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Abstract. Single photon counting, based on single photon sources and detectors, is a key ingredient for
certain applications aiming at new quantum information technologies. Quantum cryptography, quantum
radiometry, distributed quantum computing, as well as adjacent technologies such as biomedical and astronomical imaging, and low power classical communication also rely on single-photon technology. This
paper reviews the present status of single photon sources and related counting measurement techniques,
based on correlated (or heralded) photons in parametric down-conversion, and their possible impact on
the above mentioned technologies, as well as an assessment for photon standards in the future.
PACS. 42.62.Eh Metrological applications; optical frequency synthesizers for precision spectroscopy –
03.67.Dd Quantum cryptography – 42.50.Dv Nonclassical states of the electromagnetic ﬁeld, including
entangled photon states; quantum state engineering and measurements – 42.70.Mp Nonlinear optical
crystals

1 Introduction
The advent of quantum information and computation science has placed stringent demands on optical sources,
namely that sources produce single photons either ondemand or heralded, and has also brought into sharper
focus the need for better photon-counting detectors [1].
Quantum communication and quantum computation
applications place diﬃcult design requirements on the generation, manipulation, processing and detection of single
photons [2]. Quantum cryptography [3] would particularly
beneﬁt from improved sources and detectors, for example Quantum Key Distribution (QKD), which is currently
constrained by low key rate production. When a message
is encoded in one degree of freedom of a photon, it cannot be cloned by an eavesdropper without introducing errors. While not optimal, single photons may be useful for
cryptography even if they are created at random times.
However, some protocols require single photons that are
produced at a particular time, i.e. on demand. A single
photon source that periodically outputs only one photon
with a high probability seems to be essential for linear optics quantum computing (LOQC). The Knill-LaﬂammeMilburn [2] LOQC approach assumes the availability of
single photon sources and detectors, and exploits the photon bunching that occurs in quantum interference between
pure state single photons. High visibility in interference
between photons from multiple sources is crucial, which
means that precise timing of the photons and precise control of the modal structure of the generated photons is
required. However, only approximations of such a source

are available. Moreover, lack of high brightness single photon sources, and imperfect detector characteristics such
as detection eﬃciency, dark count rate, timing jitter, and
dead-time, signiﬁcantly limit the key rate production in
QKD [4]. To meet the demands for higher-rate secret
key production and pseudo deterministic pure single photon state sources, the quantum information community
is presently engaged in a number of eﬀorts aimed at improving QKD, including optimizing the quantum channels
for minimum loss [5,6] (low loss optical storage and fast
optical switches), improving detector eﬃciency [2,7,8], reducing detector timing jitter [9], reducing detector deadtime [10], and single-mode single-photon source engineering [11–17].
In the area of metrology, more speciﬁcally radiometry,
high-speed photon detection capability could allow the realization of a very bright single-photon source as a photon
standard, that in the long term could bring a new radiometric standard yielding a “quantum candela” [18], i.e.
a redeﬁnition of the candela based on a countable photon source. A photon standard linked to the deﬁnition of
the candela could have a remarkable impact in traditional
detection applications such as medical diagnosis, and bioluminescence, chemical, and material analysis [19–22], because the photometric unit would be directly linked to
biological measurements.
Until the emergence of quantum optics, the “singlephoton regime” was attained by strongly attenuating
a laser beam to ensure that the probability of having more than one photon became negligible. However,
such attenuated photon sources diﬀer from “true” single
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photons because the vacuum probability is much higher
than the probability of detecting a photon, with predominantly a “no-photon” regime and occasional detection of
a photon, while the probability of having two photons is
never zero.
Single photon sources are presently realized by many
technologies, for example nonlinear optics, new photonic
materials (photonic ﬁbers), single isolated quantum emitters in an atomic system, and semiconductor devices at the
nanostructure level, as well as impurities in diamonds [23].
In general single-photon sources fall into two categories:
isolated quantum systems, and two-photon emitters. The
ﬁrst type relies on the fact that a single isolated quantum
system can emit only one photon each time it is excited.
The diﬃculties are in obtaining eﬃcient excitation, eﬃcient output collection, and good isolation of individual
systems. This review does not deal with these sources,
referring instead to already existing reviews on the matter [23,24].
Photons generated with diﬀerent approaches can
present practical properties that have to be analyzed individually to determine their eﬀectiveness for each particular application. Standardized measurement methods
are needed to determine which application is eﬀectively
addressed by each source. Various attempts at evaluating and comparing the performance of each source have
been made, but because in each case the achievements are
still at an investigation level, there are not yet deﬁnitive
answers.
Here we focus on the type of light source which emits
two photons at a time, also called a bi-photon ﬁeld, often
referred to as a “heralded” single photon source. A biphoton ﬁeld can be generated via nonlinear optical interaction in a χ(2) non-linear material, i.e. parametric downconversion (PDC) [25]. This two-photon light has a key
role in applications such as quantum radiometry, guaranteeing a tool for direct photon counting detector calibration without any external standard [26,27], and/or it
results in a more convenient single photon source than an
attenuated laser [28,29]. Other metrological applications
of bi-photon ﬁelds, where the main interest is in their entanglement property, are also potentially important; for
example positioning and clock synchronization [30], quantum imaging [31] and quantum lithography [32]. Worth
mentioning is also the application of high intensity PDC
ﬁelds for quantum information and quantum imaging. In
fact while quantum information has been initially developed for discrete quantum variables, which is in practise
realized with single photon states, much attention has
been recently devoted to the continuous variable (CV)
regime and to multiphoton states of light [33]. In this
regime quantum teleportation and generation of multimode entanglement have been proven, as well as quantum
imaging. Bright and stable entanglement sources based on
optical parametric processes have been successful to implement quantum imaging protocols, but the characterization of CV entanglement remains challenging. Recently,
measurement of quantum correlations in mesoscopic twinbeams, generation of mesoscopic single beam nonclassi-

cal states, have been shown [34]. Sub-shot-noise photon
number correlation has been proven in multi-mode pulsed
PDC by measuring not only the correlation function of the
twin-beams, which alone is not suﬃcient to state the presence of quantum correlation, but also the distribution of
the diﬀerence photon counts, which better identify quantum versus classical correlations [34]. The key challenges
in this measurement are to balance the detections losses of
the two arms, to select twin coherence areas, and to estimate the overall detection eﬃciencies, in order to evaluate
the degree of quantum correlation of the source. These
measurements are promising for the conditional generation of sub-Poissonian light at the mesoscopic level which
is the CV counterpart of the conditional preparation of a
single photon state.
While PDC is relatively easy, its use in metrology applications as well as in quantum information is
not straightforward. Some schemes of how to adopt
PDC [35–37] in the realization of heralded single photon source are reported in Section 2, addressing the
main diﬃculty of having an almost deterministic production of single photons from an actual random process
of photon production. In the same section the problem
of multiphoton production is also analyzed with possible solutions. PDC can be generated either in bulk or
in periodically poled crystals. In both cases the emission
is multi-mode and broadband, and post-selection techniques must be adopted and the pump photons must be
forced into a deﬁnite and controlled spatial mode, to optimize the mode matching of the emitted photons. In Section 3 we review the theory of PDC state decomposition
in multi and single modes, considering the inseparability
between spatial and spectral degrees of freedom of the
states. In Section 4, a review of production of heralded
photon sources in bulk nonlinear crystal is provided, discussing various experiments [38–45], both with CW and
pulsed pump conﬁgurations. In Section 5 we will review attempts to generate heralded single photons in periodically
poled crystals [46–50]. Section 6 reviews the use of waveguided periodically poled crystals. Waveguides have been
used instead of post-selection, maintaining a high level of
photon creation. In this case correlated photons are generated in single modes directly, and the usual problem
associated with the correlation between spatial and spectral degrees of freedom is solved. Further development of
this single photon source could include modal engineering of the photon states and mode matching into singlemode ﬁbers, given that the waveguide exhibits accurate
modal control [11–13,51–55], considering a much more precise analysis by Schmidt decomposition of spatio-temporal
state amplitude [56]. Sections 7 and 8 deal with a general
overview of practical heralded photon sources for quantum
communication and radiometry.

2 Heralded single photon source realization
A heralded single photon source is based on a source of two
photons at a time, whereby the detection of one photon
indicates the existence of the second photon, allowing the
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Fig. 1. Principle of a heralded photon source, generated by a
pump laser pulse in a nonlinear optical crystal yielding twin
photons, correlated in time, energy and polarization. One photon is detected and its presence heralds the second photon.

second photon to be manipulated and delivered to where
it is needed. The original idea was ﬁrstly sketched by
Klyshko [25], as illustrated by Figure 1.
There are two main problems with this type of source.
One is the random production in time of single photons,
i.e. it is not an on-demand source. The other is that the
photons are not necessarily single, particularly in a high
gain regime.
The ﬁrst problem is partially overcome by using a
pulsed pump that allows the production of twin-photons
only during the pump pulse duration. The heralded photon can then be needed at a speciﬁc time, that is ondemand, and synchronized to other optical systems processing the information carried by the photon. Side eﬀects
of very short pump pulses (fs) inside a nonlinear crystal
will be analyzed in Section 4. The ﬁrst approach used to
realize a single heralded photon source on-demand was reported in reference [35], where a storage loop was used for
the heralded photons, released later in time when necessary.
The second problem to be solved is multiphoton production. Multi-pair production per pulse is regulated by
Poisson statistics, therefore the probability of multiple
pairs scales with the square of the probability of producing
a single pair. This means that more than one photon can
be produced, for a given detected photon. It is possible
to keep this probability low in a regime of low pair production rate, but this implies also a low heralding photon
rate, which means a slow system. A possible solution was
proposed in reference [36] and later implemented in a simpler scheme [57]. By using a multiplexed heralding source
(Fig. 2b) it is possible to maintain a low pair production
in each down-converter and therefore a low probability
of multi-pair production, but the pool of down-converters
yields an overall higher and tailored probability of having
a ﬁnal heralded single photon, even in the presence of a low
multiphoton probability. A similar result can be obtained
also by using a pump with a high repetition rate (several
MHz) (time multiplexed) or recycling a pump pulse within
a single down-converter [37], when a combination of the
scheme (a) and (b) of Figure 2 is used.
Reference [58] is the ﬁrst experimental realization and
characterization of an asynchronous heralded single pho-

Fig. 2. (a) Heralded single photon source on-demand [35],
where the heralded photon, when announced by its twin, is
switched in a storage loop and then it can be switched out at a
later time according to user need. This scheme can be used in
a variety of quantum information processing applications. (b)
A multiplexed single photon source on-demand uses a pool of
down-converters, pumped by the same laser pulse, to generate
twin photons [36]. The heralding detector activates a fast optical switch to allow the corresponding correlated photon to be
released in a train of single photons.

ton source based on PDC with photons at 1550 nm, heralded as being inside a single-mode ﬁber with more than
60% probability and with the heralding arm at 810 nm.
Here the source is called asynchronous because the heralding photons are not synchronized with a periodic clock, the
PDC pump being continuous. The heralded photon output port is connected to a Hanbury-Brown-Twiss setup to
characterize the relevant parameters P(1) (the probability
of having exactly 1 photon) and P(2) (the probability of
having more than 1 photon). P(2) is reduced by a factor
up to more than 500 compared to Poissonian light sources.
Schemes to convert this source into a synchronous system
were described, including a pulsed laser to pump the nonlinear crystal and a switched storage delay line.
Another obstacle with heralded single photon sources
is the diﬃculty to isolate and collect single modes correlated one by one. To address this problem the community is trying several solutions: deep investigation of the
modal emission of those sources; use and investigation of
new more promising materials from emerging photonics
technologies; design of speciﬁc nonlinear optical material
embedded in waveguides; and photonic materials more appropriate to the application.
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Fig. 3. Unfolded picture of the heralding channel (acting as a
source) of a PDC (one photon of the PDC arm, collecting optics, and a detector). The nonlinear crystal NLC is of length L.
The object (on the left) can be represented by either an incoherent or coherent source depending on whether the heralding
beam is prepared by an aperture (or a multi-mode ﬁber) or
by a single-mode ﬁber. On the right hand side of the scheme
the heralded photon is collected and detected, and the coincidences are counted between the heralding and heralded photon
detection.

3 Heralded single photons via PDC: Theory
of mode preparation
PDC is known to produce a quantum state of light with
a two-photon ﬁeld description [25], that exhibits a quantum behavior only when measured in coincidence. Given
the multi-mode photon production and intrinsic spectral
and spatial quantum correlation of the modes of the two
photons (the two-photons are described by an entangled
state), the heralded photon is often in an incoherent,
mixed state. In other words, if only one photon of the pair
is measured, the source exhibits purely thermal statistical
behavior, given by intrinsic multi-mode photon production. This is because the heralding channel normally consists of an integrated time detection in combination with
passive spatial and spectral ﬁltering. We can nevertheless
introduce a certain degree of coherence. By properly measuring one of the photons, we prepare the other photon
in a speciﬁc state [59,60]. The prepared state will be pure
only if the heralding PDC photon is projected into a single
mode.
Two diﬀerent approaches can be used to prepare heralded single photons, distinguished by how the heralding
and heralded photons are collected. One uses single-mode
ﬁber, while the second uses a multi-mode spatial ﬁlter. In quantum information processing applications [29],
pulse-pumped PDC has been employed, followed by
narrow-band spectral ﬁltering (for temporal mode deﬁnition) [61,62], and coupling the photons into single-mode
ﬁbers (for spatial mode deﬁnition). The pulsed operation
guarantees a higher gain in photon production, but requires precise modeling of the source spatial and spectral
correlation interplay. Multimode preparation has been employed for the calibration of single-photon detectors [27].
Let us consider the generic scheme of principle in Figure 3
to deﬁne the heralded photon mode preparation. We consider the two-photon state approximated as [63]

|ψ =
dρ1 dρ2 dt1 dt2 Φ(ρ1 , ρ2 , t1 , t2 )|1ρ2 ,t2 |1ρ1 ,t1  (1)

where ρ1,2 represent the transverse positions of the two
output photons at the times t1,2 , Φ(ρ1 , ρ2 , t1 , t2 ) is the
bi-photon ﬁeld, which contains the correlation between
the two photons in the spatio-temporal degree of freedom, thus yielding an entangled photon pair. The biphoton ﬁeld results from the pump envelope and the
phase-matching function deﬁned by the speciﬁc downconversion conﬁguration. |1ρ2 ,t2 , |1ρ1 ,t1  represent the single
photon modes. PDC is realized for two kinds of phasematching conditions, known as Type I and II. Type I corresponds to an extraordinary beam downconverting into
two ordinary beams, therefore the photon pairs present
the same polarization, and the PDC is characterized by
one conical emission around the pump direction. Type II
means one of the emitted PDC photons has ordinary polarization, while its twin has extraordinary polarization.
As a result, each photon of a pair is emitted into separate,
nonconcentric and orthogonally polarized output cones of
light. Only type II realizes polarization entangled photons.
Heralded photon sources can be realized with both Type I
and II.

3.1 Single mode preparation
Envisioning the optics setup for a PDC process as the
unfolded scheme of Figure (3) [64], the source (heralding arm) is described by the propagation of a coherent
mode deﬁned by ϕlm (ρ3 ) through an optical element with
impulse response function hi (ρ3 , ρ1 ), through the nonlinear crystal where the mode is transformed according to
the function Φ(ρ1 , ρ2 , t1 , t2 ), and collected eventually after propagating with hs (ρ2 , ρ4 ) by the ﬁeld ϕlm (ρ4 ) (this
last corresponding to the heralded photon detection). The
subscripts i, s stand for idler and signal, as historically indicated the twin photons in PDC.
The bi-photon ﬁeld Φ(ρ1 , ρ2 , t1 , t2 ) is analytic only at
the ﬁrst-order approximation of the transverse wavevectors and depends on the Fourier transform of the pump
angular distribution and the phase-matching function (as
in Ref. [65]).
The coincident detections at positions 3 and 4, C34 ,
are given by the overlap between the PDC ﬁeld and both
of the preparation and collection modes, while the single
counts C3 and C4 measure individually the overlap between
the biphoton ﬁeld and each of the preparing or collecting
modes:




C34 = dt1 dt2  dρ1 dρ2 dρ3 dρ4 Φ(ρ1 , ρ2 , t1 , t2 )

2


×hi (ρ1 , ρ3 )hs (ρ2 , ρ4 )ϕ∗l m (ρ4 )ϕ∗lm (ρ3 )





C3,4 = dt1 dt2 dρ4,3  dρ1 dρ2 dρ3,4

2


∗
× Φ(ρ1 , ρ2 , t1 , t2 )hi (ρ1 , ρ3 )hs (ρ2 , ρ4 )ϕlm (ρ3,4 ) .
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Fig. 4. Plots of single and multi-mode matching eﬃciency,
χM (solid) and ηM (dash) and various pump waists, versus the
waist of the preparing and collecting mode, wo .

The spatial coherence of the single guided modes in the
heralded and heralding arms should ultimately match the
overall spatial coherence of the two-photon states.
To quantify the purity of the prepared state, it is crucial to properly deﬁne and measure the eﬃciency of that
preparation, which is obtained from the ratio between the
coincident detections and the single counts in the heralding arm.
3.2 Multi-mode preparation
The multi-mode preparation consists of the collapse of the
PDC wave function over the spatial distribution of multimode ﬁbers or spatial ﬁlters (apertures). Referring to the
unfolded scheme of Figure 3, the source is incoherent with
ﬁnite transverse distribution T3 (ρ3 ). The collecting modes
are then deﬁned by the spatial ﬁlter and given by T4 (ρ4 ).
The coincidences measured at positions 3 and 4 are then
C34 , and C3 and C4 are the single counts:

C34 = dt1 dt2 dρ3 dρ4 T4 (ρ4 )T3 (ρ3 )
(2)

2


×  dρ1 dρ2 Φ(ρ1 , t1 , ρ2 , t2 )hi (ρ1 , ρ3 )hs (ρ2 , ρ4 )

C3,4 = dt1 dt2 dρ4 dρ3 T3,4 (ρ3,4 )
2

|dρ1 dρ2 Φ(ρ1 , t1 , ρ2 , t2 )hi (ρ1 , ρ3 )hs (ρ2 , ρ4 )| .
As Figure 4 demonstrates, the predictions made for single and multi-mode preparation eﬃciencies (χM and ηM ,
respectively) yield diﬀerent results. We remind that single and multi-mode preparation eﬃciencies are given
by [60,66]
C34
C34
, ηM = √
,
χM = √
C3 C4
C3 C4

(3)

and they depend on the pump transverse waist (wp )
and on the collection/preparation ﬁber-deﬁned mode at
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Fig. 5. (a) Calculated [68] external angular PDC emission of
LiIO3 at a phase-matching angle of 44.15◦ , including the longitudinal mismatch and the pump transverse shape (Gaussian
with a 260 µm pump waist, crystal length L = 5 mm). The
black line is the central emission angle of PDC for a 395 nm
CW pump beam. (b) Vertical slice of (a) at a wavelength of
789 nm.

the crystal, wo . When wp  wo , ηM asymptotically
approaches 1, while χM goes to 0; in the opposite
condition (wp  wo ), ηM → 12 and χM → 1 [66]. For
multi-mode preparation, with a ﬁxed pump waist wp , the
maximum mode-matching eﬃciency is obtained when wo
is large, i.e. all the pumped crystal volume is in a region
of unit eﬃciency of the spatial ﬁlter system. For singlemode preparation, one of the ﬁbers acts as a source of a
single-mode beam that propagates through a spatial ﬁlter (in this case the pumped crystal volume) to the other
ﬁber. The maximum mode-matching eﬃciency is achieved
with a large pump waist, with respect to the preparation
and collection beam waist at the crystal. Similar results
have been reported in reference [67], where the analysis
of distinguishability of the polarized entangled photons
is performed versus the pump focusing in the cases of a
multi-mode or single mode channel collection. The results
show that in multi-mode collection, a collimated pump is
preferable both in terms of detection of single and coincidence events, while the single mode operation requires a
focused pump to allow higher coincidence rate.

3.3 Spectral mode preparation
Even in the continuous wave (CW) case for type I phase
matching, spectral mode selection is crucial. This is easily
understood from the PDC phase-matching function in Figure 5. The phase-matching function modulates the PDC
output brightness for each wavelength of PDC emission,
and it depends on the longitudinal mismatch between the
pump, signal and idler wavevectors, on the crystal length,
on the transverse pump ﬁeld distribution, and eventually
on the pump pulse distribution. Figure 5 shows the calculated output angle θ of the down-converted photons as
a function of wavelength [68]. The thickness of the curve
is due to the ﬁnite dimension transverse pump beam and
the ﬁnite crystal length, when longitudinal mismatch is included. Calculating the PDC emission for a range of pump
beam diameters and crystal lengths demonstrates that the
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fuzziness or spread of the emission angle is due to these
eﬀects. For example, a larger pump beam waist gives reduced fuzziness, while a longer crystal, where longitudinal
phase-mismatch is present, decreases the spread around
the central emission angle.
In pulsed pump operation the spectral and spatial selection are more interconnected. Pulsed pumping was ﬁrst
included in the calculation of the bi-photon ﬁeld in reference [42], where an approximated analytical result for
the coincidence probability and the spectral coincidence
in type I phase-matching is provided and compared with
the exact numerical calculation. The conclusion was that
the analytical solution holds only for short crystals and
even in this case a departure from the exact solution is
evident. In reference [41] the eﬀect of the pulsed pump
beam on the PDC spectrum width is reported only from
the phenomenological point of view, to justify experimental results. While in reference [44] a theoretical analytic
approach to predict the spectral emission of the PDC coincidence and to optimize the spectral and spatial mode
selection is adopted and compared with the experiments.
In pulsed pump operation the bi-photon ﬁeld depends
also on the time Fourier transform of the pump spectral
distribution. In this calculation, spectral selection considerations have to be included to properly predict the coincidence spectrum and the actual matching/collection efﬁciency. The ﬁber spectral selection is deduced from the
PDC angular central emission curve. The angular selection of a ﬁber-deﬁned single mode beam, considered as
a spatial ﬁlter, around the central emission angle of the
PDC is obtained from θo (λs,i ) (see Fig. 5). The geometric
collection selected spectral width component at the full
width half maximum (FWHM) by the ﬁber, ∆1,2 , is approximately given by the FWHM angular collection ∆θ1,2
of the ﬁber times the slope of the spectral/angular spread
of the PDC, around the central wavelength λo , i.e.

−1
∂θo (λ)
∆1,2 = ∆θ1,2
(4)
∂λ λo
√
where ∆θ1,2 = 2 ln 2 πwλo,1,2 , and wo,1,2 are the ﬁber
waists at the crystal. Spectral selection is achieved by an
interference ﬁlter, and/or by single spatial mode collection. A single mode ﬁber (SMF) acts as a spectral ﬁlter
with a Gaussian spectral distribution given by


2 ln 2 2

Iνs,i (νs,i ) = exp − 2 νs,i
∆1,2
with ∆1,2 being the FWHM of the spectral distribution,
νi,s,p = ωi,s,p − Ωi,s,p the displacement of idler, signal and
pump frequency from the central frequencies indicated
by Ωi,s,p . The coincidence spectrum is determined by
Fourier transforming only the transverse spatial variables
of Φ(ρ1 , ρ2 , t1 , t2 ) and the resulting frequency-dependent
bi-photon ﬁeld is calculated by integrating over the transverse spatial variables according to

Φ(νs , νi ) = dρ1 dρ2 Φ(ρ1 , ρ2 , νs , νi )ϕ∗10 (ρ1 )ϕ∗20 (ρ2 ).

The coincidence spectrum for the degenerate case (Ωs =
Ωi ) is


2

C34 (νi ) = dνs |Φ(νs , νi )| Iνi (νi )Iνs (νs ) = dνs C(νi , νs ).
We explicitly write C(νi , νs ) as




16 ln 2 ζ 2

C(νi , νs ) ∝ Eνp (νs + νi ) 1 +

Tp2

(5)
1/2

2


 (6)


×Iνi (νi )Iνs (νs )
×|Erf[γ + ζ(νs + νi )] − Erf[ζ(νs + νi )]|2 ,
νp is the envelope of the pump spectral distriwhere E
bution, with Tp its temporal width. From equation (6)
the correlation between the spectral components νi,s and
the transverse parameters wo,p is contained in ζ and γ in
the Erf terms, which is relevant to both the pump pulse
envelope and the pump transverse distribution. Note that,
while for wp large, the ﬁrst factor contributes to a widened
coincidence spectrum, the Erf terms instead reduce the
overall coincidence spectrum. For pump waists bigger than
300 µm, the overall eﬀect is a very slight dependence of
the coincidence spectrum on the pump waist. However,
when we sharply focus the pump beam waist to the order
of 30 µm, we expect a broader coincidence spectrum. This
means that for small pump waist, the correlation is strong
and the spectral and transverse components are not separable. Similar results were obtained in reference [42], even
for an approximated solution.

4 Heralded single photons in bulk χ(2)
crystals
As an example, we describe a ﬁber-coupling strategy, implementing the above theory (preparing the heralding photon and collecting the heralded photon in single spatial
modes) as in Figure 6. In both channels we deﬁne our
single modes by backward propagating and imaging the
single-mode ﬁbers onto the PDC crystal. This strategy
was ﬁrst adopted in reference [38] where the idea was to
match the angular distribution of the PDC light for a given
spectral bandwidth to the angular width of the spatial
mode collected into single-mode ﬁber. In the original paper the aim was to optimize the collection of correlated
photons to maximize the coincidence visibility. The main
result was to observe a higher matching/collection eﬃciency when the single collected mode waists were about
the same as the pump waist, for a short crystal; the eﬀect
of the transverse spatial distribution of the pump was not
observed. A more rigorous study of the coupling eﬃciency
of SMFs with PDC was done in reference [39], which included crystal parameters as well as optical propagation
parameters. In particular, it was demonstrated how the
pump beam waist, crystal length, optical system magniﬁcation and the ﬁber mode waist must obey a precise joint
relation in order to ensure high coupling eﬃciency. Theoretical predictions have been veriﬁed experimentally using
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Table 1. Comparison of recent results in term of P (1), the probability of ﬁnding a heralded photon given that a heralding
photon has been detected.
PDC process
532 → 810 + 1550 PPKTP WG
710 → 1310 + 1550 PPLN WG
532 → 810 + 1550 KNbO3
400 → 800 + 800 PPKTP WG
390 → 780 + 780 BBO bulk
394.5 → 789 + 791 LiIO3 bulk
532 → 810 + 1550 PPLN bulk
390 → 521 + 1550 BBO bulk

P (1)
60%
38%
60%
85%
83%
70%
48%, 90%
18.7%

Heralded bandwidth (nm)
0.44
not reported
6.9
50
9
5
4, 0.2
18

Comments
CW, Ppump < 1 mW
CW, Ppump < 1 mW
CW, Ppump ∼ tens of mW
pulsed, Ppump < 1 mW
pulsed, Ppump ∼ 80 mW
pulsed, Ppump ∼ 100 mW
CW, Ppump ∼ 100 mW
pulsed, Ppump ∼ 200 mW

Reference
[52]
[54,69]
[58]
[13]
[41]
[44]
[49]
[70]

comparable to the results reported in reference [41]. The
experimental heralding eﬃciency (or mode preparation efﬁciency) was obtained by measuring the raw detection efﬁciency, χD and then correcting for the optical losses in
the heralded-photon arm, τopt , and Single Mode Fiber-lens
transmittance, τSMF −lens ,
χp =

Fig. 6. Setup used to herald single-photons from pulsed PDC
in a 5 mm LiI03 pumped by frequency-doubled Ti-Sapphire
laser (repetition rate of 76 MHz at 394.5 nm, pulse duration
150 fs) [44]. L1 and L2 are aspheric lenses or 20X microscope
objectives, ﬁlters F1,2 select heralding and heralded photons.
Direction 1 was the heralding channel. A monochromator was
inserted in the heralding channel ﬁber link to measure the coincidence spectral distribution.

femtosecond-pumped Type II PDC in nonlinear crystals
of variable thickness [39]. A more complete theory of the
mode matching eﬃciency for the general case in CW pump
operation was then provided [40].
In reference [41] the heralding eﬃciency was deﬁned as
the probability that the twin photon is actually present in
its ﬁber, given the detection of one PDC photon. It was
measured in the case of a bulk-crystal type-I PDC source
pumped by a mode-locked laser. The eﬀect of the pumping
bandwidth of several nanometers was considered by calculating the PDC tuning curves for several diﬀerent values of pump wavelength. Heralded down-converted photons present a raw bandwidth much greater than 100 nm.
Such broad bandwidth corresponds to heralded photons
whose coherence length is too short to be used in typical
multiphoton interference experiments. A spectral ﬁlter to
reduce the bandwidth of the accepted heralding photons
causes the bandwidth of the heralded photons to also be
reduced.
In reference [44] the pulsed pump eﬀect on PDC was
modeled as in reference [42], but also included an experimental test. A formula for the absolute heralding eﬃciency
was given as well as theoretical and experimental results

χD
.
ηdet · τopt · τSMF −lens

(7)

χD was simply deﬁned as the coincidence counting rate,
Rc , divided by the single photon detection rate, R1 (trigger), χD = Rc /R1 . Loss in the heralded-photon path
includes the quantum eﬃciency ηdet of the heralded detector. Note that χp is an estimate of P (1). Heralding
eﬃciencies of some of the reviewed experiments are listed
in Table 1.
It has been shown that spatial overlap alone is not
enough when we have pulsed pumping and that attention
has to be paid to deﬁne spectrally the mode preparation
eﬃciency. In reference [44] the PDC source was obtained
by a high repetition rate short pulse laser. Two small diametrically opposed regions of the emitted cone were coupled into single-mode ﬁbers using three optical conﬁgurations. The beam waists at the crystal were very precisely
measured, while the Gaussian pump beam was focused
at the crystal with 260 µm waist. The coincidence spectrum was analyzed when only the ﬁbers act as spectral ﬁlters and adding a spectral ﬁlter F1 centered at 789.3 nm
with FWHM of 5 nm in the heralding channel (trigger)
to obtain the best heralding eﬃciency. F1 reduced the
bandwidth of the accepted trigger photons along with the
bandwidth of the heralded photons and its choice tailors
the spectral properties of the heralded photons. Figure 7
shows the eﬀects of restricting the accepted heralded photon bandwidth to 5 nm around the central photon frequency, versus the case where only the raw bandwidths
selected by the two ﬁbers are used, for three diﬀerent spectral widths given by diﬀerent lens conﬁgurations L1,2 . It
was shown that, even in the absence of the interference
ﬁlter, the overall coincidence bandwidth is reduced with
respect to the single ﬁber selection spectral bandwidths.
This is a signature of entanglement between transverse
and spectral components for a weakly focussed pump. To
restrict the coincidence bandwidth, a narrow ﬁlter on the
heralding arm is necessary. To obtain the highest heralding eﬃciency, the spatial modes, spatially wider than the
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Fig. 8. Setup to herald single photons from PDC in a 5 mm
PPLN crystal, wo,1,2 waists at the crystal for the 2 beams 1
and 2 [49].

Fig. 7. Spectral scan of the normalized coincidence rates performed with a monochromator in the heralding ﬁber path.
Solid lines are theoretical curves of equation (5). Diﬀerent lens
conﬁgurations correspond to (a), (b) and (c) scans. The narrower scans were taken with a 5 nm FWHM interference ﬁlter
on the heralding arm (Ref. [44]).

spectral modes selected by the ﬁber, have to be matched
while the heralded arm bandwidth must be signiﬁcantly
wider than that of the trigger-photon ﬁlter F1 . The theoretical predictions match quite well with the experimental
results.
A heralded single photon source in bulk crystal with
a pulsed pump was also demonstrated in [70]. Here the
heralded photons were at 1550 nm, more suited for ﬁberbased QKD applications, while the heralding photons were
in the visible. The spatial mode matching of PDC with
single mode ﬁbers was performed as in the previous references, while there is no mention of spectral matching. The
ﬁnal heralding eﬃciency results were lower than expected,
possibly because of the non-degenerate conﬁguration (see
Tab. 1).

5 Heralded single photons in periodically
poled crystals
Periodic poling of nonlinear crystal materials is a technique for obtaining quasi-phase matching (QPM) of nonlinear interactions. It involves a process which generates a
periodic reversal of the domain orientation in a nonlinear
crystal, so that the sign of the nonlinear coeﬃcient also
changes. QPM often makes it possible to use the same polarization direction for all interacting waves, and this often
corresponds to using a stronger element of the nonlinear
tensor. Widely used in applications such as optical parametric oscillators and second harmonic generation, it had
also been applied in the generation of correlated photon
pairs in PDC and lately in applications such as heralded
single photon sources. The advantage of using periodically
poled (PP) crystals is a greater eﬃciency of the correlated photon production. In a periodically poled mate-

rial a higher PDC pair production eﬃciency is guaranteed
for QPM, obtainable in each period of the material at a
given temperature, making it possible to utilize the largest
value of the eﬀective nonlinear coeﬃcient. Production of
photon pairs from PP crystals was initially attempted to
produce photons pairs at the telecom wavelength for optical communication purposes [47]. Broadband twin photons at 1550 nm were generated, eﬃciently coupled into
a single-mode ﬁber. Lately [46,48] PP crystals were used
to produce eﬃcient sources of frequency non-degenerate,
polarization-entangled photon pairs. In PP crystals the
theory for mode preparation is equivalent to the bulk except that there is no birefringence, because of the non
critical phase-matching. Reference [45] is the ﬁrst work addressing the mode preparation eﬃciency in collinear emission in QPM bulk crystals. This work is a theoretical and
experimental investigation of the emission characteristics
and of the ﬂux of photon pairs. It was shown that, by
careful design, one can attain high coupling eﬃciencies,
maximized by varying the focusing of the pump mode and
the ﬁber-matched modes. Numerical calculations suggest
coupling eﬃciencies above 93% at optimal focusing, independent on the length of the crystal. It was pointed out
also in this case the connection between spatial and spectral modes, given by the phase-matching. An estimate of
the frequency ﬁltering by a single mode ﬁber was found to
be ∝1/L. This sets how narrow the bandwidth of an additional spectral ﬁlter has to be in order to have the highest
coupling eﬃciency. Moreover the interesting result is that
longer crystals narrow the bandwidth as well as increase
the photon ﬂux coupled to the ﬁbers. This suggest better
engineering of the source by having longer crystals, rather
than reducing the bandwidth by an additional spectral
ﬁlter, to reach the highest coupling eﬃciency.
Similar experimental results, even if the theoretical approach was completely diﬀerent, were obtained in reference [49], with an experimental conﬁguration as in Figure 8. Here a periodically poled lithium niobate (PPLN)
was used, pumped by a CW laser at 532 nm to produce 810 nm and 1550 nm photon pairs in a slightly noncollinear geometry (PDC photons at 810 nm and 1550 nm
at external angles of 1◦ and 2◦ ). The pump was focused
and the 1550 nm corresponds to the heralded photon arm.
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Photons were collected by SMFs. The InGaAs detector
(D2 ) was operating in gated mode, switched by the heralding Si detector (D1 ). While the heralded arm is spectrally
selected only by the ﬁber, the large improvement achieved
by narrowing the heralding bandwidth indicates that spectral mode matching is more critical than spatial mode
matching (the only spatial requirement is that wo,2 ∼
= wp ,
wo,1 > wp ). It has been possible using a very narrow spectral selection obtained with a monochromator, to reach
χp close to 90%, after correction for the estimated optical losses. However, because this was at the expense of
the signal to noise ratio, the uncertainty was quite large.
Therefore, in spite of originally higher photon pair production and even when used with a visible heralding arm
(therefore in a non degenerate conﬁguration), because of
strong spectral post-selection to optimize the heralding efﬁciency, PPLN crystals yield eventually a poor heralded
photon source.

6 Heralded single photons in periodically
poled waveguide crystals
A common approach to guarantee good mode preparation between PDC photons generated both in bulk and
PP-crystals uses strong spatial and spectral ﬁltering. The
cost of this, however, is a prohibitive reduction of the generation rate of usable single photon wavepackets. As a consequence, the ﬁdelity of the prepared heralded photons is
limited due to vacuum contributions. To eliminate these
and to ensure, for example, successful gate operations in
LOQC, post-selecting by coincidence measurements is inevitable. Waveguided PDC is one route to accomplish
both, to decorrelate the spatial from spectral degrees of
freedom ones and to eliminate at the same time the spatial correlations between the PDC photons. Waveguides
(WGs) have been used instead of post-selection with an
increased source brightness and heralding eﬃciencies limited only by detection losses. The main issue with WGs is
however the separation between the two beams of correlated photons.
Reference [11] reports the generation of pairs of coincident photons at 854 nm from a PPLN waveguide 1 cm
long. The waveguide structure acts as a spatial ﬁlter to
select a single transverse mode of PDC light, and without
requiring narrow band ﬁlters or spatial ﬁlters, the photon
bandwidth was less than 1 nm, for a CW pump source.
The correlated photons were not however separated.
Reference [12] reports the observation of correlated
photon pairs generated by PDC of a 400-nm pump pulse
in a QPM KTP nonlinear waveguide with the ratio of
coincidence to single-photon count rates observed near
800 nm exceeding 18%. Correlated photons were generated spectrally broadband (100 nm) and by a Type I nonlinear interaction. References [54,69] report on a guided
wave heralded photon source based on the creation of nondegenerate photon pairs by PDC in PPLN waveguide using Type I interaction. Using the signal photon at 1310 nm
as a trigger, a gated detection process permitted the announcement of the arrival of a single photon at 1550 nm at
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the output of a single mode optical ﬁber with a probability
of 38%.
In reference [13] single photons based on waveguided
PDC were produced with the highest so far obtained
heralding eﬃciency, 85%, and extraordinarily high detection rates, due to the eﬃcient pair splitting at the output of the WG. This was realized through a nonlinear
interaction producing orthogonally polarized (and therefore spatially separable) photon pairs, using a Type-II
PDC interaction in a QPM KTP waveguide. The output of
a mode-locked titanium sapphire laser (100 fs pulse duration, 87 MHz repetition rate) with power of 15 µW was focused using a 10X microscope objective into the input face
of a 12 mm long KTP waveguide formed by ion exchange.
The photon pairs were split by a polarizing beam splitter
and the horizontally polarized signal mode was coupled by
a multimode ﬁber. Despite of small d24 element (responsible for the Type II interaction) of KTP, considerably
smaller in magnitude than those elements yielding TypeI PDC (d33 and d31 ), it is possible to obtain a remarkably high production rate of Type-II PDC photon pairs
since the modes are conﬁned within the cross section of
the waveguide throughout the entire length of the structure. For a single photon source at telecom wavelength,
the best conﬁguration is however with the heralding photons in the visible, where single photon detectors are more
eﬃcient [52].
As a ﬁnal comment on the high eﬃciency of photon
pairs in WGs, we underline the diﬃculty to compare their
results on an absolute scale, determined in terms of photon
pair production eﬃciency (PPPE).
A validation test of the absolute measurement of
PPPE in WG was performed (Ref. [71]). PDC was based
on a WG realized with PPLN crystal, degenerate at
1570 nm. Figure 9 shows the experimental setup used to
perform the PPPE measurement based on coincidence detection of PDC photon pairs. Because of the presence of
the BS this is not a heralded photon source, therefore the
heralding channel is here just as a trigger. Because of high
dark counts and high after-pulsing (i.e. the tendency of a
detector to send a false detection signal immediately after a real detection event), detector APD1 was gated by
APD2 (trigger detector), thus maintaining a suﬃciently
low (some kHz) gating frequency.
From the measured coincidences and trigger detector
single counts, the rate of produced pairs is given by
Λc =

2ptrue
c
0
pw/2 η1 η2 τ1 τ2 T

,

(8)

where ptrue
is the probability of true coincidences, and
c
p0w/2 is the probability of the gated detector not ﬁring in
the ﬁrst half of the coincidence window w (Fig. 10). η1,2
are the detection eﬃciencies of the two APDs, T the measurement time, and τ1,2 are the overall optical transmittance for the photons in each channel. According to equation (8), the measured photon pair rate was (1.35 ± 0.32)
107 pairs/s for a guided pump power of (33 ± 4) µW. The
PPPE was compared with an analogue independent measurement, traced back to a national radiometric standard,
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Fig. 9. Setup used to generate single photons at 1572 nm from
a CW pump diode laser at 786 nm, focused onto the WG (annealed proton exchange, 17 mm long) by a microscope objective (OBJ) [71]. PDC photons were collected and collimated by
OBJs, coupled to SMFs by a single aspheric lens (L). A dichroic
mirror (DM2) and long-pass ﬁlters (HBP) separated the pump
from PDC photons. The pump reﬂected by the dichroic mirror
was directed toward a calibrated silicon detector. A seed beam
(tunable laser) at telecom wavelength is coupled in the guide to
simplify the alignment and the maximization of the collection
of the PDC photons into the SMF. PDC photons were routed
to a ﬁber integrated 50:50 beam splitter (BS/SMF), and sent
to single photon counters (APD1,2 ), both InGaAs avalanche
photo-diodes operating in gated mode.

Fig. 10. Coincidence histogram in the experimental condition of coincidence window w = 20 ns, trigger gate
100 kHz (Ref. [71]).

of the PDC spectral power, with good agreement within
the uncertainties of the two methods, thus validating the
estimate of PPPE in the photon counting regime.
In reference [56] a theoretical study of the conditional
state preparation of single photon wavepackets based on
PDC pumped by ultrafast pulses is reported. The study
investigates the premise given above, that a two photon
state lacking correlations between the signal and idler photons with unobserved degrees of freedom, is a basic requirement for ideal single photon preparation. Assuming
that spatial correlations can be independently eliminated
(for example with a WG), two techniques to obtain spectrally factorizable two-photon states are discussed. Firstly,
it was shown that if an additional condition on the two

photon state is fulﬁlled, the group velocity matching condition derived by Keller et al. [72] can yield a state in
which both the joint temporal intensity, and the joint
spectral intensity are factorable. The latter is crucial to
guarantee full factorizability in two photon states designed
for conditional preparation of single photons. Secondly, a
novel technique is introduced in which the group velocity
mismatch between the pump and downconverted photons,
responsible for the mixedness of the prepared single photons, can be controlled by using a sequence of crystals
alternated with birefringent spacers exhibiting a dispersion which compensates that of the crystal in a speciﬁc
manner. This represents a powerful technique in which
spectrally decorrelated states, as well as a more general
class of spectrally engineered two photon states, can be
obtained simply by varying the relative thicknesses of the
crystal and spacer used.

7 Practical Heralded single photon sources
for quantum communication
As summarized in the previous sections, a number of different approaches for building such a practical single photon source for quantum communication and QKD have
been proposed. References [54,69] provide a comparison
analysis of the pros and cons of these approaches. While
the ﬁnal verdict is yet to be made, it appears that at
the current state of technological development, PDC is
the most practical way to generate single photons on demand, but no practical device has been built to date. A
few parameters are of key importance for a practical heralded single photon source for ﬁber-based QKD: ﬁrst of
all, the heralded photons must travel a signiﬁcant distance in the optical ﬁbers and this limits the choice of the
pump laser and of the nonlinear medium used for parametric process at the telecom windows. Secondly, since the
maximum communication link distance is usually limited
by the signal-to-noise ratio (SNR) at the receiving side
(called Bob), the transmitting side (called Alice) must be
able to maximize the collection eﬃciency of the heralding
photons and Alice’s detector should have minimal dark
count probability, limiting the possible wavelength range
of the heralding photons in the visible. Also the erroneous
count rate of Bob’s detectors must be minimized. This
means that no other photons (except for those heralded)
should be sent from Alice. Also, since Bob’s detectors are
typically run in gated mode and their dark count probability is proportional to the duration of the gate, the
heralded photon arrival time should be very well known in
order to minimize the detector active time and dark count.
Chromatic dispersion eﬀects that increase the uncertainty
in the photon arrival time and result in longer required
gate durations depend on the optical length of the photon travel. Moreover the temporal spreading of the photon wave packet is proportional to its optical bandwidth;
hence the latter must be limited in order to decrease Bob’s
detector gate duration and noise level. Finally, to be practical, a heralded single photon source should be pumped
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by a low power pump laser and must operate reasonably
close to room temperature.
A number of groups throughout the world have made
experimental advances towards building a practical heralded single photon source. Both bulk medium as well as
WG approaches have been tried; recent results are summarized in Table 1, which is far from exhaustive, given
the many attempts in this direction. As already mentioned the advantage of using a WG is the disentanglement between the spectral and spatial correlation, which
is present in bulk or PPLN crystals, even if the heralding eﬃciency is still limited by the losses in the waveguide
and the non-ideal mode matching of the waveguide modes
and the single modes of the ﬁber. The coupling eﬃciency
from non-circular planar waveguides into optical ﬁbres remains poor unless signiﬁcant eﬀort is made to engineer
the guided mode. Moreover the degenerate case is not favorable in terms of spectral emission, which is too broad,
while a non-degenerate conﬁguration is more suited to the
applications described here.
A step forward in the direction of practical heralded
photon sources for quantum communication has been the
development of microstructured and photonic crystal ﬁbres (PCFs), enabling the engineering of profoundly different optical properties to conventional optical ﬁbres.
PCFs with very small solid cores can have zero dispersion wavelength in the visible and near infra-red region
of the spectrum, while the very small guided mode area
leads to extremely high optical intensity, giving rise to ultrahigh optical nonlinearities. For example, even though
silica glass does not possess an intrinsically high nonlinearity, the small core size in PCFs leads to strong mode
conﬁnement and useful nonlinearities even for low pump
power. The eﬀects are thus ampliﬁed and give us an eﬀective χ(3) better than χ(2) in nonlinear crystals. PCFs allow
the generation of photon pairs via four-wave mixing, in
which two pump photons are converted into a signal and
an idler photon. A review of a heralded photon source
based on PCF is given in [73]. In one of the latest experiments [74], non-classical interference of heralded photons from two independent PCFs has been demonstrated
in two regimes: a low pump power regime (1 mW per
ﬁbre), where a high non-classical visibility of 88% was
observed, and a higher pump power regime (8 mW per
ﬁbre) where the non-classical visibility reached 95%, after subtracting the contribution from multiphoton production. The theoretical maximum for the visibility was
found to be 97%. Compared to a PDC light source, an
all-ﬁber two photon light source has advantages in high
spectral brightness, broad bandwidth, single spatial mode,
low noise background, low collection loss, compact physical size, low pump power and compatibility with an optical
network. With appropriate dispersion control, ﬁber-based
two-photon light sources can cover the spectral range from
UV to the infrared, all in a single spatial mode, meeting
wavelength requirements for quantum communication and
possibly other applications.
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8 Practical Heralded single photon sources
for radiometry
The application of bi-photon ﬁelds to radiometry developed in the 1980s when Klyshko [75] put forward the ﬁrst
scheme to calibrate single photon detectors without using
any reference standard. This proposal was followed by several attempts [76,77] that were essentially proofs of principle and feasibility tests of the technique for real metrology
applications. A survey of the pros and cons of this source
as a real photon standard are reported in reference [78]
and discussion of the possible accuracy and uncertainty
achievable with this technique is provided in reference [79].
Even if from the point of view of modal emission, metrological applications are less demanding, the actual sources
of uncertainty that arise when calibrating detectors using
the photon pairs produced in PDC are several. The most
critical relate to the process of separating the eﬃciency
of the detector to be calibrated from the eﬃciency of the
detection channel taken as a whole (including of course
the mode matching). In simple terms, if the trigger detector senses a photon and the detector to be calibrated
does not detect its twin then we do not know whether the
photon was actually incident on the detector or was lost
upstream in the detection channel. To minimize this uncertainty, a speciﬁc design of the system to maximize the
collection of the photons correlated to those seen by the
trigger detector, and eventually a careful measurement or
calculation of any residual collection losses that cannot be
designed out of the system, are mandatory. The uncertainty of this residual loss contributes, in large part, to
the ultimate limit of the uncertainty of the ﬁnal detector
eﬃciency.
Collection system losses can be classiﬁed as either conventional transmittance losses due to reﬂection and absorption, or geometric losses due to causes such as limiting
apertures, ﬁnite detector area, or positioning errors.
Transmittance losses may be handled straightforwardly; the transmittance of optical components can be
measured conventionally with high accuracy, or in some
cases the losses can be calculated with good results (e.g.
the losses in the down-conversion crystal).
Geometric losses due to positioning errors can also be
characterized in a clear-cut manner.
A more challenging loss to quantify occurs because
there is a spread of emission directions and positions for
the photons correlated to those seen by the trigger detector. Because diﬀerent wavelengths of down-conversion
have diﬀerent emission angles, the bandwidth seen by the
trigger aﬀects the angular spread of the light that must
be coupled onto the detector under test, whose angular
acceptance and frequency-selective elements have to be
large enough to accept all frequencies correlated to photons arriving at the trigger detector. In this respect the
analysis of the angular and spectral spread of the photons described in the previous sections is of paramount
importance in estimating the ﬁnal accuracy of the source.
The collection losses can be quantiﬁed and experimentally veriﬁed, but there are a number of other systematic eﬀects related to the detectors. As an example,
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detector after-pulsing can aﬀect eﬃciency measurements;
also, threshold setting, dead time, nonlinearities (both reversible and permanent), spatial response non-uniformity
of the detector, and other coincidence measurement related issues. An example on how deadtime, background
and after-pulsing of photon-counting detectors aﬀect high
accuracy in detector calibration is reported in [80]. Here
a method for separating the correlated signal from the
background signal, and considerations of pulse timing and
after-pulsing issues and how these eﬀects should be considered in detector calibration, are presented.

monitors which detectors have ﬁred recently and are thus
dead, and then routes subsequent incoming pulses to a detector that is ready. An active switching scheme is in fact
preferable to passive schemes (using passive beamsplitter
trees and detector arrays), and also to the performance
of a single detector with much reduced deadtime, even in
cases where the switching time is not negligible. A modeling of this scheme shows that switch transition times are
negligible when they are less than 2% of the individual
detector deadtimes.

Recently [81] the bi-photon ﬁeld has been employed in
a self-calibration scheme where the recombination of two
temporally delayed single photon beams from PDC is used
to measure the single photon detection eﬃciency of one
detector, without even the need of a trigger detector. This
technique reduces some of the uncertainty associated with
the two detector scheme of the heralding conﬁguration
(e.g. geometrical/spectral collection and positioning), but
some of the timing-associated problems as well as optical
losses can still remain and can be even more problematic.

9 Conclusions

In reference [82] this primary standard method to calibrate detection eﬃciency has been veriﬁed and its uncertainty compared to a substitution method using a conventionally calibrated transfer detector tied to a national
primary standard detector scale. The relative standard uncertainty for the correlated-photon method of 0.18% is
comparable with the substitution method of 0.17%. This
is the highest accuracy characterization and independent
veriﬁcation of the correlated-photon method yet achieved.
Even if the conventional radiometry can provide similar
uncertainty as the photon counting technique, this last is
still of interest because it is by far easier and less expensive to implement, as well as direct, and it can be performed in any laboratory without maintaining expensive
primary radiometric standard and related dissemination
scale. However, eﬀorts are still worthy in the direction
of improving the ﬁnal uncertainty in PDC-based methods aiming realistically at one order of magnitude better.
To improve the uncertainty of the primary two-photon
beam method, more eﬃcient sources of correlated photons are required and faster detection systems to link the
photon counting directly to the analogue regime of optical power standards. In terms of conventional radiometry,
a microwatt cryogenic radiometer is presently under development [18], with a next-step project of a photon ﬂux
cryogenic radiometer undergoing measurement of photon
ﬂux of 1010 s−1 , taking advantage of developments in superconducting technology. On the side of sources, a possible generator of correlated photons comes from the development of χ(3) single-mode photonic ﬁber-based sources
with pair rates up to 107 s−1 , with very low input pump
power [16,17]. Finally to improve the possible measurable
rate in the photon counting regime, a scheme made of
a pool of photon-counting detectors operating as a unit
could be used [83,84] with better accuracy. The proposed
scheme consists of a 1-by-N optical switch that takes a
single input stream of photons and distributes them to
members of an array of N detectors. A switch controller

We have summarized some of the remarkable results obtained in PDC production for heralding single photons.
The two main problems of heralding single photons for
diﬀerent applications have been addressed, and possible
solutions proposed.
The ﬁrst group of solutions reduce the randomness
of the pair generation for a truly on-demand source as
well as the problem of having true single photons. While
the multi-pair production is more easily tailored and
controlled by increasing the number of down-conversions
within the same crystal, the pseudo-deterministic production of single photons is still a problem, because of the
losses in photon storage systems and in optical switches.
The second group of solutions deals with preparing single photons in deﬁnite spectral and spatial modes and
maintaining high eﬃciency of pair production. A review
of achievements in PDC realization with focused pump
beam and of single and multi-mode collection of photon pairs has been proposed in several conﬁgurations of
CW and pulsed pumps. In particular, a short-pulsed and
strongly focused pump produce an entanglement between
spectral and transverse photon modes. Single mode collection is preferable to multi-mode in terms of source eﬃciency, when the modes of pump and photons are properly
matched, which implies that the pump must be focused
inside the crystal. Conversely, a collimated pump is more
suited for multi-mode collection and preparation, even if
in this case the ﬁnal eﬃciency of the source, in terms of
collected pairs, is lower. Therefore a waveguide solution
is more promising than bulk crystals for heralded photon sources, providing a better ﬁnal eﬃciency in terms of
mode matching and pair production. QKD applications
of heralded single photon sources require also a telecom
wavelength operation, which is better implemented in the
heralding conﬁguration using non degenerate PDC, in order to have the heralding photon in the visible, where detectors are more eﬃcient. Finally a summary of the state
of the art in quantum communication and radiometry applications is provided.
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