ω̄i )|2 + Ii Is
(9a)
2

t0

Rtc =

t0

G(si) (τ) − Ii Is dτ

t0

Z t0 +tc



|φc (τ)|2 dτ |F c (L, ω̄s , ω̄i )|2 , (9c)

CAR =

Rcc
,
Rac

(10)

which is a figure of merit of the source of correlated
photon-pairs (Chen et al., 2006). We admit that the
signal and idler filters are rectangular shaped, and
they have the same optical bandwidth, ∆ωu = ∆ω. In
that case


∆ω τ −iω̄u τ
e
,
(11)
φc (τ) = ∆ω sinc
2
and
|φc (τ)|2 dτ = 2

cos (∆ω τ) − 1 + (∆ωtc ) Si (∆ωtc )
,
tc
(12)

where
Z ∆ωtc

Si (∆ωtc ) =

sinc (t)dt,

(13)

0

is the sine integral function. Moreover, ∆νu in (1) is
given by ∆ωu /(2π).
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where tc is the coincidence time window (Lin et al.,
2007). Moreover, we can define the coincidence-toaccidental ratio as (Silva and Pinto, 2012; Silva and
Pinto, 2013; Lin et al., 2007)

0

Low FWM efficiency
window

1e+04
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1e+07

Ii Is dτ ≈ (∆νs ∆νi )tc Fs (L)Fi (L) (9b)

Z t0 +tc 
(2)

≈

1e+08

1e+05

RESULTS

In this section we present the results for the generation of photon-pairs inside the chalcogenide waveguide through FWM process. We present results for
the signal and idler photon fluxes as a function of the
frequency detuning between pump and signal fields.
We analyze the impact of the waveguide loss on the
evolution of the CAR with the frequency detuning between pump and signal field, and with the waveguide

Figure 2: Signal and Idler photon fluxes for L = 2 cm and
α = 0. When fR = 0, the Raman scattering process is ignored.
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Figure 3: Raman gain coefficient for the chalcodenide glass.

length. Moreover, we also present results for the evolution of the coincidence counts with the waveguide
length.
The pump wavelength used in this work is λ p =
1550 nm. We assume that all fields have the same loss
coefficient α p = αs = αi = 60 dB/m, and the waveguide nonlinear parameter is γ = 10 W−1 /m (Lamont
et al., 2008). The chalcogenide glass fiber groupvelocity dispersion at 1550 nm is Dc = 29 ps/nm/km
(β2 = −3.7 × 10−26 s2 /m) (Lamont et al., 2008). The
Raman response functions were taken from (Xiong
et al., 2009; Lamont et al., 2008), with τ1 = 15.5 fs,
τ2 = 230.5 fs, and fR = 0.11. The chalcogenide glass
fiber is at room temperature, T = 300 K. We consider ideal rectangular signal and idler filters with
equal bandwidths of ∆ω/(2π)=50 GHz, and a coincidence time window of tc = 16 ps. Finally, we adopt
a pump power at chalcogenide waveguide input of
Pp (0) = 0.5 W.
In Fig. 2 we present the individual signal and idler
photon fluxes given by (1), as a function of pumpsignal frequency detuning. In the figure when fR = 0,
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Figure 4: Coincidence counting rate as a function of waveguide length, for Ωsp /2π = 1.5 THz, with fR = 0.11.

the Raman scattering process is ignored. It can be
seen in Fig. 2 that for small values of frequency detuning most of the photons generated inside the waveguide are due to the FWM process. In that scenario, the
photon fluxes for fR = 0.11 and for fR = 0 are almost
equal. Results also show that, when fR = 0 the signal
and idler photon fluxes rapidly decreases with the increase of the frequency detuning. This is due to the
fact that the phase matching condition ∆β ≈ Ω2sp β2
in (1) starts to deviates from its minimum value, and
consequently the FWM is no longer efficient for high
values of frequency detuning (Agrawal, 2001). However, when we consider the Raman scattering process,
the signal and idler photon fluxes increase with the
increase of the frequency detuning, until Ωsp /2π <
10 THz. That is due to the fact that we are approaching the Raman gain peak for the chalcogenide waveguide. Due to that we define a low efficiency window
for the FWM process for Ωsp /2π > 8 THz.
Figure 3 presents the Raman gain coefficient as
a function of frequency detuning for the chalcogenide glass fiber. Since the Raman scattering significantly degrades the quality of the correlated photonpair source (Lin et al., 2007), we identify two ideal
regimes where the Raman gain coefficient assumes a
small value, Ωsp /2π < 5 THz, and Ωsp /2π > 16 THz.
From Fig. 2 and Fig. 3, we can define a frequency region, Ωsp /2π < 5 THz, where the FWM is highly efficient, and the Raman scattering process exhibits low
efficiency window.
Figure 4 presents the evolution of the Rcc , Rac ,
and Rtc parameters given by (9), with the waveguide
length, L. Results show that, all the counting rates
presented in Fig. 4 increases with the increase of L,
until L ≈ 1/α. The increase of Rac with the waveguide length (and consequently the increase of Rcc )
is due to the stimulated FWM and Raman scattering processes, which generate uncorrelated photons.
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Figure 5: Coincidence-to-Accidental ratio as a function of
frequency detuning, with fR = 0.11.

The increase of Rtc with L is due to the increase of
the FWM efficiency with the waveguide length. Nevertheless, the increase of the accidental coincidences
with the waveguide length is much lower than the increase of the total and true coincidences. It can also
be seen in Fig. 4 that, a continuous increase of L leads
to a rapidly decrease of all counting rates. This is due
to the waveguide loss coefficient that starts to absorb
most of the generated photons inside the waveguide.
Moreover, the loss coefficient also decrease the pump
power that evolves in the waveguide, which avoids
the generation of photons from stimulated FWM process and Raman scattering. For αL  1 the effective
waveguide length is much smaller than its length. It
can also be seen in the inset present in Fig. 4 that,
when L  1/α the Rcc and the Rtc parameters are
almost equal. Moreover, in that regime the accidental counting rate is almost negligible when compared
with Rcc or Rtc . This mean that, for L  1/α most of
the photons at waveguide output are signal-idler pairs,
which reveals the high purity nature of the photonpair source in this non-negligible loss regime.
Figure 5 presents the CAR given by (10) as a
function of frequency detuning, for several values of
waveguide length. In Fig. 5 we also present results
for the specific case α = 0 and L = 2 cm. Results
show that for all cases the CAR parameter tends to decreases with the increase of Ωsp /2π. This is due to the
loss of efficiency of the FWM process with the evolution of the frequency detuning. Results also show
that for small values of Ωsp /2π, the CAR value decreases with the increase of αL, until αL = 1. After,
the CAR starts to increase, and for αL = 10, we are
able to obtain CAR=70, which is much more higher
than the CAR for α = 0 and L = 2 cm, CAR=42. This
is due to the fact, increasing the waveguide length the
Rac parameter tends to zero more rapidly than the Rcc
or Rtc parameters. Moreover, the results present in
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Figure 6: Coincidence-to-Accidental ratio as a function of
waveguide length, for Ωsp /2π = 1.5 THz, with fR = 0.11.

Fig. 5 are in line with recent reported experimental results for the CAR parameter in waveguides with nonnegligible loss coefficient (Xiong et al., 2012).
Finally, in Fig. 6 we present the evolution of the
CAR with the waveguide length. Results show that
the CAR decreases with the increase of L, until L ≈
1/α. That decrease of the CAR with L is due to the
increase on the probability of generating signal and
idler photons through stimulated FWM. That evolution of the CAR parameter is in line with previous
reported experimental results (Harada et al., 2010).
Nevertheless, a continuous increase of L tends to lead
to an increase of the CAR, until L ≤ 10/α. This is due
to the fact that Rac decreases more rapidly with L than
Rcc , see Fig. 4. When L  1/α, the CAR assumes an
equal or even a higher value than when L ≤ 1/α. In
that non-negligible loss regime the waveguide absorbs
most of the pump photons, decreasing in that case the
probability of generating uncorrelated photons from
stimulated FWM and Raman scattering processes.

4

CONCLUSIONS

In summary, we investigate the impact of linear loss
on the generation of quantum correlated photon-pairs
in a chalcogenide glass fiber. We define a frequency
regime where the FWM is highly efficient and the
Raman gain coefficient assumes a small value. We
show that the CAR value decrease with the increase
of the frequency detuning between pump and signal
field, due to the loss of efficiency of the FWM process. Moreover, the CAR parameter tends to decrease
with the increase of αL, until L . 1/α. That decrease
on the CAR parameter is mainly due to the increase
of the accidental counting rate. The increase of the
accidental counting rate with the waveguide length is
due to the generation of uncorrelated photons through

stimulated FWM and Raman scattering. After that,
αL > 1, the CAR parameter tends to increase with
the continuous increase of the waveguide length, until
αL = 10. In a non-negligible loss regime, αL > 1, the
total and true coincidence counting rates tends to be
equal, which leads to an increase on the CAR value.
In that case, our findings show that the presence of a
waveguide with non-negligible loss parameter tends
to improve the quality of the source, when compared
with the limit α = 0. More specifically, for αL = 10
we are able to obtain a CAR value higher than for
αL = 0, with L = 2 cm.
In waveguides with non-negligible loss we observe a significantly decrease on the generation rate
of signal-idler photon pairs, when compared with the
regime αL  1. Nevertheless, in that regime our analysis shows that the coincidence counting rate can be
higher than 10 kHz, for a CAR value of the order of
70.
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