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12.1 INTRODUCTION

In many ongoing experiments in quantum information, probabilistic photon
sources based on the generation of photon pairs using nonlinear optics have
proven to be an excellent approach, due to their typically high brightness and
the wide range of photon properties that can be attained in different nonlinear
systems. Photon sources based on spontaneous parametric down-conversion in
bulk χ(2) nonlinear crystals, and more recently waveguides in χ(2) materials
(see Chapter 11), are still the most commonly used, but in recent years there
has been much interest in sources based on parametric photon pair generation
in optical fibers.

In optical fibers the χ(3) nonlinear response of the silica glass core can
lead to the generation of correlated pairs of photons, known as the signal and
idler, through spontaneous four-wave mixing when either a single intense pump
field, or pump fields at two distinct wavelengths are propagating in the fiber.
This process can only occur efficiently when the constraints of both energy
and momentum conservation (i.e., phase-matching) of the optical fields are
satisfied. The spectral properties of the photon pairs that can be generated are
largely dependent on the dispersion properties of the fiber. When pumping close
to the zero-dispersion wavelength of a fiber, depending on the exact choice of
pump wavelength, phase-matching can be satisfied for either widely separated
signal and idler photon pairs [1], or for signal and idler pairs generated close to
the pump wavelength [2].

Even greater flexibility can be achieved for four-wave mixing in photonic
crystal fiber, in which the dispersion can be tailored through design of the fiber
structure. Pair photon generation has been demonstrated in photonic crystal fiber
using a wide range of different pump sources with generated photons covering
a considerable wavelength range, from the visible to telecom wavelengths in
the near infrared, making them suitable for a wide range of applications [3–7].
Through careful design of the fiber structure it is also possible to influence
other properties of the photon pair, in order to generate them on a well-defined
polarization axis of the fiber and to avoid undesirable spectral correlations
between the signal and idler photons which must otherwise be eliminated
through lossy, narrowband spectral filtering [8–10].

Although the generation of photon pairs by four-wave mixing is probabilistic
in nature, the photons are always produced simultaneously in pairs, so the
detection of one photon can be used to herald the presence of the other. Such
fiber-based heralded single-photon sources have been demonstrated with high
brightness (generated pair probability) due to the long nonlinear interaction
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lengths that can be achieved in a waveguide configuration, with the pump beam
confined to a small mode area. Furthermore, as the photons can be generated
in the fundamental guided mode of the fiber, they can be coupled into standard
single-mode fiber with high efficiency. This has led to the development of spliced
all-fiber sources with very low optical losses and high stability [5,11,12]. The
ease of integration of these photon sources with standard fiber-based optical
components has also been crucial for demonstrations of all-fiber quantum logic
gates [13].

In addition to heralded single photons, fiber-based photon sources can
be designed to generate useful two-photon states. Of particular interest are
polarization-entangled signal and idler pairs, which can be generated via
various schemes [14–16]. Looking beyond two-photon entangled states, larger
entangled cluster states have now been demonstrated by linking the states
output from multiple fiber-based photon sources through selective measurement
of the output photons [17]. As these states can be used as a resource for
universal quantum computation [18], the generation of larger cluster states and
investigation into their properties is an area of great future interest.

12.2 PHOTON PAIR GENERATION IN OPTICAL FIBERS

12.2.1 Classical Four-Wave Mixing Theory and Phase-Matching
Requirements

Four-wave mixing (FWM) is a third-order nonlinear (χ(3)) optical process
that occurs naturally in all optical materials, including fibers, in which an
intense, propagating pump field provides amplification for light fields at
other wavelengths. In many ways, the process is similar to parametric down-
conversion in second-order nonlinear (χ(2)) crystals, which has been widely
studied for use as the basis of single-photon sources. FWM results from the
coupling of light fields at four distinct wavelengths (in the most general case)
due to the polarization response of the transmission medium in which the light
is propagating. The polarization response P of a material in the presence of light
with an electric field component E can be described by

P = ε0(χ
(1) · E + χ(2) : EE + χ(3)

...EEE + · · · ), (12.1)

where the χ( j) terms are the j th order coefficients of a Taylor series expansion
of the electric susceptibility of the material [19]. In isotropic materials, such as
a silica glass, there will be no χ(2) term because of symmetry constraints, and
the nonlinear response of the material is dominated by the χ(3) contribution. In
addition to effects such as third harmonic generation and self-phase modulation,
theχ(3) nonlinear response allows FWM, where two intense optical fields (pump
fields of angular frequency ωp1 and ωp2) lose energy and provide gain for two
other fields (the so called signal at higher frequency ωs and the idler at the
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lower frequency ωi ). Most commonly, the two pump fields are chosen to be
degenerate in frequency (ωp), such that the process can be pumped using a
single high-power laser. If a probe beam at the signal or idler wavelength is also
launched with the pump it will be amplified (a phase-insensitive process), and
result in the generation of light at the other wavelength. When both the signal
and idler modes are initially empty, spontaneous four-wave mixing (sFWM)
can occur, with the process seeded by quantum vacuum noise. In this case the
signal and idler appear in the spectrum as newly generated sidebands, equally
spaced in frequency about the central pump peak.

At the quantum level the sFWM process can be regarded as the virtual
absorption of two pump (p) photons and subsequent creation of a signal (s)
and idler (i) photon pair. As the response time of the χ(3) Kerr nonlinearity in
optical fibers is nearly instantaneous, this allows the detection of one photon
of the pair to herald the generation of the other. For a given fiber structure and
pump laser, the signal and idler wavelengths that will be generated through
sFWM are determined by the energy and phase-matching conditions:

2ωp = ωs + ωi , (12.2)

and
κ = ks + ki − 2kp + 2γ Pp. (12.3)

Here κ is the phase-mismatch between the propagation constants of the signal,
idler, and pump waves resulting from chromatic dispersion, with k j = n jω j

c
( j = s,i,p) for light with angular frequency ω j propagating in a medium with
refractive index n j at that frequency. Only when the phase-mismatch is near
zero will the average probability of generated signal and idler photon pairs
increase along the entire length of the fiber and build up to appreciable levels.
The 2γ Pp term in Eq. (12.3) is the correction to the phase-mismatch due to
self-phase modulation of the intense pump pulse, where Pp is the peak pump
power and γ is the nonlinear coefficient of the fiber, given by

γ = 2πn2

λp Aeff
. (12.4)

The nonlinear coefficient of a fiber is determined by the pump wavelength
λp, the effective cross-sectional area of the fiber mode Aeff and the nonlinear
refractive index of the material n2. For silica, n2 = 2 × 10−20 m2/W [19].

Figure 12.1 shows an example of a phase-matching curve, calculated for
a typical fiber using Eqs. (12.2) and (12.3) at different pump powers. Two
different regimes of light propagation can be identified on this figure. At short
wavelengths the fiber exhibits normal dispersion, where longer wavelength
components of a light pulse travel faster than shorter wavelength components.
At longer wavelengths the dispersion is anomalous and the situation is reversed.
At the boundary between these regions is the zero-dispersion wavelength, where
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FIGURE 12.1 Calculated phase-matching curves for sFWM in an optical fiber at two different
levels of peak pump power. The generated signal and idler wavelengths are shown for pump laser
wavelengths λpump close to the zero-dispersion wavelength λD . This phase-matching curve is for
a photonic crystal fiber, in which the zero-dispersion wavelength has been shifted toward the visible
regime compared to conventional single-mode fibers. Image adapted from [20].

the dispersion parameter D of the fiber is zero, such that

D = −2πc

λ2

d2k

dω2 = 0. (12.5)

The behavior of the phase-matching conditions for sFWM depends on
whether the pump wavelength is above or below the zero-dispersion wavelength.
In the anomalous regime, 2kp > ks + ki , so for signal and idler wavelengths
close to the pump the nonlinear self-phase modulation term +2γ Pp can be used
to compensate for the phase-mismatch. This results in broad sidebands close
to the pump wavelength, with their separation highly dependent on the pump
power Pp. However, in the normal dispersion regime where 2kp < ks + ki ,
the nonlinear term increases the phase-mismatch. Here higher order dispersion
terms become important and phase-matching can be achieved close to the zero-
dispersion wavelength for large detuning of the signal and idler wavelengths
from the pump. In the normal dispersion region the phase-matched signal and
idler wavelengths are not strongly affected by the pump power, but can vary
considerably in response to small changes in the pump wavelength.

In conventional fibers, the refractive index contrast between the core and
cladding that is required for guidance is attained by doping the glass in either
the core or cladding regions. As this index contrast is relatively weak, the
dispersion properties of conventional fibers are predominantly determined by
the inherent material dispersion of bulk silica, with a zero-dispersion wavelength
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FIGURE 12.2 Schematic representation of a simple photonic crystal fiber design, based on a
triangular lattice. The core region is solid silica, while the cladding is formed by a periodic array
of air holes. The properties of the fiber are determined by the hole diameter (d) and pitch (	).

near 1.3 µm. While it is possible to modify dispersion in conventional fibers
with a structured cladding index profile, the extent to which the zero-dispersion
wavelength can be moved is limited and it cannot be easily shifted to shorter
wavelengths [21].

An alternative approach to sFWM in conventional all-solid fiber is to take
advantage of the additional design flexibility available in photonic crystal fiber
(PCF). For PCF the fiber is produced from a single material, typically pure
silica. In PCF structures designed for photon pair generation through sFWM,
the nonlinear interaction occurs in a solid silica core, while the cladding region is
formed from a periodic array of air holes in the silica, which run along the length
of the fiber (see Fig. 12.2). The presence of the air holes can reduce the effective
index of the cladding significantly compared to the solid silica core, leading to
stronger guidance than in conventional fibers. Unlike in conventional fibers, the
waveguide contribution to dispersion can therefore be of a similar magnitude
to the inherent material dispersion, either compensating it or enhancing it
depending on the PCF structure.

Physical realizations of various photon sources based on conventional fibers
and PCF, and operating with pumping in both the normal and anomalous
dispersion regimes are discussed in Section 12.3.

12.2.2 Quantum Theory of Four-Wave Mixing

In order to better understand the properties of the photon-pair state that is
generated through sFWM, it is useful to extend the theoretical model described
in Section 12.2 to incorporate quantization of the signal and idler modes
[22–24]. Commonly a semi-classical approach is taken, in which the bright
pump beam is treated using classical nonlinear optics, but its interaction with
the signal and idler fields is implemented using photon creation operators â†

s

and â†
i acting on an initially empty vacuum state. The nonlinear interaction

Hamiltonian associated with the sFWM process (assuming phase-matching is
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satisfied, and that sFWM occurs in a single temporal, spatial, and polarization
mode) is of the form

Hint = g(â†
s â†

i + âs âi ). (12.6)

The first term in Eq. (12.6) corresponds to the creation of a correlated signal
and idler pair, achieved through the annihilation of two pump photons (although
this is not shown due to the undepleted pump approximation wherein the back
effect of sFWM on the pump is neglected; see, e.g., [25]). The second term
is the reverse process, by which a signal and idler photon can be converted to
two photons at the pump wavelength. The coupling coefficient g determines the
strength of the interaction and incorporates several parameters, most notably
the intrinsic nonlinear susceptibility of the material χ(3), the peak power of the
pump laser and the effective mode field area of the fiber. The nonlinear response
is enhanced for small core fibers where the pump light is tightly confined.

Using the interaction Hamiltonian shown in Eq. (12.6), and assuming for
now that the sFWM process described allows generation of signal and idler
photons only in the single-mode regime, the generated state is given by

|ψout〉 ∝ |vac〉 + α|1,1〉s,i + α2|2,2〉s,i + · · ·, (12.7)

where |α|2 is the average number of photon pairs generated per temporal
mode, |vac〉 is the vacuum component of the state containing no pairs, and
the first and second numbers in each of the other state components denote
the number of generated signal and idler photons respectively. Because of the
stochastic nature of spontaneous parametric processes, the output signal and
idler states prior to measurement consist of a series of terms with increasing
photon number and increasing powers of α. However, because the number
of photons in the signal and idler modes must be perfectly correlated (in the
absence of loss), measurement of either the signal or idler state can be used to
determine when the desired number state of photons in the other frequency mode
was successfully generated. This can be used to realize heralded single-photon
sources, as described in Section 12.3.

The energy and phase-matching requirements identified in Eqs. (12.2)
and (12.3) may seem to imply that unique, monochromatic solutions for the
signal and idler fields exist for any chosen pump wavelength. While these
conditions do define the peak signal and idler wavelengths that are generated, in
reality there will always be some finite bandwidth associated with these fields.
The requirements for producing spectrally pure-state photons place stringent
conditions on the bandwidth of the generated photons, which generally means
that they must be spectrally filtered. This is described in detail in Section 12.4.
Understanding the factors influencing the gain bandwidth for sFWM is therefore
important, as this determines the proportion of the generated photon pairs that
will be produced within the desired spectral range.

By using a truncated Taylor expansion of the wavevector terms in the
phase-matching equation (Eq. (12.3)) it can be shown [22] that the full-width
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half-maximum (FWHM) bandwidths of the signal and idler fields, �ωs and
�ωi , are given by

�ωs = 2πc

|Ns − Ni |L + 2

∣∣∣∣Ni − Np

Ns − Ni

∣∣∣∣�ωp, (12.8)

and

�ωi = 2πc

|Ni − Ns |L + 2

∣∣∣∣Ns − Np

Ni − Ns

∣∣∣∣�ωp, (12.9)

where �ωp is the FWHM bandwidth of the pump, L is the length of the fiber,
and N j ( j = s,i,p) are the group indices for the signal, idler, and pump, given

by N j = ( ω j
∂n j
∂ω

∣∣∣
ω j

+ n j ). The first terms in Eqs. (12.8) and (12.9) show the

bandwidth that exists even in the case of a monochromatic pump, due to the
finite length of the fiber. As L is increased the tolerance of the sFWM process
to phase-mismatch is reduced, and the bandwidth over which signal and idler
photons are generated is consequently also reduced.

Working in the interaction picture of quantum mechanics it is also possible
to use the Hamiltonian described in Eq. (12.6) to calculate the average number
of photon pairs that will be generated by sFWM, which is useful for predicting
the attainable brightness of photon sources based on this process. When using a
pulsed laser as a pump source, the average number of generated signal photons
per pulse 〈Ns〉 is [22]

〈Ns〉 =
(

SI L

2

)2
(
π�ω2

p

4ln(4)

)3/2 (
4
√

2πc

(Ns − Ni )L

)
NsNi

c2 , (12.10)

where I is an overlap integral between the spatial mode profiles of the signal,
idler, and pump fields and S is a gain coefficient term given by

S = ε0χ
(3)

E2
p0

4

√
ωsωi

4εsεi
, (12.11)

where E p0 is the peak electric field amplitude of the pump pulse. The expression
for the mean value of generated idler photons per pulse is identical, as expected
since the signal and idler photons are always generated together in pairs. As
shown in Eq. (12.10), the expectation value for the number of generated pairs
depends on the strength of the nonlinearity of the fiber (through χ(3)) and
on the square of the peak pump power. The total number of generated pairs
increases linearly with the fiber length L . However, when considering only
those generated photons that fall within a narrow spectral range, which is small
compared to the gain bandwidth (as is often the case for photon sources which
rely on narrowband spectral filtering to achieve purity), the increase in fiber
length not only increases the total number of generated pairs, but also reduces
the gain bandwidth, as shown in Eqs. (12.8) and (12.9). Because of this, the
number of useful photon pairs falling within the selected narrow bandwidth
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grows with the square of the fiber length in this case, as long as the total fiber
length does not exceed the pulse walk-off length, the length over which two
initial co-propagating pulses become spatially separated [19].

12.2.3 Cross-Polarized Four-Wave Mixing in Birefringent Fibers

In addition to the co-polarized sFWM process described so far, where the pump,
signal and idler fields have the same polarization state, phase-matching can
also be achieved for cross-polarized spontaneous four-wave mixing. For this
process the signal and idler are both generated in a polarization state which
is orthogonal to that of the pump. Due to the material symmetry of silica, the
relevant nonlinear electric susceptibility coefficient for this processχ(3)xxyy is only
1
3 that of the co-polarized process χ(3)xxxx , where x and y define two orthogonal
transverse polarization axes of the fiber. The first two terms in the subscript
correspond to the polarization state of the pump fields and the third and fourth
terms refer to the polarization state of the signal and idler photons [25].

Although the gain for cross-polarized sFWM is inherently lower, in
birefringent fibers this process is of considerable interest, as the strength of
the birefringence provides an additional parameter that can be used to tailor the
fiber dispersion in order to satisfy the phase-matching requirements. A fiber with
birefringence exhibits a difference in its refractive index depending on whether
light propagates on the fast or slow axis of the fiber. Birefringence in standard
index guiding all-solid fibers is usually implemented by the introduction of
stress applying elements close to the core, producing an asymmetric refractive
index profile across the core region. In strongly birefringent fibers this can
provide a difference in refractive index between the fast and slow axis
δn ∼ 10−4. In PCF, asymmetry can alternatively be introduced in the geometry
of the fiber structure, for instance by slightly collapsing or expanding one of the
cladding air holes on either side of the core leading to an elliptical mode field
profile [26]. Form-induced birefringence of this type can achieve δn > 10−3 in
the case of a highly elliptical core [27].

The phase-matching requirements shown for co-polarized sFWM in
Eq. (12.3) can be modified to describe the cross-polarized sFWM process,
in which pump light launched onto one axis of the fiber, generates signal and
idler pairs on the orthogonal axis. The effective mode indices for the signal and
idler ns,i are modified by an additional term δn to account for propagation on a
different axis to the pump, with the sign of the contribution dependent on which
axis of the fiber is pumped, such that

ns,i (λ) = n p(λ)± δn. (12.12)

The strength of the birefringence can be selected to provide phase-matching for
a desired set of operating wavelengths in a similar manner to the 2γ Pp term in
Eq. (12.3) although even in weakly birefringent structures, the magnitude of the
δn term is usually far more significant, and can help to achieve phase-matching
in both the anomalous and normal dispersion regimes relatively far from the
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FIGURE 12.3 Phase matching curve for FWM in birefringent PCF. The curves ff–ff and ss–ss
represent the phase-matching cases where pump and generated photons are all polarized along
the fast or slow axes respectively. In the case of ff–ss and ss–ff, the pump photons are polarized
orthogonally to the signal and idler. Image from [10].

zero-dispersion wavelength. As shown on the example phase-matching plot in
Fig. 12.3, this allows for generation of signal and idler photons on the fast axis of
the fiber when the pump is propagating on the slow axis in the normal dispersion
regime (ss → ff), or for generation of photons on the slow axis when pumping
on the fast axis in the anomalous dispersion region (ff → ss). The separation
of the signal and idler wavelengths from the pump increases with strength of
the birefringence. Of particular interest are the turning points on the phase-
matching plot where the gradient of either the signal or idler curve become
zero. At these points either the signal or idler photons will be generated within
a very narrow spectral range, which can be anticipated from Eqs. (12.8) and
(12.9). It will be shown in Section 12.5.1 that the states of the generated signal
and idler photons become spectrally uncorrelated in these regions, leading to
two-photon states with highly desirable properties for use in photon sources.

12.2.4 Raman Scattering

The performance of fiber-based photon source is often limited by the detection of
uncorrelated noise photons arising from processes other than the desired sFWM
interaction. One such source of noise is the nonlinear shift in the energy of pho-
tons, predominantly to longer wavelengths, due to spontaneous Raman scatter-
ing. When bright laser light from a pump source propagates in an optical fiber,
the Raman effect allows photons at the pump wavelength to be inelastically scat-
tered by the silica glass, resulting in the emission of a phonon, and a photon with
a red-shifted frequency. This leads to an increase in the background count rates
measured for fiber-based photon sources when the wavelength of the Raman-
shifted pump light overlaps with the idler wavelength generated through sFWM.

The shift in frequency associated with Raman scattering depends on
the phonon distribution, which is characteristic of the material. Due to the
amorphous nature of silica, the energy range of phonons in the material is
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FIGURE 12.4 Normalized gain spectrum for Raman-shifted pump light in silica [19]. The range
of idler frequencies (given as an offset from the pump) previously demonstrated for photon sources
in the anomalous and normal dispersion regimes of fiber is overlaid (see Sections 12.3.1 and 12.3.2).
Image adapted from [19].

distributed in a wide and continuous band. The Raman gain peaks for a
frequency shift of 13 THz and reduces significantly for larger frequency shifts
as well as very close to the original pump wavelength, as shown in Fig. 12.4. For
photon sources operating in the anomalous dispersion regime, where the signal
and idler wavelengths are constrained to lie close to the pump due to the phase-
matching conditions, the Raman contribution can be reduced by minimizing the
offset between the pump and idler. For sources pumped in the normal dispersion
regime, the signal and idler are generally widely separated, such that the idler
wavelength can lie beyond the extent of the Raman gain. In either case, the
use of pump pulses with relatively high peak power can help to reduce the
effect of Raman noise, as the generation rate of photon pairs through sFWM
is proportional to the peak pump power squared, whereas Raman generation
increases linearly with the pump intensity and fiber length in the low power
regime of interest [28]. However, this effect comes at the price of increased
background emission of multiple photon pairs, introducing impurity to the
photon-pair state produced. Raman scattering can also be suppressed by cooling
of the fiber with liquid nitrogen to reduce the phonon population [29].

Another viable approach to mitigate the Raman scattering effect is to apply
on the output photons mode-selective filtering that is capable of discriminating
the Raman-scattered photons from the paired photons, even if they are of the
same wavelength [30]. It is known that Raman scattering in optical fibers occurs
with a time-retarded response to the intense pump fields, while the sFWM occurs
in a nearly instantaneous response. As a result, when short-duration pump pulses
are applied, the Raman photons will be produced in a mixture of temporal modes
different from the photon pairs. The idea is then to construct a temporal-shaped
filter such that only a single mode of the photon pairs can pass through. All
other modes will be rejected, thereby filtering out most of the Raman photons.
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The effectiveness of this method depends on the mode overlap between the
photon pairs and the Raman photons. Using this approach, Huang et al. found
numerically that the quantum-state purity of entangled photons generated in
room-temperature fibers can be improved significantly from 82% to 95% in
terms of the two-photon Hong-Ou-Mandel interference visibility [30].

12.3 HERALDED SINGLE-PHOTON SOURCES BASED
ON sFWM

An ideal single-photon source would emit photons sequentially, such that each
output time bin of the source contained one (and only one) photon in a desired
pure quantum state. For the case of a pulsed pump, each pulse defines a single
time bin which should ideally contain a single output photon. For a CW photon
source, the width of the time bins is given by the coherence time of the generated
photon state. As is the case with photon sources based on parametric down-
conversion in χ(2) crystals, the advantage of a single-photon source based
on sFWM over a weak coherent state arises from the fact that the signal and
idler photons are always generated together in correlated pairs. The detection
of one photon of the pair can be used to infer the presence of the other, a
procedure known as heralding (see Fig. 12.5) [31]. Heralding removes the
vacuum contribution to the generated state in which no pairs are generated,
which is seen in Eq. (12.7).

While heralding removes the vacuum contribution of the generated state,
higher order terms in which multiple photon pairs are generated will still
be present due to the probabilistic nature of pair generation. However, if the
probability of generating a signal and idler pair in any given time bin is low
(when α is small in Eq. (12.7)), the contribution of such higher order terms to
the generated state can be made arbitrarily small. The requirement of keeping
the pair generation rate low imposes a fundamental limit on the brightness of
the source that can be achieved. In the case of a pulsed pump, the pump power is

FIGURE 12.5 Typical experimental arrangement of a fiber-based heralded photon source. Pairs
of signal and idler photons are generated in a section of nonlinear fiber before being separated
by wavelength and filtered to attain spectral purity. After coupling into separate output fibers, one
member of the pair is detected using a single-photon avalanche photodiode (SPAD) to herald the
presence of the other. Image from [32].
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typically chosen to provide a pair generation probability of 0.1 pairs per pulse,
or less if high quantum-state purity is desirable. Given this limitation, a high
repetition rate pump laser is usually desirable, to maximize the generation rate
of photon pairs.

The brightness of the source is commonly defined as the number of heralded
single photons output from the source per second, which for the purposes of
characterizing such sources is often given as a measured twofold coincidence
count rate between signal and idler photons (with units of s−1). The measured
coincidence count rate is given by

C = rηs
optη

i
optη

s
DEη

i
DE + Ca, (12.13)

where r is the rate of photon-pair generation in the fiber, ηs,i
DE are the efficiencies

of the detectors for the signal and idler photons, and η
s,i
opt are the optical

transmission efficiencies for the signal and idler, which incorporates all sources
of loss between the point at which the photons are generated and the detectors.
Ca are accidental coincidence counts arising from all uncorrelated detection
events.

Alternative commonly used definitions of the brightness include the
coincidence count rate per unit pump power (s−1 mW−1) and per unit bandwidth
of the generated photon pairs (s−1 mW−1 nm−1). However, due to the nonlinear
relation between the photon pair generation rate and the pump power, the natural
units to measure source brightness should depend on the square of the pump
power (s−1 mW−2 or s−1 mW−2 nm−1). Such measures aim to highlight both
the efficiency of the nonlinear process (through pump power requirements)
and the proportion of the generated photon pairs that fall within the useful
spectral range (as such sources typically require narrowband spectral filtering
to be applied to the signal and idler after generation). As the pump power
requirements and bandwidth of the sFWM gain spectrum can be influenced by
many factors, such as pump pulse duration and repetition rate, the wavelengths
of interest, and properties of the fiber in question, these factors must be taken
into account when assessing the brightness of competing sources.

As previously described, there is an inevitable trade-off between the
brightness of the source and the detrimental contribution to the output state of
multiple pair generation events. The latter can be quantified using the so-called
coincidence-to-accidental ratio (CAR). As the signal and idler photons are
always generated together in pairs, by selecting the delay between measurement
of the signal and idler channels appropriately (to account for any difference in
the path length to the detectors for the two photons) the coincident detection
rate between photons generated in correlated pairs, on the same pulse of the
pump laser, can be observed. In contrast, the accidental rate can be found by
selecting the delay between detectors such that coincident detections between
the signal photons generated on one pulse of the pump laser and photons at the
idler wavelength generated on a subsequent (or preceding) pulse of the pump
laser are observed (see Fig. 12.6). These accidental twofold coincidences are a
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FIGURE 12.6 Typical measured twofold coincident count rate data between signal and idler
photons. The histogram shows the probability that a heralded photon will be detected given that
a heralded signal was produced, as function of the time delay between the detections. The large
central peak arises from the detection of correlated photon pairs, while the smaller satellite peaks
are separated by the laser repetition rate and indicate the background uncorrelated accidentals
contribution to the count rate. Image from [3].

source of noise in the system which can be present on any pulse of the pump
laser (including those in which a heralding signal is generated).

The accidental count rate is due to detections events which are uncorrelated
with the heralding signal and can be made up of contributions from several
sources. These include residual pump photons which pass through the spectral
filtering in the source and reach the detectors, Raman-shifted pump light
(primarily at the idler wavelength) and detector dark counts. The other main
contribution to the accidentals count rate comes from the generation of
additional photon pairs through sFWM that are uncorrelated with the pair that
caused the heralding signal. While the other noise sources can be minimized,
the accidentals count rate due to multiple pair generation is unavoidable and,
when other sources of noise are negligible, limits the CAR to 10 when the
source is operated at the typical pair generation rate of 0.1 pairs per pulse.

In addition to the CAR, the heralding efficiency is another important figure
of merit for a single-photon source. The heralding efficiency H is the probability
that a photon will be output from the source, given that a heralding signal was
detected and is given by

ηherald = C − Ca

Rhηdet
, (12.14)

where C is the measured coincidence count rate for correlated signal and
idler photons, Ca is the accidentals count rate, Rh is the measured singles
count rate for the heralding photons, and ηdet is the efficiency of the detector
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used to measure the output heralded photons. ηherald is closely related to the
transmission efficiency of the device at the peak output wavelength. However,
it may deviate from this value in the case of narrowband filtering, where edge
effects can occur due to the profile of the spectral filtering. ηherald can also be
reduced by uncorrelated noise photons in the heralding channel, leading to an
erroneously high singles count rate Rh. To maximize the heralding efficiency it
is therefore essential to keep the optical loss in the output photon channel of the
source as low as possible. As seen in Eq. (12.13), the brightness of the source will
also be improved by minimizing the loss for both the signal and idler photons.

12.3.1 Photon-Pair Generation in the Anomalous Dispersion
Regime

Due to the requirement of phase-matching, when pumping in the anomalous
dispersion regime of an optical fiber the central wavelengths of the generated
signal and idler will depend on the peak power of the pump beam. For generation
of single photons in the signal and idler modes, the required peak pump power
is relatively low, leading to signal and idler wavelengths separated from the
pump wavelength by typically a few tens of nanometers.

The earliest demonstrations of heralded single-photon generation in optical
fiber focused on sFWM in the anomalous dispersion regime of dispersion-
shifted conventional fibers (DSF), and are reported in [2,33]. By using a 300 m
length of fiber with a zero dispersion wavelength shifted to 1535 nm, and
pumping using 5 ps pulses at 1536 nm from an optical parametric oscillator,
Li et al. were able to generate correlated pairs of signal and idler photons at
1532 and 1540 nm respectively (see Fig. 12.7) [33].

This early work highlighted some of the key advantages of fiber-based
photon sources. Firstly, despite the relatively weak χ(3) nonlinear response
of silica glass, efficient photon generation can occur at modest pump powers
due to the long interaction lengths that can be realized, due to the confinement
of the optical mode to the fiber core along the entire fiber length. Secondly, by
selecting a fiber with the appropriate dispersion characteristics, phase-matching
for the desired signal and idler wavelengths can be achieved without the need
for angle and temperature tuning that is often required for photon sources based
on parametric down-conversion in bulkχ(2) crystals. In addition, generating the
photon pair directly in the guided mode of a fiber allows the heralded single-
photon state to be easily prepared in a single spatial mode. Forχ(2) crystal-based
sources, collection of the generated photons into single-mode fiber remains one
of the main sources of optical loss, with schemes to improve the collection
efficiency often relying on delicate or complex alignment. In the case of optical
fiber-based sources, fusion splicing can easily allow sections of conventional
fiber to be joined with negligible loss (typically <0.1 dB).

Parallel to the use of standard single-mode fibers, photonic-crystal fibers
with relatively large Kerr nonlinearity have also been commonly used to create
correlated and entangled photon pairs. An advantage offered by PCFs is that they
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FIGURE 12.7 Schematic representation of a heralded single-photon source operating in the
anomalous dispersion regime of a fiber. Pairs of photons were generated at telecoms wavelength
by sFWM in a 300 m length of dispersion-shifted fiber. EDFA, erbium-doped fiber amplifier; DSF,
dispersion-shifted fiber; FPC, fiber polarization controller; HWP, half-wave plate; QWP, quarter-
wave plate; G, grating; P, polarizing beam-splitter; SPAD, single-photon avalanche photodiode.
Image from [33]. Copyright (year of paper) by the American Physical Society.

can be fabricated having a short zero-dispersion wavelength, so that sFWM can
be phase-matched in the 800 nm region of the spectrum (i.e., for wavelengths
much shorter than the zero-dispersion wavelength of pure silica) [34,35],
leading to the possibility of integration with rubidium-atom quantum memory
schemes that have been proposed for the storage of entanglement. Using PCF,
Sharping et al. demonstrated photon-pair generation using degenerate pumping
at a wavelength of 749 nm, with the signal and idler photons at wavelengths of
761 and 737 nm, respectively [36]. The setup of their experiment was similar
to that in Fig. 12.7 but with the DSF Sagnac-loop replaced by a straight-
PCF configuration, to eliminate the complexity associated with alignment of
the Sagnac interferometer in free-space. In the experiment, linearly polarized,
∼ 3 ps duration pump pulses were launched into a 5.8 m section of PCF such that
the plane of polarization was aligned along one of the polarization-mode axes of
the fiber. For low pump powers, as the pump pulses propagated through the fiber
there was a small probability that a sFWM event would occur. The resulting
signal and idler photon pairs co-propagated along with the pump and emerged
from the PCF. Because of such a linear configuration, efficient detection of the
signal-idler pairs required aggressive filtering of the pump photons by greater
than 90 dB. The resulting coincident counts and noncoincidence counts are
shown in Fig. 12.8 as functions of the number of pump photons per pulse.
It clearly demonstrates that more coincident photons were generated at the
signal/idler wavelengths than the accidental coincidences that result from the
background photons. The CAR ratio, however, is worse than that reported in
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FIGURE 12.8 Plots of total coincidence counts (triangles) and accidental coincidence counts
(squares) as a function of the number of pump photons per pulse with the photon counters aligned
to detect at 737 and 761 nm wavelengths, respectively. At low pump powers there is a quadratic
dependence of the counts on pump power, but as the power is increased the increasing signal
and idler count rates start saturating the photon counters. The inset shows true coincidences (the
difference between the total coincidence counts and the accidental coincidence counts) as a function
of the number of pump photons per pulse. Image from [36].

[2,33] because the signal wavelength falls much closer to the peak of the Raman
gain curve.

The above work used a degenerate pump to create nondegenerate photon
pairs. Fan et al. demonstrated a reverse process, where two pump waves of
different colors were used to create degenerate photon pairs [37]. In their
experiment, linearly polarized laser pulses of 3 ps at 835 nm, output from a
Ti:Sapphire oscillator operating at 80 MHz, drove the sFWM process in a 1 m
section of PCF, whose output was collimated onto a high-power diffraction
grating. By use of two narrow slits, a pair of linearly polarized signal (837 nm)
and idler (833 nm) light pulses was selected with a FWHM bandwidth of 0.5 nm.
They were then coupled into a same PCF to create degenerate photon pairs at
834.8 nm. The CAR of such photons was measured to be 8:1 with use of a 50:50
beam-splitter.

12.3.2 Photonic Crystal Fiber Sources in the Normal
Dispersion Regime

The flexibility that arises from tailoring the waveguide dispersion in PCF allows
the zero-dispersion wavelength (ZDW) of the fiber to be shifted to shorter
wavelengths. sFWM can then be pumped at more favorable wavelengths,
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typically using either picosecond pulsed, high-power fiber lasers at 1064 nm
or Ti:Sapphire lasers operating around 750 nm. In both cases the PCF design
can be selected to ensure that the pump laser wavelength lies in the normal
dispersion region close to the zero-dispersion wavelength. The steep gradient
of the phase-matching curves in this region allows the signal and idler
wavelengths to be tuned over a wide range through small changes in the
pump wavelength. Furthermore, the wide separation of the idler from the
pump wavelength allows the idler photons to be generated far from the peak
gain of the Raman-shifted pump light, significantly reducing this source of
noise.

Using a PCF with a short ZDW, together with a Ti:Sapphire pump laser,
means that both the signal and idler can lie within the operating range of
high efficiency, silicon-based avalanche photodiodes (500–900 nm), and several
such photon sources have been demonstrated to date [4,38,7,39,3]. Operating
with these wavelengths can therefore allow higher potential overall efficiencies
(combined optical loss and detector efficiency) than can typically be achieved
when operating in the anomalous dispersion regime when both the signal and
idler photons are in the near infrared range, where detector technology is
less well developed. Shifting the ZDW to the shorter wavelengths required
for operation in this region is achieved by increasing the size of the holes
in the cladding region of the PCF, such that the air filling fraction of the
cladding is higher, and by reducing the size of the core, so that the dispersion
properties of the fiber approach those of narrow silica strand in air. The smaller
core size relative to conventional fiber also results in a reduction in the size
of the fundamental guided mode. This enhances the intensity of the guided
pump light, enabling high brightness photon sources with modest pump power
requirements.

Fulconis et al. [3] demonstrated a source of photon pairs at 587 and 897 nm,
pumped using 4 ps pulses from a Ti:Sapphire laser at 708 nm. A PCF with a
core diameter of 2 µm, shown in Fig. 12.9, was used to shift the ZDW of
the fiber to 715 nm, as required to achieve phase-matching. Due to the high
pump intensity resulting from the small mode field diameter of the fiber, a high
brightness of 3.2×105 s−1 detected photon pairs was achieved with an average
pump power of 540 µW (1.8 kW peak power), giving a spectral brightness of
4 × 105 s−1 mW−2 nm−1 for the heralded signal photons (see Fig. 12.10).
Fan et al. [38] demonstrated a heralded photon source based on a similar PCF
structure, generating signal and idler photons at 690.4 and 801.2 nm using a
742 nm pump. A detected pair brightness of 9 × 104 s−1 mW−2 nm−1 was
achieved for a CAR near 10. A maximum CAR of 900 was measured for the
source at low pump power, but the resulting detected pair brightness was reduced
to just 45 s−1. For both of these sources, the overall transmission efficiencies
for the signal and idler arms were ∼ 15%, with the implemented free-space
spectral filtering and the coupling efficiency into standard single-mode fiber
accounting for the majority of the loss.
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FIGURE 12.9 Scanning electron microscope images showing the cross-section of a highly
nonlinear PCF. Images from [3].

FIGURE 12.10 Measured twofold coincidence count rate as function of average pump power for
the photon source described in [3]. Image from [3].

Another interesting approach, with alternative applications, is to generate
widely spaced signal and idler photons, with the signal near 800 nm and the
corresponding idler photons in the telecommunications band near 1550 nm
[1,5,40]. Photons at the idler wavelength can then be transmitted over long
distances in optical fibers with minimal loss. At the same time, the wavelength
of the signal photons makes them well suited for interfacing with quantum
memories, or for processing using quantum logic gates (see Section 12.7), due
to the high detection efficiency. This type of source is therefore of considerable
interest for many quantum communications applications, such as quantum
repeaters [41]. Photon pairs at these wavelengths can be generated using a pump
wavelength of 1064 nm, with phase-matching satisfied in the normal dispersion
regime of a suitably designed PCF with a ZDW near 1090 nm.
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FIGURE 12.11 (a) Scanning electron microscope image of a PCF used to generate signal and
idler pairs, widely spaced in frequency as described in [5] and (b) the associated calculated phase-
matching curve. Images from [5].

The PCF structure required for phase-matching in this type of source
has a larger core diameter and lower air filling fraction than for Ti:Sapphire
pumped sFWM, as the desired dispersion profile is closer to that of the intrinsic
material dispersion. Due to the weaker confinement of the guided mode, and the
inherently lower efficiency of sFWM when operating at longer wavelengths, the
pump power requirements are typically higher for this type of source. However,
the larger core size does allow the PCF to be more easily integrated with
conventional single-mode fibers, due to the similarity in mode field profile.
Techniques for splicing PCF structures of this type to single-mode fiber have
been demonstrated with losses < 1 dB [42]. The lower air filling fraction and
larger core also mean that this type of PCF can exhibit endlessly single-mode
guidance [43], further improving the compatibility with conventional fibers.
McMillan et al. [5] demonstrated an all-fiber heralded photon source based
on a PCF design of this type (see Fig. 12.11). A picosecond-pulsed pump at
1064 nm generated signal and idler pairs at 802 and 1570 nm respectively. By
using low loss, spliced telecom components to separate and spectrally filter
the photons, a transmission efficiency of 68% was demonstrated at the idler
wavelength, giving a heralding efficiency of 52%.

12.4 QUANTUM INTERFERENCE BETWEEN SEPARATE
SPECTRALLY FILTERED FIBER SOURCES

One striking result of the nonclassical nature of single-photon states is the
observation of two-photon quantum interference that can occur when two single
photons are incident on the two input ports of a beam-splitter. For a 50:50 beam-
splitter, when the two input photon states are both pure and indistinguishable the



431Chapter | 12 Four-Wave Mixing in Single-Mode Optical Fibers

photons will bunch and both exit from the same output port of the beam-splitter,
an effect known as Hong-Ou-Mandel (HOM) interference [44] as introduced
in Chapter 2. As the HOM effect can be used to implement an effective two-
photon interaction, it performs a critical role in many quantum information
applications, including quantum logic gates based on the model of linear optical
quantum computation (see Section 12.7), and the generation of large entangled
cluster states through photonic fusion (see Section 12.8). Achieving high
visibility HOM interference between photons from independent fiber-based
photon sources is an essential requirement for demonstrating their suitability
for use in such applications, and it also serves as a convenient approach for
measuring the purity of the photon states generated by such sources.

A general beam-splitter, with reflection and transmission coefficients r and
t , can be described by transformation relations between its input modes a1 and
a2 and output modes b1 and b2 in terms of photon creation operators by

â†
1 = r b̂†

1 + t b̂†
2, (12.15)

and
â†

2 = t b̂†
1 − r b̂†

2, (12.16)

where the phase-shift seen for the reflected term in Eq. (12.16) is required to
satisfy conservation of energy [45]. For an input state of the form â†

1 â†
2 |vac〉,

where two indistinguishable single-photon states are input, one into each arm
of the beam-splitter, the output state after the beam-splitter is given by

|ψout 〉 = (r b̂†
1 + t b̂†

2)(t b̂
†
1 − r b̂†

2)|vac〉
= (r t b̂†

1b̂†
1 + (t2 − r2)b̂†

1b̂†
2 − r t b̂†

2b̂†
2)|vac〉. (12.17)

In the case of a 50:50 beam-splitter, r = t = 1√
2

, and the output state of the
system is given by

|ψout 〉 = 1

2
(b̂†

1b̂†
1 − b̂†

2b̂†
2)|vac〉 = |2〉b1|0〉b2 − |0〉b1|2〉b2√

2
. (12.18)

Showing that both photons will emerge from the same output of the beam-
splitter (either b1 or b2). The cancellation of the b̂†

1b̂†
2 terms in Eq. (12.17)

relies on the output photon modes being indistinguishable, so that the reflected
and transmitted terms are equivalent. If the single photons which are input
are distinguishable from each other in any degree of freedom then they will
not interfere, and will behave like classical particles with each being either
transmitted or reflected with 50% probability. HOM interference between single
photons can be demonstrated, for example, by introducing a variable delay to the
arrival time of one of the photons at the beam-splitter, such that at zero delay the
photons are indistinguishable, but at delays greater than their coherence length
they are entirely distinguishable.
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FIGURE 12.12 Experimental setup used to demonstrate HOM interference between two heralded
single-photon sources. A time delay δt is incorporated in one of the sources using a retroreflector,
to adjust the relative arrival time of the interfering photons at the central beam-splitter. BS, beam-
splitter; DM, dichroic mirror; BF, spectral band-pass filter; pol, polarizer; SPAD, single-photon
avalanche photodiode. Image from [10].

Figure 12.12 shows a typical experimental setup used to demonstrate HOM
interference between two fiber-based pair-photon sources. At the output of the
section of nonlinear fiber in each source, the generated photons are separated by
wavelength, and one photon of the pair (in this case the idler photon) is detected
and used to herald the presence of the other. The heralded single photons are
overlapped at a beam-splitter and the coincident counts between the detectors are
measured as the variable time delay to the pump pulses for one of the sources is
varied. The interference is observed as a dip in the fourfold coincidence count
rate between the two heralding and two interfering photons when the signal
photons from the two sources are overlapped at the beam-splitter.

The visibility of the interference feature is dependent on the purity of the
single-photon states that are generated, and will be reduced by the presence of
additional, noninterfering noise photons. If two independent sources are used
to generate heralded single photons, then the degree to which the properties
of the interfering photons are matched will also influence the interference
visibility. For single-photon states to be considered indistinguishable, they must
be identical in all degrees of freedom. This includes their spectral properties,
temporal mode (relative output time from the source), spatial mode, and
polarization state.

Ensuring that the interfering photons are in matching spatial modes can be
easily achieved in fiber-based sources, as fibers can be designed such that only a
single spatial mode is supported at the desired single-photon wavelength. These
sources can also be coupled with low loss to single-mode fused-fiber couplers,
which perform an identical operation to free-space beam-splitters, allowing
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the HOM interaction to take place in an all-fiber configuration. Photons can
also readily be generated in a well-defined polarization state in optical fibers
by making use of fibers with birefringence. In a birefringent fiber, if linearly
polarized laser pump light is launched onto one of the principal fiber axes, its
polarization state will be preserved along the fiber length. If the birefringence is
sufficiently strong, it will also modify the phase-matching conditions for sFWM,
such that the generation of photons at the selected wavelength can only occur
on one axis of the fiber. Matching of the polarization state of photons produced
from independent sources can be achieved using standard wave plates in a free-
space implementation, or with fiber polarization controllers if the photons are
delivered in single-mode fiber.

The requirements to realize a heralded photon in a single temporal mode
are intimately related to the spectral properties of the state. The coherence time
of a generated photon will be determined either by the gain bandwidth of the
sFWM process itself, or by the bandwidth of any spectral filtering that has
subsequently been applied if this is narrower than the initial unfiltered state.
For a photon wave-packet with a Gaussian spectral profile, central wavelength
λ0, and full-width half-maximum bandwidth �λ, the coherence time τcoh is
given by

τcoh = 2ln2

πnc

λ2
0

�λ
, (12.19)

where n is the refractive index of the transmission medium and c is the speed of
light in free-space. For a photon source driven by a pulsed pump, the coherence
time of the photons should be longer than the pump pulse duration, so that only
a single temporal mode is available for the photon pair to be generated in within
the timing gate defined by the pump pulse. In that case the desired single-photon
state will be pure upon heralding. If the coherence time of the photon is shorter,
then due to the limited timing resolution of current realistic photon detectors,
the detection of a heralding photon will project its partner into a mixed state.

To meet the required photon coherence time for purity, the heralded
photon is often spectrally filtered. For sources pumped with femtosecond laser
pulses, the required filtering bandwidth is a few nanometers, which can be
readily implemented using standard interference filters. On the other hand, for
picosecond pulsed sources the heralded photons may need to be filtered to a
bandwidth ∼0.1 nm, which is more challenging to achieve with low loss. For
an experimental setup of the type shown in Fig. 12.12, the maximum visibility
of the HOM interference when the photons are overlapped at the beam-splitter
is given by [46]

Vmax =
√

1 + σ 2/σ 2
p

1 + σ 2/2σ 2
p
, (12.20)

where the signal and idler photons are assumed to be filtered using energy-
matched, Gaussian profile spectral filters of bandwidthσ , defined by the filtering
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function

f j (ω j ) = 1

N
e(ω j0−ω j )

2/σ 2
, (12.21)

where j = s,i denotes the signal or idler, ω j0 is the central frequency of the
filter and N is a normalizing constant. Similarly, the pump pulse is assumed
to be a Gaussian pulse of bandwidth σp. As shown in Fig. 12.13, although
the maximum interference visibility reaches unity only in the limit when the
bandwidth of the spectral filtering ratio tends to zero, visibility of 90% or more
is achieved for filtering bandwidths only slightly less than that of the pump
bandwidth.

It should be noted that this analysis neglects the effect of group velocity
walk-off between the pump and the generated signal and idler, which becomes
relevant when dealing with short-duration pump pulses. For the sFWM process
described in Section 12.2, phase-matching can be satisfied with the pump close
to the ZDW, which coincides with a local minimum in the group velocity of
the fiber. For widely separated signal and idler wavelengths the dispersion of
the fiber can lead to a significant mismatch between the group velocities of the
generated photons with the pump. Pulse walk-off limits the minimum bandwidth
of the signal and idler that will be generated and the sFWM gain grows only
linearly with the fiber length in this regime. More importantly, walk-off can
broaden the emission time of the photon pair beyond the single temporal mode
defined by the coherence time of the filtered photon. The walk-off effect is
manifested as a timing jitter in the output time of the photons relative to the
laser pulses, and the fiber length must be chosen such that this jitter is small
in comparison to the coherence length. For photon sources operating in the
anomalous dispersion regime of a fiber (see Section 12.3.1), where the generated

FIGURE 12.13 Theoretical maximum visibility for HOM interference as a function of the spectral
filtering bandwidth σ relative to the pump pulse bandwidth σp , given by Eq. (12.20). Image
from [32].
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photons may be separated by only tens of nanometers, the limit to the maximum
fiber length may be hundreds of meters, while for sources with widely separated
signal and idler wavelengths (see Section 12.3.2) the limit can be as little as a
few centimeters.

Interference between spectrally filtered photons, generated independently
in two separate sections of identical PCF (pumped using the same laser), has
been demonstrated with visibility greater than 90% (see Fig. 12.14)) [46]. When
operating such sources with low brightness, this interference can be observed in
the raw fourfold count rates of the detectors. When the brightness of the source
is increased toward 0.1 generated pairs per pulse, the raw visibility is reduced
due to the presence of multiple pair generation events in each source, which
do not interfere fully. When the average number of pairs per pulse n is low,
and distinguishability in other degrees of freedom is negligible, the visibility is
given by

Vmax ≈ 1 + 8n

1 + 12n
. (12.22)

The visibility of interference between the sources in the absence of multiple
pairs can be determined by measuring the background fourfold count rates due
to each source individually, and subtracting these background terms in order to
find the net visibility. While the presence of this background term is undesirable
for practical applications, measuring the net visibility of interference with higher
pump power can be useful for demonstrating the purity of the generated single-
photon states. In the future, post-selection using photon-number resolving
detectors will allow the contribution from these higher photon-number states to
removed.

FIGURE 12.14 Experimental demonstration of quantum interference between photons output
from separate PCF sources, seen as a dip in the measured fourfold coincidence count rate of signal
and idler photons from the two sources (a) with 1 mW average pump power and (b) with 8 mW
average pump power and corrected for background from multiphoton emission. Images from [46].
©IOP Publishing Ltd and Deutsche Physikalische Gesellschaft. Published under a CC BY-NC-SA
licence.
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12.5 INTRINSICALLY PURE-STATE PHOTONS

12.5.1 Generation of Spectrally Uncorrelated Two-Photon
States Through Group Velocity Matching

As described in Section 12.4, achieving high visibility quantum interference
between independent heralded photon sources requires that the heralded
photons be prepared in pure and indistinguishable states. When generating
photon pairs through sFWM, the bandwidth of the gain of the process typically
allows some variation in the signal and idler wavelengths. This is due to both the
finite pump bandwidth, which is necessarily broadened in short pulse duration
laser sources, and because of the possibility of generating pairs which are not
perfectly phase-matched in a realistic fiber of finite length. Considering only
the spectral degree of freedom, the two-photon state generated by sFWM with
degenerate pumping can be expressed in the form

|�〉 ∝
∫∫

dωsdωi F(ωs,ωi )â
†
s (ωs)â

†
i (ωi )|vac〉, (12.23)

where â†
s,i (ωs,i ) are the photon creation operators for signal and idler photons

at frequencies ωs and ωi respectively, and |vac〉 is the vacuum state. F(ωs,ωi )

is the joint spectral amplitude function (JSA), which is dependent on both the
pump amplitude profile α(ωs +ωi ) and the phase-matching function φ(ωs,ωi ),
with

F(ωs,ωi ) = α(ωs + ωi )φ(ωs,ωi ). (12.24)

The function α(ωs + ωi ) describes the variation in the signal and idler
frequencies that are possible due to the finite bandwidth of the pump pulse.
The pump is commonly assumed to be Gaussian in profile so that

α(ωs + ωi ) = exp

(
− (�ωs +�ωi )

2σ 2

2

)
, (12.25)

where �ω j = ω j − ω j0 are the detunings of the signal and idler frequencies
ω j away from their peak values ω j0, and σ is related to the full-width half-
maximum frequency bandwidth of the pump pulse �ωp by σ = 2

√
ln4/�ωp.

The phase-matching function is given by [8,10]

φ(ωs,ωi ) = exp

(
iκL

2

)
sinc

(
κL

2

)
(12.26)

for a fiber of length L , where κ is the phase-mismatch defined in Eq. (12.3).
The JSA is dependent on both the signal and idler frequencies. Because

of this the energy and phase-matching requirements generally impose strong
correlations in their spectra. When one photon of the pair is detected as a
herald, information can in principle be extracted about the state of the other
photon. However, since realistic single-photon detectors are unable to resolve
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FIGURE 12.15 (a) JSA plot showing correlation between the idler and signal wavelengths and
(b) appropriate narrowband spectral filtering can be applied in order to reduce the correlation. Image
from [32].

which spectral mode the heralding photon is in, this information is not generally
experimentally accessible to the observer of the system with standard single-
photon detectors. This projects the heralded single photon into a mixed state,
which is a statistical mixture of the available pure states [47].

Figure 12.15a shows the JSA of the two-photon state generated by a typical
PCF structure (similar to that shown in Fig. 12.11 used for generating widely
separated signal and idler photons pumping in the normal dispersion regime).
The undesirable frequency correlation is clearly apparent. As described in
Section 12.4, narrowband spectral filtering can be implemented to approximate
a single spectral mode, such that a pure heralded single-photon state can be
realized, which is the approach taken by all of the photon sources outlined in
Sections 12.3.1 and 12.3.2. The effect of spectral filtering can be incorporated
into Eq. (12.23) by multiplying the JSA function of the photon pair generated by
the fiber by functions fs(ωs) and fi (ωi ), describing the spectral profile of the
filtering applied to the signal and idler respectively. This reshapes the JSA,
and for sufficiently narrowband filtering the correlation between the signal
and idler wavelengths is reduced, as demonstrated in Fig. 12.15b. However,
implementing narrowband spectral filtering usually introduces significant loss,
which reduces both the source brightness and heralding efficiency. This is
particularly significant in quantum information experiments involving higher
photon numbers, in which multiple heralded photon sources are required to
operate simultaneously in order to generate an N -photon state. If the probability
of detection of each individual photon isμ, the overall probability of generating
the required N -photon state is given by μn . This typically limits N to ∼6
before the measured count rates for experiments become prohibitively low.
Additionally, narrowband filtering leads to the majority of the photon pairs
generated by sFWM being discarded, significantly increasing the pump power
required to achieve the desired source brightness within the operating spectral
bandwidth.
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An alternative approach to narrowband spectral filtering is to design fiber
with a dispersion profile that minimizes the correlation between the generated
signal and idler frequencies, and hence allows pure states to be heralded without
the need for filtering [8]. From Eq. (12.23) it can be shown that the correlation
between the signal and idler photon wavelengths will be eliminated if the JSA
function can be factorized such that F(ωs,ωi ) = Fs(ωs)Fi (ωi ), so that the
two-photon state can be written as a product of the signal photon state and idler
photon state as [48]

|�〉 ∝
(∫

dωs Fs(ωs)â
†
s (ωs)

)
×
(∫

dωi Fi (ωi )â
†
i (ωi )

)
|vac〉. (12.27)

The contribution to the correlation in the JSA from the pump amplitude
function α(ωs + ωi ) is due to energy conservation, and the shape of this
function always forms an angle of −45◦ to the signal frequency axis of the
JSA plot, with the width of the function determined by the bandwidth of the
pump pulse. In contrast, the angle of the phase-matching function on the JSA
plot can be rotated by tailoring the dispersion properties of the fiber. By using
a linear approximation to the phase-mismatch κ , around the signal and idler
frequencies where perfect phase-matching is achieved, the angle of the phase-
matching function relative to the signal frequency axis on the JSA plot is found
to be [8]

θpm = −arctan

(
δs

δi

)
, (12.28)

with

δ j = L

(
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dω
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ωp0

− dk j

dω
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ω j0

)
= L

(
1

vp
− 1

v j

)
, (12.29)

where j = s, i and vs,vi and vp are the group velocities of the signal, idler, and
pump.

The form of Eq. (12.28) suggests two possible strategies for generating
spectrally uncorrelated two-photon states. In the first, the group velocity of the
pump is chosen to lie exactly halfway between those of the signal and idler,
which is known as symmetric group velocity matching. The second possible
approach, asymmetric group velocity matching, involves matching the group
velocity of either the signal or idler field to that of the pump. Both symmetric
and asymmetric group velocity matching have been demonstrated using cross-
polarized sFWM in birefringent fibers, where the additional flexibility provided
by the birefringence enables the group velocity of the pump field on one axis
of the fiber to be shifted relative to the group velocity of the generated photon
wavelengths on the other axis.

Factorable two-photon states generated by symmetric group velocity
have been demonstrated using birefringent PCF [49] and highly birefringent
conventional fibers [9,11]. Selecting a fiber with an appropriate birefringence,
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FIGURE 12.16 JSA for symmetric group velocity matching technique. (a) Pump amplitude
function; (b) phase-matching function forming an angle of 45◦ to the signal axis; and (c) resulting
JSA with symmetric signal and idler frequency distribution. Images from [9].

where the signal and idler group velocities lie on either side of the pump, sets
θpm = +45◦. Then, for a given pump bandwidth, the length of the fiber can be
selected so that the contribution to the two-photon correlation from the phase-
matching function will counteract the correlation due to the pump amplitude
function, as shown in Fig. 12.16. Smith et al. demonstrated the generation of
spectrally uncorrelated signal and idler states of this type at 610 and 830 nm
using a 10 cm length of commercial birefringent fiber pumped with femtosecond
pulses from a Ti:Sapphire laser at 704 nm, achieving a measured brightness of
100 pairs s−1mW −2 [9].

In the case of asymmetric group velocity matching, designing the fiber so
that either the signal or idler velocity is matched to that of the pump leads to the
phase-matching function being oriented horizontally or vertically respectively
on the JSA plot (θpm = 0◦ or 90◦). These conditions are found to coincide
with positions on the phase-matching plot where the gradient of either the
signal or idler wavelength generated becomes zero with respect to changes
in the pump field wavelength. At these points, as long as the bandwidth of
the phase-matching function is sufficiently narrow compared to that of the
pump amplitude function, the overall two-photon state becomes uncorrelated,
although the frequency bandwidths of the signal and idler are not identical in
this case. The photon which propagates with same group velocity as the pump is
well localized in time, so its partner photon carries all of the timing uncertainty
of the pair. As a consequence of the joint energy-time uncertainty of the photon
pair, the photon which walks-off in time from the pump pulse exhibits a naturally
narrow bandwidth, as shown in Fig. 12.17.

Halder et al. [10] demonstrated a heralded single-photon source generating
naturally narrowband signal photons at 597 nm by pumping a 40 cm section
of birefringent PCF with 0.8 ps pulses at 705 nm from a Ti:Sapphire laser. The
measured signal photon bandwidth of 0.13 nm was greatly reduced compared to
the bandwidth (∼3 nm) of unfiltered photons generated by sFWM in previous
experiments with comparable operating wavelengths [3]. HOM interference
was measured between the signal photons generated by two independent,
identically prepared sources based on this fiber, showing a raw visibility of 76%.
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FIGURE 12.17 JSA for the PCF described in [10], designed to generate naturally narrowband
signal photons through asymmetric group velocity matching. (a) Envelope of the pump intensity,
(b) phase-matching condition of the PCF, and (c) JSA of the created photon pair. Image from [10].

In contrast to spectrally filtered photon sources based on co-polarized sFWM,
the visibility of HOM interference is expected to be higher when using a longer
fiber length [50]. This means that the brightness and purity of the source could
both be improved, indefinitely in principle, by increasing the fiber length. In
reality, current limitations in the fiber manufacturing process lead to fluctuations
in the fiber structure (and consequently the phase-matching conditions) which
typically limit the maximum length to < 1 m.

As with spectrally filtered sources, widely spaced photon-pair generation
with the idler wavelength in the telecoms band near 1550 nm is of considerable
interest. The generation of naturally narrowband idler photons at 1550 nm has
been demonstrated using a 1064 nm picosecond-pulsed pump source operating
in the anomalous dispersion regime of a highly birefringent PCF [51]. For PCF
with sufficiently strong waveguide dispersion, a second ZDW can be shifted
into the transparency window of the fiber in the near infrared, also allowing
a factorable two-photon state to be generated by co-polarized sFWM without
the need for birefringent phase-matching. This is made possible by the fact
the phase-matching curves form closed loops, with turning points on the outer
edges of the loops where either the signal or idler become narrowband [8]. This
was exploited by Söller et al. to generate widely separated, spectrally factorable
signal and idler photons at 514 and 1542 nm from a 771 nm pump source [6].

12.5.2 A Temporal Filtering Approach for Attaining Pure-State
Photons

As shown in Section 12.4, applying narrowband spectral filtering to the photon
states produced by sFWM can provide a close approximation to a spectrally
pure heralded single-photon source, allowing high visibility HOM interference
to be achieved. One drawback with the use of narrowband spectral filtering,
however, is that the production rate of the heralded photons is low because
most usable pairs are filtered out. This problem can not be overcome by simply
increasing the pump power in the photon-pair source, since doing so will lead



441Chapter | 12 Four-Wave Mixing in Single-Mode Optical Fibers

to strong background noise arising from multipair emission. Section 12.5.1
outlined one possible solution to this dilemma—a proposal by Grice et al.
[48], who suggested creating the photon pairs in spectrally factorable states so
that measuring the signal photon would not disclose any spectral information
about the idler. Since the narrowband filters are not needed, this approach can
dramatically improve the single-photon production rate. With such motivation,
extensive efforts have been made to study the creation of spectrally factorable
photon pairs [52,53] and a few experimental demonstrations have been made
[54–57]. However, progress has been limited due to the practical difficulty
of simultaneously achieving appropriate phase-matching and group velocity
matching. More importantly, one has to wait for a relatively long time before
a second short-duration photon can be heralded, as in this case the signal (or
equivalently the idler) photon must have a bandwidth much narrower than the
pump to achieve the spectral factorability. Due to this, the repetition rate of
the heralded single-photon creation is restricted, resulting in a relatively low
production rate.

To overcome the aforementioned limitations, Huang et al. proposed an
approach that does not rely on narrow spectral filtering or spectral factorability
of the photon pairs [58]. It is based on time and bandwidth limited detection of
the signal photons in a single-mode regime [59], achieved by using a broadband
filter and an on/off detector whose measurement window is shorter than the
coherence time of the signal photons. To understand the principle of single-
mode detection, consider amplitude profiles f (t) and h(ω) for the time gate
and the sequential spectral filter, respectively. The number operator for output
photons is given by n̂ = 1

(2π)2
∫

dωdω′κ(ω,ω′)â†(ω)â(ω′) [59,60], where

â(ω) is the annihilation operator for the incident photons of angular frequency
ω, satisfying

[â(ω), â†(ω′)] = 2πδ(ω − ω′). (12.30)

κ(ω,ω′) =
∫

dt h∗(ω)h(ω′)| f (t)|2ei(ω−ω′)t (12.31)

is a Hermitian spectral correlation function, which can be decomposed onto a
set of Schmidt modes as

κ(ω,ω′) =
∞∑
j=0

χ jφ
∗
j (ω)φ j (ω

′), (12.32)

where {φ j (ω)} are the mode functions satisfying∫
dωφ∗

j (ω)φk(ω) = 2πδ j,k (12.33)

and {χ j } are the decomposition coefficients satisfying 1 ≥ χ0 > χ1 > · · · ≥ 0.
Introducing an infinite set of mode operators via ( j = 0,1,. . .)

ĉ j = 1

2π

∫
dωâ(ω)φ j (ω) (12.34)
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that satisfy [ĉ j ,ĉ
†
k ] = δ jk , the output photon-number operator for the filtering

device can be rewritten as

n̂ =
∞∑
j=0

χ j ĉ
†
j ĉ j . (12.35)

This result indicates that {φ j (ω)} have an intuitive physical interpretation: as
“eigenmodes” with eigenvalues {χ j } of the filtering device. In this physical
model, the filtering device projects incident photons onto the eigenmodes, each
of which are passed with a probability given by the eigenvalues. Specifically,
for χ0 ∼ 1 and χ j �=0 � 1 (achievable with an appropriate choice of spectral
and temporal filters, as shown below) only the fundamental mode is transmitted
while all the other modes are rejected. In this way, truly single-mode filtering
can be achieved. When combined with a single-photon detector, this can be
extended to a single-mode, single-photon detection system. Regardless of the
type of spectral and temporal filters used to achieve this kind of single-mode
filtering, such a system is capable of separating photons which, even though
they may exist in the same spectral band and the same time bin, have different
mode structures.

Figure 12.18a shows example plots of χ0,χ1, and χ2 as functions of
c ≡ BT /4 for a rectangular-shaped spectral filter with bandwidth B and a
rectangular-shaped time window of duration T [59,61]. For c < 1,χ0 ≈ 1 is
obtained with χ1,χ2 � 1, giving rise to approximately single-mode filtering.
Note that this behavior is true for any B, as long as T < 4/B. In other words,
{χ j } depend only on the product of B and T , rather than on their specific values.
Consequently, even a broadband filter can lead to a single-mode measurement
over a sufficiently short detection window, and vice-versa. To understand this,
consider the case where a detection event announces the arrival of a signal

(a) (b)

FIGURE 12.18 (a) χ0,χ1, and χ2 as functions of c. (b) Plots of φ0, φ1, and φ2 for B = π/T
(corresponding to c = π/4). Images from [58]. Copyright (year of paper) by the American Physical
Society.
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photon at an unknown time within the window T . In the Fourier domain, this
corresponds to a detection resolution of 1/T in frequency. Given c < 1 or
1/T > B/4, the detector is thus unable to, even in principle, reveal the frequency
of the signal photon. Therefore, the signal photon is projected onto a quantum
state in a coherent superposition of frequencies within B [62]. This can be seen
in Fig. 12.18b, where the fundamental detection mode has a nearly flat profile
over the filter band [−B/2,B/2]. Lastly, since T < 4/B is required, the pass
probability of the fundamental mode will be subunity, but not significantly less
than one.

By using single-mode detection, even nonfactorable states can also lead
to high-purity heralded single photons without the use of narrowband filters.
By using multimode theory to take into account the effect of multiple photon-
pair emission, distinctly superior heralding performance was achieved relative
to those obtainable via narrow spectral filtering alone or tailoring the phase-
matching properties of nonlinear media to obtain spectrally factorable photon-
pair states [62]. The theory can also be used to numerically optimize the spectral
and temporal filter widths for a variety of photon-pair correlations. The results
reveal that while the optimization conditions vary for different correlations, the
final performance using optimized filters is always quite similar. This interesting
phenomenon suggests that the key to achieving high performance in the heralded
creation of single photons is to apply an appropriate measurement scheme to
the signal photons [62].

The above theory was validated by a heralded two-photon interference
experiment in an all-fiber setup in both multimode (c> 1) and single-mode
(c< 1) regimes [12]. In the experiment, pairs of signal and idler photons
were generated in two separate optical fiber spools via sFWM driven by
pulsed pumps. By detecting the idler photons created in each spool, the
generation of their partner (signal) photons was heralded. To quantify their
indistinguishability, the signal photons generated separately from the two spools
were mixed on a 50:50 beam-splitter and HOM interference measurements were
performed. By changing effective T for the idler photons, heralded generation
of single photons in the multimode and single-mode regimes can be realized.
The experimental results are shown in Fig. 12.19, where the HOM visibility was
found to be quite low (19(2)%) when the signal photons have a temporal length
T > 1/B (c = 3.8 in this case), owing to the presence of photons with many
distinguishable degrees of freedom. However, when T < 1/B (c = 0.7 in this
case), for which a single-mode detection is effectively realized, a much higher
HOM visibility (72(7)%) is obtained. In all cases, the experimental data are in
good agreement with predictions of the above multimode-detection theory with
careful modeling of multi-pair production, Raman emission, loss, dark-count
noise, and the interference between the two arms of a real experimental system,
without the need for any fitting parameter. This experiment highlights the single-
mode filtering as a viable tool for erasing the quantum distinguishability of
single photons.
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(a) (b)

FIGURE 12.19 (a) Fourfold coincidence counts per 20 billion pump pulses recorded as a function
of the relative delay between signal photons in the multimode configuration and (b) fourfold
coincidence counts per 10 billion pump pulses recorded as a function of the relative delay in
the single-mode configuration. In both plots, the error bars are computed following the standard
procedure of estimating statistical fluctuations assuming Poisson distributions for the recorded
coincidence and single counts. See text for more details on the theory curves in both plots which
are overlaid without the use of any fitting parameter. Images from [12]. Copyright (year of paper)
by the American Physical Society.

12.6 ENTANGLED PHOTON-PAIR SOURCES

The concept of entanglement, in which the quantum states of two or more
physically separate systems may be linked, is one of the defining characteristics
of quantum mechanics. The pioneering early work of Aspect et al. on the nature
of entangled photon pairs demonstrated that the state of one photon could not be
described independently of the state of the other, meaning that a measurement
made on one member of the pair can instantaneously affect the state of
its partner [63]. In recent years, efficient, high-fidelity sources of entangled
photons have become an essential resource for many quantum information
applications, including quantum cryptography and communications protocols
[64–66], quantum repeaters [67], quantum memories [68], and schemes for
quantum computation [69–71]. An optical fiber-based source of entangled
photons can be realized by preparing signal and idler photon pairs through
sFWM in such a way that the states of the two photons are correlated in one or
more of their degrees of freedom. For many applications, polarization-entangled
photons are particularly useful, as the polarization state of light can be easily
manipulated and measured using standard linear optical components such as
wave plates and polarizers.

The Sagnac-loop configuration shown in Fig. 12.20 can be used to generate
entangled photon pairs from a fiber through a counterpropagating scheme [14].
In this scheme, a loop of nonlinear fiber, capable of producing pairs of signal and
idler photons by sFWM (as detailed in Section 12.2), is pumped simultaneously
in both the clockwise (CW) and counterclockwise (CCW) directions. The
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FIGURE 12.20 Schematic representation of a fiber-based entangled photon source setup. A
section of PCF forming a Sagnac-loop is pumped in both directions by orthogonally polarized pump
pulses, producing entangled pair states when the generated signal and idler pairs are combined onto
a single output path. S-B, Soleil-Babinet compensator; PBS, polarizing beam-splitter; DM, dichroic
mirror. Image from [14]. Copyright (year of paper) by the American Physical Society.

simultaneous pumping is achieved by splitting the pulses from a single pump
laser on a polarizing beam-splitter (PBS), and adjusting the polarization state
of the laser such that the pump power propagating in both directions through
the fiber is balanced. The PBS causes the pump light to be launched into the
fiber with a different polarization state for CW and CCW directions, with
horizontally polarized (H ) pump photons propagating in one direction and
vertically polarized (V ) pump photons in the other.

If the fiber used for the Sagnac-loop is birefringent, and the fiber is oriented
such that the pump photons traveling in both directions are launched with their
polarization direction aligned with either the slow or fast birefringent axis of the
fiber, then the polarization state of the pump light will remain unchanged as it
propagates through the fiber. For a fiber designed to provide phase-matching for
co-polarized sFWM, signal and idler photons will be generated predominantly
with the same polarization state as the pump. The pump light traveling in
one direction around the Sagnac-loop therefore generates H polarized signal
and idler photons, while the pump propagating in the opposite direction will
generate V polarized signal and idler photons. When the counterpropagating
pairs of signal and idler photons meet at the PBS they combine in a coherent
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superposition, producing the state

|ψ〉out = α|Hs Hi 〉 + βe2iφp |Vs Vi 〉, (12.36)

upon post-selection of the photons by detection. α and β are weighting terms for
the probability of generating H H and V V polarized pairs, which are determined
by the proportion of pump power propagating in each direction through the loop,
and any polarization dependent losses or variations in collection efficiency.
The state shown in Eq. (12.36) also contains a relative phase term between
photon pairs in the two polarization states, denoted by φp. This relative phase
is determined by the phase difference between the horizontally and vertically
polarized components of the pump beam, and can be easily adjusted through
the use of a Soleil-Babinet compensator. By setting α = β = 1√

2
and φp = 0,

the source can be used to generate the maximally entangled
∣∣�+〉 Bell state.

As with the heralded single-photon sources described in Section 12.3, after
the entangled photon state is generated, the signal and idler photons can be
separated into different output paths using a prism or dichroic mirror, and then
filtered in order to attain a spectrally pure state, and to remove the residual pump
light and Raman-scattered photons.

To generate the entangled state shown in Eq. (12.36), subwavelength stability
of the relative optical path lengths of the H H and V V photon pairs is required
to ensure that the phase φp is not time-varying. One significant advantage of
using a Sagnac-loop arrangement for the generation of entangled photon pairs
is that any differences in the optical path length of the loop, due to vibrations or
temperature variations for example, affect both the CW and CCW paths equally.
This arrangement is therefore inherently phase-stable, and ensures that the path
lengths for the H H and V V polarized pairs are balanced.

While the use of a birefringent fiber ensures that the polarization state
of pump light propagating in the loop is unaffected by environmentally
driven polarization fluctuations, care must be taken to ensure that spectral
distinguishability is not introduced between the H H and V V photon pairs.
As shown in Section 12.2, even for fibers where birefringence is not required to
achieve phase-matching, and the signal and idler photon pairs are generated
predominately with the same polarization state as the pump, the presence
of a strong birefringence can subtly alter the phase-matching conditions on
one axis of the fiber relative to the orthogonal axis. This potential source of
spectral distinguishability between the H H and V V pairs can be avoided by
incorporating a 90◦ twist in the fiber loop, so that the pump light is launched
onto the same birefringent axis of the fiber in both the CW and CCW directions,
ensuring that the phase-matching conditions for both are identical.

With the addition of a 90◦ twist in the fiber, it is also possible to produce a
Sagnac-loop-based source with a fiber designed to generate signal and idler pairs
through cross-polarized sFWM with birefringent phase-matching. As described
in Section 12.5.1, this regime of phase-matching allows for the generation of
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signal and idler photons which are spectrally uncorrelated. An entangled photon
source of this type, was described by Clark et al. [50], wherein the Sagnac-loop
consisted of a 20 cm section of birefringent PCF, designed to generate signal
and idler photons near 600 and 860 nm by pumping in the normal dispersion
regime of the fiber with a pulsed Ti:Sapphire laser. The dispersion properties of
the PCF were designed such that the requirement of asymmetric group velocity
matching between the pump and idler wavelengths was satisfied, allowing the
entangled signal and idler photon pairs to be generated in an intrinsically pure
state.

To demonstrate that entanglement exists between the generated pairs of
signal and idler photons from this type of source it is necessary to look for
correlations in their polarization states. The detector setup required to perform
this measurement is shown in Fig. 12.21, and consists of a PBS, along with
a half-wave plate (HWP) and quarter-wave plate (QWP) in order to select
the polarization basis in which each photon will be measured, in both the
signal and idler output arms of the source. As the settings of these wave-plates
are changed, patterns in the rates of coincident detections from single-photon
detectors monitoring the output ports of each PBS can be used to reveal the
presence of entanglement.

To test for entanglement, the polarization state measurement of one photon
of the pair must be made in one of two nonorthogonal polarization bases. For
the detector arrangement shown in Fig. 12.21, the most convenient choices
are the computational {H/V } basis (where the wave plates are set to leave
the photon polarization state unchanged, and H and V polarized photons are
directed toward alternate detectors) and the diagonal {D/A} basis (where the

FIGURE 12.21 A setup used to generate entangled photon pairs with a PCF designed for cross-
polarized sFWM. The photons can be generated in intrinsically pure spectral states without the
need for narrowband spectral filtering. Image from [50]. ©IOP Publishing Ltd and Deutsche
Physikalische Gesellschaft. Published under a CC BY-NC-SA licence.
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HWP rotates the H and V polarization components by 45◦ relative to the axis
of the PBS). While the measurement of one photon of the pair (for instance,
the idler) is performed in one of the two fixed bases, the measurement of the
other photon (the signal in this example) is carried out across a variety of basis
states by rotating the corresponding HWP. The twofold coincidence count rate
between one of the signal arm detectors and one of the idler arm detectors is
monitored as the signal arm HWP orientation is varied.

Figure 12.22 demonstrates the coincident count rate fringes that would be
expected when measuring an entangled state of the type described in Eq. (12.36).
In the {H/V } basis (with the idler arm HWP set to 0◦) high visibility fringes
demonstrate that the signal and idler wavelengths are highly correlated. For
this choice of measurement basis, this result would also be observed in the
classical regime, as each detector can only receive photons generated in either
the CW or CCW direction. The polarization state of the detected signal and
idler photons are therefore correlated in this case because they are restricted
to a fixed linear polarization state by the requirements of phase-matching and
the orientation of the birefringent axes of the fiber. When the idler photon is
measured in the {D/A}basis (idler arm HWP at 22.5◦) fringes in the coincidence
count rate of the detected signal and idler photons can only be explained by the
coherent superposition of the H H and V V photon pairs at the PBS. Perfect
visibility of the coincidence fringes in this second nonorthogonal basis would
indicate that the photons were maximally entangled, while a flat coincidence
count rate without fringes would show that the polarization state of the photons
were uncorrelated. A coincidence fringe visibility exceeding 71% indicates that

FIGURE 12.22 Measured coincidence count rate data for the entangled photon source described
by Clark et al. [50]. High visibility fringes can be seen for measurement of the idler in both the {H/V}
basis (idler arm HWP set at 0

◦
) and the {D/A} basis (idler arm HWP set at 22.5

◦
), demonstrating

the presence of polarization entanglement. Image from [50]. ©IOP Publishing Ltd and Deutsche
Physikalische Gesellschaft. Published under a CC BY-NC-SA licence.
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the entanglement of the state is sufficient to violate a Bell inequality [72,73],
proving that entanglement was present in the generated state. A more detailed
analysis of the entangled state can be made using quantum state tomography
measurements to reconstruct the density matrix of the photon pair and determine
the fidelity with which the experimentally generated state matches that of an
idealized maximally entangled state, such as the

∣∣�+〉 state [74].
Both of the entangled photon source designs described so far in this section

were based on birefringent fiber, in order to avoid environmentally driven
fluctuations in the polarization state of the propagating pump light and generated
photon pairs. An alternative approach that can be used to generate polarization-
entangled photon states is based on the technique of polarization-dependent time
delay [75]. Figure 12.23 shows such a scheme using a Sagnac-loop, formed by
a 50:50 fiber beam-splitter and a section of dispersion-shifted fiber (DSF).
In this scheme, two time-delayed, orthogonally polarized pump pulses are
launched into one port of the Sagnac-loop. The pump wavelength is carefully
chosen to be in the anomalous dispersion regime of the DSF, so that sFWM
is phase-matched in the DSF, with the signal and idler wavelengths closely
spaced around the pump wavelength. The signal and idler photons are generated
predominantly with the same polarization state as the pump; the probability of
cross-polarized sFWM occuring is at least one order of magnitude less [76].
At the output of the Sagnac-loop, the initial time delay is removed by passing
the two pulses through a piece of polarization-maintaining fiber (PMF) with
proper length � satisfying � = �vgτ , where τ is the initial time delay, and�vg

is the group-velocity difference between light pulses polarized in the PMF’s
principle states of polarization. At the end of the PMF, there is no way to tell,
not even in principle, which pulse generates the signal/idler photon pair in the

FIGURE 12.23 A simplified schematic of the Sagnac-loop scheme, where most of the
experimental details are neglected while putting the emphasis on the gist of the scheme. BS,
beam-splitter; FPC, fiber polarization controller; PM, polarization-maintaining. Image from [16].
©IOP Publishing Ltd and Deutsche Physikalische Gesellschaft. Published under a CC BY-NC-SA
licence.
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overlapped time slot, and as a result the two probability amplitudes |Hs Hi 〉
and |Vs Vi 〉 are added coherently to give the desired polarization-entangled state
|Hs Hi 〉 + e2iφp |Vs Vi 〉, where φp is the phase difference between the original
two pump pulses (φp can be changed by varying the setting of the polarization-
dependent time delay circuit). Note that time-bin entanglement can be created
from this scheme if, instead of removing the distinguishing timing information
using the PMF at the output, one removes the distinguishing polarization
information between the two relatively-delayed time slots.

The reason for using a Sagnac-loop in this scheme is technical rather than
fundamental. As described in [77], a properly aligned (by adjusting the intra-
loop fiber polarization controller (FPC)) Sagnac-loop can function as a total
reflector for the pump photons. In this operational mode,< 0.1% of the incident
pump photons get transmitted through the loop together with the signal/idler
photons, and the remaining > 99.9% of pump photons are reflected back
(ignoring the propagation loss of the pump inside the Sagnac-loop). This gives
at least 30 dB isolation with respect to the pump in the transmitted mode. Since
typically a pump rejection ratio> 100 dB is required to reliably detect the trace
amount of signal/idler photon pairs [78], placing a free-space double-grating
filter at the output of the PMF can provide the additional � 75 dB rejection for
the pump, satisfying the 100 dB requirement.

A drawback with the setup in Fig. 12.23, however, is that it requires
sophisticated phase tracking and locking to maintain a fixed relative phase
between the pump pulses. In addition, fiber-birefringence induced polarization
fluctuations need to be carefully compensated before sending the photon pairs
through the polarization maintaining fiber for accurately removing the time
delay. Liang et al. demonstrated an ultra-stable, alignment-free setup that
eliminates those needs [15]. A schematic of its experimental setup is shown
in Fig. 12.24, where the system’s principal axes are defined by a four-port fiber
PBS. An optical pump-pulse train is prepared at 45◦ linearly polarized relative
to the principal axes and is injected into a fiber circulator which has the basic
property of transmitting incident light between its three ports in a successive
fashion: light incident on port one is passed to port two and light that returns
back into port two is then passed to port three. To avoid unfavorable polarization
rotation of the pump pulses, a polarization-maintaining fiber circulator can be
used for bringing the pump pulses to the input port of the PBS. At the output
ports of the PBS, each 45◦ linearly polarized pump pulse is decomposed into
horizontally and vertically polarized components PH and PV, respectively, with
a relative phase φp equal to zero.

PV is reflected and guided to a Faraday mirror (FM1) at the start of its
itinerary: PBS → FM1 → PBS → FM3 → PBS → FM2 → PBS.
A Faraday mirror is a non-reciprocal optical element which produces a
reflection with a state-of-polarization (SOP) that is orthogonal to the input
SOP. Thus, uncontrolled polarization rotations occurring along the incident path
are automatically compensated on the return path. In this setup, PV becomes
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FIGURE 12.24 (a) Schematic setup for an ultra-stable, alignment-free entangled photon source
and (b) the polarization control optics and single-photon detectors (SPD) used to verify the
generation of entangled photon states. Images from [15].

horizontally polarized upon returning to the PBS after reflection from FM1.
It then passes through the PBS and enters a 400 m piece of DSF where the
sFWM process takes place. Similarly, PH starts its journey PBS → FM2 →
PBS → FM3 → PBS → FM1 → PBS by going to FM2. It then arrives back
at the PBS vertically polarized and reflects to enter the DSF. A small length
difference between the paths to FM1 and FM2 are intentionally designed so that
a time delay, which is much greater than the pump pulse duration, is introduced
between the arrival times of PH and PV at the DSF.

In the DSF, PH and PV independently engage in sFWM processes and create
signal-idler photon pairs. Note that PH and PV experience almost the same
insertion loss before entering into the DSF; thus the two sFWM processes
have almost the same efficiency. As mentioned above, the signal and idler
photon pairs are co-polarized with respect to the pump pulses. With the use
of FM3, birefringence-induced polarization fluctuations of the light in the DSF
between PBS and FM3 are also automatically compensated. In addition, the
polarization states of the two pump pulses and the generated photon pairs are
rotated by 90◦ when they arrive back at the PBS. Hence, PV and the photon pairs
generated from it are directed toward FM2 while PH and its generated photon
pairs travel to FM1. It is easy to see that the information on the generation time
of the newly created photon pairs is automatically erased when PH and PV,
along with their generated photon pairs, are recombined at the PBS traveling
backward through the input port. Upon emerging from the PBS the circulator
then directs them away from the pump toward the receivers. With a properly
set pump power, the signal and idler photon pairs are emitted in the maximally
entangled

∣∣�+〉 state. It is also important to point out that the pump pulses
travel through the DSF twice in this scheme because of FM3. Both PH and PV
follow a symmetric path through the system. It is this symmetry and the use of
Faraday mirrors which automatically compensate any long-term polarization
and/or phase fluctuations that enable an ultra-stable and alignment-free source
of polarization entanglement. After passing through the circulator, the photon
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pairs are separated from the residual pump by fiber interference filters, and are
then ready for use in various quantum communication applications. Using this
Faraday-mirror setup, generation of entangled photon pairs was demonstrated
in both the 1310 nm telecom O-band and the 1550 nm C-band with near-unity
fidelity [15,79].

All of the above schemes generate polarization-entangled signal and
idler photons of different wavelength. Medic et al. demonstrated a source
of polarization-entangled photon pairs that is totally degenerate and that
deterministically splits each pair of photons into separate single-mode optical
fibers [80]. It is built on a “quantum splitter” design for a Sagnac-loop-based
source of identical photon pairs [81]. A schematic of the experimental setup
is shown in Fig. 12.25, where a dual-frequency, diagonally polarized pump
(|D(ω1,ω2)

p 〉) spontaneously four-wave mixes into two co-polarized, spatially
separated, and central-wavelength signal (|Ds〉) and idler |Di 〉 photons through
|D(ω1,ω2)

p 〉 → |Ds〉|Di 〉, where |D j 〉 = (|Hj 〉〉 + |Vj 〉)/
√

2, for j = s, i .
Note that these photon pairs are not polarization entangled. Entanglement
generation requires that a distinguishing degree of freedom be coupled to the
pump polarization before the sFWM, and that this distinguishing information be
subsequently erased, causing orthogonal photon-pair amplitudes to superpose.
Consider the diagonally polarized pump |D(ω1,ω2)

p 〉. After a polarization-

dependent time delay (PDD) t ′, the pump state can be described by (|H (ω1,ω2)
p 〉⊗

|t + t ′〉 + |V (ω1,ω2)
p 〉 ⊗ |t〉)/√2. Here, the PDD is implemented by means of

free-space optical delay paths after a polarizing beam-splitter in a Michelson
configuration. The degenerate pair production (from reverse HOM interference
between the sFWM amplitudes) is then described by

|H (ω1,ω2)
p 〉 ⊗ |t + t ′〉 + |V (ω1,ω2)

p 〉 ⊗ |t〉) → |Hs Hi 〉 ⊗ |t + t ′〉 + |Vs Vi 〉 ⊗ |t〉).
(12.37)

FIGURE 12.25 Setup for generating degenerate, polarization-entangled, and deterministically
split photons: PDD, polarization-dependent time delay; FPC, fiber polarization controller; Circ,
circulator; t2 = t1 + t ′. Image from [80].
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By subjecting these degenerate photons to a second set of complementary PDDs
the Bell state 1√

2
(|Hs Hi 〉 + |Vs Vi 〉)⊗ |t〉 is produced.

Finally, Chen et al. demonstrated a hybrid scheme that combines the benefits
of the Sagnac-loop interferometer and the counterpropagating (CP) schemes. It
is called a double-loop (DL) scheme, due to the topological fact that there are
two loops intertwined with each other, namely, a PBS loop and a Sagnac-loop
(see below). Such a DL scheme can be viewed as a perfect combination of the
SL and CP schemes. On one hand, the Sagnac-loop in the DL scheme performs
exactly the same way as in the Sagnac-loop scheme, which is to provide pump
isolation of around 30 dB. On the other hand, the DL scheme is just a modified
CP scheme, with the Sagnac-loop replacing the straight-fiber configuration. The
strengths of both the SL and CP schemes are successfully retained in the DL
scheme, namely, � 30 dB built-in filtering capability, easy implementation of a
CP-like configuration and suppression of the cross-polarized Raman-scattered
photons, as well as photons generated by self-phase modulation of the pump.

A simplified schematic of the DL scheme is shown in Fig. 12.26. Just like
in the CP scheme, a 45◦-polarized pump pulse splits into two equally powered,
orthogonally-polarized components after entering the main loop—the PBS
loop. The secondary loop, the Sagnac-loop, is configured as a total reflector
for both CW and CCW propagating pumps. In this configuration, > 99.9% of
each pump pulse (ignoring the propagation loss) is reflected back to its original
entrance port (1 → 1,2 → 2), while< 0.1% of each pump pulse together with
its copolarized FWM-generated photon pair gets transmitted (1 → 2, 2 → 1).
The FPCs (FPC1 and FPC2) are adjusted such that the following criteria are
satisfied:

FIGURE 12.26 A simplified schematic of the DL scheme. Image from [16]. ©IOP Publishing
Ltd and Deutsche Physikalische Gesellschaft. Published under a CC BY-NC-SA licence.
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(i) The reflected pump photons maintain their original polarization after their
individual round trip (V-port → 1 → 1 → V-port,H-port → 2 → 2 →
H-port);

(ii) The transmitted FWM-generated photons, together with the accompanying
copolarized pump leakages, regain the initial input polarization after
traversing the entire loop (V-port → 1 → 2 → H-port, H-port → 2 →
1 → V-port).

The first criterion is satisfied when all the Sagnac-reflected pump photons go
back to the I-port (the input port in Fig. 12.26) of the PBS. The second criterion
is satisfied when all the Sagnac-transmitted photons exit from the O-port of the
PBS. Due to indistinguishability of the CW and CCW paths, the two coherent
FWM-photon amplitudes are thus maximally added to create the desired
polarization entanglement, |Hs Hi 〉 + |Vs Vi 〉, with maximum pump isolation
provided by the Sagnac-loop. The above seemingly demanding operating
conditions were theoretically shown to be feasible. Experimentally, however,
it turns out that the first operating criterion can be relatively relaxed without
sacrificing the performance of the DL scheme. This is due to the nonoverlapping
time slots that the transmitted and reflected pump pulses can be made to occupy
when exiting the PBS’s O-port. To be more precise, let’s denote the light
propagation length (including the free-space as well as the fiber) from the PBS’s
I-port to port 1 of the Sagnac-loop �1, the Sagnac-loop length Ls , and the light
propagation length from port 2 to O-port �2. The reflected pulse in the CW
direction traverses a distance of 2�1 + Ls , whereas its counterpart in the CCW
direction traverses a distance of 2�2 + Ls . In contrast, the transmitted pulses in
both directions traverse the same distance �1 + Ls + �2. The pulses’ exit-time
difference, proportional to their propagation length difference, is thus given by
�t± = ±|�1−�2|/c, where the central (or reference) time slot is the overlapping
time slot for the transmitted sFWM photons. As can be clearly seen from the
above expression for �t±, one can judiciously choose the propagation length
difference to be large enough that the leakage photons from the two reflected
pump pulses fall outside the detection-time window for the transmitted photons.
This essentially means that even though the first operating criterion may not
be satisfied, or a real-life PBS may deviate from its ideal performance, the
feasibility of the DL scheme is not sacrificed as long as we choose a suitably
long �t±.

12.7 APPLICATIONS OF FIBER PHOTON SOURCES—
ALL-FIBER QUANTUM LOGIC GATES

One application for single and entangled photon states that has generated much
interest in recent years is quantum information processing (QIP), with the
eventual aim of developing a scalable architecture for quantum computation
[82,70]. Photons have many desirable properties that make them well suited for
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use as qubits in QIP applications. The polarization state of a photon provides a
convenient system of two orthogonal quantum eigenstates in which a qubit can
be easily encoded, as well as manipulated through the use of wave plates and
other birefringent optics. Furthermore, due to their incredibly weak interactions
with each other and the environment, qubit states encoded on photons are
robust against decoherence. Unfortunately, this weak interaction also makes
it extremely challenging to realize the type of two-photon operations that are
required for computation, where, for example, the state of one qubit is used to
conditionally flip the state of another. Currently there are no known materials
with sufficiently strong nonlinearity to implement the required phase-shift of π
through cross-phase modulation for one single photon to flip the state of another.

In 2001, a seminal paper by Knill et al. showed that an effective two-
photon interaction could be realized using only linear optical elements
through a combination of nonclassical interference and measurement induced
nonlinearity [69]. This approach of linear optical quantum computation
facilitated the development of two-photon logic gates, of which the controlled-
NOT gate (CNOT) is an important example. This logic gate accepts two input
photons—known as the control and target qubits. At the output of the gate,
the state of the target qubit is conditionally flipped, based on the state of the
control qubit, implementing the required two-photon interaction. The CNOT
gate, in combination with easily implemented unitary single qubit operations,
has been shown to be a universal set of gates for quantum computation, meaning
that any conceivable QIP algorithm can be implemented using just these
elements [83].

Early experimental implementations of the CNOT gate [84,85] were based
on bulk optical elements, making them unsuitable for scaling up to more
complex architectures. They also incorporated multiple interferometers, in order
to convert the qubits between path and polarization encoding, and therefore
required subwavelength path stability for successful operation. Clark et al.
reported the first experimental demonstration of an optical fiber-based CNOT
gate, which overcame many of these limitations [13].

A schematic of the experimental setup, is shown in Fig. 12.27. The setup
includes two PCF-based heralded single-photon sources (see Section 12.3).
These generate linearly polarized single photons to be used as the control and
target polarization encoded qubits. The qubit values are set through the use
of HWPs. The CNOT gate itself consists of three partially polarizing fiber
couplers (PPFC). The target and control qubit meet at the first PPFC, which is
oriented such that the component has reflectivity of RH = 1

3 and RV = 1 for
H and V polarized photons respectively. If one or both of the input photons are
V polarized then there will be no interaction between them and each will be
probabilistically reflected or transmitted independently. Successful operation
of the gate requires that a single photon is detected in each of the two output
channels. If one or both photons are V polarized then both must be reflected at
the first PPFC in order for one photon to be detected in each output mode.
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FIGURE 12.27 Experimental setup used to demonstrate an all-fiber CNOT gate. The CNOT gate
itself is formed of three partially polarizing fiber couplers (PPFC). Input target and control qubit
states (tin and cin) are prepared using two heralded single-photon sources shown on the left-hand
side of the figure. The optics shown on the right-hand side of the figure are used to analyze the output
states of the target and control qubits after the gate (tout and cout). Image from [13]. Copyright
(year of paper) by the American Physical Society.

When the input photons are both H polarized and indistinguishable,
nonclassical interference will occur between them at the first PPFC. With
probability 1

9 both photons will be transmitted here, giving a π phase-shift
for this output state relative to the other possibilities in which both photons are
reflected. This interaction therefore implements a controlled phase-shift when
both the control and target photons are H polarized at this PPFC. In combination
with single qubit rotations of 45◦ performed by the HWPs on the target qubit at
the input and output of the gate, this implements the required CNOT operation
[86]. Failure of the gate to function correctly when two H polarized photons
are incident on the PPFC results in one of the two output modes being empty.
Successful operation of the gate can be verified through post-selection of events
in which output target and control photons are detected in coincidence, which
occurs with probability 1

9 in the absence of losses. The other two PPFCs ensure
that the success probability of the gate is uniform for all possible input states. A
90◦ rotation of the birefringent axes of the optical fiber is also incorporated in the
setup at the midpoint of the CNOT gate. This compensates for the polarization-
mode dispersion that occurs in the birefringent fiber due to the difference in the
propagation constant for H and V polarized photons, which would otherwise
lead to decoherence of the polarization state for qubits encoded in a diagonal
basis relative to the fiber axes.

In order to evaluate the performance of the CNOT gate, wave plates and a
PBS placed before each of the single-photon detectors can be used to determine
the probability of finding the control and target qubits in a given polarization
state at the output of the gate for each of the four possible combinations of
logical input states, as shown in Fig. 12.28. This measurement was performed
in both the computational basis {H/V }, where the photon polarizations were
aligned with the principal axes of the PPFCs, and in the nonorthogonal diagonal
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FIGURE 12.28 Truth table results showing the operation performed by the CNOT gate. Results
are shown for measurement in both the computational and diagonal bases. The two numbers used
to label each input and output state denote the states of the control and target qubits (in that
order), with {|0〉 = |V 〉,|1〉 = |H〉} in the computational basis and {|0〉 = (|H〉 + |V 〉)/√2,|1〉 =
(|H〉−|V 〉)/√2} in the diagonal basis. (i) Ideal CNOT gate operation; (ii) experimentally measured
values; and (iii) Theoretically modeled predicted values, accounting for imperfect interference
visibility. Image from [13]. Copyright (year of paper) by the American Physical Society.

basis {D/A}. Based on these measurements, the classical logical fidelity [87,88]
of the all-fiber CNOT gate was calculated to be 0.9 in the {H/V } basis and 0.89
in the {D/A} basis, and from this the average process fidelity of the gate F was
found to lie in the range 0.83 ≤ F ≤ 0.91. It should be noted however that the
main limitation on the process fidelity in this case was found to be imperfect
quantum interference visibility, resulting from distinguishability between the
photons generated by the two independent single-photons sources. Modeling
results accounting for this imperfect state preparation showed that the operation
of the CNOT gate itself was near-perfect.

This all-fiber implementation of the CNOT gate offers several advantages
over bulk optics approaches, including the potential for miniaturization and
increased long term stability due to the lack of misalignment issues in a guided
wave configuration. In addition, as the gate operates directly on polarization
encoded qubits, only a single instance of nonclassical interference is required,
without the need for additional classical interferometers. The requirements for
the stability of the optical path lengths of the two photons are therefore less
stringent, as they only need to be stable to within the coherence length of the
photons rather than to a fraction of the photon wavelength. This optical fiber
implementation of the CNOT gate is well suited for low loss integration with
fiber-based single-photon sources, and paves the way for the development of
compact, all-optical fiber QIP circuits.
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12.8 PHOTONIC FUSION IN FIBER

Fusion gates are a method for scalably generating large entangled states,
which consist of joint measurements applied to pairs of previously unentangled
photons [71]. The controlled generation of entanglement is vital to many
quantum information applications, including teleportation [89], secret key
distribution [90], and most ambitiously quantum computing [82]. Of particular
interest is the efficient generation of cluster states, which are a resource for one-
way-quantum-computing [91,18]. Once the initial entanglement is generated,
the computation can proceed deterministically using a sequence of single qubit
measurements.

Figure 12.29a show how overlapping two photons at a PBS can perform
a parity measurement. If they are of the same polarization (even parity), they
will either both be transmitted or both be reflected, and will leave the beam-
splitter in separate modes. This is a successful outcome in that the parity has been
measured without gaining any information about the individual polarizations of
the photons, and it will leave them in an entangled state. An odd parity outcome
leaves both photons at the same output and does not generate entanglement, so
the fusion fails 50% of the time. Although this operation is not deterministic,
it can be used to build larger states in a scalable way from small entangled
states, such as Bell pairs. It is necessary to herald whether the operation has
succeeded or failed: in the case of type I fusion (Fig. 12.29a) this is done with
a photon-number resolving detector in one of the outputs, so that when the
fusion succeeds, one of the photons is detected and destroyed. This allows
larger states to be generated in a heralded fashion with some finite probability.
Figure 12.29b shows schematically how this can be applied to cluster states—
in these pictures, circles represent qubits and bonds represent entanglement
between them. Larger states can then be grown in a linear fashion: [71] suggests
a strategy of beginning from 5 qubit linear states. Fusing these together, every
success adds 4 qubits (because one herald photon is detected and destroyed),
while every failed fusion removes 1 qubit. Hence on average the state grows by
1.5 qubits with each fusion.

FIGURE 12.29 From [71]. (a) Type I fusion can be used to build long linear cluster states using
interference at a PBS. Detection of a photon in one mode heralds the success of the measurement.
(b) Linear and 2D cluster geometries produced by fusion operations.
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FIGURE 12.30 (a) Type I fusion can be used to build long linear cluster states using interference at
a PBS. Detection of a photon in one mode heralds the success of the measurement [71]. (b) Linear
and 2D cluster geometries produced by fusion operations. ©IOP Publishing Ltd and Deutsche
Physikalische Gesellschaft. Published under a CC BY-NC-SA licence.

Figure 12.30 shows an experimental setup to demonstrate fusion between
two photons from separate sources. The input states are prepared using two
PCF sources pumped by a pulsed laser. Detections of the idler photons herald
the presence of a signal photon from each source. These are both rotated to
diagonal polarization, |D〉 = 1√

2
(|H〉+ |V 〉), so that the state before the fusion

gate can be written

1

2
(|H〉1 + |V 〉1)(|H〉2 + |V 〉2) = 1

2
(|H H〉12 + |H V 〉12 + |V H〉12 + |V V 〉12).

(12.38)
Ideally the fusion operation has the effect of transmitting even parity terms

and filtering out odd parity. This can be expressed as

|H H〉12〈H H | + |V V 〉12〈V V |, (12.39)

which, applied to the state in Eq. (12.38), leaves the Bell state
∣∣�+〉 with 50%

success probability:

∣∣�+〉
12 = 1√

2
(|H H〉12 + |V V 〉12). (12.40)
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FIGURE 12.31 (a) Increase in DD coincidences when arrival times are matched. The solid line
is a fit to the experimental data points and the dashed line shows the ideal case. ©IOP Publishing
Ltd and Deutsche Physikalische Gesellschaft. Published under a CC BY-NC-SA licence.

This scheme assumes that the two photons undergoing the fusion are
indistinguishable in all degrees of freedom, otherwise they will be left in
an incoherent mix of horizontally and vertically polarized pairs [17]. For
example, in Fig. 12.30, the arrival time of the photons is matched using a
variable delay δτ in one arm. When the output polarization analyzers are set
to diagonal, the state should show an increase in the proportion of |DD〉12
when the photons are indistinguishable—this results from coherent addition of
probability amplitudes characteristic of

∣∣�+〉. This appears as an anti-dip in
Fig. 12.31a. The quality of the final state can be characterized more completely
with polarization tomography [92,93], as shown in Fig. 12.31b–d.

12.9 CONCLUSION

Spontaneous four-wave mixing in optical fibers is now a well-established
approach for realizing probabilistic, nonlinear generation of correlated photon
pairs. Signal and idler photons can be generated directly in the guided mode of
an optical fiber, allowing them to be easily prepared in both single spatial and
polarization modes of a fiber. This makes photon sources based on four-wave
mixing well suited for low loss, stable integration with existing single-mode
telecommunications fibers. In addition, tight confinement of the interacting
guided light fields to the core of a fiber over long lengths allows these sources to
demonstrate high brightness in spite of the intrinsically weak nonlinear response
of silica.

Sources of heralded single photons and entangled-photon pairs based on
four-wave mixing have been demonstrated in both conventional single-mode
optical fibers and photonic crystal fibers. Dispersion engineering through
design of the fiber structure or the introduction of birefringence can alter the
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phase-matching conditions for four-wave mixing, leading to considerable
flexibility in the signal and idler wavelengths that can be generated. Further,
by tailoring the dispersion appropriately it is possible to generate photons
in spectrally uncorrelated, intrinsically pure states without the need for lossy
narrowband spectral filtering. The wide variety of two-photon states that can
be generated through four-wave mixing makes fiber-based photon sources
suitable for many applications including quantum communications, quantum
metrology, linear optical quantum computation schemes, and the generation of
large entangled cluster states.

As with other photon sources based on the probabilistic generation of photon
pairs, the main disadvantage with fiber-based photon sources is the stochastic
nature of the pair generation process. This will ultimately limit the scalability
of quantum information experiments until methods to efficiently multiplex
sources, and to detect and correct for multiple photon-pair generation events,
can be further developed. In the short term, moving to low loss, all-fiber schemes
should lead to improvements in the brightness of these sources, making quantum
information experiments involving higher numbers of photons feasible.
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