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Abstract: We review the progress in multiplexed single-photon sources, including overviews on
heralded single-photon sources and photon-number-resolving detectors, the various approaches to
multiplexing, and their successful experimental realizations. We also summarize the recent results on
the theoretical description and optimization of multiplexed single-photon sources, focusing on the
procedures and methods that enable the improvement of the performance of these sources.
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temporal multiplexing; spectral multiplexing

1. Introduction

Single-photon sources are fundamental elements in various experiments and numer-
ous applications in the fields of quantum information processing and photonic quantum
technology [1-6]. An ideal single-photon source can produce highly indistinguishable
single photons with known polarization in near-perfect spatial modes in a deterministic
way. Promising candidates for realizing such a perfect source are multiplexed single-
photon sources [7-11]. The building elements of such sources are heralded single-photon
sources [12-36] that rely on some nonlinear optical processes, such as spontaneous para-
metric down-conversion or four-wave mixing, in which photon pairs are generated. The
detection of one member of a pair announces the presence of its twin photon that yields
the output of the heralded source. Though heralded single-photon sources are capable of
generating indistinguishable photons in near-perfect spatial modes, the probabilistic nature
of the underlying processes poses a limitation on the probability of obtaining exactly one
photon at the output in a given period of operation, and there is always a finite probability
of obtaining more than one photon from the source. Unfortunately, the reduction of this
multiphoton contribution by reducing the average number of the photon pairs generated
in the nonlinear processes also leads to a reduction in the single-photon probability and
increases the probability of obtaining no photons at the output. Multiplexing several low-
probability heralded single-photon sources provides a solution to overcome this problem
by increasing the probability of successful heralding.

Since the first proposals of multiplexed single-photon sources approximately two
decades ago, numerous multiplexing schemes have been proposed and analyzed theo-
retically [37-57]. Also, several experimental research projects have been performed that
proved the feasibility and the advantages of such sources [58-72].

In this paper, we give an overview of the recent progress in multiplexed single-photon
sources. As the basic building blocks of such sources are heralded single-photon sources,
in Section 2, we summarize their basic characteristics. Heralding involves photon detection;
therefore, this section contains an overview of photon-number-resolving detectors, which
improve the performance of these sources. In Section 3, we expound on the operation prin-
ciples of multiplexed single-photon sources, and we summarize the various multiplexing
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schemes proposed for realizing different types of multiplexing such as spatial, temporal,
and spectral multiplexing. Next, in Section 4, we present the general theory capable of treat-
ing single-photon sources based on any type of multiplexer. Then, in Section 5, we present
those theoretical results that are relevant from the point of future multiplexed single-photon
source experiments and the practical realization of such sources. At the end of this section,
we also give a summary of the successful experiments in which single-photon sources
based on some kind of multiplexing were realized. Finally, we summarize the main points
of the review and discuss the prospects of multiplexed single-photon sources.

2. Heralded Single-Photon Sources

A heralded single-photon source (heralded SPS) is composed of a source of pho-
ton pairs based on some nonlinear processes such as spontaneous parametric down-
conversion [12-14,16-24,26,27,29,33-35,73-76] or spontaneous four-wave mixing [15,25,28,30-32,36],
and a heralding detector. The twin photons generated in the process are termed idler and
signal. The presence of the signal photon is heralded by the detection of the idler photon;
hence, they are also called heralded and heralding photons, respectively. Note that most
applications require the periodicity of the SPS. This can be ensured by applying pulsed
pumping of the photon pair source.

Photon pair generation is an inherently probabilistic process; hence, the possible values
of the number of generated photon pairs can be described by a probability distribution. In
the case of multimode nonlinear processes having weaker spectral filtering, a Poissonian
distribution can be assumed. For single-mode processes characterized by stronger filtering,
the distribution describing the number of photon pairs is thermal [59,64,77-81]. In the
latter case, the heralded SPS can yield almost identical single photons required in various
experiments and applications. Assuming that the mean number of generated photon pairs
is A = 1, in the case of thermal distribution, the probability of having one generated photon
pair is P; = 0.25, while for a Poissonian distribution, this probability is P; ~ 0.367. These
are the highest probabilities of having a single-photon pair from a photon pair generation
process. Hence, even applying an ideal detector for heralding, it is not possible to obtain
higher single-photon probabilities than these values from a heralded SPS [82]. Note that
the single-photon probability, that is, the single-photon yield per pump pulse (i.e., at a clock
cycle), is generally termed as brightness for SPSs [9]. Another quantity characterizing the
performance of heralded SPSs is the heralded fidelity Fj,, which is the fidelity of the heralded
photon to the one-photon state |1) [9,82]. The multiphoton components of the output of
the heralded SPS can also be quantified by the normalized second-order correlation g(2)(0).
Applying photon-number-resolving detectors for heralding can reduce the multiphoton
noise, that is, it can increase the fidelity of the heralded photons compared to the case when
a single-click (that is, threshold) detector is applied [14,22,34,35,82].

One possible realization of photon-number-resolving detectors is based on the use of
click detectors in combination with either a temporal or spatial multiplexing scheme [83-97].
The performance and limitations of such schemes in the presence of various deficiencies
and losses have been studied in Refs. [90,92,93,95,96]. Note that superconducting nanowire
detectors widely used in quantum optical experiments are generally single-click ones with-
out photon number resolution. However, the multi-pixel ones show this capability [98,99].
Spatial multiplexing of multiple nanowires can also result in a photon-number-resolving
capability [100-105]. Superconducting nanowire detectors are noted for their high quan-
tum efficiency, excellent timing resolution, low dark counts, and sensitivity across a broad
spectral range. A lot of effort has also been paid to develop high-efficiency inherent photon-
number-resolving detectors. The best known realizations of such devices are fast-gated
avalanche photodiodes [106,107], quantum dot field-effect transistors [108,109], supercon-
ducting nanowire detectors [110,111], and transition edge sensors [111-121]. Transition
edge sensors in the near-infrared regime have been reported to yield detector efficiencies as
high as 98% [118,119] along with near-perfect photon-number discrimination in the case of
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low numbers of arriving photons. An additional benefit of transition edge sensors is that
they have a negligibly small dark count rate [112-114,117,121].

3. Multiplexed Single-Photon Sources

As we have described in Section 2, in heralded SPSs, the generation of single-photon
pairs in the nonlinear process is accompanied by a finite probability of obtaining more than
one photon pair. In addition to using photon-number-resolving detectors for heralding,
another way to decrease multiphoton contribution in the heralded signals is to decrease
the mean number of the generated photon pairs in the heralded source. Unfortunately,
this solution reduces the output single-photon probability, too. This undesired reduction
can be compensated by the multiplexing of several heralded sources, and thus, the whole
multiplexed system can still be characterized by a high probability of successful heralding,
eventually resulting in a higher single-photon probability at the output of the multiplexed
SPS. Multiplexing involves routing the signals originating from the particular heralded
sources realized in space, time, or in different spectral modes to a single-output mode by
using a switching device. Corresponding to the various realizations of the sources of the
heralded photons to be multiplexed, spatial, temporal, and spectral multiplexing have been
developed in the literature. In the following, we review each of these types of multiplexing.

3.1. Spatial Multiplexing

The idea of spatial multiplexing proposed first in Ref. [38] relies on the parallel use of
a number of pulsed heralded SPSs. Photon pairs needed in the individual heralded sources
can be created in separate nonlinear processes or in physically separate spatial modes of a
single-photon pair source. Following the successful heralding of a heralding photon in one
of the heralded sources, a spatial multiplexer, that is, an N x 1 switch, routes the twin of
the photon to a single output.

Such a switch can be realized by using binary photon routers. A binary photon
router is actually a 2 x 2 switch, that is, it has two input and two output ports. One of
the output ports is used as the actual output of the router, while the other output port,
the so-called noise port of the router, is used to remove unnecessary photons from the
multiplexer. Photons arriving at any of the input ports of the router experience losses while
propagating from the input port to the output port of the router. The losses assigned to
the two input ports of the router are described by transmission coefficients denoted by
V; and V;, as were introduced in Refs. [48,53]. In general, V, # V;, meaning the routers
are asymmetric. There are various types of optical switching devices that can act as
photon routers. In multiplexed single-photon experiments, bulk electro-optic polarization
rotating switches [37,39,58,62,64], integrated opto-ceramic switches [59,60,67] or electro-
optic switches [61,65] were applied.

Photon routers can be used to build binary tree spatial multiplexers with various
structures. The operation of the multiplexer is governed by a control unit, the operation of
which is triggered by the heralding detectors. To guarantee the time needed to realize the
switching, the signal photons are generally retarded by delay lines to delay their arrival to
the input of the multiplexer. To facilitate the unified discussion of multiplexed SPSs, it is
useful to apply the concept of multiplexed units comprising a source of heralded photons
and an optional delay line. In the case of multiple heralding events in different multiplexed
units, the control unit decides which heralded photons are to be forwarded to the output.

Though the structure of the multiplexer can be arbitrary, special attention has been
given to certain systematic building logics. The following terms can be used for describing a
multiplexer. The arms of the multiplexer are formed by the connections between the photon
routers. A branch is a subtree of the multiplexer. A level of a multiplexer is formed by
photon routers at an equal distance from the output of the multiplexer. As real multiplexers
always have losses, a photon entering the multiplexer vanishes with a certain probability.
The losses of the arms of the multiplexer can be described by transmission coefficients
denoted by Vj,. Note that in the case of multiple detection events in different multiplexed
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units, the control unit should choose the arm with the smallest loss, that is, with the highest
transmission coefficient V,.

One type of spatial multiplexer is called symmetric, log-tree, or complete binary-tree
multiplexer. Such a multiplexer is characterized by a power-of-two number of inputs (that is
equal to the number of multiplexed units) and photon routers arranged so that all the levels
of the binary tree are complete. Such multiplexers are discussed in Refs. [58,59,61,63,64].
The formula describing the transmission coefficients of a symmetric multiplexer can be
found in Ref. [48].

Another remarkable group of spatial multiplexers are asymmetric multiplexers [41,45,52].
Figure 1a shows the schematic figure of an SPS based on an asymmetric multiplexer. During
the building of such a multiplexer, the output of the next photon router is connected to
one of the inputs of the previous router; thus, the consecutive photon routers form a
chain-like structure. Though the chosen input port of the previous router to which the
output of the next router is connected can be arbitrary, it can be proved that to obtain higher
single-photon probabilities, the input port with the smaller loss is the right choice. An
important advantage of such multiplexers over symmetric multiplexers is that the number
of multiplexed units in the resulting structure is not limited to power-of-two numbers. The
transmission coefficients of this type of multiplexer can be written as [54]

v {vammvrggxl ifn <N, O
7R % ifn=N,

max

where Vipin = min(V;, Vi), and Vinax = max(V;, V4).

() (c)

Figure 1. (a) Schematic figure of asymmetric multiplexer-based SPSs. (b) Schematic figure of an
example of SOBTM-based SPSs. (c) Schematic figure of OMAXV multiplexer-based SPSs. MU;s are
multiplexed units. PR;s are photon routers. Viax and Vi are the larger and smaller transmission
coefficients, respectively, of the photon routers.

Recently, novel types of multiplexers called incomplete binary tree multiplexers were
proposed [53,54]. These multiplexers are termed incomplete because, as opposed to com-
plete binary-tree multiplexers, the levels of these multiplexers are not complete in general,
although for a certain number of photon routers, these multiplexer types include symmetric
multiplexers as a special case. Such multiplexers have the same advantage over symmetric
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multiplexers as asymmetric multiplexers, that is, no doubling of the number of multiplexed
units is required to form possible multiplexers.

Input-extended incomplete binary tree multiplexers can be assembled as follows. Let
us start with a complete binary tree formed by a given number of photon routers. This
multiplexer is extended by attaching the novel routers to the next level of the tree one by
one from left to right (or vice versa) until the next level becomes complete. The formula
describing the transmission coefficient of such multiplexers can be found in Ref. [53].

The building strategy of output-extended incomplete binary-tree multiplexers can also
be explained by starting from a complete binary tree multiplexer. In this case, the output
of the initial complete binary multiplexer is connected to one of the inputs of a novel
photon router termed as the base router. The output of the next router is connected to
the free input of the base router, thus starting the incomplete branch of the multiplexer.
Subsequent routers are added one by one, always to and only to the next level in the
incomplete branch of the multiplexer, until the level is completed. Various extension
strategies regarding the choice of the arm to which the next router is to be added were
proposed in the literature [53,54]. The most important type of these multiplexers is the
one in which the initially symmetric multiplexer is attached to the input of the base
router characterized by the smaller transmission coefficient Viyin (minimum-based), and
novel routers are added to the arms of the incomplete branch characterized by the largest
transmission coefficient V,, (maximum-logic). It was shown that SPSs based on minimum-
based, maximum logic, output-extended, incomplete binary tree multiplexers (OMAXV
multiplexers) show better performance than SPSs based on any other output-extended
incomplete binary tree multiplexers for a wide range of the parameters characterizing such
devices [54]. Hence, in the literature, this type of spatially multiplexed SPS was analyzed
and compared to other SPSs. The formula describing the transmission coefficients of SPSs
based on OMAXYV multiplexers has been stated in Ref. [54]. Figure 1c shows an example of
the structure of an SPS based on OMAXYV multiplexers.

The last type of spatial multiplexers is the stepwise-optimized binary tree multiplexer
(SOBTM) [55]. In this case, the structure of the multiplexer is systematically optimized
during its construction, considering the performance of the SPS where the multiplexer
is applied. The position of a photon router connected to the tree in a building step can
be found in consideration of the achievable single-photon probability of the source. The
method chooses the position of the router for which this output probability is maximal. This
building strategy is scalable, that is, one can determine the optimal multiplexer structure
for any number of routers. Figure 1b shows an example of the structure of an SPS based on
an SOBTM. Note that such spatial multiplexers are general binary trees, and their structure
can be considerably different depending on the actual values of the router transmission
coefficients. Hence, there is no general formula describing the transmission coefficients V,,
of SPSs based on SOBTMs. Further examples of SPSs based on SOBTMs can be found in
Ref. [55].

3.2. Temporal Multiplexing

Temporal multiplexing was first proposed and demonstrated experimentally in 2002 [37].
In this type of multiplexing, a non-deterministic photon generation process of a heralded
source is repeated in time with period T. The planned time period Ts of the multiplexed
source must be chosen as an integer multiple of the time period T, thatis, Ts = NT. Withina
period Tg, if the heralding event occurs at the nth time bin (n = 1, ..., N), the corresponding
signal photon is delayed so that it reaches the output of the multiplexer at the end of the
period Ts. Accordingly, in the case of temporal multiplexing, the temporal modes of the
same heralded source are multiplexed. The signal photons potentially arriving from the
heralded source during the observation time Ts can be reasonably delayed by at least T,
which makes it possible to choose the photon from the time bin closer to the end of the
predefined time period Ts. At this choice, the signal photon experiences lower loss during
time multiplexing. Note, however, that the switching realized by the control unit requires
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additional time; therefore, the realized time period T of the temporally multiplexed SPS is
greater than the planned time period, that is, Tz > Ts. The time bins and the delay lines
together play the role of multiplexed unit in the case of temporally multiplexed SPSs.

Two setups realizing temporal multiplexing were proposed in the literature. One
setup utilizes storage loop (or cavity) delays [37,39,46,47,49] with a fixed delay time T. The
scheme of an SPS based on such a setup is shown in Figure 2a. In this system, a heralded
photon goes around the loop as many times as needed to be delayed to arrive at the end of
the time period Ts. This system uses a single 2 x 2 switch that routes the photon into or out
of the delay loop, or it simply forwards the photon to its output if no delay is needed. The
various experimental realizations of this type of multiplexer are summarized in Ref. [9].
The transmission coefficient V;, assigned to the nth time bin can be written as

V, = VdeI\]_n‘/SN+1_n, (2)

where V), is a general transmission coefficient, Vs denotes the loss characterizing the switch,
V}; is the transmission coefficient of one-time-bin delay (that is, the propagation loss), and N
is the total number of time bins.
(b) AT
(a) T
2T

s —— HS [sW I/\I SW SW F—{sw |—

Figure 2. Schematic figures of temporally multiplexed SPSs based on (a) a storage loop and (b) binary-
divided delays. HSs are heralded sources, and SWs are optical switches. The various delay times
realized by the various delay lines are also indicated in the figure.

The other temporal multiplexer proposed in the literature is based on binary-divided
delays [42,51]. The scheme of an SPS based on this type of multiplexer is presented in
Figure 2b.

It is based on several delay lines the lengths of which are power-of-two multiples of
that of a unit-length delay line that realizes the delay T. Assume that the amount of delay
required for the chosen signal photon to arrive at the end of the predefined period Ts is
nT. The integer multiplicative factor # can be represented by a binary number. The lowest
(rightmost) digit of the binary number corresponds to the shortest delay line realizing T,
while the highest (leftmost) digit belongs to the delay line realizing the longest delay. The
signal photon chosen to be routed through the multiplexer is directed into those delay
lines of the multiplexer for which the corresponding digit in the binary number 7 is 1. In
this case, the signal photon goes through all switches exactly once. Then, the transmission
coefficient V, assigned to the nth time bin can be written as

Vi = VTV, 3)

where m = [log, N| and [x] represent the ceiling function that maps its argument x to the
smallest integer larger than or equal to x.

It is worth mentioning here that the combination of spatial and temporal multiplexing
was also proposed in the literature [23,48,65,122,123]. SPSs based on combined multiplexing
can outperform those based on any of the multiplexing schemes [48].

Another promising type of multiplexing is relative multiplexing that aims at synchro-
nizing multiple photons at a convenient time bin, or in the spatial mode that requires the
least switching [124-126]. This solution is useful in experiments where such synchronized
indistinguishable photons are needed.



Appl. Sci. 2024, 14, 11249

7 of 26

3.3. Spectral Multiplexing

Recently, a novel type of multiplexed sources called spectrally multiplexed SPS has
been proposed and demonstrated experimentally [68,69,71,72]. In this approach, spec-
tral modes are defined within the broadband spectrum of a photon pair source based
on spontaneous parametric down-conversion. The spectral modes of the idler beam are
demultiplexed into distinct modes before detection. Demultiplexing can be realized, e.g.,
by diffraction gratings [68,69,71] or a dense wavelength division multiplexer [72]. Af-
ter detecting the idler photons in one of the spectral modes, a feedforward frequency-shift
operation is applied to the heralded photons, thus switching signal photons between modes.
The frequency of the heralded signal photon from the spectral mode corresponding to
the frequency of the detected idler photon is shifted to the prescribed frequency vou: of
the output mode. Figure 3 shows the scheme of spectral multiplexing. The frequency
of the signal photon can be shifted by using various techniques such as a linear phase
ramp realized by an integrated phase modulator [68], four-wave mixing applying different
pump frequencies [69], or a travelling wave electro-optic phase modulator [71,72]. The
advantage of spectral multiplexing is that the optical switch realizing the frequency shift
has a given loss, and it is not scaled up with the number of multiplexed spectral modes.
However, multiplexing several spectral modes can be technically challenging. Moreover,
demultiplexing of the idler beam introduces additional losses.

Signal ot
n

— ¢
Av = Vour — 1,

14

Idler DM

Figure 3. Schematic figure of spectral multiplexing. The demultiplexer (DM) filters the idler photons
into distinct spectral modes. The frequency shift Av on the signal photons is realized depending on

the detected frequency vdet.

4. Theory of Multiplexed Single-Photon Sources

In principle, in an ideal multiplexed system free of losses, increasing the number of
multiplexed units and at the same time decreasing the mean number of the generated
photon pairs yields single-photon probabilities that tend to one asymptotically. How-
ever, in real multiplexed systems, all the optical constituents applied in the multiplexing
system and the heralding stage have losses. In order to analyze multiplexed SPSs, theo-
retical descriptions are required that are capable of taking into account these losses. In
Refs. [39,46,47,49], mathematical descriptions of temporally multiplexed SPSs based on
storage loops were presented. Theoretical analyses of temporally multiplexed SPSs based
on binary-divided delays were outlined in Refs. [40,44,51]. Theoretical models describing
spatially multiplexed SPSs were developed in Refs. [41,43,45].

A full statistical theory describing any type of multiplexed SPSs was introduced in
Ref. [42]. That theory can be used to determine the output probability distribution of the
photon numbers of the multiplexed system for any type of input photon statistics of the pho-
ton pairs generated in the multiplexed units. It assumes threshold, that is, click detectors for
heralding in the units and includes all relevant loss mechanisms. Recently, this theory has
been extended to include the application of photon-number-resolving detectors capable of
realizing any type of detection strategy and the possibility of using different mean numbers
of the generated photon pairs A, in different multiplexed units [50,52]. Photon-number-
resolving detectors were used in recent multiplexed SPS experiments [59,62-64,66,67,70].
The significance of the theory is that it can be used to optimize any multiplexed SPS
characterized by a certain set of the loss parameters of the system, thus determining the
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optimal number of multiplexed units and the optimal mean number of the photon pairs
generated in the multiplexed units for which the single-photon probability is maximal.
The theory can also be applied to determine the normalized second-order autocorrelation
¢?(0) characterizing the multiphoton contribution at the output of the multiplexed system.
In the following, we summarize this extended statistical theory.

Assume that a certain type of multiplexer contains N multiplexed units and that I pho-
ton pairs are generated by the nonlinear source in the nth multiplexed unit. Furthermore,
assume that only when a photon-number-resolving detector detects a predefined number
of photons j (j < I) will the corresponding input ports of the multiplexer be open. Then, the
probability of the arrival of i signal photons at the output of the multiplexer takes the form

N
P =TT (1 - P ())éi0

=1 jes

N [n—-1
Ll (1= L A" Gy ZZP GNP (D VailD) |-
k=1

n=1 jes I=ijes

=

The formula contains various probabilities corresponding to different events.

The probability Py(lA”) (I) corresponds to the event that the nonlinear source in the
nth multiplexed unit generates [ photon pairs, with the mean number of the generated
photon pairs set to A, in the chosen unit. There are two probability distributions that can
be assumed to be related to the SPSs. In the case of multimode spontaneous parametric
down-conversion or spontaneous four-wave mixing processes, that is, for weaker spectral
filtering [59,64,77-81], Poissonian distribution can be assumed. In this case,

AL g™
n o’

P (1) = ©)
where A, represents the mean number of photon pairs originating from the nonlinear
source in the multiplexed units, so it is the input of the heralding process. In the following,
the term input mean photon number is used for this quantity.

The other distribution assumed in the literature is thermal distribution that is valid for
the single mode, i.e., spectrally narrow-filtered spontaneous parametric down-conversion
or spontaneous four-wave mixing processes. The probability of having 1 photon pairs in
the case of thermal distribution can be expressed as

A

(An) 1y —
Py (l) - (1+An)1+l'

(6)

Multiplexed SPSs in which thermal distribution is assumed can yield highly indis-
tinguishable single photons required for the realization of various optical quantum infor-
mation experiments. We note that the entangled two-mode output state of these systems
determines the actual photon distrlbutlon of the photon pair generation [78].

The conditional probability P(P)(j|I) describes the event that j photons are registered
provided that I photons fall onto the detector (j < [). Characterizing the detector by the
detector efficiency Vp, this probability can be written as

D) jj1) = (j) Vi1 - Vo). %
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Another detection-related quantity is the probability P,ED) (j) corresponding to the
event that exactly j photons are detected in the nth multiplexed unit. Using the above two

probabilities P(P)(j|I) and Py(,A”) (1), one can write

[ee}

PP (j) = L PP (1P (1), 8)

I=j

Refs. [42,50,52] introduce the three versions of the statistical description of multiplexed
SPSs, where no other detector imperfections were taken into consideration but the finite
detector efficiency described by Vp. It was also stated that omitting other imperfections
poses no significant limitation against the realistic nature of the model [50]. We note that the
effect of the dark counts on the performance of temporally multiplexed SPSs was analyzed
in Ref. [127].

Lastly, V,(i|l) is the conditional probability quantifying the likelihood of the event
that i photons leave the multiplexer provided that I signal photons arrive to the system
from the nth multiplexed unit. It can be calculated as

Vo(ill) = (i) Vi(1— V), ©)

where V;, denotes the total transmission coefficient characterizing the losses of the nth arm
of the multiplexer.

In the case of heralding events occurring in multiple multiplexed units, the preferred
unit in Equation (4) is the one the sequential number n of which is the smallest. The unit
controlling the operation of the switches of the multiplexer should implement this priority
logic. Hence, the total transmission coefficients V,, describing the losses experienced by
the photons in the arms of the multiplexer are to be sorted into a descending order for a
given set of the loss parameters. Such a renumbering ensures that the multiplexer arm
characterized by the highest V,, that corresponds to the smallest loss is favored by the
priority logic in the case of multiple heralding events occurring in the system [50,53]. In
this way, the probability that the input signal photon vanishes in the multiplexer is reduced;
hence, the output single-photon probability is higher.

The set S contains the number of photons detected in a multiplexed unit that triggers
the opening of the corresponding input port of the multiplexer to let the generated signal
photons into it. Assuming that such a set allows for using an optional detection strategy
that cannot be realized without a photon-number-resolving detector, the elements of the
set S are positive integers less than or equal to a value J;, characterizing the resolving
capability of the photon-number-resolving detector: this number is the highest number of
photons that can still be distinguished by the detector. Such a detector can also be used as a
threshold detector by assuming the set S to contain all positive integers.

There are two terms in Equation (4). The first one quantifies the likelihood of de-
tecting an unexpected number of photons, that is, the number of photons registered in
the multiplexed unit is outside the set S. Considering that for an unexpected number of
photons detected in a multiplexed unit the corresponding input port of the multiplexer

does not open, this first term contributes to the probability Pés) of obtaining no outgoing
photons from the multiplexer. Consequently, all events corresponding to the detection of
an expected number of photons in a multiplexed unit are described by the second term.
Here, it is assumed that / photons enter the multiplexer from the nth unit subsequent to the
heralding, but the output is reached by only i of these photons owing to the losses present
in the multiplexer. In this term, the first factor expresses the fact that no expected number
of photons is detected in the first # — 1 multiplexed units.
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The theory can also be used to characterize the multiphoton contribution at the output
of the multiplexed system. This is generally quantified by the normalized second-order
autocorrelation function [23]

Si(i —1)

Lre
)

g (0) = 100—2
(2 p.(s)i>
i=1 '

that measures the multiphoton components of the output state relative to the single-photon

(10)

component. In this formula, the probabilities Pl-(S) (i=1,2,...) of obtaining i photons at
the output can be calculated by using Equation (4).

Next, we summarize how the theoretical description can be used to optimize a
given multiplexed system. As it was stated before, Equation (4) can be used to determine
the probability of getting a single signal photon at the output of the multiplexer. After
fixing the values of the various losses characterizing the multiplexed SPS such as the
transmission coefficients V, and V; of the individual routers building up the spatial
multiplexer or, in the case of temporal multiplexing, the corresponding quantity Vg
characterizing the switch, the detector efficiency Vp, and the general transmission
coefficient V}, Equation (4) still contains two free parameters, or variables, namely, the
number of multiplexed units N and the input mean photon number A. Note that the
formula allows for the use of different input mean photon numbers A, in the various
multiplexed units, which means that the number of variables in Equation (4) is N + 1,
namely, the input mean photon numbers A,,, n = 1,..., N and the number of multiplexed
units N. Then, the optimization of a given multiplexed system means determining the
optimal values of these variables, that is, the optimal number of multiplexed units Nopt
and the optimal input mean photon number or numbers Aopt Or Ay opt, Tespectively,
for which the value of the single-photon probability Pj max is maximal. This can be
accomplished in two steps. First, the number of multiplexed units N is fixed, and the
input mean photon number A or, generally, photon numbers A, have to be determined
for which the single-photon probability P; is maximal. As it is shown in the next
section, the single-photon probability function depending on the input mean photon
number A always has a well-defined maximum that can be found by applying standard
optimization algorithms such as the gradient method. In the case of different input
mean photon numbers A, other optimization methods such as the genetic algorithm can
be used. Such optimization algorithms are available in several mathematical software
packages. Next, this method is applied for all reasonable values of the number of
multiplexed units N, thus obtaining P; — N pairs forming a discrete function. In the
case of SPSs based on certain types of multiplexers, this discrete function has a single
maximum that can be selected easily. Examples of such multiplexers are the symmetric
multiplexer and the temporal multiplexer based on binary-divided delays [42,51]. For
SPSs based on other types of multiplexers, the discrete function has a well-defined global
maximum, but it can contain local maxima as well. In this case, it is still possible to select
the global maximum. Input- or output-extended incomplete binary tree multiplexers
are representative examples of such multiplexers [53,54]. Finally, the discrete function
might have no global maximum at all; instead, it tends to a finite value less than one
as the number of multiplexed units is increased. This behavior is characteristic of SPSs
based on asymmetric and stepwise-optimized binary tree multiplexers [52,55] and for
temporal multiplexers based on storage loop delays [37,39,47,49]. Obviously, when
choosing well-defined optimal system parameters in this case is not possible, one of
the following two approaches can be applied instead. In the first approach, the single-
photon probability P; is maximized for a sufficiently high number of multiplexed units
Nhjgn, leading to Pl/Nhigh’ and it is considered to be close to the saturated value. Then, the
highest single-photon probabilities P; y are determined for lower values of the number
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of multiplexed units, and they are compared to the highest single-photon probability
Py N, found for the high number of multiplexed units. In this case, the lowest value of
the number of multiplexed units N for which the difference PLNhigh — Py  is smaller than
a predefined value is said to be the optimal number of multiplexed units Nopt, the input
mean photon numbers that yield P; y are called the optimal input mean photon numbers
An, and Pj y is called the maximal single-photon probability P; max. In the second
approach, the highest single-photon probabilities obtained for neighboring values N and
N — 1 of the number of multiplexed units are compared. In this case, the lowest value
N for which the difference P; y — P; n—1 is smaller than a predefined value is called
the optimal number of multiplexed units Nopt, the input mean photon numbers that
yield P; y are called the optimal input mean photon numbers A, and P; y is called the
maximal single-photon probability Pj max-

5. Theoretical Results and Experiments
5.1. Theoretical Results

The performance outcomes of various SPSs have been discussed in Refs. [39-41,43—
47,49,51] applying different theoretical models. Using the general theoretical description
outlined in the previous section, the properties and characteristics of SPSs based on
different multiplexing methods have been analyzed in Refs. [42,48,50,52-57]. According
to these analyses, it can be stated for all multiplexed SPSs that the performance of the
system improves for lower system losses, that is, for higher values of the various trans-
mission coefficients and efficiencies. Also, the single-photon probability of multiplexed
sources can be increased by using photon-number-resolving detectors [50]. We assume
that higher values of the detector efficiency of such detectors lead to higher single-photon
probabilities and, simultaneously, lower values of the multiphoton noise. Assuming
thermal statistics for the distribution of the generated photon pairs required for the indis-
tinguishability of the generated photons, the resulting output single-photon probabilities
are lower than those for Poissonian statistics [53]. Another common characteristic of
multiplexed SPSs is that the single-photon probability plotted against the input mean
photon number exhibits a single maximum for any value of the number of multiplexed
units N. This is shown in Figure 4 for SPSs based on five different types of multiplexers
and for N = 10 multiplexed units. The maximum shifts toward smaller values of the
input mean photon number A with increasing values of the number of multiplexed units
N [42,50,57]. The physical reason behind these observations is that when the input mean
photon number A is low, the likelihood of not obtaining any photons at the output of
the system is high, while high values of A lead to increased multiphoton contribution.
The shifting of the maximum can be explained by the fact that the assumption of higher
values of the number of multiplexed units N allows for the use of lower values of the
input mean photon number A to retain the probability of successful heralding high in the
whole system. Knowing the maxima of the P;(A) functions for all reasonable values of
N, one can determine the optimal value Nopt together with the optimal values of Aqpt for
which the single-photon probability is the highest, as described in the previous section.
This value is called the maximal single-photon probability P; n.x that can be achieved
with the considered SPS.

Table 1 shows examples for the maximal single-photon probability P; .y, the corre-
sponding values of the normalized second-order autocorrelation function ¢(?), and the opti-
mal values of the number of multiplexed units Nopt, as well as the input mean photon num-
ber Aopt for SPSs based on five different types of multiplexers: an asymmetric multiplexer
(ASYM) [52], stepwise-optimized binary tree multiplexers (SOBTMs) [55], minimum-based,
maximum-logic output-extended incomplete binary tree multiplexers (OMAXVs) [54], and
temporal multiplexers based on binary-divided delays (binary-divided) and on storage
loops (loop) for two sets of loss parameters. With the aim of comparing the performance of
the various spatially and temporally multiplexed SPSs, we have calculated all the values
shown in the table for the same sets of parameters. The first parameter set characterizes
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state-of-the-art optical devices and elements [70,119,128]. The second set comprises param-
eters that can expectedly be realized in multiplexed SPS experiments. Exact values of the
parameters are listed in the table caption. Note that corresponding calculation results for
temporally multiplexed SPSs can be found for different parameter sets in Refs. [42,50]. To
obtain the data presented in the table for SPSs based on temporal multiplexers, we have
used Equations (2) and (3).
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Figure 4. Single-photon probability P; as a function of the input mean photon number A for
SPSs based on five different types of multiplexers: asymmetric multiplexer (ASYM), minimum-
based, maximum-logic output-extended incomplete binary tree multiplexers (OMAXVs), stepwise-
optimized binary tree multiplexers (SOBTMs), temporal multiplexers based on binary-divided
delays (binary-divided) and on storage loops (loop), for the number of multiplexed units N = 10,
the transmission coefficients V, = 0.95 and V; = 0.95, the general transmission coefficient V;, = 0.95,
the detector efficiency Vp = 0.9, and, in the case of temporal multiplexers, the transmission coefficient
of one-time-bin delay V; = 0.99, as well as when the loss characterizing a switch is Vs = 0.95.

Table 1. Comparison of the performances of SPSs based on various temporal and spatial multiplexer
structures for two sets of loss parameters. State-of-the-art parameters: transmission coefficients
Vy = 0.99, Vi = 0.985, detector efficiency Vp = 0.95, general transmission coefficient V;, = 0.98.
Realistic parameters: transmission coefficients V;, = 0.95, V; = 0.95, detector efficiency Vp = 0.9,
general transmission coefficient V}, = 0.95. In both cases for temporal multiplexers, the transmission
coefficient of one-time-bin delay is V; = 0.99, and the loss values characterizing a switch in the two
cases are Vs = 0.99 and Vs = 0.95, respectively.

State-of-the-Art Realistic
Type Pimax & @) Nopt /\opt Pimax g @ Nopt  Aopt
Spatial ASYM 0.905 0.061 31 0453 0.739 0.166 23 0.757
Spatial SOBTM 0.916 0.041 42 0.259 0.763 0.128 29 0.500
Spatial OMAXV 0.913 0.039 39 0.249 0.749 0.128 21  0.502
Temporal binary-divided  0.867 0.063 32 0472 0.679 0.156 16 0.685
Temporal loop 0.881 0.076 24 0.637 0.722 0.174 20 0.809

The table shows that the differences between maximal single-photon probabilities
P1 max that can be obtained with SPSs based on these multiplexers are moderate for the
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parameter sets used. However, the required optimal numbers of multiplexed units Nopt
and the corresponding values of the normalized second-order autocorrelation function g(),
as well as the optimal input mean photon numbers Aqpt, are considerably different. The
highest single-photon probability that can be achieved both for state-of-the-art parameters
and for realistic parameter sets can be obtained with SPSs based on SOBTMs. Generally,
the relation between the performances of SPSs based on different multiplexing methods
depends on the chosen sets of the loss parameters. A detailed comparison of SPSs based
on OMAXVs and asymmetric multiplexers in this respect can be found in Ref. [54]. That
analysis shows that, though SPSs based on OMAXVs surpass those based on asymmetric
multiplexers in the present examples, in the case of multiplexers built of highly asymmetric
photon routers, SPSs based on asymmetric multiplexers usually show better performance
than those based on OMAXVs.

The optimization of SPSs usually means maximizing the single-photon probability.
Note, however, that the highest single-photon probabilities obtained by the optimization are
not necessarily accompanied by low values of the second-order autocorrelation function. In
Ref. [57], a method was proposed to reduce the multiphoton contribution of a multiplexed
SPS with a moderate reduction in the single-photon probability compared to the maximal
one obtained from the optimization above. In that paper, it was shown that the relation
between the normalized second-order autocorrelation function g(2) and the input mean
photon number A is practically linear. Hence, the reduction of A results in a decrease in
¢'?), but this also leads to a reduction in the single-photon probability P;. The solution to
this problem is the reoptimization of the system, that is, determining the optimal number
of multiplexed units and optimal input mean photon numbers for the prescribed lower
value of the normalized second-order autocorrelation function for which the reduction of
the single-photon probability is minimal.

The theoretical analyses also showed that the optimal system sizes, that is, the optimal
numbers of multiplexed units, are higher, and the optimal input mean photon numbers
are lower for lower losses of the multiplexer [52,53]. In contrast, for higher detector
efficiencies Vp, the values of the optimal input mean photon number Aqpt are higher,
while the corresponding values of the optimal number of multiplexed units Nopt are lower.
Obviously, in the case of higher losses of the multiplexer, keeping the system sizes at
high values increases the probability that the photon vanishes in the multiplexer. Also,
applying a better photon-number-resolving detector for heralding can better suppress the
multiphoton contribution in the signal entering the multiplexer.

The performance of multiplexed SPSs can be further improved by using different
input mean photon numbers in the different multiplexed units [41,52,56]. This method
takes into account that different arms of the multiplexer generally introduce different losses.
In Ref. [41], a definite functional dependence for the different input mean photon numbers
was proposed. The idea of using different input mean photon numbers was inserted into
the general theory of multiplexed sources in Ref. [52]. The theory presented in the previous
section includes this possibility. The optimal values of the different input mean photon
numbers can be determined by using standard multivariate optimization methods such
as the genetic algorithm. The theory has been applied for SPSs based on asymmetric
multiplexers [52] and for those based on OMAXVs [56]. It was shown that the method
applying a full optimization for all the individual input mean photon numbers surpasses
the one assuming a functional dependence for the different input mean photon numbers.

The application of photon-number-resolving detectors in the multiplexed units has
opened the possibility to optimize multiplexed SPSs in which a heralding strategy can be
chosen based on the actual number of detected photons [50,52,53]. The theory shown in
Section 4 also includes this possibility. The analyses showed that for multiplexers with
higher losses, it can be advantageous to choose a strategy in which two or more photons
also induce a heralding event [50,52,53].

The theoretical models described above and proposed in the literature were also used
to analyze multiplexed SPSs with suboptimal system sizes, that is, for the number of mul-
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tiplexed units less than what would be optimal for a given set of loss parameters [52-55].
The relevance of analyzing SPSs with suboptimal system sizes is that using relatively low,
suboptimal number of optical elements is the typical situation in experiments realized so
far [58,59,61,63,64]. Next, we present results that show the typical behavior of multiplexed
SPSs for suboptimal system sizes. Figure 5 shows the characteristics of SPSs based on the
multiplexers presented in Table 1 for suboptimal values of the number of multiplexed units.
The three subfigures show the maximal single-photon probability P; y (a), the correspond-

ing values of the normalized second-order autocorrelation function gﬁ) (b), and the optimal
input mean photon number Aqpt v (c) against the number of multiplexed units N. The loss
parameters of the multiplexed systems for which the data are shown in the figure are the
realistic ones used in Table 1. Note that P; y is maximal, and Aqp, v is optimal only for the
chosen value of N. Figure 5a shows that increasing the number of multiplexed units N (but
still keeping it below the optimal value), where the maximal single-photon probability P; x
increases in general. We point out, however, that in the case of spatially multiplexed SPSs
based on OMAXVs and for temporally multiplexed SPSs based on binary-divided delays,
there can be breaking points [40,53]. It is also worth noting that single-photon probabilities
higher than 0.7 can be obtained by applying four of these multiplexers in an SPS with only
N = 11 multiplexed units, while for temporally multiplexed SPSs based on binary-divided
delays, this value is higher than 0.65. This observation shows that it is possible to achieve
high single-photon probabilities close to the maximal value with a considerably lower
number of multiplexed units than the optimal value. According to the figure, the highest
single-photon probabilities P; 5y can be obtained for SPSs based on stepwise-optimized
binary tree multiplexers for all values of the number of multiplexed units. Figure 5b shows
that an increasing number of multiplexed units N yields decreasing values of the normal-

(2)

ized second-order autocorrelation function g);” for all multiplexer types. The lowest, that

is, best values of gﬁ) can be obtained for SPSs based on OMAXV multiplexers. Finally,
Figure 5¢ shows that, similarly to the ¢(2) function, the optimal input mean photon number
Aopt,N decreases with increasing numbers of multiplexed units N. Figure 5b,c, show that
there is a correlation between the normalized second-order autocorrelation function and
the input mean photon number, as we have discussed above. We note that for suboptimal
system sizes, the application of different input mean photon numbers in the multiplexed
units can relevantly improve the performance of the underlying SPS [52,56].
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Figure 5. (a) Achievable single-photon probability P y;, (b) normalized second-order autocorrelation
function gg), and (c) optimal input mean photon number Aqp; N against the number of multiplexed
units N for SPSs based on five different types of multiplexers: asymmetric multiplexer (ASYM),
stepwise-optimized binary tree multiplexers (SOBTMs), minimum-based, maximum-logic output-
extended incomplete binary tree multiplexers (OMAXVs), temporal multiplexers based on binary-
divided delays (binary-divided) and on storage loops (loop) for the transmission coefficients V, = 0.95
and V; = 0.95, the detector efficiency Vp = 0.9, the general transmission coefficient V}, = 0.95, and in
the case of temporal multiplexers, the transmission coefficient of one-time-bin delay V; = 0.99 and
the loss characterizing a switch at Vi = 0.95.

5.2. Multiplexed Single-Photon Source Experiments

Though the idea of multiplexed SPSs is quite straightforward, the first experimental
realization of such a source based on spatial multiplexing of four multiplexed units was
reported only in 2011 [58]. In that experiment, a pair of beta barium borate crystals were
used as parametric down-conversion sources, and the routing of the heralded photons
to the output was realized by a fast, Pockels cell-based electro-optic polarization rotating
switch. Multiplexing four heralded photon sources based on parametric down-conversion
in waveguides was reported in 2016 [61]. In this experiment, integrated electro-optic
switches were used. The advantage of using photon-number-resolving detectors in a
multiplexed SPS experiment was presented in Ref. [64]. That experiment realized spatial
multiplexing of two heralded sources based on spontaneous parametric down-conversion
in bulk crystals. Experimental realizations of spatial multiplexing have also been reported
for up to two multiplexed units by using spontaneous four-wave mixing in photonic crystal
fibers and integrated opto-ceramic switches [59,60,63]. In all these experiments, symmetric
multiplexers were used. The cited experiments successfully demonstrated the usefulness
of multiplexing, though they could not exceed the overall performance of a single heralded
source due to the high losses of the realized multiplexed systems.

Concerning SPSs based on temporal multiplexing, six experimental realizations have
been reported in the literature. In Refs. [66,67], fiber-based systems with spontaneous
four-wave mixing and integrated switches were used to realize temporally multiplexed
SPSs based on storage loops with four time bins. Temporally multiplexed SPSs based
on free-space storage cavities were realized by applying spontaneous parametric down-
conversion for pair generation and using large-scale temporal multiplexing up to 30 [62]
and 40 [70] time bins. In these experiments, low-loss Pockels cell-based optical switches
were used. The scheme of the applied storage cavity is shown in Figure 6.
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Figure 6. Schematic figure of a storage cavity with Pockels cell-based optical switches. PBSs denote
polarizing beam splitters; PCs are Pockels cells.

In the scheme, the leftmost Pockels cell used to set up the polarization of the signal
photon so that the neighboring polarization beam splitter either directs the photon into
the storage cavity or discards it. The polarizations of the photons directed into the storage
cavity are adjusted by the Pockels cell on the right so that the polarization beam split-
ter, which is part of the cavity, can direct the photon either to the output or back to the
cavity. In the experiment of Ref. [70], an output single-photon probability P; = 0.67 was
reported that is considerably higher than that can be achieved with heralded SPSs. This
single-photon probability is even higher than the best values reported for SPSs based on
quantum dots [57,129-133]. We note, however, that the normalized second-order autocorrela-
tion value g(2) = 0.27 obtained in this experiment is higher, that is, worse, compared to the
value g(?) ~ 0.02 achieved in the cited quantum-dot based SPS experiments. Accordingly,
the fidelity of the output photon state is lower for this multiplexed source due to the higher
multi-photon contribution. Note that there is a tradeoff between the second-order autocor-
relation function ¢(?) and the single-photon probability P;. The value of ¢ can be reduced
by decreasing the input mean photon number A, which generally leads to a decrease in the
single-photon probability P;. This decrease can be reduced by the reoptimization method
described in Section 5.1 and originally introduced in Ref. [57].

In a recent experiment, a telecom wavelength temporally multiplexed integrated SPS
based on a silicon waveguide and a low-loss fiber switch and loop architecture has been
presented [134]. In this experiment, a value ¢(®)(0) = 0.01 of the normalized second-
order autocorrelation function was achieved, which is comparable to the values obtained
with quantum dot sources. The single-photon probability of this source was rather low
(P1 = 0.015), though this system achieved a factor 4.5 & 0.5 enhancement of the single-
photon probability of the heralded source used. In Ref. [135], a telecom wavelength
continuous wave temporally multiplexed SPS based principally on fiber-integrated com-
ponents and applying two time bins was demonstrated. The latter two experiments are
important steps toward the development of integrated telecom-wavelength SPSs that can
be applied in practical quantum communication.

Combined multiplexing was also successfully realized in an experiment reported in
Ref. [65]. In that experiment, two heralded SPSs based on parametric down-conversion
were multiplexed spatially and then temporally using binary-divided delay lines realizing
four time bins.

Regarding spectrally multiplexed SPSs, four experimental realizations have been
published thus far [68,69,71,72]. In these experiments, only three spectral modes have been
multiplexed, probably because increasing the number of multiplexed spectral modes can
be technically challenging.

Finally, we note that all the available experimental data concerning the multiplexed
experiments reviewed here have been presented in a table of Ref. [9] except for data of
the experiments presented in Refs. [134,135]. In addition to the single-photon probability
(brightness) of the source and the second-order correlation function, the single-photon rate
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is an important data measurement characterizing SPSs. The best value of the single-photon
rate (130 kHz) was achieved with the temporally multiplexed SPS of Ref. [70] that also
produced the highest single-photon probability (P; = 0.67), as was pointed out above.
The experiments reviewed in this section used various types of sources, switches,
and detectors. All these elements are available both in bulk optic and integrated forms.
A detailed evaluation and comparison of the different realizations of these elements can
be found in Ref. [9]. As we have described earlier, the performance of a multiplexed SPS
is basically determined by the losses of the components forming the multiplexed units
and the multiplexer. The losses of integrated switches are significantly higher than those
of bulk switches, but they can be faster than the bulk ones. Additional losses appear in
integrated sources when disparate elements are coupled and also at coupling of bulk optic
elements to integrated ones. Nevertheless, integrated optical devices can be easily adapted
to practical applications due to their compactness and robustness. Hence, the development
of multiplexed SPSs realized with integrated optical elements is an important research topic.

5.3. Application of Single-Photon Sources

Single photons can be used as qubits encoding the quantum information in any of its
degrees of freedom, for example, path, polarization, or time bin. They are largely free of
noise or decoherence and can be easily manipulated. In the fields of quantum information
processing and photonic quantum technology, there are several experiments and numerous
applications where SPSs are key elements [1-6].

One group of them are quantum key distribution (QKD) protocols that ensure the
secure generation of keys between two points of a communication network [136-141]. A
widely adapted protocol is BB84, which is based on the transmission and measurement
of individual photons [142]. QKD systems have already been realized and used in prac-
tice [143-147]. Note that these systems generally apply laser systems, which generate weak
coherent states instead of single photons. Nevertheless, the application of real SPSs would
increase the security level and their efficiency. The performance of multiplexed SPSs in a
practical QKD implementation has been analyzed in Ref. [148] by evaluating the achievable
key rates.

Another type of quantum communication is quantum teleportation that aims at trans-
ferring a quantum state between distant nodes of a network [149,150]. Quantum teleporta-
tion of photonic qubits has been successfully performed in several experiments [151-156].

SPSs are fundamental building blocks in linear optical quantum computing [1,4,5,157]
Multiplexed SPSs are good candidates to meet all the criteria needed for the practical
realization of this type of computing. These requirements, that is, high fidelity (g2 < 0.07)
and single-photon probability (P; > 0.9), were determined in Ref. [158]. Another type of
quantum computing is one-way quantum computing, which is based on the generation
of a highly entangled cluster state [1,3-5,159-162]. In this approach, the computation
is performed by a processing circuit consisting only of single-qubit measurements and
feedforward operations.

Though cluster states are generally prepared by using entangled photon pair
sources [163-168], SPSs can be also used for their efficient preparation [169-173].

Boson sampling is a non-universal photonic quantum computing protocol where
quantum computation supremacy over classical computers can be demonstrated [174].
Boson sampling has been realized successfully in several experiments [130,175-178]. Multi-
ple indistinguishable single-photon inputs of boson sampling scheme can be ensured by
demultiplexing of the stream of photons of the SPS [179].

Quantum memories in which the state of photonic qubits generated by SPSs can be
stored are important elements of several optical quantum protocols [180-188]. One type
of optical quantum memories is based on storage loops or cavities used in temporally
multiplexed SPSs [180,184,185,187-189].

In addition to these applications in quantum information processing, efficient SPSs
producing single-photon states are also assumed in several quantum optical schemes for
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generating quantum states of light [190-198] and in experiments investigating the quantum
nature of light [199,200].

Finally, we note that in the experiments and in the applications realized in practice in
the reviewed areas of applications, quantum dot-based or heralded SPSs have been used.
The practical application of multiplexed SPSs in these areas is hindered by the fact that
such sources have been realized experimentally only in laboratories; presently, no compact
version of them is available.

6. Discussion

In this review, we have summarized the progress in multiplexed single-photon sources.
Special attention has been paid to the detailed presentation of the recent theoretical results
that can help the experimental realization of high-performance single-photon sources.

The theoretical results show and successful experiments demonstrate that multiplexed
single-photon sources can produce highly indistinguishable single photons in near-perfect
spatio-temporal modes with known polarization and with a high single-photon probability
in a pseudo-deterministic way. Multiplexed sources can produce single photon signals
with higher single-photon probabilities accompanied by lower multi-photon contribution
compared to a heralded source alone. The performance of a multiplexed single-photon
source is determined by the losses of the system such as the losses of the switching elements
and the delay lines and the efficiencies of the detectors for heralding. There has been
remarkable progress in the field of producing low-loss optical elements and devices that
will probably proceed. For example, photon-number-resolving detectors with high detector
efficiencies and low dark counts are now available for experiments. Obviously, a system
characterized by lower losses can produce higher single-photon probabilities. According to
the theoretical analyses, by using optical elements characterized by the same parameters in
a multiplexed single-photon source, the application of different multiplexing types and
schemes in a single-photon source can result in different performances. The actual set of
loss parameters determines which of the multiplexing schemes will provide the highest
performance single-photon source.

The most important result of the theoretical analysis of multiplexed single-photon
sources is that they can be optimized, that is, it is possible to determine optimal values
for the system size and the number of photon pairs generated in the multiplexed units
for which the output single-photon probability is maximal. The optimal system size is
generally lower when detectors with higher efficiencies are used in the multiplexed units.
The single-photon probability can be further increased by the unit-wise optimization of
the number of generated photon pairs. The multiphoton contribution at the output of a
multiplexed single-photon source can be decreased by decreasing the input mean photon
number in the multiplexed units. This leads to a decrease in the single-photon probability
that can be minimized by determining a novel optimal system size by reoptimizing the
system. The theoretical analyses also showed that high single-photon probabilities can be
achieved even for suboptimal system sizes with optimized input mean photon numbers.

Successful multiplexed single-photon source experiments have demonstrated the
usefulness of multiplexing, but most of them have not produced single-photon probabili-
ties high enough for most of the applications, except for the two experimentally realized
temporally multiplexed single-photon sources reported in Refs. [62,70]. Several successful
multiplexed source experiments have already applied integrated optical elements. Realiz-
ing fully integrated multiplexed sources is a promising future research direction as most
of the applications require robust and compact single-photon sources. Advance in the
development of efficient low-loss integrated optical elements is needed for proceeding
in this area. Application of the summarized theoretical results in future experiments can
further improve the performance of multiplexed single-photon sources.

All the reviewed theoretical and experimental results anticipate that, in the near future,
multiplexed single-photon sources can meet all the criteria posed on single-photon sources
by the various applications.
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